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APPENDIX 6: DEVELOPMENT WELLS

Summary

The development wells were estimated to have a "most likely" cost of
$3.0MM/each. The estimated uncertainty of the development wells cost is shown
in Figures A6-2 through A8-7. An optimistic cost is estimated to be 80% of the
Most Likely cost. A pessimistic cost is estimated to be 150% of the Most Likely
cost. As show in the following figures, a triangular distribution is assumed. The
costs were developed based on the conditions encountered during the discovery
well and experience from drilling Kuparuk River Unit development wells (similar

to Kuvilum).

Assumptions

The development welis were assumed to be 7000 ft. TVD and an average of 21
days per well. Detailed assumptions are included in this section in Figure A6-8.
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Development Wells Cost (40 Wells) for Case 1
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To Calculate the Absolute Minimum Cost (0%Cost Estimate) which will be calied *a* and the Absolute Maximum Cosl (100%

r K1.xis
r This Spread Sheet will the Triang Probability Density Distribution and the }
unique Cumuliative Probability Curve dommined by the k'%, Most Liksly and k"% Cost Estimates i
-“VINPUT: _CMO_D&@ D Well Cost (40 Welis) for Case 1.
X' & k'Cost Estimate 0.1 $96.00 :
Most Likely Cost Estimate b=l $120.00 ‘
k" & k'“Cost Estimate 0.9 $180.00 0% cost = $68.04 100%Cost= $218.50 ‘
See Table for Probability Density vs Cost. Mean & Median disn Costs
i

r Cost Estimate) which will be calied "c*. Note the Most Likely Cost is called “b". ;
The k', Most Likely, ang kCost Estimales comnpletely define the Trianguiar Probability Density Distribution and
Cumuiative Probability Curves.  An interative procedure has to be used to calculate *a* and °c*; that is. the 0%Cost
Estimate and the 100% Cost Estimate, respectively.
First step 15 to determine which set of equations are appiicable to find *a“and *c*. This will depend on where the Most Likely Cost Estimate *b” lies i
relative 10 k' and k“Cost Estimates. l 000000
Please note that k'Cost Estimate is siwsys less |FOR THE ABOVE K'COST, MOST LIKELY COST AND K"COST ESTIMATES USE MIDDLE CASE
than k'“Cost Estimate. — ] 000000
CASE LEFT CASE MIDDLE CASE RIGHT
if Most Likely Cost Esti < k'Caost i i (k'CostEstimate<Most Likely Cost Estimate<k"Cost It (k'Cost Esti.<k'Cost Esti.>Most Likely Cost Esti.).
: [ 222.00000 Estimate), iterate to Find Absolule Minimum 'a' and a= 54
Ox 0.01156463 Maximum ‘¢’ Cost Estimates. Try values of 'a’ until C= 321.2727273
a= 49.05882353 ¢'=¢c”. Trial ‘a'= D= 0.007482993
Therefore k2 for Most c'= 218.4965634 0.000t - &)
Likely Cost Estimate c’= 218.4958533 0.001 T (™K'}
r is equal to 0. 410204082 e (K) Delta=(c'-¢")= 0.000710148 - {K) - 5/,/ - {1-kM i
D~ T (k) o= 0.013292847~". " (k") T ;
S (1-k™) D, L (1-K*) e .
S . - . B o
e Cost AT o Cost| A & Cost
a bk X o a k b X o] 3 < K" 3 [
Is a <k'Cost Estimate? Yes, Valid
Is K'<K™? Yes.Vaiid i :
Please Note that you must enter Enter the Values L am $68.0397 | 1.40E-02 :
the vatues caicuiated_sbove into of 3%, *¢*, ang D - c=| $218.4966 1 20E-02 . i
these siots before computing computed . _ D=t 0.01329285 evET " s ;
distributions. above 1.00E-02 L} =
Calculating Probability Density Distribution and Cumulative Probability Curves 2 8.00E-03 . L
N [ | ] a
Cost . Probability Cumuiative i g 6.00E-03 L] .
in $1.000.000 | Density i Probability 4.00E-03 .
$ (1/8) %% [ »
S68 | 0.00E +00} 0.00% 2.00E-03 . a g
574 | 1.48E-03| 0.43% i 0.00E+00 ;
$80 | 2.95E-03! 1.71% : N
591 | 5.91€-031 6.82% : so §100 5200 $300
$91 1 5.91€-03 5.82% Cost
597 ) 7.38E-03} 10.66% :
$103 | 8.86E-03! '5.35%
$108 | 1.03E-02] 20.89% !
S114 1 1.18E-02!} 27.29% 100.00% pat
ost Likely 3120 1.33E-02( 34.54% 90.00% «*
$131 1 ! 18E-02) 18.27% » 50.00% .
] 5142 1 T 03E-02] 20.40% z ,;3‘8332 .
31531 3.86E-03i 73.90% ﬁ 50.00% ‘
3164 ) 7.38E-03 79.79% 2 40.00%
$175 | 5.91E-03! 87.07% & 30.00% .'
S$186 | 3.43E-03} 92.73% 20.00% .l )
$197 1 2.95E-03} 96.77% 10.00% " :
5208 | 1.48E-03 99.19% 0.00%
Adsolute M $218 | 0.00E+00| 100.00% $0 $100 5200 $300
MEAN COST $135.51 ¢ 1.12E-02) 53.53% Cost
MEDIAN COST $132.42 ! 0.01161712} 50.00%

RASKWC12.xts Robert €. 12/14/93

FIGURE A6-3
Development Wells Cost (40 Wells) for Case 1
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Development Wells Cost (100 Wells) for Case 2 and Case 3
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This Spread Sheet will

the

Tel

Probability Density Distribution and the

K2.xis

unique Cumulstive Probability Curve determined bya the k'%, Most Likely and k"% Cost Estimstes

INPUT: Costs in $1,000,000 o] Wells Cost (100 Wells) for Case 2 and Case 3.
X & kCost Estimate 0.1 $240.00
1Most Likely Cost Estimate bai $300.00
!k & k'Cost Estimate 0.9] $450.00 0% cost = $§170.10 100%Cost= $5486.24
See Table for Probability Density vs Cost. Mean & Median Costs
To C the Ab: Mini Cost (0%Cost Estimate) which will be calied *a* and the Absclute Maximum Cost (100%
r Cost Estimate) which will be called *c*. Note the Most Likely Cost is cailed *b*.
i The K. Most Likely, and k“Cost Estimates compietely define the Trianguiar Probability Density Distribution and
Curnulative Probabiiity Curves.  An interative procedure has to be used to calculate "a* and "¢*; that is, the 0%Cost
Estimate and the 100% Cost Estimate, respectivety.
First step 1s 10 determine which set of equations are appticable to find "a"and *c”. This will depend on where the Most Likely Cost Estimate “b* lies )
relative to k' and k™Cost Estimates. I 2000000
Please note that k'Cost Estimate is always less FOR THE ABOVE K'COST, MOST LIKELY COST AND K*COST ESTIMATES USE MIDDLE CASE
than k"Cost Estimate. ] 000000
CASE LEFT CASE MIDDLE CASE RIGHT
r {1 Most Likely Cost Esti < k'Cost Esti If (kCosiEstimate<Most Likely Cost Estimate<k™Cost It {kCost Esti.<k"Cost Esti.>Most Likely Cost Esti.),
3 c= 555.00000 Estimate), iterate 10 Find Absolute Minimum ‘a’ and a= 13§
0= 0.00462585 Maximum ‘c’ Cost Estimates. Try values of 'a’ untit c= 303.1818182
a= 122.6470588 c'=¢". Tral ‘a’s i ; D 0.002993197
Theretore k2 for Most c's 546.2403786 0.000% {§ - k)
Likely Cost Estimate ¢ = 546.2396048 9.00%: (KK
r is equal to 0.410204082 _— (k) Delta=(c'-c*)= 0.000773746  _- (k) LT (e
v 0~ /-'/_ — (k™) O= 0.00531]1;5/',.- (kMK -~ '/f//'
< (1-k") 0.5 (1-K") T
Cost &t T Cost il Cost
3 b kK a LS ] X" z 3 L o c
r is a <k'Cost Estimate? Yes, Valid
i is K'<K''? Yes, Valid '
Please Note that you must enter Enter the Values , a= $170.0994 | | 6.00E-03
the values calculated above into of "a’, °¢’, and D ’i c= $546.2404 | | -
these siots before computing computed D= 0.00531716 ’ 5.00E-03 " s
r distributions. - A ‘ above : | 4.00€-03 a .
3 Calculating Probability Density D and Ci Probability Curves - ™ .
! 2 3.00e-03 " .
Cost ; Probability Cumulative a8 a ‘.
in $1,000,000 | Density |  Probability i 2.00E-03 N
$ ! {1/8) ! % H . “\.
r $170 | 0.00E+00] 0.00% ! 1.00E-03 . N
TR ——T | ooewa -
L18E- . |
5226 | 2.36E-03| 6.62% s0 S200 s400 $600
$228 | 2.36E-03! 5.82% i Cost
r $242 ! 2.95E-031 10.66% :
; $257 | 3.54E-03| 15.35%
$271 | 4.14E-03] 20.89% Bl
$286 | 4.73E-03 27.29% 100.00% an® :
Most Likely $300 ) 5.32E-03i 24.54% gg.gg:: «®
§327 ! 3.73€-03| f‘“’:"‘ > 70.00% . L ,
] $355 | 4.14E-03} £0.40% £ s0.00% .
3382 ! 3.54E-03! 73.90% 2 50.00% e
$409 | 2.95E-03) 79.79% 8 40.00% :
3437 | 2.36€-03] 37.07% & 30.00% -
$464 | 1.77€-03 32.73% 20.00% o i
r $492 | 1.18E-03) 36.77% 10.00% " i
' $519 | 5.91E-04) 29.19% 0.00% :
A M $546 | 0.00E+00] 100.00% so 5200 $400 s6oo
MEAN COST] $338.78 | 4.48E-03) £3.53% N Cost i
MEDIAN COST $331.04 | 0.004646865! 50.00% { |
r RSKWC12.xis Robert E. 12/14/93

FIGURE A6-5

Development Welis Cost (100 Wells) for Case 2 and Case 3
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Cost (70 Wellis) for intermediate Case between Case 2 and Case 3
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F This Spread Sheet will P the que Triang Probabliity Density Distribution and the
uniqus Cumulstive Probability Curve determined by the k'%, Most Likely and k“% Cost Estimates

NPUT: Costs in $1,000,000 Develop Wells Cost (70 Wells) for intermediate Case
k' & k'Cost Estimate : 0.1) $168.00 |b Case 1 and Cased.
Most Likely Cost Estimate b-l $210.00
k' & k™Cost Estimste ; 0.9 $315.00 0% cost = $119.07 100%Cost= $382.37
See Table for Probability Density vs Cost, Mean & Madian Costs |
To Ci the A Mini Cost (0%Cost Estimate) which will be called *a’ and the Absolute Maximum Cost (100%

Cost Estimate) which will be called *c*. Note the Most Likely Cost is called "b".

The k', Most Likely, and k=Cost Estimates compietety define the Triangular Probability Density Distribution and
Cumulative Probabiiity Curves.  An interative procecurs has 1o be used to calcuiate "a* and °¢”; that is, the 0%Cost
Estimate ano the 100% Cost Eslimate, raspectively.

First step is to determine which set of equations are appiicabie to find *a”and c”. This will depend on where the Most Likely Cost Estimate *b* ties

r relative to k' and k™Cost Estimates. YO00000C
Please note that k'Cost Estimate is always less |FOR THE ABOVE K'COST, MOST LIKELY COST AND K"COST ESTIMATES USE MIDDLE CASE
than k' Cost Estimate. 1 Y0000
CASE LEFT CASE MIDDLE CASE RIGHT
it Most Likely Cost Esti < k'Cost II (k'CostEstimate<Most Likely Cost Estimate<k“Cost 1t {k'Cost Esti.<k"Cost Esti.>Most Likely Cost Esti.),
c= 388.50000 Estimate), ilerate 10 Find Absolute Minimum ‘a' and a 4.5
D= 0.00660836 Maxi ‘¢" Cost Esti Try values of 'a’ until c= 562.2272727
a= 85.85294118 c'=c”. Tral a= ! 119.0696 IGERIERTNNG: 0.004275996
Therefore k2 for Most c'= 382.3681277| 0.000% 4 R (k)
Likely Cost Estimate c's 382.3677196 0.001 119.0697 /// - (k")
3 is equal 10 0.410204082 .- ik} Dalta=(c’-c")= 0.000408072 - {K) Ok
D ~_ .- Skt D= : 0.007595941—"_ - (k™) e
“r (1K) O T (1-K™) e e
Cost il R Cosl| . & Cost
a b Kk L b 3 L] L [ a L z C
Is a <k'Cost Estimate? Yes, Valid
Is K'<K™? Yes.Valid O
Pleass Note that you must enter Enter the Values . asg $119.0696 8.00E-03
the vaiues caiculated sbove into of *a", *¢%, and D | o=l $382.3681 7.00E-03 .
these slots betore computing computed .__bal 0.00759594 L.
distributions. above 6.00E-03 a s
Calculating Probability Density Distribution and Cumulative Probability Curves > 5.00E-03 - [
= % 4.00€-03 . LN
Cost ‘ Probabitity umutative 2 ] ]
in $1.000.000 |  Density |  Probability S 3.00E-03 ( “a
3 . (1/8) : % 2.00E-03 o “a
S119 1 0.00E+001 _ 0.00% 1.00E-03 . “a
S$129 | 8.44E-04} 0.43% .
5139 | 1 69E-03] 171% 0.00E+00
51591 3 38E.03| 5.82% $0 $100 $200 $300 $400
$159 | 3.38€-03 6.82% Cost
$170 | 4.22€-03! 10.66%
$180 | 5.06E-03) 15.35%
$190 | S.91E-03] 20.89% I 1
$200 1 6.756-03! 27.29% P 100.00% gt !
Most Likely $210 | 7.60E-03 34.54% 30.00% -
$229 | 6.75E-03} 18.27% ., 30.00% .
5248 1 5.91E-03 50,40%, L= 7000% .
5267 1 = 06E-03] ~0.90% R - :
5287 | 4 22E-031 79.79% 2 40.00% :
$306 ! 3.38E-03{ _ 87.07% & 30.00% - :
$325 | 2.53€-03! 92.73% . 20.00% o
$344 | 1.69E-03| 96.77% : 10.00% "
$363 | 5.44E-04] 99.19% 0.00% ¢ I
Apsolute $382 | 8.67E-19| 100.00% ; s0 $200 5400
MEAN COST $237.15 | 6.40E-031 53.53% : Cost i
MEDIAN COST $231.73 0.0066383631 50.00% : !

ASKWC12.xls Robert E. 12/14/93

FIGURE A6-7
Development Wells Cost (70 Welis) for intermediate Case between Case 2 and Case 3
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Kuvium Development Well Cost

_An average cost of $3.0MM/development well was used. Below are
the basic assumptions used in the cost estimate. The pages
~ following contain the cost estimation caluculation sheets.

16,000 acres per drillsite
100 wells per drilisite

13 3/8" surface casing
9 5/8" production casing
3 1/2" tubing

7000 ft TVD

3
S

1000'/day penetration rate for all depths

Maximum departure of 16,000 ft
$75K rig operating day rate

Ave time of 21 days per well

el
j

FIGURE A6-8




TJS 1/21/94 8:29 AM

Estimate Well Cost:
Avg. Drilling Cost Per Well = $3.0 MM
b No. Wells Per Drillie = Drilling Cost Per Drillsite = $3042_MM
Area Per Drillsite = 16,000 Acres
Rig Opcrating Day Rate = $75/dny
Rig Move Between Wells = 1 daysfwell
Rig Move Besween DS's = 2 daya/DS
WL Log Equip Con = 100 SM/Well Note: Tubing-conveyed logging costs are being applied.
TC Log Equip Cost = 200 SM/Well Apply wbing conveyed logging costs to wells with max hole angles exceeding: 50 Degrees
Coring Equip Cost = 1007} SM/Well  Core Every: P iGh fwel Incr. Coring Time ={ .. 2 | Dayaflob
Acid/Frac/Gravel Pack Cost = 300 SM/Well
Well Cost: Number Per Maximum Maximum Measured Operaling Hardware Cont/Well Total Cost
Wells Drillsite Departure Hole Angle Depth Days/Well (SMMAwell) (SMM) (SMM)
Type Well } 4 1,867 16.1 7260 15 063 22 8.8
Type Well 2 8 4,174 34.1 8,245 t6 069 23 18.6
Type Well 3 4 5.600 4310 9137 17 0715 25 9.8
Type Well 4 8 6,730 488 9,950 18 0.80 26 20.5
Type Well § 8 7697 53.0 10,701 19 0.84 28 221
Type Well 6 12 9334 58.7 12,052 20 092 29 353
Type Well 7 8 10,053 60.7 12,678 21 0.96 30 242
Type Well 8 16 11,654 64.6 14,101 22 1.04 32 515
Type Well 9 20 13,059 612 15,384 24 112 34 61.8
Type Well 10 12 16,247 ni 18371 27 1.30 38 45.5
Avenage @ 100 wells/DS 10,137 515 12,966 21 098 30 304.2

FIGURE A6-9



DEVELOPMENT WELL COST ESTIMATOR

PROSPECT: Kuvlum Generic Well

imate Well Characieristics: 2000 WELLBORE DEVIATION
SR = 5000 10000 15000 20000
Well Tope: Onsbors Wells: t i > {Chooss ona, type 1) E o Wellbore Deviatioa (ft)
Otfshore Walls: l = 2000
- . S
Diroctional Wells: i =>(Qm-oo~.lw--) -4000
S - Shaped Wells ( ...................... t §' -6000
JWell Spacing: 320 Acres/Well: -8000
160 Acsea/Wall: x (Chooes ono, type x) L
80 AceyWelk: 500 DRILLSITE COST VS. WELL COUNT
Wt Crorecierisiica: TV Dopin = 7,000 oot Build Angle Rate = 30 De groca/1 00 g 400
Kickoff Depth = 230 -t Drap Angle Ram = 13 Degreon/1 00 3 300
Vertica) Tall » b 8 200
pevsesassronsasvnsennes CagSse g /
ing Points; Csasing Polnt | (TVD): 320 W  Thowlogd Cases 1 Days 100 — —
Casing Poiet 2 (TVD)X 1,000 200  Tiwwlogh Case = 1 Duys z 0 Welly/Drillsite
Casing Polet 3 (TVD): 4,000 13V Twewlogh Caes 2 Days 0 50 100 150
Casing Polct 4 (TVDE: 7,000 Y Timwiogd Came 3 Days |
&ru. 1o Dvill: Difmcuy « § (Mubiplie sppliod o e o s z ; WELL COST VS. WELL COUNT
= S—— - —
0- 1000 1000 fi/day g 2 -
1000 - 4000 1000 Bydey 1
4000 - 10,000 1000 8/day 2 ]
10,000 - 32,000 1000 8/dey -3 0 T Wells/Drillsite
12,000 - 16,0008 3000 /day [} 50 100 15

|




Wolhond Couts:  Larw Promswe (<12.000) = $30M
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High Prassase Ovomide: e mmetish
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within 2500 fost MD £ TD),
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APPENDIX 7: TUNNELS FOR PIPELINE AND ACCESS
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APPENDIX 7: TUNNELS FOR PIPELINE AND ACCESS

Summary

The installation and protection of pipelines in the offshore Arctic along the
Alaskan and Canadian coasts has been a concern to the industry for two
decades because of the short summer season and potential ice gouging of the
sea bed. The severity of the problem, both installation and protection, increases
with the distance from the shoreline. Kuvlum, beyond the ice shear zone at 16-
plus miles offshore, is clearly a location where these concerns are justified.
There have been some summers where the ice conditions along the Alaska coast
would have severely restricted or eliminated conventional lay barge, pipe pull and
dredging/burial operations.

Recent advances in tunneling below bodies of water indicate that tunneis
between the shore and the Kuvium site and between Kuvium platforms are
technically feasibility. Pipelines within tunnels offered safety, repair, maintenance
and expansion advantages. Access between land and platform without regard to
season was a positive. The fiexibility of constructing a tunnel and then installing
pipelines within that tunnel without regard to season or ice condition enhanced

]
]
~
r
r
]
]
3

r fno atiractivensss of appiying this technology to a Kuvium development.
r

f
I
]
]
]
]

]

]

Woodward-Clyde Consuitants, Oakland, CA, was retained to apply recent tunnel
technology to Kuvium and to estimate the cost of a pipeline/access tunnel
between shore and Kuvlum and between platforms. Several options were
investigated. The tunnel option deemed most atiractive was a 19-mile, single
heading tunnel from Pt. Thomson to the Kuvlum site. The study concluded that
tunnel construction for Kuvium was technically feasible, but prohibitively
expensive relative to more conventional pipeline construction and protection
methods.

The expected installed cost of a tunnel from Pt. Thomson to Kuvium was
estimated by Woodward-Clyde to be between $575 MM to $725MM, as
documented in their report. Distribution of tunnel costs for the Point Thomson
and Flaxman options are computed and shown in Figures A7-2 through A7-5.

Better knowledge of the geotechnical/permafrost conditions between shore and
Kuvium and a reduction of tunnel requirements would reduce the estimated
tunnel cost, but this reduction very probably would not reduce the cost to an
economic level for Kuvium.

The cover and executive summary from the Woodward-Clyde final report follow
in this section. The full report is provided under separate cover.

A7-1
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Computed by Monte Cario Simuiation of Cost Components in WCC Tableé-2 @ Risk Soft
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FIGURE A7-2
Total Cost of Main Sales Pipeline Tunnel
{(Point Thomson Option)
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Reference:
Wooawary Clyde Consuttarts repont “Kuvium Evaluation Conceptusé Study of Tunnew® Februasy
1994, Tabie 6-2.

Procedure:
-DRisk® Software & used here 1 compute Total insalied Coat of the Main Sales Pioeiine Turnel from
Kuvium Maln Platiorm 1o Flaxman siand (Flaxman Option). infieid Plipsine Tunne) Costs are sxciuoed. The
remawng 19 Componers Costs in WCC Table 6-2 are shown i the taDis below.

Viorge Cario Simulation (Latin Hypercude) 18 Used 1 comoute the Total instaied Cost of the Tunnes from
nese 19 Cost Components. Figure A.8.2. presents 1he Cumuiative Probabwity versus Total instailed Cost.

Comoonent ~NCC Tabe 6-2 = Cost o1 C wms
‘Cotimistie | ‘Aost . Pessumusic cmouted by @Risk Softwars
‘0% i Likely ; 90%
st | Ssimate___ | Estimate SM
PRE-CONSTRUCTION
Emnronmental
Permn AcoiiCation Predarancn 200.00) 300.00} 400.00 300
Emnronmental Stucies 500.00} 1,000.00} 1,500.00 1.000
£1S Preparaion 800.001 1,000.00i 1,500.00 1.129
Permnt Approval Process 400.00 §00.00 800.00 600
i A Geotecnnicai Exploraton
r ! *Otfice. Reoorns 1.123.88 1,128.00 1,500.00 1.308
’ *On-Shore Bonngs 686.80 697.50 1,000.00 843
*ON-Shore Borings 4,680.34 4,665.00| 6.250.00 5.429
‘Gaconysica: Surveys 314.89| 315.00 §00.00 453
Desgn
Pretirminary Design +.200.00! *.500.00 2.000.00 1,588
Eaupment Devecoment 500.00i :,500.00] 2.000.00 1.288
Fina Design 3.000.001 4.000.00) 5.000.00 4.000
3id ana Awarg *+00.001 200.001 250.00 78
CONSTRUCTION '
ca Roag :.800.00! 3.200.001 4000.00 1.347
Site Facutes 24.000.00! 26.000.001 28.000.00 15.000
Macrune Detvery 22.000.004 22.000.001 23.000.00 21.570
SP Tunne: Construction 294.000.001  145,000.001  549.000.00 150,358
Man Platorm Shatt Tunnei Connecuan 2.000.001 4.000.001 7.000.00 4.430
Site Restoration 300.001 700.00| 1,000.00 657
Construction Management (10%) 23.310.00¢ 40.070.00! ~1.200.00 50.628
Totsl instsiled Expected Tunnei Cost = 575.099 M

“Where WCC Reoor shows the 10% anc Most Likely Cost COmMponents Demng equal, we wil Use the following procsaure: 1. The “10 %
Cost wil be equal 1o 0.999°Most Liksly Cost ang 2. The Cumuiative Probability ot this 10% Cost wil not be 10% but rather it wiil be 1%.
This procecurs will yieid neany & NGt SI0ed MANQUIAY © ity y piot as by WCC.

FIGURE A7-3
Distribution of Component Cost Estimates and Expected Cost
for Main Sales Pipeline Tunnel (Point Thomson Option)
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Computed by Monte Cario Simulation of Cost Components in WCC Table 6-1. @ Risk Soth
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FIGURE A7-4
Total Cost of Main Sales Pipeline Tunnel (Flaxman Option)
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Relerence:
Weodwerd Clyde Consultarss repon “XKuvium Evaiumion Conceotusl Study of Tunneis® February
1994. Tabie 6-1.

Procedure:
*@Risk® Software & Usad hers 10 compute Total instalied Cost of the Main Seiss Ploeiine Tunnel from

Kuvium Main Pition to Fisonan isiang (Faxman Ogtion). infisid Pipsiine Tunnei Costs are exciuoed. The
remainang 19 Componen Costs In WCC Table 6-1 are snown in the 1abie below.

Monte Cano Simuistion (Latin Hypercude) is used 1o compute the Total instalied Cost ot the Tunnei trom
:nese 19 Cost Companeres. Figure A.8.1. presems the Cumuistive Probaduity versus Total Instaied Cost.

Comoonent NCC Tadie -1 £xpecieo Cost 01 Components
“Optimisuc Most . Pessimesuc computed by @Risk Software i
10% Likely ! 90% :
Estimate Estimate | Estimaie M !
PRE-CONSTRUCTION ;
Environmemel ;
Permnt Apucation Preparation 200.0 4000 |  600.0 400 ¢
Environmersal Studies 1,000.0 2.000.0 2.500.0 1,788
EIS Precarmion 1.000.0 1.500.0 2,000.0 1,500 ’,
Permn Approval Process 600.0 1,000.0 1,200.0 914 ;
1,123.9 1,128.0 1,500.0 1.308 i
698.8 697.5 1,000.0 843 i
“On-Shore Borings 4.660.3 4,685.0 6,250.0 5.429
*Coeophysicai Surveys 314.7 318.0 600.0 453
Desyn
Provmirary Dosign 1.200.0 1.5000 2.000.0 1.588
Equipment Deveicoment 500.0 1,5000 | 2.000.0 1,288
Finas Dasign 3.000.0 4,000.0 ' 50000 4,000
Bid ana Award +00.0 200.0 250.0 <78
CONSTRUCTION : |
ice Roac 2.800.0 3.000.0 4.400.0 1.522
Ste Facunies 24.000.0 26.000.0 - 28.000.0 26.000
Mactine Delrvery 42,0000 | 440000 @  46.000.0 44,000
SP Tunne: Construction 154,000.0 | 421,0000 | 813.000.0 502,142
Main Piatiorm Shan Tunne: Cannection 20000 | 40000 : 7.000.0 1,430
Site Restoraton $00.0 . 10000 |  2.000.0 1,218 :
Consiruction Mahagement (10%) 42,5300 ' 49.900.0 ' 90.040.0 §4.121 :
Totsl instsiied Expected Tunnei Cost = 725,109 ] ;

“whers WCC Reoon shows the 10% and Most Likely Cost Campanents being equei, we wiil use Ihe 1oliowing procsours: 1. The 10 %
Cost wilt be equal 10 0.999°Mast Likely Cost and 2. The Cumuiative Probubdility of this 10% Cos! wiil not 08 10% bdut ratner & wil de 1%. )
This proceaure witl yieid nearty & NGt Sided NANQUIEr PFODANINY densdy PGt &8 intendea by WCC. !

FIGURE A7-5
Distributions of Component cost Estimates and Expected Cost ;
for Main Sales Pipeline Tunnel (Flaxman Option)
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EXECUTIVE SUMMARY

A consortium of oil companies led by ARCO Alaska, Inc. (AAI) is considering alternative
means for developing the Kuvlum Discovery, located in the Eastern Beaufort Sea about 16
miles offshore. AAI retained Woodward-Clyde Consultants (WCC) to evaluate the technical
feasibility of an undersea tunnel link, and to develop conceptual-level cost estimates and
schedules for the planning, investigation, design, and construction of the tunnels, shafts, and
related items. WCC was to indicate uncertainty of these estimates of costs and schedules by
presenting the 10%, Most Likely, and 90% Cost Estimates for each tunnel option. This report

summarizes the results of WCC’s evaluations.

Two tunnel options were studied. The Flaxman option would involve the construction of a
16-mile tunnel from Flaxman Island to a main production platform, a S-mile tunnel from
Flaxman Island to the mainland, and a 6-mile infield tunnel connecting the main platform to
a second drilling platform. The Pt Thomson option would involve a single tunnel
constructed from the mainland to the main production platform, and the 6-mile infield tunnel.
Pipelines constructed within these tunnels would transport oil from Kuvlum to either a land
based or a near shore pipeline for transport to the Trans-Alaska Pipeline’s Pump Station 1
at Prudhoe Bay. AAI desires that the tunnel to the main production platform be completed

by September, 2001.

The Kuvlum project presents an unprecedented set of conditions for mining an undersea
tunnel: the need to achieve high advance rates; the need to tunnel under high water pressure
(4 to 6 bars); tunneling through abrasive and unstable sands and gravels; long tunnel headings
with a single tunneling machine; the potential for high cutter wear; and difficult conditions

under which to maintain the mining machine.

CAWPSIN\DRM\RIEXKUVLUMXKUVLUM.EXE E-1 FEBRUARY 8, 1994




~ projects such as the Channel Tunnel, and ongoing projects such as the Storebaelt crossing in'

- These activities are estimated to require on the order of 3.5 years to complete for the "Most

_million, respectively. These costs exclude items to be addressed by AAI, such as the two
- platforms, the sales pipelines, the sales pipeline connections, and the pipeline to Prudhoe Bay.

Nevertheless, it is considered that sufficient technology exists, through experience with past

Denmark, 1o overcome the perceived problems to be encountered. A period for "equipment
development” has been identified in the design schedule, to provide AAI and their designer
the opportunity to address the specific issues with machine manufacturers.

The development schedules prepared illustrate the importance of a number of key, long-lead
activities:

* the preparation and filing of permits and environmental compliance documents for
construction;

* geotechnical exploration efforts;

* design of the tunnels, shafts, and support facilities;
* equipment development; and

* manufacture of the tunneling machine.

Likely" scenarios. Construction of the tunnels that would connect the mainiand to the main
production platform are estimated to require between 3.2 and 3.6 years to complete. The
Most Likely scenarios for the Flaxman and Pt. Thomson options would meet AAI’s desired
timetable if work were begun at the start of 1994.

The total costs for the "Most Likely” Flaxman and Pt. Thomson optons, including
environmental permitting, geotechnical investigations, design, temporary camp facilities,
construction, and construction management, are estimated to be $688.8 million and $578.7

In the planning of tunneling projects, as with other civil construction, contingencies are
typically added to estimates of construction cost and time to reflect uncertainties in
assumptions and conditions at the time the estimates are prepared. No contingencies are
included in the above Most Likely estimates. A number of assumptions made in the
development of the Most Likely estimates were modified in arriving at the 90% estimates.

CAWPSI\DRM\RIEXKUVLUMKUVLUM EXE E-2 FEBRUARY 8, 1994
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The more conservative assumptions reflected in the 90% estimates resulted in significantly
higher estimates of construction cost and time for the various options. The differences
between the Most Likely and 90% estimates are considered representative of the
contingencies that would otherwise be applied if the 90% estimates had not been prepared.

F

f

r If the Kuvlum project is to be pursued any further, it is strongly recommended that estimates

; for environmental permitting, design, and construction costs and schedules be redeveloped

r based on the results of improved site specific information and data, detailed discussions with
tunneling machine manufacturers, and a preliminary design effort. These efforts should be

r directed at reducing uncertainties related to the following:

r

r

« environmental constraints in the project area;
« nature of the subsurface conditions, related to soil types; potential for boulders; and

bonded permafrost, warm permafrost, and thawed ground;
+ tunneling machine requirements to cope with abrasive ground and adverse
‘ conditions under which machine maintenance would be performed;
'F-h » the frequency and duration of delays to tunnel progress owing to machine

maintenance; and
« specific design requirements related to the precast concrete linings.

r These efforts will improve the accuracy (reduce the uncertainty) of future cstimatcs.of cost
and time.
r

Ir
1
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APPENDIX 8: OPERATION AND MAINTENANCE

Summary

Operation and maintenance cost curves were developed using a Beaufort Sea
offshore cost calculator. The curves generated have been piotted versus peak
field oil rate. For the purposes of this economic evaluation, the O & M costs were
assumed constant throughout the life of the field.

A8-1




A3 OPERATION AND MAINTENANCE

- - A8.1 Kuvium O&M Costs

i The following cost curves were developed using a Beaufort Sea offshore O & M
 cost calculator. Various rate scenarios were used to develop the curves. The
curves are used as building blocks for various development scenarios. For

economic evaluation purposes, O & M costs are assumed to be constant over the

life of the field.

For exampie: O & M for a two gravity based structure development, one
~_processing/production and one production only, at equal rates of 200K BOPD
- would yield total O & M costs of $200MM/yr. (140 + 60).

The following list contain some of the variables used in the cost calculator.

ok !a;iaples

* Facility costs

* Production rate

* Number of producing well
* Number of injection wells
*  Well depth

* Shore base costs

e Distance from existing infrastructure

A8-2
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Q & M Costs, Production Only
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APPENDIX 9: STATE OF ALASKA PRICE FORECAST

Summary

Included in the following section is the Alaska North Slope oil price forecast used
in the economic evaluations. The forecast was generated from the following
State of Alaska publication (included):

» Revenue Sources Book, Forecast and Historical Data, State of
Alaska/Department of Revenue. Spring 1993.

The data in bold on the chart was obtained from the reference publication. Oil
prices in years not provided by the publication were derived by interpolation.
Prices beyond year 2005 were inflated at 3%, with no real growth.
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ARCO Alaska, inc. internal Correspondence ”

Date: September 21, 1993 File: Kuvium
Subject: Kuvium Generic Baseline Economics Program
From/Location: J. M. Eldred, ATO 1286

Telephone: 807/263-4347

To/Location: S. F. Gritner, PRC-E1612

Per our 9/20 conversation, please proceed with the purchase and initial checkout
of the OGRE program. | have attached the ANS price forecast to be used in the
model (State of Alaska Revenue Sources Book). All other required input
parameters will be supplied by me upon request. As a target date, | would like to
have an initial run completed by early to mid-October (October 4-8). Please keep
me posted on the progress and any information | need to provide.

Your time should be charged to TPA Y03866, Kuvium 1993 Predecision Study.

i ‘C(;{J,

7

Senior Engineer
New Ventures Engineering

JME/amb
Attachments
cc: J.D. Allen, PRC-J1422 w/out attachment
- J. M. Bigger, PRC-J1409 w/out attachment
s W. C. Kazokas, PRC-J1437 w/out attachment
J. B. Shelden, ATO 1296 w/out attachment
R. E. Smith, PRC-J1411 w/out attachment

ARCO Alaska. inc. 18 8 Subsidiary of AtlanocRichfisidCompany
FIGURE A9-2
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Giata Forecast

Stale Price Forecasts: Revenuc Sources Book, Forecasl and Historical Data [Year to Year Changes
|| | | (e =
I I Pt R Enter Inflalion Rale Assumption afler 2005
W&ﬂtﬂm&l’ﬂi&“’m 3.00%
Fiscal Year mj:m; | i IS LT i
1993 12.66 | 1291 1310 | 19w 1
joa | 1233 1367 | _ 1498 | 19 0.9739
1995 12.80 | 1450 T7is768 | _,__" 1995 1.0454
1996 13.61 1Bl | 1749} - | 1996 1.0555
1997 1436 | 1680 N L S R T\ 1997 1.0555( 0765
1998 | 15.16 | —18.09 _ 72045 | S I 1998 1.0555 .
— 1999 1600 | 1947 2230 } i999]  1.0555
2000 16.89 2006 | 24932 ~ 2000 1.0555
2001 17.15_| 2169 ~ 2582 , 2001] 1.0152 .
2002 17.41 2244 | 2740 | » 2002 1.0152 1.0346
2003 17.67 | 2321 ~ 2909 _ 2003 1.0152
2004 1794 | 2402 ~ 3088 | 2004 1.0152
2005 i8.21 | 2485 | ~ 32.78 2005 1.0152
2006 18.76 25.60 33.76 2006 1.0300
2007 19.32 26.36 | 34.78 2007 1.0300
2008 19.90 27.15 | 3582 ~_ 2008 1.0300 . :
2009 20.50 27.97 | 36.89 2009 1.0300] _ 1.0300| 1.0300
2010 21.11 2881 | 3800 2010 1.0300] __ 1.0300} 1.0300
2011 21.74 2067 | 3914 2011 10300  1.0300 1.0300
{2012 22.40 3056 | __40.32 {2012 1.0300 1.0300\ 1.0300
2013 2307 | 2148 | 4 1.52 _ 2013 1.0300 1.0300 1.0300
2014 23.76 3242 42.77 2014 1.0300 1.0300{  1.0300
2015 24.47 33.40 | 44.05 ! 2015 10300] __1.0300]  1.0300
2016 2521 | 3440 | 4838 | 2016 10300] __1.0300]  1.0300
2017 25.96 3543 | 4674 1 2017 10300] __1.0300]  1.0300
2018 26.74 3649 | 4814 , 2018 1.0300 1.0300 1.0300
2019 5764 | 9759 | 4 58 | B 2019 1.0300 1.0300 1.0300
2020 28.37 38.72 | 5107 l 2020] _ 1.0300 1.0300 1.0300
R D S | I
State only provides 1993-85, 2000, and 2005. (Bolded prices) The gaps between 1993-2005 are intcrpolated] |
Frow. 2L05-2020, puices 82 simply inflzted by 3%. f | i |

FIGURE A9-3



REVENUE SOURCES BOOK
FORECAST & HISTORICAL DATA

SPRING 1993

STATE OF ALASKA

Walter J. Hickel, Governor

DEPARTMENT OF REVENUE

Darrel J. Rexwinkel, Commissioner

—




STATE OF ALASIA, / ===

AT e (s TP 0400
DEPARTMENT OF REVENUE PHQNE: " (907) 465-2300
FAX §: {307) 465-2389
OFFICE OF THE COMMISSIONER

March §, 1993

The Honorable Walter J. Hickel
Govemnor

- P.O.Box 110001

~ Juneau, Alaska 99811-001

3 Dear Governor Hicket:
RE: Spring 1993 Revenue Squrces Book

The Spring revenue forecast projects modestly different revenues than those we forecasted last Fall.

_ Althougn oil prices fell significantly just after releasing the Fall esumates. prices have rebounded primarily due
1o the recent OPEC agreement. In addition. thanks to the diligent efforts of the Depanmem s auditors and the
Department of Law, the State received additional tax and royaity payments from prior years’ oii production. As

- aresuit. FY 1993 Mid Scenario General Fund unrestricted revenues have been revised upward by $114.7 million.

Mid Scenario FY 1994 General Fund unrestricted revenues have also been revised slightly upward by
$15.9 million. The Departument continues to believe that increasing world oil consumprion will keep pressure on
supply resuiting in oil prices at ieveis around $18.00-$19.00/bbl for Alaska North Slope quality oil. World oil

- consumption should rise as the giobal economy comes out of the current doidrums. Supply pressure shouid persist

due to a continuing embargo of Iragi producuon and a further slide in production from the Commonweaith of
Independent States.

Alaska conunues to rely on petroieumn reiated revenues for approximately 85 percent of its revenue

- stream. This high degree of dependency on oil means that State revenues are particuiarly vuinerabie to swings
© inthe market price Of oii and in the ievei of production. The scenana approach to forecasung oii prices is meant
~ :oillustrate how varying poiitical and economic factors can easily result in si gnificanty different oii prices. The
range petween the High and Low Scenanos encompasses a realistic range of possible revenue outcomes. However,

~ as both the crash of 1986 and the spike in 1990 illustrate. either shortfalls or windfalls are possible. Qver the

* jong-run. our forecastdemonstrates that oil price increases cannot be counted on to offset the decline in production
~ from the mammoth Prughoe Bay oil field.

Finally, I would like to stress that the forecast is based on conservative assumptions about future
- enhancements of pewoleum reserves. Thererore. the forecast excludes new discoveries and development of oil or
gas made possible by technological breakthroughs. Tax and royaity setiements are included in the forecast when

. collected. This means the recently announced $630 miilion BP America seitiement is not included.

I believe the revenues forecasted in this report represent our best estimate of future revenues.

~

Sincerely,

Darrel J. Rexwinkel
Commissioner
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REVENUE FORECAST SUMMARY

r rt -

Alaska’s revenue outlook continues torely heavily on petroleum revenues. The outlook for
oil prices over the next two years depends primarily on how the Organization of Petroleum
Exporting Countries (OPEC) responds to evolving market fundamentals. The strength of recovery
of global economies, the timing of the lifting of United Nations (U.N.) sanctions on Iraqi crude
exports, the increase in Saudi Arabia and Iran production capacity and the pace of decline in
production from the Commonwealth of Independent States, are major factors that will also
determine the relative strength or weakness of the crude oil market. Although new energy taxes

have been proposed by President Clinton, no attempt is made to forecast the impact such taxes would
have onp the oil market.

The three oil price scenarios which underpin the revenue forecast are summarized as
follows:

Low Scenario: A slow recovery from the global economic recession dampens oil consumption
growth, U.N. sanctions are lifted and Iraqgi crude rerurns to the global export market and Middle
East production capacity increases which resuits in downward pressure on oil prices.

Mid Scenario: An uptumn in the global economy resuits in moderate oil consumption growth, the
U.N. embargo on Iraqi crude continues and a decline in non-OPEC production resuits in stronger
oil prices by 1993 and beyond as OPEC's market share increases.

' High Scenario: The giobal economy is vigorous by the end of 1993 with oil consumption putting
pressure on available supply resuiting in upward pressure on oil prices.

The following table illustrates the Alaska North Slope (ANS) Lower 48 oil price and
General Fund unrestricted revenue outlook for the short term. Revenues considered to be program
receipts in the state’s budgeting process are not included. The scenarios presented in this forecast
represent a probable range of outcomes. None of the scenarios will prove totally correct.

» '
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ri Qutlook for Long-Ter 1 - FY 201

r The long-term revenue outiook is dominated by the depietion of petroleum reserves of
the Prudhoe Bay oil field. Higher oil prices in the future may offset some of the negative revenue
r.mpact of loweroil production leveis. However, eveninthe high price scenario, inflation adjusted
General Fund unrestricted revenues fall below $2.0 billion by FY 2001. That compares o FY

r1992 revenues of nearly $2.5 billion.

Long-term oil production scenarios show total Alaskan oil production falling to one-half

f current levels by FY 2002 in all three scenarios. Oil prices are assumed to grow from current
F*Ioevels at roughly the rate of inflation in the Low Scenario, by 0.5 percent greater than the rate
of inflation in the Mid Scenario and by 1.0 percent greater than the rate of inflation in the High

rScenario.

This relatively gloomy long-term reveaue forecast is based on an extrapolation of what

rxs happening currently. This forecast does not include any revenues from new oil fields which
may be discovered and developed, such as the Arctic National Wildlife Refuge (ANWR), nor
es it factor in any allowance for technological developments which will increase production
m Alaska’s older fields. Further, no major revenues are forecast for development of the Arctic

sarural gas resource.
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Figure | General Fund Unrestricted Revenues
FY 1992 Actual and FY 1993 - 1995 Estimates

Low Mid  High
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REVENUE FORECAST: SHORT-TERM OUTLOOK
(FY 1993 - 1995)

General Fund Unrestricted and Restricted Revenues

This section analyzes unrestricted revenues over the next two and a half years through
the rest of FY 1993 to the end of FY 1995. Both unrestricted and restricted revenues flow into
the General Fund. the account which finances most of the budget. The difference between these
two types of revenues is in how the legislature can use them. Unrestricted revenues have no
restrictions on their use. Restricted revenues carry some restriction on their use. For most
restricted revenues, the restriction comes from the Federal government.

Because restricted revenues are specific in their use, discussions of revenues in this
publicarion focus on unreswricted revenues. Program receipt revenues and restricted revenues
designated in the state’s budgeting process are not inciuded in this forecast.

The following table shows ail sources of unrestricted General Fund revenues for EY 1992
through FY 1995.
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TAXES
Income
Corporate - General
Corporate - Perrolenm

Total (1)(2)
Severance
Oil & Gas Production (1)
0il & Gias Conservation
Oil & Hazardous Release (3)
Total
Property
Oil & Gas (4)
SulefUse
Alcaholic Beverages
Fucl Taxes - Aviation (5)
Fuel Taxes - Highway
Fuel Taxes - Marine
Tobacco Praducts (6)

Total
Miscellaneous - Other Taxes
Alaska Business License (7)
Fish (8)
Sidimon Enhancement (9)
Scalod Marketing (10)
Inswrance Companics
Elecwic & ‘Felephone Coops (1)
Ginning (12)
Mining License Tax
Fistate

Total

TOTAL TAXES

I‘*LN ERAL FUNDC L
FY 1992
Actnal Loy
33.7 230
165.5 150.0
199.2 123.0
1022.2 9743
23 2.1
28.7 20.1
1053.2 1003.1
694 62.8
12.0 12.0
10.7 105
232 220
94 95
4.3 144
69.6 684
0.0 0.0
30.1 21.0
42 6.0
28 3.0
25.5 255
2.1 2.0
i.5 1.5
05S (1)
1.0 N
61.7 60,3
1458.1 13678

FY 1993 ESTIMATES

Mid High
29.0 41.0
2200 260.40
2420 010
9926 10135
2.1 2.1
26.1 261
14 10423
62.8 62.8
12.0 12.0
10.5 10.5
220 220
9.5 9.5
144 144
684 68.4
0.0 0.0
21.0 36.0
6.0 6.0
3.0 3.0
25.5 25.5
20 2.0
1.5 LS
0.5 0.5
14 -1.0
66.5 135
1464.1 15300

(Mlllmus of Dollars)

FY 1994 ESTIMATES

low  Mid
230 290
10640 1320
1200  168.0
9019  1000.7
21 2.1
261 261
2307 10295
2.0 3.6
120 120
105 105
215 215
(97 97
144 144
68.1 68.1
00 00
200 270
60 60
30 30
260 260
20 20
1.5 1.5
05 05
10 _LO
614 61.0
12484 13922

High

41.0
128.0
2190

1096.4
2.1
26.1
2.2

9.0

12.0
10.5
215

9.7

0.0
36.0
6.0
30
26.0
20
1.5
0.5

s B

FY 1995 ESTIMATES

Low

22.0
106.0
1284

916.7
2.1
20.2
945.0

36.6

12.0
109
215

9.7
144

a.0
21.0
6.0
3.0
26.5
20
1.5
05
1.0
6l3

15419 1252.6

Mid

27.0
1390
166.0

1032.5
2.1

262
1060.8

20.0

120
10.9
215
9.7
44

0.0
27.0
6.0
30
26.5
2.0
1.5
0.5

14124

High

39.0
118.0
212.0

1121.6
21
262
11492

36,0

12.0
109
215

9.7

68.5

00
36.0
6.0
30
26.5
20
1.5
0.5

-1.4

1568.5
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I 4SES & PERMITS

Business (7)(13) 53
Non-Business 221
Total 324
INTERGOVERNMENTAL RECEIPTS
Federal Shared Revenues (14)(15) 6.7
Section 8(g) Funds (14)(16) 41
Total 114
STATE RESQURCE REYENUE
Sale/Use
Bonus Sales (14)(17)(18) 2.6
Reats (14)(18) 39
Royulties (14) 702.4
Sale of State Property (7) 1.0
Gravel, Timber, etc. (7) 06
Total 1035
lnyestinent Earnings 101.8
Facilitics Related Charges
Airpuris 34
fieuy Systemn (19) 423
Othes 23
Total 48.0
Services Belated Charges
Comt System 6.2
Other (20) 2.2
Total 3.4

TOTAL RESOURCE REVENULE 898.7
MHSCELLANEOUS BEVENUE (21) 614
TOTAL UNBESRICTED

REYENUE (22) 2462.6

MENTAL BEALTI TRUST (23) 132.1

50
21.40
2.0

10
41
111

378
50
730.0
0.1
N1
138

61.0

20
0.0
24
4149

6.5
2.3

#42.6

0.0

2268.1

136.1

50 50 5.0
2.0 2149 21.0
20 240 240

70 10 72

11 41 4.1
11 11 1.2
378 378 0.0

50 5.0 55

7458 7627 696.7

or ol 0.1

02 02 02
1824 8063 1039
630 631 0.0

20 20 2.5

00 00 0.0
20 290 23

140 40 30

65 65 6.5
23 25 a1

20 20 10.2

8634 BHs.0 151.2
20 20 2.0
2386.2 2487.7 2058.5
1432 1493 123.5

50 50
210 210
20 o
72 12
11 41
1.2 119
00 00
55 55
7835  861.1
o1 o1
A2 07
1828 8614
331 639
25 25
00 00
23 23
0 350
65 65
11 27
102 102
8587 9465
20 20

2303.8 2547.3

1382 1528

50
2140

14

0.0
6.0
713.9
o.1
02
1202

343

30
0.0
23
13

6.5
12
104

14
11
121

0.0
6.0
816.3
o.1
01
821.10

2.0

30
0.0
23
3.3

6.5
19
104

1.4
41
121

0.0
6.0
890.0
0.1
01
8968

80.9

3.0
0.0
2.3
3.3

6.5

12
10.4

7.1 21840 1002.6
20 20 a0

2083.8 2390.5 2624.2

1250 1434 15135
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(1) FY 92and FY 93 figures include corporate petrolenm and oil and gas

production tax setllements of $156.3 millionand $114.9 million, respec-
tively. '

(2)  Figures include that portion ($46.648 million in FY 92) annually shared
through the municipal assistance program (AS 29.60.350).

(3) Rellects enactment of the conservation surcharge on oil (Ch. 112,
SLA 1989).

(4) Figures only reflect the State's share of the total. The projected total
property tax and the municipalities’ share are as follows (millions $):
FY 93:$310.6and $247.8; FY 94:$314.7 and $255.2, FY 95$315.7 and
$259.1, respectively.

(5) Includes that portion annually shared to qualiticd municipalities
(AS 43.40.010).

(6) Figures reflect the increased millage rate for the General Fund portion
from 5.5 1o 12 mills per cigarette per AS 43.50.190.

(1) Figuresreflectihe trendof shifting fees by various agencics from General
Fund unrestricted revenues (o restricted Program Receipts.

(8) The ligure of $30.1 million is the remainder after tax credits have been
applicd. The amount of $30.1 million snust be further reduced by $14.5
million in FY 92 for municipal revenue sharing (AS 43.75.130).

(9) Provides annual funding based on collections for qualificd regional
aguacullure associations (AS 43.76.025).

(10) Provides annual funding, based on collections, for the Alaska Seafood
Markcting Institale (AS 16.51.160).

(11) Figures include that portion ($2.1 million for 'Y 92) annually refunded
to local taxing authoritics (AS 10.25.570).

(12) Reflects enactinent of the Gaming Reforn Act (Ch. 99, SLLA 1988),
effective September 2, 1988. ‘

(13) Figures include that portion of amuscment and gaming licenses
(AS 43.35.050) and liquor licenses (AS 04.11.610) anaually shared 1o
qualilicd municipafities.

(14) Net of Permanent Fund and Public School Fund contributions. For
royaltics this includes paynent of prior yearadjustiments of $24.8 million
and $6.3 million for FY 92 and FY 93, respectively.

(15) National forest receipts  transferred to organized and unorganized
boroughs per Chapter 37, ST.A 1991,

(10) Rettects  the OCS “B(R)” revenue sharing seltlement monics.  ‘The
Gienesal Fund share represeats 49.5 percent of the aforementioned total,
whereas the Permanent Fund receives 50.0 percent. The remaining 0.5
percent is distributed to the Public Schoal Fund.

H e m  WORJTE,

"’ ™

(17) Figures for FY 92 and FY 93 reflect actual state lease sales: FY Yz (oale
74, Cook fnlet, September, 1991, $320,852—Sale 61, White Hills,
January, 1992, $2.4 million—Sale 68, Beaufort Sea, June, 1992, $0);
FY 93 (Sale 75, Kuparuk Uplands, December, 1992, $9,750,111.21—
Sale 76, Cook Inlet, January, 1993, $65,269,166.65—Sale 67AW, Cook
Inlet, January, 1993, $2,433,863.85).

(18) The Department of Natural Resources projects the following FY 93,
FY 94, and FY 95 state lease sales: FY 93 (Sale 77, Nanushuk, May,
1993—Sale 70AW, Kuparuk Uplands, May, 1993); FY 94 (Sale 57,
North Slope Foothills, September, 1993—Salc 75A, Colville, Septem-
ber, 1993—Sale 78, Cook Inlet, January, 1994); FY 95 (Sale 79,
Yakataga, July, 1994—Sale 80, Shaviovik, November, 1994—Salc 81,
Beaufort Sea, April, 1995). However, bonus bids are impossible to
anticipate prior to sales; therefore, no estimates are provided.

(19) Chapter 193, SI.A 1990, establishes the Alaska Marine Highway System
Fund, and provides that gross revenue of the State ferry system be
deposited in the fund which may then be appropriated for operating and
capital expenditures.

(20) Yhe figure for FY 92 contains reimbugsement costs of $25.3 million to
the General Fund for legal services rendered per the EXXON VALDEZ
il spill settlement agreement.

(21) The state received $50.3 million in FY 92 from the EXXON VALDEZ
o1l spill case which was placedin a judgement settiement account within
the General Fund.

(22) The State, per AS 38.05.180, grants incentive credits against royalties,
severance (axes, and rentals tothe oil companies for drilling exploratory
wells. The credits granted and applicd for in FY 92 have not been
subitracted from the aforementioned unrestricied revenues. Additional
csedits are anticipated in subsequent years.

(23) Chapier 210, SLLA 1990, allocates 6.0 percent of General Fund unre-
stricted revenues 1o the Mental Health Trust Income Account until such
time as the original Mental lealth Trust Lands are valued. The
necessary expenscs of Alaska’s Mental Health Program must be met
before funds in the Mental Héalth Trust Income Account ay be
expended for any other public purpose (AS 37.14.021). The amounts
shown are included in the aforemeationed Total Unrestricted Revenue
figures. Cusrently, the Meantal Health Lands Scttlement pec Chapter 66,
SLA 1991 is pending before the courts.




The following table shows that pewroleum revenues wiil dominate
in the short-term under all three scenarios.

Table 4 General Fund Unrestricted Revenues:
Petroleum Revenues as a Percentage of the Total
FY 1992 - 1995
(Millions of Dollars)
Total G. F. Total G. F. g
Unrestricted Unrestricted g
{rom Petrojeum Revenues Bercent

EY 92 Actual 2,007.4 2,462.6 82

EX 93 Estimares

Low 1,998.4 2.268.1 88

Mid 21025 2,386.2 88 é
High 2,180.3 24877 38

EY 94 Estimares

Low 1.807.7 2,058.5 88

Mid 2,026.3 2,303.8 88

High 2,238.6 2,5473 88

EX 95 Estimartes

Low 1,836.2 2,083.8 38

Mid 2.087.4 2.390.5 87

High 2,289.2 2,624.2 87
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' This section underlines the importance of petroleum revenues to Alaska's total revenues;
m discusses the currentoil markets; sets out the petroleum forecast assumptions; describes the Low,
. Mid, and High Scenarios; and concludes with a note on methodology.

Petroleum Revenues

r Importance of Petroleum Revenues
Petroleum revenues accounted for 82 percent of all unrestricted General Fundrevenues in
FY 1992, and will continue to account for close to 80 percent of those revenues each year well
into the 1990's.

The figure below shows the reiationship of petroleum revenues to all revenues for
FY 1992.

Figure 2 FY 92 General Fund Unrestricted Revenues

Petroleum 82%

Non-Petroleum 18%
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Petroleum revenues come from: (1) severance taxes (also called production taxes); (2)
royalties on oil and gas the State owns; (3) corporate income taxes on corporations producing
and transporting oil and gas; (4) oil and gas property taxes; and, (5) other oil and gas revenues
(rents and bonuses).

Together, these petroleum revenues accounted for 82 percent of State revenues in
FY 1992. The State also collects revenues in the form of interest earned on money invested in
the State Treasury, which accounted for another four percent of the total General Fund g

unrestricted revenues. (Most of the earnings come from interest earned on petroleum revenues.)
The following figure illustrates this. —

Figure 3 FY 92 General Fund Unrestricted Revenues

Severarce Tax 4%

14%
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The figure below shows that the State of Alaska has received most of its revenues from
-~ petroleum for a substantial period. Petroleum revenues comprised more than 77 percent of
General Fund unrestricted revenues in FY 1992 for the thirteenth year in a row.

i |

Percentage of General Fund Unrestricted Revenues
Which Come From Petroleum
(FY 1977 - 1995)
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In this forecast we discuss only three of the many possible future price and production
outcomes affecting Alaska oil revenues.

To assist in examining 2 greater number of possible future oil revenue outcomes, a
_revenue matrix has been developed for both FY 1993 and FY 1994. The Alaska State Revenue

Matrices on the following two pages provide an estimate of State General Fund unrestricted
revenues for various aiternative ANS price and production levels.




' Alaska State Revenue Matrix!
Unrestricted General Fund
f (Millions of Dollars)
r FY 1993
Alaska North Slope Production
r - Millions of barreis/day
Avg ANS
r Lower 482 160 165 170 175 1.80 1.85 190 195 200
$10.00 1,840 1,860 1,870 1,880 1,890 1,910 1,920 1,930 1,940 '
$11.00 1840 1,860 1,870 1880 1,890 1910 1,920 1930 1,940
r $12.00 1,840 1,860 1,870 1,880 1,890 1,910 1,920 1,930 1,940
$13.00 1,840 1,860 1,870 1,880 1,890 1,910 1,920 1,930 1,940

$14.00 1,800 1,900 1,920 1,930 1,950 1,970 1,980 2,000 2,020
$15.00 1,940 1,960 1,980 2,000 2,020 2,040 2,060 2,080 2,100
$16.00 2,050 2,080 2,110 2,140 2,170 2,200 2,230 2,260 2,290
$17.00 2,170 2,210 2,240 2,280 2,320 2,360 2,400 2,440 2,480
$18.00 2,280 2,330 2,380 2,430 2,470 2,520 2,570 2,620 2,670
$19.00 2,390 2,450 2,510 2,570 2,630 2,680 2,740 2,800 2,860
$20.00 2,510 2,580 2,640 2,710 2,780 2,850 2,910 2,980 3,050
$21.00 2,620 2,700 2,780 2,850 2,930 3,010 3,080 3,160 3,240
$22.00 2,740 2,820 2,810 2,980 3,080 3,170 3,250 3,340 3,430
$23.00 2,850 2,950 3,040 3,140 3,230 3,330 3,420 3,520 3,620
$24.00 2,960 3,070 3,170 3,280 3,380 3,490 3,580 3,700 3,800

$25.00 3,080 3,190 3,310 3,420 3,540 3,650 3,760 3,880 3,990 |
$26.00 3,190 3,320 3,440 3,560 3,690 3,810 3,930 4,060 4,180
$27.00 3,310 3,440 3,570 3,710 3,840 3,970 4,110 4,240 4,370
$28.00 3,420 3,560 3,710 3,850 3,990 4,130 4,280 4,420 4,560
$29.00 3,530 3,690 3,840 3,990 4,140 4,290 4,450 4,600 4,750
$30.00 3,650 3,810 3,970 4,130 4,290 4,450 4,620 4,780 4,940

' Assumptions other than price and production are based on the Mid Scenario of the
Depanument of Revenue Spring 1993 Forecast.

*The average ANS price for all lower 48 sales is approximately $0.68/barrel less than the U.S.
Gulf price in FY 1992.
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Table 6

Alaska State Revenue Matrix!
Unrestricted General Fund
(Millions of Dollars)
FY 1994
Alaska North Slope Production
Millions of barrels/da
Avg ANS: Y
Lower 48 160 165 170 175 180 1585 180 195 2.00
$10.00 1,160 1,180 1,200 1,220 1250 1,270 1290 1,310 1,330
$11.00 1,270 1,300 1,320 1,350 1,370 1,390 1,420 1,440 1470
$12.00 1,400 1,430 1,460 1,480 1510 1,540 1570 1,590 1,620
$13.00 1,520 1,560 1,580 1,620 1,650 1,680 1,710 1,750 1,780
$14.00 1,650 1,690 1,720 1,760 1,790 1,830 1,860 1,900 1,930
$15.00 1,770 1,810 1,850 1,890 1,930 1,970 2,010 2,050 2,090
$16.00 1,900 1,940 1,990 2,030 2070 2,120 2,160 2,200 2,250
$17.00 2,020 2,070 2,120 2,170 2,210 2,260 2,310 2,360 2,400

$18.00 2,150 2,200 2,250 2,300 2,350 2,410 2,460 2,510 2,560
$19.00 2,270 2,330 2,380 2,440 2,490 2,550 2,600 2,660 2,710
$20.00 2,400 2,460 2,520 2,580 2,640 2,690 2,750 2,810 2,870
$21.00 2,520 2,590 2,650 2,710 2,780 2,840 2,900 2,960 3,030
$22.00 2,650 2,720 2,780 2,850 2,920 2,980 3,050 3,120 3,180
$23.00 2,780 2,850 2,920 2,990 3,060 3,130 3,200 3,270 3,340
$24.00 2,900 2,970 3,050 3,120 3,200 3.270 3,350 3,420 3,490

$25.00 3,030 3,100 3,180 3,260 3,340 3,420 3,490 3,570 3,650 E
$26.00 3,150 3,230 3,310 3,400 3,480 3,560 3,640 3,720 3,810
$27.00 3,280 3,360 3,450 3,530 3,620 3,700 3,790 3,880 3,960
$28.00 3,400 3,490 3,580 3,670 3,760 3,850 3,940 4,030 4,120
$29.00 3,530 3,620 3,710 3,810 3,900 3,990 4,090 4,180 4,270
$30.00 3,650 3,750 3,850 3,940 4,040 4,140 4,240 4,330 4,430

' Assumptions other than price and production are based on the Mid Scenario of the
Department of Revenue Spring 1993 Forecast.

* The average ANS price for all lower 48 sales is approximately $0.89/barrel less than the
U. S. Guif price in FY 1993.
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r Current Oil Market Situation

r-r' Worid Market

In February, OPEC agreed to a 23.582 million bbl/day ceiling for the second quarter of
1993. This agreement requires the cartel cut about 1.5 million bbl/day from its present
" oduction. This production strategy is an attempt to support prices which are currently about
%3.00/bbl under OPEC’s $21.00/bbl target.

: Kuwaiti production has almost returned to its pre-War level. Though targeting an “all it
can” initiative since the Gulf War, Kuwait has agreed to hold production at 1.6 million bbl/day

rough the second quarter. United Nations sanctions remain in place and Iragi crude remains
r::of the worldwide market; this situation will continue until it can be shown that Iragi weapons
of mass destruction are destroyed. The earliest that Irag could resume its oil exports is year-end
r993 or early 1994.

Worldwide economic recovery will fuel the demand for crude which is projected to
rxcrcase by 500,000 bbis/day in 1993. The United States will be the driving force for this increase.
INo assessment of the impact of new energy taxes is made in this forecast. The cail on OPEC for
r;;ude will increase by about | million bbl/day pushing prices upward in the short term.

- Jres  OPEC Production Table 7 OPEC Production!
viillion Barrels/Day (Thousands of bbis/day)
T
Production
Country Jan 93 02 1993 Quota

________________________ Algeria 770 732
Ecuador™
: . Gabon 290 281
v i ks Indonesia 1,350 1317

"""""" K Iran 3.550 3,3
3 TIiE f : Iraq 450 400
LM EEEREL Kuwait' 1.600 1,600
EEEREFELED Libya 1450 1,350
KEERELE ik Nigeria 1,950 1,780
EEEEEEBEEVLEE Qatar 460 364
il: i ELEPRLLEE Saudi Arabia” 8,500 8,000
tPEEBLEEL ' E UAE 2270 2,161
. ; o b B H B P B B { : Venezuela 2360 2267
% 2 ’; S ¥ ‘ ™ B TOTAL 25.000 23.382

¥ ; A 7 Source: Plaus Qilgram Poics Resorr (2/5/93).

* Share Neurrai Zone output :980-July 1990 and beginmung

r s esusEs TBRDADR in June 1991 due to Persian Guif War.
Calendar Year ** Ecuador leit OPEC January 1. 1992,
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Alaska North Slope Market

Alaska North Slope (ANS) prices have ranged between $16.00 and $19.00/bbi since last
Fall. The stagnant global economy has dampened demand and kept downward pressure on oil
prices. Additionally, continued over quota production by OPEC has kept an ample supply of
crude in the market. FY 1993 ANS Lower 48 spot price is about $18.11/bbl.

BP Exploration announced its official selling prices for March 1993 as $16.78/bbl on the
West Coast and $17.90/bb! on the Gulf Coast. Recent spot prices have been running $0.10/bbi
lower than BP’s official price.

Roughly 85 percent of ANS production is sold on the West Coast while 15 percent is
marketed in the Eastern haif of the United States and the Caribbean. As ANS production declines,
itis expected that shipments to Eastern U.S. destinations are assumed to cease after 1996. Greater
transportation costs to the more distant markets result in a Guif Coast derived weilhead price
which is Jower than the West Coast price. Historical ANS spot prices are graphed below.

Figure 6 ANS Spot Price
January 1988 - January 1993
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F Forecast Assumptions

ANS Lower 48 Prices
The oil price assumptions used in this forecast start with the spot price of ANS at the U.S.
Guif Coast. The price of West Coast ANS and the ANS royalty market basket are forecast based
ron their historical relationship to Gulf Coast ANS spot price. West Coast ANS sells at a discount
to the Gulf Coast because total ANS production exceeds West Coast demand for sour crude oil.
It is this crude surplus that necessitates the shipment of ANS to the Guif. The short term price
~ forecast for ANS is illustrated below.

Over the longer term, as demand on the West Coast grows and ANS production declines,

J the West Coast oil glut will disappear. In this forecast, West and Guif Coast oil prices are are

assumed to converge when the West Coast surplus disappears. The long term forecast for ANS
ris also illustrated below.

Finally, starting with this forecast. collections of State severance taxes are now assumed

r to be based directly on spot price. This is a major change in forecasting methodology since in

the past we incorporated into the forecast adifference between spot and taxpayer reported prices.

This methodological change reflects the current system used to administer severance tax
r payments. Producers are now required to file a quarterly estimated tax-based payment.

The discussion of price forecast assumptions starts with the Gulf Coast ANS price and
~Mtlines the other variables which translate this price into the wellhead price for ANS crude oil.

The wellhead price determines the value of production and thus, the state’s severance tax and
r royalty income.

.

Table 8 Scenarios for ANS Qil Price
Gulf Coast and West Coast
(S/bbl)
Fiscal Low Mid High
Year West Guif West Gulf West Guif
1993 17.54 1834 1(7.78 18.59 18.03 18.86
1994 16.81 17.75 18.25 19.27 19.57 20.67
1995 17.36 18.33 19.12 20.19 20.39 21.54
2000 21.60 21.60 26.14 26.14 29.38 29.38
2005 25.08 25.08 32.51 32.51 40.42 4042

&

-
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Over the long-run, demand on the West Coast will increase while ANS production is in
decline; the oil glut on the West Coast will then disappear. In this forecast, West Coast and Gulf
Coast oil prices are assumed to converge when the West Coast surplus disappears.

Figure 7 ANS at the U. S. Guif
Low Mid High
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Figure 8 ANS at the U. S. West Coast
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Transportation Costs to Lower 48 Markets

The weighted average Lower 48 shipping cost averaged $1.66/bbl in FY 1992, $0.30/bbl
higher than in the prior year. This increase was mostly attributable to tight markets in the higher
cost Gulf trade, where there is significant chartering, and resuits of the Oilspill Pollution Act of
1990 (OPAS0).

As ANS production declines and West Coast petroleum demand increases, shipments to
the Gulf wiil diminish. This will free up excess tonnage. Consequently, average shipping costs
are expected to stay fairly constant over the next few years. In the long term the double hulling
requirements of OPAS0Q will resuit in increased shipping costs.

-

Table 9 Marine Transportation Costs
Valdez to Lower 48
Fiscal (S/bbl)
Year Low Mid High
1993 1.69 1.69 1.69
1994 1.68 1.69 1.69
1995 1.67 1.68 1.69
2000 1.53 1.58 1.62
2005 1.97 2.07 2.16
Figure 9 Total Transportadon Costs to Lower 48
Pipeline and Tanker
$/Barrel
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accident.

table below is on a fiscal year basis.

Tabie 10

1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
2000
2005

Fiscal
Year ACTUAL Low Mid High

6.04
5.29
4.20
3.54
3.12
3.48
3.75
3.60

3.20
2.98
2.97
3.00
4.43

Scenarios for TAPS Tariffs
(S/obl)

3.20
2.99
3.01
3.18
4.81

Trans Alaska Pipeline System Tariffs

The Trans Alaska Pipeline System (TAPS) tariff is determined according to the TAPS
Settlement Method, 2 ratemaking method agreed upon by the Pipeline owners and the State of
Alaska. This agreement allowed an accejerated recovery of the construction costs and a fixed

profitof an inflation adjusted $0.35/bbl. This resuited in higher tariffs from 1977-85 in exchange
for lower tariffs in the late 1980’s and 1990’s.

~ As can be seen in the table below, the tariff method has worked as intended with the
exception of FY 1990 and FY 1991 when the tariff increased due to corrosion repairs, lower than
expected TAPS throughput and oil spill mitigation expenditures due to the EXXON VALDEZ

The 1993 average filed tariff was $2.94/bbl. The filing is made on a calendar year basis while the

3.20
3.00
3.02
3.08
4.69




r

r Wellhead Price for ANS

The wellhead value of ANS, along with production, is the basis for both State severance

F’éx and royalty. The wellhead value is calculated by subtracting the pipeline and marine

" transportation costs from the saies price (or transfer price at the refinery gate in the case of oil
run through a producer’s own refinery.)

™13

Table 11 Scenarios for ANS Wellhead Price
' (3/bbD)

Fiscal

1993 12.66 12.91 13.19
1994 12.33 13.67 14.98
1995 12.89 14.50 15.76
2000 16.89 20.96 24.32
2005 18.21 24.85 32.78

';;

Figure 10 ANS at the Wellhead
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$/Barrel
30

HISTORICAL PRQJECTED

25

20

15

10

J A J O J A J O J A J O J A J O J A YO
1990 1991 1992 1993 1994 1995
Month/Year

Spring 1993 Reveaue Sources Book NI

| ?age 20



Qil Production Outiook

Information for forecasting production comes from expertise at the Alaska Oil and Gas
Conservation Commission, in-house engineering models, the operating companies, trade
journals, technical reports and news releases. Annual production estimates are shown below.

Over the most recent quarter, North Slope daily oil production is at 96 percent of the rate
seen during the same period a year ago. The seven percent decline in Prudhoe Bay liquid

hydrocarbons continues to shape the production outlook for the entire state of Alaska. The GHX2
project will add 100,000 bbls/day to Prudhoe Bay in FY 1994,

The Point McIntyre field is scheduled to commence production in the summer of 1993
and is expected to later peak at approximately 100,000 bbis/day. The Niakuk field is expected
to start up a year later. Insofar as the Point McIntyre and Lisburne oil will be commingled at the

latter’s limited production facilities, the onset of Point McIntyre will cause a deferment of some
Lisburne production.

Cook Inlet production continues to decline at a slow one percent annual rate. Recent
developments at Granite Point, and discoveries at the West McArthur River field and the Sunfish
prospect(North Forelands field), may stemthatrate further. ARCO has announced commerciality

of the larter, but has not disclosed the estimated reserves. Due to uncertainty these discoveries
are not explicitly assumed in this forecast.

Despite the decline at the Prudhoe Bay field, continued success in reservoir management

- in all fields and exploration will hold statewide production decline in the near term to less than
five percent per year.

Figure 11 Simulated Oil Production
Total Alaska and Mid Case Prudhoe Bay

Low Mid High ' 'udhoe Bay

Mid Case
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Million Barrels/Day
2.0

1.5 fmes e e e

1.0

..........................

0.5

R A LR YY S i

LE R

Bl NS GRS NG JRESE o

1982 1994 1996 1998 2000 2002 2004 2006 2008 2010
Fiscal Year

IR Spring 1993 Revenue Sources Book N Page 21 IR

-
-




0 on-0il Bevenue Sources Assu ion

Oil Corporate Taxes

Qil corporate taxes for FY 1992 generated $165.5 million compared to $185.1 million
collected in FY 1991. In FY 1993, the revenue outiook in this area is greater than FY 1992 due
to corporate restructuring to promote more efficient operations and higher oil prices.

Non-Qil Corporate Taxes -
Non-petroleum corporate taxes generated $33.7 million in FY 1992 compared to §37.9
million in FY 1991. The drop in non-petroleum corporate tax revenue was due to the general
slow down in business activity.

Property Taxes

The current oil and gas property tax, which is levied at 20 mills on the full and true value
of oil and gas property, is expected to continue to decline. Thedecrease forFY 1992 and FY 1993,
as compared to previous forecasts, is greater due in part to investment delays and increased miil
‘ 1ev1es by the North Slope Borough, the Kenai Peninsula Borough and the City of Valdez. The
mumcxpa.lmes in which taxable oil and gas property exists continue to receive the bulk of the
property tax assessment.

Aicoholic Beverage Taxes

The trends in alcohol consumption have been fairly steady over the last five years in ail
categories. The only notable exception has been a drop in wine consumption compared to the
earlier period: FY 1984 through FY 1987. Currentconsumption trends for liquor, wine and beer.
given population growth, demographics and income levels, are expected to continue generating
revenues of between $12 and $13 million per year.

Intergovernmental Receipts

Federai Shared Revenues, which consist of several categories, totaled $12.8 million in
FY 1991 but dropped to $6.7 million in FY 1992 as anticipated. This is due primarily to the fact
that the U.S. Forest Service (USFS) monies for timber sales were formerly allocated to only
organized boroughs. The USFS has since notified the State that additional monies will be set
aside for unorganized boroughs as well (Chapter 37, SLA 1991). The monies are intended to
support roads and schools affected by national forest activities. The amount of Federal Shared
Revenues which will go into the General Fund in FY 1993 shouid be about $7 million.

Page 22
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Section 8(g) funds are the resuit of anegotiated settlement between the State and federal
government several years ago with a specific payment schedule. The revenue figure increased
from $2 million in FY 1991 and will be $4.7 million annuaily for the period FY 1992 through
FY 1996 when the numbers will again be adjusted upward.

Investinent Earnings

The projections are based on projected out-going expenditures and incoming revenues
with an assessment of yield on instruments and the length of maturity for the funds invested by
the Treasury Division. FY 1992 investment eamings were $101.8 million.

Facilities and Related Charges

The main revenue itemin this category is ferry systemreceipts which amounted to $42.4
million in FY 1992. The legislature established the Alaska Marine Highway System Fund
(Chapter 193, SLA 1990) which provides that the gross revenue of the state ferry system be
deposited into the fund and then may be appropriated for operating and capital expenditures.

Methodology

The Department of Revenue uses a wide variety of models and techniques to forecast
petroleum severance taxes and royalties and the other non-petroleum sources. The main
petroleum forecasting model is a marketing and production simuiation model which projects
severance tax and royaities on a company-by-company, field-by-field basis through the year
2050. This model. initially developed in 1978, can be run on either a scenario or iterative basis.




F Scenarios Over the Short-Term
r’ Low Scenario

SUMMARY: The Low Scenario assumes a very slow woridwide economic recovery. As a
r result, oil consumption growth is assumed to grow slowly even with low oil prices. Steady

increasing production from Saudi Arabia, Iran and Kuwait keeps downward pressure on oil
r prices in a stagnant market.

R
FYI1994%
EXC1995

e e AN P e
g R

Low Scenario assumptions:

. Global economic growth averages 1.0 percent in 1993 with slow recovery in the United
States, Japan and West Germany and the painful transition of the previously cenmrally
planned economies into the giobal market continues to occur. The growth rate picks up
to 1.5 percent in 1994 as the world economy begins to rebound.

t-2

Qil consumpton grows slowly as the economic recession dampens the positive etfect of
low oil prices.

Non-OPEC production in both 1993 and 1994 holds steady as increases in such areas as
the North Sea and newer frontier areas offset the continued decline from the Common-
wealth of Independent States. -

L

4. OPEC’s market share under this scenario is 24.7 million bbl/day in 1993 and
25.1 million bbl/day in 1994.

5. Key OPEC producers Saudi Arabia. Iran and Kuwait continue to increase their capacity.
Increased production from these three producers, as well as the possibility of the
resumption of exports from Iraq, keep the market well supplied with continued downward
pressure on oil prices.

Spring 1993 Revenne Sources Book NN
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Table 13 Low Scenario
Global Oil Market Assumptions
TOTAL OPEC OPEC TOTAL GLOBAL
GLOBAL OIL CRUDE OIL NGL/COND. NON-QOPEC STOCK
CONSUMPTION EBORUCTION ERQDUCTION ERODUCTION CHANGE
1992
Q1 67.7 24.1 20 41.0 0.6
Q2 64.9 137 20 98 06
Q3 65.6 24.6 20 39.5 05
Q4 67.7 252 20 40.0 0.5
YEAR 66.5 244 2.0 40.1 0.0
1993
Q1 68.0 243 2.0 40.4 -1.3
Q2 65.0 244 2.0 39.7 L1
Q3 65.6 24.6 2.0 39.7 0.8
QU 68.1 256 2.0 40.5 0.0
YEAR 66.7 24.7 2.0 40.1 0.1
1994
Q1 68.3 24.8 2.0 40.3 -1.3
Q2 65.4 24.8 2.0 39.6 1.1
Q3 65.9 25.1 2.0 39.6 0.8
Q4 68.4 26.0 2.0 404 0.0
YEAR 67.0 5.2 2.0 0.0 0.1
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r Mid Scenario

riUMMARY: The Mid Scenario assumes that the giobal economy begins to pick up in 1993
and 1994 with the result that oil consumption grows in response to both relatively low oilprices
"ind increased demand for oil. Oil prices begin to slowly drift upward as OPEC capacity
expansion is required to meet growing demand, particularly with Iraq out of the market.

sie '*iﬁﬁﬁma»‘féﬁa.
2T S o V::“"i

-4 Scenario assumptions:

Global economic growth averages 2.5 percent in 1993 and 3.0 percent in 1994.
Qil consumption grows by 0.5 million bbl/day in 1993 and 0.8 million bbl/day in 1994.

Non-OPEC production continues to decline, as a resuit of a further decline from the
Commonweaith of Independent States.

OPEC market share under this scenario amounts to 25.5 million bbl/day in 1993 and
26.6 million bbl/day in 1994.

This growing market share for OPEC will be accomodated by increased production from
most member countries, in particular from Saudi Arabia, Iran and Kuwait. Iraq will
remain embargoed. Pressure on capacity in OPEC will keep mild upward pressure on oil
prices.
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Table 15

1992
Qa
, Q2
Q3

YEAR

1993
Q1
Q2
Q3
Q4

YEAR

1994
Q1

Q3

YEAR

TOTAL
GLOBAL OIL

CONSUMPTION  PRODUCTION  PRODUCTION  PRODUCTION

61.7
64.9
63.6
61.7

66.5

68.6

67.1

69.5
© 66.5
67.0
69.6

68.1

Mid Scenario
Global Oil Market Assumptions
OPEC OPEC TOTAL
CRUDE OIL NGL/COND. NON-OPEC

3.9

24.6

352

244

252
5.2
5.5
26.5

5.6

2.0

2.0

2.0

2.0

GLOBAL

-0.6

0.6

0.5

0.5

0.0

1.1

0.8

0.0

0.1

-1.3

1.1

0.8

0.0

0.1
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High Scenario

SUMMARY: Global economic growth picks up rapidly in 1993 and 1994. This economic
recovery spurs oil consumption increases which creates oil supply pressures leading to higher

oil prices.

r’,w-

‘*7/"2%?““ G e
AN m"f
[flh.-f-, g

High Scenario assumptions:

1. World-wide economic growth averages 3.5 percent in both 1993 and 1994.

2. Oilconsumption increases by 1.6 million bbl/day in 1993 and 1.2 million bbl/day in 1994
in response to vigorous economic growth.

3. Non-OPEC production continues to slide primarily due to further major declines in
output from the Commonwealth of Independent States.

OPEC market share amounts to 27.1 million bbl/day in 1993 and 28.6 million bbl/day
in 1994.

The 1993 -and 1994 OPEC production levels assumed in this scenario are very close to
current estimates of capaciry. This causes significant upward pressure on oil prices.

w
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Table 17 High Scenario
Global Oil Market Assumptions
TOTAL OPEC OPEC TOTAL GLOBAL
GLOBAL OIL CRUDE OIL NGL/COND. NON-OPEC STOCK
CONSUMPTION  PRODUCTION ERODUCTION ZRODUCTION CHANGE
1992
Q1 67.7 24.1 20 41.0 0.6
Q2 64.9 23.7 2.0 39.8 0.6
Q3 63.6 24.6 2.0 39.5 0.5
Q4 67.7 252 2.0 40.0 -0.5
YEAR 66.5 24.4 2.0 40.1 0.0
1993
Q1 69.3 26.8 2.0 39.3 -1.3
Q2 66.3 26.8 2.0 38.6 1.1
Q3 66.9 27.0 2.0 38.6 0.8
Q4 69.5 28.1 2.0 9.4 0.0 §
YEAR 68.0 272 2.0 39.0 0.1 g
Q 70.6 282 2.0 39.1 T3 ;'
Q2 67.5 28.2 2.0 8.4 1.1
Q3 68.1 284 2.0 84 0.8
Q4 70.7 29.5 2.0 39.2 0.0
YEAR 69.2 8.6 2.0 18.8 0.1 g
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Table 18 Projected and Historical Crude Qil Spot Prices
For Alaska North Slope Crude and Domestic Marker
($/barrel)

Low Scenario

1Hismric:xi ANS spor prices are taken rrom Plag’s Qiigram Prce Report.

| Production ANS at ANS at ANS at

[ Mon/YR Wellhead ~ WestCoast  Gulf Coast w1

Historicai JUN 91 11.23 16.36 17.58 19.32

r JUL 11.72 17.26 18.30 21.41

' AUG 11.89 17.18 18.49 21.70

SEP 12.14 17.31 19.05 21.87

r OCT 12.79 18.47 20.05 23.24

] NOV 11.86 17.57 19.16 22.51

DEC 9.72 14.83 16.44 19.49

r JAN 92 951 14.92 15.74 18.80

FEB 9.81 15.30 16.17 18.98

MAR 10.17 15.50 16.29 18.91

r APR 11.21 16.96 17.77 20.23

' _ MAY 12.47 18.03 18.62 20.97

. JUN 14.04 20.20 20.56 22.37

r JUL 14.23 19.40 19.65 21.74

AUG 13.26 17.97 18.82 21.33

- SEP 13.33 18.46 19.31 21.88

r OCT 13.33 18.71 19.43 21.67

NOV 12.41 17.46 18.26 20.34

DEC 11.09 16.23 17.19 19.38

r JAN 93 11.79 15.54 16.59 19.01

' Projected FEB 11.96 16.50 17.43 19.41

MAR 12.18 - 16.68 17.62 19.62

r APR 12.18 16.68 17.62 19.62

MAY 12.17 16.68 17.62 19.62

QTR! FY9%4 12.57 17.03 17.99 20.01

r QTR2 FY9%4 12.49 16.93 17.88 19.89

QTR3 FY9%4 12.01 16.52 17.45 19.42

QTR4 FY94 12.24 16.76 17.70 19.69

r QTR1 FY9S 12.36 17.07 18.03 20.04

QTR2 FY95 12.77 17.28 18.25 20.29

QTR3 FY95S 12.97 17.39 18.37 20.42

r QTR4 FY95 13.22 17.68 18.67 20.76
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19.32
21.41
21.70
21.87
23.24
22.51
19.49
18.80
18.98
18.91
20.23
20.97
22.37
21.74
21.33
21.88
21.67
20.34
16.38
19.01
19.80
20.60
20.60
20.60
21.29
21.69
21.30
21.48
22.05
22.30
22.50

22.93

Table 19 Projected and Historical Crude Oil Spot Prices
For Alaska North Slope Crude and Domestic Marker'
($/barrel)
Mid Scenario
Production ANS at ANS at ANS at
MonYR Wellhead West Coast Guif Coast
Historical JUN 91 11.23 16.36 17.58
TUL 11.72 17.26 18.30
AUG 11.89 17.18 18.49
SEP 12.14 17.31 19.05
OoCT 12.79 18.47 20.05
Nov 11.36 17.57 19.16
DEC 9.72 14.83 16.44
JAN 92 9.51 14.92 15.74
FEB 9.81 15.30 16.17
MAR 10.17 15.50 16.29
APR 11.21 16.96 17.77
MAY 12.47 18.03 18.62
JUN 14.04 20.20 20.56
JUL 14.23 19.40 19.65
AUG 13.26 17.97 18.82
SEP 13.33 18.46 19.31
oCT 13.33 18.71 19.43
Nov 12.41 17.46 18.26
DEC 11.09 16.23 17.19
JAN 93 12.11 15.54 16.59
Projected FEB 12.28 16.83 17.78
MAR 12.96 17.51 18.50
APR 12.96 17.51 18.50
MAY 12.96 17.51 18.50
QTR1 FY9%4 13.59 18.18 19.14
QTR2 FY9%4 13.93 18.46 19.50
QTR3 FY94 13.50 18.13 19.15
QTR4 FY94 13.64 18.28 19.31
QTR1 FY95 14.14 18.78 19.84
QTR2 FY95 14.35 18.99 20.06
QTR3 FY95 14.58 19.17 20.24
QTR4 FY95 14.93 19.53 20.63
lHistoric:xl ANS spot prices are taken from Plag’s Qilgram Price Report.
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Table 20 Projected and Historical Crude Qil Spot Prices ,
For Alaska North Slope Crude and Domestic Marker
r ($/barrel)
r High Scenario
Production ANS at ANS at ANS at
L Mon/YR Wellhead West Coast  Guif Coast WTI
 Fustorical JUN 91 11.23 16.36 17.58 19.32
JUL 11.72 17.26 18.30 21.41
| r AUG 11.89 17.18 18.49 21.70
' SEP 12.14 17.31 19.05 21.87
OCT 12.79 18.47 20.05 23.24
r Nov 11.86 17.57 19.16 22.51
DEC 9.72 14.83 16.44 19.49
, JAN 92 9.51 14.92 15.74 18.80
r FEB . 9.81 15.30 16.17 18.98
' MAR 10.17 15.50 16.29 18.91
- APR 11.21 16.96 17.77 20.23
r MAY 12.47 18.03 18.62 20.97
" JUN 14.04 20.20 20.56 22.37
JUL 14.23 19.40 19.65 21.74
r AUG 13.26 17.97 18.82 21.33
. SEP 13.33 18.46 19.31 21.88
OoCT 13.33 18.71 19.43 21.67
r NOV 12.41 17.46 18.26 20.34
DEC 11.09 16.23 17.19 19.38
JAN 93 12.45 15.54 16.59 19.01
£njmed FEB 12.62 17.17 18.14 20.20
MAR 13.87 18.41 19.45 21.66
APR 13.86 18.41 19.45 21.66
r MAY 13.86 18.41 19.45 21.66
QTR1 FY9% 14.86 19.38 20.47 22.77
QTR2 FY9%4 15.35 19.87 20.99 23.35
r QTR3 FY9% 14.86 19.52 20.61 22.93
QTR4 FY9%4 14.85 19.51 20.60 22.92
QTR1 FY95 15.32 19.98 21.11 23.46
r QTR2 FY95 15.56 20.23 21.37 23.75
QTR3 FY95 15.87 20.46 21.61 24.02
r QTR4 FY95 16.29 20.89 22.07 24.53
r lHistoric:xl ANS spot prices are taken from Plawt’s Oflgram Price Report.
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REVENUE FORECAST: LONG-TERM OUTLOOK
(FY 1996-2010)

- This section focuses on the long term from FY 1996 through FY 2010. It provides

revenue projections for this period and also sets out the assumptions behind those projections for
the Low, Mid. and High Scenarios.

