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Geological and Operational Summary 
St .  George Basin COST No. 1 We1 1 

Bering Sea, Alaska 

Ronald F. Turner, Edi tor  

INTRODUCTION . 
Ti tl e 30, Code o f  Federal Regulations (CFR) , paragraph 251.1 4 s t i pu l  ates 

J t ha t  geological data and processed geological information obtained from Deep 
Stratigraphic Test wells d r i l l e d  on the Outer Continental She1 f (OCS) be made 
avai lable for publ ic inspection 60 calendar days a f t e r  the issuance o f  the 
f i r s t  Federal lease w i th in  50 nautical miles o f  the well s i t e  o r  10 years a f t e r  
canpletion o f  the wel l  i f  no leases are issued. Tracts wi th in  t h i s  distance o f  
the f i r s t  St .  George Basin Deep Strat igraphic Test well (designated the ARC0 
S t .  George Basin COST No. 1 Well by the operator and hereafter referred to as 
the well o r  the No. 1 wel l )  were offered f o r  lease i n  Sale 70 on Apr i l  12, 
1983. One hundred-fifty bids on 97 t rac ts  were received w i th  the to ta l  high 
bids amounting t o  $427,343,829.68. Ninety-six bids were accepted and one was 
rejected. The ef fect ive issuance date o f  the leases i s  March 1 , 1984. 

The S t .  George Basin COST No. 1 we1 1 was completed on September 22, 1976, 
i n  Block 459, 1 ocated approximately 105 miles southeast o f  S t .  George Island, 
Alaska ( f i g .  1). The well data l i s t e d  i n  the appendix are available f o r  publ ic 
i nspection a t  Mineral s Management Service, Fie1 d Operations, 1 ocated a t  
800 "A" Street, Anchorage, Alaska 99501. 

A l l  depths are measured i n  f e e t  from the Ke l ly  Bushing (KB), which was 98 
fee t  above sea level .  For the most part, measurements are given i n  U.S. 
Customary Units except where s c i e n t i f i c  convention dictates metric usage. A 
conversion char t  i s  provided. The in terpretat ions contained herein are ch ie f l y  
the work o f  Minerals Management Service (MMS) personnel, although substantial 
contributions were made by geoscience consult ing companies. 

t 
EQUIVALENT MEASUREMENT UNITS 

1 

1 inch = 2.54 centimeters 
1 foo t  = 0.3048 meter 
1 statute m i l  e = 1.61 k i l  m t e r s  
1 nautical mi le  1.85 kilometers = 

1.15 statute miles = 6,080 fee t  
1 knot = 1 nautical milelhour 
Temperature i n degrees Fahrenhei t 

less 32, divided by 1.8 = 
degrees Cel s i  us 

1 pound = 0.45 kilogram 
1 poundlgallon = 119.83 kilograms/ 

cubic meter 
1 poundlsquare inch = 0.07 kilogram/ 

square centimeter 
1 gallon = 3.78 l i t e r s  (cubic 

decimeters) 
1 barrel = 42 U.S. gallons = 

0.16-cubic meter 



OPERATIONAL SUMMARY 
by 

Colleen M. McCarthy 

The S t .  George Basin COST No. 1 wel l  was d r i l l e d  by the  Ocean Ranger, a 
sel f-propel l ed  semi submersible d r i l  l i n g  r i g .  The Ocean R a n g e ~ n ~ O D E C O ,  
Inc., was b u i l t  i n  1976 by HI Hiroshima Shipyard a n d n ? j E - R o r k s  and was 
given the c l a s s i f i c a t i o n  ABS - AMS + A - 1 (M), column-stabi l ized mobile d r i l l i n g  
un i t .  The r i g  was designed f o r  d r i l l i n g  i n  water up t o  3000 f e e t  deep, 100- 
knot  winds, and 110-foot waves w i t h  a corresponding wave per iod o f  15 seconds 

t 

and a surface cur rent  o f  3 knots. The Ocean Ranger was inspected before d r i l l i n g  
began, and operations were observed by U . S . G ~ c a 1  Survey (USGS, now Mineral s 

I Management Service) personnel throughout the d r i l l i n g  per iod t o  ensure compliance 
w i  t h  Department o f  I n t e r i o r  regul a t ions and orders. 

Cold Bay and Dutch Harbor, Alaska, were used as operational bases. Cold 
Bay, approximately 170 mi les from the we1 1 locat ion,  was the a i r  base. Two 
seagoing supply vessels transported d r i l l  i ng mater ia ls  and suppl ies ,  i nc lud ing  
f ue l ,  from Dutch Harbor to the r i g .  A t  l e a s t  one standby vessel was w i t h i n  a 
1-mile radius o f  the r i g  a t  a l l  times. The supply vessels were a lso  used f o r  
towing and anchor handling. Depending on weather, t im ing  , and ava i l  a b i l  i ty , 
mater ia ls  and equipment were transported between Dutch Harbor and the Alaska 
mainland by these supply boats, barges, o r  other sui  tab1 e vessels. 

Hel icopters c e r t i f i e d  f o r  instrument f l i g h t  were used t o  t ranspor t  personnel, 
groceries, and l i gh twe igh t  equipment between the r i g  and Cold Bay. Personnel, 
equipment, and suppl ies were transported t o  and from the shore base and Anchorage 
by both  chartered and commercial a i r  ca r r ie rs .  

The No. 1 we1 1 was spudded a t  1630 hours Alaska Standard Time, Ju ly  2, 
1976. D r i l  l i n g  was completed 83 days l a t e r  on September 22, 1976, a t  a t o t a l  
depth (TO) o f  13,771 feet. A f t e r  logging and cor ing  operations were completed, 
the we1 1 was plugged and abandoned on October 2, 1976, and the r i g  was released. 