The assumptions for inflation rate, Alaska oil production, the TAPS tariff and average
ANS Lower 43 price follow. The graphs on page 34 show the revenue projections for the three
scenarios from FY 1981 through FY 2010 in both nominal and real dollar terms.

The following tables are then provided:

1. Detailed revenue projections for each category of revenues.

i
-

. Petroleum production revenues by type and area of the state.

s

. The expected and historical prices from FY 1992 - 2010 for ANS Wellhead and
WTIL.

&

Simuiated production by field.
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General Fund Unrestricted Revenue Projections
FY 1981 - 2010

Low Scenario
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High Scenario
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Spring 1993 Forecast Assumplions

‘The following tables are part of the output trom the Department of Revenue’s sinulation mdel, the Long-Run Fiscal Model (LRFM). All perti-
nent assumptions and footnotes are presented below:

1) Investment earnings are a function of expenditures and the resulting general investment fund balance.
(Note: Permanent Fund earnings are excluded from the long-range revenue forecast.)
Expenditures were assumed 1o increase at the scenario-specific inflation rate from the FY 92 base year.
The real rate of retorn for investment earnings was assumed at 3.00% for all cases.

2) Non-petroleum/non-interest revenues beyond IFY 93 were assumed to increase at the scenario-specific

inflation rate.
Vbl 21 INFLATION RATE ALASKA PRODUCTION TAPS TARIFF AVERAGE LOWER 48
(%) (Millions of Barrels/day) ($/bbl) ($/bb1)
¢ Lew Mid High law Mid Jigh low Mid High Low Mid Hieh
1992 309 309 3.09 1.833 1.833 1.833 3602 3.602 3.602 1688 16.88 16.88
1993 256 339 4.33 1744 1744 1.744 3196 3.196 3.198 1775 18.01 18.30
1994 262 367 456 1.746 1.746 1.746 2975 2988 3.000 1693 1838 19.71
1995 262 367 456 1713 1713 1.713 2967 3.006 3016 17.47 1924 2052
1996 285 381 484 1644 1.647 1757 2766 2.852 2883 18.74 2099 2268
1997 285 381 484 1513 1517 1675 2733 2825 2750 1985 2268 24.74
1998 285 381 484 1.387 1.392 15895 2577 2.688 2.668 2042 2378 26.20
1999 285 381 484 1.278 1285 1.528 21757 2002 2854 2100 2493 27.74
2000 285 381 484 1.152 1.158 1.382 2998 3.184 3.078 2160 26.14 29.38
2001 304 394 6501 1.048 1053 1.269 3220 3.436 3.344 2225 27.31 31.32
2002 304 394 501 0971 0985 1.179 3461 3.706 3.624 2293 28.63 33.38
2003 304 394 501 0881 0899 1.080 3704 3.985 3.906 2363 2980 3558
2004 304 394 601 0.804 0824 1.005 4021 4.343 4.251 2434 31.13 37.92
2005 304 394 501 0721 0.745 0819 4428 4.806 4.686 25.08 82.51 40.42
2006 304 394 501 0631 0653 0819 4942 5.388 5.220 2584 3396 43.08
2007 304 394 6501 0552 0574 0.732 5437 6.694 5.757 26.63 3548 4592
2008 304 394 501 0495 0514 0.660 5967 6.608 6.372 2744 37.06 48.95
2009 304 394 6501 0442 0457 0592 6487 7.251 6.994 2827 3871 52.17
2010 304 394 501 0397 0410 0533 7085 7.981 7.716 2913 4044 5557
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e 22 e
(Millions of Dollars)

() (2) 3) @ (%) (6) a0 8 ) (10) ) (12)
SPECIAL TOTAL NON-PETR GEN FUND TOTALREVS
SEVERANCE PROPERTY OIL&GAS GROSS MINERAL BONUS PFETRO PETROLEUM NON-INTR INTEREST W/PERMFND
kY TAX TAX INCTAX BOYALTIES  RENTS SALES SETTLEMENTS REYENUES  REVENUES  REVENUES DEDICATION
81 1170.20 14300  B60.10  1501.60 790  14.10 0.00 3696.90 186.10 227.80  4110.80
82 1581.70 14270 668.90  1553.20 2640 1030 0.00 3983.20 209.00 32470  4516.90
83 1493.70 15260 23600  1447.40 5420  73.10 0.00 3457.00 228.60 375.80  4061.40
84 1393.10 13100 26510 1409.00 2190  16.70 0.00 3236.80 245.80 28270  3765.30
85 1389.40 12840  168.60  1390.30 2370 23.60 0.00 3124.00 283.00 23350  3640.50
86 1107.90 113.50 13390 1098.20 4450 7010 460.70 3028.80 222.40 19520  3446.40
87 6-48.50 10250 12040 59160 2910 100 85.20 1578.30 243.00 161.90  1983.20
88 818.70 9620 15800  953.50 2420 1130 329.00 2390.90 223.60 13260 2747.10
89 698.80 80.70 16600 81870 - 1800 2300  259.70 2073.90 245.10 100.70  2419.70
Y90 1001.60 89.80  117.20  1004.43 2100 000  156.80 2390.83 271.33 117.90  2780.06
94 1284.80 85.00 18510  1292.83 2130 3830  398.59 3305.92 291.04 12500 372196
92 1053.20 69.00 16550 93578 17.10 525 44761 2603.44 353.40 101.80  3148.64
93 1003.10 6280 15000  991.20 1930 76.30 9.40 2312.10 258.31 61.00 263141
94 930.75 59.60 10600  948.13 2185 0.0 9.40 2075.73 200.62 39.00 231535
95 044.98 S6.60 10600  971.68 2076 0.00 9.40 2109.42 209.58 34.50  2353.50
96 994.01 S270 10400 1029.45 1972 0.00 9.40 2200.28 215.87 4133 246648
97 967.72 49.00 9400 98445 1874  0.00 13.40 212731 222.34 43.17 239282
98 9014.30 4510 91.00 94647 (780  0.00 13.40 2018.07 229.01 41.80  2288.89
99 79221 4160 8600 8984l 1691 0.00 13.40 1848.53 235.88 39.94  2124.35
(0 688.60 3820  81.00 82897 1606  0.00 13.40 1666.23 242.96 3693  1946.12
01 595.24 34.80 7500  768.0| 1526 000 13.40 150171 250.25 3377 1785.13
02 523.74 L0 000 72477 1450 0.00 0.00 1364.71 257.76 3003 1653.40
03 441.86 2860 6400  671.87 13.77 000 0.00 1220.10 265.49 28.83  1514.42
0 369.86 2600  S8.O0  622.28 1308 000 0.00 1089.22 273.45 2635  1389.03
05 301.93 2340  S200  561.66 1243 0.00 0.00 951.42 281.66 2414 125122
06 225.88 2130 4600 495.79 1.8 0.00 0.00 800.78 290.11 2185 111274
07 161.85 1920 4400  440.29 1122 000 0.00 676.56 298 81 1934 99471
08 116.54 1730 4100 40259 1066  0.00 0.00 588.09 307.78 1731 913.17
(09 87.97 1570 3700 36639 1012 000 0.00 517.18 317.01 1590  850.10
10 70.73 1420 3500 33446 962 000 0.00 464.01 326.52 1485 80538
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Iy
81
82
#3
84
85
#6
87
88
89
90
91
92
93
94
95
96
Y7
98
99
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{1}

02
03
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05
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1))
10
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(i)

TOTAL REVS
W/ PPERM FND

(13)

runscu

REMMCATION FUND

4110.80
451690
4064 .40
3765.30
36-10.50
344040
1983.20
2747.10
2419.70
2780.06
372196
3148.64
2611 .41
2315.35
2353.50
2:466.48
239242
2288.89
2124.35
1946.12
1785.73
1653.40
1514.42
1389.03
1257.22
111224
Y9471
911.17
850.10
805.38

7.50
8.00
940
9.00
7.10
6.50
3.30
6.6
4.30
513
8.83
15.04
543
4.85
4.96
525
5.02
4.82
4.58
423
392
3.70
343
.8
2.87
2.54
2.26
2.
1.88
1.72

(16) an (18) a9)
CONSTITUTIONAL
PERM BUDGET
NIPR-A OTHER FUND RESERVE
FUND FUNDS DERICATN  FUND
0.00 74.30 385.10 0.00
0.00 0.00 400.50 0.00
0.00 0.00 421.00 0.00
0.00 0.00 366.20 0.00
5.40 0.00 368.00 0.00
41.00 0.00 323.40 0.00
9.90 0.00 170.60 0.00
1.00 15.80 417.90 0.00
0.80 0.00 228.40 0.00
0.60 0.00 267.10 0.00
0.37 0.00 435.00 291.20
0.13 0.00 337.80 333.07
0.40 0.00 300.27 57.20
0.40 0.00 251.61 0.00
0.30 7.00 257.44 0.00
0.10 7.00 272.16 0.00
0.00 7.00 260.23 0.00
0.00 10.00 250.13 0.00
0.00 10.00 23743 0.00
0.00 10.00 219.20 0.00
0.00 10.00 203.18 0.00
0.00 10.00 19177 0.00
0.00 0.00 177.86 0.00
0.00 0.00 164.81 0.00
0.00 0.00 148.92 0.00
0.00 0.00 131.67 0.00
0.00 0.00 117.12 0.00
0.00 0.00 107.20 0.00
0.00 0.00 97.61 0.00
0.00 0.00 89.25 0.00

0 n
NET GEN FUND
UNRESTRD REVENUES

’%‘lﬂ LS i | BLAL 19228

AT 0205

441084

o

s

2313y

i

{23059 %

i

f’zﬂné;%;;«s

49462607,  2462.60

J2eRIT | 221150

R340l 195592

42 §q;qg€13 1929.47

S2UBI975F) 106439

21205755 18se

saopaqit| 17225

_ f}mg;gg;g 154035

712605  1317.97

g g'ﬁ,gﬁg 1224.85

. %’4 ‘7i€3f? 1097.27

1KE] f 3-3‘- 980.49

VAL im? 871.57

el 765.18
o780 &|  657.89
' 57115

509.08
461.28
426.12

i
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(Millions on Dollars)

(1) (2) 3) 4) () 6) ) (8) 9) (10 () 12)
SPECIAL TOTAL NON-PETR GEN FUND TOTAL REVS
SEVERANCE PROPERTY OIL&GAS GROSS MINERAIL BONUS PETRO PETROLEUM NON-INTR INTEREST W/PERM FND
5% TAX TAX INCTAX BOYALTIES  RENIS SALES SEITLEMENTS REYENUES  BEVENUES  REVENUES DEDICATION
81 1170.20 143.00 860.10 1501.60 790  14.10 000  3696.90 186.10 227.80 4110.80
82 1581.70 142.70 668.90 1553.20 2640 1030 000  3983.20 209.00 324.70 4516.90
83 1493.70 152.60 236.00 1447.40 5420  73.10 0.00  3457.00 228.60 375.80 4061.40
84 1393.10 131.00 265.10 1409.00 21.90 16.70 0.00 3236.80 245.80 282.70 3765.30
85 1389.40 128.40 168.60 1390.30 23.70 23.60 0.00 3124.00 283.00 233.50 3640.50
86  1107.90 113.50 133.90 1098.20 44.50  70.10 460.70  3028.80 222.40 195.20 3446.40
87 648.50 102.50 120.40 591.60 29.10 1.00 8520  1578.30 243.00 161.90 1983.20
88 818.70 96.20 158.00 953.50 2420 1130 329.00  2390.90 223.60 132.60 2747.10
89 698.80 89.70 166.00 818.70 18.00 2300 25970  2073.90 245.10 100.70 2419.70
90 1001.60 89.80 117.20 1004.43 21.00 0.00 156.80  2390.83 271.33 117.90 2780.06
91 1284.80 85.00 185.10 1292.83 2130 3830 398.59  3305.92 291.04 125.00 3721.96
92 1053.20 69.00 165.50 935.78 17.10 5.25 44761  2693.44 353.40 101.80 3148.64
93 1021.40 62.80 220.00 1012.92 1930  76.30 940  2422.12 271.37 63.00 2756.49
94 ¢ 59.60 139.00 1067.11 21.85 0.00 940 232653 213.20 53.70 2593.43
95 1060.74 56.60 139.00 111193 20.76 0.00 940  2398.43 221.24 79.00 2698.67
96  1133.58 52.70 131.00 1193.20 19.72 0.00 940  2539.60 227.88 69.97 2837.45
97  1129.93 49.00 128.00 1165.83 18.73 0.00 1340  2504.89 234.71 73.79 2813.40
98  1078.30 45.10 120.00 1143.62 17.80 0.00 1340  2418.22 241.75 73.04 2733.01
99 966.44 41.60 114.00 111222 16.91 0.00 1340  2264.57 249 01 70.82 2584.39
00 858.16 38.20 111.00 1050.01 16.06 0.00 1340  2086.83 256.48 66.66 2409.97
0i 753.13 34.80 108.00 989.45 15.26 0.00 1340  1914.04 264.17 62.02 2240.23
02 688.79 31.70 103.00 959.09 14.50 0.00 0.00  1797.08 272.10 57.52 2126.70
0 597.84 28.60) 94.00 909.06 13.77 0.00 000  1643.27 280.26 54.88 1978.41
Y 514.16 26.00 91.00 862.20 13.08 0.00 000  1506.44 288.67 50.89 1846.00
05 429.89 23.40 £9.00 797.41 12.43 0.00 000  1352.13 297.33 4739 1696.84
06 320.87 21.30 84.00 718.60 11.81 0.00 0.00  1156.94 306.25 43.50 1506.33
ol 228.27 19.20 79.00 653.25 11.22 0.00 0.00 990.94 315.44 38.50 1344.87
03 164.40 17.30 74.00 606.07 10.66 0.00 0.00 872.43 324.90 34.29 1231.62
a9 124.18 15.70 69.00 558.49 10.12 0.00 0.00 17719 334.65 31.37 1143.51
10 101.24 14.20 65.00 518.09 9.62 0.00 0.00 208.15 344.68 29.18 1082.01




% (13 (14) (15) (16) (i (18) 19) (20) 1)
CONSTITUTIONAL
? TOTAL REVS PERM BUDGET NET GEN FUND
s W/ PERM FND pUB sSCit NPR-A OTHER FUND RESERVE UNRESTRD REVENUES
5 FY  REDIGATION FUND FUND FUNDS  _DEDICATN  EUND REAL 19928
& 81 4110.80 7.50 0.00 74.30 385.10 0.00
E 82 4516.90 8.00 000 0.00 400.50 0.00
83 4061 .40 9.40 0.00 000 421.00 0.00
§’ 84 3765.30 9.00 0.00 0.00 366.20 0.00
-3 85 36.10.50 7.10 5.40 0.00 368.00 0.00
8O 344640 6.50 41.00 0.00 323.40 0.00
8 1981.20 3.30 9.90 0.00 170.60 0.00
#4 2747.10 6.60 1.00 15.80 417.90 0.00
8Y 2119.70 4.30 0.80 000 228.40 0.00
90 2780.06 5.13 0.60 0.00 267.10 0.00
9y 3721.96 8.83 037 0.00 435.00 291.20
92 3148.64 15.04 0.13 000 337.80 333.07 2462.60
93 2756.49 5.54 0.40 0.00 307.15 57.20 2308.02
94 2593.43 5.44 0.40 0.00 283.78 0.00 2149.37
93 2698.67 5.66 0.30 7.00 295.18 0.00 2151.25
96 2837.45 6.06 0.10 7.00 316.09 0.00 2174.24
97 2813.40 5.92 0.00 7.00 308.70 0.00 2080.67
98 2733.01 5.81 0.00 10.00 302.67 0.00 5 1942.11
99 2584.39 5.65 0.00 10.00 294.25 0.00 ;' 1762.28
00 2409.97 5.33 0.00 10.00 277.82 0.00 i 1579.87
(T} 2240.23 5.02 0.00 10.00 261.83 0.00 355 1409.83
02 2126.70 4.87 0.00 10.00 253.72 0.00 - 1283.69
03 1978.41 4.6l 0.00 0.00 240.49 0.00 ' 1152.10
04 1846.00 4138 0.00 0.00 228.10 0.00 1031.85
0s 1696.84 405 0.00 0.00 211.04 0.00 911.68
06 1506.33 3.65 0.00 0.00 190.34 0.00 716.85
3’ 07 1344.87 332 0.00 0.00 173.16 0.00 665.43
®Q 08 1231.62 3.08 0.00 0.00 160.72 0.00 585.11
@ M 1143.51 2.84 0.00 0.00 148.18 0.00 523.23
I 10 1082.01 2.64 0.00 000 137.52 0.00 471.12
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(n ) 3) 4) (5) (6) ) (8) ()] (10) (3] (12)
SPECIAL TOTAL NON-PETR  GENFUND TOTAL REVS
SEVERANCE PROPERTY OIL&GAS  GROSS MINERAL BONUS  PETRO  PETROLEUM  NON-INTR  INTEREST W/PERM FND

LY 1aX TAX INCTAX ROYALTIES  BENTS SALES SETTLEMENTS BEVENUES  BEYENUES  REVENUES DEDICATION
81 1170.20 143.00 860.10 1501.60 7.90 14.10 0.00 3696.90 186.10 227.80 4110.80
82 1581.70 142.70 668.90 1553.20 26.40 10.30 0.00  3983.20 209.00 324.70 4516.90
83 1493.70 152.60 236.00 1447.40 5420  73.10 0.00  3457.00 228.60 375.80 4061.40
84 1393.10 131.00 265.10 1409.00 21.90 16.70 0.00 323680 245.80 282.70 3765.30
85 1389.40 128.40 168.60 1390.30 2320 23.60 0.00  3124.00 283.00 233.50 3640.50
86 1107.90 113.50 133.90 1098.20 44.50 70010 460.70  3028.80 222.40 195.20 3446.40
87 648.50 102.50 120.40 591.60 29.10 1.00 85.20 157830 243.00 161.90 1983.20
By 818.70 96.20 158.00 Y53.50 24.20 £1.30 329.00 239090 223.60 132.60 2747.10
K9 OV8.K0 89.70 166 00 B18.70 IROD 2300 25970 207390 245.10 100.70 2419.70
9 0160 89.80 117.20 1004.43 21.00 0.00 156.80  2390.83 271.33 117.90 2780.06
Yy 1284.80 85.00 185.10 129283 2130 38.30 398.59 330592 291.04 125.00 3721.96
92 1053.20 69.00 165.50 935.78 17.10 5.25 441.61 2693.44 353.40 101.80 3148.64
93 1042.30 62.80 260.00 103613 19.30 76.30 9.40 2506.23 292.12 65.70 2864.05
9.4 1125.24 59.60 178.00 1173.15 21.85 0.00 940 2567.24 233.84 63.90 2864.98
s 1149.89 56.60 178.00 1212.81 20.76 0.00 940 262746 241.65 89.90 2959.01
Y6 1345.89 52.70 173.00 1398.02 19.72 0.00 940  2998.73 248.90 102.26 3349.89
DY} 1418.38 49.00 169.00 1435.12 18.73 0.00 13.40  3103.63 256.37 115.55 3475.55
vy 1441.28 45.10 167.00 1467.73 17.80 0.00 1340  3152.3) 264.06 119.51 3535.88
99 1397.57 41.60 161.00 1496.57 16.91 0.00 1340 312705 271.98 121.44 3520.47
)] 1285.78 38.20 154.00 1438.12 16.06 0.00 13.40 2945.56 280.14 120.46 3346.16
0l 1182.97 34.80 148.00 1389.89 15.26 0.00 1340  2784.32 288.54 114.11 3186.97
02 1135.38 31.70 141.00 1382.69 14.50 0.00 0.00 270527 297.20 108.48 3110.94
03 1048.54 28.60 138.00 1347.86 13.77 0.00 000 257677 306.11 106.27 2989.16
04 979.20 26.00 132.00 1328.91 13.08 0.00 0.00 2479.19 315.30 101.84 . 2896.33
05 202.70 23.40 129.00 1276.43 12.43 0.00 0.00 2343.96 324.76 98.49 2767.21
06 769.99 21.30 126.00 1199.74 11.81 0.00 0.00 2128.84 334.50 93.98 2557.32
07 664.23 19.20 121.00 1136.87 11.22 0.00 0.00 1952.52 344.54 86.54 2383.59
08 585.52 17.30 119.00 1089.67 10.66 0.00 0.00 1822.15 354.87 80.51 2251.53
0 530.77 15.70 111.00 1038.87 10.12 0.00 0.00 1706.46 365.52 76.18 2148.16
10 495.35 14.20 101.00 988.73 9.62 0.00 0.00 1608.90 376.48 72.49 2057.87




g
§ a3 ad (15) (16) an a9 (20) @n
CONSTITUTIONAL
x TOTAL REVS PERM BUDGET NET GEN FUND
g W/PERMEND  pPtnscu NI'R-A OTHER FUND RESERVE UNRESTRD REVENUES
- Ly nEmMCATION runn runn Finns  _NENMCATN runn HEAL 1228
w| 8 411080 1.50 0.00 7430 385.10 0.00
82 451690 8.00 0.00 0.00 40050 0.00
5 83 4061.40 9.40 0.00 0.00 421.00 0.00
w| 81 376530 9.00 0.00 000 366.20 0.00
§_ 85 3640.50 7.10 540 0.00 368.00 0.00
86 341640 6.50 41.00 0.00 323.40 0.00
87 1943.20 3.30 9.90 000 170,60 0.00
88 2747.10 6.60 1.00 1580 417.90 0.00
8 241970 4.30 0.80 000 22840 0.00
90 278006 5.13 0.60 000  267.10 0.00
91 372196 8.63 0.37 0.00 43500  291.20
92 3148.64 15.04 0.13 0.00 33780 333.07 2462.60
93 2864.05 5.66 0.40 000 313.09 57.20 2384.38
94 286498 5.98 0.40 0.00 31130 0.00 2334.94
95 2959.01 6.17 0.30 700 32134 0.00 2300.43
9%  3349.89 7.09 0.10 7200 36932 0.00 248025
97 347555 1.27 0.00 700 378.73 0.00 2458.30
98  3515.88 743 0.00 1000 38698 0.00 2381.94
99 352047 1.57 0.00 1000 394.26 0.00 2255.32
00 3346.16 1.27 0.00 1000 378.81 0.00 2041.40 |
0l 3186.97 7.03 0.00 10.00 366.04 0.00 1847.63
02 31094 6.99 0.00 1000 363.97 0.00 1713.04
03 2984.16 641 0.00 0.00 354.70 0.00 1570.12
4 2896.33 6.71 0.00 0.00 349.59 0.00 1445.31
05 2767.21 6.44 0.00 000 33575 0.00 1314.00
06  2552.32 6.06 0.00 000 31561 0.00 1153.56
07 2383.59 5.74 0.00 0.00  299.08 0.00 1021.41
El w 295 5.50 0.00 000  286.63 0.00 919.60
ol M 21816 5.24 0.00 000 27326 0.00 833.05
1w 205787 4.99 0.00 000 26007 0.00 760.67
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Low Scenario Petroleum Production Revenue Forecast

Fable 25 )
(Millions of $)
Alaska North Slope Cook Inlet

Fiscul Oil Qi Cons. Muszurdous  Gus Gus ANS on on Cons. luzardous Gas Gas Cook Inlet  State

Yeur  Royalty Severauce  Tax Rel. Fund Royaulty Scverance Tots) Royslty Seversnce  Tax Rel. Fund Royalty  Severance ‘Total Total

1992 BG4 8523 22 27.6 219 161 ff A4Sl 223 0.0 0.1 0.7 26.8 160 Bl 1167 Pl
1993 9094 918 0 2.4 259 307 185 |-Fap 3‘5 259 00 0.1 02 25.6 14.2 S 118 l'ﬁ:
1994 86Y.0 N2 2.1 26.0 322 188 [|8]9:8; 248 0.0 0.1 0.7 221 1.9 1o
1995 8497 885.0 2.0 255 342 19.5 “;g‘g‘ ‘ 250 0.0 0.1 07 228 122 T ,’J !
1996 9462 934.6 2.0 245 355 199 992‘ % 25.0 0.0 0.1 0.7 228 12.2 v-.{ f{‘ L
1997 4999 205 I8 225 312 19.2 |887.a.1 263 00 0.1 0.7 24.6 13.0 E 25& 4
1998 H59.1 848 8 1.6 20.5 342 190 7“3,2% 27.1 00 0.1 0.7 26.1 13.7 bl B 11 i
1999 #8115 739 6 i.5 isg 336 17.7 f 28 264 00 0.1 0.7 26.8 13.9 O B):6 ;
2000 3.4 6395 14 170 319 159 L{4f "’;j 264 00 0.1 0.6 27.6 14.2 31 3178
2000 6834 549.1 12 15.3 30.7 44 |12 }'2 ; 255 0.0 0.0 0.6 284 14.5 033
2002 640.6 480.1 1. 14.2 295 130 | i'm,ﬁsi‘ 255 0.0 0.0 0.6 292 14.7 4813%
2003 588 6 4001.0 1.0 128 27.8 s 1 Q‘“:"}‘ 254 00 00 0.6 30.1 149 T !
04 5399 332 09 11.2 269 104 ng ,9:2 244 0.0 0.0 05 31t 15.1 z, [§4
2005 4796 2658 08 104 258 20 LmIligk| 243 00 00 0.5 320 15.4 fgaa: ry
206 4148 1929 07 940 240 70 :s’ég ,gg 241 00 0.0 05 330 15.6 x7317T8
2007 3600 1315 0.6 78 234 55 |4 ’ft ﬂ; 'ga 229 00 00 0.5 34.0 159 126
2008 3226 88.2 0.6 70 224 4.1 Mg,ﬁ' 22.6 00 0.0 04 350 16.2 FHLS
2009 2862 60.8 05 62 219 35 aﬁ']ﬁz(}# 223 0.0 0.0 04 36.1 16.6 ‘ gﬁ‘ .
2000 2552 443 04 55 212 32 23298 209 0.0 0.0 04 3.4 16.9 Q'gw
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Mid Scenario Petroleum Production Revenue Forecast

Table 26

(Millions of $)

Alaska North Slope Cook Inlet
VFiscul (311 0il Cons.  Muzurdous Gaoy Gus ANS (}11] (3] Cons.  Huzardous Gus Gas Cook Inlet  State
Yeur  Noyalty Scverance Tux Rel. Fund  Royally  Scverunce  Total Royaltly Scverance Tax Rel. Fund Royalty  Severance Totul Toial
1992 H36.4 852.3 2.2 276 219 161 223 0.0 0.1 0.7 268 16.0 ‘
1993 930.) 916.1 2.1 259 33.0 202 26.5 0.0 0.1 0.7 230 127
1994 980.2 966.6 2.1 26.0 368 214 26.6 00 0.1 0.7 236 12.7
1995 To205 9988 2.0 255 39.6 225 271 0.0 0.1 0.7 24.7 13.2
1996 HWY 8 1069.8 20 24.6 41.5 213 27.1 00 0.1 0.7 247 13.2
1997 1069 4 1067.6 1.8 226 40.3 229 29.0 00 0.1t 0.7 27.1 143
1998 1042.0 10168 1.7 20.6 41.7 231 30.5 0.0 0.1 07 294 154
1999 191 907.2 1.5 189 421 22.1 303 0.0 0.1 0.7 308 16.0 :
00 946.0 802.4 14 170 409 204 309 00 0.1 0.6 323 16.6 LR
2000  885.2 699.7 1.2 15.4 400 1.8 304 0o 0.0 06 338 173 RS0
2002 #5339 6376 1.2 14.4 390 173 308 00 0.0 0.6 154 178 -,‘.9!»‘
2003 8036 5493 1.0 13.1 174 155 31.2 0.0 0.0 0.6 36.9 183 Tt
2004 7564 4676 1.0 120 36.9 143 304 0.0 00 05 386 18.8 Yy
2008 6905 385.7 09 10.8 361 126 30.6 00 0.0 05 403 194 ?'7: 3
2006 6115 280.1 08 94 342 10.1 38 0.0 0.0 0.5 492.1 200 (‘ﬂ% :
2007 545.5 190.3 0.7 8.2 341 80 297 00 0.0 0s 44.0 206 ‘U. 1A
2008 497.2 128.6 0.6 13 332 6.2 29.7 00 00 04 459 213 Y .(‘
209 4478 8Y.4 05 64 331 54 29.7 00 0.0 04 480 220 {"f- 7
20010 407.1 66.9 0s 51 327 49 282 0.0 0.0 04 50.1 238 JAISHE
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Vable 27 High Scenario Petroleum Production Revenue Forecast
(Millions of $)
Alaska North Slope Cook Inlet

Fiscal Oil Qil Cons. Hazardous  Gas Gus ANS 0il Oil Cons.  Hazardous Gas Gas Cook Inlet  Siate
Yeur  Royully Scverance Tax Re). Fund  Royalty  Scverunce Tolal Royally  Severaunce Tux Rel. Fund Royally Severance Total Total
1992 8364 8523 22 27.6 219 16.1 23 00 0.1 07 26.8 16.0

1993  952.6 956.5 21 259 339 208 26.5 00 0.1 0.7 230 127

1994 10793 1059.1 2.1 26.0 409 238 280 00 01 0.7 249 13.5

1995 11148 1083.0 20 2535 435 247 28.5 00 0.1 0.7 26.0 13.9

1996 1297.5 1276.2 21 263 46.1 26.7 285 0.0 0.1} 0.7 260 139

1997 13299 1348.2 20 25.1 45.6 27.1 30.8 00 0.1 0.7 28.8 15.2

1998 1356.1 13699 19 239 473 283 328 0.0 0.1 0.7 315 16.5

1999 1382.0 13264 1.8 228 483 285 329 0.0 01 07 334 17.3

2000 13214 12173 1.7 20.6 476 27.3 338 00 0. 06 353 18.2

2000 12710 1116.5 1.5 18.7 478 26.5 337 0.0 00 0.6 374 19.2

2002 12601 1070.1 14 17.5 419 25.7 348 0.0 00 06 399 20.1

2003 12224 985.2 i3 16.0 141.1 245 |4 359 0.0 00 06 42.5 21.0

2004 12002 916.5 1.2 149 417 24.0 |42 35.7 00 00 0s 453 22.1

2005 11434 841.1 1.1 13.5 48.0 232 |i¢ 36.7 00 00 05 48.3 232

2006 1063.6 710.7 10 120 470 213 376 00 00 05 515 244

2007 996.7 606.0 09 10.7 483 20.5 370 00 00 0s 549 25.7

2008 9449 528.1 08 9.6 485 194 378 00 00 04 58.5 27.1

2009  888.2 4729 0.7 8.6 498 19.5 38.6 00 00 04 62.4 28.7 ¥e180 015
2000 8342 4367 0.6 17 50.7 19.7 374 0.0 0.0 04 66.5 303 [B[34H

v
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Table 28

Fiscal
Year
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010

Projected and Historical Crude Oil Prices

Alaska North Slope Crude and Domestic Marker
in 1992 Constant $/barrel ‘

Low Scenario

wTl

20.62
19.99
18.717
18.87
19.69
20.27
20.27
20.27
20.27
20.27
20.27
20.27
20.27
20.27
20.27
20.27
20.27
20.27
20.27

ANS at
Wellhead
11.21
12.35
11.71
11.93
13.03
13.72
13.94
13.76
13.59
13.45
13.28
13.11
12.88
12.61
12.28
12.10
11.86
11.68
11.48

Mid Scenario
ANS at
WTi Wellhead
20.62 11.21
20.10 12.49

20.00 12.75
20.20 13.05

21.23 14.31
22.09 15.28
22.31 15.68
22.64 15.63
22.76 15.64
22.88 16.61
22.99 16.56

23.11 15.61
2322 1541
23.34 15.29
23.45 15.09
23.57 15.04
2369 1491
23.81 14.83
23.93 14.74

High Scenario
ANS al

WTI Wellhead
20.62 11.21
20.20 12.65
21.08 13.73
20.99 13.81
22.12 16.17
23.02 16.20
23.25 16.68
23 48 16.72
23.72 16.83
24.07 17.04
24.44 17.23
24.80 17.44
25.17 17.60
25.55 17.76
25.93 17.88
26.32 18.12
26.72 18.31
27.12 18.55
27.61 18.76
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‘Fable 29 . . . .
' Low Scenario Simulated Oil Production
(Millions of barrels/day)
Fiscul Milue West North Polnt Sug  Schrader West Total Cook State

Year NGL's Prudhoe Kuparuk Point  Endicott Lisburne  Suk Star  Niskuk Mclatyre  Della Bluft Beach ANS Inlet Total

1992 0069 1239 0316 0017 0107 0037 0000 0000 0000 0000 0004 0003 0.000 1.792 0042 1.833
1993 0073  1.141 0321 0016 0114 0031 0000 0000 0000 0000 0003 0003 0001 1703 0041 1.744
1994 0075 LIIS 0310 0017 0099 0027 0000 0000 0000 0054 0002 0003 0003 1.704 0042 1.746
1995 0076 1063 0310 0015 0089 0019 0000 0000 0010 0083 0.001 0.002 0.006 1.674 0039 1.713
1996 0072 09% 0275 0015 0094 0017 0012 0000 0020 0.103 000t 0002 0.006 1.606 0.038 1644
1997 0065 0906 0.248 001) 0087 0016 0012 0000 002 0103 0001 0002 0.005 1.476 0037 1513
1998 0.063 083] 0221 0.009 0085 0014 0012 0000 0019 0093 0000 0002 0.004 1.352 0035 1.1387
1999 0.061 0717 0.191 0008 0083 0013 0019 0049 0016 0084 0000 0001 0.003 1.244 0034 1.278
2000 0056 0632 0171 0007 0070 0011 0025 0055 0013 0075 0000 0001 0003 1120 0032 1.152
2000 0053 0560 0.155 0.006 0061 0009 0037 0055 0011 0068 0000 0001 0.002 1.017 0031 1.048
2002 0050 0499  0.147 0005 0053 0008 0050 005 0009 0062 0000 0001 0.002 0941 0.030 097
2003 0046 0438 0135 0.04 0046 0007 0063 0049 0008 0053 0000 0001 0.002 0853 0028 0881
2004 0044 0389 0.124 0.004 0039 0006 0075 0041 0008 0045 0000 0001 0.00% 0777 0027 0804
2005 0042 0339 0416 0003 . 0034 0005 0075 0033 0007 0039 0000 0001 0001 0695 0026 0721
2006 0039 0.287 0.108 0.002 0029 0003 0071 0027 0007 0033 0000 0001 0.001 0607 0024 0631
2007 0037 0242 0099 0.000 0025 0000 0064 0025 0006 0028 0000 0001 0.001 0529 0023 0552
2008 0035 0212 0094 0.000 0022 0000 0058 0022 000S 0024 0000 0001 000} 0473 0.022 0495
2009 0034. 0190 0086 0.000 0015 0000 0052 0019 0004 0020 0000 0001 0001 0422 0020 0442
2000 0033 0473 0077 0.000 0008 0000 0047 0016 0003 0017 0000 0000 0001 0378 0.019 0397
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‘Fable 30
Mid Scenario Simulated Oil Production
(Millions of barrels/day)
Fiscal Milnc West North Point Sag Schrader  West Total Cook State
Total

Year NGUL's Prudhoe Kupuruk  Polnt  Endicoit Lisburne  Sak Star  Niakuk Mclnlyre Jcla Bleft Deach ANS Inlet

1992 0069 1239 0316 0017 0107 0037 0000 0000 0000 0000 0004 . 0003 0.000 1.792 0042 1833
1993 0073 1548 0.321 0.016 04 0031 0000 0000 0000 0000 0003 0003 000} .70  o0u! 1744
1994 0075 1115 0310 0017 0.09 0027 0000 0000 0000 0054 0002 0003 0.003 1704 0042 1746
1995 0076 1063 0310 0015 0089 0019 0000 0000 0010 0083 0001 0002 0.006 1.674 0039 1713
1996 0072 0990 0275 0015 0097 0017 0012 0000 0020 0103 0.000 0,002 0.006 1.609 0038 1647
1997 0065 0906 0.248 0.011 a2 0016 0012 0000 0021 0103 0001 0.002 0005 1.480 0037 1517
vug 0063  0.831 0.221 0.009 0000 0M4 0012 0000 0019 0093 0000 0002 0.004 1.357 0035 1392
1999 0061 0717 0191 0008 0089 0013 0019 0049 0016 0084 0000 0001 0003 1.251 0034 1285
2000 0056 0632 0471 0007 0076 0011 0025 0055 0013 0075 0000 0001 0003 1.126 0032 (1.158
2000 0053 0560  0.155 0.006 0065 0009 0037 0055 0011 0068 0000 00M 0002 1022 0031 1.053
2002 0050 0499 0.147 0.005 0057 0008 0050 0055 0009 0072 0000 0001 0002 0955 0030 0985
2003 0046 0438 0135 0.004 0049 0007 0063 0049 0008 0067 0000 0001 0002 0871 0028 0899
2004 0044 0389 0124 004 0042 0006 0075 0041 0008 0063 0000 0001 . 000! 0.797 0027 0824
2005 0042 0339 0.116 0003 0037 0005 0075 0033 0007 0060 0000 0001 0001 0719 0026 0745
2006 0039 0287 0108 0003 0031 0004 0071 0027 0007 0052 0000 0001 0.001 0629 0024 0653
2007 0037 0242 0.099 0.000 0027 004 0064 0026 0006 0044 0000 0001 0001 0551 0023 0S5M
2008 0.035 0212 0094 0.000 002y 0002 0058 0023 0005 0038 0000 0001 000t 0492 0022 0514
209 0033 0190 0086 0000 0016 0000 0052 0021 0004 0033 0000 0001 0001 0437 0020 0457
20 0033 0473 0.077 0.000 06009 0000 66047 0018 0003 0028 0000 0000 0001 0391 0019 0410
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‘Tuble 31

High Scenario Simulated Oil Production
(Millions of barrels/day)

Fiscul Milne West North Paoint Sag  Schrader West Tolal Cook State

Year  NGL's Prodboe Kupuruk  Point  Endicolt Lisburne  Sak Star  Niukuk Meclntyre Delin Bluft Beach ANS Inlet Total

1992 0069 1239 0316 0017 0307 0037 0000 0000 0000 0000 0004 0003 0.000 1792 0042 1303
1993 0073  1.141 0.321 0016 0114  0.031 0000 0000 0000 0000 0.003 0.003 0.001 1.703  0.041 1.744
V94 00715 1115 0310 6.017 009 0027 0000 0000 0000 0054 0002 0003 0.003 1.704  0.042 1.746
1995 0026 1.063 0310 0.015 0089 0019 0000 0000 0010 0083 0.001 0.002 0.006 1674 0039 1.713
1996 0072 1.093 0.280 0015 0098 0017 0012 0000 0020 0103 0001 0.002 0.006 1.719  0.038 1.757
1997 0065 1.056 0255 0011 0093 0016 0012 0000 0.02) 0.103 000 0.002 0.005 1638 0.037 1.675
1998 0063 1.023 0.230 0.009 0092 0014 0012 0000 0019 0093 0000 0002 0.004 1.560 0035 1.595
1999 0061 0948 0.202 0.008 0091} 0013 0019 0049 0016 0084 0000 0000 0003 1494 0034 1.528
2000 0,056 0.844 0.182 0.007 0.077 001} 0025 0055 0013 0075 0000 0001 0.003 1.350 0032 1.382
2000 0053 0.755 0.164 0.006 0.067 0009 0037 0055 0011 0068 0000 0.00t 0.002 1228 0.031 1.259
2002 0.050 0679 0.155 0.005 0058 0008 0050 0055 0009 0077 0000 0001 0.002 1.149 0030 1.179
2000 0.46  0.604 0.144 0.004 0050 0007 0063 0049 0008 0074 0000 0001 0002 1.052 0028 1.080
2004 0044 0541 0.132 0.004 0043 0006 0086 0041 0008 0072 0000 0001 0.001 0978 0027 1.005
200 0042 0480 0423 0.013 0037 0005 0091 0033 0007 0070 0000 0001 0.001 0893 0026 0919
2006 0039 0416 0114 0.003 0032 0004 0091 0027 0007 0060 0000 0000 0.00) 0795 0024 0819
20071 w037 0.362 0.105 0.000 0027 0004 0089 0026 0006 0052 0000 0001 0.001 0709 0023 0732
2008 0035 0322 0.099 0000 0023 0003 0080 0023 0005 0045 0000 0001 0.001 0638 0022 0.660
2009 0.034  0.291 0.090 0.000 0016 0003 0073 0021 0004 0039 0000 0001 0.001 0572 0020 0.592
2000 0.033  0.266 0.082 0.000 0010 0002 0066 0018 0003 0033 0000 0000 0.001 0514 0019 0533




HISTORICAL REVENUES,
PRICES AND PRODUCTION

This section reports on historical revenues, prices and production.
The first two tables show General Fund revenues by type from FY 1978 - 91,
and breaks them into unrestricted and restricted categories. Table 34 shows
petroleumrevenues by type fromstatehood to the preseat (FY 1959-91). And
finally, historical prices and production (FY 1978-92) are shown in Table 35.
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ble 32

($ millions)
Corporate - General
Corporate - Petrolewn
Fiduciary
Individual

Total Income

Alaska Business License
Fish
Salmon Eahancement
Seafood Marketing
Insurance Companies
Other

Total Gross Receipts

Gravel, Timber, Etc.

Oil & Gas Production

Oil & Hazacdous Release

Oil & Gas Conservation
Total Severance

Oil & Gas Property
Vehicle Registration
Tota) Property

Alcoholic Beverages
Fuel Taxes - Aviation
Fuel Taxes - Highway
Yuel Taxes - Marine
Tobacco Products
Total Sale/Use
bistate
School

Total Other

‘Total ‘Taxes

" ' lllsm!-ical Géher

EY79 EYB0 EYHI
248 179 348
2326 5415 8601
0.1 0.1 0.0
H12 10s  _00
3747 6660 8949
282 42 54
119 6 207
0.0 0.0 00
00 00 00
108 104 106
42 21 12
528 313 379
1.7 6 27
173.6 5062 1169.9
00 00 00
4.2 _03 _ 03
1755 508.1 1172.9
1634 1689 1430
02 _01 _02
163.6 169.0 1432

14 74 8.3
34 4.0 4.1

163 189 156
2.6 3.2 s
A1 e 11
34 3501 132
0.1 0.2 0.5
223 26 00
26 28 0.5

EY 82
348
668.9
0.0
_040
703.7

55
228
24
0.0
12,5

14
44.6

0.0
1581.1
0.0

—0.6
1581.7

9.0
63
203
37
1.9
41.2

03
00
03

EY 83
303

236.0
0.0

~00
266.3

6.9
20.5
2.6
09
13.8

L&
46.3

0.0
1493.0
0.0
01
1493.7

152.6
00
152.6

104
8.7
23.7
43
20
49.1

0.7
0.0
0.7

B00.6 14123 2282.6 2514.2 2008.7

x Portion-

EY84 FEY85 FY#86
395 36.0 1.2
265.1 1686 1339

0.0 0.0 00

00 _00 _040
3046 204.6 145.1
199 38.8 21
19.0 18.7 21.1

22 26 43
1.1 1.0 1.1
16.2 17.5 211
240 21 22
60.4 80.7 51.9
00 0.0 0.0
1392.4 1388.7 1074
0.0 0.0 0.0

07 _ 071 __Qs

1393.1 13894 1079
131.0 1284 1135
00 _00 _040
131.0 1284 1135
13.0 13.9 133

8.1 8.0 8.1
20.2 23.7 22.7
39 4.3 53
20 240 4.9
472 519 543
0.7 0.5 0.7
0.0 00 0.0
0.7 0.5 0.7
1937.0 1855.5

nd undestiadl Revedue

EY81 EY88 FEY#9 FY90

20.5
120.4
0.0

0.0
140.9

L5
26.5
44
14
237

23
59.8

0.0
647.3
0.0
—12
648.5

102.5

040
102.5

12.6
85
18.3
54
0.6
514

=B

234
158.0
0.0

040
1814

1.4
225
58
27
23.7

=24
585

96.2

X
96.2

12.1
2.0
19.3
53

6]
518

03

0.0
03

38.0
166.0
0.0

_040
204.0

1.0
26.7
9.5
33
194
32
62.1

0.0
696.4
0.0

—24
698.8

89.7

453
117.2
0.0

00
162.5

0.1
25.1
6.5
33
227

4.6
62.3

0.0
9723
269

ez £

EY91
379

185.1
0.0

00
223.0

00
311
6.2
33
244

11
69.1

0.0
1253.8
28.0

—23
1284.1

85.0

0.0
85.0

2.2
10.7
19.1
10.0

14.0
66.0

33

33

EY92
33.7

165.5
0.0

0.0
199.2

0.0
30.1
4.2
28
25.5

11
66.7

0.0
1022.2
28.7

— 2]
1053.2

69.0

040
69.0

12.0
10.7
23.2

94
143
69.6

1.0

0.0
1.0

H73.4 1004.2 12069 11118 1381.8 1730.5 1458.7




‘ l - Non-Tax Portion-
E’ (3 millions) FY72 FY80 FY#] FY$2 FY8) FY#4 FYS83 FY$86 FYS87 FYS88 FY82 EY9) EY9L EY92
§ Business 1.5 81 9.1 108 108 10.8 iy 3 10.0 8.6 8.1 6.7 58 53
Non-Business 123 107 122 130 149 159 1.0 _180 192 _192 202 211 213 211
? ‘Fotal Licenses & Permits 198 188 213 238 257 267 289 293 292 283 283 278 291 324
4
8 | Intergovernmental Receipts
¢ Federal Shared Revenues 4.] 448 8.5 217 333 14.0 10.5 14.5 97 6.9 6.1 10.0 14.8 it4
a Stile Besouree Reyvenue
g’ Boaus Sales 00 3424 2.6 50 36.2 10.1 1.5 34.7 0.5 5.6 114 0.0 189 2.6
® | lovestment Bamings 592 1199 2278 3247 3758 2827 2335 1952 1619 1326 1007 1179 1250 1018
Reats 2.1 3.0 5.4 35 43 6.0 Sl 6.2 6.0 6.0 53 53 59 39
Royaltics 2492 6882 11185 11573 10784 1047.5 1034.0 8307 4393 6948 6059 7474 951.6 7024
Sale of State Property 84 5.7 48 52 6.3 7.0 8.5 8.7 70 38 49 43 47 1.0
Gravel, Timber, eic. 200 _00 _00 _12 _40 _29 _31 _29 _22 _LI _03 _08 _04 _06
‘Total Sale/tise 3189 11592 1364.1 14969 1505.0 1356.2 12957 10784 6219 8439 7287 8757 11065 8123
Airposts 09 0.8 i1 1.6 14 1.5 1.6 1.5 15 1.8 1.2 i.5 1.3 34
Ferry System 189 211 244 292 304 320 334 323 313 298 KER| 340 407 423
Other ‘ _3l _41 .31 _36 _ 55 43 _19 _s52 _41 07 _14 11 _15 23
Total Facilities Charges 229 260 292 344 373 37.8 429 390 369 323 35.7 37.2 43.5 48.0
Court Systemn 28 2.8 29 3.5 4.2 4.1 4.5 51 53 55 6.0 58 6.4 6.2
Other ~23 _20 _41 _61 _59 _48 _52 _41 48 _20 _19 32 _13 Q2
Fotal Services Charges 51 48 7.0 9.6 10.1 89 9.7 9.2 10.1 1.5 19 90 137 384
Tatal State Resource Revenue 3469 11900 (4003 15409 15524 14029 113483 1266 6689 883.7 7723 9219 1163.7 8987
Miscellancous Revenue 7.2 6.7 55 78 109 9.5 6.8 13.0 16.9 16.1 10.0 10.9 14.9 61.4
Sub ‘Total Non-"Tax Revenue 378.0 12203 14356 §1594.2 16223 1453.1 1404.5 11834 7247 935.0 8167 9706 12225 10039
b.ess: Native Claims 456 1314
Plus: fncome from prior years 4187 705 1639 2577 1548 336
g Total Non-Tax Revenue 3324 10889 14356 1594.2 16223 1453.1 14045 1602.1 795.2 10989 10744 11254 1256.1 1003.9
] Total Tiax Revenue 800.6 14123 22826 2514.2 2008.7 1937.0 18555 14734 1004.2 12069 1111.8 13818 1730.5 1458.7
‘Fotal General Fund
l Hiwestricted Revenue 1133.0 2501.2 118.2 4108.4 3631.0 3390.1 3260.0 3075.5 17994 23058 2186.2 2507.2 2986.6 2462.6
! i
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lllstm u.nl Zoicted Revenues
And Total General Fund Revenues

Table 33
(% millions) EYZ8 EY79 FEYBO EFYH#l FY82 FYS8) FYB4 EYS8S FYR6 EFYS87 EY88 FEY89 FY9 FEY2l EY%2
Ledegal Griats-In-Aid
Hducation 213 218 30.7 33.0 25.7 338 4438 76.2 42.0 78.0 54.2 733 1004 71.1 69.0
Social Services 5717 578 600 687 604 807 91.2 1007 252 1564 1542 1674 1947 211.8 2543
Health 156 1S4 214 265 271 119 100 12,5 32 36 34 39 43 6.0 4.0
Natural Resonrces 79 101 6.5 83 124 150 142 181 79 278 284 300 358 546 415
Public Protection/Admin.

ol Justice 7.1 8.4 7.4 11 55 51 6.6 1.5 1.1 15.0 10.3 124 16.1 13.7 14.1
Development/Gen.Government 14 23 28 79 49 8.6 8.1 6.6 93 50 1.6 78 106 160 195
Transportation A216 846 695 399 225 O 677 409 _885 1698 1853 1958 14892 1205 2359

Total 2386 2064 1983 1914 1585 166.7 2426 3325 2938 4556 4434 4906 5108 549.7 638.3
"Other Grants-fn-Aid)
Education 0.3 0.5 1.6 08 09 1.0 1.1 1.3 14 13 20 23 20 21 2.1
Heahl/Social Scrvices 26 1.2 0.5 0.2 03 04 04 38 43 8.5 9.1 6.5 64 55 9.7
Natural Resources 14 1.2 0.6 24 1.4 1.0 09 . 09 14 23 6.0 6.2 517 75 152
Public Prolection/Admin.

of Justice 1.7 1.9 1.8 1.9 19 . 24 31 9 20 5.7 5.1 53 103 95 126
Development/Gen. Goverament 1.3 L6 41 2.6 33 53 15.6 6.5 3.6 38 52 140 211 1.2 1.2
Transportation 1.0 11 1.0 1.6 25 09 1.2 35 08 1.1 0.7 1.0 0.1 32 0.7
Oil Overcharge Fund 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 |
Receipts for Services 103

Total 8.3 15 9.6 95 103 110 223 169 135 227 281 353 456 301 524

Other Misc. Restricted Revenue 09 3.2 5.7 8.1 7.0 15.7 98 16.9 16.4 15.8 3.7 20.8 24.2 213 6.0
Total Restricted Revenue 2478 217.1 213.6 209.0 1758 1934 2747 366.3 3237 494.1 4752 5467 580.6 601.1 696.7
Totat Unrestricted Revenue 764.9 1133.0 2501.2 3718.2 4108.4 3631.0 3390.1 3260.0 3075.5 l79‘).4 2305.8 2186.2 2507.2 2986.6 2462.6

Total General Fund Revenue 10027 1350.1 2714.8 3927.2 4284.2 3824.4 3664.8 3626.3 3399.2 2293.5 2781.0 27329 3087.8 3587.7 3159.3

Source: Departiment of Revenue, Revenue Sources FY 1978 - FY 1992, Updated March 1993,




Table 34

Listorical Petroleum Revenues
(Millions of Dollars)

OillGias Fed. Min.

Corporate Scverance Propeity  Reserve Remts & Bonus Remts  Royalties
LY Non-Petrolenm Petsoleum Tax Tiix . Xax_ Royalies (1) Sales 7))
59 1.4 31
6l 17 58 40 0.1
61 14 24 1.6 0.2
62 13 02 45 203 1.0
63 22 03 8.6 179 1.0
o4 1.8 03 8.7 41 1.2
63 19 0.3 B3 59 1o 0.4
66 4.1 03 1.7 108 25 0.3
67 35 05 1.7 86 28 1.9
68 38 0.1 10.2 15 21.8 29 95
oY 42 (1] 56 78 08 33 169
70 49 04 79 82 900.0 i1 1913
n 52 09 10.5 8.6 0.2 29 239
72 53 1.2 1i4 7.9 03 30 246
73 59 09 120 617 38 34 235
[2] 70 1.2 148 7.1 248 36 287
73 148 25 26.6 66 98 1.0 39 40.0
76 26.2 49 280 834 2234 5.1 37 433
1 MY 50 218 139.1 2706 2.0* 2.8 343
78 31 8.4 107.7 173.0 1.0* ] 8+ 149.6*
79 248 2326 173.8 163 4 1.0* 1.6* 249.2¢+
B0 179 5475 506.5 1689 1.2¢ 342.4¢ 1.8* 688.2¢
1} HE 860).1 1170.2 1430 1.2+ 7.6* 3 11i8.5¢
82 348 668 Y 1581.7 1427 12.1* 5.0* 2.1 1157.3+
83 30.1 236.0 14932 152.6 27.2¢ 36.2¢* 25* 10784+
84 395 265.1 13934 131.0 11.0¢ 10.1* 3.8 1047.5*
83 36.40) 168.6 1389.4 128 4 8.2 1.5 314 1034.0¢
86 11.2 1339 1108 .4 1135 14.3¢ 3470 4.2¢* B30.7¢
47 20.5 1204 © 6485 102.5 9.0* 0.5* 38 439 3¢
1] 234 158.0 818.2 96.2 6.7+ 5.6* 5.7* 694.8*
D)) 80 166 0 698.8 89.7 5.6* 11.4¢ 5.3 605.9*
U1 4513 117.2 1016 898 0.0 6.3+ 0.0°* 4.2¢ 747 .4*
m RYA) 1851 1284 8 85.0 0non 7.1 18.9¢ 5.8+ 951.6*
92 337 165.5 1053 2 6y 1) 00 5.8¢ 2.6¢ 4.2+ 702.4¢

+ Net of Permanent Fuid contribmtion and constitutional Budget Reserve Fund deposits.

™ Phese calegories are primarily composed of oil/gas sevenues; however, includes some additional revenues from other minerals (mostly coal).

¥ Not subject 1o budget reserve fund.

Oil/Gas®
Special

418.2+
70.5¢
163.9¢
2577+
154.8*
33.5¢
4.7+

Total

Petcoleum  Uarestricted  Unrestricted

(1) Semlemenis Revennes  Revennes  Revenues

31
9.9
42
26.0
218
14.9
16.5
21.6
215
1.0
345
938.9
470
484
50.3
80.2
204
391.5
471.6*
441.5¢
B21.6*
2256.5¢
3304.3¢
3574.8¢
3026.6*
2861.6¢
2743.5¢
2657.9¢
1394.5*
1949.6¢
1840.4*
2121 .4¢
2571 8¢
2007 .4+

Totl GR. % of Total

254
48.0
40.5
68.9
71.6
61.0
830
86.5
86.6
112.7
112.4
1067.3
220.4
219.2
208.2
2549
33134
709.8
874.3
764.9
11330
2501.2
3718.2
41084
3631.0
3390.1
3260.0
30755
1799.4
2305.8
2186.2
2507.2
2986.6
2462.6

12
21
10
38
39
22
20
25
25
38
K1
88
2]
22
24
3
27
55
55
58
7
90
89
87
83
84
84
86
7
85
84
8s
86
82
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Historical Prices and Production

Table 35
Reported Alaska North Slope ($/bbl) Production (Millions of barrels/day)
EY ANS West ANS Gult ANS lLower 48 ANS Coak Total
78 12.30 14.60 13.12 0.702 0.144 0.846
79 13.70 15.50 14.35 1.197 0.131 1.328
80 26.50 27.68 26.92 1.422 0.109 1.531
81 33.48 35.24 34.10 1.511 0.093 1.604
82 29 55 J1.11 30.28 1.870 0.080 1.650
83 26.88 29.09 28.04 1.627 0.073 1.700
84 25.61 27 85 26.77 1.657 0.065 1.722
85 25.11 27.50 26.27 1.694 0.055 1.749
86 20.48 22.54 21.52 1.802 0.045 1.847
87 12.89 14.17 13.43 1.849 0.047 1.896
88 15.65 16.92 16.15 2.005 0.043 2.048
89 14.03 15.09 14.36 1.960 0.043 2.003
90 16.88 17.45 17.03 1.853 0.033 1.886
9] 20.66 22.10 20.93 1.799 0.040 1.839
92 15.93 17.87 16.33 1.791 0.042 1.833
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Summary

Included in the following section are miscellaneous study materials generated
and used during the course of these studies. The majority of these materials
were generated as groundwork for further studies. In some instances, the work
was groundwork for studies that were ultimately never performed.
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POSITION PAPER
ON
DESIGN ICE, OCEANOGRAPHIC, AND GEOTECHNICAL CRITERIA
FOR
PRODUCTION CONCEPTS AT THE KUVLUM PROSPECT

' EXECUTIVE SUMMARY

~ Over the past 15-20 years the industry has been anticipating

production from the Alaskan or Canadian Beaufort Sea by
collecting environmental data (primarily ice-related) through a
~ series of joint industry projects. Not all of these projects
- were equally valuable. Some did not address the necessary design

parameters, while others failed to provide proper or sufficient
information. The objective of this position paper is to pinpoint
what type of design criteria is required, what data have already

- been acquired, what data need to be collected, and how the data

'will be analyzed to develop reasonable and defensible design
- criteria.

Initially, this paper briefly describes the most likely
- production concepts, including offshore platforms and subsea
~pipelines, for Arco's Kuvlum Field, located in 110 feet of water
" in the Camden Bay region of the Alaskan Beaufort Sea. In
. addition, operational ice and oceanographic conditions required
~ for winter or summer construction seasons are discussed,

- including waves, currents, and length and severity of each ice
- Season.

- The environmental conditions and parameters that affect the
design of each of the offshore production facilities are
~described, along with technigues to obtain the data. As
~examples, production structure design will probably be governed
by an encounter with multiyear floe having an embedded ridge, if
- an encounter with a fresh~-water ice island can be determined to
-be an extremely rare event. Subsea pipeline design and burial
- will be governed by the plowing depth of the seafloor and
associated soil pressures developed by deep-keeled ice ridges.

‘The available ice, oceanographic, and geotechnical data are
~ assessed and compared with the quantity and type of data
~ required. Data analysis techniques and design methodologies are

presented for determining environmental parameter statistics,

.computing global and local ice loads, and developing long-term
. ice forecasts.

:nfRecommendations are made for additional data acquisition, gither
~purchase of existing data bases or new data collection projects,

~ and for additional data analysis and studies. It is recommended

- that multiyear floe diameter, thickness, and velocity data be

- acquired in 1993 and analyzed to compute design ice loads. In

- addition, a long-term prediction of an ice island impact with a
- production structure should be developed. The capability of
long-range ice forecasting of the open-water season should be

G S S . |




investigated and improved. An analysis of the existing ice gouge
data base should be performed to develop design ice gouge
criteria, such as gouging depth and frequency and the number of
new gouges that cross the proposed pipeline route each year. A
total of $560,000 of ice data acquisition and analysis studies
are recommended, including $300,000 for 1993 projects and
$260,000 for 1994 projects (including $225,000 to purchase
existing data bases).

Recommended oceanographic data acquisition and analysis include
bathymetry measurements and wave, water level, and current
predictions. Transects should be surveyed along the coast at
probable pipeline landfall sites to determine shoreline
stability. A total of $185,000 of oceanographic data acquisition
and analysis studies are recommended, including $95,000 for 1993
projects and $90,000 for 1994 projects.

Recommended geotechnical data acquisition and analysis include
soil borings at the proposed production structure sites and
compute the sliding resistance and bearing capacity of the
platforms. In addition, soil boring and ice gouge data should be
collected along the proposed pipeline routes to predict burial
depths, compute applied soil pressures, and develop pipelaying
criteria. The cost for the recommended 1993-94 geotechnical data
acquisition and analysis studies has not been estimated.

Regarding the timing of these recommended data acquisition and
analysis projects, if design criteria will be needed by 1994,
most of these studies should be performed or at least started in
1993. Data bases can be updated with additional new information
in 1994, but data should be collected and existing data bases
analyzed this coming year. The design environmental criteria
should not all be left to the last minute and put together in a
shoddy manner for the requlatory agencies.

Selected references, research organizations, and arctic

engineering consultants are given as potential sources to develop
the environmental design criteria.

ii
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POSITION PAPER
ON
DESIGN ICE, OCEANOGRAPHIC, AND GEOTECHNICAL CRITERIA
FOR
PRODUCTION CONCEPTS AT THE KUVLUM PROSPECT

1. BACKGROUND AND INTRODUCTION

Over the past 15-20 years the industry has been anticipating
production from the Alaskan or Canadian Beaufort Sea by
collecting environmental data (primarily ice-related) through a
series of joint industry projects. Not all of these projects
were equally valuable. Some did not address the necessary design
parameters, while others failed to provide proper or sufficient
information. The objective of this position paper is to pinpoint
what type of design criteria is required, what data have already
been acquired, what data need to be collected, and how the data
will be analyzed to develop reasonable and defensible design
criteria.

Initially, this paper briefly describes the most likely
production concepts, including offshore platforms and subsea
pipelines, for Arco's Kuvlum Field, located in 110 feet of water
in the Camden Bay region of the Alaskan Beaufort Sea. The
environmental conditions and parameters that affect the design of
each of the offshore production facilities are discussed, along
with techniques to obtain the data. The available ice,
oceanographic, and geotechnical data are assessed and compared
with the guantity and type of data required. Data analysis
techniques and design methodologies are presented for determining
environmental parameter statistics, computing global and local
ice loads, and developing ice forecasts.

Recommendations are made for additional data acquisition, either
purchase of existing data bases or new data collection projects,
and for additional data analysis and studies. Selected
references, research organizations, and arctic engineering
consultants are given as potential sources to develop the
environmental design criteria.




2. ENVIRONMENTAL CONDITIONS

2.1 Offshore Platforms

The most likely production platforms to be located in 110 feet of
water at the Kuvlum Field are either vertical-sided gravity
caissons or broad-necked cones. Each could be constructed of
" either steel or concrete. In addition, other production
structure concepts that should be considered are caisson-retained
‘islands, sand-filled caissons, and a gravity-based structure
“rasting on a gravel berm.

-In ‘addition to the above platform concepts in 110 feet of water,
‘a temporary or permanent structure (or manmade gravel island) may
‘be installed in shallow water within the landfast ice zone to
‘facilitate construction and operation of a pipeline placed inside

_‘a“tunnel. This tunnel may provide limited access to the main
‘offshore platform or platforms.

2.1.1 Design Ice Feature

‘Offshore platforms will be subjected to ice loading from
different ice types and features during three or four separate
'seasons (e.g., freeze-up, winter, break-up, summer). Ice loading
models will be used to develop the number of ice encounter
scenarios expected for each season. Loads computed for each
~encounter require the statistical representation of a number of
ice feature parameters.

Even though platforms will frequently encounter several first-
year ice features (e.g., level and rafted sheet ice, ridges,
rubble fields) throughout each winter ice season, these features
will not produce the design global ice load for production
platforms or islands. Formidable first-year ice features, such
as floating ridges and rubble fields, simply cannot achieve the
consolidated thickness of a multiyear floe or ridge. Computed
ice loads from both deterministic and probabilistic ice load
models developed by the industry over the past decade confirm

- that the governing design loads occur from encounters with and

- failures of multiyear floes and ridges. Therefore, the ice
- feature parameters presented here will be limited to those
~multiyear ice parameters required to develop design criteria for
computing ice loads.

‘ ar Ice Concentration and Floe Size. Since multiyear ice
~will not be an annual occurrence at the Kuvlum Field, it is
~ imperative that a sufficient sampling be collected when multiyear
~ice invades the Camden Bay region. Multiyear ice concentration
- and floe size are needed to determine encounter frequencies with

- 'platforms. In addition, floe size is required for momentum

~calculations during a summer multiyear floe impact with a
~structure.
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The most reliable method of acquiring multiyear ice coverage and
floe size data is synthetic aperture radar (SAR) imagery. Arco
participated in joint industry projects to collect aircraft-borne
SAR imagery in the Beaufort Sea during 1981-84. Two large SAR
data bases acquired in 1989 and 1990 are available. Now that
there are two SAR satellites (European since August 1991 and
Japanese since February 1992) in orbit, this is the best source
for obtaining additional years of data on these two important
parameters.

Other methods, such as SLAR imagery taken from aircraft and
LANDSAT and NOAA-AVHRR satellite imagery, are inconclusive and
unreliable for identifying multiyear ice. They may be useful in
a general sense but should not be used to develop design
multiyear ice statistics.

Multiyvear Floe and Ridge Thickness. A multiyear floe with
embedded ridges is composed of relatively solid ice with little

or no porosity. Next to the determination of the risk of
encounter with a multiyear floe, the floe and embedded ridge
thickness is the single most important parameter in computing the
design ice load because of its significant deviation from the
average value. Since we know the structure diameter, the ice
thickness determines the contact area over which the design ice
load acts. Compared to floe size or diameter data, relatively
few multiyear floe thickness data point have been collected
because they typically have required tedious field measurements
using augers. More recently, data acquisition has improved by
thermal drilling (much faster than augering) and 3~D underwater
sonar mapping (combined with standard surveying on the surface).
About 800 multiyear floe and ridge thicknesses are currently
available to Arco through public information and joint industry
projects. Another 1000 thickness data points have been found in
other joint industry projects in which Arco did not participate.

other techniques, such as electromagnetic sensors and impulse
radar, may provide a large volume of data, but these two methods
are largely interpretive and very unreliable for measuring the
actual consolidated ice thickness. Combined submarine sonar and
laser profilometry cannot discriminate between first-year and
multiyear ice, and most submarine sonar data are collected in
deeper water, not along the continental shelf.

Ice Velocity. Ice velocity is a required design parameter to
predict the ice flux (amount of ice to move past a platform
during a given season) in order to compute the encounter
frequency of a multiyear collision. Velocity is also a necessary
parameter in the computation of momentum during an open-water
collision between a multiyear floe or ridge and a platform. In
addition, the likely ice failure mode for a multiyear ice impact
with a vertical-sided structure is crushing, which is highly
dependent on the strain rate (a function of ice velocity).
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Ice motion measurements are collected in landfast ice by using a

'Qrwmreline station anchored to the seafloor (appropriate for the

shallow-water structure or island), but pack ice motion at the

‘ ﬂ$nv1um Field site is too dynamic for such measurements.
.Sequential satellite images can be used to determine the general

trend or drift of the pack ice, but short-term (1-2 hours) ice

jfantion of individual floes can be measured best, and most
. .economically, using ARGOS ice buoys to transmit their position to
‘.gatellites. There are over 2000 buoy-days (800 in the public
~domain and available to Arco) of ARGOS ice velocity data for the
~ eastern Beaufort Sea; however, most of these data are limited to
‘ﬁ;a~£ew months or seasons.

;gg Pressure. A variety of mechanical properties of

f%multiyear ice, including compressive and flexural strength,
~ elastic modulus, and Poisson's ratio, are required to compute the
- design horizontal ice loads. Once the mechanical properties are
_known, they are input to an empirical or theoretical description
- of the ice failure mode, generally considered to be a flexural
: ;ﬁazlure for slope~sided structures and an indentation or crushing
“failure for vertical-sided structures. This is a very simplistic
~description of a complicated process, explalning why MIT and
- others are still trying to get a handle on ice behavior, after 20
- years of laboratory and field measurements of mechanical
- properties and numerous attempts to describe the failure
“mechanisms. Arco has joined at least three previous projects (in
- addition to the MIT study) to develop a suitable ice failure
- eriterion.

‘Model tests have been conducted to measure the ice forces on
"specific platform geometries generated by complicated ice
- .features. Unfortunately, it is extremely difficult to scale all
~of the ice properties accurately at the same time, leading to
~ some bizarre simulated ice formulations (e.g., urea ice, wax
‘ice).

One major drawback to laboratory measurements and studies on ice
‘as-a continuum is that multiyear floes or other ice types do not

behave as a homogeneous sheet of ice (imperfect contact of an

,mrregular ice thickness with many embedded flaws and cracks).
More recent studies have found that there is a pressure-area
‘curve for ice that shows the effective failure ice pressure is

reduced significantly with increasing contact area. This has

- been confirmed by full-thickness indentation tests and large-

"~ scale field experiments (especially at the Molikpag structure and
-~ Hans Island).

’;;2.1.2 Extreme Ice Feature

iiue islands are tabular 1cebergs (fresh-water glacier ice, not

~gea ice) that calve from the ice shelves of Ellesmere Island and
- may become captured by the Beaufort Gyre. The typical thickness




range of an ice island is 30 to 60 meters. It is necessary to
assess the risk of encounter between an ice island and a
production structure. It is likely that the encounter frequency
will indicate that ice islands are an extremely rare ice feature
and need not be considered in the design:; however, location,
tracking, and forecasting the movement of ice islands may be
prudent during the operation of the Kuvlum Field.

A study should be conducted to review historical ice island
calving episodes, to estimate ice island population, size
distribution, and typical ice island drift rates, and to predict
the encounter frequency of an ice island with a structure. The
purpose of this study would be to ensure that the expected return
period (e.g. 1000's of years) for an ice island encounter greatly
exceeds the return period (typically 100 years) used for design
ice criteria. SAR satellite imagery can be used to estimate the
current ice island population, locate potentially hazardous ice
islands that exceed some "fragmented" size (e.g., 200 meters
across), and track the hazardous islands.

2.1.3 Design Oceanographic Parameters

Design Water Level, Waves, and Currents. Extreme water level and
wave characteristics will be of critical importance to the design
of the offshore production structures. This information will be
required to determine wave forces on the production structures
(or island) and to determine deck elevations and wave overtopping
rates. The most reliable method of predicting design
oceanographic conditions for the Beaufort Sea is an extremal
analysis of historical storm hindcasts. Fortunately, Arco
already has joined the development of an area-wide numerical
hindcast analysis prepared for the Alaskan Beaufort Sea on a
coarse grid. This information can be used to develop conditions
for a fine grid at the Kuvlum Prospect, at a relatively low cost.

Extreme current conditions will also be important if the
production structures are steep-sided, and therefore susceptible
to toe scour. This information can be obtained from an extremal
analysis of the data generated by the same numerical model used
to analyze water levels.

Bathymetry. Detailed bathymetry will be needed at the site of
the production structures. The relatively recent availability of
GPS, which is a navigation system based upon a network of
satellites maintained by the US Government, and which can provide
position within 5 meters with a 95% confidence level, will
greatly expedite the acquisition of such data.

2.1.4 Geotechnical Data

Design basis geotechnical information includes soil types,
distribution and engineering properties of the mudline and sub-




.- mudline sediments, locations and characteristics of relict
- permafrost, potential for encountering shallow gas, and the

 f*thantial for sea bed instabilities. All of these data are

necessary to compute sliding resistance for and to maintain the

~ stability of gravity-based structures at the Kuvlum Field. 1If a

.~ caisson-retained structure or a submerged gravel berm is

- considered as a production concept, properties of the dredged

£fill material will be needed. The same holds true if a gravel

- island is chosen as the shallow-water production structure.

“ Tunneling will require soils data along the entire pipeline
route.

jé@ie'df these geotechnical data can be obtained from high

- resolution seismic profiles and geologic considerations. Site-
~ specific data from soil borings are required to account for the

complex combinations of geology, sediment deposition and
~ reworking processes, and sediment types.

;‘élén Subsea Pipelines

Pipeline concepts, including both intra-field and field-to-shore

lines, will include armored and buried pipes in back-filled
‘trenches. In addition, the pipelines may be placed inside of a
~tunnel until the field-to-shore pipeline reaches the landfast ice
-aone.

20241 Design Ice Parameters

Ice Gouaing. Ice gouges are produced by the plowing action of
‘ice keels, both first-year and multiyear ridges. Design ice
‘gouge criteria for pipelines are the gouge depth distribution,

- gouging frequency along the pipeline route as a function of water

.depth, seafloor slope, and ice movement. The most important ice

gouging parameter is the age of existing gouges or the

determination of how many new gouges cross the pipeline route
each year.

It is difficult to estimate the frequency and depth of ice
gouging indirectly by inference from ice keel measurements.
“Therefore, it is important to collect ice gouge data directly
~through side-scan sonar and precision fathometer records. There
exists a study which analyzed over 10,000 gouges collected during
‘arseven-year (1972-79) period by the US Geological Survey. In
- addition, Arco participated in a joint industry study that
conducted a 3-year repetitive survey to determine the number of
new gouges during successive years. Similar surveys have been
conducted by the USGS. It is understood that a new gouge dating

- system has been developed, but needs field verification. Gouge

-infilling rate models have been developed in an attempt to
determine the original gouge depth, but the models are difficult
to calibrate without extensive information about seafloor soil

- types, bottom currents, reworking of sediments by new gouges, and
year~to~year changes in summer storms.
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Ice Ride-Up and Ice Pile-Up. The susceptibility of the coastline
to ice ride=up and ice pile-up will be important in selecting the
pipeline shore crossing and in locating pipeline support members.
Such information was compiled during the early-to-mid 1980's in a
series of freeze-up and break-up studies. Documentation of ice
pile-up heights and ice encroachment distances onto the shore
were acquired, along with a review of historical observations of
similar events. A brief assessment of the ice ride-up and pile-
up hazard should be performed for potential pipeline landfall
locations.

2.2.2 Design Oceanographic Parameters

Design Water Level, Waves, and Currents. Extreme water level and
wave characteristics will be of critical importance to the design
of the field-to-shore pipeline. This information will be
required to determine potential storm-~induced scouring in the
nearshore zone and exposure of pipelines to grounded ice rubble
formation and to determine potential storm-induced erosion at the
pipeline shore crossing. As previously mentioned for offshore
platforms, the most reliable method of predicting design
oceanographic conditions for the Beaufort Sea is an extremal
analysis of historical storm hindcasts, developed over a fine
grid at the Kuvlum Prospect.

Bottom current conditions will also be important for estimating
ice gouge depths and determining nearshore pipeline burial depths
where ice gouging may be minimal. This information can be
obtained from an extremal analysis of the data generated by the
same numerical model used to analyze water levels.

Coastal Stability. The characteristics and stability of the
coastline will be important in selecting and maintaining the
pipeline shore crossing. Such information was compiled for the
Point Thompson field, located to the southwest of Kuvlum
Prospect, in 1983. 1If the pipeline will make landfall east of
Flaxman Island (such as the vicinity of Brownlow Point), it is
recommended that the stability of the coastline in the target
area be assessed using a combination of historical survey data,
historical aerial photographs, and present-day site visits and
transect surveys.

2.2.3 Design Geotechnical Parameters

All of the same design basis geotechnical information presented
for offshore platforms are required for subsea pipelines to
determine the susceptibility of the pipeline route to ice
gouging, to compute the stresses in the reworked sediments above
buried pipelines, and to assess the potential for sea bed
instabilities while trenching for placement of buried pipelines.




*H sgﬁe of these geotechnical data can be obtained from high

resolution seismic profiles and geologic considerations. Site-
. specific sediment layer and engineering property data from soil
.~ perings are required to account for the complex combinations of

1<;gtulagy, sediment deposition and reworking processes, and

sediment types.

‘2;3 “Winter and Summer Construction and Installation
S 2.3.1 Operational Ice Conditions

gpen-Water Season. Using historical satellite imagery and aerial
cbservations, the expected break-up and freeze-up dates can be
determined, based on a specified allowable ice coverage for a
particular operation. Weekly ice charts are available for the
past 21 years (1972-92) and aircraft observations/early satellite
information is available from 1953 to 1975. From this same data
‘base the expected number and duration of ice interruptions
(greater than the threshold operational ice coverage) can be
. computed, as well as the length of the total construction season
- and the length of each uninterrupted portion of the season.
- Long-term forecasting may provide a tool for determining the
. probability of an early drilling or construction season by
- assessing the position of the multiyear ice edge and the
-midwinter pack ice motion.

-Winter Ice Season. As mentioned above, the length of the winter
- construction season can be estimated by determining the expected
. freeze~-up and break-up dates. Winter construction of pipelines
‘and a shallow-water structure (e.g., gravel island) requires the
knowledge of the thickness, roughness, and stability of the
~landfast ice. The stability and extent of the landfast ice zone
~can be determined by analyzing historical (LANDSAT) and current
~(S8AR) satellite imagery acgquired throughout the winter. 1In
~addition, the formation and extent of the grounded shear rubble
that usually occurs along the 20-meter isobath can be studied as
~a 'stabilizing anchor for the landfast ice and as a potential
source of vast, floating floebergs in the summer, which may
represent a hazard to open-water operations.

2.3.2 Operational Oceanographic Conditions

; Waves and Currents. If a structure or pipeline is
'scheduled for installation during the open-water season,
construction planning and towing route selection will benefit
‘from a knowledge of the everyday wave and current climate.
. Statistics already have been developed for the Harrison Bay and
‘Prudhoe Bay regions on the basis of a 4-year hindcast. This work

‘can probably be extended to Camden Bay with far less effort than
f'statting from scratch.
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3. DATA ANALYSIS AND DESIGN METHODOLOGIES

Once the data for each design ice, oceanographic, or geotechnical
parameter have been collected, a probability density function can
be determined for each parameter provided there is a sufficient
sample size to give representative or unbiased statistics. 1In
addition, the data should be acquired over a number of years, not
all gathered during the same year or season. Statistically, the
number of years depends on the variability of the parameter. For
instance, sheet ice thickness has a small standard deviation
(about 10-20% of the mean) and does not require as many years of
information to determine a representative distribution function.
However, floe diameter, ridge thickness, and ice velocity have
larger deviations and require more data points covering a longer
time period to determine a complete distribution function,
including the tail where the extreme or design values are found.

3.1 Ice Analysis

Ice Load. Design loads for offshore platforms that are subject
to ice hazards (e.g., multiyear floes/ridges) are computed by a
series of logical steps. The first step is to define the
probability of occurrence of certain ice loading events: that is,
during the period of a year or season what is the likely range of
multiyear impact events a platform will experience? The
probability density function (pdf) of each of the multiyear ice
parameters can be combined analytically (e.g., a Monte Carlo
sampling technique) to provide an ensemble of ice loading events
and the resulting peak load for each event. The maximum of all
of the peak loads computed for a single year or season becomes
the annual maximum load. The process is repeated for a very long
trial period until a representative pdf for the annual or
seasonal maximum ice load can be determined. The 100~year return
period design multiyear ice load is the 99th percentile value of
cumulative distribution function of the annual maximum load.
This type of probabilistic ice load model is available and should
be used to compute the design global ice loads for platforms at
the Kuvlum Field.

For the purposes of design ice load calculation, the ice loading
scenarios or events need to be divided into static and dynamic
loads. The loading is considered static if the ice is relatively
stationary and in contact with the platform, then experiences a
sudden increase in load applied by natural driving forces, such
as a storm wind. Two examples of static loads are winter
landfast ice conditions and a multiyear floe lodged against the
structure. Dynamic loading occurs when an ice feature strikes
the platform with appreciable velocity, as an open-water
encounter with a multiyear floe.

In addition to global ice loads acting on the whole structure,
the pressure distribution of an ice feature in contact with any
of the platform configurations is required for local structural
design considerations (e.g., rib stiffener spacing, punching




. shear capacity). Local ice forces over a limited area are

. generally much larger that the uniaxial compre551ve ice strength

- because of the confinement of the ice in contact with the
structure. Local contact pressures have been measured
experimentally by both instrumenting hulls of icebreakers and by

o field indentation tests.

- Ice Forecasting. Short-term (2-3 days) ice forecasting is
. required for summer drilling and construction. This type of
forecasting is currently employed by drilling rig operators, such
as Beaudril (Kulluk) and Canmar (Explorer class drillships), who
~have a good working relationship between experienced ice

o ohservers and weather forecasters (e.g., Fairweather).

,aLonq-term (2-3 months) ice forecasting is a desirable tool for
~ early summer season drilling and construction, but it has shown

very little "skill" (reliability). Discussions with Dr. Walsh at
- the University of Illinois and Gary Wohl of the Joint Ice Center
indicate that there continues to be 1mprovement in the ability to
,predict the severity of the upcoming summer by May. Wohl
~believes that the ability to forecast the break-up or first
opening date is rela*lvely good, based prlmarlly on the proxlmlty
- of the multiyear ice edge during late winter and on the pack ice
motion during midwinter. However, the existing models seem to
“fall apart when it comes to predicting the length of the open-
water season. Additional development of long-term forecasting of
ice conditions for summer construction and towlng appears
worthwhile with the caveat that any forecasting model is just one
~ tcal to aid planning and operations, not the ultimate solution.

Lonq-term forecastlng of an ice island impact with a platform
should be 1nvestlgated. The forecast should include
identification of ice islands (w1th SAR satellite imagery) that
are larger than some prescribed size. In addition, the forecast
model should include the anticipated trajectory (along with an
. error band) and the probability and timing of potential lmpacts
for offshore platforms at the Kuvlum Field. Long-term in this
context may mean anywhere from six months to several years into
the future. A short-term (two weeks to one month) supplement to
this long-term model for ice islands could include the capability
of forecasting the effects of any manmade perturbations to the
trajectory of an ice island likely to collide with a structure.

Burjal. The ice gouge data can be analyzed to provide
distrlbutlons of gouge depth as a function of water depth. The
.~ number of new gouges per kilometer of pipeline route per year can
be determined from replicate sonar data (or from dating

ak'technlques or infilling rate models, if either prove reliable).

In addition, directional statistics can be developed for gouge
- orientation. The design ice gouge depth can be determined from

the gouge depth distribution, the expected new gouge frequency,
- the proposed lifetime of the pipeline, the length of the

~ pipeline, and the angle between the pipeline route and the gouge
‘orientation.

10
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Design pipeline burial depths need to take into account, not only
the design ice gouge depth, but the extent of soil deformation
and resulting pressures induced from ice keels plowing the
sediment above the buried pipeline.

3.2 Oceanographic Analysis

Wave Run-up and Overtopping. The elevation of wave run-up and
the volume of wave overtopping for the design storm event can be

used to optimize the deck or work surface elevation of the
production structure. For preliminary design, these quantities
can be predicted using the design wave and water level
characteristics, and existing model test data and analytical
methods. Scale model testing may be required for final design,
especially if a structure of unconventional shape is adopted.

Armor Requirements. If a steep~- or vertical-sided structure is
to be utilized, the potential for wave-induced scour at the toe
should be assessed to determine whether scour protection will be
desirable. If, on the other hand, the production facility
consists of a gravel island or a prefabricated core encased in
gravel side slopes, an assessment will be required to determine
the types of armor capable of withstanding the ice and wave loads
at the site. The basis for this analysis will be the design wave
characteristics described above, along with the design ice
conditions.

Coastal Erosion. The design wave and water level conditions, in
concert with coastal transect data, can be used to predict the
erosion at the pipeline shore crossing which might result from
the design storm. This information will be necessary to
determined the required depth of burial for the pipeline in the
nearshore area, as well as the setback between the shoreline and
the point onshore at which burial is no longer required.

11




:3  4.' RECOMMENDATIONS

‘f4g;“0ffshore Platforms

1) Supplement the four years (1981-84) of SAR data with SAR
- satellite imagery from the Alaskan SAR Facility and analysis of

. the data to determine 1991-92 multiyear floe diameter
- distribution and multiyear ice fraction. As part of this

project, use the acguired SAR satellite imagery to locate

~existing ice islands and estimate the current population.

' 2)  Supplement the rather small data base of 800 multiyear floe
‘and ridge thicknesses with 1993 field investigation in the Camden

Bay region. During a one-week trip in March or April, an
estimated 250 multiyear ice thicknesses can be acquired using
Polar Alpine's thermal drill. This project is proposed in

~concert with the SAR imagery acquisition and analysis given in

project (1).

3) - Supplement the meager 2-year winter and 3-year summer ice
‘velocity data base of less than 800 buoy-days in the Eastern
- Beaufort Sea with 1993 field investigation in the Camden Bay
‘region. During two planned trips in March or April (2 buoys) and
- ~July (1 buoy), ARGOS buoys will be deployed in multiyear floes or
~vast floebergs. Each buoy will provide ice motion data 15-20
‘times per day over a 4-6 month period. The buoy deployment can

'~ be done as part of the multiyear thickness study presented in
- project (2).

4) Conduct midwinter ice reconnaissance, along with projects

- (2): and (3) above, to determine the extent of the shear rubble
 formation as a potential source of vast floebergs that could be a
‘hazard to the 1993 summer drilling season.

Cost estimate for projects (1) through (4): $175,000

; 5) Conduct a study to develop design ice loading criteria for
selected production platform concepts. The criteria should

include an analysis of the existing data bases to produce a
series of probability distribution functions for multiyear ice
parameters, such as floe diameter, multiyear ice concentration,
floe and ridge thickness, velocity, and effective ice pressure.

Cost estimate: $35,000

6) Conduct a study to provide a long-term prediction of an ice

‘igsland impact with a platform, including a review of historical
- ice island calving episodes, an estimation of current ice island

population, size distribution, and likely trajectories (with the
help of SAR satellite imagery). The purpose of this study is to

- ensure that the expected return period (e.g. 1000's of years) for
- an ice island encounter greatly exceeds the return period

(typically 100 years) used for design ice loading criteria.

12
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Cost estimate: $15,000

Purchase of Existing Ice Data

7) Supplement the four years (1981-84) of SAR data with two
AQOGA Projects 373 and 380, which provide an additional 25,000
multiyear floe diameters to the population distribution.

Cost estimate: =$20,000 (ARCO cost).

8) Supplement the existing thickness data base with A0GA
Projects 320 and 341, which provide an additional 950 multiyear
floe and ridge thicknesses.

Cost estimate: =$145,000 (ARCO cost).

9) Supplement the available ice velocity data base with AOGA
Project 328, which provides an additional 1500 buoy-days (12
buoys deployed at different times during the winter) collected in
the Camden Bay region during 1985-86.

Cost estimate: =$60,000 (ARCO cost).

10) No additional ice strength or pressure measurements need to
be acquired.

1993 Oceanographic Data Acquisition and Analysis

11) Utilize existing storm hindcast data to predict wave, water
level, and current conditions with return periocds of 1, 10, 25,
50, and 100 years at the site of the proposed production
structures and at several locations in the vicinity of the
proposed pipeline route.

Cost estimate: $25,000
12) Conduct a study to develop preliminary wave loads and
minimum deck elevations for production structures and/or islands
under consideration. The calculations will be based on the
findings of Task 11 above.

Cost estimate: $35,000

13) Acquire detailed bathymetry at the site of proposed
production structures during the open-water season.

Cost estimate: $30,000

13




?f;ggg Geotechnical Data Acquisitjon and Analysis

14) Acquire soil borings at the Kuvlium Field and develop the
~ design basis geotechnical properties for computing the sliding
. resistance and bearing capacity of the production platforms.

Cost estimate: Not estimated

- 4.2 Subsea Pipelines
1993 Ice Data Acquisition and Apalysis

1) Perform an analysis of existing ice gouge data base to

- develop preliminary design ice gouge criteria, including a set of
~ statistics for ice gouge parameters, such as gouge depth, gouging

- frequency, gouge width, gouge orientation, and the number of new

. gouges that cross the pipeline route each year (if possible). 1In
‘addition, the risk of damage to buried pipelines should be
. dassessed, and it should be determined if additional gouge data
'need to be collected during the summer.

Cost estimate: $20,000

- 2) Conduct a study to assess the ice ride-up and pile-up hazard
,fo:kpotential pipeline landfall locations.

Cost estimate: $5,000

1993 Oceanographic Data Acquisition and Analysis

'3)  Acquire detailed bathymetry along the proposed pipeline
‘route during the open-water season.

Cost estimate: $35,000

~4) Perform a reconnaissance inspection of probable pipeline
landfall sites during the open-water season, establish monumented
‘survey transects, and obtain baseline data for use in determining

-7 Cost estimate: $35,000

1993 Geotechnical Data Acguisition and Analysis

5) - Acquire soil borings and ice gouge data along the proposed
~ pipeline route, interpret and reduce the data.

Cost estimate: Not estimated

14
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4.3 Winter and Summer Construction and Installation

1993 Ice Data Acquisition and Apalysis

1) Conduct a study using personal observations, photographs,
and radar/satellite imagery to assess the risk of drilling or
construction interruptions from vast floebergs (presumably
refloated shear rubble). Study may include floeberg trajectories
using ARGOS buoys.

Cost estimate: $40,000 (initial effort being performed by
Beaudril and funded by ARCO Alaska)

2) Investigate and improve long-term forecasting capability of
summer season as a potential tool for construction planning or
early summer drilling.

Cost estimate: $35,000

1993 or 1994 Ice Analysis

3) Conduct a study using historical data to develop adequate
summer ice statistics for construction, platform towing and
installation, and seafloor trenching and pipelaying. Study
should determine expected length of summer construction season in
the vicinity of the Kuvlum field, the number of expected ice
interruptions, and the duration of each interruption.

Cost estimate: $5,000

4) Conduct a study to assess the length of the winter
construction season and the thickness, stability, and roughness
of the landfast ice zone for possible winter construction of
pipelines and a shallow-water structure. In addition, the
formation and extent of the grounded shear rubble will be
determined as an anchor for the landfast ice and as a potential
source of vast floebergs in the summer.

Cost estimate: $5,000

1993 or 1994 Oceancographic Analysis

5) Conduct a study to develop operational wave and current
conditions from existing hindcast data for used in planning
summer construction and installation.

Cost estimate: $25,000

15




5.  REFERENCES AND SOURCES
5.1 Books, Papers, and Conference Proceedings
[for AOGA Projects see AOGA Book for summaries; if no costs
are shown, ARCO was a participant; cost estimates shown are
costs to ARCO, not total project cost]
General

American Petroleum Institute (API) RP2N (1988), Recommended
Practice for Planning, Designing, and Constructing Fixed Offshore
~ Structures in Ice Environments.

Canadian Standards Association (CSA) S471-M (1992), General
Requirements, Design Criteria, the Environment, and Loads.

; Sanderson, T. J. O. (1988), Ice Mechanjcs: Risks to Offshore
Structures, Graham & Trotman, London.

Biannual proceedings of the POAC Conferences (1%971-91) and
IAHR Ice Symposiums (1970-92) and annual proceedings of the OMAE

- Conferences (1982-92).
' Design. Feasibility, and Costs for Structure Concepts

AOGA Projects 106 and 121: In 1980 Brian Watt Assoc. did
- study on arctic cone test structure.

AOGA Project 233: In 1984 Brian Watt Assoc. did a study for
exploration and production structures in the Lease Sale 87 area.
:Hnl;ixgg; Floe Diameter/Concentration

AOGA Projects 144, 177, 218, 257, and 266: Intera SAR
imagery data acquisition with aircraft during winters of 1981-84.

AOGA Projects 120, 217, and 251: Bercha SLAR imagery data
acquisition (of marginal value).

AOGA Project 373: Vaudrey analysis of Intera SAR imagery
acquired in late winter 1989 [cost: =$15,000).

AOGA Project 380: Canatec analysis of Intera SAR imagery
-acquired in late winter 1990 [cost: =$5,000).

Multivear Floe and Ridge Thickness

‘ AOGA Project 139: Vaudrey field acquisition of 150 data
points in 1981.
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AOGA Projects 123, 195, 208, 262, and 277: Arctec field
acquisition of 225 data points in 1981-85 from USCG Polar

star/Polar Sea cruises.

AOGA Projects 320 and 341: Arctec field acquisition of =950
data point in 1986-87 [cost: =$145,000).

AOGA Project 280: Tekmarine and Polar Alpine field
acquisition of =150 data points in 1984 [cost: $120,000).

Ice Velocity

APOA Project 222: Canmar compilation of ARGOS buoy data
acquisition of =1300 buoy-days in the Beaufort Sea during 1979-
85.

AOGA Project 328: Vaudrey field program and analysis of 12
ARGOS buoys deployed in the Camden Bay region during the winter
of 1985-86 with over 2000 buoy-days of data covering the entire
Beaufort Sea (cost: =$60,000]

Ice Loading and Effective Ice Pressure

Sanderson, T. J. 0. (1988), Ice Mechanics: Risks to Offshore

T A S i, SASElaN =

Structures, Graham & Trotman, London.

Vaudrey, K. (1991), Ice Conditions and Ice Loading Criteria
for the SSDC/MAT Structure at the Cabot Prospect, prepared for
ARCO Alaska, Inc. by Vaudrey & Associates, Inc.

AOGA Project 252: Arctec's local contact ice pressure study
done in 1984.

AOGA Project 260: Coon & Assoc. in 1984 developed a failure
criteria for sea ice and loads resulting from crushing.

AOGA Project 267: Brian Watt Assoc, in 1984 did a study on
probabilistic ice load selection for caisson structures.

Ice Islands

AOGA Project 33: Exxon's study in 1975 to develop a Monte
Carlo model to estimate the risk of ice island collisions with
structures [cost: $10,000].

AOGA Project 363: Vaudrey & Assoc. ice island tracking

study to determine a unique signature for identifying ice islands
using remote sensing.
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Ice Forxecasting

- Barnett, D. (1980), A practical method of long-range ice
forecasting for the north coast of Alaska, in Sea Ice Processes
apd Models, edited by R. Pritchard, Univ. of Washington Press.

Chapman, W. and J. Walsh (1991), Long-range prediction of
regional sea ice anomalies in the arctic, Weather and
Forecasting, Vol. 6, No. 2, p. 271-288.

Ice Ride-Up and Ice Pile-Up

AOGA Projects 129, 160, 200, 246, 282, and 327: Vaudrey &
Assoc. 1980-85 freezeup studies.

AOGA Projects 148, 191, 224, 274, and 319: Vaudrey & Assoc.
1981~-85 breakup studies.

AOGA Projects 94, 102, and 118: OSI's 1979-80 freezeup and
preakup ice movement studies.

Summer Ice Season

AOGA Project 35: Amoco's summary of Bill Dehn's ice
observations and interpretation for selected Beaufort Sea
locations from 1953 and 197S.

AOGA Project 236: Arctec conducted a study on multiyear ice
;ncursions into open-water areas of the Beaufort Sea.

AOGA Project 269: Brian Watt Assoc. performed a risk
analysis of summer towing and installation operations.

AOGA Project 360, 370, 372, 381, and 386: Vaudrey & Assoc.
studies in 1987-91 to analyze the summer ice conditions using
satellite imagery and to determine drilling season ice statistics
for four sites (including one at 70.5°N, 144°W) ([cost: =$50,000].

Vaudrey, K. (1986), SSDC/MAT Mating Ice Conditions during
August 1986, prepared for Tenneco by Vaudrey & Associates, Inc.

Navy/NOAA Joint Ice Center (1972-present), Weekly ice charts
showing ice concentrations.
Geotechnical and Ice Gouging

AOGA Project 335: McClelland Engineers study in 1984 to
develop geotechnical design criteria for Lease Sale 87 [(cost:
$9,500].

AOGA Project 326: R. J. Brown Assoc. conducted geotechnical
centrifuge tests for arctic pipelines [cost: $20,000]
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AOGA Project 306: Harding Lawson Assoc. study to improve
permafrost-related (seismic, electrical, and thermal properties)
interpretation of geophysical data [cost: $103,000].

Weeks, W. (1983), Statistical aspects of ice gouging on the
Alaskan Shelf of the Beaufort Sea, CRREL Report 83-21.

AOGA Project 225: Harding-Lawson Assoc. ice gouging study
to determine number of new annual gouges from repetitive tracks
surveyed in 1983-85.

5.2 Research Organizations and Individuals

Model Test Basins

US Army Cold Regions Research and Engineering Laboratory
Hanover, New Hampshire

Contact: Dr. Terry Tucker or Dr. Devinder Sodhi

Phone: (603) 646-4100

Iowa Institute of Hydraulic Research
Iowa City, Iowa

Contact: Dr. Robert Ettema

Phone: (319) 353-5696

Kvaerner Masa-Yards
Helsinki, Finland

Contact: Mr. Goran Wilkman
Phone: +358 0 39 391

Hamburg Ship Model Basin
Hamburg, Germany

Contact: Dr. Joachim Schwarz
Phone: (040) 69 20 30

Theoretical Ice Mechanics and Constitutive Modeling

Dartmouth University

Hanover, New Hampshire
Contact: Dr. Erland Schulson
Phone: (603) 646-2888

Massachusetts Institute of Technology
Cambridge, Massachusetts

Contact: Dr. Shyam Sunder

Phone: (617) 253-7118
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Alaskan SAR Facility
Fairbanks, Alaska

Contact: Ms. Greta Reynolds
Phone: (907) 474-7869

Applied Physics Laboratory
University of Washington
Seattle, Washington
‘Contact: Mr. Drew Rothrock
Phone: (206) 545-2262

National Snow and Ice Data Center
Boulder, Colorado

Contact: Dr. Roger Barry or Dr. Ronald Weaver
Phone: (303) 492-~5171

Jet Propulsion Laboratory

~Pasadena, California

Contact: Dr. John Crawford (formerly with ARCO)
Phone: (818) 354-6471

Arctic Ocean Buoy Program

Polar Science Center
University of Washington
Seattle, Washington
Contact: Dr. Roger Colony
Phone: (206) ?772?2-?227272

- Long-Term Ice Forecasting

Department of Atmospheric Sciences
University of Illinois

Urbana, Illinois

Contact: Dr. John Walsh

Phone: (217) 333-7521

Navy/NOAA Joint Ice Center
Suitland, Maryland
Contact: Mr. Gary Wohl
Phone: (301) 763-5972

Ice Island Properties and Tracking

Geophysical Institute
University of Alaska
Fairbanks, Alaska

Contact: Dr. Martin Jeffries
Phone (907) 474-5257
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5.3 Arctic Engineering Consultants

Ice-Related Field Investjgations and Data Analysis

vaudrey & Associates, Inc.
1540 Marsh Street - Suite 105
San Luis Obispo, California
Contact: Dr. Kennon Vaudrey

r Phone: (805) 544-0940
‘ frequently in joint venture with:

Polar Alpine, Inc.

1442A Walnut Street - #236
Berkeley, California

Contact: Dr. William St. Lawrence
Phone: (510) 524-1271

Ice Gouging Data Analysis

Vaudrey & Associates, Inc.
1540 Marsh Street - Suite 105
San Luis Obispo, California
Contact: Dr. Kennon Vaudrey
Phone: (805) 544-0940

Fﬁi Ice Load Modeling and Design Load Computation

Vaudrey & Associates, Inc.
1540 Marsh Street - Suite 105

r San Luis Obispo, California
Contact: Dr. Kennon Vaudrey
Phone: (805) 544-0940

Ice Island Forecasting

F vVaudrey & Associates, Inc.
1540 Marsh Street - Suite 105
San Luis Obispo, California
Contact: Dr. Kennon Vaudrey
Phone: (805) 544-0940

Short-Term Summer Ice Forecasting

. Canadian Marine Drilling
Calgary, Alberta
Contact: Mr. Ben Danielewicz
Phone: (403) 298-2813

21




~Beaudril/Gulf Canada

~ Calgary, Alberta

Contact: Mr. Gary Pidcock
Phone: (403) 233-3999

F  goceancgraphic Data and Analysis and Coastal Processes

Coastal Frontiers Corporation
‘9424 Eton Avenue, Suite H
Chatsworth, California

Contact: Mr. Craig Leidersdorf
Phone: (818) 341-8133

WMAQ@M

any one of the following geotechnical firms:
[all have Anchorage offices])

Dames & Moore, EBA Engineering, Harding Lawson Associates, and
Woodward-Clyde Consultants.

In addition, there are McClelland Engineers and R. J. Brown.
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VAUDREY & ASSOCIATES, INC.

1540 Marsh Street - Suite 105
San Luis Obispo, CA 93401

Phone: (805) 544-0940

Fax: (805) 544-0940

December 7, 1993

Mr. John Eldred

New Ventures Engineering
ARCO ALASKA, INC.

P. O. Box 100360

Anchorage, Alaska 99510-0360

Dear John:
KUVLUM SUMMER ICE STATISTICS

We have developed a set of open-water ice statistics for summer construction at a site located
approximately 10 to 12 miles northeast of Flaxman Island in the direction of the Kuvium
Prospect. Statistics are computed for an operational ice tolerance level of <1 tenth ice coverage.
We used a 41-year data base, composed of the AOGA 35 data (1953-75) and existing weekly ice
charts from the Navy-NOAA Joint Ice Center (1972-93). The data for individual years are
presented in the attached Appendix. The following is a list of summer ice season definitions used
in the column headings of the Appendix:

e Break-Up Date: First occurrence of an ice concentration of <8 tenths.

o First OW Date: First occurrence of an ice concentration of <1 tenth (defined as OW = open
water) during the summer season.

o Freeze-Up or Last OW Date: Last occurrence of an ice concentration of <1 tenth (defined as
OW = open water) prior to the onset of freeze-up.

o Total OW Season: Number of days between the first and last occurrence of open water.

o Net OW Season: Sum of all open water periods during the summer.

o Maximum Continuous OW: Duration of the longest open water period during the summer.
o Ice Invasion: Period of >1 tenth ice concentration between two open-water (OW) periods.

The following Table summarizes the summer season ice statistics developed from the data
presented in the Appendix. Break-up, first open-water, and freeze-up dates and their respective
standard deviations in days are determined. The probability that open water (OW) occurs is
computed, along with the expected length in days of the Total OW Season, duration of the Net
OW Season, and duration of the Maximum Continuous OW.

Often, the open water season is interrupted by one or more ice invasions. The conditional
probability, given that open water occurs, is computed for the following number of invasions: (1)
none, (2) one, (3) two, and (4) three or more invasions. Given the occurrence of an ice invasion,
the expected duration of each invasion is determined. The expected duration of the Net Open
Water (OW) Season for two and three consecutive summers is presented in the Table for
construction scenarios that may require more than a single summer season to complete.

A10.2
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TABL

Page 2 of 2

SUMMER SEASON ICE STATISTICS
FOR A SITE 4-6 MILES SOUTHWEST
OF THE KUVLUM PROSPECT

Parameter

Value

Operational Ice Tolerance

Dates

- Break-Up Date
~ First Open Water Date
Freeze-Up Date or

Last Open Water Date

Open Water (OW)
Probability that Open Water occurs

Expected Length of Total OW Season
Expected Duration of Net OW Season

Expected Duration of Maximum Continuous OW ‘

Ice Invasions

Probability, given Open Water (OW)
of None
of One
of Two
of Three or More

Expected Duration of Each Invasion

Multiple Summer Construction Seasons

Expected Duration of Net OW Season for
Two Consecutive Summers
Three Consecutive Summers

<1 tenth ice concentration

July 4 £ 11 days
August 6 + 20 days
October 8 £ 10 days

0.95

58 + 30 days
48 + 29 days
41 + 27 days

0.436
0.436
0.128
0.0

12 + 8 days

96 t 41 days
143 + 50 days

Best regards,

Kennon D Vaudrey

Attachment

cc:  Mr. Junius Allen (ARCO-Plano) w/attachments




APPENDIX

SUMMER ICE DATA
FOR KUVLUM CONSTRUCTION SITE
COMPILED FOR 41-YEAR DATA BASE (1953-1993)

Total OW:: Net OW-" Maximum::

Year: Break-Up:- First OW - Freeze-Up - ‘ Number of - Duration of .
Date - Dﬂte or Last.. Sedson ‘Season . Contmwus oy (2 . 7
OW Date - - (days).: (days): - OW (days): Divasions::
1953 Jun22 Sep 7 Unk.* Unk. 6 6 N/A**
1954  Jul 28 Aug 8 Unk. Unk. 36 30 6
1955 Jul2l Never Sep 20 0 0 0 N/A N/A
1956 Jul 15 Augi8 Oct3 45 45 45 0 N/A
1957 Jjun23 Jul 16 Oct 4 80 74 68 1 6
1958 Jun 10 Jun 28 Oct 20 114 108 102 1 6
1959 Jul4 Aug 14  Unk. Unk. 54 54 0 N/A
1960 Jul 14 Aug 8 Oct 4 57 57 57 0 N/A
1961  Jun 28 Aug 7 Unk. Unk. 44 44 0 N/A
1962 Jul 14 Aug 13 Unk. Unk. 8 8 0 N/A
1963  Jun2l Aug20  Oct 19 60 60 60 0 N/A
1964  Jul 2l Sep 2 Oct 7 35 29 24 1 6
1965 Jul4 Aug 2 Unk. Unk. 18 12 1 36
1966  Jul2 Jul 22 Unk. Unk. 54 42 2 24
1967 Jul4 Sep 20 Oct3 13 13 13 0 N/A
1968  Jun 22 Jul 19 Oct 20 93 93 93 0 N/A
1969 Jun9 Aug 26 Sep 24 16 16 16 0 N/A
1970 Jul3 Sep 12 Sep 25 13 13 13 0 N/A
1971 Jul 10 Jul 27 Oct 1 66 42 24 2 24
1972 Jul22 Augé Oct 7 62 62 62 0 N/A
1973 Jul 10 Aug 21 Oct 8 48 48 48 0 N/A
1974 Jul17 Sep 1 Oct 2 31 31 31 0 N/A
1975 Jul 28 Never Sep 18 0 0 0 N/A
1976 Jul8 Aug 22 Oct 11 50 38 24 1 12
1977 Jul 10 Aug 11 Oct 24 74 70 35 1 4
1978 Jul$ Jul 16 Oct 8 84 62 42 1 22
1979  Jul9 Jul 24 Oct 15 83 75 45 1 8
1980 Jul2 Jul 20 Sep 3*%** 43 45 45 0 N/A
1981 Jun 28 Aug 18  Oct4 47 47 17 0 N/A
1982 Jul3 Aug 7 Oct 7 61 43 32 2 18
1983  Jun2l Aug 9 Sep 30 51 30 18 1 21
1984 Jul?7 Jul 29 Oct 6 69 35 21 2 34
1985 Jun 30 Aug 4 Oct 8 65 57 42 1 8
1986 Jul9 Aug 11 Oct 25 75 69 57 1 6
1987 Jun 29 Tul 18 Nov 1 106 106 106 0 N/A
1988 Jui2 Jul 4 Aug 2%*» 29 17 10 1 12
1989 Jun 25 Jul 16 Oct 4 80 60 46 2 20
1990 Jun22 Jul 3 Oct 15 104 97 83 1 7
1991 Jul8 Aug20  Oct5 46 25 18 1 21
1992 Jul3 Jul 14 Oct 12 90 83 63 1 7
1993  Jun 28 Jul 20 Oct 24 96 89 75 1 7
*  Unknown ** Not Applicable *** [ ast OW Date
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FAX TRANSMISSION COVER SHEET

DATE: February 18, 1994

FROM:  Kennon Vaudrey
Vaudrey & Associates, Inc.
1540 Marsh Street, Suite 108
San Luis Obispo, CA 93401
Phone: (805) 544-0940
FAX: (305) 544-0940

TO: John Eldred
ARCO Alaska
Anchorage, AK
Phone: (907) 263-4347
FAX: (907) 265-1462

COMMENTS:
Grood Morning, John:

As per your phone request, attached is a copy of our letter report
summarizing the 1993 summer ice season in the vicinity of the Kuvium

Prospect,

~ T'will breakout the costs of this letter report separately on our next
invoice. It took me 20 hours (cost: 20 x $85/hr = $1700). Any questions, please
call me.

Ken

TOTALPAGES: 3  Pages (incL Cover Sheet)
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VAUDREY & ASSOCIATES, INC.

1540 Marsh Street - Suite 105
San Luis Obispo, CA 93401
Phone: (805) 544-0940

Fax: (805) 544-0940

February 18, 1994

Mr. John Eldred

New Ventures Engineering
ARCO ALASKA, INC.

P. O. Box 100360

Anchorage, Alaska 99510-0360

Dear John:
1993 KUVLUM SUMMER ICE SEASON

We have summarized the 1993 summer ice conditions in the Camden Bay region of the eastern
Beaufort Sea and around the Kuvlum Prospect and ranked the season historically. The summary
includes: (1) a description of the generic break-up and ice retreat mechanisms for the eastern
Beaufort Sea, (2) an overview of the 1993 break-up and ice retreat in the Camden Bay region,
and (3) a comparison of the 1993 summer at the Kuvlum Prospect based on ice edge location,
length of open water season, air temperatures, and frequency of storms.

Generic Break-Up and Ice Retreat Mechanisms. As air temperatures rise above freezing in May
and early June, snow melts in the upland areas and the rivers begin flowing. Open leads and
polynyas that form at this time offshore of the landfast ice do not refreeze. The primary
mechanisms for ice deterioration and break-up in the Camden Bay region of the eastern Beaufort
Sea are: (1) Mackenzie River discharge, (2) predominant east-southeasterly winds, and (3) high
air temperatures.

Warm meltwater from the upland snow cover floods over the sea ice at the mouth of the
Mackenzie River, accelerating ice break-up and melting in the Canadian Beaufort Sea. During
mild ice summers in June and early July, prevalent east or southeasterly winds drive the
Mackenzie River discharge westward along the Alaskan coast and move the ice further offshore in
the eastern Beaufort Sea. High air temperatures, reported at coastal stations, combine with
offshore winds to hasten the surface melting of the ice.

The landfast ice along the Alaskan Beaufort coast becomes delimited by the ice edge retreat in the
Chukchi Sea to the west and in the Canadian Beaufort Sea to the east. Flood water from
numerous rivers (primarily the Hula Hula, Canning, Sag, Kuparuk, and Colville) that flow into the
Alaskan Beaufort Sea in early June initiates sea ice decay and reduces confinement along the coast
which promotes break-up, typically in late June or early July.

After break-up occurs in the eastern Beaufort Sea, prevalent easterly winds, which circulate
around the dome of high pressure usually present over the Arctic Ocean, tend to clear the broken
ice away from the coast. During severe ice summers, the high pressure dissipates or moves
eastward, which permits low-pressure cells to track across the Arctic Ocean from Siberia to
Banks Island. Cyclonic circulation around these "lows" produce northerly and westerly winds
which drive the pack ice south and keep it close to the coast.
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In a normal northerly retreat, the ice edge in the eastern Beaufort Sea is typically located 20-40
miles offshore by mid-September. During the mildest summers, the ice may move as far north as
74°N. On the other hand, the, Beaufort Sea does not open up at all during the severest summers.
Freeze-up typically occurs in the vicinity of the Kuvlum site on October 5-7.

Secondary factors that may contribute to a mild ice year are: 1) frequent storm winds and 2) more
solar radiation. A higher frequency of storm winds increases wave erosion of ice floes, breaking
them in smaller pieces, and increasing the ice surface area exposed to warm-water currents. If
summer cloud cover is less than normal, the higher solar radiation may accelerate ice deterioration
and speed up the ice edge retreat.

1993 Break-Up and Ice Retreat in Camden Bay. Abnormally high air temperatures throughout
the entire 1992-93 winter (December through April) retarded the ice growth and made the
landfast ice thinner. A combination of (1) a thinner ice cover, (2) a continuation of unseasonably
warm air temperatures in May and June, which produced an early Mackenzie River discharge, and
(3) predominant east-southeasterly winds over the Canadian Beaufort Sea (due to a high pressure
cell over the Archipelago) opened up a large polynya offshore of the Mac kenzie Delta. This open
water area, as much as 50 miles wide, extended as far west as Camden Bay by June 7.

A variable wind pattern and colder air temperatures during the last half of June stalled the very
early ice edge retreat in the eastern Beaufort Sea, but strong easterly winds in early July opened
up the entire route from Tuk to the Kuvlum site by July 13 (according to ice charts published by
the Navy-NOAA Joint Ice Center). By mid-July, the 5 tenths ice edge had retreated northward to
71°N (about 40 miles north of the Kuvlum site), corresponding to a historical ice edge retreat that
occurs once every 10 years (i.e., during 90% of the years, the ice edge is south of 71°N).

At this time, the landfast ice in the Camden Bay region had deteriorated to a concentration of only
3-5 tenths due to warm, fresh-water discharge from the Staines, Canning, and Hula Hula rivers
and a return to warm air temperatures in July (6°F above normal). The warm air temperatures
- and early ice clearance of the nearshore zone in the Camden Bay region elevated the ocean
surface temperatures, which were 2°-3°F above normal by midsummer.

The entire Canadian Beaufort Sea became virtually sea ice free out to 72°N by August 1, 1993.
Predominant westerly winds in August retarded the rapid ice retreat, but did not produce any
significant (> 5 tenths coverage) ice invasions of the Camden Bay region. Several belts and

patches of ice (1-3 tenths coverage) moved into the area, but the relatively warm water quickly
melted the ice as it neared the coast.

The potential floeberg hazard, which plagued the 1992 drilling season, was minimal in the summer
of 1993 primarily because of a reduction in the areal extent of the shear zone during the 1992-93
winter. In addition, the very warm air temperatures and rapid, early retreat of the ice edge further
reduced the threat from floebergs in 1993.

By September 1, the 5 tenths ice edge had retreated to almost 72°N north of Camden Bay,
corresponding to an ice edge location that occurs once every 5 years. However, prevailing
easterly winds, aided by two intense southeasterly storms on September 6-7 and September 12-
14, drove the 5 tenths ice edge further offshore to 73.5°N by mid-September, corresponding to an
ice edge location that occurs once every 10 to 20 years. The ice was so far away (almost 200
miles) that a strong westerly storm on September 16-19 and a northwesterly storm on September
26-27 did not produce any ice invasion of the Kuvlum drill site.
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During October 1993, the edge of the perennial pack ice remained far offshore (between 73° and
74°N). Warm air temperatures continued throughout October (almost 10°F above normal) and
into early November (averaging 17°F above normal for the first 10 days). A combination of high
air and sea surface temperatures delayed freeze-up at the Kuvium Prospect until October 23,
about 2% weeks later than normal. The young sheet ice in the Camden Bay region did not
become 1-foot thick until mid-November or later.

Storms typically become more frequent during the early freeze-up season with the highest wind
speeds usually occurring in November. In 1993 both September and October were very typical
with four storms (two easterly and two westerly) occurring each month when the winds attained
speeds of 25 knots or greater. Both months had the following percentage of time when the winds
exceeded 20 knots: September, 15%; October, 22%. These values compare closely with their
historical averages of 17% for September and 20% for October. November 1993 did not live up
to its reputation as the windiest month, with only 6% of the time when winds exceeded 20 knots,
compared to its average of 23%.

While an exceptionally mild summer ice season means little or no drilling downtime due to
potential ice hazards, the long fetch length created by so much open water in the east-west
direction can generate significant wave heights of 8-10 feet when a wind speed of 20-25 knots
lasts 24 hours or more. Big waves can cause station keeping problems for the Kulluk, resulting in
drilling downtime during storms, even when no ice is present.

Summary and Historical Ranking. Abnormally warm air temperatures throughout the winter
and early summer of 1993 produced a thinner ice cover in the eastern Beaufort Sea and initiated
an early Mackenzie River discharge. Easterly and southeasterly winds blew steadily in early June
and again throughout July, producing a vast open-water lead in Camden Bay by early June and
forcing the ice edge to retreat rapidly northward to 71°N by mid-July.

The entire Canadian Beaufort Sea became virtuaily sea ice free out to 72°N by August l.
Prevailing easterly winds during the first half of September drove the S tenths ice edge to 73.5°N
north of Camden Bay. The ice edge remained 150-200 miles offshore for the remainder of the
1993 summer season.

Warm air temperatures continued throughout October and November. A combination of high air
and sea surface temperatures delayed freeze-up at the Kuvlum Prospect until October 23, about
22 weeks later than normal.

Open-water storms, which produced the only downtime experienced during the drilling season,
were less severe in intensity and duration during August and occurred with typical frequency and
strength in September and October 1993.

The summer of 1993 ranks as one of the 10% to 15% mildest ice seasons since 1953, based on
the following parameters: (1) length of open water season, (2) extent of ice edge retreat, (3) air
temperatures, and (4) frequency of storms. This ranking is equivalent to a return period of once
every 7 to 10 years.

Best regards,

/,Z/ 11t —~ /\C l//f wele ¢
Kennon D. Vaudrey '




VAUDREY & ASSOCIATES, INC.

1540 Marsh Street - Suite 105
San Luis Obispo, CA 93401
Phone: (805) 544-0940

Fax: (805) 544-0940

September 29, 1993

Mr. John Eldred

New Ventures Engineering
ARCO ALASKA, INC.

P. 0. Box 100360

Anchorage, Alaska 99510-0360
Dear John:

1993 KUVLUM DRILLING SEASON EXTENSION

As requested by your telephone call on September 27, 1993, I have
investigated the likelihood of extending the drilling season into
mid-November 1993. The two key elements to my brief study are:
(1) air temperatures and (2) sea surface temperatures.

Air Temperatures. The air temperatures from May through
September 1993 have averaged 2° to 4° above normal. These higher
than normal temperatures have contributed to a very mild summer
ice season with the 5 tenths ice cover 150 miles north of the
Kuvlum drill site.

Based on a paper by Jeff Rogers (1977) that included 56 years of
Barrow air temperatures, October air temperatures have an 87%
chance of being either normal (31%) or above normal (56%), given
that the preceding summer months had above normal air
temperatures. If October air temperatures are normal, it would
take until October 15 (7-10 days later than normal) for freeze-up
to occur, based on freezing-degree day accumulation alone.

ea Surface Temperatures. The warm air temperatures and early
ice clearance of the nearshore zone in the Camden Bay region have
elevated the ocean surface temperatures. Reported sea surface

temperatures are 34°F at the end of September, 2°-3°F higher than
normal for the Camden Bay region. However, according to the
Cclimatic Atlas, this temperature 1is roughly the same as the
normal sea surface temperature offshore of Point Lay (on the
Chukchi Sea coast) where the average freeze-up date is October
25.

The sea surface must cool to 29°F before freezing can take place.
Even though the water temperature is quite warm now, if air
temperatures drop below +10°F for a period of 2-3 days, the sea
surface will cool rapidly and ice will start to form.
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Ice Growth. Normal ice growth, based on freeze-up in early
October, results in a 1-foot thick ice sheet by November 1 and a
2-foot thick ice sheet by late November. However, it is likely
that freeze-up will be delayed until October 15-25. Assuming
normal air temperatures prevail after freeze-up, it will take
approximately three weeks to grow 1 foot of ice. It will take
another four weeks for the ice sheet thickness to reach 2 feet.

Assume that the 1993 freeze-up will be delayed until October 20,
the ice sheet will become 1 foot thick about November 10 and
reach 2 feet thick around December 8.

Winds. Storms become even more frequent during the early freeze-
up season with the highest wind speeds occurring in November, the
windiest month of the year. Sustained winds of more than 20
knots occur almost 25% of the time in November with winds greater
than 25 knots occurring 13% of the time.

Summary and Recommended Action. Based on historical air and sea
surface temperature records, it appears that freeze-up around the
Kuvlum drill site will be delayed until October 20-23. Assuning
normal conditions after freeze-up, the ice sheet should be 1 foot

“thick about November 10-12 and reach 2 feet thick around December
8-10.

Young first-year ice with a thickness of 1-2 feet should be
within the station-keeping capability of the Kulluk, provided
~that the ice movement rate is not too great and that there are no
.0ld flees in the vicinity. Based on the expected freeze-up date
and ice growth after freeze-up, the Kulluk should be able to
continue drilling into mid-November.

'If a third well is planned, I would recommend that several days
of contingency be added to the drilling schedule for storm-
related downtime due to high waves before freeze-up occurs and
due to rapid ice movement after freeze-up.

Reference. J. Rogers (1977), A Meteorological Basis for Long-
Range Forecasting of Summer and Early Autumn Sea Ice Conditions
-in the Beaufort Sea, POAC-77, St. John's, Newfoundland.

.Best regards,

/e

-Kennon D. Vaudrey
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VAUDREY & ASSOCIATES, INC.

1540 Marsh Street - Suite 105
San Luis Obispo, CA 93401
Phone: (805) 544-0940

Fax: (805) 544-0940

September 3, 1993

Mr. John Eldred

New Ventures Engineering
ARCO ALASKA, INC.

P. 0. Box 100360

Anchorage, Alaska 995310-02690

Dear John:

1993 KUVLUM DRILLING SEASON EXTENSION

As requested by your telephone call on September 1, 1993, I have
investigated the likelihood of extending the drilling season into
late October 1993 and determined the probability of an ice
invasion or interruption between now and freeze-up. The three
key elements to my brief study are: (1) air temperatures, (2)
traditional winds or storms during September and October, and (3)
the current location of the ice edge relative to the Kuvlum site.

Air Temperatures. It was a very warm winter on the North Slope
and the air temperatures from May through July 1993 have averaged
3° to 4° above normal. These higher than normal temperatures
have contributed to a relatively mild summer ice season thus far.
The warm air temperatures and early ice clearance of the
nearshore zone in the Camden Bay region have elevated the ocean
surface temperatures as well. Westerly winds in August, which
are the major driving force for ice invasions and severe ice

summers, have been mild and of short duration. Consequently,
they have bkeen unakle to retard the ice =2dge retreat to the west

and north, and the summer ice conditions have been relatively
mild so far in 1993.

Winds. It is true that storms are more frequent and wind speeds
increase during September and October (Figure 1 for the Stinson
drill site), but the westerly and northwesterly direction of
these winds decreases in favor of a more southerly component (as
shown in Table 1 for the Stinson drill site). If a northwesterly
storm does occur, the floes from the ice edge will diverge or
spread apart and the warmer water will make them deteriorate or
melt faster.
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VAUDREY & ASSOCIATES, INC.

1540 Marsh Street - Suite 105
San Luis Obispo, CA 93401
Phone: (805) 544-0940

Fax: (805) 544-0940

August 6, 1993

Mr. John Eldred

New Ventures Engineering
ARCO ALASKA, INC.

P. O. Box 100360

Anchorage, Alaska 99510-0360

Dear John:

PRELIMINARY BURIAL DEPTH PROFILES
ALONG A KUVILUM PIPELINE ROUTE

Attached are five copies of our final report on the development
of a set of preliminary burial depth profiles for a pipeline
route from the 1992 Kuvlum drill site to Leffingwell Lagoon. At
your request, I am sending you two bound copies and one unbound
copy. In addition, I am forwarding two bound copies to Mr.
Junius Allen in Plano.

I would be happy to assist you in determining what new ice gouge
data, if any, need to be collected. 1Initially, I recommend that
gouge depth information be extracted from the sonographs already
collected in the Kuvlum vicinity as part of the shallow seismic
surveys. Once analyzed these data should be combined with site-
specific gouge data from AOGA 225 (Harding Lawson study) and then
merged with the existing USGS gouge depth data base.

If you have any questions, please call me.

Best regarizi;/

Kennon D. Vaudrey

Attachments

cc: Mr. Junius Allen (ARCO-Plano)

A10.4
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PRELIMINARY BURIAL DEPTH PROFILES
ALONG A KUVLUM PIPELINE ROUTE

1. INTRODUCTION

Gouge depths figure prominently in determining the burial depths
required to provide sufficiently low risk, over the operating
life of an offshore pipeline, that the pipe will be damaged by
the keel of a moving ice feature. The purpose of this study is
to develop a set of burial depth profiles for a pipeline route
from the 1992 Kuvlum drill site to Leffingwell Lagoon via the

Mary Sachs Entrance, just west of Flaxman Island (Figure 1).

Initially, this report briefly describes ice gouging processes
and identifies ice gouging mechanisms. The pipeline route is
divided into lagoon and offshore segments with the offshore
segment further subdivided into 5-meter water depth increments
(ranging from 5 to 35 meters). Return periods of 100, 200, 500,
and 1000 years are selected for computing the pipeline burial
depths. For this preliminary analysis, the methodology developed
by Weeks (1983) is employed to compute the statistics for ice
gouge depths measured by the USGS from 1972 through 1979.
Recommendations are presented for removing uncertainties in the
ice gouge data base, such that final design criteria for pipeline

burial can be developed.
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2. ICE GOUGING PROCESSES

The ice gouging process in the Alaskan Beaufort Sea is a complex
interaction of the dynamic ice environment with the seafloor
sediments. A process as dynamic and complicated as ice gouging
produces a large regional variability in the ice gouge
distribution, based primarily on ice movement, seafloor slope,

geotechnical properties of the bottom sediments, and water depth.

Ice Regime. The ice environment of the Beaufort Sea varies
greatly with the season and distance from shore. During the

summer, much of the area along the selected pipeline route is
ice-free, with the southern edge of the pack ice occurring
between 10 and 100 kilometers offshore. New ice typically starts
to form in early October. During the early stages of its
formation, ice movement velocities range from an average of 7-8

km/day to more than 35 km/day during storms.

As winter progresses, numerous pressure ridges form in the moving
ice, and in shallower areas many of these ridges become grounded.
Zones of repeated and heavy grounding occur in water depths of
roughly 15~20 meters offshore of the barrier islands, including
Flaxman Island. Most winter ice movements are either easterly or
westerly, roughly parallel to the shoreline. Additional ice
movement around a grounded ridge fragment can enlarge the feature
both in area and freeboard (sail height), producing a rubble

pile.

once the grounded ridge or shear rubble zone develops, the ice

shoreward of these features remains relatively motionless until




reak-up, beginning in late June or early July. Melting and
itive storm surge during westerly storms permit formerly
ndéd ice features to float freely. However, some of the
ve area of grounded ridges and rubble frequently remains on-
égathroughout most or even all of the summer. Associated
_hése grounded ice features at the 18-20 meter water depth
gréak in the seafloor slope and changes in ice gouge

agterkand sediment texture (Reimnitz and Barnes, 1974).

égggg Formation. The term "ice gouge" defines the
actéristic seafloor furrow caused by the plowing action of
k;;is. The disruption and reworking of seafloor sediments by
ééls are, in effect, dissipation mechanisms which subtract
ofﬂthe energy input to the ice feature by atmospheric and

Hoéraphic driving forces.

~a study of ice keel structure and available driving forces,

cs and Mellor (1974) concluded that virtually all ice keels

énough strength for gouging. They found that if energy is

e form of momentum of individual, free-drifting floes

gn‘by winds, currents, or waves), only short and shallow ice

gf@ould be created.

~the winter months deep-keeled ice ridges become part of an

~continuous ice canopy in the Alaskan Beaufort Sea. Storm




Lewis (1977) contends that deeper gouges will occur in deeper
water. It is generally agreed that the probability of
encountering ice keels increases exponentially with decreasing
keel depth. ©Only shallow keels can drift into or be formed in
shallow water, and only deep keels can touch bottom in deeper
water. The widely-scattered deep ice keels can collect more
energy from wind stress than the more closely-spaced shallow
keels. The expected result is fewer, but deeper, gouges in deep
water. Of course, this conclusion is predicated on the premise
that seafloor slope and soil resistance are equal in both shallow
and deep water. Lewis' hypothesis was partially confirmed by
Toimil (1978) who concluded that the density of ice gouges
increases in a rough way with decreasing water depth, along with

increasing slope gradients.

Gouge Characteristics. Immediately after ice gouges are formed,
their measurable dimensions are usually narrower and shallower
than the initial incision widths and depths due to slumping of
berms formed along the gouge flanks (Figure 2). Seabed
disruption by ice gouging extends beyond the original incision
width of a specific gouge as a result of plastic deformation and
compaction of the surrounding sediments (Reimnitz, et al., 1977).
Most gouges are linear. The overall orientation along an ice
gouge is the gouge trend. Frequently, ice gouges occur as sets
of long, parallel furrows produced by the same ice movement
event. Barnes, et al. (1984) speculates that these gouge
multiplets are formed by first-year ice ridges with multiple

keels.
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Ice gouges in water less than 35 meters deep usually occur with a
higher density and tend to have narrow widths, shallow incision
depths, and no well-developed linear trends. Gouges in water
deeper than 35 meters typically occur with a lower density and

generally are wider, deeper, and more linear over long distances.

Obliteration. Wind-driven ice keels produce most of the gouges,
but gouges are obliterated by 1ice gouge recurrence,
sedimentation, and bedload transport by bottom currents. Shallow
areas with sandy sediments exposed to vigorous waves and currents
during the open water season will have all traces of ice gouging
destroyed by the end of each summer season. Conversely, ice
gouges in deeper water on the outer shelf, where bottom current
activity is reduced, may be obliterated only by very slow
settling of suspended material or by deposition of reworked

sediment as new gouges cross existing ones.

Toimil (1978) observed that current-produced sand waves adjacent
to, or within, individual ice gouges indicated rapid infilling
and reworking of the gouges. In some cases gouges appear to be
completely filled in and only narrow, linear ribbons of rippled

bedforms mark former gouge flanks.

Age of Ice Goudges. "Recent" or "modern" in this context means
within the last 200 years or so, whereas "relic" implies several
thousand years. Modern ice gouging is known to occur in water
depths between 5 and 35 meters, according to several early
observers (Pelletier and Shearer, 1972; Reimnitz and Barnes,

1974; Lewis, 1977). As a recent example, an ice gouge crossed




"glory hole" at Unocal's Hammerhead drill site in 30 meters

ater in the Beaufort Sea during the winter of 1984-85. 1In

ioh, an ice gouge, approximately 3 meters deep, was observed

i

5;Jvicinity of a grounded floeberg near the Kuvlum site
néythe 1992 summer drilling season. While ice gouging
gv;rd of the 5 meter isobath is probably frequent, the
ﬁing microrelief is likely to be shallow and quickly

srated by current and wave action.

de;§est water depth limit for recent ice gouging is open to
g:able debate. Lewis (1977) and others thought that 50
rs‘is probably the limit for modern ice gouging since the
éthreported ice ridge keel, recorded in the Arctic Ocean by
,;ine sonar, is 47 meters. With extremely slow sedimentation
T%elic gouges in water depths greater than 50 meters should
;¢§rogressively more shallow with increased depth, which is
brted by a very limited data base acquired in the Canadian

7&%% Sea.

itz, et al. (1984) offer compelling arguments that deep-

'éée gouges cannot be relic. If these gouges were formed
tﬁé sea level was lower and preserved for thousands of
» then they should be found across the entire shelf to a
depth of about 130 meters. However, ice gouging in the
?h?Beaufort Sea is not found in water depths greater than 64
©of water or greater than 58 meters in the Chukchi Sea
41, 1978). 1In addition, Aagaard (1984) measured bottom
?ﬁts in the deep-water Beaufort Sea strong enough to

port sediment and obliterate old gouges. This mode of ice




gouge obliteration is far different from an even sedimentation,
postulated by Pelletier and Shearer (1972) and Lewis (1977),

which would preserve the gouge relief for thousands of years.

This ongoing debate over the age of existing ice gouges has led
to AOGA Project No. 388 (C-Core, 1993), entitled Pressure Ridge
Ice Scour Experiment (PRISE), which is attempting to date
extremely deep gouges by radiocactive means. However, it has
already been determined than the entire pipeline route out to the
Kuvlum site is susceptible to modern or recent ice gouging:;
therefore, it remains to use existing ice gouge data and/or
acquire additional ice gouge measurements to develop the ice
gouge depth distribution and predict extreme ice gouge depths and

their associated return periods.

Annual Gouging/Infilling Rates. Since the water depths along the
Kuvlum pipeline route is shallow enough to be susceptible to
modern ice gouging, dividing the ice gouge history into relic and
recent time periods is not sufficiently precise to develop proper
design criteria. It becomes necessary to estimate the annual
gouging and infilling rates to determine how the gouge population
for a region changes as new gouges form and old ones are

obliterated.

During 1975-82 repetitive summer surveys out to water depths of
25 meters in 8 corridors of the Alaskan Beaufort Sea (Barnes and
Rearic, 1983) gave a total of 2500 dated ice gouges, an average
of 8.2 new goudges per kilometer. These new gouges disrupted an

average of only 3% of the seafloor each year, but as much as 60%



ffk single one-kilometer segment. In addition to large
aiﬁdifferences, there was a high degree of temporal
;iity as well; for instance, the gouge intensity varied by

;cicr of 5 from year-to-year.

écific tracklines (each 11 kilometers long) were repeated
re Flaxman Island between 1979 and 1980 and again between
'aﬁé 1982. The water depth range was 7 to 26 meters. The
:éng new gouges averaged 6.3 per kilometer for 1979-80 and
,ér kilometer for 1981-82. These new gouges disrupted an

qqﬂof only 1.6% of the seafloor each year.

idition to this USGS study, AOGA Project No. 225 (Harding-
1&§Associates, 1986) also conducted a program to determine
epetitive effects of the seabed from 1983 through 1985.
/tﬁnately, out of the 10 sites repetitively surveyed, the
iéiﬁé offshore of Flaxman Island was limited to a water depth
kgf 3 to 9 meters. This trackline passed over an area of
yzgottom sediment where almost complete infilling or
~éfa£ion occurs during the following summer after gouge

:ibn in the winter.

verage annual rate of new gouging, estimated from repetitive
YS, is sensitive to errors introduced by field operations,
nterpretation, and year-to-year changes in ice conditions.
’rg;re, repetitive surveys are expensive and provide only
d;ta sets. If all of the gouge data is used, the
tical gouge characteristics can be modified by estimating

nhﬁal-infilling rate based on regional sedimentation and

10
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bedload transport (Weeks, Tucker, and Niedoroda, 1986;
Environmental Science and Engineering, 1987; Niedoroda, 1990).
Gouge infilling rates also are subject to considerable error due
to lack of information about seafloor soil types, bottom
currents, reworking of sediments by new gouges, and year-to-year

changes in summer storms.

However, neither repetitive surveys nor infilling models can
account for gouges that may never have been measured. For
example, a shallow area of sandy sediments exposed to vigorous
wave and current action during the open water season may have all
traces of ice gouging eliminated by the end of each summer.
Since all of the ice gouge data is collected near the end of the
summer open-water season, most, if not all, of the ice gouges

produced during the winter will no longer exist.

11



‘GOUGE DATA SOURCES AND SYNTHESIS

6st common method for obtaining ice souge characteristics is
rvey the area using side-scan sonar and a precision
,ﬁeter. All of the data contains information on gouge
'y (number of gouges measured per kilometer of trackline),
ge incision depth (with minimum values based on

trumentation resolution), gouge width, and gouge orientation

lffecently, there was no coordinated effort to obtain useful
Sﬁge characteristics. Gouge data were acquired primarily by
US Geological Survey (USGS) and by the oil industry. Ice
éﬁ?aata have been collected in both the Canadian and Alaskan
‘fgxt Sea, starting in the early 1970's (Hnatiuk and Brown,

“Pelletier and Shearer, 1982).

.s, et al. (1983) analyzed seven years of gouge data acquired
the USGS in the Alaskan Beaufort Sea between 1972 and 1979
  a total trackline length of 1500 kilometers. Data were
ined both inside and seaward of the barrier islands to the
eter isobath. The location of the different sampling lines
shown in Figure 3, ranging from Smith Bay on the west to

en Bay on the east.

- only 4 or 5 tracklines are located near the Kuvlum pipeline
e, there are insufficient site-specific gouge data to develop
tistically representative distributions of ice gouge
acteristics. Consequently, the entire Beaufort Sea data set

gented by Weeks, et al. (1983) will be used in this study.

12
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Gouge Density and Orientation

ouge densities exceeding 50 per kilometer were common along

oast in 20 to 38 meters of water. Densities exceeding 100

jes- per kilometer were encountered in almost 25% of the 1-

@ter segments of the Beaufort Sea tracklines obtained in
depths greater than 20 meters. The average density was 81

8 per kilometer for the 20-38 meter water depth range.

%'ensities averaged 23 per kilometer in the 10-20 meter
”r'ﬂepth range, and 9 per kilometer in water shallower than 10
g»offshore of the barrier islands. Inside the lagoons the
§§ gouge density was less than 1 gouge per kilometer with a
g; density of 12 gouges per kilometer.

ominant orientation of ice gouges has a well-developed east-

e

;rend that parallel the coast and isobaths in the Alaskan

ﬁbrt Sea. Specifically, north of Flaxman Island and in

fn Camden Bay the ice gouge orientation ranged between 090°

 élit is useful to have a general idea on the concentration

t?énd of existing ice gouges, the remainder of this report

11l focus on gouge incision depth, the most important gouge

-Ice Gouge Depth Distributions

rder to develop a preliminary set of burial depth profiles

ong the selected Kuvlum pipeline route (shown in Figure 1), it

14
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is necessary to establish the gouge depth distribution as a
function of water depth along the pipeline route. Side-scan
sonar and fathometer records in the USGS gouge data (Weeks, et
al., 1983) revealed some 20,340 individual ice gouges having a
depth equal to or greater than 0.2 meter (the "cutoff" value
based on the resolution of the fathometer used to collect the

data).

Weeks found that the gouge depths are distributed as a negative
exponential. Thus, the probability distribution function (PDF)

of gouge depths will have the form
£(d) = Aexp (- A[d-c]) (1)

where d 1is the gouge depth random variable, ¢ 1is the cutoff
gouge depth, and N is the distribution parameter. A maximum
likelihood estimate of N\ is simply the reciprocal of the
difference between the sample mean gouge depth (d4,) and the

cutoff depth (c), written as:
A= 1/(dg-c) (2)

A negative exponential distribution has been used to describe the
depth of ice gouging elsewhere in the Canadian Beaufort and

Alaskan Chukchi Seas (Lewis, 1977; Vaudrey, 1990).

Weeks separated the gouge depths into S5-meter water depth
intervals for the lagoons and locations seaward of the barrier
islands. 1In addition, the gouge depth data were placed in "bins"
for each 0.2-meter depth interval. The depth intervals begin

with 0.2 meter to account for the "cutoff" value based on the

15




point
ouge Lagoons

TABLE 1
GOUGE DEPTH HISTOGRAMS

Offshore of Barrier Islands (m)

FOR A SERIES OF WATER DEPTH INTERVALS
ALONG THE ALASKAN BEAUFORT SEA COAST

0-5 m 5-10 10-15 15-20 20-25 25-30 30-35

61 609 1761 2110 4135 2427 764

3 78 532 616 1587 1486 520

1 13 196 184 428 604 241

6 61 85 250 482 176

24 34 93 252 86

7 11 41 94 47

5 5 28 72 33

1 1 8 23 10

0 3 12 11

0 3 5 1

1 4 1

1 1

1 1

0 i

0 0

) 0

1l 0

0

1

65 706 2588 3046 6576 5464 1894

8.66 7.43 5.03 5.09 4.48 2.98 2.71

0.32 0.33 0.40 0.40 0.42 0.54 0.57

0.20 0.20 0.20 0.20 0.20 0.20 0.20
le
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4. GOUGE DEPTH STATISTICS
4.1 Computational Methods

After synthesizing the existing gouge depth data for the Alaskan
Beaufort Sea, the next step is to find or develop a statistical
model to process these data and assess the hazard to subsea
structures posed by deep-keeled ice. It is a simple matter to
use the exceedance probability function to determine the
probability of occurrence for a given gouge depth if the average
gouge depth (d;) and cutoff limit (c) are known for a specific
region or water depth. The exceedance probability is the
complementary function of the cumulative distribution function

(CDF), found by integration of equation (1) as

Fp(d) = 1 - exp(- A[d-c]) (3)
Thus, the exceedance probability becomes

P[D2d] = 1 - Fp(d) = exp(- A[d-c]) (4)

Unfortunately, application of the above solution is not
particularly meaningful since it does not consider the occurrence

rate of new gouges.

Ice Keels. Several researchers avoided the analysis of ice
gouges directly and concentrated on ice keel data to estimate the
annual gouging rate. Pilkington and Marcellus (1981) used laser
profiles of ice ridges to estimate the distribution of underlying
keel depths. By combining keels with ice movement rates,

determined from drifting buoys, they developed ice keel, and by

17




' §nce ice gouge, time series. Wadhams (1983) followed a
Llar approach by utilizing ice keel profiles obtained directly

om upward-scanning sonar attached to submarines.

@i these methods require many assumptions to convert the
”Qgggad keel data to a simulated gouge time history. For
;'g_e, sail height profiles of above-surface ice must assume
ti&gel depth-to-sail height ratio before converting to
*vglent ice gouges. On the other hand, keel profile

.igtics, computed for water depths sufficient to operate

égr submarines, are assumed to be the same for deep-water
. ice as for ice that moves over the shallower Beaufort shelf.
number and depth of ice keels that are prevented from
ering a region by grounded deep-keeled floes is not known.
~use of profile keels to count gouges implies that every keel
?he deep-water pack ice has sufficient strength to gouge the
fleor to the maximum floating depth of the keel, while

aining intact, across any type of bottom sediment in the

éﬁon. Finally, strong winds that can change directions
u tly may produce numerous gouges from a single ice keel, by

ing it back-and-forth across the same region.

‘;’é;;gfilling. Another approach estimates the annual gouging

hy~determining the obliteration rate. Lewis (1977) first

wi;;ing. He assumed that the number and depth distribution of
ouges formed each year equaled the change in the total gouge
ﬁh{gistribution due to infilling. It would take about 5000

'8::to fill a 3-meter deep gouge, assuming a uniform

18
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sedimentation rate of 0.6 millimeter per year (Lewis, 1977;

Reimnitz et al., 1977) is the only active infilling process.

It is obvious that there are other infilling processes besides
sedimentation. A gouged seafloor creates abrupt local relief
that produces significant changes in sedimentation rates over
short distances. Gouge embankments may be sites of rapid erosion
or sloughing while the gouges, as depressions, act as a focus for
much higher rates of sedimentation. Most importantly, large
waves and wind-generated currents, associated with the presence
of a large fetch in the open-water season over the Beaufort
shelf, frequently obliterate gouges in shallow water and can
rapidly infill gouges in deep water. Both Weeks, Tucker, and
Niedoroda (1986) and Environmental Science and Engineering (1987)
have tried to model gouge infilling from sedimentation and

bedlocad transport.

This method of estimating the annual gouging rate has its own set
of assumptions and limitations. It is difficult to accurately
describe all of the variables (e.g., waves, currents, gouge
profiles, bottom sediments, bathymetry, season duration) involved
in the complex process of gouge infilling. However, the most
limiting assumption is the requirement that there is a time-
averaged equilibrium in the statistical characteristics of ice
gouges in a region, resulting from a balance between the rates of
gouge formation and obliteration over a period of several years.

It is unlikely that such equilibrium exists on the Beaufort shelf

where obliteration rates are much slower than gouge formation

19



';deep-draft ice keels. According to Niedoroda (1990), it is
;ble that equilibrium may occur in narrow range of water
t&gxcorresponding to the shear ice zone where the seafloor is

ost saturated by gouges.

gggngg Depths. 1In order to consider the annual gouging rate,
K%Wet al. (1983) rewrote the exceedance probability for
tially-distributed gouge depth data as
n[D2d]
"P[D2d] = ——— = exp(- A[d-c]) (5)
N

 @,~n(D2d] is the expected number of gouges with depths
”tg: than or equal to d, given that N gouges have occurred.
'leuating the ice gouge hazard, n{D2d] is equal to 1
ﬁgée only a single deep gouge event is necessary to damage a
structure, such as a pipeline. The number of gouges (N)

ch .occur during a specified return period is given by
N=g,TL sin 8 (6)

here g, is the average annual gouging rate in number of new

ﬁwges:per unit length of transect per year, T 1is the return
»1§dhin years, L 1is the total length of transect of interest,
67 is the angle between the transect and the dominant trend
or -v;fage orientation of the gouges. Substituting equation (6)
' (5) results in

a .

exp(- N[d-c]) = : (7)
9p T L sin ©

ewriting in terms of d gives

20
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1
d=c+—/—1n (g T L sin 8) (8)

A

In this case, d is the gouge depth associated with a specified

return period, T.

Even though there are only limited repetitive ice gouge surveys
to determine annual gouging rates for the Beaufort Sea, neither
the ice keel method nor the gouge infilling approach is better

than using equation (8) and available gouge data to develop gouge

depth statistics.

The above method presented by Weeks et al. (1983) is not an
extreme value analysis in the traditional sense since it utilizes
the entire gouge depth distribution for a region or water depth
range rather than the behavior of rare gouge events over a long
period of time. However, the Weeks method is sufficient for this
preliminary analysis, and an extreme value analysis using a
numerical simulation model can be conducted prior to final

design.

4,2 Pipeline Burial Depth Profiles

Extreme Gouge Depths. The model developed in the previous
section is used to compute the T-year gouge depths for a selected
pipeline route (approximately 35 kilometers long) from the Kuvlum
drill site to Leffingwell Lagoon via the Mary Sachs Entrance,
west of Flaxman Island. The route is divided into two major
segments, corresponding to the segment inside the lagoon (Zone L)

and another segment offshore of the barrier islands (Zone O0).

21




pgfshore segment is further subdivided into six water depth
"js (Zones 01 to 06). Each water depth range corresponds to a
ter water depth increment with the total water depth ranging

5 to 35 meters.

rder to use equation (8) to compute the T-year extreme ice
“ﬁepth, it is necessary to define the annual gouge
‘tion rate dn, along the pipeline route. The annual gouge
’:ﬂ%ion rate (gp) was selected as a constant 5 gouges per
_;ﬁer per year for the entire offshore zone. This value for
S the average number of new gouges determined from two years
;Qpetitive surveys conducted by the USGS in 1979-80 and in
~2 (Barnes and Rearic, 1983). It was assumed that g, equals

)W gouge per km-yr as an upper bound for the lagoon zone.

ﬁéle ® between the offshore segment of the pipeline route

t’) and the dominant gouge trend (100°) is assumed to be a

k éht of 30° for 6. The pipeline direction for the lagoon
t is 095° and the gouge trend remains 100°, giving an angle

5+ for ©.

fthough the length of each pipeline segment L; 1is different

very water depth range, the total pipeline length L of 35

é;ers must be used in equation (8) in order to preserve the
ébel of risk for the entire line (Wheeler and Wang, 1985).
return periods (T) of 100, 200, 500, and 1000 years are
Saiént to an annual risk (exceedance probability) of 1%,

,0:2%, and 0.1%, respectively.

22
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Thus, the T-year gouge depth d along the pipeline can be
calculated by Equation (8), using a constant "cutoff" gouge depth
(c) of 0.2 meter and the set of A values presented in Table 1
for various water depths. The route description and gouge
characteristics for the Kuvlum pipeline route are presented in
Table 2, along with the extreme gouge depths based on the Weeks

methodology.

Another set of extreme gouge depths are presented for the same
return periods, but using X:l values. Weeks, et al. (1983)
speculated that the A value for new gouges is about 1 m™! less
than for existing gouges. This assumption increases the T-year
gouge depths by about 50% for the deeper water depth ranges (25
to 35 meters) and by about 25% for the shallower water depth

ranges (10 to 25 meters).

Comparison with Canadian Beaufort Sea. Lewis and Blasco (1990)
reported that two 7-meter deep gouges have been "observed" on the
Canadian Beaufort shelf, one in 45 meters of water and the other
in 50 meters. Out of a data base of 10,385 events the deepest

recorded gouge is 6 meters, located in a 45-m water depth.

Approximately 880 new gouges were recorded during repetitive
surveys conducted from 1974 through 1986. The deepest recorded
new gouge depth is 4.5 meters in a 26-m water depth. The maximum
annual gouge generation rate ranged from 5 to 8 gouges per km-yr
for water depths of 20 to 35 meters. These values compare
closely with the computed average annual gouge rate (gp) of 5

gouges per km-yr used in this study.
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TABLE 2

EXTREME GOUGE DEPTHS
FOR A PIPELINE ROUTE
FROM KUVLUM TO LEFFINGWELL LAGOON

Pipeline Route Zones

60%* 5.4 3.2 3.3 8.3 9.7 5.1
095~ 070° 070° 070° 070° 070° 070°
<5 5-10 10-15 15-20 20-25 25-30 30-35

65 706 2588 3046 6576 5464 1894
Rate 1 5 5 5 5 5 5

8.66 7.43 5.03 5.09 4.48 2.98 2.71
0.2 0.2 0.2 0.2 0.2 0.2 0.2
100° 100° 100° 100° 100° 100° 100°

=
o
|
o)
N
o
W
o
-3
o
[$))
o
o
Gl OGN BN GaE S n Ili‘w’llii .

- . S . = — A - - - T D G = S -

, 0.92 1.42 2.00 1.98 2.23 3.25 3.55
200 years 1.00 1.51 2.14 2.12 2.38 3.48 3.81
500 years 1.11 1.64 2.32 2.30 2.59 3.79 4.14
1000 years 1.19 1.73 2.46 2.44 2.74 4.02 4.40

(8) Results (using A-1 values)

D D M S W R G S — T T W T D G G G T — G Y =

100 years 1.02 1.61 2.45 2.42 2.81 4.78 5.51
200 years 1.11 1.72 2.62 2.59 3.01 5.13 5.91
500 years 1.23 1.86 2.85 2.81 3.27 5.60 6.45

000 years 1.32 1.97 3.02 2.98 3.47 5.95 6.85

Lagoon pipeline length taken as 60 km assuming landfall
©+ is Endicott, but could be as little as 5 km if landfall
is Pt. Thompson.
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Lewis (1977) used a Gumbel extreme value analysis of Canadian
Beaufort gouge data to determine the 100-year gouge depths of
approximately 3.0-3.5 meters, 3.5-4.5 meters, and 4.5-5.0 meters
for water depth range of 20-25 meters, 25-30 meters, and 30-35
meters, respectively. The corresponding gouge depths from Table
2 are 2.2-2.8 meters, 3.3-4.8 meters, and 3.6-5.5 meters,
respectively. These Lewis values compare closely to the Weeks
gouge depths for the two deeper water depth ranges, but are

significantly greater for the 20-25 m water depth range.

Pipeline Burial Depths. It is important to note that using
equation (8) results in extreme ice gouge depths, not pipeline
burial depths. However, in this context, the terms "extreme
gouge depth" and "pipeline burial depth" are identical, meaning
that the distance from the existing seafloor to the top of the
pipeline should be equal to or greater than the selected extreme

gouge depth in order to provide the minimum adequate protection

for the pipeline.

A set of preliminary design burial depth profiles are presented
in Figures 4 through 7 for the selected Kuvlum pipeline route.
Figures 4-7 show the pipeline burial depth profiles for the 100-
year, 200-year, 500-year, and 1000-year return period ice gouge
depths, respectively, using the A values presented in Table 2.
Another set of burial depth profiles are presented in Figures 8-
11 for the same return periods, but using A-1 values. This
assumption increases the required pipeline burial depth by about

25% to 50%, depending on the water depth.
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FIGURE 5
BURIAL DEPTH PROFILE
RP = 200 Years (Lambda)
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FIGURE 7
BURIAL DEPTH PROFILE
RP = 1000 Years (Lambda)
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FIGURE 9
BURIAL DEPTH PROFILE
RP = 200 Years (Lambda - 1)
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FIGURE 11
BURIAL DEPTH PROFILE
RP = 1000 Years (Lambda - 1)
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RECOMMENDATIONS

s étudy is limited to one existing ice gouge data set
;ééted by the USGS during the 1970's. 1In order to develop

ilédesign burial depth criteria for pipelines in the Kuvlum

7 6£ the uncertainity in the preliminary burial depth profiles

,Iﬁfed in this report.

\’Bgditional repetitive, year-to-year surveys along the same

bﬁ?acklines are needed to establish a more reliable annual

q@uging rate (g) and distribution parameter ( A ) for new

gouges.

‘Site-specific ice gouge data should be acquired given that

there is a wide variation over relatively short distances in

the existing gouge data.

Existing and future ice gouge data should be compared with
surface geotechnical maps to determine if there is a
~correlation between gouge depth and seafloor sediment

thickness or soil type.

'pesign pipeline burial depths need to take into account, not
only extreme ice gouge depths, but the extent of soil
E’jdgformation and resulting pressures developed from ice keels

7: plowing the sediment above buried pipelines.
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5)

6)

7)

8)

Gouge data should be collected as early as possible in the
summer season, especially in the nearshore zone, to measure
the depth of recently formed gouges before early summer

storms and bottom currents obliterate them.

Lithodynamics (movement of seafloor soils by waves and
currents) may govern the depth of pipeline burial in shallow
water, but very little or no littoral drift data have been

collected.

Consistent resolution of fathometer instrumentation is
necessary during any future gouge surveys so that the data

bases can be merged and analyzed.

While the existing data base may not warrant any major
improvements in computational methods, analysis techniques
should account for the fact that other gouge
characteristics, such as length, width, and orientation, are
random variables. In addition, other distributions (e.g.,
gamma, lognormal) should be tested to see whether they fit

the gouge depth data better than an exponential function.,
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VAUDREY & ASSOCIATES, INC.

1540 Marsh Street - Suite 105
San Luis Obispo, CA 93401
Phone: (805) 544-0940

Fax: (805) 544-0940

November 2, 1993

Mr. John Eldred

New Ventures Engineering
ARCO ALASKA, INC.

P. O. Box 100360

Anchorage, Alaska 99510-0360

Dear John:
KUVLUM DESIGN ICE LOAD REVIEW

After review of excerpts of the Sandwell report on the environmental overview and design ice
loads for Kuvium production structure concepts, I have prepared my comments in the following
categories: (1) probabilistic ice load methodology, (2) multiyear ice parameters, (3) extreme ice
feature encounter frequency, and (4) design ice load computation:

Probabilistic Ice Load Methodology. Sandwell described their methodology as analogous to that
specified in the CSA Code. Actually, there are two differences between the CSA Code and the
Sandwell approach: (1) the CSA framework specifies the computation of the expected number of
ice feature encounters with the structure before the ice load computation, not after as performed
in the Sandwell model, and (2) the CSA Code cails for an extreme value analysis to assign
probability distributions to the global ice loading of the structure.

(1) The reason for determining the expected number of impacts before computing the ice loads is
that the probability distribution for the diameter and velocity of all multiyear floes and only those
that impact the structure are not the same. In other words, larger and faster floes are more likely
to encounter the structure. On the other hand, Sandwell first computes the global ice load for a
single encounter, then assumes a specific number of seasonal ice feature encounters, and raises the
cumulative distribution function for the global ice load to the power of the number of assumed ice
feature encounters (N). In the tail of the distribution, this operation is equivalent to muitiplying
the exceedance probability (1-CDF) by the number of ice encounters (N) [see Fig. 3.6 of the
Sandwell report]:

N(1-CDF)=~1-(CDF)"
10(1-0.999) =~ 1—(0.999)"° if CDF approaches unity
0.01~0.0099551

The Sandwell approach is a perfectly acceptable alternative to computing the ice feature
encounters first.
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~ (2) Sandwell’s description of the interaction conditions (Section 3.2.2) does not say whether the
- ice load exceedance probability distribution for repeated simulations of a single multiyear floe
~ impact represents the peak or maximum load for each simulation. This should be clarified because
- itis necessary for an extreme value analysis that the annual exceedance probability distribution for
- a single impact represent the maximum value for each simulation. I believe that Sandwell’s

. computations are correct, but the text should explicitly state that each ice load value is the
mmmnm for each simulation.

Mnltiyear Ice Parameters. Sandwell states that most of the ice parameter distributions are
- contained in the Guif Canada probabilistic ice load model. However, all of the figures in their

- draft report (e.g., Figure 2.4 Multiyear Floe Size and Thickness Distributions) were blank pages,
which made evaluation of them exceedingly difficult. Consequently, I have used representative
probability distribution functions developed for the Eastern Beaufort Sea region, and specifically
- Camden Bay, as input to our in-house probabilistic ice load model.

- Based on 7 years of winter SAR imagery, the multiyear ice concentration can be modeled as a
- Beta distribution (average of 13% coverage for those seasons when multiyear ice was present)
and the muitiyear floe diameter distribution is determined to be a lognormal with an average of
450 meters. The muitiyear floe thickness is also lognormally distributed with an average of 5.5
_ meters, based on a combination of almost 1500 measurements of nearshore and pack floes. Floe
~ velocities (given that there was measurable ice movement) are exponentially distributed with an
. average of 0.2 meters per second, based on over 1000 buoy-days in the region. The ice failure
 pressure distribution is assumed to be a truncated normal distribution with an average of 1 MPa.

Extreme Ice Feature Encounter Frequency. Sandwell implied that the computed number of
-multiyear ice encounters is “unreasonably” high (based on “snapshots” of winter SAR imagery

_and. “experience” in the area) even if reasonable values of concentration, floe size, and ice

~movement are used. I found this comment hard to comprehend since it says that the data must be
: wrong based on relanvely few SAR images and almost non-existent “experience” of operating
: dunng the winter in the outer Camden Bay region. Consequently, I decided to compute the

~ expected number of winter multiyear floe encounters with the available data to see how
w “um'easonable” they were.

L As stated above, the Beta distribution for the multiyear ice concentration has an average of 13%
o cwerage by area. However, this is a conditional probability distribution given that multiyear ice is
- present in the region. According to the several sources over the past 40 years, there were 15
. years in which multiyear ice was present in the vicinity of the Kuvlum Prospect. This effectively
; reduces the average annual multiyear ice concentration to 5%. To determine the number of floe
ﬁ‘eneounters (V) per winter season we must convert the multiyear ice concentration (MY%) to the

‘ : number of floes per unit area and compute the “swath” area (4) swept out of the ice cover by the
- structure as the ice moves past.

‘ Smce concentration is a measure of the areal coverage of multiyear ice, the expected number of

- multiyear floe encounters per unit area (1) can be determined by dividing the multiyear ice fraction
(MY*) by the average floe area:

__AMY%
" 1007E[D?]
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where MY% is the multiyear ice concentration in per cent and E[D?] is the average of the square
of the floe diameter, which is equal to the sum of the mean square and variance of the floe
diameter. As stated previously, the average floe diameter is 450 meters.

A multiyear floe encounter with the structure will occur if the center of the floe lies within a swath
of moving ice that has an average area equal to a rectangle with a width equal to the exposure
width of the structure plus the average floe diameter. The length of the swath is equal to the
seasonal ice flux (average daily ice movement, including days with no ice movement) multiplied
by the typical season length. The swath area (4;) can be expressed as:

Swath Area = 4, =(S+E[D)) ft

where § is the exposure width of the structure (110 meters), E[D] is the average floe diameter
(450 meters), ¢ is the typical length of the winter season (assumed to be 180 days), and f is the
winter ice flux.

The average ice flux is determined to be 220 meters per day from several years of ARGOS buoy
measurements limited to water depths of 20—40 meters in the Eastern Beaufort Sea. This water
depth range lies within the transition or shear ice zone and includes the Kuvlum Prospect.

Thus, during a typical winter season, the total number of multiyear floe encounters (N) with an
110-meter structure located in the Camden Bay region is computed to be:

N =nd,=(2.18x10"m?)(2.22x10"m?) ~ 5 multiyear floe encounters per winter

Using reasonable data input, I come up with a reasonable number of encounters for a typical
winter season. I think that most of the discrepancy between Sandwell’s estimate of multiyear floe
encounters and mine occurs from their assumption that the average pack ice drift of 7-10
kilometers per day is representative of the transition zone, which remains relatively stationary
between major storms during the winter.

Similarly, the number of multiyear floe encounters have been computed for a combined summer
and freeze-up season when the muitiyear floes attain the greatest velocities. Additionally,
multiyear floes, surrounded by open water or thin, first-year ice, will be free to rotate upon
impact, except for a limited number of potential “head-on” collisions. I estimate that
approximately 20 multiyear floe encounters will occur during the combined summer and freeze-up
seasons (from July 1 to November 30).

Design Ice Load Computation. Sandwell determined that the global design ice load for the 110-
meter production structure was governed by a winter multiyear floe/ridge impact. I concur with
this conclusion after executing one summer/freeze-up multiyear floe impact scenario using our in-
house probabilistic ice load model. The load distribution was generated from 10,000 simulations
of a multiyear floe impact. The 100-year return period global design ice load is computed to be
480 MN, and the 1000-year return period ice load is 750 MN, both calculated by a limited
momentum approach for 20 impacts per summer/freeze-up season. The resulting summer global
ice loads were significantly lower than those computed for the winter season. As stated by
Sandwell, a lower ice failure pressure and little or no pack ice driving force are the primary
factors contributing to the lower ice loads.
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~As a direct comparison of the governing winter design ice loads for a 110-meter structure as
- presented by Sandwell in Figure 3.5 of the draft report, I computed an ice load distribution based
. on 0000 simulations and one impact per winter season. I used input probability density
= ﬁmctxons for the multiyear ice parameters as set forth in an earlier section of this letter. Initially, I
- assumed that there would be a sufficient pack ice driving force to produce full penetration of the
‘m into any multiyear floe commg in contact with the structure. A limited stress approach
‘was used to compute the maximum ice load for each simulation. The results are plotted as

~ Vaudreyl on the attached figure, along with the Sandwell distribution from Figure 3.5 of their

- A second ice load distribution was generated to determine the effect of changing from a limited
~ stress to a limited momentum approach to account for thin, first-year ice in early winter and open-
~water lead formation during storms. If either of these two conditions exist, there may not be
- sufficient driving force to insure full penetration. The results of the limited momentum
~ calculations are shown as Vaudrey2 on the attached figure. The difference between the limited
~stress (Vaudreyl) and the limited momentum (Vaudrey2) approaches are significant for most of
- the ice load distribution, but both plots converge in tail of the distribution, from which the design
- ice loads are selected. In fact, both of my ice load distributions and the Sandwell distribution
- converge at an exceedance probability of approximately 0.002 (equivalent to a 500-year return
period for a single impact per winter season).

The fact that the Vaudreyl and Vaudrey2 plots converge in the tail of the exceedance probability
~distribution simply indicates that full penetration is finally achieved by the limited momentum
~approach. Sufficient driving force to produce full penetration occurs as a result of sampling high
veiocities and large floe diameters from the tails of those multiyear ice parameter distributions.

~For 5 multiyear floe encounters per winter season, as computed previously, the 100-year return
penod design ice loads can be determined from the Vaudreyl and Vaudrey2 ice load values for an
- exceedance probability of 0.002. This is equivalent to a 100-year return period or an exceedance
'prababxhty of 0.01 = 5(0.002), as described earlier in the methodology section. Thus, the design
-ice load range becomes 1350-1450 MN or 300-325 thousand kips for a 100-year return period.
- These ice load values are roughly 15% less than the 16001700 MN range recommended in the

- Sandwell report, but the Sandwell loads are representative of 10 to 25 impacts per winter season,

not 5. Using Figure 3.6 from the Sandwell report and a value of 5 winter impacts, the 100-year
return period ice load is about 1450 MN, corresponding to the upper bound of my ice load range.
- As shown in the attached figure, all three ice load distributions have remarkable agreement in the

~tails of the distributions where exceedance probabilities are less than 0.002.
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Summary. The Kuvlum design ice load review included:

Evaluation of the probabilistic ice load methodology presented by Sandwell. It is
recommended that the final report clarify that the ice load distribution represents the peak or
maximum ice load for each simulation in order to insure a proper extreme value analysis.

Development of a set of input distributions for multiyear ice concentration, floe diameter and
thickness, ice velocity, and ice failure pressure. All of these probability distributions were
based on data collected in the Eastern Beaufort Sea or, specifically, the Camden Bay region.

Prediction of 5 multiyear floe encounters per winter season and approximately 20 muitiyear
floe impacts during the combined summer and freeze-up seasons. Both estimates are based on
data measurements and personal experience in the vicinity of the Kuvium Prospect.

Computation of the global design ice loads for a 110-meter structure. The recommended
design ice loads range between 1350 and 1450 MN (300325 thousand kips) for a 100-year
return period, based on 5 multiyear floe encounters per winter season. The ice loads compare
very closely with the Sandwell loads in the tail of the distribution, which is the region of
interest.

Best regards,

Kennon D. Vaudrey

Attachment
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Arctic Geoscience
Eastern Beaufort Sea Synthesis
Summary

Arctic Geoscience performed a synthesis of the Eastern Beaufort Sea
area. Existing public geotechnical information was gathering into this
document and regional area types have been classified. The cover and
executive summary are provided in the following section. The full report
was provided at the July 21, 1993 Kuvilum Predecision Studies
Engineering meeting.
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EASTERN BEAUFORT SEA SYNTHESIS
EXECUTIVE SUMMARY

This study was intended to synthesize existing geologic and geotechnical information of
the near shore, middle shelf, and outer continental shelf regions of the Eastern
Beaufort Sea, specifically from Mikkelsen Bay to Demarcation Bay. The synthesis was
directed at identifying anticipated soil conditions in the study area as well as geologic,
physiographic and oceanographic conditions that may have significance in engineering
planning and designs for exploration and production activities. General knowledge of
basic soil, geologic, and oceanographic conditions in a frontier environment is needed
for various planning activities.

There are several areas of geotechnical investigation that are critical to Eastern
Beaufort Sea development. This data is needed before strategic decisions on the
types of development facilities and technologies can be made with confidence. Non-
bonded Permafrost Soils - Evaluation of these materials would aid in predicting effects
on pipelines, production well casings, and permanently founded structures. |ce-Bonded
Soils in the Development Area - A boring program is required to identify the presence,
location, depth, extent, and the temperature of ice-bonded soils, and is critical in areas
of permanently founded production structures and buried pipelines. Detailed
Distribution of Ice Gouging in the Development Area - Site seafloor surveys will
investigate the distribution, frequency, and extent of ice gouging, and are critical in
determining lithologic units and the base contact area for bottom founded structures.

The most effective approach to evaluating a frontier area is to develop a regional
geologic synthesis with predictive models based on available geologic, geophysical,
physiographic and oceanographic information. Using this regional model, the next step
is to select key new soil boring locations and prioritize new high-resolution geophysical
lines, bathymetric, current, and other oceanographic studies that will "infill" the data set.

Distribution of Permafrost in the North American Arctic seas is poorly understood in
comparison to onshore permafrost. As developments extend offshore, the same level
of understanding will be required. Investigations of extent, classification of type, and
the performance of said type are required. Onshore classification systems, criteria and
testing standards may need to be altered. The existing geophysical data set provides
only a cursory evaluation of the variable depth to and extent of permafrost in the

i




Eastern Beaufort Sea. Most interpretations are based on local observations that are
extrapolated to outlying regions.

The changes in regional features by geomorphic processes responsible for the active
development or modification of the Arctic coast line need to be investigated, processes
‘of erosion (thermal and hydraulic) understood, and included in engineering
development planning and design efforts.

Regional soil conditions presented in the literature to date are limited and highly
interpretive. Holocene sediments typically present lower soil strengths than the
‘Pleistocene units and can be difficult to differentiate from Pleistocene soils of higher
strengths due to ice gouging.

Only three deep soil borings are available in the study area, and are supplemented by
analog seismic data with limited resolution. Existing literature recommends one
borehole per 8000 square meters of surface area, or one soil test (insitu) per 2000
square meters. Common practice reported for structures in the Canadian Beaufort Sea
are from one borehole per every 2000 square meters to one soil investigation per every
250 square meters for bottom founded Arctic caissons.

Considering these parameters for geotechnical studies associated with structure
placement additional supporting information is needed. In evaluating the presentation
of geotechnical data for stratigraphic units in this synthesis, it is prudent to realize that
the geotechnical parameters depend more upon fithology than stratigraphy.

As ARCO Alaska Inc. continues with their Kuvium Prospect development planning, the
development of a gedtechnical program for production development must be initiated
with the oil company operator and a selected consultant as a team to define the scope
of work and schedule. This interaction will assure the objectives of the owner are being
met, and will reduce costs.
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ARCO Alaska inc.

ARCO PRODUCTION RESEARCH CENTER
2300 West Plano Parkway

Plano, Texas 75075-8499

PRC-J-1422

Attention: Mr. Junius Allen

Bedrock Review
Eastern Beaufort Sea Synthesis
ARCO Alaska, Inc.

Gentlemen:

This letter transmits the results of our technical review of the data presented in Arctic
GeoScience's Beaufort Sea Synthesis for the presence of "bedrock" in the "Kuvium Prospect”,
and Camden Bay areas of the Eastern Beaufort Sea. This request was based on our
discussion with Mr. Junius Allen on July 19,1993. The interest in depth to "bedrock" was
directed at providing information to support conceptual studies for tunneling in the offshore
regions of the Beaufort Sea. We have reviewed the data in synthesis and have excerpted and
expanded the information in the synthesis with the collected reference data base.

The users of the data presented in the synthesis must realize its limitations and the original
purpose of the study. The synthesis is a compilation of work performed by other investigators.
Arctic GeoScience compiled the data and summarized findings of these investigators to allow
a reference for future planning. The next step in the synthesis is to review the data sets with
new findings or cross correlation between various investigators to change or aiter the regional
mapping developed, and subsequently presented.

The initial respoh's)eﬂ to the',question of what is the depth to bedrock in the Eastern Beaufort
Sea must initially be directé_d at what is '‘Bedrock" and by who's definition should the mappable
unit if any be presented. We have reviewed this interpretive condition with respect to the data
set available. This data set consists of seismic data from the geohazards site clearance at
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"Kuvium" and "Stinson", analog seismic data reported in open file USGS reports, downhole
geophysical well logs, and the geotechnical properties presented by investigators working in
the Eastern Beaufort Sea on various programs, both regional and site specific.

Initially, the terms "rock” and "soil" need to be understood in terms of the discipline making this

distinction. As an example, what may be a mappable rock unit to the geoiogist may be soil to
the civil engineer. Highly weathered sandstone or shale unit would appear on a geologist
mapping or interpretations as structure horizon or mappable conformity, but due to weathering
would have the physical properties of a soil. The definition of "soil" is significantly different
between geologist, soil scientist, and civil engineers. It is prudent to remember that no
universally accepted definition of "soil" and "rock" even within a given discipline exists (R.
Johnson and J. DeGraff, 1988). The engineering definitions are governed by the need for
quantifiable physical properties that may group materials together without regard for the more
specialized classifications of the geologist or soil scientist.

Rock is defined as a naturaily occurring consolidated or unconsolidated material composed of
one or more minerals (Gary et al., 1972). Although this definition is useful to the geologist, it is
apparent that the definition includes materials with physical properties that the engineer would
consider to be engineering soils, unconsolidated materials. The commonly used engineering
definition of rock is that of a hard, compact, naturally occurring aggregate of minerals (Krynine
and Judd, 1857). The soil of the civil engineer is an aggregate of mineral grains that can be
separated by gentle means such as agitation in water (Terzaghi and Peck, 1967).

Presented on page 8, section 4.3.1 " Pleistocene and Holocene Sequences" of the Beaufort
Sea Synthesis, reference is made to the mapped thickness of the Holocene unit in the Eastern
Beaufort Sea prepared by Dinter (1982) and illustrated as Figure 10. Dinter outlines an area of
Zero Holocene thickness north of Barter island. Within this area, Craig, Sherwood and
“Johnson (1985) state that, consolidated bedrock may be exposed at or near the seafloor. The
"geologic" interpretations made by these investigators of possible bedrock exposure at or near
the seafloor being of Tertiary Age associated with the "Camden Bay Upilift" should be further
referenced to the descriptions of the "Stratigraphy of the Beaufort Sea Shelf" presented on
Figure 8. We have investigated these references by reviewing the seismic data from which the
interpretations were based, and the high resolution seismic data collected for the " Kuvium "
and " Stinson" Prospects. To expand the depth to bedrock investigation we reviewed the
geophysical well logs presented in Attachment D of the synthesis. The following discussion
presents our engineering geologic review of the presence of a mappable bedrock contact.

i
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1.0 Seismic Depth to Bedrock:

For seismic investigations the top of bedrock is defined by a sharp increase in the acoustical
velocity of the subsurface due to the increase in the elastic moduli of the material with
cementation. Frequently there is an associated increase in density. In a reference to acoustic
velocities and bedrock, Caterpillar Tractor in edition 18 of their performance handbook states
that shales, sandstones, siitstones, and claystones with acoustic velocities below 9,000 ft/sec
are rippable with a D10N, from 9,000 to 10,800 ft/sec they are marginal and above 10,800
ft/sec they are non-rippable.

The compressional wave velocity of a medium is a function of the bulk modulus, the shear
modulus, and the density of that medium. Compressional wave velocities for unconsolidated
sediments range from 1,000 to 7,000 ft/sec, and for shales and sandstone from 5,000 to
18,000 ft/sec. For reflection seismology the compressional velocity may be extracted from a
data processing parameter known as the stacking velocity. These values are normaily posted
on seismic sections to permit calculations of the depth associated with an event time on the
record. Alternatively the raw shot records from the field contain shallow refraction data over
the length of the active geophone spread. The compressional velocities can be calculated
directly from this data to a depth not greater than the length of that active geophone spread.

The reflection coefficient on a seismic section is % the change in the logarithm of the density
multiplied by the compressional velocity. Therefore a sharp change in velocity associated with
the top of bedrock should resuit in a continuous substantial refiection on the seismic record.

In the Arctic environment permafrost complicates this investigation because the acoustic
velocity in frozen soils ranges from that of ice (12,500 ft/s) to 18,000 ft/sec. This overfaps the
range of competent rock. Permafrost is distinguished by noting the sharp decrease in velocity
with depth at the bottom of the frozen soil. Seismic velocity tends to increase with depth in
rocks of the same type, and decreases are associated with changes in lithology (from harder
rocks to softer rocks) and not of the same magnitude as seen with permafrost. The top and
bottom of permafrost zones are irreguiar enough that they do not yield seismic reflections.
Permafrost zones are identified on reflection seismic sections by their impact on the travel
times and stacking velocities of the events below those zones.

Unfortunately neither the seismic sections provided for the "Kuvium" and "Stinson" sites nor
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those acquired from the open literature include seismic stacking velocities. We have not been
provided any raw shot data for refraction analysis and have failed to locate any supporting
data for the study area in the public domain.

"In the synthesis report, cross section A to A' (Figure 26&27) show no competent rock to a
depth of 340 feet at Flaxman Island in USGS BH#18. This establishes an upper limit for the
top of bedrock in this area. If we assume a compressional velocity of 6,000 ft/sec (typical for
water saturated soils) this limits the reflector associated with the top of bedrock on the seismic
section to below 110 milliseconds two way time. Similarly, soil boring performed at the
"Stinson" Prospect to 100 feet penetration below mudiine, did not report bedrock although
over-consolidated soils were present, and sampling was only accomplished by the use of drive
sampling techniques below 20 feet with somewhat limited success.

An examination of the high resolution seismic data acquired and presented for the geohazard
'surVeys for the "Kuvium” and "Stinson" wells do not show any major continuos regional
reflectors of the type that would normally be associated with the transition from soil to
‘competent rock. There are zones of shallow high amplitude reflections but their character is
more consistent with gas saturated sands trapped between less permeable silts and clays than
the transition to bedrock. This is also the earlier interpretation of this data set by the
presenting investigators.

USGS line 81-32 in OCS Report MMS 85-011, attached Figure 1, shows shallow dipping beds
(apparent dip of approximately 7°) which intersect or nearly intersect the sea floor and were
interpreted in that report as bedrock of probable Tertiary age. This seismic line is
apprdximately 3 miles north of the western tip of Barter Island, attached Figure 2. From Arctic
GeoScience's Beaufort Sea Synthesis, Figure 17, we see this area as QPh/3B. Figure 23, of
the same report describes QPh as very stiff and hard unconsolidated silts and clays of older
Pleistocene age (pre-llinoian) which are typically dipping with an angular unconformity marking
Vth'e top of the Camden Bay uplift. The undrained shear strength is given as 4-8 ksf. This
interpreted "bedrock” exposure correlates to the over-consolidated, hard marine soil unit. For
engineering purposes, this unit may warrant further investigation for tunneling studies.

USGS seismic line 77-740, attached Figure 3, from the same reference shows an angular
unconformity in it's southem %, with similarly dipping beds below it, at approximately 225 feet
below the seafloor. This seismic line runs NE-SW just northeast of the "Kuvium" well (attached
Figure 2), and crosses the two "down to the north faults" shown on Figure 7 of the Beaufort
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Sea Synthesis. This is likely to be the same unit but we have no direct evidence to this effect.
We understand from conversations with ARCO Alaska drilling engineers that “"glory hole"
excavation for the exploratory drilling at "Kuvium" has been, and is difficuit.

The high resolution seismic data presented for the "Kuvium" Prospect geohazards report was
processed and displayed at a different scale than the USGS data. The attached Figure 4
through 7, display the interpretations prepared by the investigators, and our interpretation of
the dipping beds presented by the USGS. it would be prudent to consider collecting the
"Kuvium" and "Stinson" high resolution seismic data and have the data reprocessed. The
reprocessing would allow a second look for potential shallow bedding features, as well as allow
alternative displays, such as a "squeezed" horizontal scale to facilitate interpretive efforts of
this dipping unit.  Additional site specific investigations directed at the upper 150 to 300
meters would be beneficial to map this unit from the "Kuvium" Prospect to the coast. Further
investigation of the upper 150 meters prior to mobilization of a specific geotechnical program
could be accomplished by performing a high resolution geophysical investigation from a well
support vessel, or drilling a soil boring intersecting the interpreted dipping beds, from the
exploration drilling vessel onsite at "Kuvium”.

2.0 "Bedrock" Determination from Geophysical Well Logs

A geophysical well log analyst typically refer to bedrock as a consolidated formation.
Bedrock can be determined from geophysical weil logs (WL) by both reading cutoff values
directly from the sonic log and by calculating mechanical parameters from log vaiues. The
determination based on mechanical properties requires establishing guidelines for defining
bedrock based on calculated values. We have located well logs from the Chevron Karluk #1
and Exxon Pt. Thompson #2 wells as examples of data that is available in the area.

SONIC LOG VALUE: Bedrock can be determined from the borehole compensated sonic
(sonic) tool based on log response in shales and in sand formations. Both techniques require
establishing a log value to differentiate between bedrock and overlying soils.

Traditional sonic interpretation defines a formation as unconsolidated if the average
compressional travel time (Atc) of adjacent shales are greater than 100 psec/ft (Schiumberger
1972). Petrophysists derived this value empirically to force agreement with porosity values
calculated from Atc and density, resistivity and neutron logs. We have well log data on the
Chevron Karluk well #1 from approximately 2000 to 400 ft. None of the shale Atc values are

Lo
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below 100 usec/ft indicating all formation material is unconsolidated. We also have well log
“data on the Exxon Pt Thompson #2 well from 2100 to 92 ft. This sonic log indicates Ate
values greater than 100 usec/ft suggesting the entire interval is unconsolidated at this location.

Wet, unconsolidated sand produces an acoustic (sonic) velocity of 2000 to 6000 ft/sec while
~ sandstone velocities vary from 6000 to 13,000 ft/sec (Table 1). This corresponds to sonic log
‘values of 500 to 167 usec/ft for wet sand and 167 to 77 psec/ft for sandstone. The difference
" in acoustic velocity between wet sand and sandstone is due to the improved acoustic coupling
between sand grains created by cementation. Using this criteria, bedrock is indicated by Atc
less than 167 psec/ft in the clean sand formations. Consistent bedrock is located below 1300
" ft in the Chevron Karluk #1 well. The Pt Thompson well #2 indicates the top of consolidated
" sand at approximately 1900 ft. Above these depths, both sonic logs show Atq in the clean
sand intervals greater than 167 psec/ft (Above these depths At crosses below 167 usec/ft in
_intervals that are primarily shale.)

~ The Chevron Kariuk #1 well is located in the vicinity of USGS borings 14 and 20. Neither of
these borings encountered bedrock. USGS boring 14 was drilled to 120 ft and USGS boring
20 was drilled to 150 ft.

Figures 8 and 9 depict the sonic logs from the Chevron Kariuk #1 and Exxon Pt. Thompson #2
wells. The 167 usec/ft cut off is marked on the sonic logs indicating bedrock and soils.

MECHANICAL ROCK PROPERTIES CALCULATIONS: Geophysical well log data can be
used to calculate mechanical rock properties. These can be used to define rock competence
~which can be correlated to bedrock determination. The method of determining mechanical
rock properties from WL data as described in two articles are presented below. These
techniques rely primarily on sonic data but also utilize density, resistivity and gamma-ray data.

Tixier et al (1978) describe a method of calculating formation strength from density, sonic (Atc),
| reéistivity and gamma-ray logs. This technique is directed primarily at deep reservoir rock but
can be adapted to shallow formations using consoclidation corrections of sonic data. This
method allows caiculation of shear modulus (G) and poisson's ratio (y). Shear modulus is
related to shear strength (t) by the relationship 1 =G0 , where 6 = shear strain. The value of
" G will be that of the thawed formation material around the borehole. The authors derived this
method using Gulf Coast information but have successfully applied it to well logs in Alaska,
and Canada. Poisson's ratio has been derived empirically from work by Anderson using
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formation shaliness (attached figure 10). Shaliness is derived from the gamma-ray or SP log.
Shear modulus, G, is calculated using the formula G = A/tc"2 where A is a constant involving
poisson's ratio.

Kowalski (1978) describes a method of calculating young's modulus (E), bulk modulus (K),
shear modulus and poisson's ratio from well log data. This method requires bulk density (p),
shear travel time (Ats)and Atc. Ats is not available on the well logs that are available to us at
this time but estimates of Ats have been empirically derived for various rock types from At
(see attached Figure 11). These calculations also require data from a density tool.

Calculations using the two methods described above can be used to confirm the validity of the
two techniques. The next step in using this data will involve deriving appropriate cutoff limits to
correlate mechanical properties to bedrock. We will also have to determine a method of
distinguishing between over consolidated sediment and bedrock.

Well log data from the "Kuvlum" and "Stinson" Prospect exploration wells were not available to
Arctic GeoScience during our synthesis. If the well log data for the upper 1,000 to 2,000 feet
were available, similar evajuations could be performed, as well as investigation for the
presence of bonded permafrost.

3.0 Geotechnical Data - Interpretations of "Bedrock”

In review of the geotechnical data compiled from limited soil borings performed in the Eastern
Beaufort Sea, available values of soil strength (Su), and consolidation test resuits present
physical properties to the geotechnical engineer of the QPh/3A unit of highly over-consolidated
and very hard cohesive soils (silts and clays) with shear strengths greater than 4 ksf.
USGS/HLA BH#18, north of Flaxman Island, penetrated to a depth of 300 plus feet below
mudline. Bedrock was not reported in the geotechnical borehole logs. Similarly at "Stinson"
soil borings to 100 feet did not report bedrock in the geotechnical logs, although over-
consolidated soils were present and soil sampling was only accomplished by the use of drive
sampling techniques. Soil boring 103, of the Dames and Moore - Fugro study, were drilied and
sampled to a depth less than 150 feet penetration below mudline, and no reference was made
in the geotechnical borehole logs to bedrock.

The soil borings performed and geotechnical data collected for Arctic bottom founded structure
setdown and performance evaluations at "Stinson" and "Aurora” Prospects reported very hard
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over-consolidated soils. Penetration of the structures "skirts" were limited and at "Aurora"
Prospect as a gap of approximately 1.0 to 1.8 feet were measured (reported) between the
base of the "MAT", and the seafloor. In review of the predicted soil zones prepared by EBA
Engineering on Figure 17 of the Beaufort Sea Synthesis, and the resuits presented in this
preliminary review, the hard Camden Bay soils could be interpreted to the extend further to the
east than originally projected. Similarly the geotechnical properties of high shear strengths,
over-consolidated soils at "Stinson" may also extend the 3A unit further to the west than is
presently projected ( attached Figure 12). This stratigraphic zone of over-consolidated silts
-and clays may prove advantageous for site development planning and further investigation.

To further this study of the geotechnical properties of the regional soils, the shear strength
profiles for each soil boring, and the results of cone penetrometer testing could be reviewed
with the regional stratigraphic units. Figure 42 of the Beaufort Sea Synthesis presents a
comparison of shear strength with the stratigraphic units. This could be further studied to
correlate, and include the projected depth of Holocene soils at the soil boring location, the
depth at which the cone penetrometer testing met refusal to the interpreted depth of Holocene
soils, and the relationships of index testing, shear strength and consolidation indices within the
projected soil units previously mapped by other investigators to the stratigraphic units. This
‘study would be limited, due to the present distribution of geotechnical borings and cone
penetrometer test locations in the "Kuvium" study area, but would be more focused toward the
interpretations of a geotechnical engineer as compared to past presentations by geologists,
geophysicists, and geological engineers.

Arctic GeoScience appreciated this opportunity to assist ARCO Alaska Inc. with their
development planning activities in the Eastern Beaufort Sea, Alaska. We continue to remain
available. Should you have any questions or require any additional information please do not
hesitate to contact the undersigned.

Sincerely,
Arctic GeoScience

Michael G. Schlegel
Consuitant; Engineering Geology
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TABLE 1
Table A2. Approximate range of velocities of longi- : g
tudinal waves for representative materials
found in the earth's crust.2
A. Classification According to Material
. Velocity®
Material Ft/Sec MLSec.
Weathered surface material ............ 1,000— 2,000 308— 610
Gravel, rubble, or sand (dry) ........... 1,500-— 3,000 468— 918
Sand (Wet) ..ooeiiiiiiiiieiirianiainnns 2,000~ 6,000 610— 1,8%
ClAY civeveeeesrrocstaccneintosennane ve  3,000— 9,000 918%— 2750
Water (depending on temperature and
saltcontent) .......coeiciiivinnann. 1,430— 1,680
Sea water ... iiiiiiiiiiniiiiann e 1,460— 1,530
Sandstone ..........c0iinnnnn. . 1,830— 3,970
Shale .oeceevvrenraiinnnns .o K 2,750 4,270
Challt ...ovveeveinnnnnnnnn e 1,830— 3,970
Limestone 2,140— 6,100
Salt ...... 4,270— 5,190
Granite .co.ocvvevenninnn 4,580— 5800
Metamorphic rocks 3,050— 72,020
Ice....... ceeees tetsencrsaterenatnans . 12,050
B. Classification According to Geologic Age
Age Type of Rock Velocity
F1/Sec M/Sec.
Quaternary Sediments (various degrees
of consolidation) ...... 1,000~ 7,500 05— 2290
Tertiary Consolidated Sediments ..  5,000—14,000 1,530— 4,220
Mesozoic Consolidated Sediments .. 6,000—19,500 1,830— 5,950
Pal i Consolidated Sediments . 6,500—19,500 1,980— 5,950
Archeozoic Various .......oocvvnnn. 12,500—23,000 3,810— 7,020
C. Classification According to Depth t :
0—-2000 ft. 20003000 ft. 3000--4000 ft
(0—600 M.) (600900 M.) (900—~1200 M.)
Ft./Sec Ft./Sec. Ft/Sec.
Devonian ................ 13,300 13,400 13,500 :
Pennsylvanian ........... 9,500 11,200 11,700
Permian ................ 8,500 10000 ...,
Cretaceous .............. 7,400 9,300 10,700 ‘
Eocene ......... Cevereeae 7,100 9.000 10,100
Pleistocene-to-Oligocene 6,500 7,200 8,100

® The higher values in a given range are usually obtained at depth,

a ":’D=u from B. B. Weatherhy and L. Y, Faust, Buil. dAmer. Assoc. Potvol. Geologists, 10

aReprinted from pg. 660 of J akoskyz.

From Redpath (1973)
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330 E. HUFFMAN ROAD. SL°7% 203 « ANCHORAGE. ALASKA 88515

June 18, 1993
93-0033

ARCO Alaska Inc.
Post Office Box 100360
Anchorage, Alaska 99510-0360

Attention: Mr. John M. Eldred
Sr. Facilities Engineer

Weilbore Geophysics
Kuvium Prospect
Beaufort Sea, Alaska

Gentlemen:

This letter is in response to our past conversations regarding the presence of ice bonded
permafrost in the offshore regions of the Beaufort Sea. We have collected geophysical
well logs from one onshore exploration well ( Pt. Thompson #2) and another from an
exploration well drilled from a Barrier Island (Kariuk #1). The geophysical data collected
can be utilized to evaluate the presence and condition of the permafrost in the welibore.
This technique is described in professional papers included with this submittal. The
evaluation of the available well logs would assist in extending the data base being
assembled for ARCO's future development planning at "Kuvium Prospect”. The
following text briefly summarizes our approach, and ability to review the wellbore

geophysical logs.

Our preliminary investigation of petrophysical properties of permafrost indicate that we
are able to identify several properties including the percentage of pore space occupied
by free liquid verses the total porosity (deff/dtotal), Rw, NaCl concentration and
temperature of the undisturbed permafrost.

We located two sets of geophysical well logs in the area of study from the public record
(AOGCC) that included measurements of the shallow permafrost zone. These were
Exxon's Point Thompson #2 well and Chevron's Kariluk #1 well located in the Eastern
Beaufort Sea. The data available was from approximately 400 ft to 3000 ft. The well log
suites included Dual Induction Resistivity, SP, Gamma-Ray, and Borehole Compensated
Sonic tools.
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- “Our evaluation followed procedures described in (Desai and Moore, 1968). We have

also located two additional articles describing techniques for identifying Hydrates

(Coliett, 1983) and (Pearson et al, 1983), accompany this transmittal. We have

incorporated their techniques where applicable.

Wae have identified other available well logs that cross ice-bonded permafrost zones to
further identify petrophysical changes, in the public record should this study be
continued.

DESCRIPTION OF PROCEDURES FOLLOWED:

The following discussion is a description of the procedures followed in evaluating the
geophysical well logs in permafrost. Figures 1 through 3 depict sections of the well logs

used to evaluate the analysis techniques used in this investigation.

lniﬁ'ally, we reviewed the logs continuance of the data, and for data quality. The Point

: Tho’mpson Sonic log was missing data due to poor print quality of the available record.

The lack of caliper data hindered the evaluation of the sonic log quality., because we
were not able to identify cycle skips due to washouts verses tool response to shailow

: fbfmations. The deep resistivity (ILD) exhibits very high resistivity in the sands due to

the presence of ice in the pore space as expected. The shallow resistivity (LL8) reads
m@ch lower, as this is responding to the thawed zone in the sand strata. The SP log

_exhibits larger negative deflection near the top of the logged interval as Rw decreases.

We have selected three zones to test the evaluation method.

‘Our next step involved calculating the temperature distribution for the weli and zones of

interést. The borehole temperature environment is depicted on Figure 4. The extent of

‘th'awing is dependent on the length of time the formation is exposed to the driling mud

and the mud temperature. We were able to identify the extent of thawing of material
around the borehole and the temperature of the undisturbed permafrost at depth. We
can refine this work to include temperature corrections for latent heat, should ARCO be
intérested in continuing this study.

Heéistivity of the water in the pore space (Rw) was caiculated from the SP log using

standard methods. Rw was calculated by following guidelines presented in

¥
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Schlumberger Log Interpretation Principles Volume 1 (1972). Computation of Rw values
allowed us to calculate the NaCl concentration in the zone of study.

After computing values for Rw, we determined the ¢eff/dtotal ratio for each zone using
Rw at formation temperature.

Table 1 is a summary of the data set calculated for the Exxon, Point Thompson #2 well.

Table 1
Point Thompson #2 Well
Summary of Petrophysical Properties

TEMP OF
DEPTH (feet) | UNDISTURBE Rw NaCl beff/dtotal
D
PERMAFROST
900 14.80F 0.31 @ 62°F 26,000 PPM 0.18
1500 24.60F 0.54 @ 62°F 13,000 PPM 0.20
2010 33.09F 1.70 @ 62°F 3,000 PPM 1.00

Note that Rw decreases and NaCl concentration increases as interpretations continue
up the wellbore. This is consistent with the concentration of naturally occurring salts
present in the pore spaces of the formation as the interstitial water freezes with
decreasing temperatures. The oeff/0total ratio also decreases as expected in shallower
depths of the wellbore. Permafrost occurs to approximately 1900 ft in the Point
Thompson #2 well. The feff/ftotal ratio calculates at 1.00 below this depth, confirming
there is no frozen water occupying the pore space which helps confirm the validity of the
process. Figure 5, graphically displays the change in Rw and feff/ftotal in the Point

Thompson #2 well with depth.

Table 2 is a computation of temperature at a depth of 900 feet in the Point Thompson #2
wellbore. The formation temperature is calculated from the methods outlined in Desai
and Moore's publication entitied "Well Log Interpretation in Permafrost”
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Table 2
Point Thompson #2 Weill
Radial Temperature Distribution for Depth 900 Feet
TEMPERATURE
RADIUS FROM TEMPERATURE CORRECTED FOR
'} BOREHOLE CENTER (FT) LATENT HEAT
' 1.46 35.000F TO BE CALCULATED
2.0 55.200F TO BE CALCULATED |
2.5 17.850F TO BE CALCULATED
3.0 7.079F TO BE CALCULATED |
70 -1.750F TO BE CALCULATED
5.0 -8.120F "TO BE CALCULATED
8.0 -11.550F TO BE CALCULATED
10.0 -14.009F TO BE CALCULATED

We can continue our evaluation of the permafrost conditions by calculating the
~temperature corrected for latent heat which will allow identification of the thawed,
t?éhsition and undisturbed permafrost zones. This can be performed if requested

ADDITIONAL INFORMATION:

’ Thé,following information will helps to improve the accuracy of this technique and allows

for /fur}ther evaluation of petrophysical data.

- Well log data collected from shallower wells, preferably data that crosses the ice-
bonded contact. This information is available in selected weils. Well logging has
been performed to 92 feet in the Point Thompson #2 weil. This data was not
available to us at this time. This shallow evaluation is supported by Selimann
and Chamberlain (1979) identification of the ice-bonded permafrost boundary to
be between 0 and 140 meters offshore in the Beaufort Sea based on drilling and

seismic reflection data.

i
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Information on accurate values of Sonic Travel Time (At) of the matrix and
chemistry of interstitial fluid in the shallow permafrost. This data can be obtained
from crossplots and core sample measurements. )

Caliper information of the well bore to evaluate the quality of the sonic data.

Density and/or Neutron data to assist in cross plots for matrix parameters and
porosity information.

Drilling records identifying the length of time the zone of interest has been
exposed to the drilling mud. This will allow us to better understand the radial
temperature distribution around the borehole.

Micro Resistivity log (MSFL of MLL) to insure measurement of thawed zone
resistivity.

Core data of the permafrost.

Any of the above information will improve the quality of information obtained in these
investigations. We can continue to investigate the procedures identified here by
researching additional techniques and acquiring additional well information.

FURTHER STUDY:

We can continue the process of locating well logs that have obtained measurements
across the ice-bonded permafrost boundary to further identify the petrophysical changes.
Our presented interpretive theory is based on the assumption that salt water will invade
the pore space above the ice-bounded zone in the offshore regions of the Beaufort Sea.
This increase or change in formation salinity wiil change the SP and resistivity response
as the value of Rw will also change at this location. Additionally, we can further our
study by attempting to identify and refine values for Dt of the matrix and fluid at these

shallow depths.

i
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o Aébtic GeoScience and Watson Co. appreciated this opportunity to provide technical

: services in support of ARCO Alaska's planning activities at your "Kuvium Prospect” in
fﬁﬁ"‘Béaufort Sea, Alaska. We hope our services to data have been of value to ARCO
~ Alaska Inc. Should you have any questions or require any additional information please
- do not hesitate to contact the undersigned.

Sincerely,
Arctic GeoScience

LG

Michael G. Schlegel
Consuitant; Engineering Geology

e
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DETECTION AND EVALUATION OF NATURAL GAS HYDRATES FROM WELL LOGS,
PRUDHOE BAY, ALASKA

Timothy S. Collett

Department of Geology/Geophysics, University of Alaska, Fairbanks, Alaska 99701

USA

The purpose of this study i{s to develop techniques for the detection and evaluation
of in-situ gas hydrates from well log data and to determine possible geologic con-

trols on the occurrence of hydrates in the North Slope region of Alaska.

Several

new methods of evaluation for subsurface gas hydrate were developed and incorporated

with existing techaiques.

For each of 125 wells examined as part of this study the

geothermal gradient was determined and the theoretical stability zone for methane

hydrate was calculated.
32 wells.
depth of 1,000 meters.
depositional sequences.

Among these, there was 102 apparent hydrate occurrences in
A subsurface structural-stratigraphic framework was established to a
This sediment package is characterized by three deltaic
The high frequency of hydrate occurrences in the structur-

ally up-dip region of the Kuparuk 0i1 Field suggests that upward migration of free
gas preceded hydrate development in the zone of hydrate stability.

INTRODUCTION

Significant quantities of gas hydrates have
been detected in many permafrost regions of the
world; in western Siberia, in the Mackenzie Delta
of Canada, and on the North Slope of Alaska
(Kvenvolden et al. 1980). In 1970 Makogon report-
ed that the Messoyakha field in western Siberia
had reserves in the billions of cubic meters of
methane gas frozen as gas hydrates (Figure 1).
Although gas hydrates have been identified in many
regions, their significance and geographical
exteant have seldom been studied. Work done in the
Messoyakha field showed that injections of metha-~
nol into the hydrate zones could increase gas
reserves by 54X above what would be expected in an
equal volume of reservoir rocks filled with free
gas (Makogon 1981).

In-situ hydrates cam occur in permafrost and
can also occur below the base of the permafrost at
teaperatures above the freezing point of water
(Pigure 2). Various schemes for hydrate develop-
ment have been postulated. One theory suggests
that a gas hydrate could be part of a preexisting
gas reservoir, which was frozen in place. It has
been suggested that a hydrate body could form by a
flux of free gas into a zone of methane hydrate
stability and be frozen in place. Another theory
states the possibility that free gas could be
trapped at the bage of the permafrost and be
frozen into hydrate. Hydrates can also be found
in association with decaying biomatter, such as
coal, which would serve as a source for the
methane needed for hydrate development (Pratt
1979).

The overall study of in-situ gas hydrates has
been limited, with only several preliminary
studies completed (Pratt 1971, Bily and Dick 1974,
Kvenvolden et al. 1980). The work of Bily and
Dick (1974) provided the most conclusive study to
date on the occurrence and detection of in-situ
natural gas hydrates. Bily and Dick incorporated
well logs including dual induction, sonic, and mud
logs as potential hydrate detection devices.

169

Published research to date into the gas hydrates
of the Prudhoe Bay region is limited to the work
of Osterkamp and Payne (1981), and also Pratt
(1979).

CONSIDERATIONS FOR HYDRATE OCCURRENCE

The depth and thickness of the zoune of poten—
tial hydrate stability can be calculated if the
mean annual temperature, geothermal gradient,
lithostatic pressure gradieant, and gas density are
known. The past mean surface temperature at
Prudhoe Bay was -10.9°C and the lithostatic
pressure gradient is 9.84 kPa/m (Lachenbruch et
al. 1982). The mean value of -10.9°C can be
vieved as the average surface temperature with
which the deep permafrost is preseatly in equilib-
rium.

The high number of methane gas shows on the mud
logs and several sets of detailed gas analysis
from drill stem tests suggest that the dominant
gas type in the upper units in Prudhoe Bay is
methane.

The geothermal gradients needed to predict the
thickness of the hydrate are not generally avail-
able. Lachenbruch et al. (1982) observed three
geothermal gradienta from different bore holes
along the Alaskan arctic coast. The lowest geo—
thermal gradient was calculated at Cape Thompson,
vhich was 2.0°C/100 m, at Pt. Barrow the gradient
was 2.3°C/100 a and the geothermal gradient at
Cape Simpson was 3.3°C/100 m (Lachenbruch et al.
1982). The variance in the geothermal gradient is
due to differences in thermal conductivity.

The variance ia the geothermal gradient indi-
cates that no one regional gradient should be used
to calculate the thickness of the zone of poten—
tial hydrate occurrence. The geothermal gradient
was calculated separately for each well, the base
of the permafrost was assumed to be at -1°C
(Lachenbruch et al. 1982), and a temperature gra-
dient was calculated to the base of the perma-~
frost.




o (1982).

Formerly, the base of the permafrost was
sssumed to be in equilibrium at 0°C, but due to
- freexing point depreassion the interface is now
believed to be at equilibrium at -1°C with an
* arror of #.5°C (Lachenbruch et al. 1982). Freez~
.ing point depression is related to aseveral factors

7 thet way sffect the thermal stability of the phase

" boundary. These factors include the presence of
i'salt fons in solution, the existence of freeze-
back pressure, and variations in the types of

"7 solide sfd fluid saturation levels.

: ‘Obviously it is impossible to make a reliable

- temperature estimate at the base of the permafrost
in a well dore. However, the error in a regional

. geothermal gradient would be more significant than

-usiog & calculated gradient for each well bore, in.

which the base of the permafrost is assumed to be
at =1°C. The values for the depth to the base of
-the permafrost were taken directly from the work
“of Osterkamp on permafrost thickness evaluation
from well log data on the North Slope.
Pigure 3 {llustrates how the depth to the base
“of the permafrost and a methane hydrate stability
curve vere used to determine the depth and thick-
““ness of the zone of potential methane hydrate sta-
‘bility. In this example the depth to the base of
;th‘ permafrost is 532 m with a mean annual ground
‘ttnpqtature of ~10.9°C. Assuming that the temper—
ature at the base of the permafrost is -1°C, the
geothermal gradient within the permafrost for this
bore hole would be 1.9°C/100 m. In Figure 3 a
1.0°C/100 m geothermal gradient within the perma-
. frost has been plotted along with a calculated
+3,2*C/100 m gradient below the base of the perma-
‘frowt. The geothermal gradient changes abruptly
- ’at the bsse of the permafrost due to a change in
£ thltuul conductivity. Therefore, the geothermal
‘gradient vas modified below the base of the perma-
‘frost in the calculation of the thickness of the
‘zZone ci potential hydrate stability. The ratio
/-‘used to manipulate the gradient below the base of
- the, pcr-ntront was given by Lachenbruch et al.
‘This ratio indicated that the gradient
~'i{nerease by a factor of 1.73 from within the
"gmpcxngtrost to the unfrozen strata below the base
: ) pcrnaftost. A methane hydrate stability

Hc ‘gradient of 9.84 kPa/m (Lachenbruch et
. ; The lower boundary of the zone of
v}accbana hydra:e stability is marked by the lower

The upper boundary of
nc of wethane hydrate stability is defined

: " The -nthnne hydrate stability curve indicates
«'thﬂt the geothermal gradient must be less than
7 CIIOO m for methane gas hydrate to form at
'rudhoe Bay. For the geothermal gradient to
tersect the methane hydrate stability curve the
.leﬂnt ‘must be equal to or leas than 3.6°C/100
"=, whieh would correspond with a minimum perma-
gtpﬁt; epth of 290 m. In other words methane
hy&rwﬂ“ should not exist at Prudhoe Bay if the
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depth to the base of the permafrost is less than
290 m. The dashed line in Figure 2 represents th
290 m depth contour on the base of the permafrost
If the above line of reasoning is correct, methan
hydrate occurrences should be limited to areas
north of this contour. The thickness of the zone
of potential hydrate occurrence ranged from
nothing at the 290 m permafrost contour to more
than 1,000 m near Mikkelsen Bay, where the methang
hydrate was found to be potentially stable to a
depth of 1,119 =.

LOG EVALUATION

The recognition of gas hydrate in well log datg
is not straightforward, and often the zones of
potential hydrate occurrence are not logged, or
the quality of the logs may be poor. Another
problem in the evaluation of hydrates from well
log data is the lack of prior quantitative work.

The work by Bily and Dick (1974) on the evalua+
tion of natural occurring gas hydrates in the
Mackenzie Delta is one of only a few papers deal-
ing with the detection of in-situ natural gas
hydrates using wire line logs. Bily and Dick
discovered that when a hydrate zone was penetrated
during drilling, there was a marked increase in
the amount of gas in the drilling mud. The
hydrate units recorded a relatively high resistiv-
ity on the dual induction log and a slight sponta-
neous potential deflection in comparison to a free!
gas. Sonic logs also indicated an increase in
acoustic velocity.

The first confirmation of the existence of in-
situ natural gas hydrate was not until 1972, when
ARCO/EXXON were successful in recovering the first
natural gas hydrate in a frozen state. The sample
vas recovered from a depth of 666 m in the
Northwest Eileen State #2 well in Prudhoe Bay.
The Northwest Eileen well was drilled with cool
drilling muds in an attempt to reduce thawing of
the permafrost and hydrate. The methane hydrate
saturated sample was recovered in a pressurized
core barrel, and a simple test was devised to
check for the presence of hydrate. The pressure
within the core barrel was allowed to equilibrate
with the surface pressure, and the core barrel was
resealed and warmed above in-situ temperatures.
The pressure within the barrel began to rise,
indicating the presence of thawing hydrate. This
process was repeated several times with similar
results. The hydrate sample had a gas composition
of 99.17% methane (P. Barker, personal communica-
tion, ARCO Alaska Inc., Anchorage, Alaska).

The confirmed hydrate occurrence in the
Northwest Eileen well presents itself as an ideal
starting point for the development of log evalua-
tion techniques in a hydrate zone. Log responses
for the hydrate zone in the Eileen well are graph-
ically represented in Figure 4.

The following list summarizes various log
responses, incorporating the methods developed in
this study with the evaluation techniques devel-
oped by Bily and Dick (1971) in the Mackenzie
Delta. The ability of each log to distinguish
hydrates from free gas and ice bearing permafrost
is also indicated.
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Mud Log

On a mud log there is a pronounced
gas kick associated with a hydrate, due to
thaving during drilling. The mud log
serves as the best tool available for the
differentiation of a hydrate saturated unit
from gas-free ice~bearing permafrost.
Dual Induction Log There is s relatively
high resistivity deflection on the dual
induction log in a gas hydrate zone, in
comparison to that in a free gas zone.
long normal i{s separated from the short
normal due to thawing next to the bore
hole. If a unit were hydrate saturated
within ice-bearing permafrost, the resis-—
tivity response on the dual induction log
for the hydrate unit would not be signifi-
cantly different than the log responses for
the surrounding ice-bearing permafrost.
Hence, it is impossible without the usage
of the mud log to distinguish between hy-
drate and permafrost. Below the base of
the permafrost the high resistivity deflec~
tion associated with the hydrate is dis~
tinct from the surrounding non ice~bearing
zones, but may be similar to that of a free
gas.
Spontaneous Potential (SP) There is a rel-
atively lower (less negative) spontaneous
potential deflection in a hydrate zone when
compared to that associated with free gas.
The frozen hydrate limits the penetration
of mud filtrate thus reducing the negative
spontaneous potential.
Caliper Log The caliper log in a hydrate
interval usually indicates an oversized
vell bore due to spalling associated with
the decomposition of a hydrate. Because
the caliper log also indicates an enlarged
bore hole in ice-bearing permafrost, it is
only useful in detecting hydrates below the
base of the iée-bearing permafrost.
Sonic Log Acoustic velocities in hydrate
are relatively high ranging from 3.1 km/s
to 4.4 km/s. Because the sonic velocity of
ice~bearing permafrost is very similar to
that of gas hydrate, the sonic log cannot
be used to detect hydrates withian the upper
ice~bearing permafrost zone, but it is
helpful below the base of the ice-bearing
permafrost.
Neutron Porosity In a hydrate zone there
{s an increase in the neutron porosity;
this contrasts with the apparent reduction
in neutron porosity in a free gas zome. 1f
a unic is hydrate saturated and occurs
within the ice-bearing permafrost zome the
neutron porosity log would theoretically
indicate an increased or reduced neutron
porosity, depending on the amount of free
gas associated with the hydrate in compari-
son to that of the surrounding ice-bearing
permafrost. Below the base of the perma-
frost a hydrate unit exhibits a relatively
higher neutron porosity compared to water
saturated or free gas saturated zocnes.
flowever, thawing nesr the well bore compli-
cates the neutron log interpretation.
Drilling Rate In a hydrate zone the rela-
tive drilling rate decreases, due to the

The
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cemented nature of the hydrate. There is a
very similar drilling rate response within
ice—bearing permafrost, and therefore
drilling rate change ig not useful as a hy-
drate detector within the permafrost.

Cross Plots 1In a cross plot of the resis—
tivity and transit time for a series of
stratigraphic units saturated with either
hydrate or free gas and below the base of
the ice-bearing permafrost, there is a
grouping of units with similar constitu—
ents. Hydrate saturated units fall in a
reglon of relatively higher resistivity and
faster transit times while free gas satu-
rated units fall in an area of lower resis~
tivity and slow transit times. Differences
are relative and not absolute; the cross
plots show a simple clustering of similar
properties. A resistivity/transit time
cross plot of units that are above the base
of the permafrost is not useful as a hy-
drate indicator, due to the similarity in
resiativity and transit time velocities in
hydrates and in permafrost.

In the Prudhoe Bay wells the dual induction and
mud log are the most valuable tools available for
the detection of gas hydrates; caliper and sounic
logs are helpful but leas definitive. The neutron
porosity log showed great promise, but the lack of
neutron surveys did not allow adequate assessment
of {t as a hydrate detection device. Many prob-
lems still exist i{n the evaluation of in-~situ
hydrates from well log data, and the additioa of
new evaluation techniques such as the use of cross
plots and the addition of the neutron logs has
only slightly improved the subjective nature of
hydrate detection.

HYDRATE OCCURRENCE IN PRUDHOE BAY

In this study, a structural-stratigraphic
framework of 32 key markers within the Tertiary
and Upper Cretaceous strata was picked from the
gamma ray logs and was established to a depth of
1,000 m. Thirty~three distinct units were defined
and described from direct interpretation of the
gamma ray logs. The gamma ray surveys were
correlated with three complete sets of drill core
chips and four petrographic strip logs.

The upper 1,000 m of strata in Prudhoe Bay is
characterized by a gentle dip to the northeast,
ranging from 20 to 28 m/km and is dominated by
three distinet coarsening-upwards deltaic se-
quences. Howitt (1971) suggested that deposition
of the upper units in Prudhoe Bay was more or less
continuous in an aqueous environment.

One hundred twenty-five wells were examined for
potential hydrate occurrence, with 102 definite
occurrences in 32 different wells. Hydrates
occurred in relative porous discrete units. Manay
of the wells had multiple zones of hydrate occur-
rence, with each hydrate unit ranging from 2 to 28
o thick.

Hydrate occurrences appeared to be regionally
isolated to the Kuparuk oil field to the west of
Prudhoe Bay, indicated in Figure 1. In the
Kuparuk region there are four laterally continuous
hydrate saturated sands and two less extensive




‘units. The lateral extent of each hydrate satu-
‘rated unit has been graphically represented in a

- threw=dimensional block diagram in Pigure 5. An
msat-west cross section through the Kuparuk oil
£ield has been plotted in Figure 6, along with
‘associsted hydrate accumulations and inferred
‘envirooments of deposition.

The presence of a structural control on the

‘occurrence of hydrate is apparent upon close
" mxsminstion of all hydrate zones. With several
" minex exceptions, all hydrate occurrences are
“‘below marker 12, which marks the base of a
. nodporous prodelta shale. Hydrates were found
" extlusively between narkers 12 and 19.

e ‘sediment package between marker 12 and 19
is described as a deposit of shaly sand with thick
‘interbeds of clean sand and shale, which were
deposited in a delta front foreshore emviromment.
Thers are several notable impermeable shale breaks

R‘uhicl ‘act a8 caps for relatively porous sand units

which-sre hydrate saturated. Due to the inter-
bedded nature of the sediments the hydrate occurs

in -multiple discrete units, within one well there

may ba as many as eight different hydrate satu-
rTated units.
A-wpubjective A, B or C value has been assigned

" ‘to sath hydrate occurreace in an attempt to quan—

tify the degree of hydrate saturation. The magni-

~tude of the resistivity kick and the gas show

associsted vith each hydrate occurrence was used

“to calenlate the relative saturation of each
. hydrates - The letter A was assigned to a unit if
k’it sppeared to be highly saturated with methane
. hydeate, 3 and C indicate a relative decrease in
“hydrats. saturation.

In the cross section in Figure 6 the hydrate

‘appears to be concentrated in the southwest up-dip
direction, with a decrease in hydrate saturation

down-dip to the northeast. The anomalous occur-
tence of hydrate in the Kuparuk region, along with

“.the greater saturation of hydrate up-dip, suggests

that the free gas necessary for hydrate develop-

‘ment may have migrated into place. The source for
‘the free gas may be from either local biological
‘decay in the upper units, or the gas could have

migrated from a deeper mature gas zome.
- As'noted in the cross section of Figure 6,

there are a number of hydrate occurrences within
‘the ‘permafrost. The occurrence of hydrate within
" the permafrost represents & time restraint on the

formmtion of hydrate. Since permafrost is imper—

- meable to gas migration, the hydrate must have
" developed in the upper intervals before the forma-

‘tion of the permafrost to the present depth.
L+ A-possible scenario for the formation of

 §1&:&:¢ ia the North Slope would begin with free

gas migration either from local diagenesis or from

kk‘idpthfthrough a relatively permeable sand unit

‘slong. the base of an impermeable prodelta shale.
‘The overlying shale unit would act as a cap to
‘vertical gas migration.

;- :The migrating free gas could bde trapped in the
Wp-dip direction by a series of differenc trapping
wechanisms. The two most probable trapping mecha-
nisias would be a self-forming hydrate trap and an
impermesble fce-bearing trap. The existence of a
porosity/permeability trap or a fault trap is

wnlikely.
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The rate of free gas migration and the exis-
tence of possible porosity/permeability traps in
the hydrate saturated sands are not easily deline-
ated due to the lack of data. The only data
available on the porosity/permeability character-
istics of the upper units are from stratigraphic
logs prepared by the American Stratigraphic
Company. The porosity within the hydrate satu-
rated sands varies little, from 38 to 46%
(American Stratigraphic Company). The existence
of a porosity/permeability trap for the up-dip
free gas migration is not likely due to the lack
of variation in the lateral porosity in the same
units. The uncousolidated nature of the upper
units would not lend itself to the formation of a
porosity/permeability trap.

The evidence that there is little fsulting past
the Lower Cretaceous reduces the likelihood of
fault traps.

The free gas could have formed a trap when the
gas entered the hydrate stability field. As the
uigrating gas moved into the zone of hydrate ata-
bility, the gas would be frozen in place. The
frozen hydrate would be impermeable to free gas
migration and would coantinue to thicken as free
gas is trapped and frozea in place.

The impermeable permafrost could also form an
up-dip trap to free gas nigration. As the free
gas unigrated up-dip along the bedding plane, the
gas would be trapped at the base of the permafrost
and be frozen in place.

The actual occurrence of hydrate does not favor
either the self-forming trapping model or the
permafrost trapping model. However, the laterally
continuous nature of the hydrate occurrences sug-
gests possible reorganization of the hydrate by
multiple periods of freezing and thawing.

CONCLUSIONS

The major findings of this study are:

1. Several well logs have been found to be in-
dicative of the presence of hydrate. Al-
though no single log is definite by itself,
used in combination they permit at least a
subjective evaluation of hydrate occur—
rences. For example, the development of
new evaluation techniques such as the use
of cross plots and the addition of the
neutroa porosity log as a hydrate detector
has reduced the subjective nature of the
hydrate evaluation. Hydrate occurreunces
vere identified by a variety of different
wvell logs. The internal consistency of
their determination, aand their application
in a large number of wells, indicate the
validity of the method.

2. The recognition of the primarily
structural-stratigraphic control on the up~
dip gas migrational model for the hydrate
accumnulations was a significant contribu-
tion. The correlation of the actual hy-
drate occurrences identiffed in well log
data with the structural-stratigraphic
framework has allowed the development of a
conceptual model for hydrate formation in
the North Slope region.
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E. 3. The method for determining the zone of hy-
; drate stability was refined to take into

—_— account both the difference in thermal

E“ conductivity between ice bearing and water
bearing strata and the shallow depth limit
of the stability zone. The method used for
estimating the local geothermal gradients

3 allows estimation of temperature profiles

] during warmer periods in the Earth's his-
tory which, in turn, has provided insight
concerning the original formation and

f‘ accumulation of the actual gas hydrate 10 r

occurrences.
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EDITOR’S NOTE: As the authors of this paper
point out, permafrost covers a significant poriion of
North America (22%) lo depths as great as 1,300

[ feet. Although the permafrost has yet to be proven
economically important in terms of petroleum re-
serves, some Aydrocarbon accumulalions have been

rfound. Thus a knowledge of the characteristics of
this material could become of great importance to
us.

Doctors Desat and Moore have done an oulstand-
ing job in investigating and in here describing these
characteristics. Of particular note are the dramatic
rchangcs in resistivity and acouslic properties of
- permafrost at the freezing point of water. These
changes could in turn significantly affect our normal
" igterpretive approaches in Formaiion Evaluation.
Achniques for handling these problems are de-
suribed by the authors. This paper was presented
at the SPWL A Eighth Annual Symposium.

ABSTRACT h

" Permnafrost or permanently frozen ground covers a
large portion of the arctic sedimentary basins of Canada
and Alaska. The thickness of the permafrost layer varies
up to a maximum of 1300 Some accumulations of hydro-
catbons in the permafrost have been reported.

First, a method is described for establishing the tem-
perature distribution around a well bore in these unique
surroundings. Then, the basic borehole environments
which might occur under a variety of drilling and com-
pletion programs are discussed. The laboratory deter-
mined data is presented to show the effects of below
freezing temperatures upon fluid and rock properties.
At their {reezing points, brine saturated rocks exhibit
marked changes in both their electrical and acoustical
properties. Finally an interpretation from actual field
logs, based on the previously described investigation,

is given,

These studies show that a knowledge of temperature
«istribution and variations in physical properties with
temperature ate essential to a correct quantitative inter-
pretation of well logs [rom permafrost. The proper field
procedures prior to logging also are important.
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WELL LOG INTERPRETATION IN PERMA ROST

K. P. DESAl and E. J. MOORE
Sinclair Oil & Gas Company
Tulsa Research Center

INTRODUCTION

Continuous permalfrost or permanently frozen ground
occupies over 22% of the land area of the Northern Hemi-
sphere, including a large portion of the arctic sedimen-
tary basins of Canada and Alaska.! Though this perma-
frost may reach a thickness of 1300" in northern Alaska,
with some accumulations of hydrocarbons being re-
ported, 2.3 the commercial potential of this unusual layer
still remains in considerable doubt. Nevertheless, an in-
vestigation of some of the physical properties of perma-
frost with a view towards utilizing this information in the
interpretation of logs run in this unique environment
promised to be a particularly interesting problem. While
the results presented here may have more academic than
practical value, at this time, they do illustrate the need
for an accurate understanding of the physical properties
of an environment before a reliable interpretation of its
logs can be attempted.

DISTRIBUTION OF TEMPERATURE

This investigation showed that in the permafrost en-
vitonment many of the physical properties of rocks are
acutely sensitive to relatively small changes in tempera-
ture. It is therefore essential, in accurately interpreting
well logs in this environment, to have a precise know-
ledge of the temperature distribution around the borehole.

To accomplish this we must first understand the ver-
tical distribution of temperature in the undisturbed perma-
frost. It differs in several ways from a normai distribu-
tion. First, of course, the temperatures are much lower,
ranging anywhere {rom 40°F to 60°F cooler. Second, the
average geothermal gradient is higher, around 1.7°F/100’
in northern Alaska, with a range of :0.3°F/100. The
minimum temperature in the permafrost occurs just below
the zone of seasonal variation, at a depth of 75" 25",
depending to a large extent on geographical location and
surface features. This minimum temperature is approxi-
mately the same as the mean annual ground temperature
which experience has shown to be approximately 5.5°F
higher than the mean annual air temperature. The dif-
ference can be attributed in part to heating of the ground
surface by solar radiation and to the insulating effect of
snow cover.! Average minimum permafrost temperatures
are in the range from I5'F to 20'F.




’l‘hﬂc(m. to construct an approximate picture of the
temperat distribution in undisturbed permafrost only a
knowledge of the mean annual air temperature in the

sinity under consideration is needed in addition to the
general ‘information presented in the preceding paragraph.
For exsmple, at Umiat, Alaska on the Arctic Slope the
annual mesn air temperature is 10.8°F.5 Then the mini-
mum pemmafrost temperature would be 16.3°F at a depth
of 75°. Below that point the permafrost temperature would
increase at the rate of approximately 1.7°F for each 100’
of depth until the base of the pemafrost is reached at

" around 1000°. If the proper logs have been run at a given
location, the exact vertical temperature distribution may
be detemnined even more accurately as illustrated in the
sectioa on the m'.erpfetauon of actual field logs.

A lmleége of the vertical distribution of tempera-
ture in'the undisturbed permafrost is essential to any
cal’mliﬁbi“o’f the radial distribution of temperature from
a borehole in the thermally disturbed environment. If no
heat is ‘ssed in melting the ice, the differential equation
repr_eseutiﬂg ‘the flow of heat out from a borehole at any
point P,see Figure 1, can be written in terms of cylindri-
cal coordinates as follows:

"""T —%—zlg;.r forr>a 1)
. 2
r .
P Tu
Tm
id

LEGEND

oz awms OF A BOREHOLE
r = LATERAL DISTANCE FROM THE CENTER OF THE
BOREHOLE TO ANY POINT P
R = MAXIMUM RADIUS OF DISTURBED ZONE
Td = DISTURBED TEMPERATURE AT ANY POINT
Tov= MUD TEMPERATURE
Tu SUNDISTURBED FORMATION TEMPERATURE
: TIME FROM WHEN DRILLING STARTED AT A
N DEPTH UNTIL LOGGING STARTED
MAL DIFFUSIVITY

FIGURE 1

TE“PﬁRkTuRE DISTRIBUTION AROUND A BOREHOLE
i : - FILLED WITH MUD
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. in Figure 1.

The boundary conditions are:
T (r, 0) = Tu;

T is finite as r — w0

T (a, t)=Tm;

The various symbols in the above equation are definpd

Assumifg the undisturbed formation temperature }o
be zero, an exact solution for Eq. (1) has been developpd
by Carslaw and Jaeger.® A graphical presentation of {n
approximate solution to Eq. (1) is shown in Figure 2.{A
number of the curves of Figure 2 were verified by pr

d

gramming the exact solution of Eq. (1) on a high spe
computer. To facilitate its field use, this graphical so
tion has been modified as illustrated in Figure 3.
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FIGURE 2

GRAPHICAL PRESENTATION OF
THE APPROXIMATE SOLUTION OF EQUATION (1)

Figure 3 is a plot of r/a versus (Td - Tu) / (Tm -
for a series of Kt/a? values. From the literature,” a g
average value for K in permafrost is .04 ft.2 /hr. For
optimum utilization of Figure 3, the time interval betw
the conclusion of drilling and the beginning of logg
should not be more than a few hours. After choosing
appropriate value for Kt/a?, the ratio (Td - Tu) / (T
Tu) is determined for any number of r/a values. Knowi
the undisturbed permafrost temperature, Tu, and the
temperature, Tm, the radial distribution of temperatur
the disturbed permafrost borehole environment can
determined at any given depth (see Figure 4).
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r However, as previously mentioned, Eq. (1) does not

: account for the heat required to accomplish the phase

. change from ice to water at the freezing temperature.

r“' About 80 calories are required to convert one gram of ice <8
\

50

at zero degree Centrigrade to water. This required latent Kt

A . . “==13.
heat of fusion complicates the determination of the radial . . T" ;9.:_
U=
distribution of temperature.
Tm = 51°F

In solving this problem the total amount of heat Ht 4
supplied by the drilling mud to a thermallydisturbed zone
1' thick was calculated using the equation

-
N

® Uncorrected Yor latent heal of tusion
o Corrected tor tatent heat of fusion

R
H =7pC’Sa T (1) d (r?) 2

where R is the maximum radial distance of the disturbed
zone, p is the density and Cp is the specific heat of the
formation. The integral can be evaluated by plotting Td
vs r? from Eq. (1) and then manually determining the
area under the curve using a planimeter. In the case of
the pemmafrost zone analyzed later in the article, this
heat was 14,600 BTU's. Knowing formation porosity, the
latent heat required to change ice into water in a cubic
foot of rock was determined. In our example, it was 2070

1d Formation Temperature °f

BTU's. Next, the Td r? curve was redrawn so that the [
amount of heat under the new curve plus the necessary , 30 i I
total latent heat of fusion was equal to the BTU’s deter- -
& mined initially using Eq. (2). For our zone of interest, 26 | | | | |
. 1.0 . : 1 3 5 7 a n 12 15 1

r/a

FIGURE 4

. DISTURBED FORMATION TEMPERATURE

Td VERSUS THE RATIO r/0

3760 BTU’s was determined under the new Td vs r?
curve and the rest of the heat went into changing ice tc
water up to a radial distance of 1.4  from the axis of the
borehole. The data from the preceding Td vs r?2 curves
are presented more conveniently in Figure 4 as Td vs .

o
[
T

Because of the modified lateral temperature distri-
bution, more heat was supplied by the mud than was
initially detemined from Eq. (2). Therefore, while the
first Td vs r curve shows the maximum disturbed zone
and the modified Td vs r curve yields the minimum dis
turbed zone, the true curve falls between these two anc
quite close to the latter.

{Td - Tu)/(Im = Tu)
o
=

0.2 }—
Notice that this general method for the graphica

determination of disturbed formation temperatures applie:
regardless of the formation temperature, Figure 5 ha
30 100 300 1000 been prepared to show the effects of thermal invasion i
the case where formation temperatures are higher tha

Kt/a?

j
r
r
r
r
r
r
J
r
j
I
r
I
i

! ? s 10 20 50 100 mud temperatures,
t/a
r BOREHOLE ENVIRONMENTS
FIGURE 3 When the drill penetrates the undisturbed permafros
MODIFIED GRAPHICAL SOLUTION it superimposes, to some extent, a radial distribution ¢

r
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o N0
s 200p— Tu = 225°F
2N Tm = 150°F
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! e
FIGURE 5
DISTURBED FORMATION TEMPERATURE
... Td YERSUS THE RATIO t/a

tempemtm‘e ‘upon the existing layered distribution. The
‘esultant. ih!mal distribution depends, to a great extent,
upon the temperature and the type of drilling fluid as well
as upon the time this fluid is exposed to the formation

AT N

wall. The three basic idealized environments which mi
occur as a result of various drilling and completi
practices are illustrated in Figure 6. Since the pernte
frost remains essentially undisturbed in environmeh
““A’’, the distribution of temperature depends solely |

ture distributions in the disturbed permafrost as thq
are sets of borehole conditions. In the previous secti
methods for determining this distribution from a kno n
set of conditions were illustrated. The importance {o
knowing this thermal distribution is more fully app
ciated as the effects of sub-freezing temperatures uppn
fluid‘and rock properties are observed.
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EFFECT OF TEMPERATURE
UPON FLUID POROSITIES

Any change in temperature will aff§c
the properties of a brine. Above its fre§z

Cyagatureee Permatiost NO INVASION

Unditurted Pe-matrost

ing point these properties change gr d-
ually as a function of temperature Jut
below this point, the changes may pe
abrupt and of considerable magnitude.

e

At its freezing temperature, a salt so
tion begins to separate into two disti§ct
physical phases, one solid, the other
liquid. As the temperature is lowergd,

8 the volume of the solid phase increages
| BT P InERRAL eees N Deatorbes while that of the liquid phase decreasg§s.
fome Zome INVASION Zome tone Perm atrost To complicate the situation still further
the liquid phase also is continually n-
creasing in salinity. This process cén-
tinues until the brine has been cooled
till the liquid phase is completely traps-
g formed into the solid phase, both ice 4nd
. salt, The phase diagram for NaCl 4nd
Unsitueags ‘?,’V‘L‘“?‘”" Thawed | Fluwo 'L::(E?:v‘:s:o.\ flug | Thawes Transition Uncisturbed H 0 is shown in Figure 7. i
LA N mvavonf Zone Zane Pematiost For the purposes of log interpretatjon
the relationship between brine voluhe,
concentration and below {reezing temger-
ature of pure NaCl solutions is mpr~
conveniently illustrated by reprocess;
FIGURE 6 the data of Figure 7 and presenting itfas

IDEALIZED BOREHOLE (ENVIRONMENTS)

16

shown in Figure 8. Here effective porgs-
ity, é_,., represents the volume of fhe

to
its eutectic temperature where it remalns l
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r

Temperature °C

remaining brine in the pore spaces per unit volume of
rock as its temperature is lowered below the freezing
sint. The decrease in brine volume, expressed as a

lative porosity, for a water saturated rock, is plotted
against concentration and temperature. The curved lines
represent brines of varying initial salt concentrations.
1f the distribution of temperature in the permafrost has
been calculated by the method previously described, and
the concentration of the unfrozen brine is also known,
then the volume of both the solid and liquid phases in
the pore spaces can be calculated as well as the con-
centration of the remaining brine. Because of the severe
contrasts in the electrical and acoustical properties of
the solid and liquid phases of the brine, an exact know-
ledge of their relative volumes as a function of tempera-
ture is essential to an accurate interpretation of well
logs.

o LAB DATA
o PUBLISHED DATA

0'\

~10°

NaCl 0% 10% 20%  23.1% 28%
H,0 100% 90% 80% 76.9% 2%
FIGURE 7

PHASE DIAGRAM FOR NaCl & H,0

It is equally essential to know the variation in the
physical properties of these two phases as a function of
below freezing temperatures. The relationship between
brine resistivity, temperature and concentration, Figure
9, was determined in the laboratory. The equipment for
obtaining these data consisted of a four-electrode con-
ductivity cell placed in a fluid-filled container located
in a deep freeze unit whose temperature could be lowered
to -28°C, well below the minimum temperatures encoun-
tered in the pemnafrost. Due to the phenomena of super-
cooling il was possible to measure the resistivities of
these fluids to as much as 10°C below their nommal
{reezing temperatutes. In addition, the velocity, or its
‘eciprocal the interval travel time, of acoustic energy

" through these brines was determined as a function of

temperature and concentration (Figure 10). The equip-
ment for making acoustic measurements is shown in
block diagram formm as Figure 11. Thermocouples were

THE LOG ANALYST
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R, VS TEMPERATURE FOR NoCl BRINES

utilized to obtain reliable temperature data. Based on
our own laboratory measurements the resistivity of ice
could be considered as infinite, while its acoustic ve-
locity was found to be about 12,500 ft./sec. Finally in
Figure 12 the acoustic travel time is shown as a function
of temperature for a refined mineral oil. Like ice, resis-
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FIGURE 12
P FIGURE 10 1 VS TEMPERATURE FOR OIL
. 4-VS TEMPERATURE FOR NoCl BRINES
M e tivity of oil can be considered infinite. Thus, we hav
‘ o determined the relationships between temperature an
L ~ some pertinent physical properties of materials normall :
T occupying the pore spaces of rocks.
o PULSE
e o RENERATO!
} EFFECT OF TEMPERATURE UPON ROCK PROPERTIHS
- } o If we determine these general relationships as )
=—AMPLIFIE | scope PLOTTER fanction of temperature for rocks saturated to varyin l :
" R degrees'“with these same materials, we can establis
. SR meaningful logging parameters for permafrost. Figur
8 13 illustrates the effect of brine concentration and tem-
R ' perature upon the resistivity, R, of a 100% water satur-
ated rock. From this figure and Figure 9 we have suf-
L : r—---—--——-—-———— . ficient data to calculate the effect of temperature upo
' CORE ' the formation factor-porosity relationship. This effect i ;
b DEEP FREEZE illustrated in Figure 14. The experimental points on eac
oo /' \ N :
TR TA '
'L = E e a .
TR A= TRANSMITTER LINE r / /
YOMETER ‘

POTENY

8 = RECEIVER LINE

| | C= THERMOCOUPLE / //
108
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FIGURE 13
R° VS TEMPERATURE FOR NoCl BRINES i
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F=a¢ ™ vs TEMPERATURE

slope line correspond to a different concentration of the
brine saturant. All measurements were made on a single
Bartlesville sand core with a true porosity of 21%. The
three porosities on the -12'C curve are effective poro-
sities due to the phase changes illustrated in Figure 8.
In Figure 15 is shown the effect of water saturation and
temperature upon the resistivity, R,, of a partially water
saturated rock is shown in Figure 15. From this figure,
the effect of temperature upon the resistivity index-water
saturation relationship can be calculated. This is de-
picted in Figure 16. Note that this relationship seems to
be essentially unaflected by the permafrost temperatures.
This could be due to ice growing out from the pore sur-
faces at a fairly uniform rate resulting in a tendency
of the system to tetain the original pore configuration.
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I1=S4" " VS TEMPERATURE

Figure 17 illustrates the effect of temperature upor
the interval travel time of a compressional wave through
a porous sandstone core saturated with brine. The chang-
es taking place in the acoustic properties of the rock a
its freezing temperature appear to be just as severe as
the changes in its electrical properties. From these dat:
and Figure 10 the matrix travel time of a saturated rock
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FIGURE 17

A+ VS TEMPERATURE FOR WATER SATURATED ROCK

can be determined as a function of temperature by
using the time average equation. This is an important
logging parameter in the interpretation of acoustic logs.
Computations reveal that the matrixtravel time decreased
from 88 p-sec/ft at 20°C to 55 p-sec/ft at -24'C. Most of
this decrease can be attributed to the pressure of the
expandifig ‘ice in the pore spaces upon the rock matrix.
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FIGURE 18
M1 VS TEMPERATURE FOR ROCK SAMPLES

Figure 18 shows the changes in acoustic travel times
through -an oil saturated core as a function of tempera-
ture. Calculated matrix travel times for a Berea sand-
stone core in this case decreased from 93 y-sec/(t at
17°C 1o 85 ji-sec/ft at -16.5°C. Since the density of oil
increases with decreasing lemperatute, no expansion-
* ‘e pressure upon the rock matrix would be expected.

. smaller reduction in matrix travel time bears this
the change is enough to be significant. It can,
; feast, be explained by the normal increase in
accusﬁc\\ﬁéiocity through rocks as their tempersture is

4
s
3
-
S

20

lowered.® This is verified to some degree by the me
sured change in travel time through a dry rock (Figur
18) which also decreased significantly with lower t
peratures. These times, of course, are not matrix tra
times as we define them because in this case, the lea
time and the least distance paths do not coincide as i

-assumed when using the time average equation. The e

fect of temperature on the full acoustic wave form of
water saturated core is displayed in Figure 19. Probab
more than any other illustration, this figure dramatiz
the effect of temperature upon the acoustic properties
permafrost and also suggests the possibilities of wa
form analysis as a diagnostic interpretation method

RECORDED AT 20°C

Berea ss Core
20% Porosity
15,000 ppm Brind

RECORDED AT -17°C

—{100p sec.}—

FIGURE 19

EFFECT OF TEMPERATURE ON WAVE FORM OF
100% BRINE SATURATED CORE

INTERPRETATION OF ACTUAL FIELD LOGS

In this section, the previously described informati
is applied to the interpretation of the permafrost horizd
of a well on the North Slope in Alaska. Figure 20 dif
plays some of the logs run in the permafrost, the r
mainder are shown in Figure 21. The suite of logs
Figure 20 was assembled because they seemed to identi
the permalrost layer the most positively. A knowledge
the presence and the extent of the permafrost can be
value to the geophysicist as well as to the log analy
since a high velocity pemafrost layer can also compl-
cate seismic record interpretation.

In this well the SP, resistivity and acoustic logs 4l
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FIGURE 20

IDENTIFICATION OF PERMAFROST LAYER FROM LOGS

indicate the presence of a permafrost layer with an ap-
proximate thickness of 700' ¢ 50°'. The SP drift reflects
the increased concentration of the remaining fluid in the
pore spaces of the permafrost layer. The greater diffu-
sion of negative ions into the borehole, because of their
higher mobilities, causes the shift in the SP baseline
starting near the base of the permafrost. The sharp con-
trast in resistivities of formations above and below the
freezing point was shown previously in Figures 13 and
15. In.the case of the acoustic log, the low velocity is
the response to a thawed zone rather than to the undis-
turbed permafrost itself.

THE LOG ANALYST
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On the other hand, the temperature logs only detect
the presence of the permafrost. They do not define its
vertical extent with any great accuracy. This is because
the temperature logs, having no depth of investigation,
only respond to the true geothermal gradient, thus soft-
ening any actual contrast between the permafrost and the
unfrozen sediments immediately below. In addition, be-
iween the two temperature surveys presented in Figure
20, all of the other logs were sun in the hole, which
superimposes an additional smearing effect on the true
temperature distribution.
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 DETERMINATION OF Ry, | AND A1 FROM LOGS

fn‘m .

and i
#iole. The borehole corrections for many
size hole may be as much as 10%. Correc-

22

tions of this magnitude often introduce significant un-
certainties into the recorded log data. One way to improve
this situation, if quantitative log interpretation is de-
sired, would be to drill through the permafrost first with
an 8" bit, log the section, and then ream the hole to the
12%’’ diameter required by compietion considerations.

" The following steps are taken to interpret the logs of
Figures 20 and 21 in the interval 520' - 570" .

1. The Undisturbed Pemafrost Temperature is De-
termined.

Assuming the permafrost layer is a horizontal slab,
the expression for the flow of heat through it may be
written as

% T - Tp) 3
whereg_z 2.9 x 10-6 __cal , the average rate of heat
t cm? - sec

flow per unit area through the permafrost. ¢

cal
k = .008 sec - cm - deg
ductibity of the permafrost. ¢

, the average thermal con-

Here, T

, 0°'C at the base of the permafrost and

T, = minimum temperature at approximately 50

-7.2°C.

From the logs of Figure 20, the base of the permafrost
was estimated to be at 700'. Therefore,

d = 650" = 198 x 102 cm, the thickness of the
permafrost from minimum temperature to base, and

dy Q _198x10% -6
T T X = Tgrioy *29x107°
Since Ty - T: . 728 - Ly 11°C/100° = 2°F/100/,

d 650’
the undisturbed permafrost temperature at 550,
Tu =(700-550)x-1.11"C/100" = -1.67°C = 29°F.

2. The Radial Distribution of Temperature is Cal-
culated.

Tm = mud temperature = 51°F = 10.5°C,
t = time mud exposed to formation = 85 hours,
Tu undisturbed formation temperature = 29°F,
a = radius of borehole = 6-1/8"’, and
K = thermal diffusivity = .04 {t2/hs
Thus, Kt/a? =-2L%85 -3
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From Figutes 3 and 4, r vs Td is determined as shown
in Table 1:

r TId ~ Tu ‘Td Corrected
in ft. r/a Tm —~ Tu Td in *°F for Latent Heat
0.5 1 1.000 51 51 thawed

1 2 0.660 43.5 36.5 zone
1.4 2.8 0.500 40.0 320 @ --.--

2 4 0.320 36.0 30.4 transition

3 6 0.144 32.2 29.5 zone

4 8 0.070 30.5 290 00 - -..-

S 10 0.030 29.7 29.0 undisturbed
7.5 15 0.000 29.0 29.0 permafrost

3. The value of R, in the Thawed Zone is obtained
from the SP Curve using

SP = 2Smv and
R =26 Q-mat SO°F
This yields

R =175 Q¢ —m at SO'F or an

w

NaCl Concentration of 4500 ppm.

4. The Ratio of Effective Porosity in Undisturbed
Permafrost to Actual Porosity in Thawed Zone is found
as follows:

Given the Concentration of formation water above
freezing point = 4500 ppm and the undisturbed pema-
frost temperature of -1.7°C, the concentration of the
brine remaining in the effective pore space\is, from
Figure 8, 30,000 ppm and &, /¢ = Q.15

5. To Determine the porosity in the Thawed Zone,
a plot of Ry 1 vs At extracted from the logs shown in
Figure 21 is orepared. From this plot, shown in Figure
22, apparent matrix and fluid travel times of 90 u-sec/ft
and 265 p-sec/ft respectively are obtained. Using an
average 140 p-sec/ft travel time through the zone of
interest and the time average equation, the porosity, ¢,
is 27.4%.
F =

Assuming Rypp = R,,. the formation factor

R
R

X0

27
v 104 form=1.8, ¢ =27%.

m{

6. Ro, in the Undisturbed Permafrost, is computed
from
¢ = 27%,
Temperature = -1.7°C.
NaCl Concentration (salt in remaining brine)
= 30,000 ppm
¢eﬂ/¢ =.15

and

The effective porosity, ¢ _,, = .15 x 27 = 4.05%; for

THE LOG ANALYST

m = 1.8, F = 315, From Figure 9 with 30,000 ppm at
-1.7°C, R, = .39 Q-m in the undistuibed permafrost. Then
R°=FRN=315x.39=123Q-m. :

2
1o comcemcmmeccaane ——— /
:
] 1
i
‘
1
)
[} ol 1
4
H
Y 8 H
2 ]
H o !
! ]
it -
o |
: of ;
2 ep ¢
: ’
: [}
Rt :
H
Wpr ]
»h [
0P :
"0 []
s0f 1
|
100
L
ool .
300 bo !
1000
- 1 [
™ 0 ! 100 120 140 160 190 200 120 240 240, 280 10
o Saesec I 109
R
mLL VS At PLOT
»
Gr s Nadia) Geomersic Factlor
[ B
o P
Goet 268 =~ = =p ~mcbkeccteodana _-_..--------__m
. el
K] - T~
44640 1INDUC TION / |
\1‘ 1
01 T
// Ater Sebivmborger
! ]
'y T T +
Rnr24.20.m) | f,,1)08 1 {Rge1230m
c.unug-eb——----g—~—-l !
° " 10 10 : 0 30 0 ra L)) "0 ! 190 ne 110 Ore o
34 "
tHawl D ' 1RANSITION | unostURBLD
1118 IOME PLAMAIROST

23

CONDUCTIVITY CONTRIBUTIONS IN
DISTURBED PERMAFROST

7. Water Saturation in the Undisturbed Permafrost i:
calculated as illustrated in Figure 23; this is accom
plished by first calculating the response of the inductio
log, Rjpg. in the zone of interest, assuming that thi
zone is 100% water saturated, Then, Ry, is compare
to the recorded value Rjy to determine the resistivity ir
dex 1.

According to the geometric factor concept,




e geometric factor for the thawed zone,

. = geometric factor at the outer limit of
- disturbed or transition zone,

R = ‘the&vriesistivity of the transition zone, and
’ Rb "2 the resistivily of the undisturbed permafrost.

The extent of the thawed and transition zones cal-
culated from the temperature data of Figures 3 and 4 and
shown in ‘Table 1 are 34" and 96’ in diameter respec-
uvety. The radml response characteristics of the 6FF40
induction log are such that G,, is about .013 and G is
about 0.366 (see Figure 23).

Takmg the average R of the thawed zone to be 2.2
and detemmining an F of 11 form = 1.8 and ¢ = 27%, R
:FR_=11222=242Q-m.

Using an average temperature in the transition zone
of 29.8°F or -1.2°C, the ratio &, /&= 0.20 from Figure 8.
The concentration of the remaining brine = 22,000 ppm.
From Figure 9, R, = .54 @ -1.2°C. The effective porosity
: .20x27 = 5.4%; form = 1.8, F = 195. Then, R _=F

=195 x .54 = 105 Q -m.

R,, the resistivity of the undisturbed permafrost in the
zone of interest, if 100% water saturated, was computed
in the preceding section to be 123 (1-m.

Substituting the preceding values in Eq. (4) give

L oo

0.366 - 0.013 1-0.366
| thb 7242

105 123

.00054 + 0.00336 + 0.00515 = 0.00905.

Theaﬁa,g;,' = 110 Q-m.

120 {}-m for the zone of interest, so

Ry 120

z=——=1.09; forn = 1.8,
RILo 110

The av erage RIL

Res:snvm Index =

S, = 95%.

An _analysis of the cuttings from this section re-
vealed no stains, fluorescence or shows of hydrocarbons.
It is very important to remember that in permafrost high
porosity and high resistivity do not necessarily mean oil
in place.

If this formation had been 75% saturated with oil its
resiﬁl«wi‘tgﬂwoutd have been approximately 1560 2-m. To
distinquish - accurately between high and very high re-

istivities a focussed resistivity log might be more ap-

propriate.’ Also it is quite possible that a density log
might provide more satisfactory porosity data than the
acoustic log provides.
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~ well logs in permafrost is desired.

4. Brown, J. E.,

CONCLUSIONS

permafrost and the substantial variation in a given p
sical property of permanently frozen ground with tem
ature are both imperative if an accurate interpretation pf

1. A knowledge of the temperature distribution}n

2. Of equal importance is the utilization of the opki-
mum drilling, mud, logging and completion programs.
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SONIC AND RESISTIVITY MEASUREMENTS ON BEREA SANDSTONE
CONTAINING TETRAHYDROFURAN HYDRATES:
A POSSIBLE ANALOG TO NATURAL GAS HYDRATE DEPOSITS

C. Pearson, J. Murphy, P. Halleck, R. Hermes, and M. Mathews

Earth and Space Sciences Division, Los Alamos National Laboratory
Los Alamos, New Mexico 87545 USA

Deposits of natural gas hydrates exist in arctic sedimentary basins and in marine
sediments on continental slopes and rises. However, the physical properties of
such sediments, which may represent a large potential energy resource, are largely
unknown. In this paper, we report laboratory sonic and resistivity measurements on
Berea sandstone cores saturated with a stoichiometric mixture of tetrahydrofuran
(THF) and water. We used THF as the guest species rather than methane or propane
gas because THF can be mixed with water to form a solution containing proportions
of the proper stoichiometriec THF and water. Because neither methane nor propane is
soluble in water, mixing the guest species with water sufficiently to form solid
hydrate is a difficult experimental problem, particularly in a core, Because THF
solutions form hydrates readily at atmospheric pressures it 1is an excellent
experimental analog to natural gas hydrates. Hydrate formation increased the sonic
P-wave velocitlies from a room temperature value of 2.5 km/s to 4.5 km/s at -5°C
when the pores were nearly filled with hydrates. Lowering the temperature below
-5°C did not appreciably change the velocity however. In contrast, the electrical
resistivity increases nearly two orders of magnitude upon hydrate formation and
continues to increase more slowly as the temperature is further decreased. In all
cases the resistivities are nearly frequency independent to 30 kHz and the loss
tangents are high, always greater than 5. The dielectric loss shows a linear
decrease with frequency, suggesting that ionic conduction through a brine phase
dominates at all frequencies, even when the pores are nearly filled with hydrates.
We find that the resistivities are strongly a function of the dissolved salt
content of the pore water. Pore water salinity also influences the sonic velocity,
but this effect is much smaller and only important near the hydrate formation

temperature.

INTRODUCTION

Hydrates are a crystalline form of water
containing voids or cavities that can trap other
(guest) molecules which play an important role in
stabilizing the hydrate structure. Two types of
hydrates (types 1 and 2) are known to form. The
first type contains only relatively small cavities
(>8.6 & in diameter) that can trap guest species
smaller than ethane, whereas the second {ype
contains a mixture of small and large (9.5 A in
diameter) cavities that can trap molecules as
large as 1isobutane. Most of the common
constituents of natural gas form hydrates, usually
type 1, but type 2 hydrates can also form if
significant amounts of C3H8' C4H10' or CO2 are
present.

Until recently, natural gas hydrates were
widely known only as a nuisance that condensed in
gas transmission lines. Then Soviet investigators
reported natural gas hydrate deposits in the
Siberian Arctic. These early reports were
confirmed with the discovery of large natural gas
hydrate deposits in arctic North America and in
marine sediments. Research interest in hydrates
increased as hydrates became not only a potential
engineering problem in the Arctic, but also a
Jotential energy resource. Although a consider-
‘ble body of experimental data exists on the
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electrical properties of pure crystalline hydrate
(see Davidson 1973, for a summary) these
measurements are usually conducted at frequencies
far higher than those used in exploration
geophysics and surprisingly little is known about
the physical properties of sediments containing
hydrates in their pores except for the pioneering
work by Stoll and Bryan (1979).

In this paper, we present laboratory sonic and
resistivity measurements on Berea Sandstone cores
containing tetrahydrofuran (THF) hydrate. Tetra-
hydrofuran was used as a guest species instead of
methane or some other constituent of natural gas
because THF hydrate is stable at moderate
temperatures (+4°C) and atmospheric pressures,
which greatly simplifies experimental procedures.
A second major advantage of THF hydrate 1is that
the guest is mixable with water. This eliminates
the problem of ensuring complete mixing between
the guest species and water, which is a formidable
problem inside the pore spaces of sedimentary
rock. Because the crystal structure of hydrates
is largely independent of the guest species, the
physical properties of THF-hydrate-containing
samples are probably similar to the physical
properties of a natural gas hydrate deposit formed
in similar rocks. This s particularly likely if
the natural hydrates form from gas-containing
molecules large enough to form type 2 hydrates.




ductivities.

“surveys are conducted
-frequencies.
. 'strates that the electrical properties of perma-
~frost at higher frequencies are very variable. If
“hydrated sediments are similar i{n this respect,

.Berea sandstone.

samples
Samples were saturated with a stoichlometric
‘mixture of THF and water (18 parts water to 1 part
THF; -Gough and Davidson 1971) under vacuum. As
‘part of the study, various amounts of NaCl were

" constant temperature bath,

described by Collett and Katsube (1973).

This paper focuses on sonic and electrical

. ‘messurements because preliminary calculations
-{ Pearson
“resistivities are more strongly affected by the
—-presence of hydrates than are other physical

1982) show that sonic velocities and

properties such as densitlies or thermal con-
In addition, seismic and electrical
methods are the most commonly applied exploration
geophysical techniques. Clearly a detailed under-
standing of the electrical and acoustic properties
of hydrates is necessary to design and interpret

‘gepophysical surveys over natural gas hydrate
" deposits.

During this study we restricted our electrical
measurements to the frequency range from 10 Hz to
30 kHz because most exploration geophysical
at these relatively low
In addition Olhoeft (1977) demon-

then even if surveys could be conducted at higher
frequencies, the results would be very difficult

to interpret.

EXPERIMENTAL METHOD

The samples were cylindrical cores approx-
imately 5 om long and 2.54 cm in diameter cut
perpendicular to the bedding plane from a block of
The ends were ground parallel to
ensure good contact between the ends of the
and the electrodes or transducers.

added to the fluid. The concentration of salt is
reported by the molarity of the water NaCl solu-
tion before THF was added to the mixture. Because
temperature is an important variable in our study,
all measurements were conducted in a NESLAB RTE-8
¢ We left the sample in
the bath for 2% hours, well after a temperature

k'chaxfig‘e. to ensure the sample had equilibrated with

the bath. = Because the crystalline water that

‘formed i{n the pores disassociated near 4°C which

is near the disassociation temperature of THF
hydrates (Gough and Davidson 1971) and
significantly above the melting point of ice, THF

'hydraﬁe apparently formed in the pore spaces of
the rock, not water ice.

The electrical measurements were conducted
using a two-electrode system similar to that
We used
a8 Princeton Applied. Research model 5204 lock-in
analyzer, which can measure the in-phase and
quadrature components of the voltage drop across
the precision resistor, and were able to calculate
the real and imaginary components of the
reatstivity, the phase angle, and the complex
relative permittivity. The complex electrical
properties (i.e., the complex permittivity (K%

“and the loss tangent (D) were calculated using the

following equations presented by Collett and

 Kataube (1973).
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P~
D=2 ———m————— , and (1

\/pn12-(p)?

1
w (P%} 5

K* = (2]

where [P®*) and P° are the magnitude comple
resistivity and the real part of the comple
resistivity respectively, is the frequency, an
E, 1is the permittivity of free space. The rea
(K°) part of the relative permittivity can b
calculated from K* using

K- = . (3)
1+02

Two-electrode systems of this type are subject
to several systematic errors, among which are
inductive and capacity coupling between the leads,
current leakage around the sample, transfer
impedances between the sample and the electrodes
and contact polarization (Olhoeft 1975)., Ve
minimized coupling between the leads by using
shielded wires. Calibration using known resistors
showed that coupling and resistance in the leads
had a negligible effect on our measurements.
Current leakage was minimized by jacketing the
samples tightly in shrink tubing before conducting
measurements. We minimized transfer impedance
between the electrode and the sample by spring
loading the electrodes and using a conducting
brine as an interstitial fluid. Polarization
processes at the electrodes can also cause errors
in two-electrode measurements, particularly if the
sample is highly resistive or the measurement
frequency 1is high. These effects may cause the
small-frequency dependence above 1 kHz in the high
resistivity curves in Figures 1 and 2. However we
always used 200-Hz measurements when comparing
resistivities because, at these frequencies, the

10000 r 4 Y

- — - — -30°C
E 1000 + W
o
‘g 100 — — -15°C
=
2
H
—— -1*C
T yod D
e - 15°C
1 T -y v
10 100 1000 10000
Frequency (Hz)
FIGURE 1 Resistivity as a function of temperature

and frequency for a Berea core saturated with
0.5 N NaCl THF solution.
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FIGURE 2 Resistivity as a function of frequency
mand salinity at -2u°C.

s |

resistivities were frequency independent. Rust
(1952) compared resistivity measurements on porous
sedimentary rocks using both two-~ and four-
alectrode (which avoid most of the experimental
problems described above) techniques. He
concluded that, as long as the sample is saturated
rtit.h a conductive fluid, either method gives an

i

accurate measure of the complex resistivity.
Sonic measurements were conducted using the
pulse transmission described by Mattaboni and
chreiber (1967). We used Valpey Fisher LTZ-5
r tz 1-MHz piezoelectric transducers that were
-+M-.hed to the sample by a spring-loading device.
oLl measurements (both sonic and electric) were
conducted at atmospheric pressure, except for a
'small axial load, >0.1 MPa, which was applied to
. ensure that the electrode or transducer remained
in contact with the sample. Olhoeft (1977) found
the electrical properties of permafrost to be
strongly pressure dependent from 10 Hz to 10 kHz,
Thus, care must be taken when using our results to
interpret geophysical surveys over natural hydrate
deposits because the in situ pressure will always
rbe much greater than atmospheric pressure.

ELECTRICAL RESULTS

‘ As shown in Figures 1 and 2, the resistivities
- of Berea cores containing THF hydrates are
salinity at
to 30

and
However,

functions of both temperature
which the measurements were made.
kHz, the resistivities are nearly independent of

rt‘requency. Figures 1 and 2 plot the complex
resistivity, but because the imaginary component

of the resistivity was always very small, usually

less than 10% of the real component, the real and
rcomplex resistivities are nearly equal. As a
" result, loss tangents are very high, often in

excess of 100. Both the real relative permittiv-
ity and the imaginary part which is proportional
"™to the dielectric loss are linear functions of
Ft‘requency. The log linear relationship between
*nae dielectric loss and frequency (Figure 3) is
icularly important because the dielectric loss

a parameter that describes the motion of
electric charge. If the material displays

]
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conduction that arises not from the effect of
polarization on the displacement current but from
actual charge transport, Hasted (1974) shows that

- P S
€ ® B4ielectric * ‘hrwr:o (%
Here ¢ is the component of the

dieleetr(ue]lsggrggsociar.ed with loss from polari-
zation currents. With a dielectric loss mechanism
such as that from water molecules and in the
absence of conductors, will normally show a
strong peak when plotted vs. frequency. However,
if conduction dominates the polarization effects,
¢ will be inversely proportional to frequency.
Thus, the slope of the line from Figure 3, which
is (0.994) calculated wusing least square
regression techniques, implies that conduction is
much more important than polarization effects in
determining the electrical properties of
hydrate-containing Berea sandstone cores,

10808,

1008 {

Parmittivity
- -
@ 8
L LE

~—
Y

.1 " "
18 188 lege
Frequency hz

| eeed

FIGURE 3 Imgginary part of the relative permit-
tivity x 10 vs. frequency for a Berea core

saturated with a 0.5 N NaCl THF solution at -24°C.

The effect of temperature and salinity on the
resistivitiés of the Berea cores also suggests
that the electric currents flow because of ionic
conduction in an unfrozen brine phase, which is
present in the rock even after hydrates start to
form. The exponential {ncrease in resistivity
with temperature ocecurs because lowered
temperatures cause the proportion of hydrates in
the pores to increase, further constricting the
brine phase. The decrease in resistivity as the
salinity increases (shown in Figure 2) is caused
by an increase in the ionic concentration of the
brine phase. The additional ions present probably
also inhibit the formation of hydrates increasing
the amount of dbrine present in the pores.

The electrical properties of hydrate-containing
sediments can be quantitativelx‘ understood using
Archie's law (p = apw‘b_mSw- ), an empirical




‘are empirically derived parameters.

~ partially filled with lce or hydrates.
~’ a9 the amount of liquid water decreases, Sw and p

relationship between water content and the
resistivity of water-saturated sediments. Here o

i3 the resistivity of the sediments, oy is the
pore water resistivity, Sw is the tractlon of the
porosity occupied by liquid water, and a, m, and n
This equation
also aspplies to rocks where the pore spaces are
However,

are both reduced, Sw because some of the availabl®

porc space is now filled with a solid noncon-
I duetor, and p

because the dissolved salts are
concentrated in the remaining unfrozen brine. If
the brine is not very near saturation, the effect
on hydrate or ice formation of p_  is relatively
easy to quantify bdecause an increase in salt

. conecentration causes a linear decrease in o .

Because hydrates of ice exclude all of the dif~

- 'solved salts as they form, the salt concentration

of ‘the brine inclusions is inversely proportional
to the volume fraction of 1liquid water, 1if we
assume that the sediments were initially water
saturated, In addition, the resistivity of
aqueous solutions increases exponentially with
decreasing temperatures. Including both the
temperature and concentration effects, the resis-
tivity of a partially frozen brine at temperature
T is thus proportional to (C)T Sw, where C is a
constant. Substituting this relationship into
Archie's equation and dividing by the resistivity
at 0°C, we find that the ratio of frozen (o ) and
thawed (pt) resistivities is

=T 1-n
°f/pt. = C Sw . (5)

Archie's law accounts for the rapid decrease in
resistivity as a function of temperature (see

Figure 4). Because N is usually equal to 2, the
X ICE
1
£ * HYDRATES .
€ X
8 X
glm F
>
3
Y o
é 188 | *l( X
x
- *
- *
]
§ 18 ¥
FERR oy *
X
I} N " N N A N
-39 -20 -10 Q@ 10 20 30

Temperature *°C

FIGURE ¥ Resistivity as a function of temperature
for two Berea sandstone samples, one saturated
with' 0.5 N NaCl THF solution and one saturated
with a 0.5 N NaCl solution without THF,
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resistivity is inversely proportional to Sw.
the temperature decreases, the concentration ¢
the brine at equilibrium with hydrates increaseg
causing Sw to decrease and the resistivity
increase. Increasing the molarity of the saf
solution causes the resistivity to decrea
because the increased salinity of the pore wat
inhibits the formation of hydrates, whig
increases the amount of unfrozen water (S
present.

In order to compare the electrical propertid
of partially frozen sediments with the measur
ments on hydrate containing sediments describd
above, we performed a series of electrics
measurements on a Berea sandstone sample saturatéd
with an 0.5 N NaCl solution. Because this sample
did not contain any THF, ice rather than hydratdgs
formed when the temperature of the sample w#§
reduced below freezing. As was the case wiy
hydrates, the complex resistivities were frequend
independent and a linear relationship existed
between log (E) and log frequency. The relatiox
ship between hydrate and ice containing samples £
shown in Figure 4, Note that the curves are
similar in that both curves show an exponentig
decrease in resistivity with temperature.
quantitative difference between the curves
probably caused by differing amounts
crystalline hydrates and ice in the pore spaceg.
Such differences are not unexpected because ide
and THF hydrates have different stability curvdes
and dissociation temperatures. The resistivity g
ice reaches a nearly constant value at -H'C! the
freezing point of a 0.5 N NaCl solution, whereans
the THF-—containing sample does not reach plated
until +2°C, presumably the dissociation temper
ture of THF hydrates in a 0.5 N NaCl solution.

SEISMIC RESULTS

containing Berea sandstone cores as a function

Sonic P-wave velocities, measured on hydraf.£
temperature, are shown in Figure 5. This figu

5 v v —
Om NaCl

" 0.5m NaCi
ey
E 4 H
x
£
S
s

3 1

\
2 L T Ll T
-35 -25 -15 -5 5 3L

Temperature (C)

FIGURE 5 Sonic velocities vs. temperature for tiwpo
Berea cores showing the effect of salinity.




’. shows results from cores saturated with two
4fferent NaCl solutions. Note that in both cases
/ne sonic velocities {ncrease from 2.5 to 4.5 km/s
¥ when hydrates begin to form 1in the pore spaces.
Once hydrates form, the velocities reach a plateau
where further cooling produces very little change.

As shown in Figure 5 the salinity of the
saturating liquid has very 1little effect on the
sonic velocities once hydrates have formed in the
cores. However cores saturated with saline water
and THF approach the high-velocity plateau more
gradually than do samples saturated with pure
water and THF. Thus the behavior of sonic
velocities as a function of temperature contrasts
with the electrical resistivity measurements in
that electrical resistivitles decrease rapidly as
a function of temperature even after the pore
spaces of the sample are probably nearly full of
hydrates, while sonic velocities rapidly increase
when hydrates start to form in the pore spaces.
Then the velocities reach a plateau where further
cooling produces very little change in sonic
velocitlies. The difference in the temperature
dependence of sonic velocities and resistivities
{illustrates a fundamental difference in the
mechanism by which electrical and acoustic signals
are transmitted in rock. Electrical signs are
transmitted through the brine phase so electrical
properties remain sensitive to the amount of brine
present, even when the fraction of the pore volume
containing brine becomes very small. In contrast,
acoustic pulses are transmitted primarily through
the solid matrix, so once the pore volume is
argely filled with hydrates, a further decrease
n the small brine fraction produces only a
negligible change in velocity. However the slower
asymptotic approach in the brine-rich sample
suggests that amount of fluid in the unfrozen
brine phase does have some effect on velocity when
the brine phase consists of a relatively large
amount of fluid.

The compressional velocity of hydrates forming
in a sediment can probably be understood using a
three-phase time-averaged equation, first proposed
by Timur (1968) for partially frozen sediments and
since tested by several other authors. The
compressional velocity (Vp) 1is related to the
velocity of ice (Vs), the velocity of the brine
inclusions (Vb), and the velocity of the solid
matrix (Vm) by

r
]
]

5 {1 = Sw) . (1 = 4)
Vs Vm

(6)

Because of the similarities between the seismic
velocites of ice and hydrates, this equation can
probably be used to calculate the velocity of a
mixture of hydrates and brine in sedimentary rock.
Note that Equation 6 depends linearly on Sw, in
contrast to Equation S which, {f n = 2, |is
inversely proportional. The difference in
electrical and sonic properties as a function of
temperature can be explained by the difference in
the dependence of Equations 5 and 6 on Sw. The
electrical properties are inversely proportional
to Sw 3o the electrical resistivity remains
sensitive to changes in Sw even when very little
unfrozen water remains in the rock. In coatrast,

r
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in Equation 6 Sw enters directly as a term added
to other quantities, Thus as Sw becomes small it
has a negligible effect on the seismic velocity,

We performed no sonic measurements on Berea
samples that did not contain a THF hydrate mixture
so we could not compare the effect of THF hydrates
and ice on the sonic velocities, However because
our measurements are very similar to results
published by Pandt and King (1979) for partially
frozen sediments, we expect ice and hydrates to
have nearly the same effect on the sonic
velocities.

CONCLUSIONS

Several significant conclusions can be drawn
from this study: (1) the resistivities and sonic
velocities of Berea sandstone cores are strongly
affected by the presence of either ice or
hydrates. Resistivities increased by an order of
magnitude and continued to increase rapidly as
further decreases in temperature reduced the
amount of unfrozen brine present in the rock. The
sonic velocities, in contrast, rapidly increased
when hydrates began to form in the cores but soon
approached a 1limiting value. Further cooling
produced only a very small increase Iin sonie
velocities. (2) Ice and hydrates produce very
similar changes in the sonic and electrical
properties of Berea sandstone. Any differences
can probably be ascribed to differing amounts of
unfrozen brine present in the pores, This
suggests that it may be difficult to distinguish
permafrost and hydrate-containing 1layers using
ordinary geophysical techniques. (3) The
salinity of the pore water in which the hydrates
form has a strong effect on the resistivities but
a very small effect on the sonic velocities. We
suggest that the effect of temperature and salin-
ity on resistivities and sonic velocities can be
explained if the samples obey Archie's law for
resistivities and the three-phase rule for
velocities. (4) Resistivities of hydrate
containing cores are nearly frequency independent
in the range from 10 Hz to 30 kHz. However, both
the dielectric constant and the dielectric loss
decrease rapidly as a funetion of frequency. The
log linear relationship between frequency and
dielectric loss suggests that the electrical
properties of the hydrate containing samples are
controlled by ionic conduction in a frozen brine
phase.

Our experimental results show that the presence
of hydrates has a strong effect on the acoustic
and electric properties of sediments compared to
unfrozen or unhydrated sediments. An increase of
several orders of magnitude in electrical
resistivities can easily be detected using a
variety of electrical exploration techniques.
Also an 80% increase in sonic velocity is
sufficient to produce a very strong reflection in
seismic reflection data and can easily be detected
in seismic refraction surveys., This very strong
velocity contrast may account for strong reflec-
tions that are often observed at the bottom of
possible hydrate bearing horizons in marine
seismic surveys (Shipley et al. 1979).
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PERMAFROST BENEATH THE BEAUFORT SEA:
NEAR PRUOHOE BAY, ALASKA

by P.V. Sellmann and E.J. Chamberlain,
U.S.Army~-Cold Regions Research and
Engineering Laboratory

This paper was presented at the 111h Annual 0TC '." Houstan. Tex . Aonl 30-May 3. 1873 The matenal is subject to correction by the author Permssion to copy 1S resincied 10 30 absiract of not mare than 300 words.

ABSTRACT

The occurrence and properties of subsea perma-
frost near Prudhoe Bay, Alaska, were investigated by
drilling and probing. Nine holes were drilled and 27
sites were probed with a cone penetrometer. The deep-
est drill hole was 65.1 m below the seabed, while a
depth of 14.1 m was reached with the cone penetrometer.
ngineering and chemical properties were determined

-om core samples and point penetration resistance

.“ ita were obtained with the penetrometer. Thermal
profiles were acquired at both the drill and probe

sites.

Temperatures below 0°C were observed in all the
drill and penetrometer holes logged, although frozen
sediments were encountered only occasionally. Sea-
sonally frozen sediments were observed near the sea-
bed at each site. The degree of ice bonding, or
strength, could be related to seabed temperature and
was greatest in shallow water (<2 m). The pene-
trometer resistance and thermal data indicated that
deeper ice-bonded sediments occur, for example ap-
proximately 12.7 m below the seabed in 2 m of water
off the Sagavanirktok delta.

Of eight holes drilled offshare, it appeared
that four encountered bonded permafrost. In gen—
eral, the position of the ice-bonded permafrost
interface was extremely irregular. The depth below
the seabed to this interface at various distances
from shore along the line studied was 28.8 m at
l km, 65.1 m at 3.5 km, 44.1 m at 6.8 km, and
29.5 m at 17.2 km.

Shallow, overconsolidated marine sediments were
found in the upper fine-grained section at all of
the drill sites investigated; the degree of over-
consolidation varied considerably among the sites.
This fine-grained section was up to 10 m thick and
covered sands and coarse gravels.

+NTRODUCTION

e e,

Sclentific and engineering investigations con~-
ducted by several nations bordering the Arctic Basin

References and illustrations at end of paper.

have documented the existence of subsea permafrost.
Many questions concerning distribution, and particu-
larly the properties, of these perennially frozen
sediments still remain.

The earliest quantitative studies commenced
around 1953 in the USSR. The Soviet investigations
have continued, with emphasis on field observation
and theoretical studies.!

Few studies were conducted in North America prior
to the extensive activity stimulated by petroleum
exploration in the arctic regions. Early direct ob-
servations and theoretical models of subsea perma-
frost by Lachenbruch and others2:3 vere based _on
studies made near Barrow, Alaska. Lewellen”»” fol-
lowed these investigations with drilling and probe
studies in the same region.

In the Canadian Beaufort Sea, probably the first
evidence of permafrost and ice-bonded sediment was
obtained during an Arctic Petroleum Operators Associ-
ation drilling program. Shearer et al.’ observed
the occurrence of pingo-like features on the outer
shelf. Hunter et al. +9,10 f0110owed these studies
with an extensive investigation of the distribution of
ice-bonded permafrost. These studies, which were
largely based on examination of seismic records,
showed extensive subsea permafrost.

Recently, in the U.S. Beaufort Sea near Prudhoe
Bay, Alaska, investigations were conducted to provide
data on permafrost distribution and propeffifg based
on drilling, probing and seismic studies. These
investigations have shown that there are substantial
areas of permafrost beneath the Beaufort Sea. They
have also provided some information on its engineer-
ing, chemical and physical properties. This paper
summarizes the results of the studies conducted by the
U.S. Army Cold Reglons Research and Engineering Lab-
oratory in the Prudhoe Bay area during the spring of
1976 and 1977.

We obtained information on engineering proper-
ties, pore water chemistry, and temperature through
drilling, sampling and probing. The locations of our
9 drill holes and 27 penetrometer sites are shown in
Fig. 1. These sites were selected to represent a
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rcngg ai thermal and geological settings. Parameters
such as vater depth, distance from shore, and prox-

imity to offshore islands, bars and shoal areas

Tbe driil helea were placed mainly on line 2

probing.” . 1ine 1) extended offshore from Prud-
hoe Bay acroés a3 shoal area between Cull and Niakuk
Islands into the open waters of the Beaufort Sea.
Another (line 3) was roughly perpendicular to the
others and extended along the 2-m isobath from Stump
Island to the Sagavanirktok River. The remaining
linc {line &) crossed Stump Island.

HET”ODS k
Dtilling and Sampling

‘Complete details covering equipment and pro-
cedures are provided in two operational reports. 20,21
The.drilling equipment used was fairly conventional,
the n51QUe aspect being that it was completely housed
on :;e 8.

The upper part of every section drilled was
fine~grained, and emphasis was placed on obtaining
continuous samples in this material. Sampling below
these fine-grained sediments in the sands and gravels
was dooc ‘at greater intervals, grain size and casing
Pllatngnt procedures often controlling the spacing.

Most of the samples obtained during the study
ware tqken by drive sampling. Wash samples were
g Gcted. usually at 0.6-m intervals. All
cores. wete subsampled to provide material for deter—
ﬂiﬂiﬁﬂ Qﬂzineering properties and pore water chemis~-
ery, and»for geological and paleontological analysis.

33 Prcgetcx Determinations
dex ‘Propercties including grain size, liguid
and PQ"tic limits, density. water -~~utent, and or-
5‘"i°.°°"‘¢“‘ wvere all determined using established

‘conducted on specimens prepared from un-
core. The test specimens were nominally
i diameter and 115 mm long. Confining pres-
[ tenperatures were selected to approximate
in situ Zonditions. The szraxT rate for the
s:rength ‘tests vas 7.5x10 -

‘The consolidation tests were also conducted
itindard procedures. Samples were nominally
i&nater and 25 mm higli. The maximum stress

- Wéencountered difficulries in using the stan-
dard procedures for determining the maximum past
Pressure (preconsolidation pressure) p. because many
of the vold ratio (e) versus log effective stress
(' ) eumvns did not have sharp, well defined breaks.

lccount £0t xaae of the differences between the sites.

estimates. Actual values could vary consider-

ably.

Pore Water Chemical Analysis

The pore water chemistry studies discussed were'-
conducted at CRREL by I.K. Iskandar and F.W. Page.
They analyzed water extracted from the sediments for
pH and alkalinity, and for sodium, potassium, calcium,
magnesium, chloride and sulfate concentrations.
Iskandar et al.l? have published additional informa=-

tion, including data from the University of Alaska '

studies.

Penetrometer Equipment

A penetrometer device was prefabricated at CRREL
and evaluated during the first field season as a
means of obtaining engineering property data from the
seabed. Encouraging results from this first-year
program provided the basis for the design and con-
struction of a formal field test unit.

A cone penetrometer was selected because it ap-
peared to offer the best combination of versacility,
simplicity and data productivity. It was used to
acquire both engineering data and thermal profiles.
The primary testing mode was static, although a
dynamic capability was included.

The penetrometer, including equipment for auto-
matic data acquisition, was completely housed in
a heated building mounted on skis. A large crawler
tractor transported the unit and provided the reac-
tion force for testing. The probe design was simi-
lar to the Dutch "mantle cone” described by
Heijnen,za with provisions for separate measurements
of point resistance and side friction. The cone
and friction shoe were 63.5 mm in diameter. Maximum
probe penetration velocity was approximately 20 mm/s.
A detailed discussion of the entire apparatus and its
operation is given by Blouin et al.

Sediment Temperature Measurements

After the penetrometer was driven to refusal,
we made temperature ovservations with a thermistor in
the fluid-filled bore of the penetrometer rod. Ini-

tial observations indicated that temperature equilibri

um was reached in 6 to 8 hours after the penetrometer
was driven. To ensure equilibrium the probe was
allowed to remain in place overnight before tempera-
ture readings were made.

The temperature measurements were made from the
bottom up, normally at 1.5-m intervals. In the upper
part of the profiles, where temperature gradients
were the steepest, we made observations at closer
intervals.

Five to twenty wiriites was usually required for
a single measuremen:, depending on the amount of
temperature :naage between positions. The chermistcr
resistante vas displayed continuously on a ddgital
ohm-meter so that temperature changes could be ob-
served. The equilibrium temperature for each mea-
surement was established as the resistance where less
than a8 l-ohm change occurred in one minute. For the
thermiscors employed, 3 l-ohm change is approxi-~
mately equal to Q. 0035 C. In a few cases temperature
fluctuations as large as 0.05°C occurred near the top
of the sediments as a result of convection.

USGS personnel obtalned temperature profiles
from access tubes placed in the deeper drill holes, -
These holes were repeatedly logged until the ice
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The techniques employed were similar
The Ero-
9,

became unsafe.
to those used at the penetrometer sites.
redures and the results have been reported.l 5

£SULTS

'ﬁ Material Properties

Profiles of the index properties and hole lith-
ology are shown in Figs. 2-8. All holes have fine-
grained surface sections of marine sediments (fine
sand, silt and clay) 2.1 to 12.0 m thick. These
sediments commonly contain a few rounded pebbles -
material possibly ice-rafted from nearby beaches.
Sands and gravels with occasional layers of silt and
clay underlie the fine-grained marine sediments at
all of the sites.

The properties of the fine—grained sediments are
quite variable, both with depth and from site to site.

At site PB-l1, which is located near the middle
of Prudhoe Bay along line 1 (see Fig. 1), soft or-~
ganic silts dominate the 4.5-m~thick fine-grained
section. In the upper three-quarters of this sec~
tion, water content (Fig. 2) exceeds or nearly
exceeds the liquid limits (41 to 437). Near the
boungary between the fine-grained sediments and the
underlying sands and gravels, the water content falls
markedly to below 20X in non-plastic silty sediments.

At site PB-5, which is also along line 1l but
seaward of the shoal separating Prudhoe Bay from the
Beaufort Sea, the water content (Fig. 5) ranges from
24 to 37%, also exceeding the liquid limits. Thicker

r

‘(7.1 m) non-plastic inorganic sands and silts
3-minace this site.

At site PB-6, the drill site nearest the shore
along line 2, the water content is below 20% in
principally non-plastic interbedded sands and silts
3 m thick (Fig. 6). Further seaward along this line
at site PB~7 in thicker (4.5 m) but similar sedi-
ments, water content ranges from 26 to 38%, with
one value as low as 9% just above the sands and
gravels (Fig. 7).

Continuing further seaward along line 2 to
site PB-3, which was located approximately midway be-
tween the shore and Reindeer Island, the fine-grained
sediments are dominated by silts of low plasticity.
These sediments are approximately 5 m thick. Water
content (Fig. 4) ranges from 20 to 42%Z, increasing
with depth. In the shallow part of these silts the
water content is near the plastic limir, but it
increases steadily to the liquid limit with increas-
ing depth.

Just shoreward of Reindeer Island at site PB-8
the fine-grained section is 12 m chick and is
dominated by the clay sizes. Water content (Fig. 8)
ranges from 20X in the upper half of this section to
40Z in the lower half. 1In the upper half the water
content falls near the plastic limit. In the lower
half it ranges between the liquid and plastic limits.

r
r
r
r
]
r

I
r
r
r
r
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The most uniform fine~grained section was ob-
rved at site PB-2. which is located seaward of
_indeer Island. The sediments are approximately

7.5 m thick, with water content ranging between 20
and 22% (Fig. 3). In all cases the water content
was at or below the plastic limit.

The implication of the relationship between the
molsture content and Atterberg limit data is that

much of the fine-grained marine sediments are over-
consolidated, and those at PB-2 and certainly some
of those at site PB-8 are highly overconsolidated.

Consolidation Properties

The consolidation test results support our
initial observation that at most of the sites the
fine-grained sediments are overconsolidated. How-
ever, there appears to be considerable variation in
the degree of overconsolidation.

The estimated values for the preconsolidation
pressure (p.) range from a low of 540 kPa at site
PB~8 to .900 kPa at PR-2, with overconsoiidation
ratios (p /pé, the ratio of preconsolidation pres-
sure to e%fective overburden pressure) varying from
2.2:1 at PB-7 to 1091:1 at PB-5. The specimens are,
thus, lightly to highly overconsolidated.

It is interesting to compare the results at sites
PB-2 and PB-8. Fig. 3 shows p. to be uniformliy high
(>1800 kPa) at PB-~2 over the depth profiled, while at
PB-8 p_ varies between 540 and 1550 kPa (Fig. 8).
The segimenc types at these two sites are similar;
therefore, it appears that they have been subject to
quite different processes.

Strength Tests

The strength determinations discussed in this
section are for the fine-grained sections from which
good "undisturbed" cores could be obtained.

The shear strength profile for site PB-1 is shown
in Fig. 2. These sediments are soft and weak to a
depth of 2.5 m below the seabed, with a maximum shear
strength of 45 kPa. At 4.1 m the shear strength in-
creases to .35 kPa near the transition between the
shallow silt and clay and the deeper sands and
gravels.

Just seaward of the shoal that separates Prudhoe
Bay from the Beaufort Sea at site PB-5, the maximum
shear strength ranged between 35 and 63 kPa to a
depth of 7.1 m below the seabed (Fig. 5). Non-plastic
inorganic sands and silts dominated this site.

The five sites along line 2 (Fig. 1) provide
considerable information on the variability of the
sediments in this region. For the two sites nearest
shore (PB~6 and PB-7) only one sample from a silty
sand layer 1.4 m below the seabed was tested. The
shear strength § of this material was 76 kPa, which
is probably reprgsencative of the unfrozen sandy
sediments found in this region.

Further seaward, at PB-3, the shear strength
ranges from 25 to 120 kPa (Fig. 4), the weaker samples
coming from the high moisture content sediments in
the lower portion of the fine-grained section. Just
shoreward of Reindeer Island at PB-8, Su ranges from
25 to 100 kPa, with considerable variation occurring
over the entire 12-m-thick section (Fig. 8).

At the most seaward site, PB-2, considerably
higher S values were observed (Fig. 3). Shear
strength values ranged from 85 kPa at shallow depths
to more than 260 kPa 8 m below the seabed.

Penetrometer Observations

Penetration Resistance Data. In general, pene-
tration resistance values were low in the upper few
meters and approached refusal (40 MPa) at depths be-
tween 10 and 14 m below the seabed. The spread be-
tween maximum and minimum penetration values was
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nagxo& iu he upper 4 m, compared with the wider

yes observed in the material below. liow-
ever, in shallow water, where seasonally frozen sedi-
neﬂtl were encountered, very high penetration resis-
tance vas observed. We found that variations in the
resistance data could be readily correlated with geo-
logic features and the occurrence of frozen material.
Extremely high penetration resistance in coarse-
gratﬂcd sedinen:s caused termination of probing at
all si:es.

Blouin et al.la give a detailed discussion of
all penetrometer records. A summary of these data
obtlined along line | is shown in Fig. 9.

wTeupérgture Profiles. Temperature profiles
were obtained at 18 of the 27 probe sites. Subsea
sedincat tenperatures were below 0 C at all sites.

Prcfiles obtained along line 1 are shown in
Q.. ‘Along this line, the lowest temperatures

erved at sites PH-4. PH~5 and PH-9. These
e in a region where the sea ice freezes to
the shoal sediments that separate Prudhoe Bay from
the Besufort Sea. Seaward of this shoal, at PH-1,
PH=2 ‘and. PH—3, the temperature profiles are warmer
and have much shallower gradients.

' ‘Shoreward of the shoal, at PH-6 and PH-8, cthe
temperatures fall in between these two extremes, the
tempetutures in the upper 4 m of sediment being more
like those observed in the shoal area and the deeper
temperatures more like those seaward of the shoal.

18
pro-

" “Profiles along the other two study lines
vide similar data.

Chemistry Data

v -The salinity data obtained by Page and Iskandar
provided another means of establishing information
on permafrost properties. This information permitted
calculation of the freezing point of the pore water,

23

dand whan coupled with thermal data helped establish

vhere frozen sediments could be expected, as sum-
mag;zggyin Fig. 11.

DISCUSSION

Engineering Properties

» Th! high shear strengths of the fine-grained
‘that constitute the upper part of the sec~
tiong indicate that these sediments are overcomsoli-
da(ed, vhich, of course, supports the earlier observa-
tions sade. {:om the Atterberg limit, water content,
and consolidation test results. But as previously
mentioned, the magnitudes of the overconsolidation
pressures are uncertain in many cases because of dif-
ficulties {n interpreting the consolidation test
resules.

Following the Suggestions of Berre® ve used a
moﬂified version of Skempton 1527 relationship be-
tween the ratio Su/pC and the plasticity index I to
estimace P, from the strength data.

Thtre is generally good agreement with one ex-
CePtion between these p_ values and those obtained
from the consolidation tests at PB-2 (Fig. 3). How-
ever ‘at the other site (PB-8) where there are suf-
ficient data to make this comparison (Fig. 8) the
¢stimated values are considerably less.

Berrezs'belleves that S for overconsolidated
clays 1! lnfluenced less by disturbance during sampling

than the P values obtained from the consolidation -

test, and therefore that his method is preferable for
obtaining p_ . For the purpose of our discussion, we

have assumed that he is correct.

We have established, then, that most of the fine<
grained sediments studied are overconsolidated. The
degree of overconsolidation and the magnitude of the
preconsolidation pressures, however, are quite vari-
able. Preconsolidation pressures estimated from the
strength data range from a low of 90 kPa at site
PB-3 to a high of 1850 kPa at PB-2. Overconsolidation
ratios vary from 2.2 at PB-8 to 1090 at PB-5.

The preconsolidation pressures are nearly con-
stant with depth at PB-2 and PB~-5, the average values
being much greater at PB-2 (1635 kPa versus 475 kPa).
and the preconsolidation pressure increases with deptlf
at PB-1 (300 to 1800 kPa) and decreases with depth at
PB-3 (1000 to 90 kPa) and PB-8 (1000 to 100 kPa).

The range and variability of p. and p_./p' from
site to site and at different depths are dszgcult to
explain. In an earlier paper we dismissed the
traditional overconsolidation mechanisms such as:

1) accumulation and subsequent erosion of overburden,
2) desiccation, and 3) glaciation. We also rejected
the possibility that the forces of drifting ice
caused the overconsolidation, and came to the conclu-
sion that freezing and thawing was most likely the
mechanism. We supported this theory with laboratory
freeze-thaw consolidation test results.

At that time we had p. daca for site PB~2 only
and assumed that the other two sites (PB-1 and PB-3)
were normally consolidated. We also had concluded
that the sediments at PB-2 were no more than 10,000
years old, and thus had always been submerged and had
frozen and thawed during the passage of the transient
barrier island, Re%gdeer Island. More recent dating
of these sediments“® suggests that their age is much
greater than 10,000 years and that they may have been
exposed to freezing temperatures during a period of
low sea level that followed their deposition.29

It is possible, then, that during this exposure
desiccation caused or contributed to the overconsoli-
dation. However, because similar ice-saturated
frozen clays have been observed on shored0 this is
doubtful. We believe, now, that the overconsolidation
is the result of complex geological, chemical and
thermal processes. As we are uncertain in most cases
precisely what happened, we will defer speculating on
the processes other than to say that: 1) Brown and
Rashid3! suggest that changes in chemistry can cause &
low degree of overconsolidation, and 2) it appears
that a few meters of sediments have been eroded
locally,32 which could also have caused a low degree
of overconsolidation. It is also probable that Rein-
deer Island passed over site PB-2 and that it induced
freezing as it is doing today.!3 And the large
‘differences between the overconsolidation pressures
and ratios at sites PB-2 and PB-8 are probably due to
the more recent freezing and thawing of sediments at
PR-2.

The highly overconsolidated clays play an import-
ant vole in the degradation of ice-bonded permafrost
in this region of the Beaufort Sea. According to
Hopkins,}‘ wherever the highly overconsolidated silt
or clay is preserved on the sea bottom, ice-bonded
permafrost lies close to the sea floor, the dense
sediments inhibiting the infiltration of more saline

waters into the deeper sands and gravels.
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These dense clays may create access problems for
[obtaining gravel for drilling pads, etc. Conventional
! hydraulic dredges would probably not work well in

nese sediments. Most likely, mechanical cutters
Luld be required to break through to the gravels.

Penetration Resistance

Because of the ease and speed with which the
point resistance profiles were obtained, we were able
to identify sediment types, distribution and bearing
capacity over a large area.

Unique penetration characteristics were identi-
fied with sediment types and frozen sediment by com-
paring penetration resistance curves with drill hole
logs and temperature profiles. Subtle variations.in
grain size as well as depositional patterns and frozen
zones were apparent.

The resulting correlations allowed us to
establish stratigraphic cross sections along each of
the study lines. These sections show the distribution
of sediments and zones where they may be frozen.

For instance, the stratigraphic section along
line 1| (Fig. 12) shows a distinct difference between
the sediments seaward and shoreward of the shoal
separating Prudhoe Bay from the Beaufort Sea. A weak
fine-grained section occurs from the surface down to
stronger coarser-grained sediments at PH-6, PH-7 and
PH-8. A similar section occurs under the shoal at
PH-5 and PH-9, but is capped with sandy sediment.
Seaward of the shoal the surface sand and silt unit
increases in thickness and caps a weaker fine clayey

ilt section.

) Furthermore, from the penetration resistance
and temperature profiles, we determined that the
shallow sediments in the shoal region (PH-4, PH-5
and PH-9) were seasonally frozen. Similarly, the
sediments near the bottom of PH-5 were found to be
frozen (possibly perennially frozen).

A discussion of the stratigraphic sections alon
the other study lines can be found in Blouin et a1.l

Sediment Temperatures
The temperature profiles obtained with the pene-

trometer differ considerably from site to site. In
areas where the sea ice was near or in contact with
the seabed (water depth less than 2 m) the tempera-
ture at the seabed ranged from -2.2 to -11.4"C, with
the temperatures apparently being controlled by the
length of time the sea ice was in contact with the bed.

In water depths greater than 2 m, where sea
water circulation was possible beneath the ice, the
variation was much less, -1.7 to -2.3°C. 1In the
center of Prudhoe Bay (PH-6), which is apparently a
closed basin because of the sea ice freezing to the
shoal separating it from the Beaufort Sea, the sea-
bed temperature was -3.4 C in 2.93 mw of water. Ex-
tremely cold saline brines approaching 60 ppt were
also observed in this region, indicating that little
or no circulation occurs to flush the salts excluded

during the freezing of the sea ice.

. The highest temperature measured at the bottom

~ a probe hole was -O.SOC, which was at PH-2 approxi-
mately 6 m below the seabed. This site was located

in an open marine environment along line I with a
wvater depth of 3.2 m.

The lowest temgerature measured at depth in a
probe hole was -3.4 C 12.7 m below the seabed at
PH-27, which is on line 3 off the Sagavanirktok River
delta in 1.89 m of water. .

The temperature profiles in the deeper drill
holes also differed considerably, depending on depth
and site location. The temperatures at ghe bottom of
the drill holes ranged from -1.7 to -2.5 C. The low-
est bottom hole temperature was obtained almost a
kilometer from shore at site PB-6, 28 m below the
seabed. )

The sediment temperatures at all the probe and
drill sites increase with depth to depths ranging
from 4 to 10 m, and then, with the exception of PH=-5
and PH-9, decrease with depth, indicating that peren-
nially frozen sediments occur at all sites. The
temperature profiles at PH-5 and PH-9 do not show
this trend, simply because the orobe did not reach
beyond the depth of seasonal cooling.

The relative accuracy of the thermal data is
best demonstrated by comparing the probe results with
those taken in the drill holes. 1In Fig. 13 the probe
temperature profiles are superimposed on the driil
hole protfiles.

We can see that there is a general cooling of
the drill holes during the time between the first ob-
servation made immediately after drilling was com-
pleted and the last measurements made before breakup
of the sea ice. This cooling is attributed to two
factors: 1) the establishment of thermal equilibrium
in the sediments that were disturbed by drilling, and
2) seasonal cooling of the sediments.

Fig. 13 shows that there is good agreement be-
tween the probe and drill hole data. The small dif-
ferences can be attributed to thermal disturbances
induced during the drilling activity, to seasonal
cooling, and to local temperature variations. (The
probe observations were not made at precisely the
same locations as the drill hole observationms.)

The results are encouraging, especially if one
considers the greater productivity of the penetrometer
device and the time required for the drill holes to
come to equilibrium. The advantage of the drill hole
method, of course, is that greater depths can be
reached and strongly ice-~bonded sediments can be
penetrated.

Chemistry
Another means of establishing the position of

seasonally and perennially frozen sediments was
through comparison of pore water freezing point pro-
files calculated by Page and Iskandar?3 from the
salinity data with the thermal profiles obtained from
the drill holes. We show these profiles for all the
drill holes in Fig. 11l.

One can see that the temperature near the seabed
is below the freezing point of the interstitial water
in all cases, which indicates that the bed sediments
are seasonally frozen. Although we did not observe
ice during drilling, it is quite possible that ice
and water are in equilibrium in these sediments, with
little bonding of sediments occurring. The decrease
in freezing temperatures below this zone, which is
the result of increases in salinity, probably reflects
brine exclusion from above during freezing.
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The freezing point and temperature data also sug-
gést that perennially frozen sediments occur near the
bottoms of &ll the drill holes except PB-1 and PB-5.
With the exception of PB-8 this observation agrees
extremely well with observations made during the
drilling program. At PB-8 it appears that we
stopped short of perennially frozen sediments.

né2t§4i;«Parennially Frozen Sediments

T wAlthough perennially frozen sediments appear to
occur at all of the sites investigated, the depths
are extromely variable and currently unpredictable.

Fig. 14 shows a composite of data for the loca-
tion of the top of ice-bonded permafrost along line
2. Our data and that of our colleagues at the U.S.
Ceologicel Survey and the University of Alaska are
included in this figure. Superimposed on these data
is our estimate of the depth to perennially ice-
bonded sediments.  One can see that there is good
agreemént; between the drill and probing estimates and
those obtained by seismic means.

.~ We attribute the difference between the seismic
data and the probe and crill hole data principally to
differences in alignment of the study lines (see Fig.
DYoo

Several distinct regions occur along this
profile:

- 1).The near-shore shallow water (<1 m) region
vhere - perennially frozen sediments lie close to the
seabed, .

%2} The region seaward to PB-3 where the depth
to igce=bopded permafrost falls to 50 or 60 m,

.3} The 140-m-deep depression between PB-3 and
PB~-8, )

.7 &) The very shallow perennially frozen sedi-
ments in the region of Reindeer Island,

. "S¥.The shallow rising ice-bonded permafrost
table beyond Reindeer Island.

: G
Ropkin332 believes that the dense overconsoli-
dated c¢lays play an important role in controlling the
positien of the top of ice~bonded permafrost by
keeping the salt water from gaining access to the
porous. gravel substrate beneath. '"Consequently,
thawing of ice in the shallow bonded permafrost
could-progress only by heat and salt diffusion.”

Hopkins .also believes that the deeply thawed
region between PB~3 and PB-8 was a river bed in
Pleistocene times, during which the dense overcon-
solidated clavs were eroded and the deeper gravels
were thawed to tens of meters. As the sea level rose,
this valley was flooded early, and in the absence of
the impervious dense clays the salty sea water
gained ‘regdy access to the gravels, thawing them to
even. greater depths.

. We also believe that the overconsolidated clays
restrict the depth of thawing. In addition, we think
that other factors such as 1) the initial degree of
fce saturation of the sediments, 2) variations in
mean annual seabed temperature, and 3) thermal per-
turbations imtroduced by transient features also play
an important role. For instance, we can see in Fig.
lsithﬂtfthe;neln annual seabed temperature along
line 2. decreases with increasing distance from shore.
(These values were determined by extrapolating the
straight line segments of the drill hole temperature
to the seabed, and assuming the intercept to be the
mean annual seabed temperature.) Thus, the depth to

perennially frozen sediments is decreasing far
offshore.

CONCLUSIONS

In the Prudhoe Bay region of the Beaufort Sea
fine-grained sediments cover coarser dense sands and
gravels interspersed occasionally with finer grained
sediments. The thickness of the fine-grained section
ranges from 3 to 10 m at the sites investigated. The
properties of these materials vary greatly from soft,
weak sediments in the center of Prudhoe Bay to stiff,
highly overconsolidated sediments north of Reindeer
Island.

All of the fine-grained sediments appear to be
overconsolidated, but the degree of overconsolidation
varies widely. The densest, most uniform and most
highly overconsolidated clays occur seaward of Rein-
deer Island. We believe that freezing and thawing
has probably caused the overconsolidation of these
fine-grained sediments.

The sands and gravels appear to be a good source
of borrow material and good materials for some types
of foundations. Access to them, however, may be re-
stricted in shallow water locations where the fine-
grained sediments freeze seasonally and in the regiong
of dense overconsolidated clays.

In general, the salinity in the interstitial
water in the sediments was similar to that of sea
water and was fairly uniform with depth. The largest
variations were encountered close to shore, where
highly saline sea water has infiltrated into the sur-
face layer of sediments. These brines formed as a
result of salt exclusion during the formation of sea
ice. Other large variations in salinity observed wer(
associated with the partial seasonal freezing of the
interstitial water in sediments located near the sea-
bed. The pore water chemistry data coupled with the
thermal data were useful in confirming the position o
zones where ice can be anticipated in the sediments.

Although we did not observe segregated ice dur-
ing our study, the occurrence of ice-rich sediments
cannot be discounted. Ice-~rich sediments are ex-
tremely likely to occur in shallow coastal sites,
particularly to the west of Prudhoe Bay in areas
where rapid coastal retreat is occurring. Ice has
been seen in the Humble C-1 Reindgfr Island hole
and in the Canadian Beaufort Sea.”

Permafrost properties and distribution are ex-
tremely variable in the marine environment as they
are on land, with greater potential for variability
because of saline waters and complex thermal historie§
imposed by varying coastal processes. Of particular
concern and interest is the rising ice-bonded perma-~
frost table seaward of Reindeer Island because of thej
high potential for segregated ground ice at shallow
depths far out on the continental shelf.
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§ COST SCHEDULE
WINTER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION
; 93-0033
r DISBURSEMENT FEE = D 10.0%
PROGRAM BASED ON UTILIZING ROLIGON SUPPORT ( LIMITED OFFSHORE ACCESS)
Estimated
r Estimated Total
‘ item Description Quantity Unit Unit Price D Amount
1.0 MOBILIZATION/DEMOBILIZATION
r 1.1 PLANNING AND CUSTOMS
1. PREPARATION WORK PLAN w/ ARCO 24 hour $85 $2,040.00
2. COMMUNICATIONS 1 lump sum $500 Y $550.00
r 3. OPERATIONS PLANNING 80 hours $85 $6,800.00
' 4, CONSUMABLES, ADMIN EXPENSES 1 lump sum $750 $750.00
r TOTAL COST FOR PLANNING AND MOBILIZATION $10,140.00
‘ 1.2 MOBILIZATION GEOPHYSICAL EQUIPMENT PERSONNEL TO ANCH
r 1.0 SEAFLOOR HAZARDS Bathy-Sonar
1.1 Foreward Look Sonar, FATHO, 1 lump sum $55,000 Y $60,500.00
2.2 PERSONNEL 60 hour $105 $6,300.00
r_.;;\v 2.3 CONSUMABLES 1 lump sum $3,500 Y $3,850.00
"~ TOTAL COST FOR MOBILIZATION GEOPHYSICAL EQUIPMENT $70,650.00
r 1.3 MOBILIZATION ARCTIC GEOSCIENCE
1.0 PROGRAM PLANNING
r 1.1 ARCTIC GEOSCIENCE 80 hour $85 $6,800.00
‘ 1.2 CONSUMABLES 1 lump sum $1,500 $1,500.00
1.3 VESSEL COMM. (RADIO PHONE) 1.0 lump sum $3,500 $3,500.00
r 1.4 TECH SUPPORT 60.0 hour $65 $3,900.00
TOTAL COST FOR ARCTIC GEOSCIENCE MOB $15,700.00
r 1.4 MOBILIZATION EQUIP/ PERS. ANC TO PRUDHOE BAY
1.0 TRANSPORTATION TO DEADHORSE
r 1.1 AK AIRLINES (ANC-DH-ANC) 16 RTFLTS $785 Y $13,816.00
2.0 TRANSPORT EQUIP - TRUCK 2 LOADS $3.500 Y $7,700.00
3.0 MISC. SUPPORT - CATCO OFFLOAD 40 $/HR $145 Y $6,380.00
r 3.1 PICK-UP TRUCK 7 $/day $150 Y $1,155.00
32 ACCOMS IN TUK, MISC SUPPORT 6 days $175 Y $1,155.00
r TOTAL COST FOR EQUIP/PERS MOBILIZATION $30,206.00
r ARCTIC GEOSCIENCE 1, 7/16/93 9:22 AM 93-0033
A10.9
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COST SCHEDULE

WINTER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION

93-0033

: 2.:0 _HOB&IZATION GEOTECHNICAL PROGRAM - FROM ANCH.

1
1
1
1

80
1

TOTAL COST FOR MOBILIZATION GEOTECHNICAL

3,0 REMOTE CAMP MOBILIZATION W/ FUEL

lump sum
lump sum
lump sum
prj prgrm
hours
lump sum

24/MAN

lump sum
lump sum

$/HR
$/HR

‘1.0:CATCO REMOTE CAMP 1
TOTAL COST FOR REMOTE CAMP
4.0 MOBILIZATION NAVIGATION NET

1. WESTERN GEOPHYSICAL R 1
2. LCMF 1
TOTAL COST FOR NAVIGATION
8.0 DAILY OPERATING GEOPHYSICAL AND GEOTECH PRGAM
1.0 ROLLIGON -TRACTOR TRAILER 6
11 RD85
2.0 LCMF

' 3.0,4.0 SEAFLOOR HAZ EQUIP/PERS
-~ 5, ARCTIC GEOSCIENCE (3 men and lab)
6. CONSUMABLES

e )

7. COMMUNICATIONS
acmo CAMP 24
9. GEOTECHDRILLER 24
10 CPT EQUIP (:ARCTIC GEO EQUIP) 1

: TQTKL DAILY COST FOR GEOPHYSICAL AND GEOTECHNICAL PROGRAM

: s.nr mv OPERATING GEOTECH PRGRM

£ 1 HOLUGON -TRACTOR TRAILER 6
: 6

1

1

1

S s 00 1
7 cAToo CAMP 24
-8 GEOTECH DRILLER 24
GPTEOUiP(ARCTIC GEO EQUIP) 1

S To'm. mn.v COSTFOR GEOTECHNICAL PROGRAM

$/day
$/day
$/day
$/day
$/day
$/MANday
$/hr
$/day

$/HR
$/HR
$/day
$/day
$/day
$/day
$/MANday
$/hr
$/day

2, 7/16/93 9:22 AM

$35,000
$4,500
$3,500
$1,750
$85
$3,500

$86,450

$17,500
$24,850

$345
$185
$3,540
$12,500
$2,950
$125
$150
$150
$265
$2,100

$345
$185
$3,540
$2,950
$125
$150
$150
$265
$2,100

Y

<< =<=<

< <<

$38,500.00
$4,500.00
$3,500.00
$1,750.00
$6,800.00
$3,500.00

$58,550.00

$95,095.00

$95,095.00

$19,250.00
$27,335.00

$27,335.00

$2,277.00
$1,221.00
$3,894.00
$13,750.00
$2,950.00
$125.00
$150.00
$3,960.00
$6,996.00
$2,100.00

$37,423.00

$2,277.00
$1,221.00
$3,894.00
$2,950.00

$125.00

$150.00
$3,960.00
$6,996.00
$2,100.00

$23,673.00

93-0033
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ARCTIC GEOSCIENCE

COST SCHEDULE
SUMMER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION
83-0033

FOR GENERAL PLANNING

DAILY RATES SHOULD ALSO INCLUDE ICE AND WEATHER MONITORING
COSTS FOR SERVICES BY WEATHER SERVICE AND DR. LEWELLEN
THESE COST TYPICALLY ADD TO THE PROGRAM $950 TO $1,150 PER DAY

ESTIMATED DATA PROCESSING, LABORATORY TESTING, REPORTING COST
APPROXIMATELY 15 PERCENT OF THE TOTAL PROGRAM BUDGET

3, 7116/93 9:22 AM

93-0033



COST SCHEDULE

WINTER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION

93-0033

DISBURSEMENT FEE = D 10.0%

PROGRAM BASED ON UTILIZING HELICOPTER SUPPORT

Estimated
s Estimated Total
1 Description Quantity Unit Unit Price D Amount
, BILIZATION/DEMOBILIZATION
1.1 PLANNING AND CUSTOMS
% ti"ePﬁEPmmN WORK PLAN w/ ARCO 24 hour $85 $2,040.00
2a NICATIONS 1 lump sum $500 Y $550.00
; &QPSBAT?ONS PLANNING 80 hours $85 $6,800.00
4 OWMLES ADMIN EXPENSES 1 fump sum $750 $750.00
' ‘f'ro'm'.. COST FOR PLANNING AND MOBILIZATION $10,140.00
1 .2 MEATION GEOPHYSICAL EQUIPMENT PERSONNEL TO ANCH
4, OS&KFLSOR HAZARDS Bathy-Sonar
1. 1. Foreward Look Sonar, FATHO, 1 lump sum $55,000 Y $60,500.00
‘22 PERSONNEL 60 hour $105 $6,300.00
2.3CGﬁ$UMABLES 1 lump sum $3,500 Y $3.850.00
TWM. OOST FOR MOBILIZATION GEOPHYSICAL EQUIPMENT $70,650.00
t.sf mmmu ARCTIC GEOSCIENCE
n AR&HGGEOSCIENCE 80 hour $85 $6.800.00
1.2 CONSUMABLES 1 lump sum $1,500 $1.500.00
1.3 ESSELCOMM (RADIO PHONE) 1.0 flump sum $3,500 $3,500.00
4 TEC 60.0 hour $65 $3,900.00
'rom,cosr FOR ARCTIC GEOSCIENCE MOB $15,700.00
1.4 MOBILIZATION EQUIP/ PERS. ANC TO PRUDHOE BAY
' ATION TO DEADHORSE
1. 1 mﬂmmes {(ANC-DH-ANC) 16 RTFLTS $785 Y $13,816.00
i " EQUIP - TRUCK 2 LOADS $3,500 Y $7,700.00
30 msc SUPPORT - GATCO OFFLOAD 40 $/HR $145 Y $6,380.00
3.1 PICK-UP TRUCK 7 $/day $150 Y $1,155.00
3.2lNTUK.MISC SUPPORT 6 days $175 Y $1,155.00
$30,206.00
1, 7116/93 9:21 AM 93-0033
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COST SCHEDULE
WINTER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION
93-0033

2.0 MOBILIZATION GEOTECHNICAL PROGRAM - FROM ANCH.

1. GEOTECHDRILL 1 jump sum $35,000 Y $38,500.00
2. CPT - ARCTIC GEOSCIENCE consumables 1 lump sum $4,500 $4,500.00
r 3. ONSITE LAB 1 lump sum $3,500 $3,500.00
4. COMPUTER 1 prj prgrm $1,750 $1,750.00
5. GEO/ ENG. 80 hours $85 $6,800.00
r 6. CONSUMABLES 1 fump sum $3,500 $3,500.00
TOTAL COST FOR MOBILIZATION GEOTECHNICAL $58,550.00
r 3.0 REMOTE CAMP MOBILIZATION W/ FUEL
1.0 CATCO REMTE CAMP 1 24/MAN $86,450 Y $95,095.00
r TOTAL COST FOR REMOTE CAMP 595,095.00
4.0 MOBILIZATION NAVIGATION NET
1. WESTERN GEOPHYSICAL (o] 1 jJump sum $17,500 Y $19,250.00
r 2. LCMF 1 lump sum $24,850 Y $27,335.00
TOTAL COST FOR NAVIGATION $27,335.00
r 5.0 DAILY OPERATING GEOPHYSICAL AND GEOTECH PRGRM
1. ERA 212 HELICOPTER 1 $/day $5,425 Y $5,967.50
1.2 FLIGHT HOURS wet (3HR MIN) 6 $/HR $1,050 Y $6,930.00
] 3. LCMF 1 $/day $3,540 Y $3,894.00
4, SEAFLOOR HAZ EQUIP/PERS 1 $/day $12,500 Y $13,750.00
5. ARCTIC GEOSCIENCE (3 men and iab) 1 $/day $2,950 $2,950.00
r 6. CONSUMABLES 1 $/day $125 $125.00
7. COMMUNICATIONS 1 $/day $150 $150.00
8. CATCO CAMP 24 $/MANday $150 Y $3,960.00
r 9. GEOTECH DRILLER 24 $/hr $265 Y $6,996.00
10 CPT EQUIP ( ARCTIC GEO EQUIP) 1 $/day $2,100 $2,100.00
r TOTAL DAILY COST FOR GEOPHYSICAL AND GEOTECHNICAL PROGRAM $46,822.50
6.0 DAILY OPERATING GEOTECH PRGRM
1. ERA 212 HELICOPTER i $/day $5,425 Y $5,967.50
r 1.2 FLIGHT HOURS wet (3HR MIN) 3 $/HR $1,050 Y $3,465.00
3.LCMF 1 $/day $3,540 Y $3,894.00
4. ARCTIC GEOSCIENCE (3 men and lab) 1 $/day $2,850 $2,950.00
5. CONSUMABLES 1 $/day $125 $125.00
r 6. COMMUNICATIONS 1 $/day $150 $150.00
7. CATCO CAMP 24 $/MANday $150 Y $3,960.00
8. GEOTECH DRILLER 24 $/hr $265 Y $6,996.00
F 9. CPT EQUIP ( ARCTIC GEO EQUIP) 1 $/day $2,100 $2.100.00
TOTAL DAILY COST FOR GEOTECHNICAL PROGRAM $29,607.50
r ARCTIC GEOSCIENCE 2, 7/16/93 9:21 AM 93-0033




COST SCHEDULE
SUMMER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION
93-0033

FOR GENERAL PLANNING

DAILY RATES SHOULD ALSO INCLUDE {CE AND WEATHER MONITORING
COSTS FOR SERVICES BY WEATHER SERVICE AND DR. LEWELLEN
THESE COST TYPICALLY ADD TO THE PROGRAM $950 TO $1,150 PER DAY

ESTIMATED DATA PROCESSING, LABORATORY TESTING, REPORTING COST
APPROXIMATELY 15 PERCENT OF THE TOTAL PROGRAM BUDGET

3, 7/16/93 9:21 AM

93-0033




COST SCHEDULE

SUMMER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION

93-0033

DISBURSEMENT FEE = D 10.0%

PROGRAM BASED ON UTILIZING A CANADIAN FLAGGED VESSEL

Estimated
Estimated Total
Item Description Quantity Unit Unit Price D Amount
1.0 MOBILIZATION/DEMOBILIZATION :
1.1 PLANNING AND CUSTOMS
1. PREPARATION WORK PLAN w/ ARCO 24 hour $85 $2,040.00
2. PERMAN STOHLER 1 lump sum $7,500 Y $8,250.00
3. COMMUNICATIONS 1 fump sum $500 Y $550.00
4. OPERATIONS PLANNING 80 hours $85 $6,800.00
5. CONSUMABLES, ADMIN EXPENSES 1 lump sum $750 $750.00
TOTAL COST FOR PLANNING AND MOBILIZATION $18,390.00
1.2 MOBILIZATION GEOPHYSICAL EQUIPMENT PERSONNEL TO ANCH
1.0 MULTI-CHANNEL - SUBBOTTOM
1.1 EQUIPMENT: MULTI)-CHANNEL 1 lump sum $80,000 Y $88,000.00
1.2 TRANSFER TO TUK CAN 10.0 days $3.500 Y $38,500.00
1.3 CONSUMABLES 1.0 jump sum $5,000 Y $5,500.00
2.0 SEAFLOOR HAZARDS
2.1 SIDE SCAN, FATHO, 3.5, WSMS 1 lump sum $25,000 Y $27,500.00
2.2 PERSONNEL 100 hour $105 $10,500.00
2.3 CONSUMABLES 1 jump sum $3,500 $3,500.00
3.0 COMMUNICATIONS, EQUIP MANIFEST 1 lump sum $2,500 $2,500.00
TOTAL COST FOR MOBILIZATION GEOPHYSICAL EQUIPMENT $176,000.00
1.3 MOBILIZATION ARCTIC GEOSCIENCE
1.0 PROGRAM PLANNING
1.1 ARCTIC GEOSCIENCE 80 hour $85 $6,800.00
1.2 CONSUMABLES 1 lump sum $1,500 $1,500.00
1.3 VESSEL COMM. (RADIO PHONE) 1.0 lump sum $3,500 $3,500.00
1.4 TECH SUPPORT 60.0 hour $65 $3,900.00
$15,700.00

TOTAL COST FOR ARCTIC GEOSCIENCE MOB

A10.10

ARCTIC GEOSCIENCE



COST SCHEDULE

93-0033

o TRANSPORTATION TO TUK AND RETURN

1 SECURITY AVIATION (ANG-TUK- ANC)

‘ ?Eﬂi‘f TRAVEL 8 MEN 4 -6HR DAYS

TF EQUIP - TRUCK &BARGE
BARGE (NTCL)

30 wsc SUPPORT-TRANSF IN INUVIK

1 PICK-UP TRUCK

'CRANES, ETC. IN TUK

3 ACCOMS IN TUK, MISC SUPPORT

TOTAL COST FOR EQUIP/PERS MOBILIZATION

‘ FOUNDEX - GEOTECH DRILL
- 2. CPT - FOUNDEX consumables

30 MARINE VESSEL CHARTER MINIMUM
ANMAR SUPPLIER V

2 MN FRANK BRODERICK ( OPTION)
3 BARGE:‘MOO U.S BEAUF VESSEL

- TOTAL ccs*r FOR MARINE VESSEL

uom.wmou NAVIGATION NET
WESTERNGEOPHYSICAL CR

A,t.fcosr FOR NAVIGATION

4 ‘MOB’!UZATION EQUIP/ PERS. ANC TO TUK CANADA

2 RTFALTS
200 hour

4 LOADS

2 mob/demob
40 $/HR

7 $/day
36 hour

6 days

- 20 MOBILIZATION GEOTECHNICAL PROGRAM - FROM CANADA

1 lump sum

1 lump sum

1 lump sum

1 prj prgrm
80 hours

1 lump sum

- YOTAL COST FOR MOBILIZATION GEOTECHNICAL

30 DAYS
30 DAYS
30 DAYS
1 lump sum
1 lump sum

page 2, 7/15/93 5:14 PM

$6,543
$85

. $3,500

$4,800
$145
$150
$175
$175

$65,000
$3,500
$7,500
$3,750
$85
$3,500

$16,200
$43,000
$18,000

$17,500
$24,850

SUMMER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION

-<

<< << <<

Y
Y

Y
Y
Y

$14,394.60
$17,000.00
$15,400.00
$10,560.00
$6,380.00
$1,155.00
$6,930.00
$1,155.00

$72,974.60

$71,500.00
$3,850.00
$7,500.00
$3,750.00
$6,800.00
$3.500.00

$96,900.00

$534,600.00
$1,419,000.00
$594,000.00

$534,600.00

$19,250.00
$27,335.00

$27,335.00

ARCTIC GEOSCIENCE
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COST SCHEDULE
SUMMER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION
93-0033

5.0 DAILY STANBY GEOPHYSICAL PRGRM ( AT THE DOCK, VESSEL MOBILIZATION )

iy
A

e
et

———

/s

1. SUPPLIERV 1 $/day $8,100 Y $8,910.00
2. MULTI-CHANNEL EQUIP/PERS 1 $/day °  $5,820 Y $6,402.00
3.LCMF 1 $/day $2,540 Y $2,794.00
4. SEAFLOOR HAZ EQUIP/PERS 1 $/day $3,800 Y $4,180.00
5. ARCTIC GEOSCIENCE 2 $/day $920 $1.840.00
6. CONSUMABLES 1 $/day $125 $125.00
7.0 COMMUNICATIONS 1 $/day $150 $150.00
8. CANMAR FOOD 8 $/day $50 Y $440.00
TOTAL COST FOR STANDBY $24,841.00
Pal ///\
3 ~~—g.0 DAILY STANBY GEOPHYSICAL AND GEOTECH PRGRM ( AT THE DOCK, VESSEL MOBILL
N 1. SUPPLIER V 1 $/day $8,100 Y $8,910.00
~-2-MULTI-CHANNEL EQUIP AND PERS 1 $/day $5,820 Y $6,402.00
s 3.LCMF 1 $/day $2,540 Y $2,794.00
J‘.f 4. SEAFLOOR HAZ EQUIP/PERS 1 $/day $3,800 $3,800.00
.~ 5.ARCTIC GEOSCIENCE 1 $/day $2,150 $2,150.00
' 6. CONSUMABLES 1 $/day $125 $125.00
= ™ 7.0 COMMUNICATIONS 1 $/day $150 $150.00 . 7
r_&, 8. CANMAR FOOD 15 $/day $50 Y $825.00 \p
90 FOUNDEX 1 $/day $2,750 Y $3,025.00
r TOTAL COST FOR STANDBY GEOPHYSICAL AND GEOTECHNICAL PROGRAM 5 < $28,181.00 T
e (X%
7.0 DAILY STANBY GEOTECH PRGRM ( AT THE DOCK, VESSEL MOBILIZATION )
1. SUPPLIERV 1 $/day $8,100 Y $8,910.00
r 3. LCMF 1 $/day $2,540 Y $2,794.00
5. ARCTIC GEOSCIENCE 1 $/day $2,150 $2,150.00
6. CONSUMABLES 1 $/day $125 $125.00
r 7.0 COMMUNICATIONS 1 $/day $150 $150.00
8. CANMAR FOOD 8 $/day $50 Y $440.00
9.0 FOUNDEX - GEOTECH DRILL 1 $/day $2,750 Y $3,025.00
r TOTAL COST FOR STANDBY GEOTECHNICAL PROGRAM $17,594.00
8.0 DAILY OPERATING GEOPHYSICAL PRGRM
r 1. SUPPLIER V (FIRST 30 DAYS) 1 $/day $0 Y $0.00
2. MULTI-CHANNEL EQUIP AND PERS 1 $/day $6,820 Y $7,502.00
3. LCMF 1 $/day $3,540 Y $3,894.00
r 4. SEAFLOOR HAZ EQUIPIPERS 1 $/day $4,250 $4,250.00
' 5. ARCTIC GEOSCIENCE 2 $/day $920 $1,840.00
6. CONSUMABLES 1 $/day $125 $125.00
r 7.0 COMMUNICATIONS 1 $/day $150 $150.00
8. CANMAR FOOD 8 $/day $50 Y $440.00
r TOTAL DAILY COST FOR GEOPHYSICAL $18,201.00
F page 3, 7/15/93 5:14 PM ARCTIC GEOSCIENCE




COST SCHEDULE
SUMMER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION
93-0033
3 UP?UER V (FIRST 30 DAYS) 1 $/day $0 Y
L mrwamewoum AND PERS 1 $/day $5,820 Y
L B.LCMF - 1 $/day $3,540 Y
o "SEAH.OOHHAZEQUIP/PERS 1 $/day $4,250
1 $/day $2,950
1 $/day $125
1 $/day $150
15 $/day $50 Y
14 $/hr $265 Y
CPT EQUIP (OPT. ARCTIC GEO EQUIP) 1 $/day $2,100 Y
~ TOTAL DAILY COST FOR GEOPHYSICAL AND GEOTECHNICAL PROGRAM
. 100 DAILY OPERATING GEOTECH PRGRM
- 1. SUPPLIER V (FIRST 30 DAYS) 1 $/day $0 Y
3.LOMF 1 $/day $3,540 Y
- 5. ARCTIC GEOSCIENCE (3 men and lab) 1 $/day $2,950
© 8 CONSUMABLES 1 $/day $125
7.COMMUNICATIONS 1 $/day $150
R FOOD 8 $/day $50 Y
JNDEX - GEOTECH DRILLER 24 $/hr $285 Y
swp (OPT. ARCTIC GEO EQUIP) 1 $/day $2,100 Y

~ TOTAL DALY COST FOR GEOPHYSICAL AND GEOTECHNICAL PROGRAM

DALY RATES DO NOT INCLUDE FUEL OR LUBE FOR VESSEL OR EQUIPMENT

COST SCHEDULE
SUMMER GEOTECHNICAL AND GEOPHYSICAL SITE INVESTIGATION
93-0033

FOR GENERAL PLANNING

APPROXIMATELY 15 PERCENT OF THE TOTAL PROGRAM BUDGET

page 4, 7/15/93 5:14 PM

-

e

$0.00

$6,402.00 -}

$3,894.00
$4,250.00
$2,950.00
$125.00
$150.00
$825.00
$4,081.00
$2,310.00

—r——

$24,987.00 -

TNy "

-

$0.00
$3,894.00
$2,950.00
$125.00
$150.00
$440.00
$7,524.00
$2,310.00

$17,393.00

ESTIMATED DATA PROCESSING, LABORATORY TESTING, REPORTING COST

ARCTIC GEOSCIENCE
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ARCO Exploration and Production Technology Internal Correspondence
Date: July 23, 1993

Subiject: Soil Profile for Conceptual Design of Kuvium Structures
From: Junius Allen PRC J1422

Phone: 214 754 3079

To: Bob Smith PRC J1411

Two soil profiles are attached which | propose for use of conceptual design of
structures for the Kuvium prospect.

The profile labelled "Middle and Quter Shelf Stratigraphy" is the most likely profile
for soils in the Kuvlum area. Other borings in the general area, the hard bottom
encountered in drilling the glory hole for the current well, and Mike Schlegel's
reports of the hard bottom encountered in setting down the structure at the previous
Kuvlum well and at another prospect make us somewhat confident that this is a
typical profile for the area. Figure 17 of Schlegel's report shows a Kuvium well
solidly in the region labelled QHm/2c which this profile characterizes.

Because of the wide east-west extent of the Kuvium reservoir, we have to consider
the possibility that a structure near the fringes of the reservoir may have a profile
more like that which is labelled Camden Bay Uplift Stratigraphy, which is also
attached. Figure 17 shows this area off to the east of Kuvium.

For executing the structures study, | recommend using 2 ksf over a controlling depth

for the primary structure and checking sensitivity or having a secondary case with a
15 foot thick layer of 0.5 ksf material over 2 ksf material.

e (e,

Junius Allen

A10.11



Zone 2C

5 - 15m of very stift to hard silts and clays; with
zones of dense to very dense granular soils.

Unstructured marine sands, silts and clays.

Dinter - (1982) Holocene sediment extensions to

Middle and Outer Shelf Stratigraphy

Su= 2-5 ksf
y = 115-130 pct

SUBSEAFLOOR DEPTH

1) Locations of soil units are
shown on Figures 9 and 10.

2) Su = Undrained shear sirsngth.
© = Angle of internal friction
y = Wet unit weight

Quter Sheif Break.

Marine clay, silt, organic silts,
sand and pebbly sand.

3) Geolechnical properties are estimated and are

for non-bonded sails; limitations on their
applicability are discussed in text.

4) Because of modem ice gouging, surlicial soils
0.5- 3 m thick (depending on water
be weaker than shown on the soil profiles.

th) may

Su= 2-6 kst
y = 120-130 pct

Top of Bonded Permafrost: May be within 50m of seafloor in parts of subprovince 2C.

PREDICTED

SOIL PROFILES

Modified from data provided in:

EBA - Stinson Geotechnical Synthesis,

and HLA AOGA Studies
N Project Description. By: Date: Project No.
pi Arctic GEoScience @ JsH mes |
¥ § ' EASTERN BEAUFORT SEA SYNTHESIS [cregas Date:
- \ < { MGS mms e
. "T\-, 00! .
Say Tyl (S Scale: . Lof §
éi‘ﬁ ARCO Alaska. Inc. N/A Figue22 | 10
£




iy
P

’ﬁ'ﬂ i

-2
4
4

\Frietis g

i
!

gL
fﬂﬁ;.
Lo ¥

¥ A wyen akagen

4) Because of modern ice gouging, suricial soils

g R ;

CAMDEN BAY UPLIFT Stratigraphy

Zone 3A

1) Locations of soil units are
shown on Figures 9 and 10.

0 ~--JI-—73 0-5mofunstructured marine sands, silts and clays. - 5. <y =100- 120
5 oI~ =] Firm to stiff silts and clays and low to medium plasticity. Su=.5-201ksh y 120 pet

= M
}— I\ —-— ——————— .
& NN -QPMm=  7- 30m of very stitt to hard silts and clays; with zones
a 50““335:—:}: = of dense to very dense granular soils, Su=2-6ksf; y=120-130pct
o NN - Marine clay, silt, organic silts, sand and pebbly sand
o A ss s =T

=1 NNNNNNNNNS
3 AR R R R RN R NN 3
L 100ft—R IR
= NIRPRY . . o
bu) NN Very stiff to hard silts and clays; strata typically dipping.

ARRRRARR RS R NY
. . =4-8ksf, y=125-135
g NSNSSvSNaaa]  Very stiff to hard unconsolidated silts and clays, older Su sty pef
NN pleistocene (pre - llinoian) unit. Angular unconformity

9 ys501t—R :::SS NN :1 marking top of the Camden Bay uplift,

50mM-RAIYINY

Top of Bonded Permafrost; May be present within 50m of seatfloor.
)

Notes

2) Su = Undrained shear strangth. P R E D l CT E D

= Angle of internal Iriction

ek e SOIL PROFILES

3) Geotechnical properties are estimated and are

for non-bonded sois; limitations on their
applicability are discussed in text.

0.5 - 3 mihick (dopending on waler depih) may

Modified from data provided in:
EBA - Stinson Geolechnical Synthesis,

be weaker than shown on the soil prolies and HLA AQGA Studies
a Project Description: By: Date: Project No.
“Arctic GeoScience [P R
‘ } EASTERN BEAUFORT SEA SYNTHESIS  [Checked: Date:
‘Sv;‘,% MGS 6293 e
R TQ 1% ";v“_’_ Client: Scale:
’j\? ARCO Alaska, Inc. N/A Figure 23 tott
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ARCO Exploration and Production Technology internai Correspondence

Date: August 17, 1993

Subject: Soil Profile for Conceptual Design of Pipelines and Tunnels
From: Junius Allen PRC J1422

Phone: 214 754 3079

To: Bob Smith PRC J1411

Soil profiles are attached which | recommend for use of conceptual design of
pipelines and tunnels for the Kuvlum prospect. These profiles are taken from the
Eastern Beaufort Sea Synthesis compiled by Arctic GeoScience. The profiles are
listed below in the order they would be encountered by a pipeline route from
onshore to the Kuvlum platform site. Two routes are given below.

Route 1 - Crossing Flaxman Island

1. Soil Unit QHl/1c. The area of this unit is south of Flaxman Island and is shown
crosshatched in green on Figure 16. The profile is shown in the lower half of Figure
20. Though the surficial part of the profile is labelled QHm, this profile is still
applicable to the unit. Tunnelling would possibly go to a depth deeper than the
bottom of the profile. Therefore the profile can be assumed to be dense to very
dense sands and gravels below the maximum depth shown.

2. Soil Unit Qf/QPu/2A. This unit is north of Flaxman Island and is a relatively thin
strip shown in white on Figure 16. The profile is shown in the upper half of Figure
21. Again, tunnelling would possibly go to a depth deeper than the bottom of the
profile. Therefore assume dense to very dense sands and gravels exist below the
maximum depth shown.

3. Soil Unit QPm/2B. This unit is shown with blue lines on Figure 16. The profile is
shown in the lower half of Figure 21. Again, assume dense to very dense sands
and gravels exist below the maximum depth shown.

4. Soil Unit QHm/2¢. This unit is shown with green lines on Figure 17. The profile
is shawn in Figure 22. Assume that the soil below the profile can be diverse ranging
from stiff marine clay and silt to very dense sands and gravels.

Route 2 - East of Flaxman Island
1. QHd/1A or Qf/1B. The listing of two units, which afe very similar, stems from
having two different interpretations of data in the area. The QHd/1A unit is shown

with green triangles in Figure 16 and the profile is shown in the upper half of Figure
19. The Qf/1B unit is shown as a purple crosshatched area on Figure 17 and the

A10.12




{ﬁyproﬁle would consist of the upper half of Figure 20 with a thin lag deposit of gravel,
-‘cobbles, and boulders imposed at the top. Assume that the subprofile labelled Sag
: pita characterizes the strip rather than the subprofile labelled Colville Delta.

2. Qf/QPu 2A or QPm/2B. See descriptions above.

3 QHm/2C. See description above.

~ Assume that rock, by the civil engineer's definitions, would not be encountered until
- adepth of well below 1000 feet. Rock would not be encountered in some areas
. until below 2000 feet.

o Vil

- Junius Allen

3
a
g
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Nearshore Stratigraphy

Zone 1A
Eastern Half (Prudhoe Bay Area)

Fluvial and glaciofiuvial interbedded sand
and gravel with occational silt lenses.

3-13m of firm to stiff silts and clays; Su = 0.5-2ksl; y = 110-125 pct
low to medium piasticity. May include “Soft” zones: Su = 0.5-1 kst.

E interbedded sand and organic layers and y = 100-120 pct

o "soft” zones.

w

e 0 - 10m vary stiff to hard silts and clays. Su 3 22051'% ¢

o« Marine clay, organic silts, sand and pebbly sand. ¥ * pe

o

(@]

s

4 Dense to very dense sands and gravels. y = 130-145 pct

% O = 38-42°

m

2

w

Top of Bonded Permafrost: Present at highly variable depths ranging from about Sm to greater than §0m.

Zone 1A
Western Half (Prudhoe Bay Area)

3-13m of firm to stiff siits and clays; Su=05-2ksf; y=110- 125 pct
T low to medium plasticity. May inciude "Soft* zones: Su = 0.5 - 1 ksf.
= interbedded sand and organic layers and y = 100 - 120 pcf
o "soft" zones.
w -
Q Very stiff to hard siits and clays Su=2-6kst: y = 120 - 130 pef
c
8 Dense to very dense sands and gravels. .
1
L-—L‘ Fluvial and glaciofluvial interbedded sand y=130- 1’35 pct, @ =36-40°
< and gravel with occational siit ienses
w
g Very stft to hard siits and clays.
=2 =2- C Y= -
192] Marine clay, silt, organic silts, sand Su=2-6ksh y =120 130 pef
and pebbly sand.
Top of Bonded Permatrost: Present at highly variable depths ranging from about 5m to greater than 60m.
Notes

1) Locations of soil units are
shown on Figures 9 and 10

2) S&y : lév:’:‘ls:?:.a‘f::a;: ‘s'::‘:;g(h p R E D | CTE D
- g
J) 'G;o:ocheical properties are esumated and are S OI L P R O Fl L ES

‘on-bonded soils; Iv on thew

] applicabiity are discussed in text

' 4} Bocause of modern e gauging, surticial sois Maditied from data provided in:

{ 0.5 - 3 m thick (depending on water depth} may ; P! i

§ be waak: EBA - Stinson Geotechnical Synthesis,
r woskerlhan s o 304 e and HLA AOGA Studiss

Project Descnption: By: Date: Project No.

Arctic GeoScience [ JsH oo | o

- \ § EASTERN BEAUFORT SEA SYNTHESIS [Checkea: Date:
L o ”T\.{ MGS S LA ey

V_‘ ﬁg ;.,,._'_ Client Scale tof2
3. /»\ﬁ ARCO Alaska, Inc. N/A Figure 19




Nearshore Stratigraphy

Zone 1B

Loose to madium dense silty fine sands. Coastal, Shoals y = 120 - 135pct, O = 30-38°

Su=05-2ksf; y=11-125pct
"Soft” zones; Su = 0.5 - 1 kst
.y =100 - 120 pef

=1 Firm to stift silts and clays; may
include organic and "soft” zones.

Silts and clays: Su = 2 - 6 kst
y = 120 -130 pet
Sands: y = 130 - 135 pct; © =36 - 40°

Very stift to
hard silts and clays and dense to
very dense sands.

y = 130 - 145 pct

Dense to very dense
O =38-42°

Sag B. Deltal
sands and gravels.

CoNville
Oetta Celta

Top ot Bonded Permalrost: Present at highly variable depths ranging from about 5m ta greater than 60m.

Zone 1C

Silts and clays; Su=0.5- 2 kst

y = 110- 125 pef.

*Soft” zones: Su = 0.5- 1 ks,

y = 100 - 120 pcf.

Sands: y = 120- 135 pcf: @ =30 -38°

»,:?%—:-31? 0-10m of firm to stiff silts and clays
= and loased to medium dense sands; may
; = inciude “soft” zones.

- _’"_
? a

1
Silts and clays: Su = 0.5 - 2 ks,
y = 120 - 130 pef.
Sands: y = 130 - 135 pef; @ = 36 - 40°

Vary stitf to hard silts and clays
and dense (o very dense sands.

SUBSEAFLOOR DEPTH

Top of Banded Permafrost: Present at highly variable depths

Mnmdmiluniisan
» shawn on Figures 8 and 10

s o starg PREDICTED
e SOIL PROFILES

Gl properiies are esumated and are
 Aonbanded sods; kmiations on thew

‘seplicalyity are discussed in texl . .
B B Maditied from data provided in.

Becauae g modern ice gouging, suicial sods EBA p . ;
§-3 m thic . - Stinson Gaeotechnical Synthesis,
st B s o8 i son proties, ! and HLA AOGA Studias
SV . WY Fropct Description: By: Dale. TProject No.
GEeoScience [+ P S
’ : i EASTERN BEAUFORT SEA SYNTHESIS [crecas Y
' o w‘;h{ MGS 6/293  ISheeiNo.
L ““bu__'. Client: Scale: 2012
i ARCO Alaska, Inc. N/A Figure 20




—-Qf/QPu:

SUBSEAFLOOR DEPTH

Middle Shelf Stratigraphy
Zone 2A

10 - 30m of very stiff to hard silts
and clays.

A thin lag deposit of gravel, cobbles and bouliders/

Undifferentiated geologic unit for which insufficient data

was available to satisfactorily identify the unit.

Su=2-6ks
y = 120 - 130 pet

SUBSEAFLOOR DEPTH

Yotes

1) Locations of soil units are
shown on Figures 9 and 10.

2 Su = Undrained shear strength
= Angle of internal Incti:g‘
¥ = Wel unit weight
3) Geantarh

10¢ NON-bondad

are d and are
on thew

: sois; |i
acpicability are discussed in text

4} Bocause of modem ice ici
) gouging, suricial sods
g..s - 3 m thick (depending on water depth) may
weaker than shown on the s0d profdes.

Dense to very dense sands and gravels,

Top of Bonded Permafrost. May be present less than

20m below seafioor over
much of area.

Zone 2B

> 30m of very stiff to hard
silts and clays.

Marine clay, silt, organic silts, sand and pebbly sand

y = 130 -145 pet
@ ~38-42°

Su=2-6kst
y = 120- 130 pct

Dense to very dense sands or
sands and gravels.

Top of Bonded Permatrost: May be present at variable

depths typically ranging from
about 10m to 50m.

y =130 - 145 pct
0=36-42°

PREDICTED
SOIL PROFILES

Madified from data provided in:
EBA - Stinson Geotechnical Synthesis,
and HLA AOGA Studies

Ptoy scoplion: By: Date: roject No.
Arctic GEoSciENcE [ NN
' \ % EASTERN BEAUFORT SEA SYNTHESIS fram: Gais: ; ’
r \ ,,,\-}‘.'{ MGS 62003 e
-S!a “ba_' - Cliont; ] Scale:
/“\f ARCO Alaska, Inc. N/A Figure 21 tof1




Middle and Outer Shelf Stratigraphy
Zone 2C

5 . 15m of vary stiff to hard silts and clays; with
zones of dense lo very dense granular soils. Su= 2-5 kst
y = 115-130 pct

Unstructured marine sands, silts and clays.

Dinter - (1982) Holocene sediment extensions o
Outer Shelf Break.

. : o Sus= 2-6 ksf
Marine ciay, silt, organic silts, -
sand and pebbly sand. y = 120-130 pet

Top ot Bonded Permatrost: May be within 50m of seaftoor in parts of subprovince 2C.

<" 1} Locations of soil units are
i shown on Figures 9 and 10.

" 2} 8y = Undrained shear sirengih.
. ©w Angle of internal triction
y = Wat unit weght

78y Geotechnical properties are d and are
- toe mon-bonded sods; fir on ther
applicabilty are dscussed n text.

4) Because of modem ice gouging, surlicial sails
0.5 + 3 m thick (depending on water depth) may
e weaker than shown on the sol profies.

PREDICTED
SOIL PROFILES

] Madified from data provided in:
EBA - Stinson Geotechnical Synthesis,
i , and HLA AOGA Studies
T , 7; ~ [Project Description. By: Dale: Project No.
C GEeoScience [ JSH 711103 43.0033
~ o i ' EASTERN BEAUFORT SEA SYNTHESIS [credied ae:
; > z MGS [AL I s~y
, : = /thz ol Cirent ~ {Scaie:
%. : 5 \f : ARCO Alaska, Inc. N/A Figua22 | ‘o'
;
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APPENDIX -
D102

Included in this Appendix are the printouts from the Oil and Gas Reserves and
Economic Program (OGRE). Complete printouts are provided for Cases 1, 2,
and 3. The input cost data for each case is taken from the most likely (ML) cost
for each of the components.




OGRE(R) \ » BATAX DATA PORT PATE: 02/25/94
FILE NAME: KUVLUM ( 17} , S-ee mee-se . TIME: 09:53:23

: 103 SING&& ‘LA&Qﬁl;ﬂﬂiﬂ&IﬂG 5 PROOUCTION PLATFORM

117 CASE ScoM :
107 KUVLUM DEVELOPMENT PROJECT

w
s 12001 %4 12 11 9% 101
% 131 DRILL ACRS 7 DELAY 0 0 0
* 132 PRODFAC ACRS 7 DELAY 0 0 O
*+ 133 PIPELINE ACRS 7 DELAY O 0 0
* 134 DRILSITE ACRS 7 DELAY 0 0 0
168!
169! TOTAL TAX IS 39 PERCENT
* 170 39
* 600 SET IDCAMORT = MAJOR
W.I1. OP. COST OP. COST ADV. TAX MAJOK PROD DATE
FRACTIOH {S/W/MO) {$/M0.) {BPCT) PH. NAME (MO/DY/YR)
210 1.00000000 .00 .00 .000 0T 1/ 1/ 0
PHASE CUM PROD REV. INT I'RICE HEV, TAXK NO. OF RATIO TO
NAME {MUNITS) FRACTION [S/UNIT) (PCT) WELLS MAJOR PH
221 OIL .000 .87500000 .000 . 000 1.0

300 CASE SRESERVES200MM

300 SERIES LINES:

* 305 MAN OIL
* 310 FACT 1000.000
* 311 12, 10000.000
* 312 12. 14000.000
* 313 12. 14000.000
* 314 12. 14000.000
* 315 12. 14000.000
+ 316 12. 14000.000
* 317 12. 13600.000
* 318 12. 12600.000
* 319 12. 11600.000
* 320 12. 10600.000
* 321 12, 9200.000
* 322 12. 8200.000
* 323 12. 7600.000
* 324 12, 66800.000
* 325 12, 6200.000
* 326 12, 5400.000
* 327 12, 4800.000
* 328 12, 4400.000
* 329 12. 3800.000
* 330 12, 3400.000
* 331 12, 3000.000
* 332 12, 2600. 000
* 333 12. 2200.000
+ 334 12. §022|22Q
33y 12. 00.000
610 CF JOW




* * » % * @»

600 DATA s 12.33 12.89 13.61 14.36
605 15.16 16,00 16.89 17.15 17.41 17.67 17.94
610 18.21 18.76 19.32 19.90 20.50 21.11
615 21.74 22.40 23.07 23.76 24.47 25.21
620 25.96 26.74 27.54 28.37 29.22 30.10
621 31.00 31.93

611! OPERATING COST

615 DATA OPCOST 1000 : 0 0 00 OO

616 6272 LIFE

6171

6181

6191

620 DATA OPCOST : ESC 3 &

630 DATA ESCINV : 0 3 TO FRAME 40

800! INVESTMENTS FOR THE COASTAL PIPELINE
801!

INV NAME INV. POINT (G
802 PIPELINE ~-54.000 MOS
803 PIPELINE -42.000 Mos
804 PIPELINE -30.000 MOs
805 PIPELINE -18.000 MOS
806 PIPELINE -6.000 MOs
807! INVESTMENTS FOR THE MAIN PIPELINE
808 PIPELINE -54.000 Mos
811 PIPELINE -42.000 MOs
812 PIPELINE -30.000 MOS
813 PIPELINE -18.000 MOSs
814 PIPELINE -6.000 MOs

815!
8161 INVESTMENTS FOR MAIN PRODUCTION PLATFORM
8171 STRUCTURE

818 PRODFAC -42.000 MOSs
819 PRODFAC -30.000 MOs
820 PRODFAC -18.000 Mos
821 PRODFARC -6.000 MOS
822! PRODUCTION FACILITIES

823 PRODFAC -30.000 MOs
824 PRODFAC -18.000 MOs
825 PRODFAC -6.000 MOsS
B271 INVESTMENTS FOR PERMITTING

828 PRODFAC -66.000 MOs
829 PRODFAC ~54.000 MOs
830 PRODFAC -42.000 MOs
831 PRODFAC -30.000 MOs

832! DELINEATION WELLS THEN PRODUCTION WELLS
833!

834 DRILL -6.000 MO
835 DRILL -72.000 MOS
B36 DRILL 6.000 MOs
837 DRILL 18.000 MOS
838 DRILL 30.000 MOS
839!

840 ESC USING ESCINV

850 NOLOSS OFt

oo

—-
&

a0

aoow

oo

0
G

[2 NN

LS00,
6500,
L8500,
52000.
0500,

1500,
1400.
LH600,
59200.
7400.

lus00u,
157500,
157500.
102000.

1850,
103950,
178200,

Loog.,
5000,
5000.
5000,

INTRLETEN
10530,
10800,
1u800.
12600,

0uuo

000
000
000
000

000
000
000

ahu
000
000
000

oy
000
000
[4]9]¢]
[s1¢]0]

INTANG-MS

vl 20U
59670
61200
61200
71400

. 000

.000
.000
.000
.000

.000
. 000
. 000

. 000
.000
.000
.000

RtIY)
.000
.000
. 000
.000

LSEHLD-M$

. 000

.000
. 000
.000
.000

.000
. 000
. 000

. 000
. 000
.000
.000

. UuY
.000
.000
. 000
.000

RISK FRAC

—

e b

. 000

. 000
. 000
. 000
.000

. 000
.000
. 000

AT
.000
.000
.000

Lt
. 000
.000
. 000
. 000

OVHD FLAG



DETERMINE M1
PROD 100 WELe

‘M ECONOMIC SIZE
RESERVES = 200 MMBBLS

SINGLE {LARGE} DRILLING & PRODUCTION PLA

| =2-<GROSS PRODUCTION---

:  3‘

~e==-NET PRODUCTION-=--

ESEK

VES AND ECONOMICS

T i PSR R e

A3 OF JANUAKY 1, 1994

~=~PRICES-~-

L

DATE:
TIME:

02/25/94
09:53:23

5 KUVLUM.

oo R i el h s nOPERATIONS,  M§=mm=mmmmim o

O1L,  ~ GAS ‘NO. OF OIL- GAS OTHER TOTAL
OIL. MBBL ~ GAS, MMCF OIL, MBBL GAS, MMCF $/8 $/M WELLS REVENUE REVENUE REVENUE REVENUE
. 000 . 000 . 000 .0006 - 12.33 .00 .0 .000 . 000 . 000 .000
. 000 . 000 .000 .000 12.89 .00 .0 . 000 .000 000 .000
. 000 .000 .000 .000 13.61 .00 .0 . 000 . 000 . 000 . 000
.000 . 000 .000 .000 14.36 .00 .0 . 000 . 000 . 000 . 000
. 000 .000 .000 .000 15.16 .00 .0 . 000 .000 .000 .000
. 000 .000 . 000 .000 16.00 .00 .0 . 000 .000 .000 .000
10000.000 .000 8750.000 .000 16.89 .00 1.0 147787.500 .000 . 000 147787.500
14000.000 . 000 12250.000 .000 17.15 .00 1.0 210087.500 . 000 000 210087.500
14000.000 . 000 12250.000 .000 17.41 .00 1.0 213272.500 .000 000 213272.500
14000.000 .000 12250.000 000 17.67 .00 1.0 216457.500 . 000 000 216457.500
14000,000 . 000 12250.000 000 17.94 .00 1.0 219765.000 .000 000 219765.000
14000.000 . 000 12250.000 000 18.21 .00 1.0 223072.500 .000 000 223072.500
13600.000 . 000 113900.000 .000 18.76 .00 1.0 223244.000 . 000 000 223244.000
12600.000 .000 11025. 000 .000 19.32 .00 1.0 213003.000 . 000 . 000 213003.000
11600.000 . 000 10150.000 .000 19.90 .00 1.0 201985.000 . 000 000 201985.000
10600.000 . 000 9275.000 .000 20.50 .00 1.0 190137.500 .000 . 000 190137.500
9200.000 .000 8050.000 L0000 21.11 .00 1.0 169935.500 .000 . 000 169935.500
8200.000 . 000 7175.000 000 21.74 .00 1.0 155984.500 . 000 . 000 155984.500
7600.000 .000 6650.000 000 22.40 .00 1.0 148860.000 .000 000 148960.000
6800.000 .000 5950.000 .000 23.07 .00 1.0 137266.500 .000 000 137266.500
6200.000 . 000 5425,000 .000 23.7¢ .00 1.0 128898.000 .000 . 000 128898.000
5400.000 . 000 4725.000 L0000 24.47 .00 1.0 115620.750 .000 .000 115620.750
4800.000 .000 4200.000 .000 25.21 .00 1.0 1058862.000 .000 .000 105882.000
4400.000 . 000 3850.000 .000 25,96 .00 1.0 99946.000 .000 . 000 99946.000
3800.000 .000 3325.000 .000 26.74 .00 1.0 88910.500 . 000 .000 88910.500
3400.000 . 000 2975.000 .000 27.54 .00 1.0 81931.500 . 000 . 000 81931.500
3000.000 .000 2625.000 .000 28.37 .00 1.0 74471.250 . 000 . 000 74471.250
2600, 000 . 000 2215.000 .000 29.22 .00 1.0 66475.500 . 000 .000 66475.500
2200.000 .000 1925.000 .000 30.10 .00 1.0 $7842.500 .000 . 000 §7942.500
2000.000 . 000 1750.000 000 31.00 .00 1.0 54250.000 000 . 000 54250.000
2000, 000 .000 1750.000 .a00  31.93 .00 1.0 55877.500 . 000 . 000 55877.500
. 000 .000 ,000 . 000 .00 .00 1.0 .000 . 000 .000 . 000
S TOT 200000.000 .000 175000. 000 1] u.58 .00 1.0 3601164.000 .000 . 000 3601164.000
REM . 000 . 000 . 000 L0000 L0y 00 0 .00 .000 . 000 .000
TOTAL 200000.000 . 000 175000.000 L0000 L by .00 .0 3601164.000 .000 .000 3601104.000
----------------- OPERATIONS, MS§-=-rm-w-mommwo o <emememeaoo—~CAPITAL COSTS, MS---- -cmmoumen 10.00 pCT
-END- SEVERANCE AD VAL NET OPER OPERAT1ONY TANGTHBLE INTANG. LSEHOLD SALVAGE CASH FLOW CUM. bIsC
MO-YR TAXES TAXES EXPENSES CASH FLOW COSTS COSTS COSTS VAIUE BTAX, MS$ BTAX, M$
12-94 .000 ., 000 000 ({1313} 15%30., 000 $9670.000 000 000 -15%200.000 -74967.313
12-95 .000 . 000 .000 000 19467.000 .000 000 000 -19467.000 -91841.000
12-96 . 000 000 000 000 131445.510 .000 000 000 ~131445.510 -195418.171
12-97 . 000 000 000 000 330495.281 .000 000 000 ~330495.281 -432168.649
12-98 . 000 000 .000 000 419420.858 . 000 . 000 000 -419420.858 -~705307.162
12-99 .00 . 000 . 000 .000 3%6940.487 70947.5713 . 000 000 -427888.061 -958627.699
12~ 0 . 000 . 000 89869.152 57916. 348 12895.765 73076.001 . 000 00Q NanEa a3 OPDP L PPy
12- 1 . 000 .000 92565.227 112522 .213 112904 c oo HOGOPPT sie[] . 000 268971.355 -959517.597
12—~ 2 e oy -!5312.183 117930.317 19961. 303 904 4 . 000 . 000 11521.630 -954372.950
12~ 3 . 30 . 000 98202.449 118255.051 .D0oo . 0 .000 . 000 118255.051  -906537.093
L 2 . YA lala) “-n Ao LI A e I - . v . P “ean

-l




12- 35 '
12- 6
12- 7
12- 8
12- 8
12-10
12-11
12-12
12-13
12-14
12-15
12-16
12-17
12-18
12-19
12-20
12-21
12-22
12-23
12-24
12-25

S TOT
REM.

TOTAL

Lcwud
. 000
. 000
.000
. 000
-000
.000
.000
.000
. 000
. 000
.000
. 000
.000
.000
.000
.000
. 000
.000

.000
.000

.000

B
.00
.000
.000
.000
.000
.000
.000
.000
. 000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
. 000
.000

. 000
.000

.000

104182.978
107308.467
110527.721
113843.553
117258.860
120776.625
124399.924
128131.922
131975.880
135935.156
140013.211
144213.607
148540.015
152996.216
157586.102
162313.685
167183.096
172198.589
177364.546
182685.483

.000

3216563.169
. 000

3276563.169

118889.5:2
115935.533
102475.279
88141.447
72878.640
49158.875
31584.576
20828.078
5290.620
-7037.156
~24392.461
-38331.607
-48594.015
~64085.716
~75654.602
-87842.435
-100707.596
-114256.089%
-123114.546
~126807.983
.000

324000, 4831
. 000

324600.831

. 0u0
.000
.000
.000
.000
. 000
.000
.000
. 000
.000
. 000
.000
.000
.000
.000
.000
.000
.000
.000
. 000
.000

111494 38.842

. 000

1315438.842

L

. 000
.000
.000
.000
.000
.000
. 000
.000
. 000
.000
. 000
.000
.000
. 000
.000
.000
.000
. 000
.000

369409.238
.000

369409.238

. 000
. 000
.000
.000
.000
.000
.000
.000
.000
.000
. 000
. 000
. 000
.000
.000
.000
.000
.000
.000
.000
.000

. 000

.000

.000

. 000
.000
.000
. 000
.000
.000
.000
.000
.000
.000
. 000
. 000
. 000
.000
.000
.000
.000
.000
.000
.000
.000

000

.000

.000

118889.522
115935.533
102475.279
88141.447
72878.640
49158.875
31584.576
20828.078
5290.620
~7037.156
-24392.461
-38331.607
-48594.015
-64085.716
-75654.602
-87842.435
-100707.596
-114256.089
-123114.546
-126807.983
.000

-1360247.250
.000

-1360247.250

-823171.163
-787936.318
-159623.557
-737484.934
-720843.988
-710639.599
-704679.308
-701106.177
-700281.064
-701278.790
-704422.752
-708914.196
-714090.491
-720296.392
-726956.576
~733986.693
-741313.719
-748870.767
-156273.456
-~163205.065
-7163205.065

-763205.065
-763205.065

-763205.065

™3 ¥



DETERMINE MI
PROD 100 WELL.

OPER CASH
FLOW, MS$S
.000

. 000

. 000

.000

.000

.000
57918.348
117522.273
117930.317
118255.051
118616.478
118889.522
115935.533
102475.279
68141.447
72878.640
49158.875
31584.576
20828.078
52390.620
-7037.156
-24392.461
-38331.607
~48594.015
-64085.716
-75654.602
-87842.435
~100707.596
-114256.089
-123114.546
~126807.983
.000

324600.831]
. 000

324600.83)

M ECONOMIC SIZE
I RESERVES = 200 MMBBLS
S8INGLE (LARGE) DRILLING & PRODUCTION PLA

PROJECT .

DEPR.
EXP., M$
.000
.000
.000
.000
.000
.000
183745.807
316886.686
230514.369
166942.374
119244.514
117972.738
117402.919
60000.037
2017.217
712.194
.000
.000
.000
.000
. 000
.000
.000
. 000
.000
.000
.000
.000
.000
.000
.000
-.012

1315438.843
.000

1315438.843

BTAX RATE OF RETURN (PCT)
BTAX PAYOUT YEARS
BTAX PAYOUT YERRS (DISC)

BTAX NET INCOME/INVEST

BTAX NET INCOME/INVEST (DISC)

PRODUCTION START DATE

MONTHS IN FIRST LINE

GROSS

WELLS

DEPL.
EXP., M$
.000
. 000
.000
.000
.000
.000
. 000
.000
.000
.000
. 000
.000
.000
.000
.000
. 000
.00
.000
. 000
. 000
.000
.000
. 000
. 000
.000
.000
.000
. 000
. 000
.000
.000
. 000

. 000
. 000

.0006

.00
31.00
31.00

.19

.30

i/ 1/ 0
12.00
1.00

AFTER TAX ECONOMT

DATE: 02/25/94

L FIME: 09:53:23 . 0.
- FILE: KOVLUM. .

OolL

e e e v i e

c 8 . L
B S S e B e e e
AS GF JANUARY -}, 1994 :

) 10,00 PCY
INTANG. INTPEREST TAXABLE TAX TAXES CASH FLOW CuUM. DISC
EXP., M$ EXP., MS INCOME M$ CREDIT M$ PAYABLE M$S ATAX, MS$ ATAX, MS$
45349.200 .000 ~45349.200 .000 ~17686.188 -57513.812 ~58097.811
3580.200 .000 ~3580.200 . 000 -1396.278 ~-18070.722 ~73760.768
3580.200 .000 -3580.200 .000 -1396.278 ~130049.232 -176237.2176
3580.200 . 000 -3580.200 . 000 -1396.278 -329099.003 -411987.151
3580.200 060 ~3580.200 . 000 -1396.278 -418024.580 -684216.025
51791.729 000 -51791.729 .000 -20198.774 -407689.287 -925573.851
57602.335 000 -183429.794 .000 -71537.620 43484.203 -902144.071
63587.259 000 -262951.672 .000 -102551.152 131522.507 -837752.364
79184.101 .000 ~191768.153 .000 -74789.580 86311.210 -799328.918
185B4.354 000 -67271.61717 .000 -26235.954 144491.005 -740880.243
16455.327 000 -17083.963 .000 -6662.746 125279.224 -~694810.029
12135.220 000 -11218.436 .000 -4375.190 123264.712 -653601.486
7684.891 . 000 -9152.27117 .000 -3569.388 119504.921 -617281.841
2713.422 000 39761.820 .000 15507.110 86968.169 -593253.519
. 000 000 86124.230 .000 33588.450 54552.997 -579551.,359
. 000 000 72166.446 . 000 28144.914 44733.726 -~569336.960
. 000 000 49158.875 . 000 19171.961 29986.914 -563112.283
. 000 000 31584.576 . 000 12317.985 19266.591 -559476.506
. 000 .000 20828.078 . 000 8122.950 12705.128 -557296.896
. 000 . 000 5290.620 . 000 2063.342 3227.2718 ~556793.577
.000 . 000 -7037.156 . 000 ~2744.491 -4292.665 -557402.190
.000 .000 -24392.461 .000 ~9513.060 -14879.401 ~559320.007
. 000 .000 ~38331.607 .000 -14949.3217 -23382.280 -562059.788
. 000 .000 -48594.015 .000 -18951.666 -29642.349 -~565217.328
. 000 .000 -64085.716 .000 -24993.429 ~39092.287 ~569002.9217
. 000 .000 ~75654.602 .000 -29505.295 -46149.307 -573065.639
.000 .000 -87842.435 .000 -34258.550 ~53583.885 -577354.011
.000 .000 -100707.596 .000 -39275.962 ~61431.634 -581823.497
. 000 .000 -114256.089 .000 -44559.875 -69696.214 -586433.296
.000 .000 -123114.546 .000 -48014.673 -75099.873 -590948.936
. 000 .000 -126807.983 .000 -49455.113 -77352.870 -595177.218
. 000 . 000 .012 .000 . 005 -.005 -~595177.218
369409. 28 L0UU=-1 350247 .250 000 -5 30196.428  -829750.822 -595177.218
L U000 . 000 . 000 L 000 . 000 .000 -595%177.218
309409. 218 L000-1360247.250 000 -530496.428 -829750.822 -595177.218
~---PRESENT WORTH PROFILE---~--
ATAX KATE OF KETURN [PCT) .0 DISC PW OF NET PW OF NET
ATRX PAYOUT YEARS 31.00 RATE BTAX, M$ ATAX, M$
ATAX PAYOUT YEARS (DISC) 31.00 m—e= | mememeecee | e
ATAX NET INCOME/INVEST .51 .0 -1360247.249 -829750.821
ATAX NET INCOME/INVEST (DISC) 46 2,0 ~1105451.631 -719077.866
5.0 -909099.669 ~644953.750
PROJECT L1FE (YEARS) 31.00 8.0 -808527.100 -611285.521
DISCOUNT RATE (PCT) 10.00 10.0 —76320¥.¥§§ 289501008
PRIOR DEPL. BA (MS ) O - . -579911.690
““*PRTUR‘SEFKT“EK%%%“«MS) .000 15.0 -6771871.922 -~556042.639
18.0  ~633084.263 - -530395.438

"S- 227




-3 - 3 “”’l s T3
g : s | - su.0 =483330.856 -~423712.573 F I

CUMULATIVE Ol BL) . 000 CUMULATIVE GAS (MMCE) .000 35.0 -432950.059 -~383517.898 '
REMAINING OIL . .3BL) 200000.000 REMAINING GAS (MMCF) ' .000 40.0 -389287.389 -347488.851
ULTIMATE OIL (MBBL) 200000.000 ULTIMATE  GAS (MMCF) .000 45.0 -351682.566 -315682.194

50.0 -319374.625 -287831.845

60.0 -267728.497 -242379.747

70.0 -229277.792 -207843.269
INITIAL W.1. FRACTION 1.00000000 FINAL W. 1. FKACTION 1.00000000 80.0 -200272.227 -181422.374
INITIAL NET OIL FRACTION .87500000 FINAL NET Oll. ERACTION .87500000 90.0 -178066.926 -160997.566

INITIAL NET GAS FRACTION . 00000000 FINAL NET GAS FRACTION .00000000 100.0 -160815.474 -145022.966




OGRE {R) 1 BATAX DATA PORT DATE: 02/24/94
FILE NAME. «UVLUM { 17) L - - L I TIME: 16: 9;3’,"_‘ h
CASE NAME: MIN ECON SIZE B E Y

;r.g anm‘xw PLATFORH

‘«.107 KVVLUH BEVELOPHEHT ?ROOECT
* 120 01 94:.12 1 194 10} :
* 131 DRILL ACRS 7 DEIAY O 0 ©
* 132 PRODFAC ACRS 7 DELAY 0 0 0O
* 133 PIPELINE ACRS 7 DELAY 0 0 0
* 134 DRILSITE ACRS 7 DELAY 0 0 O
168!
1691 TOTAL TAX IS 39 PERCENT
* 170 39
* 600 SET IDCAMORT = MAJOR
W.I. opP. CosT OP. COST AbV. TAX MAJOR PROD DATE
FRACTION {S/W/MO) {$/M0.) (PCT) PH. NAME (MO/DY/YR)
210 1.00000000 .00 .00 . 000 o1l 1/ 1/ 0
PHASE CUM PROD REV. INT PRICE SEV. TAX NO. OF RATIO TO
NAME {(MUNITS} FRACTION (S/UNILT) (PCT} WELLS MAJOR PH
22} OIL . 000 . 87500000 . 000 .000 1.0

* 305 MAN OIL
* 310 FACT 2000.000
* 311 12. 10000.000
* 312 12. 14000.000
* 313 12. 14000.000
* 314 12. 14000.000
* 315 12. 14000.000
* 316 12. 14000.000
* 317 12. 13600.000
* 318 12. 12600.000
¥ 319 12. 11600.000
* 320 12. 10600.000
* 321 12. 9200.000
* 322 12. 8200.000
* 323 12. 7600.000
* 324 12. €800. 000
* 325 12. 6200.000
* 326 12. 5400.000
* 327 12, 4800.000
* 328 12. 4400.000
* 329 12. 3800.000
* 330 12. 3400.000
* 331 12. 3000.000
* 332 12. 2600.000
* 333 12. 2200.000 L
* 334 12, 2000.000
* 335 12. 2000.000
610 CA




* * %+ * % %

600 DATA C : 0 12.33 12.89 13.61 14.36
605 15.16 16.00 16.89 17.15 17.41 17.67 17.94
610 18,21 18.76 19.32 19.90 20.50 21.11
615 21.74 22.40 23.07 23.76 24.47 25.21
620 25.96 26.74 27.54 28.37 29.22 30.10
621 31.00 31.93

611! OPERATING COST

615 DATA OPCOST 1000 : 0 0 0 0 0 O

616 7484 LIFE

617!

618!

6191

620 DATA OPCOST : ESC 3 %

630 DATA ESCINV : 0 3 TO FRAME 40

800! INVESTMENTS FOR THE COASTAL PIPELINE

8011
INV NAME INV. POINT (G OKR N} TALG-MS INTANG-MS$ LSEHLD-M$ RISK ERAC OVHD FLAG

802 PIPELINE -54.000 MOS G ©500.000 .000 000 1.000
803 PIPELINE -42.000 MOS G 6500.000 000 000 1.000
804 PIPELINE -30.000 MOS G “8500.000 .000 .000 1.000
805 PIPELINE -18.000 MOS G $2000.000 000 000 1.000
806 PIPELINE -6.000 MOS G 6500.000 000 .000 1.000
807! INVESTMENTS FOR THE MAIN PIPELINE

808 PIPELINE -54.000 MOS G 135%0.000 . 000 .000 1.000
811 PIPELINE -42.000 MOS G 1350.000 .000 .000 1.000
812 PIPELINE -30.,000 MOS G v6150. 000 .000 .000 1.000
813 PIPELINE -18.000 MOS G 58800.000 .000 .000 1.000
814 PIPELINE -6.000 MOS G 7350.000 .000 .000 1.000
B15¢

816! INVESTMENTS FOR MAIN PRODUCTION PLATFOKRM
817! STRUCTURE

818 PRODFAC ~42.000 MOS G 1us000. 000 . 000 .000 1.000
819 PRODFAC -30.000 MOS G 157500.000 .000 .000 1.000
820 PRODFAC ~-18.000 MOS G 157500.000 .000 .000 1.000
821 PRODFAC ~6.000 MOS G 105000. 000 .000 . 000 1.000
822! PRODUCTION FACILITIES

823 PRODFAC -30.000 MOS G Yuuh . 000 .00 . 000 1.000
824 PRODFAC ~18.000 MOS G 126000.000 . 000 . 000 1.000
825 PRODFAC -6.000 MOS G 216000.000 .000 .000 1.000
826!

B271 INVESTMENTS FOR UFERMITTING

828 PRODFAC -66.000 MOS (% Lutu, 0oy . 0uo . 000 i.o00
829 PRODFAC -54.000 MOS G 5000.000 .000 . 000 1.000
830 PRODEAC -42.000 MOS G 5000, 000 .000 . 000 1.000
831 PRODFAC -30.000 MOS 8 LOouu, 000 . 000 .000 1.000
832! DELINEATION WELLS THEN PRODUCTION WELLS

8331

834 DRILL -6.,000 MOs [H fuyat, goy 0l1200.000 V] 1. 000
835 DRILL -72.000 MOS G 10%30.000 59670.000 . 000 1.000
836 DRILL 6.000 MOS G 10800.000 61200.000 . 000 1.000
837 DRILL 18.000 MOS G 10800, 000 61200.000 . 000 1.000
838 DRILL 30.000 MOS G 12600.000 71400.000 . 000 1.000
839!

840 ESC USING ESCINV

B850 NOLOSS OFF




DETERMINE MIl
PROD 100 WELL>

1 ECONOMIC SIZE
RESERVES = 400 MMBBLS

SINGLE (L.ARGE) DRILLING & PRQBDCT;ON PLA

,-~-~GROSS PRODMCTION-*‘

OIL, - MBBL ' GAS,  MMCF  .OIL, 'MBBL
12-94 .000 .000 000
12-95 .000 .000 .000
12-96 .000 .000 .000
12-97 .000 .000 000
12-98 .000 .000 000
12-99 .000 .000 000
12- 0 20000.000 .000 17500.000
12- 1 28000.000 .000  24500.000
12- 2 28000.000 .000  24500.000
12- 3 28000.000 .000  24500.000
12- 4 28000.000 .000  24500.000
12- 5 28000.000 .000  24500.000
12- 6  27200.000 .006  23800.000
12- 7 25200.000 .000  22050.000
12- 8 23200.000 .000  20300.000
12- 9 21200.000 .000  18550.000
12-10  18400.000 .000  16100.000
12-11 16400.000 .000  14350.000
12-12 15200.000 .000  13300.000
12-13 13600.000 .000  11900.000
12-14 12400.000 .000  10850.000
12-15  10800.000 .000 9450. 000
12-16 9600.000 .000 8400.000
12-17 8800. 000 .000 7700.000
12-18 7600.000 .000 6650.000
12-19 6800.000 .000 5950. 000
12-20 6000. 000 .000 5250.000
12-21 5200.000 .000 4550. 000
12-22 4400.000 .000 3850.000
12-23 4000.000 .000 3500.000
12-24 4000.000 .000Q 3500.000
12-25 .000 .000 000
S TOT  400000.000 .000 350000, 000
REM. .000 . 000 000
TOTAL  400000.000 .000  350000.000

----------------- OPERATIONS, M$------

-END-  SEVERANCE  AD VAL NET OPER
MO-YR  TAXES TAXES EXPENSES
12-94 .000 000 000
12-95 .000 000 000
12-96 .000 .000 000
12-97 .000 .000 .000
12-98 .000 .000 000
12-99 .000 .000 .000
12- 0 .000 .000 107235.449
L2 e AP POG ey Y "
12- 700 .000 113766.087

7
s sl ons"emld

_AS OF JANUARY

s====NET PRODUCTION=~~~~

—memeeemenunen--OPERATIONS,

] 02/24/94

«==PRICES~~~ R e
OIL GAS NO. OF “OIL GAS OTHER TOTAL

‘GAS, MMCF $/8 $/M WELLS REVENUE REVENUE REVENUE REVENUE
.000 12.33 .00 .0 .000 .000 .000 . 000

000 12.89 .00 .0 .000 .000 . 000 . 000

000 13.61 00 .0 .000 000 . 000 .000
000 14.36 00 .0 000 .000 . 000 . 000

000 15.16 00 .0 .000 000 .000 . 000

000 16.00 00 .0 . 000 000 000 .000

000 16.89 00 1.0 295575.000 000 .000 295575.000

000 17.15 00 1.0 420175.000 000 . 000 420175.000

.000 17.41 )]} 1.0 426545.000 000 . 000 426545.000

000 17.617 00 1.0 432%15.000 000 000 432915.000

000 17.94 00 1.0 439530.000 000 .000 439530.000

000 18.21 00 1.0 446145.000 .000 . 000 446145.000
000 18.76 00 1.0 446488.000 000 000 446488.000
.000 19.32 00 1.0 426006.000 000 .000 426006.000

.000 19.90 00 1.0 403970.000 000 .000 403970.000

.000 20.50 00 1.0 380275.000 000 .000 380275.000

.000 21.11 00 1.0 339871.000 000 . 000 339871.000

.000 21.74 .00 1.0 311969.000 000 . 000 311969.000

.000 22.40 00 1.0 297920.000 000 . 000 297920.000

.000 23.07 00 1.0 274533.000 000 . 000 274533.000

.000 23.76 00 1.0 257796.000 000 .000 257796.000

.000 24.47 00 1.0 231241.500 000 . 000 231241.500

.000 25.21 00 1.0 211764.000 000 .Q00 211764.000

.000 25.96 00 1.0 199892.000 000 . 000 199892.000

.000 26.74 00 1.0 177821.000 . 000 .000 177821.000
.000 27.54 00 1.0 163863.000 000 . 000 163863.000

.000 28.37 00 1.0 148942.500 000 .000 148942.500

.000 29.22 (o]0} 1.0 132951.000 000 .000 132951.000

.000 30.10 00 1.0 115885.000 000 . 000 115885.000

.000 31.00 00 1.0 108500.000 .000 .000 108500.000

.000 31.93 0o 1.0 111755.000 .000 . 000 111755.000

. 000 00 00 1.0 . 000 . 000 .000 . 000
L 000 [T .0u 1.0 72023528.000 . 000 000 7202328.000
.00u .00 .00 .0 . 000 . 000 .000 . 000
L00n alhs .00 .0 7202328 .000 . 000 .000 7202328.000
———————————————————————— CAPITAL COSTS, MS~----vrc-oa—o 10.00 PCT
OPERATIUNS TANGIBLE INTANG. LSEHOLD ALVAGE CASH FLOW CuM. DISC
CASH FL.OW COSTS COSTS COSTS VALUE BTAX, M$ BTAX, M$
000 15530.000 59670, 000 000 000 -75200.000 -74967.313

000 19415.500 . 000 000 000 ~-19415.500 -91796.361

000 131392.465 . 000 060 000 -131392.465 -195331.733

000 333445.644 . 000 000 000 -333445.644 -434195.705

.000 443788.124 . 000 000 000 -4437688.124 -723202.859

.000 400703.084 70947.573 000 .Q00 -471650.657 ~1002431.958
188339.551 128098 768 73026..004 00 ,u¢387?135'”?§?%!95.156
122.488 13282.638 75268 281 . 000 . 000 221171.570 -839027.214
312778. 913 15961.303 206310 226 —141181 623
b ol £

£ &N
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12 v*'
12- 6
12- 7
12- 8
12- 9
12-10
12-11
12-12
12-13
12-14
12-15
12-16
12-117
12-18
12-19
12-20
12-21
12-22
12-23
12-24
12-25

S TOT
REM.

TOTAL

-y i | 3 3 ""k!.'lu;‘-:.”:“;!

.000 128044
cuul . 000 131886.
.000 -000 135842.
.000 .000 139917.
. 000 . 000 144115,
.000 .000 148438,
.000 . 000 152892,
.000 . 000 157478.
. 000 - 000 162203.
. 000 . 000 167069.
.000 .000 172081.
.000 .000 177243,
. 000 . 000 182561.
.000 .000 188038.
.000 .000 193679.
.000 .000 199489,
.000 .000 205474.
.000 .000 211638.
. 000 . 000 217987.
.000 .000
. 000 .000 3909725.
.000 . 000
.000 .000 33%09725.

734

076
658
938
476
940
108
872
238
335
415
857
173
008
149
523
209
435
588

.000

567

. 000

567

318443.
294119.
268127.
240357.
195755.
163530.
145027.
117054.
95592.
64172.
39682.
22648.
-4740.
-24175.
-44736.
-66538.
-89589.
-103138.
-106232.
.000

3z9zuul

3292602,

266
924
342

524
060
892
128
762
165
585
143
173
008
643
523
209
435
588

L4133

. 000

433

.ULo
. 000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
. 000
.000
.000
. 000
.000
.000
. 000
.000
.000

1330414.522

.00

134,414,522

RVIVIY]
.000
. 000
.000
.000
.000
.000
.000
. 000
.000
. 000
.000
.000
.000
.000
.000
.000
. 000
.000

.000

369409.238

100 ””-‘ “321 WZS

.000
.000
.000
.000
.000
.000
.000
. 000
. 000
.000
.000
. 000
. 000
.000
.000
.000
.000
.000
.000
.000

.000

.000

.000

.000
. 000
.000
.000
. 000
. Q00
.000
.000
. 000
.000
.000
.000
.000
.000
.000
.000
.000
. 000
. 000
. 000

. 000

.000

. 000

3168443.266
294119.924
268127.342
240357.062
195755.524
163530.060
145027.892
117054.128
95592.762
64172.165
39682.585
22648.143
-4740.173
~24175.008
~44736.649
~66538.523
-89589.209
-103138.435
-106232.588
. 006

1536778.673
.000

1536778.673

-297842.079
-216580.068
-149234.110
~94351.515
-53716.625
-22857.048
2023.001
20278.501
33631.623
42102.819
46752.562
49165.071
48706.044
46577.819
42997.501
38156.461
32230.913
26029.3517
20222.445
20222.445

20222.445
20222.445

20222.445



DETERMINE MI!}

4 ECONOMIC SIZE

PROD 100 WELL. RESERVES = 400 MMBBLS

SINGLE (LARGE) DRILLING & PRODUCTION PiA

Ob .IMUARY

b 1994

DATE :

02/24794
16209134
KUVEUM

i e e
S G i L ‘ : 10.00 pCT
“~END~ OPER CASH DEPR. DEPL. INTANG. IHTEREST TAXABLE TAX TAXES CASH FLOW CcuM, pISC
MO-YR FLOW, M$ EXP., M$  EXP., M$ EXP., MS  EXP., M$ INCOHE M$  CREDIT M5 PAYABLE M$ ATAX, M$ ATRX, M$
12-94 .000 .000 .000 45349.200 .ooo —45349.200 .000 -17686.188 -57513.812 -58097.8B11
12-95 .000 .000 .000 3580.200 .000 -3580.200 .000 -1396.278 -18019.222 =-73716.129
12-96 .000 .000 .000 3580.200 000 -3580.200 .000 -1396.278 -129996.187 -176150.838
12-97 .000 .000 .000 3580.200 000 -3580.200 .000 -1396.278 -332049.366 -414014.207
12-98 . 000 .000 . 000 3580.200 000 -3580.200 .000 -1396.278 -442391.846 -702111.722
12-99 .000 .000 .000 $1791.729 000 -51791.729 .000 -20198.774 -451451.883 -969378.110
12- 0 188339.551  193885.393 .000 57602.335 000 -63148.1717 .000 -24627.789 126995.575 -900985.097
12- 1  309722.488  334268.630 .000 63587.259 000 -88133.401 .000 -34372.026 255543.596 -775889.745
12- 2 312778.913  242929.435 .000 79184.101 000 -9334.623 .000 -3640.503 210010.729 -682424.255
12- 3 315735.930 175810.785 .000 18584.354 .000 121340.791 .000 47322.908 268413.022 ~-573847.354
12- 4 316835.558  125579.094 .000 16455.927 000 176800.537 .000 68952.209 249883.349 -481955.187
12- 5  321829.725  124307.317 . 000 12135.220 000 185387.188 .000  72301.003 249528.722 -~398535.409
12- 6 318443.266  123737.499 . 000 7684.891 000 187020.876 .000  72938.141  245505.125 ~323922.089
12- 7 294119.924 63166.971 .000 2713.422 000 228239.53) .000 89013.417 205106.507 -267253.479
12- 8 268127,342 2017.218 .000 .000 000 266110.124 .000 103782.948 164344.394 -225974.844
12- 9 240357.062 712.193 .000 .000 000 239644.869 .000 93461.499 146895.563 -192433.039
12-10 195755.524 .000 .000 . 000 000 195755.524 .000 76344.654 119410.870 -167645.756
12-11  163530.060 .000 . 000 .000 000 163530.060 .000 63776.723 99753.337 -~148821.414
12-12  145027.892 .000 . 000 .000 .000 145027.892 .000 56560.878 88467.014 -133644.5684
12-13 117054.128 .000 .000 .000 .000 117054.128 .000  45651.110 71403.018 -122508.729
12-14 95592.762 . 000 . 000 . 000 .000  95592.162 .000  37281.177 58311.585 ~-114241.325
12-15 64172.165 . 000 .000 .000 .000 64172.165 .000  25027.144 39145.021 -~109195.895
12-16 39682.585 . 000 .000 .000 .000 39682.585 .000 15476.208 24206.377 -106359.552
12-17 22648.143 . 000 . 000 . 000 .000 22648.143 . 000 8832.776 13815.367 -104887.922
12-18 -4740.173 .000 .000 .000 .000 -4740.173 .000 -1848.667 -2891.506 -105167.928
12-19  -24175.008 . 000 .000 .000 .000 -24175.008 .000 -9428.253 -14746.755 -106466.145
12-20 ~44736.649 . 000 .000 .000 .000 -44736.649 .000 -17447.293 -27289.356 -108650.139
12-21  -66538.523 . 000 . 000 . 000 .000 -66538.523 .000 -25950.024 -40588.499 -111603.173
12-22  -89589.209 .000 .000 . 000 .000 -89589.209 .000 -~34939.792 -54649.417 -115217.757
12-23  ~103138.435 .000 . 000 . 000 .D00 -103138.435 .000 -40223.990 -62914.445 -119000.706
12-24 -106232.588 .000 .000 . 000 .000 -106232.588 .000 -41430.709 -64801.879 -122542.922
12-25 .000 ~-.013 .000 . 000 . 000 .013 . 000 . 005 -.005 -122542.922
S TOT 3292602.433 1386414.522 L0000  30Y409.23b LU00 1530776.673 L0000 5¥9343.680  937434.993 -122542.922
REM. .000 . 000 . 000 . 000 . 000 .000 . 000 .000 .000 ~122542.922
TOTAL 3292602.433 1386414.522 .000  369409.23y L000 1536778.673 .000 594343.680  937434.993 -122542.922
~---PRESENT WORTH PROFILE--~--
BTAX RATE OF RETUKN (PCT) 10.34 ATAX KATE OF KETUKN (PCT) 7.45 pISC PW OF NET PW OF NET
BTAX PAYOUT YEARS 11.96 ATAX PAYOUT TYEARS 12.29 RATE BTAX, M$ ATAX, M$
BTAX PAYOUT YEARS (DISC) 18.92 ATAX PAYOUT YEARS (DISC) 31.00 mmme ememmeon mdeeo
BTAX NET INCOME/INVEST 1.88 ATAX NET INCOME/INVEST 1.53 .0 1536778.673  937434.993
BTAX NET INCOME/INVEST (DISC) 1.02 ATAX NET INCOME/INVEST (DISC} 89 2.0 1057710.865 598543.718
5.0 530911.438 229668.114
PRODUCTION START DATE 1/ 1/ 0 PROJECT LIFE (YEARS) 31.00 8.0 181637.991 -12136.352
MONTHS IN FIRST LINE 12.00 DISCOUNT RATH (PCT) 10.00 10.0 20222.445 -~122542.922
GROSS WELLS 1.00 PRIOR DEFL. BASIS (MS) kT w—— T R
: T 5 ~220768.704  ~283228.681
J"‘“‘ E?TSTITSTE 235§§93T3§'
MAX. OIL bl /8) 31.93 ,'M}\X GAS PiIcE  ($S/M)
Gii° 'UNS- OGNS OGN B GEE TS UES .




] J } ’ ! } : ) ™ ’ ) 30.0 -‘364991.’;40 -356!22.45'5 ) a I ’
CUMULATIVE Ol . 000 CUMUBLATIVE as (MMCE) . . VOO 35.0 ~-352729.850 -338576.562
REMAINING OIL  BBL) 400000.000 REMAINING GAS (MMCE) ) . 000 40.0 -333737.681 -317122.309
ULTIMATE Oll, (MBBL) 400000.000 ULTIMATE GAS (MMCFE) . 000 45.0 -312534.725 -2%4890.952
50.0 =-291381.027 -273463.093
60.0 -252918.684 -235426.734
70.0 -221186.583 -204516.130
INITIAL W.I. FRACTION 1.00000000 FINAL W.1. FRACTTION 1.00000000 80.0 =-195770.946 -179930.323
INITIAL NET OIL FRACTION .87500000 FINAL NET O0If. FRACTION . 87500000 90.0 -175553.633 -160450.900

INITIAL NET GAS FRACTION .00000000 FINAL NET GAS FRACTION .00000000 100.0 -159432.548 -144963.012




OGRE [R) 1 BATAX DATA . PFPORT DATE: 02/24/9%4
FILE NAME: KUVLUM ( 17) - - - - .- .. - -
CASE NAME: MIN ECON SIZE G

3 STDBIOAL

-TIME: 16:13:09

mxtf bnxu.ms & Paoouc'rtou vx.m-wm

'u?casaseou A £
- 107 KuvLuMm DEVBLOP"ENT PROJBCT

.
* 12001 9 1211 94101
* 131 DRILL ACRS 7 DELAY 0 0 0
* 132 PRODFAC ACRS 7 DELAY 0 0 0
* 133 PIPELINE ACRS 7 DELAY 0 0 O
* 134 DRILSITE ACRS 7 DELAY 0 0 O
1681
1691 TOTAL TAX IS 39 PERCENT
* 170 39
* 600 SET IDCAMORT = MAJOR
W.I. OP. COST OP. COST ADV. TAX MA.JOR PROD DATE
FRACTION ($/W/MO) {$/MO. ) (PCT} PH. NAME {MO/DY/YR)
210 1.00000000 .00 .00 . 000 OIL 1/ 1/ 0
PHASE CUM PROD REV. INT PRICE SEV. TAX NO, OF RATIO TO
NAME (MUNITS) FRACTION [S/UNIT) (PCT) WELLS MAJOR PH
221 OlL .000 .87500000 . 000 . 000 1.0

300 CASE SRESERVES200MM

300 SERIES LINES:

* 305 MAN OIL

* 310 FACT 3000.000
* 311 12. 10000.000
* 312 12. 14000.000
* 313 12. 14000.000
* 314 12. 14000.000
* 315 12. 14000.000
* 316 12. 14000.000
* 317 12. 13600.000
* 318 12. 12600.000
* 319 12, 11600.000
* 320 12. 10600.000
v 321 12, 9200.000
* 322 12. 8200.000
v 323 12. 7600.000
* 324 12. 6800.000
* 325 12. 6200.000
v 326 12. 5400.000
* 327 12, 4800.000
* 328 12. 4400.000
v 329 12. 3800.000
* 330 12. 3400.000
* 331 12. 3000. 000
* 332 12. 2600.000
* 333 12. 2200.000
v 334 12. 2000.000
b X1 i 2000r000




L% MR

600 DATA s 12.33 12.89 13.6]1 14.36
605 15.16 16.00 16.89 17.15 17.41 17.67 17.94
610 18.21 18.76 19.32 19.90 20.50 21.11
615 21.74 22.40 23.07 23.76 24.47 25.21
620 25.96 26.74 27.54 28.37 29.22 30.10
621 31.00 31.93

611! OPERATING COST

615 DATA OPCOST 1000 : 0 00 CCO

616 8720 LIFE

617!

618!

619!

620 DATA OPCOST : ESC 3 %

630 DATA ESCINV : 0 3 TO FRAME 40

800! INVESTMENTS FOR THE COASTAL PIPELINE

* * * * » %

801!}
INV NAME INV. POINT (G UK H) TANG-M$ INTANG-M$ LSEHLD-M$ RISK FRAC OVHD FLAG

802 PIPELINE -54.000 MOs G 1500.000 .000 .000 1.000
803 PIPELINE -42.000 MOS G 6500.000 .000 .000 1.000
804 PIPELINE -30.0600 MOS G 48500.000 .000 .000 1.000
805 PIPELINE -18.000 MOSs G 52000.000 .000 .000 1.000
806 PIPELINE -6.000 MOS G 6500.000 .000 . 000 1.000
807! INVESTMENTS FOR THE MAIN PIPELINE

808 PIPELINE -54.,000 MOS G 7350.000 . 000 . 000 1.000
811 PIPELINE -42.000 MOs G 7350.000 .000 . 000 1.000
812 PIPELINE -30.000 MOS G 1L6150.000 .000 .000 1.000
813 PIPELINE -18.000 MOS G 58800.000 .000 .000 1.000
814 PIPELINE ~6.000 MOS G 7350.000 . 000 . 000 1.000
815!

816! INVESTMENTS FOR MAIN PRODUCTION PLATEFOKM
8171 STRUCTURE

818 PRODFAC -42.000 MOS G 1ohunu., 0uy .00 . 000 1. 000
819 PRODFAC -30.000 MOS G 1%7500.000 .000 .000 1.000
820 PRODFAC -18.000 MOS G 157500,000 .000 . 000 1.000
821 PRODFAC -6.000 MOS G 105000.000 . 000 . 000 1.000
822! PRODUCTION FACILITIES

823 PRODFAC -~30.000 MOS G L1000, 000 . 000 . 000 .00
824 PRODFAC ~18.000 MOS G 147000.000 . 000 . 000 1.000
825 PRODFAC -6.000 MOS G 25:000,000 .000 .000 1.000
826!

827! INVESTMENTS FOR PERMITTING

828 PRODFAC ~66.000 MOS [ TITTEINFIETH . 000 . Ouo 1. uuy
829 PRODFAC ~54.000 MOS G LU0, 000 .000 . 000 1.000
830 PRODFAC ~42.000 MOS G 5000.000 . 000 . 000 1.000
831 PRODFAC ~-30.000 MOS G L000.000 . 000 .000 1.000
832! DELINEATION WELLS THEN PRODUCTIONH WELLS

833¢

834 DRILL -6.000 MOS 4 fusut, Uy ©1200.000 LO00 i.ouu
835 DRILL -72.000 MOS G 10530, 000 59670.000 . 000 1.000
836 DRILL 6.000 MOS G 10800000 61200.000 . 000 1.000
8137 DRILL 18.000 MOS G 1GaHaG . 000 61200.000 . 000 1.000
838 DRILL 30.000 MOs G 12600.000 71400.000 . 000 1.000
8391

840 ESC USING ESCINV

850 NOLOSS OfFF




DETERMINE MIA 1 ECONOMIC SIZE
PROD 100 WELLS RLESERVES = 600 MMBBLS
SINGLE (LARGE)} DRILLING. & PRODUCTION PLA

A3 OF JANUARY

T S Y : ~«sPRICES=~+ " ' ewmccisccmao - =-~OPERATIONS,
“#~~GROSS PRODUCTION~--  ~=~~=NET PRODUCTION----  OIL GAS NO. OF OIL GAS
OIL, . MBBL . GAS, MMCF OIL, MBBL GAS, MMCF $/B S$/M WELLS REVENUE REVENUE
.000 .000 .000 .000 12.33 .00 .0 . 000 .000
.000 . 000 .000 000 12.89 .00 .0 .000 .000
.000 .000 .000 .000 13.61 .00 .0 .000 .000
.000 .000 .000 000 14.36 00 .0 .000 .000
.000 .000 .000 000 15.16 00 .0 .000 000
.000 .000 .000 .000 16.00 00 .0 .000 000
12- 0 30000.000 .000 26250.000 .000 16.89 00 1.0 443362.500 000
12- 1 42000.000 .000 36750.000 000 17.15 00 1.0 630262.500 000
12~ 2 42000.000 .000 36750.000 .000 17.41 .00 1.0 639817.500 .000
12- 3 42000.000 .000 36750.000 .000 17.67 .00 1.0 649372.500 000
12~ 4 42000.000 .000 36750.000 .000 17.94 .00 1.0 659295.000 000
12- 5 42000.000 . 000 36750.000 .000 18.21 .00 1.0 669217.500 000
12- 6 40800.000 .000 35700.000 .000 18.76 .00 1.0 669732.000 000
12- 17 37800.000 .000 33075.000 .000 19,32 .00 1.0 639009.000 000
12- 8 34800.000 .000 30450.000 .000 19.90 .00 1.0 605955.000 000
12- 9 31800.000 .000 27825.000 .000 20.50 00 1.0 570412.500 000
12-10 27600.000 .000 24150.000 L000 21.11 .00 1.0 509806.500 000
12-11 24600.000 .000 21525.000 .000 21.74 .00 1.0 467953.500 000
12-12 22800.000 .000 19950.000 .000 22.40 .00 1.0 446880.000 000
12-13 20400.000 .000 17850.000 .000 23.07 .00 1.0 411799.500 .000
12-14 18600.000 .000 162175.000 .000 23.76 .00 1.0 386694.000 000
12-15 16200.000 .000 14175.000 .000 24,47 .00 1.0 346862.250 000
12-16 14400.000 .000 12600.000 .000  25.21 .00 1.0 317646.000 000
12-17 13200.000 .000 11550.000 .000 25.96 .00 1.0 299838.000 000
12-18 11400.000 .000 9975.000 .000 26.74 .00 1.0 266731.500 000
12-19 10200. 000 .000 8925.000 .000 27.54 .00 1.0 245794.500 000
12-20 9000.000 . 000 7875.000 .000 28.37 .00 1.0 223413.75%0 000
12-21 7800.000 .000 6825.000 .000 29.22 .00 1.0 199426.500 000
12-22 6600.000 . 000 5775.000 .000 30.10 .00 1.0 173827.500 000
12-23 6000.000 . 000 5250.000 .000 31.00 .00 1.0 162750.000 000
12-24 6000.000 .000 5250.000 .000 31.93 .00 1.0 167632.500 000
12-25 . 000 .000 . 000 . 000 .00 .00 1.0 .000 000
S TOT 600000.000 . 000 525000.000 LU UL by .00 1.010803492.000 L 000
REM. .000 . 000 . 000 000 0o RD] .0 .U00 . 000
TOTAL 600000.000 . 000 $25000.000 L0 L LH .00 L01UBY3492 L un L 000
----------------- OPERATIONS, MS-=-~--vmm e e o ceme--—-~--~-CAPITAIL COSTS, | it
-END- SEVERANCE AD VAL NET OPER OPERATIONS TANGLBLE INTANG. Lseiol.D SALVAGE
MO-YR TAXES TAXES EXPENSES CASH FLOUW COSTS COSTS COSTS VALUE
12-94 000 000 000 0tu 15530.000 59670.000 000 000
12-95 .000 .000 . 000 000  19415.500 .000 000 000
12-96 .000 .000 .000 000 131392.465 .000 000 000
12-97 000 .000 .000 000 336723.825 .000 000 .000
12-98 000 .000 .000 000 467423.809 .000 000 000
12-99 000 .000 .000 .000 442436.950 70947.573 000 000
12- 0 .000 .000 124945.632  318416.868 12695.7 00 Fo¥Tel "
12- 1 ann 1uuu-44oc9-fo0!"““5UTS%ETTQ?”"‘T?!E?TE%%"‘%%&%&.281 . 000 . 000
12- 2 00 .000 132554.821 507262.679  15961.303 9 .000 .000
12- . . . . . X .
2 :: ) )0 222 3 gle 466 ? 284 ?24 000 3 m& ﬂg

02724/94

OTHER TOTAL
REVENUE REVENUE
.000 . 000
.000 .000
.000 .000
.000 .000
. 000 .000
.000 .000
.000 443362.500
.000 630262.500
.000 639817.500
. 000 649372.500
000 659295.000
go0 669217.500
000 669732.000
000 639009.000
000 605955, 000
000 570412.500
000 509806.500
000 467953.500
000 446880.000
000 411799.500
000 386694.000
000 346862.250
000 317646.000
.000 299838.000
.000 266731.500
. 000 245794.500
.000 223413.750
.000 199426.500
.000 173827.500
.000 162750.000
. 000 167632.500
. 000 .000
.000 10803492.000
.000 . 000
L0000 10803492000
10.00 pCY
CASH FLOW CUM. DISC
BTAX, Ms$ BTAX, M$
-75200.000 ~74967.313
-19415.500 -91796.361
-131392.465 -195331.733
-336723.825 ~436544.032
-467423.809 -740943.400
-513384.524 -1044880.002
413017.581 -717539.138
400853.992 -539154.940
41. ~331 17
iz} 14N £ 4




1= 3

12- 6
12- 7
12- 8
12- 9
12-10
12-11
12-12
12-13
12-14
12-15
12-16
12-17
12-18
12-19
12-20
12-21
12-22
12-23
12-24
12-25

S TOT
REM.

TOTAL

V00
.000
.000
. 000
.000
.000
.000
.000
. 000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.000
.000

-000

.000
. 000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

. 000
. 000

.000

l448!6.232 LZ437I.268

149191.619
153667.368
158277.389
163025.710
167916.482
172953.976
178142.596
183486.873
188991.480
194661.224
200501.061
206516.093
212711.575
219092.923
225665.710
232435.682
239408.752
246591.015
253988.745

.000

455%5425.835
. 000

4555425.835

520540.381
485341.632
447677.611
407386.790
341830.018
294999.524
268737.404
228312.627
187702.520
152201.026
117144.939
93321.907
54019.925
26701.577
-2251.960
-33009.182
-65581.252
-83841.015
-86356.245
.000

6248000, 104
RESIIY)

6248000L.165

””1”"1”’1"”1””"]""'!""!

34333, 740

.00 RO . 000 524371.
.000 N .000 .000 520540.
.000 . 000 .000 .000 485341.
.000 .000 .000 . 000 447677.
.000 .000 .000 .000 407386
.000 .000 .000 .000 341890
.000 .000 .000 .000 294999
.000 .000 .000 .000 268737
.000 . 000 . 000 . 000 228312
.000 .000 .000 .000 197702
.000 .000 .000 . 000 152201
.000 .000 .000 .000 117144
.000 .000 .000 .000 93321
. 000 .000 .000 . 000 54019
.000 .000 .000 .000 26701
. 000 .000 .000 .000 -2251
.000 .000 .000 .000 -33009
.000 .000 .000 .000 -65581
.000 .000 .000 .000 -83841
. 000 . 000 .000 .000 -86356
.000 .000 . 000 .000

lawwo02.255  369409.238 000 000 4423594

. 000 . 000 . 000 .000

1495002.255  369409.238 .00V .000 4423594

268
381
632
611

.790
.018
.524
.404
.627
.520
.026
.939
. 907
. 925
.577
.960
.182
.252
.015
.245
.000

.672
.000

.672

192535.106
326629.513
439073.389
532095.179
603064.636
658733.671
704836.525
740443.652
768473.873
788091.172
801817.440
811758.206
816989.361
819340.010
819159.783
816758.185
812420.555
807379.323
802658.897
802658.897

802658.897
802658.897

802658.897




DETERMINE MI
PROD 100 WELL.

M ECONOMIC SIZE
RESERVES = 600 MMBBLS

SINGLE (LARGE] DRILLING & PRODUCTION PLA

AS OF JANUARY 1,

DATE:

CASH FLOW
ATAX, MS$

-57513.812
~-18019.222
-129996.187
-335327.547
-466027.531

-493185.750 -

210167.474
379126.276
333328.893
391992.373
374170.344
375468.519
371173.821
322946.343
273870.057
248783.698
208552.911
179948.710
163929.816
139270.702
120598.537
92842.626
71458.413
56926.363
32952.154
16287.962
-1373.696
-20135.601
~40004.564
-51143.019
~526177.309
-.005

26943492.749
. 000

2098392.749

02/24/94 .

10.00 PCT
CUM. DISC
ATAX, M$
-58097.811
~73716.129
~176150.838
-416362.534
-719852.263
1011826.154
~898652.683
~713068.271
~564730.426
-406163.913
-268566.415
~143043.788
-30237.543
58988.882
1277177.2417
184583. 961
227875.330
261833.441
289956.182
311676.530
328774.965
340741.518
349114.542
355178.410
358369.414
359803.3190
359693.372
358228.397
355582.442
352507.290
349627.830
349627.830

3496271.830
349627.830

349627.830

~-~-~PRESENT WORTH PROFILE-----

1; 159(
-END- OPER CASH DEPR. DEPL. INTANG. INTEREST TAXABLE TAX TAXES
MO~-YR FLOW, MS$ EXP., M$ EXP., MS EXP., M$ EXP., MS INCOME M$ CREDIT M$ PAYABLE M$
12-94 .000 .000 . 000 45349.200 000 -45349.200 .000 -17686.188
12~95 .000 000 .000 3580.200 000 -3580.200 .000 -1396.278
12-986 .000 .000 . 000 3580.200 Q00 -3580.200 .000 -1396.278
12~97 . 000 .000 000 3580.200 000 -3580.200 000 -1396.278
12-98 . 000 .000 000 3580.200 000 ~-3580.200 000 -1396.278
12-99 .000 .000 000 51791.729 000 -51791.729 .000 -20198.774
12- 0 318416.868 203692.408 000 57602.335 000 57122.125 .000 22277.629
12- 1 501568.499 351080.459 000 63587.259 000 86900.781 . 000 33891.305
12- 2 507262.679 254937.298 000 79184.101 000 173141.280 000 67525.099
12- 3 512841.034 184388.319 . 000 18584 .354 000 309868.361 000 120848.661
12- 4 518667.590 131705.904 000 16455.927 000 370505.759 000 144497.246
12- 5 524371.268 130434.127 (¢1e]0] 12135.220 000 381801.921 .000 148902.749
12- 6 520540.381 129864.309 000 7684.891 .000 382991.181 000 149366.560
12- 7 485341.632 66230.034 000 2713.422 .000 416398.176 000 162395.289
12- 8 447677.611 2017.217 000 . 000 .000 445660.394 .000 173807.554
12- 9 407386.790 712.194 000 . 000 .000 406674.596 000 158603.092
12-10 341890.018 .000 000 . 000 .000 341890.018 000 133337.107
12-11 294999.524 . 000 000 . 000 .000 294999.524 000 115049.814
12-12 268737.404 .000 000 .000 .000 268737.404 000 1064807.588
12-13 228312.627 .000 000 . 000 .000 228312.627 000 89041.925
12-14 197702.520 .000 000 . 000 .000 197702.520 000 77103.983
12-15% 152201.026 .000 000 .000 .000 152201.026 000 $9358.400
12-16 117144.939 .000 000 . 000 .000 117144.939 000 45686.526
12-17 93321.907 . 000 000 .000 .000 93321.907 .000 36395.544
12-18 54019.925 .000 000 L0000 .000 54019.925 000 21067.1771
12-19 26701.577 . 000 000 . 000 . 000 26701.577 000 10413.615
12-20 ~2251.960 .000 000 . 000 . 000 ~2251.960 000 -878.264
12-21 -33009.182 .000 000 .000 .000 -33009.182 000 -12873.581
12-22 -65581.252 .000 000 . 000 .000 -65581.252 000 -25576.688
12-23 -83841.015 .000 000 . 000 .000 -83841.015 000 -32697.996
12-24 -86356.245 .000 000 .000 .000 -~86356.245 000 -33678.936
12-25 .000 -.013 000 .000 . 000 .013 . 000 . 005
S TOT 6248066.165 1455062.256 . 000 309409, sh LU00 4423594.671] 000 1T725201.923
REM. .000 .000 .000 L 000 .000 . 000 . 000 . 000
TOTAL 6248066.165 1455062.256 . 000 3094092 sy L0060 4423994.671 000 17.:05201.923
BTAX RATE OF RETURN {PCT) 19.00 ATAA RATE ob RETURN {PCT) 14.83 PISC
BTAX PAYOUT YEARS 9.97 ATAX PAYOUT YEARS 10.50 RATE
BTAX PAYOUT YEARS (DISC) 11.80 ATAX PAYOUT YEARS (DISC) 13.34 ————
BTAX NET INCOME/INVEST 3.42 ATAX NET INCOME/INVEST 2.48 .0
BTAX NET INCOME/INVEST (DISC) 1.68 ATAX NET INCOME/INVEST (DISC) 1.30 2.0
5.0
PRODUCTION START DATE 1/ 1/ 0 PROJECT LIFE (YEARS) 31.00 8.0
MONTHS IN FIRST LINE 12.00 DISCOUNT RATE (PCT} 10. 00
GROSS WELLS e BB DE g Rt ay .000
PRIOR DEPR. BASIS (MS) 000
G NS IR ThE WS AN e s s

PW OF NET
BTAX, M$
4423594.672
3214436.762
1967671.063
1170181.170

12.0 52686% 334 173410. 3;3

8.0 235455.047  -10387.909
18.0 _44399.533 -128049.098 ‘
N 2. G o - -

THAAACY PAN

PW OF NET
ATAX, M$
2698392.749
1912292.538
1102411.111
586155.159

AENT1N N2




CUMULATIVE O] BL)

REMAINING OIL MBBL)
ULTIMATE OIL (MBBL]}

INITIAL W.I. FRACTION
INITIAL NET OIL FRACTION
INITIAL NET GAS FRACTION

. 000
600000.000
600000.000

1.00000000
.87500000
.00000000

CUMULATIVE GhsE {MMCE)
REMAINING GAS (MMCF)

ULTIMATE GAS (MMCF)
FINAL W. 1. ERACTION
FINAL NET ©il. FRACTION

FINAL MNET (A4 FRACTION

.000
.000
.000

1.00000000
.87500000
.00000000

-246441.619
-272310.039
~278009.830
~273233.017
~263257.103
~238018.667
-213035.143
-191230.993
-173016.952
-158037.021

-288099. 480
-293424.683
-286572.481
-273943.644
-258963.308
-228383.9117
-201129.336
-178400.111
-159881.246
-144890.756



OGRE (R} 1 BATAX

FILE NAME. <UVLUM ( 17)
CASE NAME: MIN ECON SIZE
; - STDE1IS6{  300)

* 107 KUVLUM DEVELOPMENT PROJECT
* 120 01 94 12 11 94 10 1
* . 131 DRILL ACRS 7 DELAY 0 0 0
* 132 PRODFAC ACRS 7 DELAY 0 0 O
* 133 PIPELINE ACRS 7 DELAY 0 0 0
* 134 DRILSITE ACRS 7 DELAY 0 0 0
168!
169! TOTAL TAX IS 39 PERCENT
* 170 39
* 600 SET IDCAMORT = MAJOR
W.I. OP. COST
FRACTION (S/W/MO)
210  1.00000000 .00
PHASE CUM PROD
NAME (MUNITS)
221 OIL 000

300 CASE $SRESERVESZ00MM

300 SERIES LINES:

* 305 MAN OIL

* 310 FACT 4000.000
* 31 12. 10000.000
* 312 12. 14000.000
* 313 12. 14000.000
* 314 12, 14000.000
* 315 12. 14000.000
* 316 12. 14000. 000
* 317 12. 13600.000
* 318 12. 12600.000
* 319 12. 11600. 000
* 320 12. 10600.000
* 321 12. 9200.000
* 322 12. 8200.000
* 323 12, 7600.000
v 324 12. 6800.000
* 325 12. 6200.000
* 326 12. 5400.000
* 327 12, 4800.000
v 328 12, 4400.000
* 329 12. 3800.000
* 330 12, 3400.000
* 33 12. 3000.000
* 332 12. 2600.000
* 333 12. 2200.000
* 334 12. 2000.000
LS - 1 oy OO0

OP. COsST
{$/M0.)

REV. INT
FRACTION

.87500000

PRICE

DATA

- - -

MAJOR
PH. NAME

SEV. TAX
(PCT)

PROD DATE
{MO/DY/YR]}

- e - - -

PORT DATE: 02/24794
TIME: 16:18:04

RATIO TO
MAJOR PH

610 C LLOW




* * * B * »

DATA OILP :
15.16 16.00
18.21 18.76
21.74 22.40
25.96 26.74
621 31.00 31.93
611! OPERATING COST
615 DATA OPCOST 1000 :
616 9980 LIFE

617!

6181

619}

620 DATA OPCOST : ESC 3 %

630 DATA ESCINV : 0 3 TO FRAME 40

800! INVESTMENTS FOR THE COASTAL PIPELINE
8011 '

12.33 12.89 13.61 14.36
16.89 17.15 17.41 17.67 17.94
19.32 19.90 20.50 21.11
23.07 23.76 24.47 25.21
27.54 28.37 29.22 30.10

000000

INV NAME INV. POINT (G
802 PIPELINE -54.000 MOS
803 PIPELINE -42.000 MOS
804 PIPELINE ~-30.000 Mos
805 PIPELINE -18.000 MOS
806 PIPELINE -6.000 Mos
807! INVESTMENTS FOR THE MAIN PIPELINE
808 PIPELINE -54.000 MOS
811 PIPELINE -42.000 MOs
812 PIPELINE -30.000 Mos
813 PIPELINE -18.000 Mos
814 PIPELINE -6.000 MOSs
815!
816! INVESTMENTS FOR MAIN PRODUCTION PLATFOKRM
817! STRUCTURE
818 PRODFAC -42.000 MOsS
819 PRODFAC -30.000 Mos
820 PRODFAC -~18.000 Mos
821 PRODFAC -6.000 MOs
822! PRODUCTION FACILITIES
823 PRODFAC -30.000 MOS
824 PRODFAC ~18.000 MOs
825 PRODFAC -6.000 MOsS
826!
8271 INVESTMENTS FOR PERMITTING
828 PRODFAC -66.000 MOS
829 PRODFAC -54.000 MOS
830 PRODFAC ~42.000 MOs
831 PRODEAC -30.000 MOS
832f DELINEATION WELLS THEN PROUUCTION WELLS
833!
834 DRILL -5.000 MO
835 DRILL ~-72.000 MOS
836 DRILL 6.000 MOS
837 DRILL 18.000 MOS
838 DRILL 30.000 MOs
839!
840 ESC USING ESCINV

850 NOLOSS OFF

[ [aRe NN No]

oo

[ N ey o

[n I led

G
G
G

G

iy R

[P ol

Hiho,
1350.
LE150.
58800.
7350.

104000,
157500.
157500.
105000.

000
000
000
000

2 sune, 000
161000.000
276000.000

IO
LU00 .
LU0,
Loun,

VoY
000
000
000

lonoa, DOV
105 30,000
10800, 000
10800.000
12600.000

INTANG-M$

6lz20u

59670.
61200.
61200.

71400

.000

.000

.000
.000
.000
.000

. 0U0
.000
.000

.0y
.000
.000
.000

MUY
000
000
000
.000

LSEHLD-M$

. 000

.000
.000
. 000
.000

. 000
.000
. 000

.oua
.000
.000
.000

Y]
. 000
.000
. 000
. 000

KRISK PRAC

—

——

.000

L Gug
.000
.000
. 000
.000

.00
.000
.000
.000

. 000
-000
.000

R
. 000
. 000
. 000

RG]
L0U
.000
.000
.000

OVHD FLAG



DETERMINE MI. M ECONOMIC SIZE DATE: 02/24/94

PROD 100 WELL> RESERVES = 800 MMBBLS TIME: 16:18:04

SINGLE (LARGE) DRILLING & PRODUCTION PLA o FILE: KUVLUM. .~ .
, , S e L e S e T g

1o
1w

<

e-BRICES-== . escedaie-ce-o- OPERATIONS, M$

- ~=~GROSS " BRODUCTION~~~ .  =~=~<NET PRODUCTION--=-- " OIL - GAS. . -NO. OF '  OIL GAs OTHER TOTAL
MO-YR ~ .OIL, MBBL = GAS, MMCF ~ OIL, MBBL GAS, MMGF '$/B  $/M . MELLS : = REVENUE REVENUE REVENUE REVENUE
12-94 . 000 .000 . 000 .000 12.33 .00 .0 .000 .000 .000 .000
12-95 .000 .000 . 000 .000 12.89 .00 .0 .000 .000 .000 .000
12-96 .000 .000 . 000 .000 13.61 .00 0 .000 .000 .000 . 000
12-97 .000 .000 .000 .000 14.36 .00 .0 .000 .000 .000 .000
12-98 .000 .000 .000 .000 15.16 .00 .0 .000 .000 .000 .000
12-99 .000 .000 .000 .000 16.00 .00 .0 . 000 .000 .000 .000
12- 0 40000.000 . 000 35000.000 .000 16.89 .00 1.0 591150.000 .000 .000 591150.000
12- 1 56000.000 .000 49000.000 .000 17.15 .00 1.0 840350.000 .000 .000  840350.000
12- 2 56000.000 . 000 49000.000 .000  17.41 .00 1.0 853090.000 .000 .000  853090.000
12- 3 56000.000 .000 49000.000 .000 11.67 .00 1.0 865830.000 .00 .000  865830.000
12- 4 56000.000 .000 49000. 000 .000  17.94 .00 1.0 879060.000 .000 .000  879060.000
12- 5 56000.000 .000 49000. 000 .000  18.21 .00 1.0 892290.000 .000 .000  892290.000
12- 6 54400.000 .000 47600.000 .000 18.76 .00 1.0 892976.000 .000 .000 892976.000
12- 17 50400.000 .000 44100.000 .000 19.32 .00 1.0 852012.000 .000 .000  852012.000
12- 8 46400.000 .000 40600.000 .000 19.90 .00 1.0 807940.000 .000 .000  807940.000
12- 3 42400.000 .000 37100.000 .000  20.50 .00 1.0 760550.000 .000 .000  760550.000
12-10 36800.000 .000 32200.000 L0000 21.11 .00 1.0 673742.000 .000 .000  679742.000
12-11 32800.000 . 000 28700.000 .000  21.74 .00 1.0 623938.000 .000 .000  623938.000
12-12 30400.000 .000 26600.000 .000 22.40 .00 1.0 595840.000 .000 .000  595840.000
12-13 27200.000 . 000 23800.000 .000 23.07 .00 1.0 543066.000 .000 .000 549066.000
12-14 24800.000 .000 21700.000 .000 23.76 .00 1.0 515592.000 .000 .000 515592.000
12-15 21600.000 .000 18900.000 .000 24.47 .00 1.0 462483.000 .qo0 .000  462483.000
12-16 19200.000 .000 16800.000 .000 25.21 .00 1.0 423528.000 .000 .000  423528.000
v 12217 17600.000 . 000 15400.000 .000  25.96 .00 1.0 399784.000 .000 .000  399784.000
12-18 15200.000 . 000 13300.000 .000 26.74 .00 1.0 355642.000 .000 .000  355642.000
12-19 13600.000 .000 11900.000 .000 27.54 .00 1.0 327726.000 .000 .000  327726.000
12-20 12000.000 .000 10500.000 .000 23.37 .00 1.0 297885.000 .000 .000  297885.000
12-21 10400.000 .000 9100.000 .000 29.22 .00 1.0 265902.000 .000 .000  265902.000
12-22 8800.000 .000 7700.000 .000 30.10 .00 1.0 231770.000 .000 .000  231770.000
12-23 8000.000 . 000 7000.000 .000 31.00 .00 1.0 217000.000 .000 .000  217000.000
12-24 8000.000 . 000 7000. 000 .000  31.93 .00 1.0 223510.000 .000 .000  223510.000
12-25 .000 . 000 .000 .000 .00 .00 1.0 . 000 .000 .000 .000
S TOT  800000.000 .000  700000.000 LS00 by .00 1.014404656. 000 000 .000 14404656.000
REM. . 000 . 000 .boo L aau L0 .00 .0 L 000 000 . 000 . 000
TOTAL 800000.000 . 000 T0000U. 00OV Lu0n o nL by .00 .01440405%6. 000 QL0 L 000 144904056, 000
----------------- OPERATIONS, M§=--—---m-mmmvon—o --=---c===~=-CAPITAL COSTS, M$=-=v--rnu-um= 10.00 PCT
-END~ SEVERANCE AD VAL NET OPER OPERATIONS TANGIBLE INTANG. LSEHULD SALVAGE CASH FLOW cuM. DISC
MO-YR TAXES TAXES EXPENSES CRSH FLOW COSTS COSTS COSTS VALUE BTAX, Ms BTAX, M$
12-94 .000 .000 .000 L0060 15530.000  59670.000 .000 .000  -75200.000 -74967.313
12-95 .000 .000 .000 .000  19415.500 .000 .000 .000  -19415.500 -91796.361
12-96 .000 . 000 . 000 .000 131392.465 . 000 .000 .000 -131392.465 -195331.733
12-97 . 000 .000 . 009 .000 338909.279 .000 .000 .000 -338909.279 -438109.583
12-98 .000 .000 .000 .000  483180.932 .000 .000 .000 -483180.932 -752770.428
12-99 .000 . 000 .000 .000 470259.528  70947.573 .000 .000 -541207.102 -1073178.699
12- 0 . 000 .000  142999.703  448150.297 12895.765 73076.001 .000 .000 362178.532 -8
12- 1 .000 .000 147289.69%4 693060, 284 v .aeu““*101309?585"‘f§§§%§%f%§g
L2 200 Tnae*""?sT1U!?383‘*'1UT3ETT%%%“'”+§§§f?§g§"““§%i:g 384 .000 .000 594972.928 -317499.766
12- 3 00 .000 156259.636  709570.364 . 000 0 .000 .000  709570.364  -30468.419
4

e T e s e el




.000

.000

.000
.000
.000
.000
. 000
.000
.000
.000

.000
.000

.000

. 000

.000
.000
:000
. 000
.000

.000

it "5.8#&aﬂ‘7265 . M
2 1ur39.124 22246976

175871.598
181147.745
186582.178
192179.643
197945.032
203883.383
209999.885
216299.881
222788.878
229472.544
236356.721
243447.422
250750.845
258273.3170
266021.571
274002.218
282222.285
290688.954

.000

5213663.909
.000

5213663.969

676140.402
626792.255
573967.822
487562,357
425992.968
391956.617
339066.115
299292.119
239694.122
194055.456
163427.279
112194.578
76975.155
39611.630
-119.571
-42232.218
-65222.285
-67178.954
.000

9190942.031
. 000

9190992.031

—y 0™y ~—m‘ m-u‘o(,u""'"j g 2™ sz TR 8

' .000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.000
.000
.000
. 000
.000
. 000
.000
.000
.000
. 000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

1Houyel.410

.00

150u827.410

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

309409.238
.000

369409.238

.000
. 000
. 000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.000

. 000

.000

.0uo

QU0

.000

722226.876
676140.402
626792.255
573967.822
487562.357
425992.968
391956.617
339066.115
299292.119
239694.122
194055.456
163427.279
112194.578
76975.155
39611.630
-119.571
-42232.218
-65222.285
-67178.954
. 000

7320755.383
.000

7320755.383

695988.373

882798.324
1040230.702
1171289.233
1272497.324
1352885.988
1420127.535
1473007.529
1515441.102
1546335.449
1569073.582
1586482.061
1597346.704
1604123.142
1607293.300
1607284.601
1604491.306
1600569.590
1596897.437
1596897.437

1596897.437
1596897.437

1596897.437



DETERMINE MI)

4 ECONOMIC SIZE

PROD 100 WELLS RESERVES = 800 MMBBLS
SINGLE {LARGE} DRILLING & PRODUCTION PLA

a o

b 85 1994

UATE: 02/24/94

TIME:

16:19:0¢

OF JANUARY

TR e S e : P S : “10.00 BCT
- ~END- OPER CASH DEPR. DEPL. INTANG, SHTEKEST TAXABLE TAX TARES CASH FL.On CuM. DISC
MO~YR FLOW, M$ EXP., M$ EXP., M$S EXP., M$ EXP., M$ INCOME M$ CREDIT MS PAYABLE HS ATAX, M$ ATAX,  M$
12~-94 . 000 .000 . 000 45349.200 .000 -45349.200 .000 —17686.188 -57513.812 ~58097.811
12-95 . 000 .000 .000 3580.200 .000 -3580.200 .000 ~1396.278 -18019.222 ~73716.129
12-96 . 000 .000 .000 3580.200 . 000 -3580.200 . 000 -1396.2780 -129996.187 -176150.838
12-97 .000 . 000 .000 3580.200 . 000 -3580.200 . Q00 -1396.278 ~337513.001 -417928.085
12-98 .000 . 000 .000 3580.200 .000 -3580.200 000 -1396.2718 -481784.654 -731679.291
12-99 . 000 .000 .000 51791.729 .000 -51791.729 000 -20198.774 ~521008.328 -1040124.851
12- 0 4468150.297 210230.418 .000 57602.335 .000 180317.544 000 70323.842 291854.690 -882970.287
12- 1 693060.306 362288.346 .000 63587.259 .000 267184.701 ,000 104202.033 500307.355 -638072.307
12~ 2 701381.615 262942.539 .000 79184.101 .000 359254.975 .000 140109.440 454863.488 -435655.735
12- 3 709570.364 190106.675 .000 18584.35¢4 .000 500879.335 .000 195342.941 514227.423 -~227643.398
12~ 4 718112.574 135790.444 . 000 16455.927 .000 565866.203 .000 220687.819 497424.1755 ~44720.291
12~ 5 726514.152 134518.668 .000 12135.220 .000 579860.264 .000 226145.503 500368.649 122557.614
12~ 6 722226.876 133948.849 . 000 7684.891 .000 580593.136 .000 226431.323 495795,553 273238.592
12- 17 676140.402 68272.074 . 000 2713.422 .000 605154.906 .000 236010.414 440129,.988 394841.533
12- 8 626792.255 2017.218 .000 .000 .000 624775.037 .000 243662.264 383129.991 491072.884
12- 9 573967.822 712.193 . 000 .000 .000 573255.629 .000 223569.695 350398.127 571082.010
12-10 487562, 357 .000 . 000 . 000 .000 487562.357 .000 190149.319 297413.038 632818.945
12-11 425992.968 .000 .000 .000 .000 425992.968 .000 166137.258 259855.710 681856.030
12-12 391956.617 .000 . 000 . 000 .000 391956.617 .000 152863.081 239093.536 722873.373
12-13 339066.115 .000 .000 . 000 .000 339066.115 .000 132235.785 206830.330 755130.169
12-14 299292.119 .000 .000 .000 .000 299292.119 .000 116723.926 182568.193 781014.649
12-15 239694.122 .000 . 000 . 000 .000 239694.122 . 000 93480.708 146213.414 799860.201
12-16 194055. 456 .000 . 000 . 000 .000 194055.456 .000 75681.628 118373.828 813730.462
\ 12-17 163427.279 .000 .000 .000 .000 163427.279 .000 63736.639 99690.640 824349.634
12-18 112194.578 .000 . 000 .000 .000 112194.578 .000 43755.885 68438.693 830977.066
12-19 76975.155 .000 .000 . 000 . 000 76975.155 . 000 30020.310 46954.845 835110.693
12-20 39611.630 . 000 . 000 .000 . 000 39611.630 . 000 15448.536 24163.094 837044.489
12-21 -119.571 . 000 .000 .000 . 000 -119.571 . 000 ~46.633 -72.938 837039.182
12-22 -42232.218 .000 .000 .000 .000 -42232.218 .000 -10470.565 -25761.653 835335.272
12-23 -65222.285% .000 .000 .000 .000 -65222.285 .000 -25436.691 -39785.594 832943.025
12-24 -67178.954 .000 . 000 . 000 .000 -67178.954 .000 -26199.792 -40979.162 830703.012
12-25 .000 ~.014 . 000 .000 . 000 .014 . 000 . 005 -.005 830703.012
S TOT 91909%2.031 1500827.410 . 000 Y409, 23 000 13201755, 383 L0006 2855094.599  4465060.784 830703.012
REM. . 000 .000 . 000 L0060 000 . 000 000 . 000 .000 830703.012
TOTAL 9190992.031 15006827.410 . 000 309409, 234 L000 1320755.383 L00U 2455044.599  44650660.784 830703.012
~-~--PRESENT WORTH PROF1LE~~---
BTAX RATE OF RETURN (PCT) 25.10 ATAZ KATE OF KETUKRMN {PCT) 19.40 DISC PR OF NET PW OF NET
BTAX PAYOUT YEARS 9.04 ATAX PAYOUT YEARS 9.58 RATE BTAX, M$ ATAX, M$
BTAX PAYOUT YEARS (DISC) 10.12 ATAX PAYOUT YEARS (DISC) 11.27 ———= | mmmemeem—n | cemeeeee-
BTAX NET INCOME/INVEST 4.91 ATAX NET INCOME/INVEST 3.39 .0 7320755.383 4465660.784
BTAX NET INCOME/INVEST (DISC) 2.32 ATAX NET INCOME/INVEST (DISC) 1.69 2.0 5383345.976 3234091.173
5.0 3417295.614 1984228.507

PRODUCTION START DATE 171/ v PROJECT LIFE {(YEARS) 31.00 8.0 2171113.914 1193577.586
MONTHS IN FIRST LINE 12.00 DISCOUNtT KATi. (PCT) 10.00 1.437 0703.012
GROSS WELLS 1.00 PRIOR DEIl.. BASIS (MS) . 000 12.0 1164060.524 558537.463
ERIOB. Rk Beebibaiibond i o YO~ ZJ0417.334

18.0 392205 800 80520.01
MAX. OIL f 31.93 MAX. GRL FRICE ($/M) LU0 20,0 243908.903 -8761.879

iIP iil I 'i I-III‘.. .

'3 /SR 7T N R
(T

s s '’

d?l . \ﬁ\ i’ﬁm“

-




CurutATIVE U1

UL)
REMAINING OF uBL)
ULTIMATE OIL "(MBBL}
INITIAL W.I1. ERACTION

INITIAL NET OIL FRACTION
INITIAL NET GAS FRACTION

™ T3 _

R [ 17]
800000.000
800000.000

1.060000000
.87500000
.00000000

CUMULATIVE GAS (MMCE)
REMAINING GAS (MMCFE)
ULTIMATE GAS (MMCFE}

FINAL W.1. FRACTION
FINAL NET oll. FRACTION
FINAL NET GAS FRACTION

wnn—‘ cwuu‘ 3¢
.000 35.0
-000 40.0
.000 45.0
50.0
60.0
70.0
1.00000000 80.0
.87500000 90.0
-00000000 100.0

1227 44
-187003.183
-218172.741
-230457.851
-232181.569
-220954.409
-203266.248
-185461.115
-169530.294
-155897.309

—50.")

-243990.303
-252367.963
-249868.622
-241777.773
-219338.852
-196227.366
-175706.593
-158406.205
~144104.881

I D



OGRE (R} WVt BATAX DATA 1 ORT DATE: 02/25/94
FILE NAME: nJUVLUM { 13} B S e - TIME: 0B:43:48
CASE NAME: TOTAL DEVELOPMENT 40 WELLS } ) o R g
_COMD  NAME: STDA4342( 300)

107 KUVLUM DEVELOPMENT PROJEéT

*
* 120 01 94 121 1 94 101
* . 131 DRILL ACRS 7 DELAY 0 0 0
* 132 PRODFAC ACRS 7 DELAY 0 0 0
* 133 PIPELINE ACRS 7 DELAY 0 0 O
* 134 DRILSITE ACRS 7 DELAY 0 0 O
168}
169! TOTAL TAX IS 39 PERCENT
* 170 39
* 600 SET IDCAMORT = MAJOR
W.T. oP. COST OP. COST ADV. TAX MAJOR PROD DATE
FRACTION ($/W/MO) ($/MO.) (PCT} PH. NAME  (MO/DY/YR)
210 1.00000000 .00 .00 . 000 OJL 1/ 1/ 0
PHASE CuM PROD REV. INT PRICE LeV. TAR NO. OF RATIO TO
NAME (MUNITS) FRACTION {S/UNIT) {PCT) WELLS MAJOR PH
221 O1L .000 .87500000 . 000 .000 1.0

301 MAN OIL
302 FACT 1000.000
311 12. 31250.000
* 312 12, 43750.000
313 12. 43750.000
314 12. 43750.000
315 12, 43750.000
316 12, 43750.000
317 12. 42500.000
318 12. 39380.000
319 12. 36250.000
320 12, 33130.000
321 12. 28750.000
322 12. 25630.000
323 12. 23750.000
324 12. 21250.000
325 12. 19380.000
326 12. 16880.000
327 12, 15000.000
328 12. 13750.000
329 12, 11680.000
330 12. 10630.000
3 12, 9380. 000
332 12. 8130.000
333 12. 6880.000
334 12. 6250.000
33s 12, 6250.000

610 CASE SOILLOW

600 SERIES LINES.:

- - -

* 600 D! > 12.33 12.89 13.61 14.36 ;
S I R aE e




!0 it ' . !JZ .- '20 --!ll l
615 21.7¢ /0 23 07 23 76 24.47 25.21
* 620 25.96 __..74 27.54 28,37 29.22 30.10
*# 621 31.00 31.93
611! OPERATING COST
6121
615 DATA OPCOST 1000 : 0 0 0 0 0 O
616 8720 LIFE
617!t
6181
6191
620 DATA OPCOST : ESC 3 %
630 DATA ESCINV : 0 3 TO FRAME 40
800! INVESTMENTS FOR THE COASTAL PIPELINE

8011
INV NAME INV. POINT (G OR N} TAHG-MS INTANG-M$ LSEHLD-M$ R1ISK FRAC OVHD FLAG

802 PIPELINE -54.000 MOS G L4500, 000 .000 . 000 1.000
803 PIPELINE -42.000 MOS G 6500.000 . 000 .000 1.000
804 PIPELINE -30.000 MOS G 18500, 000 .000 .000 1.000
805 PIPELINE -18.000 MOS G 52000.000 .000 .000 1.000
806 PIPELINE -6.000 MOS G 6500.000 . 000 . 000 1.000
807! INVESTMENTS FOR THE MAIN PIPELINE

808 PIPELINE -54.000 MOS G fa00. 000 .000 . 000 1.000
811 PIPELINE -42.000 MOS G 1400.000 .000 .000 1.000
812 PIPELINE -30.000 MOS G ui600.000 .000 .000 1.000
813 PIPELINE -18.000 MOS G 59200.000 .000 .000 1.000
815 PIPELINE -6.000 MOS G 7400.000 .000 . 000 1.000

816! INVESTMENTS FOR MAIN PRODUCTION PLATFORM
817! STRUCTURE

818 PRODFAC -42.000 MOS G 1us0uu. DUy . 000 . 0uu 1.000
819 PRODFAC -30.000 MOS G 157500.000 .000 .000 1.000
820 PRODFAC -18.000 MOs G 151500. 000 .000 .000 1.000
821 PRODFAC -6.000 MOS G 105000.000 .000 .000 1.000
822f PRODUCTION FACILITIES

823 PRODFAC ~30.000 MOS G SUN%0 . 000 .000 . 000 1.000
824 PRODFAC -18.000 MOS G 140400.000 .000 .000 1.000
825 PRODFAC -6.000 MOs G 240600.000 .000 . 000 1.000
826!

827! INVESTMENTS FOR PERMITTING

828 PRODFAC -66.000 MOS [§; LU0L, VO . 000 . 000 1.000
829 PRODFAC -54.000 MOS G 5000.000 .000 .000 1.000
830 PRODFAC -42.000 MOS G 5000.000 .000 .000 1.000
831 PRODFAC -30.,000 MOS G 5000.000 .000 .000 1.000
832!

833! DELINEATION WEIL.LS THEN PRODUCTION WELLS

834!

835 DRILL -12.000 MOS o Pos su. guu 59670.000 . OO }.ooy
836 DRILL -6.000 MOS G 10830, 000 61200.000 .000 1.000
837!

838 DRILL 6.000 MOS i o, 0uy 410800.000 .Uy 1. 000
839!

B840 ESC USIHNG ESCINV

850 NOLOSS OFF




KUVLUM DEVELO r
COMBINED 40 Wt.. CASE

DATE :
TIME:
“FELES

u2/25/94
08:43:48
KUVLUN -

AN D E c~o N.O: M 3e S
. A3 OF JANUARY: 1, 1994
e UL e SR : 3 : . o =pPRICES~~~ = eeeccdcmesmssnma OPERATIONS, M$=~m=—ecmomemm—-
~END~ = -===GROSS PRODUCTION-~= = ~-=-~- NET PRODUCTION---- - OIL GAS NO. OF oIL GAS OTHER TOTAL
MO-YR . OIL, MBBL GAS, MMCF OIL, ‘MBBL GRS, MMCF $/B $/M WELLS REVENUE REVENUE REVENUE REVENUE
12-94 .000 .000 .000 .000 12.33 .00 .0 .000 .000 .000 .000
12-95 .000 . 000 .000 000 12.89 .00 .0 .000 000 .000 .000
12-96 . 000 .000 .000 000 13.61 .00 .0 000 000 000 .000
12-97 .000 .000 .000 000 14.36 .00 .0 000 000 000 .000
12-98 .000 .000 .000 000 15.16 .00 .0 .000 000 000 .000
12-99 .000 .000 .000 000 16.00 .00 .0 .000 .000 000 .000
12- 0 31250.000 .000 27343.750 000 16.89 .00 1.0 461835.938 000 000 461835.938
12- 1 43750.000 .000 38281.250 000 17.15 .00 1.0 656523.438 000 000 656523.438
12- 2 43750.000 .000 38281.250 000 17.41 00 1.0 666476.563 000 .000 666476.563
12- 3 43750.000 . 000 38281.250 000 17.67 00 1.0 676429.688 000 .000 676429.688
12- 4 43750.000 .000 38281.250 000 17.94 00 1.0 686765.625 000 000 686765.625
12- 5 43750.000 .000 38281.250 000 18.21 aa 1.0 697101.563 000 000 697101.563
12- 6 42500.000 .000 37187.500 000 18.76 .00 1.0 697637.500 .000 000  697637.500
12- 7 39380.000 .000 34457.500 000 19.32 .00 1.0 665718.900 000 .000 665718.300
12- 8 36250.000 .000 31718.750 000 18.90 00 1.0 631203.125 .000 000  631203.125
12- 9 33130.000 .000 28988.750 000 20.50 00 1.0 594269.375 000 000  594269.375
12-10 28750.000 .000 25156.250 000 21.11 00 1.0 531048.438 . 000 000 531048.438
12-11 25630.000 .000 22426.250 .000 21.74 00 1.0 487546.675 000 000 487546.675
12-12 23750.000 .000 20781.250 .000 22.40 00 1.0 465500.000 000 .000  465500.000
12-13 21250.000 .000 18593.750 .000 23.07 00 1.0 428957.813 .000 .000  428957.813
12-14 19380.000 .000 16957.500 .000 23.76 00 1.0 402910.200 .000 000  402910.200
12-15 16880.000 .000 14770.000 .000 24.47 00 1.0 361421.900 000 000 361421.900
12-16 15000.000 .000 13125.000 .000 25.21 00 1.0 330881.250 000 000  330881.250
12-17 13750.000 .000 12031.250 .000 25.96 00 1.0 312331.250 000 .000  312331.250
12-18 11880.000 .000 10395, 000 .000 26.74 00 1.0 277962.300 000 000  277962.300
12-19 10630.000 .000 9301.250 .000 27.54 00 1.0 256156.425 000 000  256156.425
12-20 9380.000 .000 8207.500 .000 28.37 00 1.0 232846.775 000 000  232846.775
12-21 8130.000 .000 7113.750 .000 29.22 00 1.0 207863.775 000 000 207863.775
12-22 6880.000 .000 6020.000 .000 30.10 00 1.0 181202.000 000 000 181202.000
12-23 6250.000 .000 5468.750 .000 31.00 00 1.0 169531.250 000 000  169531.250
12-24 6250.000 .000 5468.750 .000 31.93 .00 1.0 174617.188 .000 .000 174617.188
12-25 .000 .000 .000 .000 00 .00 1.0 . 000 . 000 .000 .000
S TOT  625050.000 .000 546918.750U 000 S0 58 00 1.011254738.954 .000 .000 11254738.954
REM. . 000 . 000 . 000 Louy .00 .00 .0 L 000 . 000 . 000 . 000
TOTAL  625050.000 .000  546918.75%0 L0uh ul by .uu .0112547138.954 .U00 .000 112547348.954
————————————————— OPERATIONS, M$--=---vmcomemmon w-emo=-----—CAPITAL COSTS, MS-----v--mee-u 10.00 pCT
~END~ SEVERANCE AD VAL NET OPER OPERATIONY FANGIBLE INTANG. LSEHOLD LSALVAGE CASH FLOW CuM, DISC
MO-YR TAXES TAXES EXPENSES CASH FLOW COSTS COSTS COSTS VALUE BTAX, M$S BTAX, MS
12-94 000 000 000 000  19530.000 59670.000 000 000  -75200.000 -74967.313
12-95 000 .000 000 000  19467.000 .000 000 000 -19467.000 -91841.000
12-96 . 000 .000 000 000 131445.510 .000 000 000 -131445.510 -195418.171
12-97 . 000 000 000 000 336177.462 . 000 000 000 -336177.462 -436239.082
12-98 000 .000 000 000 460445.654 .000 000 000 -460445.654 -736094.082
12-99 .Q00 . 000 .000 000 429279.190 70947.573 000 000 -500226.763 -1032240.958
12- 0 .000 .000  124945.632  3368Y90.306 8597.177  48717.334 A0 000 mfPONPY T PYIGIRYTTYS 7YY
iz w00 POV PPRETY O L YaL v M KN . 000 .000 .000 .000 527829.437 -623350.692
12- 2 ‘oo .000 132554.821 §33921.742 .000 533921.742 -385773.828
12- 3 .000 136531.466  539898.222 . 000 539898,222 -167377.283




3 Ty O™ T

12- 6
12- 7
12- 8
12- 9
12-10
12-11
12-12
12-13
12-14
12-15
12-16
12-17
12-18
12-19
12-20
12-21
12-22
12-23
12-24
12-25

S TOT
REM.

TOTAL

-0
.000
.000
.000
.000
.000
.000
. 000
. 000
.000
.000
. 000
.000
.000
.000
. 000
. 000
.000
. 000

. 000
. 000

.000

.000
.000
.000
.000
.000
.000
.000
. 000
.000
.000

.000
.000
.000
.000
.000
.000
. 000
.000
.000

. 000
.000

.000

1110'6 23, l.).'._’le 53

149191.619
153667.368
158277.389
163025.710
167916.482
172953.976
178142.596
183486.873
188991.480
194661.224
200501.061
206516.093
212711.575
219092.923
225665.710
232435.682
239408.752
246591.015
253988.745

. 000

4555425.835
.000

4555425.835

548445.881
512051.532
472925.736
431243.665
363131.956
314592.699
287357.404
245470.940
213918.720
166760.676
130380.189
105815.157
65250.725
37063.502
7181.065
-24571.907
-58206.752
-7105%.765
-79371.557
.000

66993513.119

. 000

6699313.119

lTdouugl.

140094l

992

.000
. 000
.000
.000
.000
. 000
.000
. 000
.000
.000
.000
. 000
.000
. 000

179334.907

.000

179334.907

.000
.000
.000

. 000

- 3

LVUU
.000
.000
. 000
.000
.000
.000
.000
.000
.000
. 000
.000
.000
. 000
.000
.000
. 000
.000
.000
.G00
.000

. 000

.000

.000

55215%‘3. 3t
548445.881
512051.532
472925.736
431243.665
363131.956
314592.699
287357.404
245470.940
213918.720
166760.676
130380.189
105815.157
65250.725
37063.502
7181.065
-24571.907
-58206.752
-77059.765
-79371.557
.000

5119036.220
.000

5119036.220

i 083.95;’

384766.169
526240.220
645025.707
743494.922
818873.776
878240.218
927537.399
965820.499
996149.850
1017643.753
1032920.840
1044192.403
1050511.120
1053773.972
1054348.680
1052560.940
1048711.069
1044077.583
1039738.955
1039738.955

1039738.955
1039738.955

1039738.955

B



KUVLUM DEVELO. f
COMBINED 40 WEL. CASE

OPER CASH

INTANG.

-END- I HTEREST TAXABLE TAX TAYES
MO-YR FLOW, M$ EXe., ™S EXP., " M$ EXP., ' M$ EXP., M$ INCOME M$ CREDIT M$ PAYABLE M$
12-94 .000 . 000 . 000 45349.200 .000 -45349.200 .000 -17686.168
12-95 . 000 .000 .000 3580.200 . 000 -3580.200 .000 ~1396.278
12-96 . 000 .000 .000 3580.200 000 ~3580.200 .000 -1396.278
12-97 . 000 .000 .000 3580.200 .000 -3580.200 000 -1396.278
12-98 .000 .000 .000 3580.200 ago -3580.200 000 -1396.278
12-99 .000 .000 .000 51791.729 000 -51791.729 000 -~20198.774
12- 0 336890, 306 200138.5176 . 000 39820.508 000 96931.222 000 37803.177
12- 1 527829.437 343090.691 .000 7179.894 000 177558.852 000 69247.952
12- 2 $33921.742 245052.781 . 000 7179.894 000 281689.067 000 109858.736
12- 3 539898.222 175047.701 . 000 7179.894 000 357670.627 000 139491.544
12- 4 546138.215 125034.075 . 000 5051.467 000 416052.673 000 162260.542
12- % 552255.331 125034.076 . 000 1461.520 000 425759.735 000 166046.297
12- 6 548445.881 125034.075 . 000 .000 000 423411.806 000 165130.604
12- 7 512051.532 62510.030 . 000 . 000 000 449541.502 000 175321.186
12- 8 472925.736 .000 .000 .000 000 472925.1736 000 184441.037
12- 9 431243.665 . 000 . 000 .000 000 431243.665 000 168185.029
12-10 363131.956 . 000 . 000 . 000 000 363131.956 000 141621.463
12-11 314592.699 .000 . 000 . 000 000 314%592.699 000 122691.153
12-12 287357.404 .000 .000 .000 .000 287357.404 000 112069.388
12-13 245470.940 . 000 . 000 .000 .000 245470.940 000 95733.667
12-14 213918.720 . 000 . 000 .000 .000 213918.720 .000 83428.301
12-15 166760.676 .000 .000 . 000 .000 166760.676 000 65036.664
12-16 130380.189 .000 .000 . 000 .000 130380.189 000 50848.274
0 12-17 105815.157 .000 . 000 . 000 .000 105815.157 .000 41267.911
12-18 65250.725 . 000 .000 . 000 .000 65250.725 .000 25447.783
12-19 37063.502 000 .000 . 000 .000 37063.502 000 14454.766
12-20 7181.065 000 .000 . 000 .000 7181.065 . 000 2800.615
12-21 -24571.907 . 000 .000 . 000 .000 -~24571.907 000 -9583.044
12-22 ~58206.752 000 . 000 . 000 .000 -58206.752 .000 -22700.633
12-23 ~-77059.765 000 . 000 .000 .000 -77059.765 .000 -30053.308
12-24 -79371.55%7 000 .000 . 000 .000 -79371.55%7 .000 -309%4.907
12-25 . 000 ~-.013 .000 . 000 . 000 .013 . 000 .005
S TOT 6699313.119 1400941,992 . 000 179334.907 L0000 5119036.220 L0000 199ud24.128
REM. . 000 . 000 .000 .00y . 000 . 000 L. O00 .000
TOTAL 6699313.119 1400941.992 . 000 179334.9u1) .000 5119036.220 000 1990424.128
BTAX RATE OF RETURN (PCT) 21.79 ATAKX RATE F KETURN (PCT) 16.93 DISC
BTAX PAYOUT YEARS 9.34 ATRX PAYOHT YEARS 9.89 RATE
BTAX PAYOUT YEARS (DISC) 10.83 ATAX PAYOUT YEARS (DT3C) 12.20 ———
BTAX NET INCOME/INVEST 4.24 ATAX NET INCOME/INVEST 2.98 .0
BTAX NET INCOME/INVEST (DISC) 1.99 ATAX NET INCOME/INVEST (D1SC) 1.47 2.0
5.0
PRODUCTION START DATE 1/ 1/ 0 PROJECT 1.1+t (YEARS) 31.00 8.0
MONTHS IN FIRST LINE 12.00 DISCOUNT KATE (PCT) 10.00 0.0

GROSS WELLS 1.00 PRIOR DEi‘[l. KA (MS ] FoTetel
BASIS (M$) . 000 - 15.0
18.0
MAX. OIL P 3/B) L 31.93 MAX. GAS PRICE {$/M) .00 20.0
Wi GEE GEE GIN TN TS . -

DATE ;
. TIME:
o

02/25/94

08:43:48

L

CASH ELOW
ATRAX, MS
-57513.812
-18070.722
-130049.232
-334781.184
-459049.376
-480027.989
241772.619
458581.485
424063.006
400406.678
383877.673
386209.034
383315.277
336730.346
288484.699
263058.636
221510.493
191901.546
175288.016
149737.273
130490.419
79531.915
64547.246
39802.942
22608.736
4380.450
'14988,863
-35506.119
~47006.457
-48416.650
~.005

3122612.092
.000

3122612.092

-~~~ PRESENT WORTH!

PW OF NET

BTAX, M$
5119036.220
3757377.248
2355253.566
1456203.240
1039738. 955

1
v Qe QOIS PR PP Sy

389912.118
166519.205

10.00 PCT
CuM. DISC
ATAX,  M$

-58097.811
-73760.768
-176237.276
-416057.584
-715002. 945
-999187.110
~-869002.998
-644544.658
~455851.161
~293860.941
~152713.667
-23600. 386
92895.861
185930.650
258389.797
318456.018
364437.119
400650.648
430721.928
454074.619
472575.523
485686.804
495005.827
501881.481
505735.899
507726.239
508076.811
506986.290
504637.6869
501811.443
499164.880
499164.680

499164.880
499164.880

499164.880

PROFILE-----
PW OF NET
ATAX, MS$

3122612.092
2245500.476
1342651.761

765303.251

499164.880

. =408926.409

760387.804 -112717.115
- - «

A -




CUMULATIVE O. 8L)
REMAINING OIi {MBBL)
ULTIMATE  ©OIL ({MBBL)

INITIAL W.1I. FRACTION
INITIAL NET OIL FRACTION
INITIAL NET GAS FRACTION

CUMULATIVE AL (MMCE)
REMAINING GAS (MMCF)
ULTIMATE GAS (MMCE)

FINAL W. . FRACTION
FINAL NET oll. FRACTION
FINAL NET GAS FRACTION

~192944.843
~2320844.232
-248374.533
-250636.330
-245793.561
-227217.216
-206083.325
-186603.896
-169846.769
-155809.493

-252226.19%
-266631.544
-266222.815
-258262.309
~246723.941
~220675.771
-196086.927
-174993.455
-157514.739
-143206.340



OGRE (R} V! BATAX DATA ' ?PORT
FILE NAME: KUVLUM ( 11 - - - . - - -
CASE NAME: PRODTOWL . L L :
CMD  NAME: STDDA913( 300}

117 CASE ScoM ;
107 KUVLUM DEVELOPMENT PROJECT

*
* 120 01 94 .12 11 94 101
*#. 131 DRILL ACRS 7 DELAY 0 0 O
* 132 PRODFAC ACKS 7 DELAY 0 0 0
* 133 PIPELINE ACRS 7 DELAY 0 0 0
* 134 DRILSITE RCRS 7 DELAY 0 0 O
168!
1691 TOTAL TAX IS 39 PERCENT
* 170 39
* 600 SET IDCAMORT = MAJOR
W.T. oP. COsT OP. COST ADV. TAX MAJOKR PROD DATE
FRACT 10N {$/W/MO) {$/MO.) {PCT) PH. NAME (MO/DY/YR)
210 1.00000000 .00 .00 . 000 OIL 1/ 1/ 0
PHASE CuM PROD REV. INT PRICE SEV. TAX NO. OF RATIO TO
NAME {MUNITS) FRACTION (S/UNIT} (PCT) WELLS MAJOR PH
221 OIL .000 .87500000 . 000 .00V 1.0

305 MAN oIL

310 FACT 1000.000
31 12. 54750. 000
312 12. 76650.000
313 12. 76650.000
314 12. 76650.000
315 12. 76650.000
316 12. 76650.000
317 12. 74460.000
318 12. 68990.000
319 12. 63510.000
320 12. 58040.000
321 12. 50370.000
322 12. 44900.000
323 12. 41610.000
324 12. 37230.000
325 12. 335950.000
326 12. 29570.000
327 12. 26280.000
328 12. 24090.000
329 12. 20810.000
330 12. 18620.000
33 12, 16430.000
332 12. 14240.000
333 12. 12050.000
334 12. 10950.000
335 12, 10950.000

GO~ FERTICEINE S

- s -

+* 600 D. P : 12.33 12.89 13.6) 14.36




o

&

615 21.7 40 23.07 23.76 24.47 25.21
620 25.9 .74 27.54 28.37 29.22 30.10
621 31.00 31.93
611! OPERATING COST
615 DATA OPCOST 1000 : 00 00 0 0
616 11600 LIFE
617 DATA OPCOST : ESC 3 %
618!
619!
620!
630 DATA ESCINV : 0 3 TO FRAME 40
800! INVESTMENTS FOR THE COASTAL PIPELINE
8011

INV NAME INV. POINT (G
802 PIPELINE -54.000 MOS
803 PIPELINE -42.000 MOs
804 PIPELINE -30.000 MOS
805 PIPELINE -18.000 MOS
806 PIPELINE -6.000 MOSs
807! INVESTMENTS FOR THE MAIN PIPELINE
808 PIPELINE -54.000 MOS
811 PIPELINE -42.000 MOS
812 PIPELINE -30.000 MOS
813 PIPELINE -18.000 MOS
814 PIPELINE -6.000 MOS
815!
816! INVESTMENTS FOR MAIN PRODUCTION PLATFORM
817! STRUCTURE
818 PRODFAC -42.000 MOS
819 PRODEAC -30.000 MOS
820 PRODFAC -18.000 MOS
821 PRODFAC -6.000 MOS
822! PRODUCTION FACILITIES
823 PRODFRC -30.000 MOS
824 PRODFAC -18.000 MOs
825 PRODFAC -6.000 MOs
826!
827! INVESTMENTS FOR PERMITTING
828 PRODEFAC ~66.000 MOS
829 PRODFAC -54.000 MOs
830 PRODFAC -42.000 MOsS
831 PRODFAC -30.000 MOS
832!
833! DELINEATION WELLS THEN PRODUCTION WELLS
834!
835 DRILL -72.000 MOS
836 DRILL -6.000 MOS
837 DRILL 6.000 MOS
838 DRILL 18.000 MOs
839!
840 ESC USING ESCINV
850 NOLOSS OFF

oy s Py & zo.null.lx 3

[r N oNaN~l

[ >
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COMPLETE DEVE

COMBINED 70 WEL: CASE

ENT 210MBOPD PROFILE

b ®
m
rw
1w

.

4 v

JL‘.

RS UF JANUARY 1, 1994

AND ECONOMICS
vﬁk";,v{«,\uwﬂ,m-n‘m L

~emmmmcnmeeme -« ~OPERATIONS,

DATE:
TIHB.

02/25/94

08;45:17
SIKUVEUM

- -~=-PRICES-~-~- M~ ——— -
-END~ -~=-GROSS PRODUCTION--~ =====NET FRODUCTION~~~~ OIL GAS NO. OF OIL GAS OTHER TOTAL
MO~YR - OIL, "MBBL GAS, MMCF OIL, MBBL GAS, MMCF s/B S/M WELLS REVENUE REVENUE REVENUE REVENUE
12-94 .000 .000 . 000 000 12.33 .00 .0 000 000 .000 .000
12-95 . 000 .000 .000 000 12.89 .00 .Q 000 000 000 000
12-96 .000 .000 000 000 13.61 .00 .0 . 000 . 000 .000 .000
12-97 .000 .000 000 000 14.36 .00 .0 .000 000 000 .000
12-98 000 .000 000 000 15.16 .00 .0 .000 .000 .000 .000
12-99 .000 . 000 .000 000 16.00 .00 .0 .000 000 000 . 000
12- 0 54750.000 .000 47906.250 000 16.89 .00 1.0 809136.563 000 .000 809136.563
12- 1 76650.000 .000 67068.1750 000 17.15 .00 1.0 1150229.063 000 .000 1150229.063
12~ 2 76650.000 .000 67068.750 000 17.41 .00 1.0 1167666.938 000 000 1167666.938
12- 3 76650.000 .000 67068.750 000 17.67 .00 1.0 1185104.813 000 000 1185104.813
12~ 4 76650.000 .000 67068.750 000 17.94 .00 1.0 1203213.375 000 000 1203213.375
12~ § 16650.000 .000 67068.750 000 18.21 .00 1.0 1221321.938 000 000 1221321.938
12- 6 74460.000 .000 65152.500 000 18.76 .00 1.0 1222260.900 000 000 1222260.900
12- 7 68990.000 .000 60366.250 000 19.32 .00 1.0 1166275.950 . 000 .000 1166275.950
12- 8 63510.000 . 000 55571.250 000 19.90 .00 1.0 1105867.875 000 000 1105867.875
12- 9 58040.000 .000 50785.000 000 20.50 .00 1.0 1041092.500 000 000 1041092.500
12-10 50370.000 .000 44073.1750 000 21.11 .00 1.0 930396.863 000 .000 930396.863
12-11 44900.000 . 000 39287.500 000 21.74 .00 1.0 854110.250 000 000 854110.250
12-12 41610.000 .000 36408.750 000 22.40 00 1.0 815556.000 000 .000 815556.000
12-13 37230.000 .000 32576.250 000 23.07 0o 1.0 751534.088 000 000 751534.088
12-14 33950.000 . 000 29706.250 .000 23.76 00 1.0 705820.500 [e]¢]e} . 000 705820.500
12-15% 29570.000 .000 25873.750 L0000 24.47 .00 1.0 633130.663 000 000 633130.663
12-16 26280.000 . 000 22995.000 .000 25,21 .00 1.0 579703.950 . 000 000 579703.950
12-17 24090.000 .000 21078.750 .000 25,96 .00 1.0 547204.35%0 .000 000 547204. 350
12~18 20810.000 . 000 18208.750 .000 26.74 .00 1.0 486901.975 . 000 000 486901.975
12-19 18620.000 .000 16292.500 .000 27.54 .00 1.0 448695.450 . 000 .000 448695.450
12-20 16430.000 .000 14376.250 .000 28.37 .00 1.0 407854.213 . 000 000 407854.213
12-21 14240.000 . 000 12460.000 .000 29.22 00 1.0 364081.200 . 000 000 364081.200
12-22 12050.000 .000 10543.750 .000 30.10 00 1.0 317366.875 . 000 000 317366.875
12-23 10950.000 .000 9581.250 .000 31.00 .00 1.0 297018.750 . 000 000 297018.750
12-24 10950.000 .000 9581.250 .000 31.93 .00 1.0 305929.313 . 000 000 305929.313
12-25 .000 .000 . 000 . 000 .00 .00 1.0 .000 .000 000 . 000
S TOT 1095050.000 . 000 958168.750 L0060 20,58 .0v 1.019717474. 355 . 000 000 19717474.355
REM. .000 .000 . 000 000 LU0 00 .0 . 000 . 000 000 . 000
TOTAL 1095050.000 . 000 958168.750 VIS TV oY .00 .019717474. 355 . 000 .000 197174774.355

----------------- OPERATIONS, MS$---c--memmemem o cemw—meeeo-=-CAPITAL COSTS, MS---w-vau-oonn 10.00 PCT
-END~ SEVERANCE AD VAL NET OPER OPERATIONY TANGIBLE INTANG. LSEHOLD SALVAGE CASH FLOW CUM. DISC
MO-YR TAXES TAXES EXPENSES CASH FLOW COSTS COSTS COSTS VALUE BTAX, MS$ BTAX, MS
12-94 000 000 000 000 15530.000 59670.000 000 000 -75200.000 -74967.313
12-95 000 000 . 000 000 19467.000 . 000 000 . 000 -19467.000 -91841.000
12-96 000 000 000 000 131445.510 . 000 000 000 -131445.510 -195418.171
12-97 . 000 000 000 000 343225.551 . 000 000 000 -343225.551 -441287.985%
12-98 .000 000 000 .000 510643.347 . 000 000 .000 -510643.347 -773833.117
12-99 000 . 000 000 .000 517847.729 70947.573 000 .000 -5808795.302 ~1122414.804
12- 0 000 ,Oog Igﬁa]z Q80 042328 mi83 120806 106 1an3e . nna PO OO - - -
TZ7="T . .000 171198.442 979030.621 12175.751 68995 924 000 000 897858.946 -383046.084
12- 2 100 . 000 176334.395 991332.543 .000 $91332.543 58062. 905
12- 3 . 000 181624.427 1003480.386 . 000 1003480.386 463985.053
O EES. BN GEE NN G NN W S 8+ G 5

- -
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COMPLETE DEVE ENT 210MBOPD PROFILE DATE: 02/25%/94
COMBINED 70 WELL CASE . TIME: 08:49:17
+ i MMM e
B : e . AS OF JANUARY -1, 1994
L 10.00 PCT
~END- OPER CASH DEPR. DEPL. INTANG. LHTEREST TAXABLE TAX TAXES CASH FLOW CUM, DISC
MO-YR FLOW, M$ EXP., MS EXP., M$ EXP., MS EXP., M3 INCOME M$S CREDIT M$ PAYABLE M$ ATAX, M$ ATAX, MS$
12-94 .000 . 000 .000 45349.200 000 -45349.200 .000 -17686.188 -57513.812 -58097.811
12-95 . 000 .000 .000 3580.200 .000 -3580.200 .000 -1396.278 ~18070.722 -73760.768
12-96 .000 .000 .000 3580.200 000 -3580.200 . 000 ~1396.278 -130049.232 -176237.2176
12-97 .000 .000 .000 3580.200 000 -3580.200 .000 -1396.278 ~341829.273 -421106.487
12-98 .000 .000 .000 3580.200 .000 -3580.200 .000 -1396.278 -509247.069 -752741.980
12-99 . 000 . 000 . 000 51791.729 000 =~51791.729 .000 -20198.774 -568596.528 -1089360.956
12- 0 642924.483 221583.707 .000 57602.335 000 363738.441 .000 141857.992 415094.726 -865852.908
12- 1 979030.621 381592.770 . 000 59008.439 000 538429.412 .000 209987.471 687871.475 -529150.732
12- 2 991332.543 274292.374 .00 12781.170 000 704258.999 .000 274661.010 716671.533 -210256.474
12- 3 1003480.386 195934.090 . 000 12781.170 000 794765.126 .000 309958.399 693521.987 70283.075
12- 4 1016140.215 139953.013 . 000 10652.743 000 865534.459 .000 337558.439 678581.7176 319824.911
12- 5 1028636.583 139518.339 .000 6332.035 .000 882786.209 .000 344286.621 €84349.962 548609.484
12- 6 1023794.985 139518.339 .000 2069.878 .000 882206.768 .000 344060.640 679734.345 755192.693
12- 17 961856.057 70294.754 .000 .000 .000 891561.303 .000 347708.908 614147.149 924874.609
12~ 8 895315.385 543.282 . 000 .000 .000 894772.103 .000 348961.120 546354.265 1062103.253
12~ 9 824223.436 .000 . 000 . 000 .000 824223.436 .000 321447.140 502776.296 1176906.070
12-10 707021.727 .000 . 000 .000 .000 707021.727 .000 275738.474 431283.253 1266431.756
12-11 624033.860 .000 .000 .000 .000 624033.860 .000 243373.205 380660.655 1338265.809
12-12 578577.318 .000 . 000 . 000 .000 578577.318 .000 225645.154 352932.164 1398812.572
12-13 507446.045 . 000 .000 .000 .000 507446.045 .000 197903.958 309542.087 1447088.065
12-14 454409.816 .000 .000 .000 .000 454409.816 .000 177219.828 277189.988 1486388.003
12-15 374177.659 .00¢ . 000 . 000 .000 374177.659 .000 145929.287 228248.372 1515807.099
12-16 312982.355 . 000 . 000 .000 .000 312982.355 .000 122063.118 190919.237 1538177.1751
o 12-17 272481.108 .000 .000 . 000 .000 272481.108 .000 106267.632 166213.476 1555883.019
12-18 203937.035 .000 . 000 . 000 .000 203937.035 .000 79535.444 124401.591 1567929.758
12-19 157241.562 .000 .000 . 000 .000 157241.562 .000 61324.209 95917.353 1576373.1755
12-20 107656.709 .000 . 000 .000 .000 107656.709 .000 41986.117 65670.592 1581629.438
12-21 54877.770 . 000 .000 . 000 . 000 54877.770 . 000 21402.330 33475.440 1584064.959
12-22 -1112.657 .000 .000 .000 . 000 -1112.657 . 000 -433.936 -678.721 1584020.067
12-23 -31015.168 .000 . 000 .000 .000 -31015.168 .000 -12095.916 ~18919.252 1582882.481
12-24 -31945.623 . 000 .000 . 000 .000 -31945.623 .000 -12458.793 -19486.830 15816817.287
12-25 . 000 ~.014 . 000 . 000 .000 .014 .000 . 005 -.005 1581817.287
S TOT 13657504.210 1563230.654 .00y 272089.498 .QU011821584,058 L0000 qoloal7.782  7211166.277 1581817.287
REM, .000 . 000 . 000 L Ho L0000 .000 L w00 . 000 .000 1581817.287
TOTAL 13657504.210 1%63230.65%4 L un JIzuny .44 LOounilull Lyq.008 LOD0O Auiod 1 I82 0 1211166.277  1581817.247)
~--~PRESENT WORTH PROFLLE-----
BTAX RATE QF RETUKN (PCT) 32.91 ATAX RATE b KETURH (PCT) 26,04 pisc PW OF NET PW OF NET
BTAX PAYOUT YEARS B8.22 ATARX PAYOGUT YEARS 8.73 RATE BTAX, MS$ ATRX, M$
BTAX PAYOUT YEARS (DISC) 8.87 ATAX PAYOUT YEARS (DISC) 9.75 == memmeecee | eemee—e——
BTAX NET INCOME/INVEST T.44 ATAX NET INCOME/INVEST 4.93 .0 11821584.060 7211166.278
BTAX NET INCOME/INVEST (DISC} 3.3% ATAX NET INCOME/INVEST ({DISC} 2.31 2.0 8753277.403 5288330.672
5.0 5671730.785 3356500.712
PRODUCTION START DATE 1/ 1/ 0 PROJECT L1FE (YEARS) 31.00 8.0 3730041.115 2140624.242
MONTHS IN FIRST LINE 12.00 DISCOUNYT RATi. (PCT) 10.00 10.0 2835310.720 1581817.287
GROSS WELLS 1.00 PRI o ik AR, SR SSIIG YOG LR NGOPPY Y-
PRIOR DEI'k. BASIS (MS$S) 000 15.0. 1430966.718 110409.283
936992.6186 407955.715
MAX. Ol1L $/B) 31.93 MAX. GAS Finietl (S/M)

696581.019 262513.253
-




CUMULATIVE O BL)

REMAINING Ol.  .s3BL)
ULTIMATE OIL (MBBL)
INITIAL W.I. FRACTION

INITIAL NET OIL FRACTION
INITIAL NET GAS FRACTION

.000
1095050.000
1095050.000

1.00000000
.87500000
.00000000

- T ™ ™M T ™

CUMULATIVE GAL  (MMCFE)
REMAINING GAS (MMCF)
ULTIMATE GAS (MMCE)

FINAL W. 1. FRACTION
FINAL NET Olil, FRACTION
FINAL NET GAS FRACTION

. 000
.000
.000

1.00000000
.87500000
.00000000

-

3
35.
40.

0
0

45.0

[~~~ -]

TEl 7T
-52829.624
~124116.427
-163316.023
-183511.375
-194407.922
-188219.676
-176694.573
~164328.721
-152782.566

2.7

-166047.241
-198506.024
-212052.496
-214886.061
-205354.256
-188793.850
-171743.947
-156339.984
-143096.186

I



; ;’,,-2.

OGRE(R)
FILE NAME.

-CASE NAME: B

111;’cnss sco

DATA

o e -

PORT

- e e e

DATE :

TIM&:

03/10/94
10:42:26 -

* 107 XKUVLUM DEVELOPMENT PROJECT
* 12001 94 1211 % 101
* 131 DRILL ACRS 7 DELAY 0 0 0
* 132 PRODFAC ACRS 7 DELAY 0 0 0
* 133 PIPELINE ACRS 7 DELAY 0 0 O
* 134 DRILSITE ACRS 7 DELAY 0 0 O
168!
169! TOTAL TAX IS 39 PERCENT
* 170 39
* 600 SET IDCAMORT = MAJOR
W.I. OP. COST OP. COST ADV. TARX MAJOR PRCD DATE
FRACTION {S/W/MO) {$/MO.) (PCT) PH. NAME (MO/DY/YR}
210 1.00000000 00 .00 00w GIE 1/ 1/ 0
PHASE CuM PROD REV. INT PRICE SEVL TAX HO. OF RATIO TO
NAME (MUNITS) FRACTION (S/UN:T) (ECT) WELL MAJOR PH
221 OIL 000 .87500000 000 000 1.0
300 SERIES LINES:
305 MAHN OlIL
310 EACT 1000.000
311 12 78250.000
312 12. 109550.000
313 12 109550.000
314 12 109550.000
315 12 109550.000
316 12 109550. 000
317 12 106420.000
318 12 98595.000
319 12 90770.000
320 12 82945.000
321 12 71990.000
322 12 64165.000
323 12 59470.000
324 12 53210.000
325 12 48515.000
326 12 42255.000
327 12 37560.000
328 12 34430.000
329 12 29735.000
330 12 26605.000
331 12 23475.000
332 12 20345.000
333 12 17215.000
34 12. 15650.000
335 12. 15650.000
610 CASE SOILLOW
600 SERIES LINES:
* - 600 DA > : 12.33 12.89 13.61 14,36 N




X 15... ¥ vadhaz oy 20.30""!‘ .1l ’

* 615 21.74 J 23.07 23.76 24.47 25.21
* 620 25.96 ...74 27.54 28.37 29.22 30.10
* 621 31.00 31.93

611! OPERATING COST

615 DATA OPCOST 1000 : 0 0 000U

616 14580 LIFE

617!

618!

619!

620 DATA OPCOST : ESC 3 %

630 DATA ESCINV : 0 3 TO FRAME 40

800! INVESTMENTS FOR THE COASTAL PIPELINE

801!
INV NAME INV. POINT (6 OR H) IA2IG-MS INTANG~-M$ LSEHLD-M$ RISK FRAC OVHD FLAG

802 PIPELINE -54.000 MOS G 0500.000 .000 .000 1.000
803 PIPELINE -42.000 MOS G 6500.000 . 000 . 000 1.000
804 PIPELINE -30.000 MOS G 4,8500.000 . 000 .000 1.000
805 PIPELINE -18.000 MOS G 52000.000 . 000 . 000 1.000
806 PIPELINE -6.000 MOS G 6500.000 .000 .000 1.000
807! INVESTMENTS FOR THE MAIN PIPELINE

808 PIPELINE -54.000 MOS G 1100, 000 . 000 . 000 1.000
811 PIPELINE ~42.000 MOS G 1400. 000 .000 .000 1.000
B12 PIPELINE -30.000 MOS G LH600.000 .000 .000 1.000
813 PIPELINE -18.000 MOS G 59200.000 .000 .000 1.000
814 PIPELINE -6.000 MOS G 7400.000 .000 .000 1.000
8151

B16! INVESTMENTS FOR MAIN PRODUCTION PLATFOKM
817! STRUCTURE

818 PRODFAC -42.000 MOS ¥ 15000, 0u0 . 000 . 000 1.000
819 PRODFAC -30.000 MOS G 157500.000 .000 . 000 1.000
820 PRODFAC -18.000° MOS G 157500.000 .000 .000 1.000
821 PRODFAC ~6.000 MOS G 105000.000 . 000 .000 1.000
822! PRODUCTION FACILITIES

823 PRODFAC -30.000 MOS G SULE0 . 000 .000 .000 1.000
824 PRODFAC -18.000 MOS G £14600.000 .000 . 000 1.000
825 PRODFAC -6.000 MOS G 361800.000 .000 .000 1.000
826!

827! INVESTMENTS FOR PERMITTING

828 PRODFAC -66.000 MOS G Logo, uug . 000 .00y [
829 PRODFAC -54.000 MOS G 5000.000 . 000 .000 1.000
830 PRODFAC ~42.000 MOS G 5000.000 .000 .000 1.000
831 PRODFAC -30.000 MOS G 5000.000 .000 . 000 1.000
832! DELINEATION WELLS THEN PRODUCTION WELIL.S

8331}

834 DRILL -06.000 MOS ' losna. o 61 200,000 LU00 [
835 DRILL -72.000 MOs G 1u530.000 59670.000 .000 1.000
836 DRILL ~-6.000 MOS G 10800.000 61200.000 .000 1.000
837 DRILL 6.000 MOS G 11800.000 61200.000 . 000 1.000
838 DRILL 18.000 MOS G lugoo, 000 61200.000 . 000 1.000
839 DRILL 30.000 MOS G 1600, 000 71400.000 . 000 1.000
840 ESC USING ESCINV

850 NOLOSS OrFf




TOTAL DEVELOF
SPROD 100 WELLS

300MBOPD PROFILE

‘4 @ -

DATE:
TIME:
FILE:

03/10/94
10:42; 26

§ GF?Q' ]

; aaﬂauVﬁa«Awnchqwquln
KUVLUM DEVELOPMENT PROJECT ey
R Conl b : 5 oF  JANUARY 1, 1994
e PRICES-== 7 seeccesmeneacenn OPERATIONS,  MS-rssemmoscmnasn

~END- . ~---GROSS PRODUCTION-~--  ~====NET PRODUCTIOM---- ~ OIL GAS NO. OF OIL GAS OTHER TOTAL
MO-YR = OIL,  MBBL GAS, MMCF OIL, MBBL GAS, MMCF $/8B $/M WELLS REVENUE REVENUE REVENUE nsvsuus
12-94 .000 .000 000 000 12.33 00 .0 .000 .000 .000 .ooo
12-95 .000 .000 000 000 12.89 00 .0 000 .000 000 000
12-96 000 .000 000 000 13.61 00 .0 .000 .000 000 .000
12-97 .000 000 .000 000 14.36 00 .0 .000 000 000 .000
12-98 .000 060 000 .000 15.16 00 .0 .000 000 000 .000
12-99 .000 000 .000 .000 16.00 00 .0 .000 000 000 .000
12- 0 78250.000 000 68468.750 .000 16.89 00 1.0 1156437.188 .000 .000 1156437.188
12- 1 109550.000 .000 95856.250 .000 17.15 00 1.0 1643934.687 000 .000 1643934.687
12- 2 109550.000 .000 95856.250 L0000 17.41 00 1.0 1668857.313 000 000 1668857.313
12- 3 109550.000 000 95856.250 L6000 117.67 00 1.0 1693779.938 .000 000 1693779.938
12- 4 109550.000 .000 95856.250 L000 17.94 00 1.0 1719661.125 000 000 1719661.125
12- 5 109550.000 000 95856.250 L0000 18.21 00 1.0 1745542.313 000 000 1745542.313
12- 6 106420.000 000 93117.500 .000 18.76 00 1.0 1746884.300 000 000 1746884.300
12- 17 98595. 000 000 86270.625 L0000 19,32 00 1.0 1666748.475 000 000 1666748.475
12- 8 90770.000 .000 79423.750 .000  19.90 00 1.0 1580532.625 000 000 1580532.625
12- 9 82945.000 .000 12576.875 .000 20.50 00 1.0 1487825.938 000 000 1487825.938
12-10 71990.000 .000 62991.250 L0000 21.11 00 1.0 1329745.288 000 000 1329745.288
12-11 64165.000 000 56144.375 L0060 21.74 00 1.0 1220578.713 000 000 1220578.713
12-12 59470.000 . 000 52036.250 L0000 22.40 00 1.0 1165612.000 000 000 1165612.000
12-13 53210.000 .000 46558.750 .000 23.07 00 1.0 1074110.363 000 000 1074110.363
12-14 48515.000 .000 42450.625 .000 23.76 00 1.0 1008626.850 000 000 1008626.850
12-15 42255.000 .000 36973.125 .000 24.47 00 1.0 904732.369 000 .000  904732.369
12-16 37560.000 .000 32865.000 L0000  25.21 00 1.0 828526.650 000 000 828526.650
12-17 34430.000 .000 30126.250 .000  25.96 00 1.0 782077.450 000 000 782077.450
12-18 29735.000 .000 26018.125 .000 26.74 00 1.0 695724.663 000 000 695724.663
12-19 26605.000 .000 23279.375 .000 27.54 00 1.0 641113.988 000 000 641113.988
12-20 23475.000 .000 20540.625 .000 28.37 00 1.0 582737.531 000 000 582737.531
12-21 20345.000 .000 17801.875 L0000 29.22 00 1.0 520170.788 000 000 520170.788
12-22 17215.000 .000 15063.125 .000 30.10 00 1.0 453400.063 000 000 453400.063
12-23 15650.000 .000 13693.750 .000 31.00 00 1.0 424506.250 000 000  424506.250
12-24 15650.000 .000 13693.750 .000  31.93 .00 1.0 437241.438 000 000  437241.438
12-25 .000 .000 000 .000 00 .00 1.0 .0090 000 000 .000
S TOT 1565000.000 .000 1369375.000 Lunu o4y .00 1.0281719108. 306 000 000 28173108, 306
REM . 000 .000 . 000 L 000 i .00 .0 L0004 000 . 000 .000
TOTAL 1565000.000 .000 1369375.000 Luua ul by .00 .028179108. 306 000 .000 28179108.308

----------------- OPERATIONS, M§--m-mmmmmmmmmm s < e mmm==—=CAPITAlL COSTS, M3----=--mmmnm= 10.00 PCT
~END- SEVERANCE AD VAL NET OPER OPERAT LGS TANGIBLE INTANG. LSEHOLD SALVAGE CASH FLOW CUM. DISC
MO-YR TRAXES TAXES EXPENSES CASH FLOW COSTS COSTS COSTS VALUE BTAX, MS BTAX, MS
12-94 .000 000 000 .00u 15530.000 59670.000 000 000  -75200.000 -74967.313
12-95 000 000 000 .000  19467.000 .000 000 000 -19467.000 -91841.000
12-96 000 000 000 .000 131445.510 .000 000 000 -131445.510 -195418.171
12-97 000 000 000 .000 347760.368 .000 000 000 -347760.368 -444536.504
12-98 000 000 000 .000 5431958.408 .000 000 000 -543958.408 -798777.329
12-99 .000 .000 .000 .000 569259.012 141895.147 000 .000 -731154.159 -1231639.054
:B l'\ DO ‘AA a0 0 ) 200 PoWHe NI W N 200 1 a0 120 12026 001 Fav¥a¥ay Mt\ SLlLE 4 D22 12792 £128
12- 1 000 000  215178.731 1428755.956  13282.638 15268 281 000 .000 1340205.038 -111757.300
12- 2 10 L,000 . 221634.093 1447223.220 15961.303 , 1340814.533 484871.103 :
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TOTAL DEVELOL
PROD 100 WELLS

' 300MBOPD PROFILE

DATE:
TIME:
~FILE:
GET#: 12

B~ Bl

EUNET - CRETERDPANRTECONROMICS
: o E e s T a0 it S e i e e i s
KUVLUM DEVELOPMENT: PROJECT ST .
; : ) A5 OF CIANUARY 1,0 1994
~END- OPER CASH DEPR. DEPL. TNTANG. [T N X 4y TAXABLE TAX CTARRG CASH FLOW
MO-YR FLOW, M$ EXP., M$S EXP., MS EX¥., MY EAP., M$ INCOME MS$S CREDIT M5 PAYABLE M$ ATAX, M$
12-94 . 000 000 000 45349.200 000 -45349.200 000 -17686.188 -57513.812
12-95 000 000 000 3580.200 000 ~-3580.200 000 -1396.278 ~18070.722
12-96 000 000 000 3680.200 000 -3580.200 600 -1396.278 ~130049.232
12-97 000 000 000 3580.200 000 -3580.200 Q00 -1396.278 -346364.090
12-98 . 000 .000 000 3580.200 000 -3580.200 000 -1396.278 -542562.130
12-99 .000 .000 000 1u3583.457 000 -103583.457 000 -40397.548 -690756.611
12- 0 947525.798 237192.757 000 61859.189 000 648473.852 000 252904.802 608649.231
12- 1 1428755.956 408508. 957 000 67844.114 000 952402.885 .000 371437.125% 968767.913
12- 2 1447223.220 295955.645 000 B3440.95 .000 1067826.619 .000 416452.381 924362.152
12- 3 14654%6.822 213688.813 .000 22841.209 .000 1228966.800 .000 479297.052 986199.770
12- 4 1484529.515 152634.828 .000 18584 .354 000 1313310.333 L0000 512191.030 972338.485
12- 5 1503356.755% 151363.052 . 000 12135.220 .000 1339858.483 .000 522%44.808 980811.947
12- 6 1497433.175 150793.234 . 000 7684 .891 .000 1338955.050 .000 522192.469 975240.706
12- 7 1409813.816 76683.322 . 000 2713.422 .000 1330407.072 .000 518858.758 890955.058
12- 8 1315889.927 2017.218 .000 000 000 1313872.709 .000 512410.357 803479.570
12- 9 1215243.959 712.193 . 000 L 000 L0000 1214531.766 000 473567.389 741576.570
12-10 1048985.849 .000 . 000 .000 .0N0 1048985.849 L0000 409104 .481 639881.368
12-11 931396.491 .000 . 000 . 000 L0000 931396.491 .000 363244.631 568151.860
12-12 B867754.312 .000 .000 .000 L0000 867754.312 .000 33d424.182 $29330.130
12-13 767316.944 .000 .000 .06Ga L0000 767316.944 .000 299253.608 468063.336
12-14 692629.628 .000 .000 . 000 .000 692629.628 .000 270125.555 422504.073
12-15 579255.231 . 000 . 000 000 .000 579255.23) .000 22%909.540 353345.691
12-16 493285.198 .000 000 L 000 .00U 493285.198 L0000 1921381 ,227 300903.971
12-17 436778.754 . 000 . 000 .049a 000 436778.754 L0000 170343.714 266435.040
12-18 340067.006 . 000 .000 . 000 .000  340067.006 .000  132626.132 207440.874
12-19 274786.601 .000 . 000 . 000 .000 27478B6.601 .000 107166.774 167619.827
12-20 205420.323 .000 . 000 . 000 .000 205420.323 .000 80113.926 125306.397
12-21 131534.064 .000 . 000 . 000 .000 131534.064 .000 51298.285 80235.779
12-22 53104.237 .000 . 000 L0040 .000 53104.237 .000 20710.652 32393.585
12-23 12201.549 .000 .000 .6u0 . 000 12201.549 . 000 1158.604 7442.945
12-24 12567.596 .000 . 000 L 000 . 000 12567.596 . 000 1901.362 7666.234
12-25 . 000 -,016 .000 Lu00 . 000 .016 . Q00 . 006 -.008
S TOT 20562352.726 1689560,003 000 440356.8] .uunid4 32435, 911 U000 TTgont, 002 11243785.909
REM. . 000 . 000 00U LU L ODo . 000 .00 .00 . 000
TOTAL 20562352.726 1689560,003 . 000 44035 8] L0001y 32435, 911 00U Tuebu, 002 11243745.909
---~PRESENT WORTH
BTAX RATE OF RETUKN (PCT) 39.94 ATRS RATH KETURH  (FCT) 32,01 N1SsC PW OF NET
BTAX PAYOUT YEARS 7.83 ATAX PAYOGUT YEARS B8.30 RATE BTAX, MS$
BTAX PAYOUT YEARS (DISC) 8.25 ATAX PAYOUT YEARS {(DLSC) 8.94 B
BTAX NET INCOME/INVEST 9.65 ATAX NET TN GME/INVEST 6.28 .0 18432435.911
BTAX NET INCOME/INVEST (DISC) 4.37 ATAX NET I1HCOME/INVEST (DISC) 2.94 2.0 13681406.647
5.0 8943228.528
PRODUCTION START DATE 1/ 1/ 0 PROJECT L1+ (VEARS) 31.00 8.0 5972765.050
IN FIRST LINE 12.00 DISCOINT AATi. (PCT) 10.00 10.0 4606109.722
GROSS WELLS T. 00 PRTOR PPt idf:) 200 12.0..35722
PRIOR DEFK. BASIS (MS$S) . 000 15.0 2457363.834
18.0 1696527.830
MAX. OIL ¥ W/B) 31, MAX. GAS Bl (S/M) .00 20.0 1 7.40
i - S Gl S 6 L e ' G G ne

03/10/94
10:42:26
Kuvium

10,00 PCT

CuM. LIsSC
ATAX, M
-58097.81)1
~73760.768
-176237.276
-424355.006
-7177686.192
~1186622.495
-858903.055
-384711.302
26616.077
425547.969
783115.973
1111010.552
1407403.335
1653564.148
1855375.352
2024705.290
2157531.729
2264747.040
2355555.500
2428553.613
2488456.151
2533999.130
2569257.065
2597638.059
2617726.115
2632482.375
2642510.771
2648348. 361
2650490.915
2650938.448
2651357.502
265)357.502

2651357.502

2651357.502

2651357.502

PROFILE---~~
PW OF NET
ATAX, M$

11243785.909
8290484.081
5344279.232
3498775.836
2651357.502

9

1325384.030
860404.664
3449 0

Raa
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CUMULATIVE O} 3L) L00u CUMBLARTIVE o (MMUE) - vuo 35.0 124793.922 -65167.506
REMAINING OIl. -.,..aBL} 1565000.000 REMAINING GhAs (MMCE) . 000 40.0 -1396.755 -130155.595%
ULTIMATE OIL ({MBBL) 1565000.000 OLTIMATE GAS  [MMCE) . 000 45.0 ~76968.499 -165035.286
$0.0 -121822.067 -182165.592
60.0 -161759.000 -~189151.662
70.0 -170316.050 -180704.310
INITIAL W.I. FRACTION 1.00000000 FIHNAL W.|. FRACTION 1.00000000 80.0 -166654.957 -167802.102
INITIAL NET OIL FRACTION .87500000 FINAL N&T o1l FRACTION .87500000 90.0 -158643.858 -154573.026
INITIAL NET GAS FRACTION . 00000000 FINAL NET GAS FRACTION .00000000 100.0 -149578.942 -142482.304
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EVALUATION OF SAR SATELLITE IMAGERY
AS A DATA SOURCE FOR
DESIGN AND OPERATIONAL ICE CRITERIA
AT ARCO'S KUVLUM FIELD

1. BACKGROUND AND OBJECTIVE

Production platforms in the Camden Bay region of the eastern Beaufort Sea will be subjected to
ice loading from different ice types and features. Ice encounter frequencies and ice loads
computed for each encounter require the statistical representation (e.g., Vaudrey, 1992) of a
number of extreme ice feature parameters (e.g., multiyear ice fraction, multiyear floe diameter,

drift velocity, ice island population, ice island diameter, ice island concentration).

Multiyear ice fraction and floe diameter are required to determine encounter frequencies with
platforms. In addition, floe diameter is required for momentum calculations during a summer
multiyear floe impact with a structure. In the past, the most reliable method of acquiring
multiyear ice fraction and floe size or diameter data has been Synthetic Aperture Radar (SAR)
imagery acquired by aircraft (e.g., Intera, 1982-84; Vaudrey, 1990). However, SAR imagery
acquired by satellites is a recent source of ice data and still has to validated as a reliable data
source. The European (ERS-1) satellite was launched in July 1991 and has a 30 meter resolution,

only 2-3 times less than Intera's STAR-1 airborne SAR system with a resolution of 10-15 meters.

Ice velocity is another design parameter required to predict the ice flux (amount of ice to move
past a platform during a given season) in order to compute the encounter frequency of a muitiyear
’ﬂoe or ice island collision. Sequential SAR satellite images may be useful to determine pack ice
drift, acquired when the ERS-1 satellite is functioning in a 3-day repeat cycle. Ice drift may be
sufficient to provide the ice flux, but an "instantaneous" velocity (over a 1-2 hour period or less)
is ’still needed (e.g., Vaudrey, 1987) for momentum calculations during a summer multiyear

floe/ridge impact with an offshore structure.
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It is anticipated that remote sensing (Vaudrey, 1988a), such as SAR satellite imagery, can be
utilized to help develop a long-term prediction of an encounter between an offshore production
platform and a drifting ice island, a significantly more hazardous ice feature than multiyear floes,
but also extremely more rare. The prediction model (e.g., Vaudrey, 1988b) should include an
estimation of the current ice island population, island concentration, and ice island size or
diameter distribution, all of which can be determined from the archives of SAR satellite imagery.
In addition, SAR satellite imagery may be used during operations as a predictive tool in near-real
time to track ice islands as they move into Alaskan coastal waters and become a potential hazard

to platforms.

The objective of this study is to evaluate SAR satellite imagery as a data source for developing
design and operational ice criteria at the Kuvium Field. The study is broken down into the
following tasks: (1) SAR satellite resource center assessment, (2) SAR data selection and
acquisition, and (3) SAR satellite imagery evaluation and analysis. The last task is subdivided
further, according to the following extreme ice features: (1) multiyear floes, (2) ice islands, (3)

shear zone rubble and first-year floebergs, and (4) summer ice coverage.
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2. SAR SATELLITE RESOURCE CENTERS
21  ERS-1Satellite Description

| In July 1991 the European Space Agency launched ERS-1, carrying an array of active microwave

 sensors to gather data primarily for the fields of oceanography, meteorology, glaciology, and

climatology. For the first time data are being collected routinely from remote areas of the polar

regions and southern oceans. The ERS-1 satellite has a sun-synchronous, near polar, quasi-

circular orbit with a period of about 100 minutes. The satellite can be programmed for a repeat

cycle of 3 days, 35 days, or 176 days.

The Active Microwave Instrument (AMI) aboard the ERS-1 satellite is comprised of two separate
radars, one being a Synthetic Aperture Radar (SAR). The SAR provides all-weather (through
cloud cover and darkness) imagery, 100 kilometers wide, to the right of the satellite track. The
SAR QMtes at a frequency of 5.3 GHz (C-band) and has a linear vertical (VV) polarization and
ah inqidence angle of 23°. In the image mode, the SAR has a spatial resolution of 26 m across
track and 30 m along track. Imagery is acquired for a maximum duration of 10 minutes per orbit

to conserve power. Since the data rate is too high for onboard storage, imagery is acquired only

within the reception zone of a ground receiving station. The primary ground station for acquiring

SAR data over the Alaskan Beaufort Sea is the Alaskan SAR Facility located in Fairbanks.

2.2 Canadian Centre for Remote Sensing (CCRS)

The Radar Data Development Program (RDDP) is a federal government program led by the
Department of Energy, Mines and Resources at the Canadian Centre for Remote Sensing
(CCRS). The main goal of the RDDP is to ensure that Canadians are able to use SAR effectively
for resource management and environmental monitoring. One of the prime reasons for
developing radar remote sensing capabilities in Canada has been the ability of SAR to provide
religble reconnaissance and surveillance data of sea ice conditions in Canadian waters, particularly

during periods of unfavorable weather conditions and darkness.




Compared to other radar remote sensing applications investigated under the RDDP, the sea ice
effort has been more successful in developing the operational use of SAR imagery. The work is
focused on three main goals: 1) preparation of ice forecast charts by the Ice Centre Environment
Canada (ICEC), 2) ice reconnaissance for ship navigation in ice-infested waters, and 3) delivery of

SAR ice products to end users, such as offshore oil operators.

During a visit to Ottawa in June 1993, Mike Manore of the CCRS was interviewed. He indicated
that they have performed a study to compare ERS-1 SAR imagery to airborne SAR imagery
(STAR2) developed by Intera Consultants Ltd. (Calgary) for CCRS. The STAR2 imagery
provides greater detail at floe boundaries. For example, a large multiyear conglomerate floe
identified on ERS-1 SAR imagery shows up as several individual floes on STAR2 imagery. The
primary difference in the two SAR systems is the steep angle of incidence of 23° for the ERS-1
SAR, while STAR2 has a range of incidence angles from 60° to 85°. A secondary difference
between the two systems is the frequency bandwidth (C-band for ERS-1 SAR, X-band for
STAR2).

The CCRS is currently developing an operational ice motion algorithm for automated tracking of
ice between sequential SAR images, but Bruce Ramsey of the Canadian Ice Centre indicates that
such a system is not currently being used on an operational basis at ICEC. In addition, the CCRS
has made a digital mosaic of ERS-1 SAR imagery for the Arctic islands, from Banks I. to Baffin I.
and north to Ellesmere I. They have used data over an 18-day period from both Canadian ground

tracking stations at Prince Albert (Saskatchewan) and Gatineau (Quebec).

2.3 Ice Centre Environment Canada (ICEC)

The Ice Centre is the Canadian governmental agency that provides daily and weekly ice charts for
navigation and fishing along the east coast and between the Arctic islands. The ice charts contain

ice edge location, ice concentration, ice type, and predicted ice thicknesses. Their primary




sources are: 1) airborne SAR imagery (Intera's STAR2), 2) Side-Looking Airborme Radar
(SLAR) aboard a government owned DASH-7 aircraft, and 3) NOAA-AVHRR imagery. All of
this imagery is available in near-real time, downlinked directly to the ICEC. There is no available
user mterface to obtain the raw imagery data, only the ice charts that are supplied by mail or fax
ftom the ICEC. One exception is a direct downlink capability to some vessels, including the

Canadian Coast Guard, navigating the St. Lawrence seaway.

Ice bharts produced for the Canadian Beaufort Sea are based primarily on NOAA-AVHRR
imagery with details during the summer shipping season supplied by SLAR and ice observers
aboard weekly DASH-7 flights. There is no airborne SAR imagery (STAR2) available for the
Beaufon Sea on a routine basis. The ICEC also has the software capability (same as or similar to
FairWeathér, Inc. in Anchorage) to enhance the NOAA-AVHRR imagery by removing hazy, thin

‘ cloud layers. Thus far, no satellite SAR imagery is used in an operational sense by the ICEC.

Currently; ERS-1 SAR imagery is retransmitted in a reduced resolution (approximately every
- fourth pixel or 2000 lines per image) format from processed imagery received from the Gatineau
tracking station. None of this data is archived, only used and erased after 1-2 weeks. No
information is received from Prince Albert at this time; however, the ICEC hopes to establish a

link with Prince Albert (via Gatineau) before the Canadian RADARSAT satellite is launched in
1995.

~Overall coverage of the Canadian east coast is provided by NOAA-AVHRR imagery, and details
are provided primarily by airborne SAR imagery (STAR2). The ERS-1 SAR imagery is currently
limited to supplement airborne SAR imagery along the east coast (Gatineau station mask does not
reach the Beaufort Sea) of Canada to provide very specific details. The ERS-1 SAR imagery is
very gobd for early detection of ice growth which damps the wave action in protected bays and

lagoons and virtually eliminates the open water backscatter.
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The operations people at the ICEC do not like ERS-1 SAR imagery, because there is significant
open water backscatter due to wind-generated “"choppiness" of the water surface. The
backscatter virtually obliterates low ice concentrations (2 to 3 tenths ice coverage or less) in the
open ocean away from bays and lagoons. In addition, ERS-1 SAR imagery makes the ice surface
appear almost completely "white" at high temperatures (near freezing), even before surface
ponding occurs. Other complaints of ERS-1 SAR imagery from ICEC ice analysts are: 1) areal
coverage of each SAR image is too small, 2) imagery acquisition is not frequent enough for
eastern Canada, and 3) the imagery has a "gray" scale that is too flat to differentiate multiyear ice,
first-year ice , and young ice in the high Arctic. The overall conclusion is that the operations

people at the ICEC are not impressed by ERS-1 SAR imagery and use it only as a "last resort".

Interviews with ICEC ice analysts yielded the following discussion of ice type identification using
SAR imagery: "Multiyear ice is distinguished from first-year ice primarily by the brightness levels
or tonal quality (gray scale). However, both of these parameters can be modified during
processing and enhancement. Therefore, ICEC frequently relies on secondary parameters, such as
floe shapes (muitiyear is more circular), shape and size of melt ponds, and drainage and fracture

patterns (texture)."

2.4  RADARSAT International (RSI)

In addition to the two Canadian government agencies, there is RADARSAT International (RSI), a
private Canadian consortium located in Ottawa and Richmond, BC, that is contracted by the
CCRS to process and distribute SAR satellite imagery in an operational (near-real time) mode
once the Canadian RADARSAT satellite is launched in 1995. RSI has also been designated as the
North American distributor for ERS-1 SAR satellite imagery on a commercial basis. However,
they too must acquire any SAR satellite data of the Alaskan Beaufort Sea, west of Barter Island,
from the Alaskan SAR Facility (ASF) in Fairbanks, then turn around and sell it for about 30 times
what ASF charges for a NASA-approved research project.




2.5  Alaskan SAR Facility (ASF)

The Alaskan SAR Facility (ASF) is a NASA-funded project, set up to house and coordinate
reception of satellite SAR data, a processing system for the generation of SAR images, an archive
to support science investigations, and an operations system. Receiving and data processing
systems are implemented by the Jet Propulsion Laboratory (JPL) of Pasadena, California, and the
operations and archives are the responsibility of the University of Alaska, Fairbanks (UAF).

The ASF currently is a ground station for the ERS-1 and the Japanese (JERS-1) SAR satellites,
but ASF will also be a ground station for reception of RADARSAT SAR imagery when the
Canadian satellite is launched in 1995. The process of recording data from the satellite (signal
data) is called a data take. Data takes are a minimum of one minute to a maximum of ten minutes
long. The signal data covers a long curved swath on the ground. Signal data is not directly
usable and must be correlated into images. The images produced by ASF are 100 km by 100 km.

There are approximately 5 images created per 1 minute of signal data.

The satellite will normally transmit SAR data to the ground station when it is more than 5 degrees
above-the horizon (relative to the ground station). There is an area on the ground that can be
viewed directly by the satellite while it is transmitting data to the ground station. This ground
area is known as the station mask. In the case of the ASF the station mask is a circle with a
radius of approximately 3009 km centered on Fairbanks. Real time SAR data is constrained to

-fall within this station mask.

It should be noted that about 2-3 minutes per data take of any ERS-1 satellite pass over the
Beaufort, Chukchi, or Bering Seas is dedicated for retransmission to the Navy-NOAA Joint Ice
Center in Suitland, Maryland (U.S. counterpart to the Canadian ICEC). These SAR data are
utilized, along with passive microwave (SSMI) and NOAA-AVHRR imagery, to produce weekly

ice charts, which give ice edge position, ice concentration, ice type, and predicted ice thickness.




SAR Data Products. After receiving and processing the signal data, they are stored in the ASF
archives as catalogued data sets. Very little JERS-1 data are collected and archived, so the vast
majority of the data products available to users come from ERS-1 SAR imagery. The ASF data
sets, which can be directly ordered by approved users, include both SAR Data and Geophysical
Processor System (GPS) Data.

The archived SAR and GPS Data are catalogued by data take ID and image ID numbers. SAR
data products are categorized as either Full-Res or Low-Res Images. Both are available in several
different types of media, including black and white prints or transparencies and digitally on

computer-compatible tapes (CCT's) or 8 mm tape cartridges.

Full-Res images are 4-look SAR images with 30 m resolution and 12.5 m pixel spacing over a 100
km by 100 km area. These are 8192 x 8192 x 8 bit (64 MB) amplitude images suitable for
making black and white photographs or displaying on a graphics workstation. The image location
is given for the four corners and the center of each image. The net rms location error is about 200

meters. These images are standard products and created routinely when new data are collected.

Lo-Res images are produced by an 8 x 8 averaging process of the Full-Res images. Thus, Lo-Res
images have a 240 m resolution and 100 m pixel spacing. The resulting image is 1024 x 1024 x 8
bits or only 1 megabyte. These images are the easiest for the ASF to handle, resulting in faster
service and lower operating costs. ASF recommends that Lo-Res images be used as the primary
data source. When absolutely required, the more costly Full-Res images can be ordered. Lo-Res
images are also standard data products and are the basis of the browse file archived at the

Geodata Center of the ASF.

The Geophysical Processor System (GPS) Data derives digital products from ASF SAR images.
Since ERS-1 SAR imagery is a single frequency (C-band), single polarization (VV) radar, the

geophysical algorithms are tuned for images with these characteristics. Three geophysical
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algorithms have been implemented to generate: (1) Ice motion vectors, (2) Ice type classification,

and (3) Wave spectra. All of the images used in ice motion analysis and ice classification are

geocbded (transformed from a planimetric representation into a standard cartographic projection).

The GPS ice motion tracker compares two Lo-Res images taken nominally 3 days apart in order
to determine the movement of ice floes identifiable in both images to estimate the velocity field for
the area that overlaps both images. Typically, the registration accuracy is better than 300 m and is

approximately 100 m in areas with relatively little ice deformation.

The GPS ice classifier differentiates ice types from pixel samples in Lo-Res images, based on their
normalized backscatter coefficient. Typically, the principal ice types which can be identified in the
ESR-1 SAR data are: multiyear, undeformed first-year, deformed first-year, and new ice/smooth
open water. The number and accuracy of the identified ice types in a single image depends on the
season and air temperature at the time of data acquisition. The results of the classifier are
available as: 1) a classification map which gives the ice type of each pixel, and 2) a grid product

which provides the fraction of each ice type over a 5 km x 5 km grid.

The ice type classifier is currently programmed to process only data acquired during freeze-up and
winter and located away from the seasonal ice zone. Specifically, the classifier is restricted to
process images acquired between Julian day 270-365 and 1-120, located north of 73° latitude.
The user of ice type products should be aware of the shortcomings of the classifier algorithm,
such as‘:

» Open water may be incorrectly labeled as first-year or multiyear ice due to its wind-dependent
backscatter characteristics.

o Backscatter of highly deformed first-year ice is expected to be comparable to that of multiyear
ice. For example, the deformed rubble in the shear zone along the coast have high
backscatter.

»  Surface melt tend to mask out multiyear ice signature.

g
%
g



3. SAR DATA SELECTION AND ACQUISITION

As part of this study, a research proposal was submitted to NASA through the ASF to acquire
and evaluate SAR data products from the ASF. The constraints of becoming an approved NASA
user or principal investigator are: 1) the results of the proposed project should demonstrate a
potential commercial application of the SAR data, and 2) a summary of the evaluation and
findings must be submitted to the ASF, which has the right to publish them in the open literature.
Approval by ASF and NASA was granted, and the remainder of this report discusses SAR data
selection and acquisition from the ASF and SAR data evaluation and analysis, presented in

Section 4.

As part of the NASA/ASF proposal, the Mission Planning group of ASF was requested to acquire
future SAR imagery within an area containing the Kuvlum Prospect and bounded by a rectangle,
ranging from 70° N to 72° N and from 135° W to 150° W. The request was considered almost
redundant by Mission Planning since they are acquiring and processing every ERS-1 satellite pass

that crosses this area as part of their standard operating procedure.

All of the SAR data was selected from several searches of the ASF online catalogue, which
contains over 50,000 ERS-1 SAR images. To reduce the number of selected SAR images,
specific seasonal and location criteria were employed for each search. The primary search was
performed during a visit to the ASF in May 1993. The potential SAR data search list was pared
down further by reviewing and assessing laser print copies of Lo-Res images in the browse file
located in the Geodata Center of the ASF. Ultimately, a representative sample of 57 Lo-Res and
5 Full-Res ERS-1 SAR images was selected for evaluation and limited analysis. Photographic

prints of each selected image were ordered and received from the ASF Geodata Center.
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4. DATA EVALUATION AND ANALYSIS

4.1 . Multiyear Floes

A search of midwinter SAR data acquired during 1991-92 and 1992-93 produced several images
with a significant muitiyear floe population in the region to the north and east of ARCO's Kuvium
Prospect. Multiyear floes were positively identified using ERS-1 SAR satellite imagery through a
combination of tone (brightness), shape, and texture. Most of the floes visually designated as
multiyear ice are brighter than the surrounding ice and have a generally circular or ellipsoidal
shape with a mottied texture. Some of the larger multiyear floes appear to be "composite" floes,
made up of several smaller multiyear floes, while other floes that are grouped together appear to
be fragments of a larger single floe. Both Low-Res and Full-Res images from the ASF are
processed at a scale of 1:500,000 (100 km by 100 km scene), which makes it very difficult, if not
impossible, to detect individual floes smaller than 300 meters.

Using visual identification, multiyear ice fraction can be determined as a percentage of the area
covered by each satellite image. The definition of ice fraction, as used here, indicates each ice
type as a percentage of the total area. Thus, if open water were present in the image, the

multiyear ice fraction, first-year ice fraction, and open water fraction would add up to 100%.

The multiyear ice fraction analysis can be performed at the same time as the multiyear floe size or
diameter distribution. The analysis consists of identifying each individual floe, determining its size
or diameter, and adding it to the population. The muitiyear ice fraction is computed by
-multiplying the total number of floes identified for each image by the average floe area, then
 dividing that value by the total area covered by the SAR image. An example SAR image (Image
ID 58368, center coordinates of 71.4°N, 144.3°W), acquired on May 2, 1993, was analyzed. For
comparison between a Lo-Res laser print and a Full-Res contact photographic print, this SAR

image is shown in Figure 1 (Lo-Res) and Figure 2 (Full-Res).
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The multiyear ice fraction analysis was performed on the Full-Res SAR image, shown in Figure 2.
A multiyear ice fraction of 22% was computed with about 1700 individual multiyear floes
identified. The average floe size or diameter was 1100 meters with a standard deviation of 640
meters. The largest multiyear floe had a diameter of 6000 meters, and the minimum or "cutoff”
floe size was 300 meters. It should be noted that there are actually many floes in the multiyear ice
population that are smaller than 300 meters, but they cannot be identified and counted due to the

limitation imposed by the scale at which the SAR satellite imagery is processed.

This problem of scale means that any multiyear floe size distribution developed from SAR satellite
imagery processed at the ASF will be truncated, without including any of the multiyear floe
population having diameters smaller than 300 meters. Such a distribution is biased toward larger
diameter floes, and any statistical analysis using these distributions to develop muitiyear floe
encounters and the resulting ice loads for production structures will be overly conservative.
However, other data (including aerial photography and airborne SAR imagery) exist which can
provide a representation of multiyear floe sizes smaller than 300 meters. Additional analysis can
be performed to merge these data sets and obtain a more complete and accurate overall floe size

distribution.

The ice type classifier built into the geophysical processor system (GPS) could not be utilized
during this study of the region around the Kuvlum Prospect since it is restricted to process image
data acquired in the pack ice north of 73°N. The primary reason for this restriction is that the
algorithm of the ice type classifier cannot distinguish between highly deformed first-year ice and
multiyear floes due to a similarity in the backscatter of these two ice types. In addition, during the
summer, surface melt ponds tend to mask out the multiyear ice signature, and open water between
ice floes may be incorrectly labeled as muitiyear ice due to wind dependent backscatter

characteristics of the open water.
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Ice velocity determined from the ice motion tracker built into the geophysical processor (GPS)
"was found to be very limited. The algorithm tracks the ice motion by locating common ice
featﬁres‘ in a pair of images viewed at different times. However, the time differential is restricted
to apenod of 3 days or more, which produces an ice velocity equivalent to the nominal pack ice
dnﬁ In addition, most of the SAR images chosen for ice motion analysis were located far
~ offshore in the perennial pack ice. This type of ice motion product, as currently configured, is not

very useful for developing a design ice movement criterion for offshore structures.

4.2 . Ice Islands

During a visit to the ASF in Fairbanks, Dr. Martin Jeffries (who has been studying ice islands) at
the Geophysical Institute was interviewed. He said that ice islands can positively be identified
using SAR satellite imagery. The surface "rolls" (gently undulating ridges and troughs) and

- brightness of an ice island produces a unique signature on SAR imagery.

Several ice islands, including Hobson's Choice, have been located on ERS-1 SAR imagery.
Hobson's Choice can be seen in a Full-Res SAR image as the elongated white object embedded in
a vast multiyear floe in the lower right-hand corner of Figure 3 (Image ID 22454), acquired on
September 22, 1991. The dark, parallel lines within Hobson's Choice are the surface undulations.
Two additional ice islands can be detected embedded in another multiyear floe in the lower left-
hand corner of Figure 3. However, all of these ice islands and fragments have been found
between the islands of the Canadian Archipelago, not in the Beaufort Gyre of the Arctic Ocean.
No ice islands were detected during a brief scan of the acquired ERS-1 SAR imagery of the high-

latitude Arctic Ocean; however, the search was not complete.

Another potential use of SAR satellite imagery is to check on the existing ice shelves of Ellesmere
Island on a periodic basis (once a year or so) to determine if a "shelf breakout" has occurred since

shelf disintegration is the primary source of ice islands in the Arctic Ocean. Currently, Dr. Jeffries
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is performing such an assessment of the Ellesmere ice shelves as part of his ongoing research

project.

An example of a Full-Res SAR image of some of the Ellesmere Island ice shelves is shown in
Figure 4 (Image ID 23867), acquired on March 17, 1992. "North" is to the lower right where the
multiyear pack ice of the Arctic Ocean can be seen as it slowly moves to the west past the island.
The Milne Ice Shelf, showing two major cracks, is the most prominent ice shelf shown in this
SAR image, located near the upper right-hand edge of Figure 4. Just east (below) of the Milne
Ice Shelf is the smaller Ayles Ice Shelf, also displaying several cracks. The largest ice shelf on
Ellesmere Island, the Ward Hunt Ice Shelf, is located outside of the image just below the lower
edge of Figure 4. In fact, the western end of the Ward Hunt Ice Shelf (including the "milky"
colored Cape Discovery Ice Rise) can be seen at the bottom of the image. The "white" fiord
running across the bottom third of the image is the McClintock Inlet, which also had a large ice
shelf at its mouth. However, the McClintock Ice Shelf virtually disintegrated between 1962 and
1966, producing a significant increase in the ice island population and accounted for many of the
ice island sightings along the Alaskan Beaufort Sea coast in the late 1960's and throughout the

1970's.
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- Shear Zone Rubble and First-Year Floebergs

 The shear zone can be located and the extent of grounded ice rubble can be determined from SAR
melme imagery acquired in the winter. First-year floebergs, generated in the shear zone during
he winter, can become potential hazards to drilling operations during the summer (Beaudril 1992
‘ Lmted, 1993). As an example, a sequence of seven images acquired from March through May

21992 and during August 1992 was used to located floeberg sources and track a vast floeberg,
wlnch grounded north of the Kuvlum drill site during summer drilling.

‘ 'Ehedeep-water floeberg source is shown on the Full-Res SAR Image ID 35134, acquired on
: May (4, 1992 (Figure 5) as a narrow band of gray-to-white ice, indicating heavily deformed first-
. year :ce The vast floeberg AB is shown still embedded as part of the recently formed shear zone.
: Another Low-Res SAR Image ID 24420, acquired on August 31, 1992 (Figure 6), shows the

Iocatxon of the same Floeberg A'B', approximately 3 miles north of the Kuvium drill site. The

| K’ulhdz can be seen as a tiny, white dot on the SAR imagery in Figure 6. Floeberg AB moved a

total of 53 miles to the east-southeast from its place of origin north of Prudhoe Bay to the
k ‘ Kuvlnm site.

letter report was submitted to ARCO on July 1, 1993, containing a detailed discussion of: 1)
the étbﬁns in April 1992 that created the deep-water floeberg source, 2) a historical perspective of
g the tate winter of 1992, and 3) the identification and movement of Floeberg AB. This letter
i 'f;'»repart is reproduced in the Appendix to provide a more complete understanding of the formation

. of ﬁoebergs and their potential hazard to summer drilling operations.
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5. SUMMARY AND RECOMMENDATIONS

, ‘I‘he objective of this study was to evaluate SAR satellite imagery as a data source for developing

destgn and operational ice criteria at the Kuvlum Prospect. Results of the evaluation can be

mmmanzed in the following list of positive and negative comments:

l SAR satellite imagery provides a valuable data source, as a supplement to the existing aircraft

e SAR data base collected in the early 1980's, for developing both multiyear ice fraction and

multiyear floe diameter distributions as input parameters to design criteria for offshore

structures.

2 SAR satellite imagery can be used to identify, locate, and track any ice islands currently
o rotating within the Beaufort Gyre and to determine if new ice islands have calved from the ice

~shelves of Ellesmere Island.

3. SAR satellite imagery acquired in the winter can be used to locate the shear zone and

- determine the extent of grounded ice rubble in order to assess the potential hazard to summer

- drilling operations from floebergs generated in the shear zone.

Nég‘atives:

1. ERS-1 SAR satellite imagery cannot be used in the summer to locate the ice edge, determine

~the ice concentration, or identify specific ice types (e.g., multiyear or first-year ice features)

- because open-water backscatter, due to surface roughness from wind-generated waves,

 frequently masks out the ice signature.

2.. Multiyear floe size analysis using SAR satellite imagery processed at a scale of 1:500,000
results in a truncated distribution that does not contain any floes smaller than 300 meters.
This shortcoming requires that the SAR satellite data be merged with other existing data bases

- before appropriate design criteria can be developed.
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The ice motion tracker built into the Alaskan SAR Facility geophysical processor is very
limited since movement is recorded over a period of 3 days or more, resulting in an ice
velocity equivalent to the nominal pack ice drift, which is not very useful for developing

design ice movement criteria for offshore structures.

The ice type classifier built into the Alaskan SAR Facility geophysical processor cannot be
utilized for the region around the Kuvlum Prospect since it is restricted to process imagery
acquired in the pack ice north of 73°N. The classifier cannot distinguish between multiyear
floes and highly deformed first-year ice due to a similarity in the backscatter characteristics of

these two ice types.

In addition to the evaluation summary, it is recommended that the following analyses be

performed using SAR satellite imagery to develop design criteria for offshore production facilities

at the Kuvlum Prospect:

1.

N

A number of existing data bases (including several years of airborne SAR imagery and aerial
photography) should be combined with SAR satellite imagery and analyzed to develop
multiyear ice feature statistics as input to compute ice encounter frequencies and design ice

loading for offshore production structures.

Ice island information should be developed from the archives at the Alaskan SAR Facility and
combined with other available data to obtain a set of ice island statistics, including an estimate
of the overall population, movement, and diameter. These resulting statistics should be
inserted into a long-term forecasting model for predicting the encounter frequency of an

offshore platform or a subsea pipeline in the Camden Bay region with an ice island.
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APPENDIX

ADDENDUM TO ARCO'S FLOEBERG STUDY
BASED ON ANALYSIS OF 1992 SAR SATELLITE IMAGERY

Introduction. The scope of work for the SAR Satellite Imagery Project was expanded to include
mid-to-late winter and summer 1992 coverage of the nearshore Beaufort Sea from Prudhoe Bay
to Camden Bay. The objective of this expanded effort is to determine the possible source of
yebergs that were a hazard to drilling at the Kuvlum site during the 1992 summer season. A
- sequence of seven SAR satellite images was obtained for March-May 1992 (March 12, April 15,
- April 23, and May 4) and August 1992 (August 1, August 14, and August 31). The ice
- conditions were compared from image to image to locate and track identifiable ice features,
: imiudmg floebergs. Since most floeberg sources are created during shearing ice motion produced

- by windy conditions, the late-winter 1992 storms most likely to have developed the hazardous

. .ﬂoebergs are identified and used to determine if similar storm events occurred during the past two

. Deep-Water Floeberg Source. By March 12, 1992, the typical nearshore shear zone was not
- very apparent, but there was a distinct zone of shearing between 70°-50" and 71°N, at 148°W, and

" between 70°-30' and 70°-40'N, at 146°W (see Figure A-1). The lack of grounded ice in the 60-

~ foot water depth made the ice relatively unstable and susceptible to movement, especially during a
o westerly storm. Between two consecutive SAR images acquired on March 12 and April 15,
. almost the entire ice cover offshore of the barrier islands between Cross 1. and Flaxman 1. moved
- about 7 nautical miles to the east- southeast. It is very likely that most of this movement occurred
a8 a result of two relatively short duration, westerly storms on April 5-6 and April 11-12. The

? ﬁrst storm was more intense with sustained winds of 25-30 knots, gusting to 35-40 knots. The

~second storm had sustained winds of only 15-20 knots.

i ‘Both of these westerly storms loosened the ice cover and produced an open-water lead just south
 of the existing zone of shearing. This lack of confinement created the conditions for extensive

_shear rubble formation during an easterly storm wind, if such a wind occurred within 1-2 weeks
: aﬁa‘ the westerly storm. A sustained, intense east-northeasterly wind began at midday on April
15 and continued for the next 60 hours. The April 15-18 easterly storm generated sustained
. winds of 25-30 knots with gusts to 45 knots.

A SAR image acquired on May 4 (Figure S in the main body of the report) depicts a 1-2 mile
. 'wide zone of heavily deformed shear rubble (shown as a shaded area on Figure A-1), running in a
~ WNW-ESE direction parallel to the barrier island chain between 146° and 149°W about 15-18

- nautical miles offshore. In addition, a 2-3 mile wide shear zone east of Barter Island appears on a
' SAR image acquired on April 23. Itis also shown on Figure A-1 as a shaded area.

o The shear rubble that formed during the easterly storm on April 15-18 was partially grounded or
floating in water depths of 90-100 feet west of Cross Island and 115-120 feet north and east of

S Cros Island. The offshore boundary of the shear zone east of Barter Island was located in water
- depths of 110-120 feet.

A-1




Using several ice features that were positively identified on each of the two consecutive SAR
images acquired on April 15 and May 4, an ice movement of 43 NM was measured for the pack
ice offshore of the newly-formed shear zone, but the ice remained relatively landfast for a distance
of 8-10 nautical miles offshore of the barrier islands. The ice motion during the April 15-18 storm
was undoubtedly greater than 43 NM since a moderate (15-20 knot) westerly wind blew steadily
from April 29 through May 4. These westerly winds would have moved the ice back to the east
some distance, even though the ice motion would have been minimized by the westward transport
of the Beaufort Gyre.

The bottom line is that a deep-water source of potential floebergs formed to the west of the
Kuvlum site during an unusual late-winter 1992 storm sequence (first a westerly to reduce
confinement of the ice cover, followed by an easterly to create the shear rubble).

Floeberg Identification and Movement. On August 31, 1992, a SAR satellite image (Figure 6 in
the main body of the report) clearly shows the Kulluk on location at the Kuvlum site with two
vast floebergs about 3 miles north of the site (shown on Figure A-1). One of the floebergs
(marked B'-A' on Figure A-1) was approximately 6 miles long and 0.7 mile wide. This floeberg
was also found on SAR images acquired on August 1 and August 14 and its position plotted on
Figure A-1. The August 1 SAR image shows that the shear zone was breaking up east of 147°W,
but the identified floeberg (marked A-B on Figure A-1) remained embedded in its original position
within the shear zone, 15 NM north of Cross Island. Even though most of the ice cover had
broken up by August 1, Floeberg A-B was in the same position as shown in the SAR image on

May 4 (Figure 5).

Since Floeberg A-B remained landfast north of Cross Island for 34 months (mid-April to early
August), it may have been partially grounded or confined within a partially grounded shear zone,
located in 115'-120' of water. After the ice surrounding the floeberg broke up in late July,
westerly winds during early August 1992 drove Floeberg A-B to the southeast along the 120-
foot isobath (see August 14 position of Floeberg A"-B" on Figure A-1). The floeberg continued
its southeasterly trek toward the Kuvlum site during westerly winds in mid-August. Floeberg
A~B moved a total of 53 nautical miles to the ESE (from its origin north of Cross Island to the
Kuvlum site). Due to its deep-water origin in about 120 feet of water, either Floeberg A-B or a
similar floeberg from the same zone of shearing could have run aground in the vicinity of the
Kuvlum site (105-foot water depth) while creating a 10'-15' deep gouge (recorded by an ROV).

Historical Perspective of 1992. The formation of floating shear rubble in deep water by a
sequence of intense westerly and easterly storm winds during late winter is an unusual event.
Meteorological observations acquired at Barrow for March and April from 1970 through 1991
were investigated to determine the return period for the storm events that occurred in April 1992.
The criteria for storm sequence selection were: (1) westerly storm followed within 10 days by an
easterly storm, (2) wind speeds > 22 knots for > 24 hours from the west and for > 48 hours from
the east, and (3) easterly wind direction in the range of 050°-070°.
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_ No other westerly-easterly storm sequence that met the above criteria was found in the 22-year
ta base. This indicates that the return period was > 25 years for the set of April 1992 storm
Typical wind conditions during late winter are easterly winds up to 12-18 knots,
d occasionally by brief (< 24 hours), intense (18-25 knots) westerly storms.

ere several individual storm events that met the criteria, but the wind reversal was
As examples, strong easterly winds blew on April 3-5, 1983, and on April 12-15, 1971,
was no westerly storm that preceded either of the easterly events.

merous wind reversals from west to east occurred (e.g., April 1986), but the sustained wind
eeds were lower and the duration was shorter than the criteria presented above. For example, a
westerly occurred on April 6-7, 1989, followed by a 15-20 knot easterly wind on April
-1 bat the westerly attained 20 knots for only 12 hours and the easterly exceeded 20 knots for

"’*‘cover followed by an easterly to create the shear rubble). Based on 23 years (1970-
I )2} of meteorological records at Barrow, the set of April 1992 storm events had a return period
S :cf Zsyw*sor more.

Ly A sequence of seven SAR satellite images acquired from March through May 1992 and during
- August 1992 was used to locate floeberg sources and track a vast floeberg (approximately 6 miles
- Eang #nd 0.7 mile wide) which grounded north of the Kuvium site during drilling. The identified
. ,ﬁoeberg was originally part of a deep-water shear zone that developed in 115-120 feet of water,
N ’15 naxmcal miles north of Cross Island, during a ENE storm on April 15-18, 1992.

 The ﬂoeberg remained landfast north of Cross Island for 3'2 months. After break-up of the ice

;/:*~‘,surromdmg the floeberg, westerly winds during the first haif of August 1992 drove the floeberg
- into the vicinity of the Kuvlum drill site. The floeberg moved a total of 53 nautical miles to the
= 'ESE (from its origin north of Cross Island to the Kuvium site).

- }f iDue %b its deep-water origin in about 120 feet of water, it is possible that such a floeberg ran

: Wd in the vicinity of the Kuvlum site (105-foot water depth) and produced the 10'-15' deep
- gouge documented by an ROV.
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ARCO Alaska Floeberg Study
May 1993
Summary

Beaudril, Ltd was contracted to coordinate a study of large ice features
present in the Camden Bay area Numerous experts were employed to
provide their particular area of expertise. The cover and executive
summary are provided in the following section. The full report was
provided at the July 21, 1993 Kuvium Predecision Studies Engineering
meeting.

r
r
r-
r
r
r
r
r
r
r
r
r
I
I
I
]
[
]

A10.16

s i



Arco Alaska Floeberg Study

B. Wright & Associates Ltd.
Canatec Consultants Ltd.
K. Vaudrey & Associates Ltd.
B. Dixit
Beaudril (1992) Ltd.

May 1993




1"

Table of Contents

r Contents i
’ List of Figures iv
r List of Tables vii
Executive Summary 1-1

r 1.0 Purpose 2-1
r 2.0 Introduction 2-1
r 3.0 Background 3-1
r 4.0 Objectives 4-1
r 5.0 Methodology 5-1
r 6.0 Ice Conditions Overview 6-1
6.1 General 6~1

r 6.2 Ice Zonation 6-2
6.3 Winter Conditiomns 6-4

F 6.4 Summer Conditions 6~13
r 7.0 Floeberg Overview 7-1
r 7.1 General - 7-1
' 7.2 Past Observations 7=-5
r 8.0 Floeberg Assessment 8-1
F 8.1 Data Base 8-1
F ;




|
8.1.1 Information Identification 8-1 I
8.1.2 Data Types 8-2 S
1
8.2 Dpata Analysis 8-14
8.2.1 General 8-14 l
8.2.2 Winter Floeberg Sources 8-15
8.2.3 Summer Floeberg Occurrence 8-16 '
8.3 The Origin of Floebergs 8-21
8.3.1 Ice Morphology and the Origin of l
Floebergs 8-21
8.3.2 Parameters Affecting Floeberg Numbers 8-24 l
8.4 Interpretation and Processes 8-26 l
8.4.1 Can We Compare Floeberg Counts from
Different Sources? 8-26 l
8.4.2 Comparison of Grounded Rubble Aréas and
Floebergs 8-32
8.4.3 Annual Behaviour of Ice and Floebergs 8-34
8.4.4 Effect of Winds 8~-35
8.4.5 Is Kuvlum in a "Floeberg Alley"? 8-35
8.4.6 Was 1992 a "Bad" Year? 8-45
8.4.7 Floeberg Size Distribution 8-48
8.4.8 Are Floebergs Indicated in the AES Ice
Maps? 8-50

8.4.9 1Is there a Relationship Between
Floebergs and Ice
Concentration? 8-55

Floeberg Implications on Floating Drilling &
~Production 9-1

9.1 General 9-1

9.2 Implications on Floating Drilling Systems 9-3
9.3 Downtime Due to Floebergs 9-7

ii




9.5

Combined Ice Downtime
9.4.1 Kulluk

9.4.2 Drillships
Implications on Production

10.0 Floeberg Prediction

10.1

10.2

Appendix
Appendix
Appendix
Appendix
Appendix

Mmoo wy

Long Term Prediction
Practical Prediction

Environmental Alert Procedures
Ice Management Overview

Year by Year Floebérg Summaries
Ice Chart Interpretations
Floeberg Counting Circles

9-15
9-15
9-30
9-37

10-1

10-1
10-5

iii



it of Figures

2.1
3.1
3.2
3.3
3.4
3.5

Floebergs at Ruvlium in 1992

Ice Management of Flobergs at Kuvlium
Artificial Islamds in the Beaufort Sea
Beaufort Sea Caisson Islands

Drillship in the Beaufort Sea

Rulluk in the Beaufort Sea

Floebergs at Kuvlum

Large Floebergs at Kuvlum in 1992

Floeberg Clusters at Kuvlum

Floeberg Management at Kuvlum

Study Methodology

Large Floebergs at Kuvlium in 1992

Location Map

Winter Ice Zonation in the Beaufort Sea
Pressure Ridging at the Landfast Ice Edge
Pressure and Shear Ridging

Ridge and Rubble Fields at the Fast Ice Edge
Winter Seasonal Pack Ice

Polar Pack Ice Edge During Break-up
Multi-year Ice Floes and Ridges

Extreme First Year Pressure Ridge

Shear Ridge Fields at the Fast Ice Edge
July NOAA Image of Break-up Conditions
Summer Ice Intrusion

Extreme Floebergs at Kuvlum in 1992
Floebergs at Kuvlum in 1992

Multi-year Hummock Field in the Beaufort Sea
Grounded Shear Ridge Complex off Oliktok
1975 SLAR Image Showing Grounded Ridge Field
Cross Section of Grounded Shear Ridge Field
Floebergs at Pitsiulak in 1983

3-3

6-10
6-11
6-12
6-14
6-15
6-17
6-18

6-20

7-3
7-4
7-6
7-9
7-10
7-12

iv

!
G .-




‘2;1 ™ T Ty OTDYOTDYSOT™ *?z.'”“'l -

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

7.7
8.1
8.2
8.3
8.4
8.5
8.6a
8.6b
8.6¢c
8.6d
8.7
8.8
8.9%a
8.9b
8.9¢c
8.9d4
8.9e
8.9f
8.9g
8.10a
8.10b
8.11
8.12a
8.12b
8.12¢
8.13
9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9

Cross Section of Floebergs from 1983
Example of SAR Imagery

Example of Landsat Imagery

Example of NOAA-AVHRR Imagery

Example of AES Ice Chart

Example of Floeberg Counting Procedure
Floeberg Count Comparison -~ Belcher, 1988
Floeberg Count Comparison - Belcher, 1989
Floeberg Count Comparison ~ Kuvlum, 1992
Floeberg Count Comparison -~ Kuvlium, 1992
Winter Ridge Areas versus Floeberg Counts
Location Map

Floeberg Densities 1973-74

Floeberg Densities 1975-76

Floeberg Densities 1977-79

Floeberg Densities 1980-81

Floeberg Densities 1984-85

Floeberg Densities 1986-88

Floeberg Densities 1989

Floeberg Counts by Year

Floeberg Counts by Year

Floeberg Size Distribution

SAR/AES Comparison

SAR/AES Comparison

SAR/AES Comparison

Ice Concentration versus Floeberg Density
Floeberg Density versus Downtime, 1992
Ice Concentration versus Downtime, 1992
Floeberg Encounter Return Period by Year
Operating Season Assessment Methodology
Kulluk Operating Season Profile

Kulluk Operating Season Probabilities
Kulluk Operating Day Probabilities
Drillship Operating Season Profile
Drillship Operating Season Probabilities




Figure 9.10 Drillship Operating Day Probabilities 9-35

igure 10.1 Recommended Floeberg Prediction Approach 10-6




List of Tables

Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table

8.1
8.2
8.3
9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9

Floeberg Ice Information Data Base

Ice and Floeberg Data Summaries by Year
Floeberg Data Summary

Parametric Assessment of Floeberg Encounters
Average Floeberg Encounter Return Period
Characteristic Break-up Conditions
Characteristic Summer Conditions
Characteristic Freeze-up Conditions

Expected Kulluk Operating Days

Overall Kulluk Downtime for 100 Day Program
Expected Drillship Operating Days

Overall Drillship Downtime for 50 Day Program

8-58
8-64
8-75
9-11
9-11
9-17
9-18
9-19
9-26
9-29
9-36
9-36

vii




Introduction

-In this report, the term floeberg has been used to describe
large, rough ice features that are comprised of severe
~ridge and rubble field fragments, and have been observed
drifting in the Kuvlum area. Because of their size and
thickness, the presence of these floebergs represents a
concern to the efficiency of floating drilling operations
and, in the longer term, & design issue for bottom founded
production structures and pipelines. Large floebergs cannot
~be practically managed by the icebreakers that support
floating drilling vessels, and were the primary cause of
drilling downtime during 1992 Kulluk operations at Kuvlum.

~This study has been conducted to obtain a Dbetter

understanding of floeberg occurrences at Kuvlium, in light
of the problems experienced during the 1992 drilling
‘gseason. The objectives of the work were:

o to identify and review ice information relevant to
floeberg occurrences at Kuvlum

® to establish the source areas where floebergs
originate and determine <their expected summer
occurrence frequencies at Kuvlium

/
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) to assess the effect of expected floeberg populations
on the efficiency of floating drilling operations at
Kuvlum and highlight their implications on production
structures and seafloor facilities '

. to discuss possible approaches for predicting expected
floeberg conditions at Kuvlum prior to the summer
drilling season

Floeberg Data Base

In order to gain a better understanding of floeberg
populations at Kuvlum and to quantify their occurrence
frequencies, a large amount of historical ice information
was reviewed. This information included various forms of
satellite imagery, visual observations from winter and
summer field reconnaissance flights, recent airborne radar
imagery and historical ice charts. The information provided
intermittent observations over the 1973 to 1992 period,
which increased in terms of both quality and frequency of
coverage with time. Although the information spanning the
early 1970’s to early 1980’'s period was useful for some
aspects of the floeberg assessment work, airborne radar
imagery that was available from drilling operations
conducted over six of the past ten years provided the best
information source. This radar data, supplemented by direct
wellsite observations, was used almost exclusively for
detailed analyses of floeberg sizes and occurrence
frequencies.




Floeberg Assessment

The key results of the floeberg assessment work are
summarized as follows. o

most floebergs found in the wvicinity of Kuvlum
originate from grounded ridge formations located off
Barter Island and the Barrier Islands in winter

large floebergs (> 0.6nm) in length are quite common
in the Kuvlum area during the summer, with average
seasonal densities over the floating drilling season
varying between 0.8 and 3.4 large floebergs per 100nm®

Ruvlum is not in "floeberg alley" but can be affected
by a significant number of floebergs in any given year

the number of large and very large floebergs (> 0.6nm)
that are expected at Kuvlum and the surrounding area
is substantially less than smaller floebergs and rough
floes in the 0.15m to 0.6nm range

average seasonal densities for these smaller, more
manageable floebergs and rough floes range from 10 to
30 per 100nm® over the floating drilling season

the number of floebergs observed around Kuvlum
normally decreases over the course of the open water
season, with the highest densities occurring two to
three weeks after general ice break-up, and, during
ice intrusions from the north or northwest

there is a relationship between the number of
floebergs expected during the summer season and the
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areal extent of grounded ridge formations found in the
area during winter, with higher summer floeberg
densities associated with larger winter source areas

° most floebergs are formed from grounded ridge fields
in water depths between 40 and 80 feet, and as a
result, floeberg keels in excess of 100 feet that
could ground in the Kuvlum area are considered
uncommon

o there 1is no <clear correlation between observed
floeberg populations and regional summer ice
conditions shown in the historical ice charts and as
a result, the longer term ice chart data base cannot
be used to "extend" the floeberg information that has
been developed in this study

Floeberg Effects on Floating Drilling Operations

The effect of floebergs on the efficiency of £floating
drilling operations at Kuvlum was considered in terms of
downtime potential. In a practical sense, the key points to
note about the influence of floebergs on floating drilling
operations are as follows.

° floebergs in the large (>0.6nm) and very large
(>1.8nm) size categories are of primary concern in
terms of drilling downtime, since they are considered
largely unmanageable

) large floebergs are of equal consequence to the Kulluk
and drillship systems, but the Kulluk, with icebreaker




support, 1is much less susceptible to downtime from
smaller floebergs and other ice conditions

floebergs less than 0.6nm in size can often be managed
(given a reasonable level of icebreaker support) and
normally, are of less concern

however, smaller floebergs moving at high speeds,
associated with high ice concentrations or occurring
in poor visibility, can result in some downtime

floebergs with keels in the order of 100 feet in depth
are rare, with grounding occurrences like the one
experienced at Kuvlum in 1992 (which resulted in the
longest downtime episode) considered as very
infrequent

floeberg encounters leading to drilling disruptions
will be episodic, in the sense of occurring quite
sporadically in time

encounters with large floebergs can be expected every
one to two weeks in August of most years, and tend to
decrease thereafter, except during ice intrusionms

1992 was characterized by persistently high and
uniform floeberg densities throughout the operating
season, and in this regard was different in comparison
to most other years

in years with normal floeberg densities at Kuvlum, an
average encounter return period of 25 days should be
expected for large floebergs, and about 8 days of
downtime assigned to either the Kulluk or a drillship
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as the result of large floeberg encounters assuming a
100 day drilling season

° in years with high floeberg populations, encounter
return periods of about 10 days should be expected for
large floebergs, with as much as 20 days of potential
downtime estimated for a 100 day floating drilling
program.

Combined Jce Downtime

Floebergs will be an ongoing concern for floating drilling
operations in the Kuvlum area in terms of potential
downtime. However, floebergs are not the only source of
downtime. High ice concentrations, large rough floes moving
at high speeds and multi-year ice also represent
potentially hazardous ice situations for drillship and
Rulluk stationkeeping operations. In this study, a downtime
analysis was also carried out to assess the expected
interruption times associated with other adverse ice
conditions and the results used to estimate combined ice
downtimes for the Kulluk and drillship systems, as
highlighted below.

Rulluk

°® in a normal year, assuming a drilling season of 100
days, between 2 and 5 days of Rulluk downtime should
be assigned for drilling interruptions caused by
adverse ice conditions, other than large floebergs




in poor ice years and again, assuming 100 days of
planned Kulluk drilling operations, about 15 days of
downtime should be reasonably expected due to adverse
ice conditions, excluding large floebergs o

when the downtimes from floebergs and other adverse
ice conditions are reasonably combined, about 10 and
25 days of Kulluk downtime can be expected in normal
and poor years respectively, for a 100 day Kuvlum
drilling program

Prillship

in a normal year, assuming a drilling season of 50
days, between 10 and 15 days of drillship downtime
should be assigned for drilling interruptions caused
by adverse ice conditions, other than large floebergs

in poor ice vyears, drillship operations will be
inefficient, with about 25 days of downtime reasonably
expected due to adverse ice conditions, excluding
large floebergs, and essentially no operating time in
extremely bad years

when downtime from floebergs and other adverse ice
conditions are realistically combined, about 15 and 30
days of drillship downtime can be expected in normal
and poor years respectively, for a 50 day Kuvlum
drilling program
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Floeberg Implications on Production Systems

From the perspective of long term RKuvlium development, the
occurrence of large floebergs represents an obvious design
concern for production structures in terms of ice loads,
and subsea facilities in terms of ice scour. Since several
floeberg encounters can be expected over the course of a
seasonal drilling operation at Kuvlum, there is no question
that large floebergs will be experienced at and around this
location many times during a 20 to 25 year production time
frame. Because of their size, thickness and, with ongoing
consolidation, their overall strength, the potential
effects of floebergs will be one of the key ice design
issues to address. However, the effects of other extreme
features such as heavily ridged multi-year ice floes are
also significant design concerns and will require equal
attention. Some implications of floebergs on the design of
production systems for Kuvlum are briefly highlighted as
follows.

Production Structures

° production structures will have to be designed to
sustain the ice loads resulting from summer and winter
interactions with large floebergs, as well as those
from multi-year floes and potentially, small ice
island fragments

° the global ice loads associated with floebergs will
probably be of the same order as those from other
extreme ice features, because of their size, thickness
and overall strength




although floebergs originate as first year ice
features, ' their persistence over time should be
recognized in long term Kuvlum design work, with
populations of second and multi-year "floebergs" also
being important to define ‘

in terms of production structure concepts, designs
that can "filter out" extremely thick and large ice
features such as floebergs, by dissipating their
kinetic energy over relatively long distances and
enhancing the 1likelihood of large scale vertical
fragmentation seem desirable (eg: structures with wide
protective berms and/or grounded ice rubble)

for large thick floeberg features, there appears to be
little benefit to significantly sloped structures,

since flexural failure forces will not be any less
than ice crushing forces, for the ice thickness ranges
anticipated

a very preliminary "data base" on floebergs has been
developed in this study but systematic, longer term
work that 1is focussed on floebergs and other ice
parameters of importance will be required to support
future production structure design work for Kuvlum

-Seafloor Facilities

the grounding of floebergs with deep keels and the
related potential for seafloor scouring (or gouging)
represents a concern for the design of any subsea
facilities and pipelines associated with Kuvium

development




° the seafloor is known to be heavily scoured around and
shoreward - of Kuvlum but the relative scouring
contributions from deep floebergs and other thick ice
forms is not understood o

o the implications of floebergs and other deep keel ice
features will have to be addressed in the context of
the overall scour problem since the scour issue is an
extremely important design consideration for seafloor
facilities

Floeberqg Prediction

In order to better plan and schedule floating drilling
operations in the Kuvlum area, a predictive capability for
forecasting seasonal ice conditions, including floebergs,
well in advance of drilling would be an obvious benefit.
Some techniques for the long term prediction of summer ice
conditions along the Alaskan Coast have been developed, but
their results have shown little "skill" in forecast terms.
In addition to being of questionable reliability, these
long term outlooks are coarse in terms of their spatial and
temporal resolution, and practically, of limited value for
drilling season considerations. At present, long term
predictions of Ggeneralized seasonal ice conditions
represent an art rather than a science, and attempts to
predict ice cover details such as floeberg occurrences are
not even attempted.

In terms of general ice clearance, the best approach is to
review the long term forecasts that are issued by the Joint
Ice Centre and AES and "be aware" of the resultant season
predictions. However, regardless of the forecast, the
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~drilling system should be capable of accomplishing the
.drilling program objectives within a reasonable range of
jpexpected ice conditions wvariability. In addition, the
-drilling operation should be sufficiently flexible to
quickly react to changes in observed ice conditions in
terms of mobilization.

‘Direct and ongoing monitoring of regional ice conditioms
~around Kuvlum is very important to practically assess the
. manner in which the operating season is developing,
including the likely presence of floebergs and other ice
features considered hazardous to operations. From the
standpoint of floeberg occurrences at Kuvlum, predictions
are very difficult. Here, the best approach is to monitor
winter floeberg source areas and the drifting floebergs
.that calve from them, and strategically respond to
_potential floeberg encounters, if and when they enter the
Kuvlum operating area. A practical "prediction strategy"” is
recommended in this report that acknowledges the

.difficulties associated with floeberg prediction and
-provides a stepwise scheme to monitor probable levels of

floeberg occurrence prior to and during Kuvlum drilling
~operations. This approach includes:

. the use of sequential satellite imagery to assess the
extent of winter floeberg source areas, monitor the
development of summer floeberg populations, and
maintain a regional floeberg inventory over the course
of the Kuvlum operating season

° the development and implementation of a strategic
monitoring program for large floebergs or groups of
floebergs, using ice movement buoys and visual
reconnaissance, carried out on an incremental basis

7
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within the scope of the Kuvlum environmental and whale

monitoring programs

This regional observation and monitoring approach can be
used as a basis for practical floeberg occurrence
predictions at Kuvlum. In addition, specific floeberg
observations obtained from this type of program would be
very useful in confirming and extending the information
developed in this study, and would also begin to improve
the floeberg data base that will be required for various
production considerations in the longer term.
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EXECUTIVE SUMMARY

This report is a compilation of four intermediate reports on a study of long range forecasting of
sea ice breakup for the well site "Kuvium" which is located in Camden Bay on the Beaufort Sea.
The site is west of Barter Island, Alaska.

- For the purposes of this study "breakup" was defined as when the sea ice at the location of the
well site "Kuvlum" reached five-tenths concentration or less. At this stage of ice deterioration
it was felt that drilling operations could commence at the well site.

Forecasts for the initial date when ice concentration at the Kuvlum site would be 5/10ths or less
were issued on the first day of April, May and June:

April 1st Forecast.-- After studying the dynamic influences of the atmosphere, the
preliminary long-term forecast showed an opportunity to begin working in
Camden Bay in the fourth week of July 1993. It was noted that it might be
possible to carry out an activity plan in 1993 that is close to the upper limits.

May 1st Forecast.-- The second report continued the study of dynamic influences
and also studied thermal influences on breakup. This report concluded that
breakup would occur 3 to 4 days earlier than that indicated in the preliminary
report. '

June Ist Forecast.-- In the report issued the first of June, after allowing for
conditions which had occurred in April and May, and the study of the effects of
multi-year ice, the forecast for breakup was moved forward to 10-17 July.

Ice concentration around the Kuvlum site became less than 5/10ths in the middle of June.
However, that decrease of concentration was not stable and during most of the first half of July
the ice concentration in the vicinity of the site was more than 5/10ths and became less only on
the 14th of July. The early opening in the vicinity of the Kuvlum site this year was caused by
an open water zone intruding from the east.

The actual beginning of breakup, characterized by retreat of the compacted ice cover from the
larger part of the Alaska coast, occurred between July 7th and 17th (see Figures 1 and 2).

The initial distribution of open water (or ice cover concentration) to the east from the region
. under study is an additional factor influencing breakup processes in the vicinity of site that will
require further study.
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1.0 INTRODUCTION

Long-range forecasting of ice cover presents one of the most difficult problems in studying polar
sea ice. Current methods are based on different principles and quite obviously there is no
general agreement on the best approach.

The factors determining ice cover evolution are as follows: dynamic influences, thermal
influences, and ice distribution features. A procedure to forecast breakup was developed
simultaneously with an investigation of features determining long-range interrelationships in the
atmosphere-sea ice system. The large amount of data necessary for the forecast required
significant effort to extract the necessary data from the database, to transform them into the
proper grid format, and to correct the numerous mistakes contained in the gridded ice data.

A large number of hydrometeorological data for the last two decades were received, analyzed,
converted to the necessary format and used in this research. That database includes daily
pressure fields for a greater part of the northern hemisphere, air temperature, weekly values of
total and partial ice concentration for a dense grid in the Arctic Ocean, and other
hydrometeorological characteristics.

During work on the methodology to forecast breakup in the vicinity of Camden Bay, several
different processes which affect the evolution of ice cover were studied and statistical
relationships between them and breakup were revealed. The relationships were carefully
investigated both quantitatively and qualitatively.

The adaptation of a numerical model to the regional conditions of the Beaufort Sea was carried
out simultaneously while preparing the necessary hydrometeorological data and optimal approach
for using weather observations and satellite imagery.

2.0 GENERAL APPROACH
2.1 SCALES OF STUDY

The task of predicting ice cover redistribution is made difficult by the many hydrometeorological
factors influencing the ice cover condition. Quite different temporal and spatial scales are
characteristic of these processes and not all of the processes can be predicted. Therefore we
need to group the processes according to their scales and then to study their influence upon ice
cover redistribution. Moreover statistical relationships should be explainable by the influence
of corresponding physical processes. Therefore, statistical methods are used only if their results
can be explained by physical processes and are then called Physical Statistical Methods.

The long-range character of the prediction clearly defines the corresponding temporal scale. It
is the scale of seasonal changes. Using such scales leads to a peculiarity of long-range
forecasting. Such forecasts can take into account only the long-term tendencies of ice cover




evolution. In this case short variations of ice condition are viewed only as an oscillation around
-the main seasonal changes.

A more difficult task is to choose spatial scales. Ice evolution features of different scales are
~described by different approaches. Small scale features are taken into account by the
thermodynamic model, whereas coarse behavior of the ice cover is .2 task of statistical study.

2.2 REGION OF STUDY

The main goal is a long term ice forecast for Camden Bay. The ice conditions in this region
are determined by the influence of the southern periphery of the great anticyclonic circulation
- of the Arctic Ocean ice cover.

Thus the region of study is bounded on the south by the coast of the continent and on the north
by the northernmost possible position of the desirable ice concentration isoline. In years with
very light ice conditions, the position of the five tenths isoline reaches latitude 75°N, due north
of Camden Bay. Therefore, this latitude was chosen as the northern boundary of the area under
study. The east - west boundaries of the area under study are of secondary importance and it
was decided to use a comparable dimension longitudinally. As a result the region was limited
by longitudes 140° W to 150° W, with the site approximately between them. This region is
called the original study area.

Later it was determined that the distribution of ice along the route from Summers Harbor to
Camden Bay was also of interest. Therefore, the area of study was expanded to the east to the
coast of Banks Island. The expanded area not only takes into account the travel route of the drill
rig but also includes the distribution of ice cover upstream of the predominant ice motion.

Determining the air pressure field study area was much easier. All observations of air pressure
in the region to the north of 40° latitude were taken into consideration.

2.3  DATA SQURCES

The main ice concentration data were obtained for the period 1972-1990 in a gridded digital
format from the National Snow and Ice Data Center (NSIDC) in Boulder, Colorado. Northern
hemisphere digital satellite data, passive microwave SSMI and SMMR, for the period 1978-1989
were also used. The data from NSIDC contained errors and a great deal of effort was devoted
to the analysis of ice distribution maps from that source. Ice maps for the period after 1990
were obtained from the Environment and Natural Resources Institute, UAA and NSIDC.

The distribution of total ice concentration was investigated for a period of almost 20 years.
Investigation was carried out for a region limited by the Arctic coast of Alaska and Canada,
150° W, 75° N, and 122° W. The ice data base consists of total concentration for a grid, all
points of which are separated by .25 degrees of latitude and .5 degrees of longitude.
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Historical data for atmospheric pressure were obtained from the National Center For
Atmospheric Research (NCAR), Boulder, Colorado and from the Polar Science Center,
University of Washington. This gridded data covers the entire period of record 1946-1992 for
the northern hemisphere. Pressure data for recent months were obtained from the Climate
Analysis Center, an arm of the National Meteorological Center.

24 P ING A ANALYSIS OF DATA

During the study probability maps of concentrations equal to or greater than five-tenths were
produced. These probabilities were evaluated for every week of June, July, and August. For
the same weeks the mean position of the five-tenths isoline and mean square root deviation for
every half degree of longitude were evaluated.

The area covered by ice concentration with five-tenths or more was taken into consideration
along with the position of this isoline. Summer changes in ice concentration in the vicinity of
the site for the years of record were divided into three groups of heavy, mean and light ice
condition. Then the differences in influencing factors for these groups of years were considered.

To reveal informative features of these influencing factors, causes of anomalous ice cover
formation were studied. The relationship between long-range changes in influencing factors and
the ice cover state is weak and therefore difficult to analyze. Thus it is very important to
identify true interrelations and separate out variables with chance correlation.

3.0 DYNAMIC INFLUENCES

3.1 LARGE SCALE TRANSPORT

Mean monthly pressure fields were used to characterize large scale transport. Actual pressure
data as well as normalized pressure were used for investigation. The procedure to get
normalized data was as follows: calculate mean multi-year pressure fields for every month;
compute mean square root deviation for every month for 20 years; and determine a pressure
deviation normalized about the mean square root deviation value for the corresponding month.

The differences in pressure fields for typical groups of years were plotted on a map and were
analyzed. Itis important to note that these are not pressure field characteristics, but are pressure
field anomalies.

The general conclusions which are characteristic of the evolution of air pressure fields from July
to June during years preceding summers with light ice conditions in the vicinity of the site are
as follows:



a. Cyclonic circulation over adjoining parts of the Arctic Ocean during the
previous July-August, evidently anticyclonic during January-June, and a
~ transitional period in September-December with small vorticity.

b. The outflow of ice cover in July-August, movement along the coast to the west
in October-April, and again obvious outflow in May-June.

The next step of research was to investigate the relationship between the breakup of ice cover
in the region under study and the monthly features of atmospheric circulation developed during
the previous year. Two different spatial scales of atmospheric circulation characteristics were
considered: local geostrophic wind at the site and the difference between pressure in the local
center of air pressure anomalies. The influence of geostrophic wind in the vicinity of the site
is negligible for all months. For studying seasonal changes in the ice cover redistribution it is
better to take into account the general peculiarity of the circulation system determining processes
in the study region.

The most prominent contribution to the future development of ice cover breakup is made by a
larger feature of atmospheric circulation, the difference between pressure in the local centers of
air pressure anomalies. The differences between anomalies was chosen as the main influencing
factor.

Comparison of the interrelation between ice conditions during breakup and two types of pressure
gradients shows that there is little difference between using normalized pressure and actual
pressure in predicting ice conditions.

Monthly air pressure fields for each month of the year preceding breakup were further analyzed.
Four alternating zones of positive and negative air pressure deflection are characteristic of the
difference between monthly pressure for the two groups of years preceding light and heavy ice
conditions in summer.

In general for all 12 months analyzed (from July until June) the boundaries of these zones could
be most clearly defined for latitudes SO°N - 75°N. Also local extremes of air pressure
anomalies are usually found in that latitude belt. The average location of the boundary between
the pressure anomaly zone in the Pacific Ocean sector and the pressure anomaly zone over the
North American continent lies across the Beaufort Sea. An evaluation of the role of pressure
differences between the two local atmospheric anomaly centers, Pacific oceanic and North
American continental, was made.

Prior to a typical light ice summer, the high pressure anomaly over the North American
continent and the low pressure anomaly over the Pacific Ocean lead to a northward shift in the
pack ice along a boundary separating these two pressure anomaly zones, this in turn explains
light ice conditions in the Kuvlum vicinity.




3,2 VORTICITY OF AIR MOTION

The transfer of air masses described in the previous section deals with large scale motion in the
atmosphere. The average distance between adjoining local centers of air pressure anomalies is
approximately 4,000 - 5,000 km. This section is devoted to the research of air pressure field
features at the smaller synoptic scale.

There is a quasi-circular motion associated with the synoptic air formation of cyclones and
anticyclones. In the northern hemisphere air motion in an anticyclone is clockwise and in a
cyclone is counter-clockwise. Correspondingly the vorticity in an anticyclone is negative and
in a cyclone is positive. Vorticity is defined as the velocity of rotation.

The analysis shows vorticity to have a significant influence on summer breakup. This
investigation of vorticity covers the entire Pacific Ocean-American part of the Arctic Ocean.
The period of study was four months, from February through May, and daily data on vorticity
were used. The most informative scale of vorticity is a quasi-circular motion with a typical
radius of 1,000 km. This scale is characteristic not only of atmospheric cyclones and
anticyclones but also is characteristic of the anticyclone gyre of ice motion in the Pacific Ocean-
American region of the Arctic Ocean. The radius of the gyre is approximately equal to 1,000
km.

Since the main goal of our study was to investigate seasonal changes it was desirable to smooth
the data by averaging. A weekly scale was chosen for averaging. A thorough analysis of
vorticity changes has identified the best position for the center point from which to calculate
vorticity. This center point is situated inside the anticyclonic gyre of ice motion in the Arctic
Ocean.

Vorticity changes at this center point were calculated for three groups of years: 1) years
preceding light ice conditions; 2) years preceding heavy ice conditions; and 3) all other years.
There are large differences between the three groups considered. For each group of years there
are periods with anticyclonic conditions lasting more than one month. However, the duration
of the periods and their start time is quite different. Long stable periods of anticyclonic rotation
of the ice cover leads to the outflow of ice from the area adjoining the Kuvlum site and creates
light ice conditions during breakup.

The intensity of anticyclonic circulation also corresponds to the severity of the next summer’s
ice conditions. The mean value of Laplacian air pressure in April was finally chosen as the
index which describes the influence of vorticity on subsequent ice conditions.




4.0 THERMAL INFLUENCES

A primary thermal factor influencing sea ice cover evolution is air temperature. Air temperature
data were collected from four stations, Barrow, Barter Island, Inuvik, and Sachs Harbour.
These stations are separated by approximately equal distance and provide observations at
different points along the coast in the study area.

A quantitative and qualitative analysis of the relationship between the portion of the original
study area covered by 5/10ths or greater ice concentration in July and average monthly
temperature at these stations was made for each of the 12 preceding months. The results show
the relationship between ice conditions during breakup and prior air temperatures is usually
weak, but some systematic features are revealed.

First, the sign of the correlation is negative in more than 80% of all cases. This means that
increasing temperature during previous months resuits (statistically ) in lighter ice conditions the
next summer. The greater number of exceptions to this is at Sachs Harbour, far from Camden
Bay. An unexpected positive correlation was obtained only for April and May at the three other
meteorological stations.

It is important to note there are positive coefficients of correlation in April for all four stations
studied. This testifies to the unique role of April processes in the subsequent sea ice cover
evolution and particularly in breakup. A similar unique role for April was noted in analyzing
the influence of vorticity.

The statistical correlation of ice conditions during breakup with previous average monthly
temperatures is qualitatively similar for different months with the exception of the spring
months, April and May.

From theoretical investigations it is known that the timing of air temperature changes in winter
does not influence the final thickness of ice growth. Therefore temperature from several months
can be averaged. So three-month averages of temperature were made from July until March.
Conclusions for the averaged data are approximately the same as for monthly data. They are
as follows:

A. The most prominent relationship exists between ice conditions in the vicinity of the Kuvium
site and air temperature at Barrow, even though Barrow is situated farther from the site than
Barter Island. The greater the influence of the ocean on hydrometeorological conditions at a
station the better correlation between air temperature at the station and ice coverage. In the
_synoptic spatial scale Barrow is surrounded mostly by sea. Therefore air temperature at Barrow
is more informative for studying sea ice conditions than the other three stations.

B. The relationship between air temperature at Barrow and ice coverage the next summer is
strongest for temperatures from the previous July-October. There are large areas of open water
or new ice during this period. Air temperature determines the temperature of water as well as




the processes of melting and freezing. As a result the distribution of temperature and salinity
depends mainly on air temperature and influences following thermal and dynamic processes of
the ocean-ice cover system. In winter the influence of air temperature is less while the sea is
covered by ice and the surface temperature is rather uniform.

5.0 REDISTRIBUTION AND INFLUENCE OF OLD ICE

The duration of floating drill rig operations in the arctic seas is mainly determined by ice
conditions. Ice concentration is the main influencing factor as the effect of ice floes in a
compacted ice cover is integrated.

Usually the ice cover is a mixture of ice of different ages. The thicker the ice the greater the
danger for floating rig operations. Every year a large part of the ice cover in the Camden Bay
vicinity consists of second year ice and muiti-year ice. We use the term "old" ice for any type
of ice that has survived at least one summer’s meit.

The distribution of old ice is an index which characterizes the ice cover. As a rule, during
winter and spring months, thick first year ice or old ice adjoins the coast. Polynyas and zones
of young ice can be created along the coast and then disappear without influencing the
subsequent ice distribution in the vicinity of Camden Bay. Retreat of the ice cover is not an
unusual event. Often such atmospheric circulation causing ice pack retreat takes place in May.
The mean duration of such processes is one week.

Old ice is of interest not only as an ice distribution characteristic but also as a parameter to track
ice motion. Changes in the old ice boundary reflect a redistribution of ice cover due to motion.

Digitized data on ice distribution were used to study interannual and seasonal changes in old
ice coverage. The dataset contains information not only about total concentration but also about
partial concentration of ice in different stages of development.

An analysis of historical data of old ice distribution in the last week of March, April, May and
June was carried out. The intention was to explore the influence of the previous ice cover
condition upon the subsequent summer breakup.

The data on old ice concentration was extracted from the gridded sea ice database. A preliminary
analysis of the data confirmed that they are not reliable. Sometimes the stage of ice
development was undetermined or unknown. The latter cases were eliminated from
consideration. Moreover often the presence of old ice was noted but its concentration was not
determined. The large number of observations with unknown old ice concentrations precluded
the use of old ice concentration data.

Only the presence or absence of old ice was identified. Rather often large unexplainable changes
in old.ice coverage were detected. These changes are fictitious, the result of erroneous data.




Therefore only averaged data were used. Two different kinds of averaging were done: a)
averaging of the same month from different years; and b) averaging of different months from
every year.

The result of monthly averaging of the presence of multi-year ice gives the probability of old
ice of any concentration. The changes in ice concentration from month to month reflects mean
seasonal redistribution of old ice and corresponds to the mean monthly pressure field.

The northerly retreat of all old ice isolines far from the Beaufort Sea coast is typical for April.
It is explained by the west-northwest drift direction peculiar to the anticyclone over the adjoining
part of the Arctic Ocean with isobars oriented parallel to the northern coast of Alaska. On the
‘contrary in May the probability of old ice increases for all parts of the Beaufort Sea despite the
seemingly constant baric conditions. Anticyclone circulation similar to April is observed in May
over the Arctic Ocean, however the general system of winds is changing. There is a large
inflow of ice into the Beaufort Sea across the east side of its northern boundary. That inflow
of ice along the Canadian archipelago leads to an increase in the probability of old ice across
most of the Beaufort Sea and an advance of the old ice boundary toward the coastline.

Finally in June the historical mean ice motion in accordance with air pressure fields becomes
westward across the Beaufort Sea. It causes a northerly retreat of isolines and a decrease in old
ice probability for all parts of the Beaufort Sea with an exception, the region near the coast from
142°W westward to Pt. Barrow. This region with an increasing probability of old ice is a

narrow belt along the coast, approximately 60 miles wide. But that belt is situated in the vicinity
of interest, Camden Bay and areas to the north.

These changes in the probability of old ice can be explained. During May southward motion
of the ice cover usually forms a tongue of ice in the proximity of Mackenzie Bay. The location
of old ice in that region is the most southern in the Beaufort Sea. Later in June that tongue
moves to the west. And as a result, changes for the worse in ice conditions are typical in June
for the study area.

The next step in investigating the influence of old ice is to evaluate the relationship between old
ice distribution in the spring and the subsequent breakup. The accuracy of the old ice data is not
sufficient to describe a qualitative relationship. Therefore the study is limited to only a
quantitative description. The small number of years with reliable old ice concentration data was
segregated into three groups characterized by large, mean, and small amounts of old ice during
spring in the region under study. Then ice conditions during the summer breakup period were
compared with the previous coverage by old ice. The results are as follows. Large
concentrations of old ice in the spring can resuit in light, mean, and heavy ice conditions during
the next summer. Small amounts of old ice in the spring leads to various summer ice
conditions. Mean amounts of old ice also results in different breakup dates.

Such a conclusion is characteristic for seas where in spring zones of young and thin ice cover
are small or absent. For those seas dynamic ice redistribution processes are predominant in the
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formation of summer ice conditions whereas thermal processes and the initial state of ice cover
in spring are sccondary.

Thus one can make the conclusion that the location of old ice before breakup does not influence
processes during breakup. Obvious confirmation of this thesis is as follows. In spring and
summer of 1991 along the northern coast of Alaska there was a huge zone of first-year ice
approximately 120 miles wide. In 1992 a zone of predominantly old ice adjoined the coast.
But, the summer of 1991 was characterized by very heavy ice conditions whereas in the 1992
breakup began early and ice conditions were light.

6.0 STATISTICAL EVALUATION OF THE RELATIONSHIP BETWEEN SUMMER
BREAKUP AND PRECEDING PROCESSES

During the study three main factors determining processes of the subsequent breakup were
identified: large scale air transport during the 12 previous months; vorticity of geostrophic wind
in April; and temperature at Barrow averaged for every three months. The influence of each
of these factors has been analyzed separately.

It is not correct to assume that those factors are fully independent. In this case some difficulties
arise in the statistical analysis. There is no general approach to solve the problem and therefore
different variations were considered and the best one was chosen.

To exclude undesirable calculation errors peculiar to correlations with a large number of
determining factors, a generalized index characterizing the development of processes during
preceding years was constructed. The index presents the sum of influential factors, relatively
weighted, determining the contribution of each predictor to the intensity of the following
breakup. This index serves to evaluate the severity of the subsequent ice conditions during
breakup. Finally, these procedures have led to the opportunity to construct a quantitative
relationship between total ice concentration distribution and the development of processes during
previous year.

The task was as follows. There are 17 predictors: 12 informative pressure gradients, one for
every month of the year; 4 seasonal values of air temperature at Barrow; and vorticity of the
geostrophic wind over the Arctic Ocean in April. Each of them contributes to the development
of hydrometeorological conditions in the vicinity of the Kuvlum site. The contribution is
determined by the statistical relationship between every predictor and the area covered by total
concentration of 5/10ths or more in the region under study. All years with the necessary
datasets were taken into consideration.

First of all the hypothesis about the independence of the predictors was investigated. In this case
the anomaly of ice coverage is simply the sum of anomalies contributed by every predictor.
Calculations based on this approach yield resulting variability that is three times more than
observed.
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The conclusion is that the predictors considered are not independent and therefore their
contributions should be weighted. The weight ncecessary for computations depends upon the
mean square root deviation of every predictor, the coefficient of correlation, the coefficient of
regression for each predictor, and accuracy of the coefficient of regression. The desired
combination of influencing factors was determined.

7.0 LONG-TERM FORECASTS AND DEVELOPMENT OF ICE PROCESSES

After developing the forecast method an estimate of confidence in the forecast was made.
Usually the forecast methodology can be evaluated by comparing forecast data with observed
data from previous years. It is necessary to emphasize that such a comparison should be done
only for years that were not included in the development of the original forecast methodology.

Data from 1991 and 1992 were used to verify the quality of the forecast. The initial dates when
ice concentration decreased enough to begin working were quite different in these two years.
There were very heavy conditions in 1991 and an early breakup in 1992. Therefore these data
are good cases to verify.

First of all it is important to note that the type of wind vorticity in April of these years coincides
with the severity of ice conditions the following summer. Circulation in a counter-clockwise
direction predominated in 1991 and an obvious clockwise motion occurred in 1992. That
example, although it follows the expected trends, does not mean that atmospheric circulation in
April alone determines the breakup conditions every year. The severity of ice conditions depends
upon the combined effect of all processes investigated.

The forecast verification, using data through April of the year, leads to the following results.
The forecast for 1991 derives an extreme index of severity leading to the conclusion that it
would have been impossible to start operations before the end of August. The 1992 predicted
initial date with ice concentration less than 5/10ths was 7 July 1992, the midpoint between the
first and second week of July.

By comparison, actual observations taken from Navy/NOAA ice charts indicate that the initial
date with ice concentration less than 5/10ths was mid-September 1991, and mid-July in 1992.
These results can be interpreted as an approximate estimate of the forecast accuracy.

Once this methodology was established the current year values of the predictors were obtained.
The first long-term forecast of breakup in Camden Bay was made on 1 April. Each subsequent

month the forecast method was improved and the values of influencing factors for every new
month were taken into account.

In accordance with the first forecast the appearance of conditions for working at the site was

expected in the fourth week of July. It was anticipated that the upcoming breakup in the region
under study would follow the processes characteristic for group of years with a high rate of ice
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cover area decrease in the eastern part of the Beaufort Sea.

The first long-term forecast indicated that favorable ice conditions would exist in August and
later and thus it might be possible to carry out drilling operations in 1993 that are close to the
upper limits.

Mean monthly air circulation and vorticity of wind over the Arctic Ocean in April was favorable
for light ice conditions. As a result after the April forecast the first predicted appearance of
conditions for working at the site was expected in the third to fourth week of July. This date was
3 to 4 days earlier than the prediction in the April report.

In May new predictor weighting was made. It caused small changes in calculations made in
previous reports. The most significant contribution to summer breakup processes is the month
of April. After recalculating weights its contribution increased. April of the current year was
very favorable for creating light summer ice conditions. Therefore after modifying predictor
weights lighter ice conditions were projected.

Both the dynamic and thermal processes of May this year also had the same tendency, leading
to the lightening of expected breakup conditions. Results of calculations in May showed that July
ice coverage of 5/10ths or more concentration was less than the predicted value only in one-third
of all cases.

The May breakup forecast states that the most probable time to start working in Camden Bay
is during the period from the end of the second week in July to the beginning of the third week
in July, or approximately 10-17 July. The 7 day change in the forecast is explained mainly by
recalculation of predictor weights for months preceding May, and in part by favorable dynamical
and thermal conditions during May.

It was emphasized that long-term ice forecasting takes into account only the long-term influences
of ice cover evolution, i.e. seasonal changes. A similar statement is correct for all spatial scales
as some small features of ice distribution can be hardly predictable. Therefore the statistical
long-term forecast of breakup presents the prediction of the beginning of a stable retreat of the
compacted ice cover from the coastline.

The appearance of a small concentration zone along all the north coast of Alaska means the
beginning of a new kind of ice cover redistribution process that could be conventionally named
the summer redistribution.

Results of the study had shown that usually the decrease in coverage of high ice concentrations
is caused by the outflow of the ice cover from the coast. This hypothesis was used as a basis
for the proposed method to forecast breakup. Retreat of the ice edge was forecasted to be
approximately on 10-17 July.

13




During almost all the period from March through May the ice cover adjoined the coast of the
Beaufort Sea. At the end of the third week of May very favorable southeast winds led to the
~ development of a wide polynya along a large section of the Beaufort Sea coast. Later the area
of open water began to decrease in size and was completely closed in the region between Pt.
Barrow and 142° W on 1 June.

Thus at the beginning of June compacted ice cover adjoined almost all the northern coast of
- Alaska from Pt. Barrow to the U.S./Canadian border with few exceptions at the very eastern end
of Alaska coast. But in the Canadian part of the Beaufort Sea a wide polynya persisted.

During all of June in accordance with our forecast a compacted ice cover adjoined a greater part
of the northern Alaska coast. During 7-13 June a narrow zone of open water had opened
constantly westward and had reached longitude 146.5° W. West of the opening the ice cover
remained along the Alaskan coast.

Nevertheless the ice concentration around the Kuvlum site became less than 5/10ths in the
middle of June, though that decrease of concentration was not stable. During most of the first
half of July the ice concentration in the vicinity of the site was more than 5/10ths and became
less on 14 July.

To the west from the original area of study the ice concentration along the coast was more than
5/10ths during June and beginning of July including 7 July (Figure 1). Later it become less than
5/10ths along some parts of the coast and on 17 July the ice concentration was less than 5/10ths
along all the coast (Figure 2).

Thus summer processes began during the period 7-17 July in good correspondence with the ice
cover retreat forecast of 10-17 July. It was noted above that a stable decrease of concentration
less than 5/10ths in the vicinity of Kuvium well was observed during the same period, on July
14th. The reason for this opening was not retreat of the ice edge from the coast but penetration
westward of a lead from the east.

Such a probability was not taken into account during the study and was not forecast. Moreover

.the statistical study had shown that the most influential predictor was motion perpendicular to
the coast. Ice distribution in the beginning of June and even in the middle of May 1993 was
characterized by the existence of a significant zone of open water.

The existence of open water zones was not taken into account during the elaboration of the long-

range ice forecast. Early appearance of the open water zones is an extremely rare event and
therefore its influence was not revealed in statistical analysis.

Statistical analysis is a relevant method to study factors existing every year. But the influence
of factors that seldom appear should be investigated another way. This is especially true when
considering ice cover spatial distribution.
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Figure 1 Beaufort sea ice conditions on 7 July 1993.

Allowing for features of initial ice cover concentration distribution can be easily realized using
a numerical method describing the evolution of the ice cover state under the influence of thermal
and dynamical processes. Such a method was applied to calculate the motion of the open water
zone.

Results show that in accordance with the numerical forecast the concentration in the vicinity of
site at the end of June is less than 5/10ths.
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Figure 2 Beaufort Sea ice conditions on 17 July 1993. : j

Usually breakup in Camden Bay is a result of ice cover retreat from the coast. But in some
years evidently breakup comes from east. This case should be analyzed, the reasons for the
anomalous phenomena be revealed, and the opportunity to forecast be determined.
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8.0 SUMMARY

Three parameters were used in developing the forecast method: 1) large scale atmospheric
transport, 2) vorticity (velocity of rotation) of wind over the Arctic Ocean, and 3) air
temperature at Barrow. These identified features of different influential processes seem to be
explainable in physical terms. The overall picture of cause and effect relationships is systematic.

The forecast methodology was verified using data for ice conditions during the summer of 1991
and 1992. The results of the verification indicate a good degree of forecast accuracy.

Forecasts for the initial date when ice concentration at the Kuvlum site would be 5/10ths or less
were issued on the first day of April, May, and June. The first preliminary long-term forecast
indicated an opportunity to begin working in Camden Bay in the fourth week of July. It was
noted that it might be possible to carry out an activity plan in 1993 that is close to the upper
limits. Later by taking into consideration the effects of April and May 1993 the final forecast
indicated that breakup would occur during the period 10-17 July.

The actual beginning of summer processes characterized by retreat of the compacted ice cover
from the larger part of the Alaska coast to the east from Barrow occurred on July 7th - 17th.
The earlier opening in the vicinity of the site this year was observed in the middle of June and
is explained by an open water zone coming from the east.

There is no reason to doubt the reliability of the hypothesis used to create the long-range forecast
method. The influencing factors are considered correctly but not all of them are taken into
account by the method.

9.0 RECOMMENDATIONS

The term "breakup" has many connotations and is not easily quantifiable. In the present study,
the first appearance of ice concentration of five-tenths or less was the target. Due to the
instability of such an isoline, this is not a reliable indicator of when work should be started. A
much more reliable indicator of future stability of ice coverage would be the beginning of
"Summer Processes”, characterized by retreat of the compacted ice cover from the larger part
of the Alaska coast. Other recommendations for future study are as follows:

a. As was noted earlier, the open water intrusion into the area of the site from the East was not
predicted and, since it is essentially a function of shorter term processes, may not be reliably
predicted several months in advance. However, intermediate range forecasts of 4 - 6 weeks may
be possible. Further study is required of these processes to determine the possibility of
forecasting such events at intermediate ranges.

b. Determine features of seasonal atmospheric circulation and characteristic dates of seasonal
transition using daily pressure observations rather than monthly averages as used in this study.

17




c. The large number of errors in the ice data base need to be corrected and calculations redone
to eliminate this source of error. There is also a possibility that ice data for that region may be
available from other sources.
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o EXECUTIVE SUMMARY. ;) R A F T

The primary objectives of the Kuvlum Corridor waterfowl surveys were to determine the

density and distribution of Spectacled Eiders and the density and distribution of Tundra
‘Swan individuals and nests during the breeding' season. A secondary objective was to
determine the efﬁcacy of. usmg a ﬁxed-wmg au'craft instead of a hehcopter as a survey

platform for Spectacled Elders "

Waterfowl surveys were conducted in the Kuvlum' Corridor, an area 8 km wide that
parallels the coastlme for approxxmately 83 km between the Sagavanrrktok and Stames
nvers. The study area was partitioned into two strata,-based on geomorphologtc and
. habitat differences. Stratum 1 ex_tended_ from the.Sa'gavanirk‘tok River to approximately §
" km east of the Shaviovik River,  Stratum 2 extended from the eastern bonndary of

Stratum 1 to the Staines River.. Surveys for comparmg platforms (i.e., atrcraft) were

ﬂown in. Stratum 1 of the Kuvlum Corndor as well as in a portton of the- Kuparuk

Qxlﬂeld

EIDERS . _ :
Exghty -three Spectacled Eiders and 168 King Etders were observed durmg breeding

surveys. Most Spectacled Elders (9_0%) and King Eiders- (74%) were observed in Stratum
1. -Spectacled Eiders were most often (> 90%) observed in two' habitat types: shallow
open fresh water and freshwater lakes w1th emergent vegetatxon Elghty-exght percent of
Call ng Erders were observed in three habttats shallow open fresh water, freshwater

lakes W1th emergent vegetation, and deep open lakes.

Three methods .were used . to estirnate eider density* simple d‘enSity; USFWS (1987)
protocol with a visibility correction factor and line transect methodology (Quang and

Lanctot 1991)
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-. The denSxty of Spectacled Exders in Stratum 1 was- 3 4 - 40 times.as great. as thexr denszty _
'm Stramm 2, dependmg on the method of densrty estimation. The densxty of King Eiders -
in- Stratum 1 was only shghtly higher than their densrty in Straturn: 2, regardless of

) estimation’ technique. - Densxty estimates for Spectacled Eiders in Stratom 1 ranged from
1021 to 0.97 birds/km? depending on the method used; in Stratum 2 estimates ranged

fr'ornO 03 to 024 birds/km2 Density estimates for King Eiders in Stratum'll ranged from =

1 0.35¢t0 1. 66 btrds/km2 dependmg on the method used; in Stratum 2 estimates- ranged

| fromO 30t0 157 btrds/km2 . CONHDENTIAL
. -1 NQT TO BE CIRCULATED
OR DUPL!CATED |

' ’. Denstty esumates for Spectacled Eider™ 504 9".pairs)km2 in

Stratum 1; Stratum 2 estlmates ranged from. 0. 03 to 0 12 Densxty esttmates for King -
Eider paxrs in*Stratum 1 ranged from 0.11 ta 0.83 parrs/km2 Stratum 2 estlmates ranged . ‘

'vfrom 0. 08 t0 0.78 pa.trs/km2

_' Compansons of ﬁxed-wmg and hehcopter survey platforms revealed that observers. were "

able to-see more Speetacled Exders and King Eiders from the heltcopter In: addmon,

fewer ﬂylng btrds were observed dunng the helicopter survey than during the ﬁxed-wmg .

_survey. However, hne transect densxty estimates from the ﬁxed-wmg and heltcopter data
were within 8% of one another suggesting that using appropnate survey methodology
from ﬁxed-wxng aircraft can produce density estimates that are comparable to’ those

‘produced from hehcepter surveys and at consxderable cost-savings: -

‘TUNDRA SWANS‘
Etghty-one Tundra Swans were seen at 50 locations in the Kuvium Comdor Stratnm 1

contatned 74 swans and 14 nests wh.tle Stratum 2 contained 7 swans and no nests Only :

14 nests Were found in the entire area and most swans (74%) were not assocxated thh%

| nests and probably were fatled or. non-breeders

. Denstty of total swans was 0,17 butds/km2 in Stratum 1 and 0.02 bu'ds/km2 in Stratum 2.

.'_Densmes of nests in Stratum 1 was 0.02 nests/km2. The dcnsxty of Tundra Swan nests
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Executive Summary

and adults during June in Stratum 1 were similar to densities calculated for other

populations on the Arctic Coastal Plain.

Tundra Swans were almost absent from Stratum 2, apparently due to the lack of suitable
lakes east of the Kavik River. Furthermore, the general distribution of Tundra Swans
observed in the study area in 1993 conforms closely with earlier depicticms of this area as .

-a regidn -with low .use by breeding waterfowl pairs, relative to the region west of the

Kavik River (Stratum 1). . . .
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INTRODUCTION :

Recent oil exuloration ‘and discovery in the _region between the -Staines and
Sagavanirktok rivers has created a needv to undertake baseline surveyS'- of wildlife
resources in the region. In general, wildlife surveys associated with oilfield development
have not extended east o'f the Sagavanir_ktok-River. Exceptions to thia include'regional
Brant (Branta_' berrz_icula)' and Snow Goose (Chen caerulenscens) surveys conducted
between Prudhoe Bay and the Staines River (e. g Jehnson.and Troy 1987v' Ritchie et al.
1991, Burgess et al. 1992), canbou surveys near Bullen Point (WCC 1983, Lawhead and
Cameron 1988), and extensive offshore surveys of barrier islands and coastal lagoons ‘
(e g., Gavin 1974, Divoky- 1978). In 1993, in response to developments at the Kuvium
site offshore ‘of the  Staines River, Alaska, Inc.; contracted with Alaska Biological

) Research, Inc., (ABR) to conduct surveys of nesting waterfowl alphg an unsho're. area

_ likely to contain the transportarion and utility corridor that will be‘required if commercial

deposits of oil are discovered. 4
' Spectacled Eiders (Samaterza fischeri) and Tundra Swans (Cygnus columbzanus)
~ were preeminent in our desrgn of surveys because of their status and their 1nfluence in
planning other developments-in northern Alaska. Spectacled Eiders recently were listed
as a threatened species.under regulations of the Endangered Species Act. Their numbers
have declined severely in Awest_ern Alaska and research in Prudhoe Bay suggests similar
declines (Warnock and Troy. 1992) Any future developments .wiil' require intensive
searches for Spectacled Eider nests, so rnappmg their dlstnbutxon -and identifying
- locations * of abundance will be invaluable for long-term planmng of oilfield
. developments. Tundra Swans have received considerable attention from both the
regulatory agencies and the oil industry, and have been considered an indicator species for
the productivity and well-being of all waterfowl in the area (ng 1970 ng and Hodges

1980)

The main objectives of the Spectacled Eider and Tundra Swan surveys in the

Kuvium Corridor in 1993 were:
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‘ .. to deterrmne the density and dxstnbutxon of Spectacled Exders durmg a pre-

o nestlng breedmg—pau' survey, |

: .‘ to determine the densny and dlstnbuuon of Tundra Swan nests and adults
dunng the breeding season; and _ | .

) o venfy the efﬁcacy of i usmg ﬁxed-wmg mrcraft instead of helxcoptets as

‘survey platforms for Spcctacled Eiders.
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The study area for the Kuvlum Comdor (Flgure 1) is 8.0 km (5. 0 mi) wide and

parallels the coast of the Beaufort Sea for approx1mately 83.0 km (52.0 mi), from the
west channel of the Sagavamrktok River eastward to the Staines River. The northern
border of the study area rangesfrom 0.3 t0 9.6 km (O 25 - 6.0 mi) inland, but is generally
| about 1.6 km (1.0 mi) from the coast. The total area within the Kuvlum Corridor study
area is approx1mately 669.0 km? (261.3 mi2).

Based on dxfferences in geomorphologyland_éssociated habitats, the study area
-was omitloned into two strata. Stratum'1 (376.4 lcrnz) extends from the western channel
of the Sagavanirktok. River‘ to approximately 5 miles east of the Shaviovik River. This
area is underlain by an alluvial plain of fine-grained silt deposﬁs which are susccpnble to
thaw lake processes. Consequently, the area is a complex mosaic. of deep open lakes,
shallow ponds, marshes, and wet and moist. meadows. In many drained-lake basins,
numerous. habitats occur .in close proximity and are referred to as basin wetland
complexes (Bergman et al. l977)l In. addition to increasing habitat diversity, thaw lake
processes also contribute to hlgher primary productivity because organic material and
nutrients are released during shorelme erosion. '

Stratum 2 (292.6 kmz) extends from the eastern. boundary of Stratum | to the
Staines River. This region 1s underlain with glacxal outwash sand and gravel which
.' forms a large deltaic fan at the mouth of the Canmng River. Characteristic of this region
is.the lack of thaw- lakcs and drained-lake basins, prcsumably due to the coarse-textured
sediments that are more thaw stable than fine-grained sedrments As a result, habltats are
less diverse, waterbodles are more lumtcd in number and size, and the area is dominated
almost exclusxvely by nonpattemed moist tundra (Walker and Everett 1991).

Four of the eight transects used for the platform compansons were ﬂoWn in
: Stratum 1 of the Kuvlum Corridor study area. The other four transects were flown in the
| Kuparuk Qilfield, approxrmately 60 km to the- west. ~ These transects were located

between a north-south lme approxxmately 1 km 0.6 mi) east of the Mxlne Point road toa
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Fxgurc 1. Kuvlum Comdor study area whcrc acnal surveys for Spcctaclcd Eiders and Tundra Swans were flown, June 1993

Thc study area was dlvndcd into two strata based- on habxtat and geomorphologlcal dlffcrcnces
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STUDY AREA

| north-south line approximately 4.2 km (2.5 mi) west of the mouth of Katubik Creek (149°
~ 24V 150° 13' W longitude). The area extended north-south from approximately 70°
' 21' N0 70°27' N latitude. R
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EIDER SURVEYS
Aerial surveys for Spectacled Eiders were conducted in the Kuvium Corridor

study area on 16 and 17 June 1993." Surveys were flown in a Cessna 185 at an altitude of

" 38-46 m (125- 150 ft) above ground level (agl) and at a Speed of approximately 145 km/h

(90 mi/h). Survey lines were oriented parallel to the northern and southern borders of the

study area (Figure 2). A total of 500.1 km? were surveyed; Transects in Stratum 1 were
located approximately 04 km ‘apa'rt for about 94% coverage of the area (353.8 km?
surveyed). (An approximately  30-m wide- ‘blind‘ strip beneath the plane was not
surveyed.) Stratum 2 was flown at-50% eoverage (transects 08 km apart; 146.3 km?

surveyed). Transect lines were navigated by use of a Garmin 100 global positioning

: system (GPS) unit.

Two observers on opposite sides of the plane each surveyed a strip 200 m (656 ft)
wide. Colored tape on the struts of the plane delimited the xnidpoint and outer boundary

_of the survey strip to facilitate estimation of distance from the aircraft to the eiders. On

hand-held tape recorders, observers recorded date, time, transect 'number, species

(including Spec_tacied Eider, King -Eider [Somate-'ria spectabilis], Commen Eider
[Somateria mbllissirna] and unidentiﬁed eide’rs) number of birds, sex, number of pairs.
habitat and perpendlcular distance from the plane for all eiders observed. Seven general

habitat types were used (Tabie 1) Locations of observations prOJected onto the transect

_lme were stored in the GPS unit.

Platform—companson surveys were ﬂown on 16 and 17 June 1993. Eight
transects, each approxxmately 78 km (49 rmles) long, were surveyed for eiders m both a
Cessna 185 fixed- -wing aircraft and in a Bell 206B Jet Ranger hehcopter (Observations
made on transects surveyed -with-the Cessna 185 were: mciuded as. part of the ‘Kuvlum

Corridor eider survey.) Speed, altitude, and area surveyed were ‘the same as described

_above for the entire Kuvium Corridor survey.' The same olaservers flew both the fixed-

wing and helicopter portions” of the surveys.‘ “Time between surveys using different

DRAFT
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Table 1.  Habitat classes and desénptlon used in eider surveys of the Kuvlum Corridor,
June 1993. Descriptions follow Bergman et al. (1977) and. Jorgenson et al.

(1989).

Habitat Class

Shallow open fresh water
Fresh water lake with
emergents

Deep open lake

Flooded / wet tundfa

) _ Beaded stream'

River with a gravel base

Open nearshore waters -

Description

Includes shallow (1 m deep) ponds and small lakes with
little emergent vegetation (approximately 5% of the area).

Includes ponds.and lakes (drained lakes) in which sedges
and/or grasses cover at least 5% of the surface area. The
sedge, Carex aquatilis, or the grass, Arctophzla fulva are the
dominant emergents.

Deep open lakes (>°1 m deep) are ‘generally greater than 10

ha (24.7 acres) in extent. Emergents usually are pres_ent in

. less than 5% of the area.

Includes both nhonpatterned and low polygdn tundra that are
flooded in the spring by melt. Carex aquatilis, tolerant of
flooding, is the dominant plant.in the depression.

Small streams linking pools that: fofm at _ice-wedge

intersections. Flooding may occur during spring thaw but

by mid-July water flow is greatly reduced.- Pools may have
stands of emergent Arctophila.

On the coastal plain these are major streams and rivers with
broad flood plains and high discharge in the spring. By late
summer, flow has’significantly diminished exposmg large
gravel bars.

Included in this category are shallow estuaﬁés, lagoons, and '

- embayments of the Beaufort Sea, located inshore of the

barrier islands. The water is usually brackish and subject to
seasonal change. -
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.. TUNDRA SWAN SURVEYS .

- platforms vaned from one to two hours Data from the left and- nght sxdes of the

| hehc0pter were - analyzed separately due to drfferences in, view for the front and rear

) observer That i is, the ‘observer i 1n the left front seat ‘was able to observe a strip from the

. survey line out 200 m, a1ded by a floor window in the hehcopter The. observer in the

nght rear seat was unable to observe an approxrmately 10-m wide stnp extendmg ‘from o

. the survey line.

" An early objectlve of this’ study was to deterrmne the feasibility of censusing a

' 40&m~w1de transect for exders, rather than the standard 200-m-wrde transect set by -

‘ USFWS protocol It was obvxous to observers early in the surveys, however that 400 m.
'was too . great a dastance to 1dent1fy eiders to specres Therefore, et‘forts to more
accurately quantxfy the usefulness of this transect were abandoned ‘ _’ o
OT T0 BE ClRCULATE”

OR DUPLlCATED -

Aenal survey methods m 1993 followe

| Protocol (USFWS 1991) A Cessna 185 aircraft was’ ﬂown along 1.6 km-wrde transects -
g ,onented parallel to the northem border of the study area. The arrcraft was ﬂown at 150 m
agl'and at'145 lcm/h Survey dates (25 and 26 June: 1993) were selected to be consxstent'

' 'anh the timing of nesting (i.e., females mcubatmg)

During samphng, each of two observers scanned a transect approximately 800—

wrde on eaeh side. of the au'craft whrle the pxlot navxgaled and scanned ahead of. the
arrcraft A standardnzed set of cades for pan-s of swans, smgle swans; ﬂocks and nests -
. 'was employed (USFWS 1991) All observanons were recorded on 1:63 360 USGS maps R
. Location. ot‘ all Tundxa Swan sxghtmgs and nests were entered onto dxgltal maps "

(developed from l 63 360 USGS maps by AeroMap U. S Inc.) that corresponded to the

p _‘ appropnate ﬁeld map Areas (km2) ‘used for density calculanons (Appendxx 1) were |
rneasured from these base’ maps using ATLAS GIS-software (Strateglc Mappmg, Inc.” |
Sa.nta Clara CA) Summary staustics for nestxng surveys followed the format established '

" in 1988 and. modxfied in 1990 for use 1n the Kuparuk and Prudhoe Bay oil ﬁelds (Ritchie.

etal. 1989 1991)

_"KuvlumSpectaeledEnders&TundraSwans .9




- CONEIDENTIAL | METHODS
o , NOT TO BE CIRCULATED v
DATA ANALYSIS OR DUPLICATED -

Three methods were used to calculate density estimates for eiders. First, a simple

density estimate (birds observed. divided by area surveyed) was calcdléted. Second, a
'de‘nsity using estimated pairs was calculated following the USFWS Standard Operating
Procedures .for Aerial Waterfowl Breeding Ground Population Sﬁrveys (1987). This
method takes 'into'account that the survey.'was conducted during the period when males
and females should be paired aridvthat male waterfowl in breeding plumage are more
visible than female waterfowl during the breeding season. The following rules vrere used
in estirhating eider numbers by this procedure:
) a male arrd a female observed in close proximity were counted as a pair;
2) alone male was counted as a pair (lone females were not counted);
' 3) two to four males in a smal} flock were counted ds an equivalent number of
"‘p"airs; " o _
4) flocks with more than 4 males Were counted as that size group and not as
pairs, unless males ‘were determined to be associated with females, which
were then counted as pairs; and

5) flymg birds were counted if it was thought they. were flushed from the

transect being surveyed. D R A F-?-

The total number of birds'talhe_d by this me_thod is divided by the area surveyed to arrive
at an un_adjrlsted density estimate. To account for unobserved birds this estimate is ,
multiplied by a visibility correction factor (vcf). The USFWS uses a standard vcf of 3.58
for eiders (Lensink 1968 in USFWS 1987). | |

| ..Third.' densities.of Spectacled Eiders, King Eiders and all eiders combined within

_ the Kuvium Corridor were estimted using line transect theory (Burnham et al. 1980,

Quang 1991, Quang and Lanctot 1991). - This method corrects for 'visibility bias' caused

by différences in detectabﬂity of survey 6bjects (in this case eider ducks) at varying

distances from the survey line. Visibility bias can be caused by a number of factors, such

as bad weather velocity of the alrcraft observer fatxgue and vegetauve cover type -

' DRAFT
- Kuvlum Spectacled Erdcrs & Tundra Swans 10




METHODS

N (Queng and Lanctot 1.991) Burnhant et al (1980) aSsumed perfect detectabi'lity' along the

survey line, rneanmg that if an ob)ect were located. along that-line it would be’ detected

with, probabrhty equal to 1. Probabrhty of detectron then decreases as drstance frorn the

line i 1ncreases Quang and Lanctot (1991) observed that in aerial surveys a 'blmd strip’ |
,exrsts beneath the aircraft so thar any ob)eet wrthm that stnp, xncludmg along the survey
line, cannot be detected They pr0pose that detectabthty mcreases to.a line of perfect

detectabrhty at some undeterrmned distance: from the survey line and then decreases The

. locatton of the line: of perfect detectablhty varies for drfferent observers, a1rcraft-

vegetatron types, etc. The method of Quang and Lanctot (1991) was used for the analysrs |
of our survey data. Densmes estxmated w1th the line transect method apply to the
- surveyed area plus the blind strip. | '

| The sxmple method of density estrmauon is a conservatwe approximation- of
'exders in the area. It is an estrmate of densrty based solely on the bxrds observed; no

" attempt is made to.account for-unseen buds The USFWS and lme transect metheds '

- acknowledge that only a pornon of the birds:in an- area are lrkely to be observed Because

. no ﬂocks of exders contarmng more ‘than. four males were observed dunng the survey of
‘the Kuvlum- Corndor, the unadjusted USFWS densrty esumates are essentxally based on ‘
. double the number of males. observed A more accurate estnnate is posstble by mclodmg ’
flying btrds, but the number: of birds that. were unseen is still unknown The vcf adjusts
: .the estimates to account for this deﬁctency In contrast the line transect method attempts
. to model the detectabxhty of the exders being surveyed ina grven area; densities estimated
 with.this method arc based on both the number of observed and unobserved (estimated)
', ducks w:thout usmg aeonstant vef multipher ' '

G Dfnnn
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- RESULTS AND DISCUSSION
' EIDERS CONFIDENTIAL . j
'NOT 7O BE CIRCULATED
ABUNDANCE. OR DUPLICATED

Eighty-three Spéctacled Eiders, including both flying and noh-ﬂying birds,.were
observed at 49 locations during aerial surveys ih.‘ the Kuvlum Corridor. Nir;ety percent
(75 birds at 43 locations) of all Spectacled Eiders were observed on the water; the
femaining eight eiders were 6béefved flying (at 6 locations). Birds observed on the water

comprised 47 males and 28 females. All females were paired with males for a total of 28

 pairs. - The unpaired males could represent non-breeders, breeding males thaf had not yet

paired with females, or males paired with females that were -not observed. Group size
raﬁged from one to four, with oﬁly one observation of four birds (tWo pairs). |

One hundred 51xty—e1ght King Eiders were observcd at 97 locations. Of these
birds, 118 (at 68 locations) were observed on the water, ‘while 50 birds (at 29 locanons) |
were observed flying. Birds observed on the water comprised 83 males and 35 females.
All females‘k'observed were paired with maies for a totai of 35 pairs Group-size ranged.

from 1 to 6 bxrds, with only one observanon of 6 birds (3 pairs). - Two Common Eiders

" (both males) were observed, one each at two locanons

HABTTAT USE

Excludxng flymg bxrds, over 90% of all Spectacled Eiders were observed on either

fresh water lakes with emergent vegetation (66.7%) or shallow open fresh water (24.0%)

.m the study area (Table 2). This pattern was similar for both Stratum I and Stratum 2.

Other North Slope studies (Bergman et al. 1977; Derksen et al. 1981;_ Warnock and Troy
1992)jrei)oned sirﬁilar habitat preferences of Spectacled Eider fqr freshwater bodies with
emergent 'vegetation, especially ; vArctop.hi[a, during the breeding season. ‘.Spcctacled.'
Eidqrs~élso sthed a preference for inilpoundrrilentsv in the Prudhoe Bay area (Wérhock

and Troy 1992), but this artificial habitat type s not preSent in the Kuvlum Corridor.

DRAFT'
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© Table 2. Numbes and percentage of birds observed on the water by habitat following Bérgman et al. (1977) and Jorgenson et al. (1989);

ce L  Spectacied Eider - KingFider . ____ AllEiders
StratumlHabitat_ o - Number  Percent =~ Number . Porcent ~ Number .~ Percent .

' Shallow open fresh water . o 14 206 2 223 - 35 215
Frcshwaterlakewnhemergents ' 47 691 . 39 415 . . 8 ° 52T
Deep open’ake . ~ " - S 15 21 . 223 .22 135 -

‘Floodedlwettundra " EEE S I S R A 2 12
Beaded stream . 00 ° s 53 .5 .31
. River wnthagravcl base .29 . & . 64 . .8 49 - =
o .Notrecorded ‘ : : 44 - 1 11 RN T ¥ | 2
‘Tetal S 6 0o 7 94 -1000_‘ ’ - 163 100.0

surmg wipunp 7y sIapIg popomosds winjAny U 0
'u N O - -

o0

Shallow open fresh water ' 57 1 333 . 12 - 315

Fresh water lake with emergents ™ 42.9 B
Deep open lake -

€1. .-

STRATUM2‘ R | - ~ L G 2
. ]

e

500 - 500 S

94 |
00 |BE
0.0 =
CR TR -
Y
1000 .

o~

8
2
0.0 3 125
Flooded / wet tundra 0.0 .0 . 00
Beaded stream ' 0
i
0

- River wuhagravel basc . : ‘
. Notrecorded . . )
R .

0.0 00
0.0- 42 -

Winuos

00 00
* 100.0 24 1-1000'

NocooOoOoOWwsR
) : Y—
RO =00 Wwo

TOTAL AREA” - . o e
Shallow open fresh water .18 280 290 - 246 o410 241
Fresh water lake with emergcnls 50 66 a0 - 517 433 0 102 52.3

" ‘Deepopenlake. . - 1 .13 . 24 203 25 12.8

: _Flooded/wettundra R Sy 13 1 08 2 1.0

_ Beaded stréam® " - ‘ o e e e 00 6 -5.1 6 - 3.1

" . River with a gravel base . , -2 2a 6 .S 8 Al
Notrecorded . = - S 3 .40 R T 08 . 5 26
Total ' L 75 1000 - - ‘118 1000 = - 195 1000 -

NOISSNDSIA ANV SLINSTY
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Habitat use by King Exders appeared to be less specific with over 88% of all
" observations located in three habltats_. fresh water lakes with émergents (43.3%), shallow

open fresh water (24.6%), and deep open lakes (20.3%). Habitat use was similax_' inboth

strata. |
CONFIDENTIAL B
» » T T0 BE c,ncuw'n :

In Stratuni 1, 74 Spectacled Eiders were observed at 44 locatiohs; nine were -
observed at five locations in Stratum 2 (Figure 3). (Fewer observations arg‘displayed in
Stratum 2 due to the less ihtensive sampling effort employed [neaf total coverage in
Stratum 1 compared to 50% coverage in Stratum 2]). Observations .wére_'fairly evenly
distributed thfoughout Stratum 1, although the area between the. Kadleroshilik and
Shaviovik rivers contained a deﬁse clustering of eiders. All observations of more than
one male and/or pair also occurred in this area. Only five observatxons ‘of Spectacled
Eiders were made in Stratum 2, all in the western half of that straturm. Wamock and Troy
(1992) reported that the highest densities of Spectacled Eiders.werg- found 20-25 km (12-
15 mi) inland in their Prudhoe Bay study area. The Kuvlum Corridor does not extend as

far inland as their study area, but the dxstrxbutlon of Spectacled Exders in our study area

. appears to vary somewhat with dxstancc from the .coast. In Stratum I, densities were

lower within 4 km of the coast, and inérqased farther inland, approximately 4 - 8 km from

~ the coast. In Stratum 2, all Spectacled Eiders were observed within approximately 7 km

of the coast, perhaps due to the lack of ldkes- in the southern portion of the stratum.

More King Eidgrs (124) were observed in Stratum 1 ;han in Stratum 2 (44 eiders)

»'(Figure 4). Numbers: of King Eiders were highest in Stratum 1 between the eastern
* channel of the Sagavamrktok River and the Kadleroshilik- River and then declmed

gradually to the east. Unlike Spectacled Eiders, King Eiders were observed at several
locations in the eastern portion of Stratum 2..
‘Two Common Eiders were observed: one near the northeastern corner of Straturn-

‘1 and one near the northwestem corner of Stratum 2.
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" RESULTS AND DISCUSSION |

'DRAFT

" For both Spectacled and King . etders xn the Kuvlum Corndo , the general

L
N‘é‘é’&l‘l&h -

10
OR DUPUCATED

e DENSITY
- 'relattonshxp of densxty estimates for total birds was
,} siruple estiruates < line transect estir_n_ates. < USFWS (vcf = 3.58) estimates

“ . (Table 3). We. beheve that the sunple esumate is bxased low because 1t is based solely on :
| , observed bxrds and we acknowledge that’ not all btrds in the survey area were detected. _
" The brased estimate is at least. 358% low if-the USFWS standard correction factor is
'/ accurate (Lensmk 1968 in USFWS 1987 Conant et al 1991). At the other extreme isthe - -

densxty estimate based on USFWS methodology and a vef of -3.58. ThlS techmque

p generated a density estunate (0.97 brrdslkmz) that was much htgher than any reported .

B .from aenal surveys on the. Arct1c Coasta.l Plain (Table 4) However because this

.correctmn factor was: formulated from results of surveys on the Yukon Kuskok\mm Delta

- ' m habltats much different than-those found on the North Slope, its use in determmmg '

densmes in the Kuvlum Corridor may not be appropnate The USFWS is currently
mveetigatmg the quesuon of vrsxbxhty correcuon factors for waterfowl surveys on the
| "North Slope (J Hodges, USFWS pers comm) The hne transect deusxty esnmates fall |
between estxmates generated by the two other techniques-and we hypothesue that the tme
: densuy is in tl'us range as well. However, the size. and drrecuon of the bxas associated

- vnth these esumates is unknown Lme transect methodology is. sensxuve to accurate

dxstance estimation,- sample size, and mter-observer vanabrhty Although we: tlunk that
. the lin, {transect densmes are. the best estimates presented here, further work would be
. requxred (e g ground venﬁcauon) to deterrmne how well they esumate the true densxty

'. Spectacled Eiders

o Densmes of Spectacled Erders in Stratum 1 were caleulated by all three methods L
'(Table 3), but the densxty of Spectacled Exders m Stratum 2 could not be esumated thh :

DRAFT ' S
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RESULTS' AND DISCUSSION

Table 4. Densrty estimates for Spectacled Erders (brrds/km or parrs/kmz) from aerial
and ground surveys on the North Slope of Alaska... .

, - Method .
Criterion / Study Stu dy Arr_ — ‘Aerial Survey  Ground Survey
t‘ Llsu Al
INFTAL
4 NOT T0 BE ClRCULATED
TOTAL BIRDS OR DUPLICATED

Larned ¢t al. (1992) -
Smith et al. (1993)
Smith et al. (1994)"
Smith et al. (1994)
Anderson et al. (1994)

(two surveys)

Warnock and Troy (1992)

, ‘(four surveys)
Anderson (ABR, unpubl. data)
(five years data)
Troy and Wickliffe (1990)
Johnson etal. (1990)

PAIRS =
Warnock and Troy (1992)
Smith et al. (1994)'
Smith etal. (1994)"

Anderson et al. (1994)’

’ (t»'vo' surveys) -

Arctic Coastal Plain 0.16
Colville River Delta 004 . -
Colville River Delta - 0.09-0.10
East of Colville River Delta 0.04
Kuparuk Qilfield 0.08 --0.20.
Prudhoe Bay Qilfield -
Lisburne Development Area -

Pt. McIntyre -

Pt. McIntyre . -
Prudhoe Bay Oilfield 0.13
Colville River Detta 0.01-0.05
East of Colville River Delta ~ 0.06-0.14

. Kuparuk Oilfield

002-0.12

0.12-0.99
£ 0.60- 120

0.00 - 0.05
0.00 - 0.06

2 L
Two methods of estimation were used.

observatlons in Stratum 2. Although the requrrement of a large sample may appear to be

a lrrmtanon of using the lme transect techmque to sample a rare bird such as the

Spectacled Eider, this was not a problem in Stratum l, an area only slightly larger than -

'DRAFI'
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D R A FT . OR DUPLICATED

- Table.3. Density estimates’ (btrclsllcrnz or. pairs/km?) of Spectacled and King e:ders as’
© calculated by three methods in.the Kuvlum Corridor Study Area June 1993.

: Species / Area
o o Spectacled Eider - ____ King Fider
- Method / Criteria .~ = - Stratum 1 - - Stratom 2 Stratum 1 Stratum 2
SIMPLE METHOD ' S . . g
Totalbirds . = -~ . 021 - 006 © 035 - 030
-'Totalpairsl . 007 0 003 - 0d1 - 0.08 g
USFWSMETHOD - : CoT e
Total birds (unadjusted) = = 0.27 . 0.07 . 0.46 .. 044
Total birds (vef=3.58) ~°° 097 .- 024 . - 166 157" 3
“Total pairs (unadjusted) - of4- - 003 - - 023 . 022
Total pairs (vef=3. 58) ‘ 049 ° 012~ 083 0.78 g
LINETRANSECT METHOD' o o -
Totat birds © . 035 o= .06l L =
Totalparrs U 2 .

vcf v1sxb1hty correctlon factor 3.58 fromLensmk (l968)
* The line transect method. of density estimation requires-a sample size > 25. .Dashes 1nd1cate
_data sets with inadequate sample size. Lme transect densities are based on non-flying bnrds :
: only

the line transect method because of small sample size, a]though the densrty could be

' approxxmated For Stratum 1 the ratxo of

En s1mple densrty of non-ﬂymg bxrds / lme transect densrty 1 88

Applymg thxs ratxo to the sxmple densrty of non—ﬂymg blrds m Stratum 2 yxelds a denslty A
- ‘gesumateof009bxrdslkm2 T : S f Wt j
Densmes of Spectacled Exders regardless of the estrmatwn method employed o

| ~dxffered greatly between the two strata (Table 3. Straturn 1 supported a density of .
' '.Spectaeled E.xders 34- 4. O trmes greater than in Stratum 2. A companson of line transect b j

' densrty estxmates for the two strata was not possrble because of the small number of

CDRAFT e S
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Stratum 2 and that had a much higher density of Spectacled Eiders. In regxons thh low

densities, the area surveyed would have to be increased until an ’adequate sample size was’
attaineti. Even if Stratum 2 were sampled-'with the same -effort used in Stratum 1, it is
doubtful that an adequate sample size (> 25 birds) would have been attained..

Our density estimates for Spectacled Eidérs ranged from 0.21 t0.0.97 birds/km?
for Stratum 1, and from 0.06 to 0. 24 birds/km? depending on the method of estimation
(Table 3). Other studtes on the North Slope have estimated the densnty of Spectacled
Eiders from aenal breeding surveys and densities ranged from 0.04 to 0.18 birds/km?
(Table 4), All density estrmates for Stratum 1 were higher than any of the estlmates from
the other studies; the range of densny estxmates from other studres Iargely overlapped the-
range of values for Stratum 2 estimates. _

~No densities from ground surveys for Spectacled Eiders have been reported in the
Kuvlym Corridor, but various studies have reported AS-pectacled'Eider densities based on
other North SIOpe areas. Estimates: frorn ground surveys are not: ’co'mparable to estimates
from aenal surveys and are mcluded here only to nge a sense of the geographical and
temporal variability. of Spectacled Etder densities on the North Slope. Densrty estimates
among ground studies are highly vanable, depending on such factors. as timing of the
survey, habitat quality, size of the study area, road accessibility, amount of survey
coverage, and time taken to complete-the survey. Density .es'tirnates from ather studies
‘ranged from 0.00 to 1.20 bifds/km? (Table 4) | |

Our pair density esttmates ranged from 0:07 to 0.49 parrs/krn2 for Stratum | and -
from 0.03 to 0.12 patrs/km2 for- Stratum 2 Pair density estimates from other aerial
surveys on the North Slope ranged from 0.02 to 0.13 pairs/km’ -(Table 4).

‘King Eiders - - |
The density of Kingt Eiders in Stratum 2 could not be estirnated with the line

transect method because of small sample size. For Stratum 1, the ratio of

sxmple density of non-ﬂymg birds / line transect densrty 247
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TO BE CIRCULATED.
Table 6 Den51ty

OR BUPLICATEB
for Spectacled Exders in the Kuylum Corridor and the Kuparuk Oilfield. "

* or pairs/km®) from comparanve platform surveys

Platform
- Helicopter”
. Fixed-wing’ - (frontseat) = (back seat)
Number of non-flying birds observed 2 26 25
Number of flying birds observed 11 -~ bt . 3
| ‘Totalnumber of birds observed . 40 22 28
" Total number of pairs observed 10 9
. SIMPLEMETHOD- -~ .
 Total birds 0159 0214 . 0222
" Total pairs . . 0ss  0g19 . . 0011
" USFWS METHOD | . | |
Nuimber of birds tallied” - . 52 - 4.
 Total birds (umadjusted) -+ 0.206 0269 . 0269
| Totalbirds(vef=3.58). . . .0738 0963 S 0963
~ Number pairs tallied =~ - 26 T VA 17
 Total pairs (unadjusted) 0103 0135. 0135
Total pits (vcf=3.58)' 0369 0483 . 0483
LNETRANSECI‘METHOD ‘ . | -
= Total birds . 0286 0298 . 03I

3 Two observcrs (one front, one rear), 252. 3 km? survcycd

€ Blrds talhed followmg USFWS (1987)..

ﬁxed—wmg were ﬂymg as compared to 10% from the hchcopter Thxs dlffetence is not

what we expected beCause other studles have depicted hclxcopters as morc dxsmpnvc to

: waterfowl than ﬁxed-wmg aucraft (W ard and Stehn 1989).

om
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» Ope observer in front with greater visibility, one observer in back 1262 km2 surveyedlobserver.

| ‘ wmg surVey (Table 6) In addmon ncarly 50% of the ng Exders observed from the:
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K L OR DUPLICATED L |
Although helicopters proved to be a better platform than the fixed-wing arrcraft
for locating, Spectacled- Exders line transect density estimates generated from the two
platforms were within 8% of one another (Table 6). Even though different numbers of
birds were sighted from the two platforms the densrty estimates were srrmlar because the-
hne transect techmque cffectxvely accounted for birds not detected durmg the survey.
We can conclude from these comparisons that the hehcopter is more suitable
.‘when the specific locations of as many birds as possible are required for subsequent
' ground surveys or other site-specific objectives. FiXed-winge_d’aircraft, liowever, appear
to be more suitable for surveying eiders over large remote areas where acquiriné density
- estimates is a main objectrve Until emplncally defined v1s1b1hty correctlon factors are
established, generating accurate densities may best be accomphshed using line transect
techmques
A ‘question unresolved by this study is whether fixed-wing a1rcraft actua.lly do
cause exders to take fhght more readrly than. durmg overflights by helicopters. ThlS
“question is of particular relevance to.surveys employmg line transect. techmques because
. only non-flying birds are used to calculate densities. ~Additional comparisons and
evaluations of the reactions of birds to both platforms would be required to resolve this

question.

TUNDRA SWANS

ABUNDANCE, DISTRIBUTION, AND DENSITY

During nesung 'vsurveys in June 1993, 81 Tundra Swans were seen~ at 50 locations
' (Table 7 Fxgure 5). More swans (74) and nests (14) were observed in Stratum 1 as
compared to Stratum 2 (7'swans and no nests). Only 14 nests were found in the entire
area and most swans (74%) were not associated with nests and probably were farled or

" non- breeders (Appendlx 2).
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- Table 7 Numbers and-Jensities. (birds/km? or pairs/ km?) of Tundra’ Swans and nests
recorded durmg aerial surveys m the Kuvlum Corridor study area, Alaska, 25-

© 26 June, 1993

RESULTS AND DISCUSSION

Adults - Adults

: Location - Nests ' ~with Nests. - without Nests | Total _vaans
o 'Stratuml L 14008 21 (0046) 49 (0.110) 70-0. 154y
Smatm2c. . 0@ 0@ 50014 5 (0.014)

'_’lv‘o.tﬂ"': B U (0017) ©21(0.026) 54 (0070). © 75 (0.093)

: Densrty of total swans was. 0.17 brrds/km2 in Stratum 1 and 002 brrds/km2 in
e Stratum 2. Density of nests in Stratum i was 0. 02 nests/kin2.. ‘The dénsity of Tundra
e 'Swan nests and adults dunng Iune in Stratum 1" were srmrlar to densmes calculated for

other Alaska coastal plam p0pulanons Nest densmes beiween 0.02 and 0 04 for

- nests/km2 and 0. 15 0.17. blrdslltm2 have been teported for the OGL 54 and Kuparuk

: areas (Ritchie et al. 1991) and Prudhoe Bay (Stxckney et al. 1992) Similar densities of
‘nests and adults were recorded in a pomon of Stratum l surveyed for Tundra Swans in

E ' 1992 (Snckney et al. l993) No other standard USFWS surveys have been conducted in

- ; thxs regxdn (see Groves et al. 1989)

‘ Tundra Swans were: a.lmost absent from Stratum 2, apparently due to the lack of
| "large lakes east of the Kavik River.. King and. Hodges (1980) concluded that the density
'Aof nestmg swans could be. esnmated using the numbers of lakes present in an area. The

o general chst.nbunon of Tundra Swans observed in the study area in 1993 conforms closely

thh Gavm s (1970) deprctxon of thrs area between the Kavtk and Stames nvers as a
. 'reglon wrth low use by brecdmg waterfowl paus relatwe to. tbe regton West of the Kavik

g "Rtver Only two Tundra Swan nests and a few adults’ were located m the area between.

Bullen Pomt and the Stamcs R1ver 1mmed1ately north of Stratum 2 in 1983 (WCC
l983a)
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Append1x1 Area (km® covered by aerial surveys for. Tundfa Swans in two strata,
Kuvlum Corridor, Alaska, 25-26 June, 1993. '

Transect Lengths - Areal Coverage

_(km)”. | (km®)?
USGS - - ©  Swawm Stratum-©  Stratum  Stratum
. Quadrangle. . 1 2 -1 2
BeecheyPoint . A-3 1530 - 0 2448 0
. A2 14034, 0 22454 0
, Al 12839 1275 20542 . 2040
FlaxmanIsland =~ A4 0 69.12 0 11059
_ A5 0. 138.07 - 0 - 22091
-Total | | .28403 21994 45444 35190

% Calculated from di gitized maps of each ,USGS Quadrangle.
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L USGS - Single Total ' Single Flocked “Total

‘Location Quadrangle = Pair  Adult "Total  Nests - Pair’ Adult Flocks . Swans Total Swans
Beechey A-3 . S R B 2 | 0 0 0 0o 0 .3
Poi.nt' A2 6 -3 17 6 2 6. . 26 43

ol A-1 0 1 0 0 27 S 28 ¢

R cgynwmm T

Flaxman  A-4 00 bﬂ DBUE;> IgCUL/ﬂ‘ ED 0 2 2
Island  A-S 0 0 Affol i0 0 5 5
Total 77 21 14 20 14 2 6 60 8l

Appendnx 2 "N umber of Tundra Swans and nests recorded (by quadrangle) durmg aerial surveys in the Kuvlum Comdor _
study area, Alaska 25-26 June, 1993