A t l an t i c  R i ch f i e l  d Company (ARCO) acted as the  operator f o r  i t s e l f  and the 
f o l  lowing nineteen petroleum companies t h a t  shared expenses f o r  the we1 1 : 

Arnerada Hess Corporation 
AMOCO Production Company 
B r i t i s h  Petroleum, Inc. 
C i  t i e s  Service Company 
Continental O i l  Company 
Exxon Company, U.S.A. 
Getty O i l  Company 
Gul f  Energy and Mineral s Company, U.S.A. 
Marathon O i l  Company 
Mobil . O i l  Corporation 
Pennzoil Company 
Ph i l  1 i p s  Petroleum Company 



GEODET lC POSI T I ON U N I V E R S A L  TRANSVERSE MERCATOR 
COORDINATES, ZONE 3, in METERS. 

L AT. 55O 32' 3 4.64" N. y =  6,156,734.6 
~ 0 ~ ~ . 1 6 6 ~ 5 7 '  17.50" W. x =  376,648.8 

Figure 2. Final location plat showing the position of the COST 
No. 1 Well, St. George Basin, Alaska 



She1 1 O i l  Company 
Skel l y  O i l  Company 
Standard O i l  o f  Cal i forn ia 
Sun O i l  Company 
Tenneco O i l  Company 
Texaco, Inc. 
Union O i l  Company o f  Cal i f o r n i a  

The No. 1 wel l  was located a t  l a t  55°32'34.6437" N., long 166°57'17.5001n 
W., o r  UTM coordinates (zone 3) X = 376,648.83 m and Y = 6,156,734.57 m. The 
f i n a l  we1 1 s i t e  i s  shown i n  f igure  2. Water depth a t  the locat ion i s  442 
feet. A l l  measurements were made from the Kel ly  Bushing, which was 98 fee t  . 
above the water l i n e  and 540 f e e t  above the mud l i ne .  The maximum deviation 
from ver t i ca l  was 2 3/4 degrees, and the well was d r i l l ed ,  f o r  the most part, I 
wi th  less  than 1 degree deviation. 

D r i l  li ng st ipu lat ions requi red the operator t o  provide the M i  neral s 
Management Service (formerly USGS) with a1 1 well logs, samples, core slabs, 
geologic information, and operational reports. 

DRILLING PROGRAM 

The No. 1 we1 1 was d r i l l e d  using two 17 1/2-inch d r i l l  b i t s  t o  a depth o f  
1600 feet, and deepened wi th  twenty-seven 8 1/2-inch b i t s  t o  TD. Additional 
b i t s  were used f o r  hole opening, t o  d r i l l  through cement, f o r  clean-out t r i ps ,  
and f o r  the conventional cor ing program. D r i l l i n g  rates ranged from 3 t o  2700 
feet/hour. The ra te  gradually decreased from an average o f  1600 feet/hour a t  
2600 fee t  t o  100 feet/hour a t  5700 feet. A t  t h i s  depth sof ter  sediments were 
encountered and the d r i l l i n g  ra te  increased t o  200 feet/hour down t o  6500 
feet. From t h i s  depth, the ra te  again gradually decreased t o  an average o f  10 
feet/hour a t  TD. The dai ly  d r i l l i n g  progress i s  shown i n  f igure  3. 

Three st r ings o f  casing were set  i n  the well as shown i n  f igure  4. The 
30-inch casing was set  a t  642 f e e t  w i th  776 sacks o f  cement; the 20-inch casing 
was set  a t  1556 feet  wi th  1950 sacks o f  cement; the 13 3/8-inch casing was set  
a t  4833 f e e t  w i th  1900 sacks o f  cement. Class G cement was used f o r  a l l  casings. 
While cementing the 13 3/8-inch casing, loss  o f  c i r cu la t i on  problems were 
encountered. Penni ssion was received from the USGS t o  d r i l l  out the 13 3/8-inch 
casing shoe, and two Cement Bond Logs were run wi th  no ind icat ion o f  cement 
bonding. Af ter  squeeze cementing t o  ensure proper bonding o f  the casing w i th  
the formation, and running a leak-off  test ,  d r i l l  i ng  was continued wi th  no L 

fur ther  problems. 

The abandonment procedure i s  also shown i n  f igure  4. A cement reta iner  
was set  between 4,730 and 4,780 fee t  wi th  cement 70 feet  above and 200 fee t  
below the retainer.  The 13 3/8-inch casing was c u t  a t  740 feet; both the 30- 
inch and 20-inch casings were cu t  a t  555 feet. A t  the surface, a cement plug 
was se t  between 630 and 840 feet. 



Day  o f  Month 

Figure 3. Graph showing daily drilling progress for the 
St. George Basin COST No. 1 Well. 



- Kelly Bushing 0' 

, Mean Sea L e v e l  98' 

Mud L i n e  5 4 0 '  
I/- 

3 0 "  Cut a t  5 5 5 '  

20"  Cut  a t  5 5 5 '  

1 3 ~ / ~ "  Cut a t  740' 

Cement 

S u r f a c e  P lug  

6 3 0 ' - 8 4 0 '  

Cement R e t a i n e r  

S e t  between 

4 , 7 3 0 ' -  4,780' 

30" Casing a t  

20' '  Casing a t  1,556' 

Est imated Cement Top 

1378" Casing a t  4 , 8 3 3 '  

Cement P lug  

2 0 0 '  below r e t a i n e r  

7 0 '  above r e t a i n e r  

Figure 4. Schematic diagram showing casing strings, plugging, 
and abandonment program, St. George Basin COST No. 1 Well.  



DRILLING MUD 

Changes i n  selected d r i l l i n g  mud propert ies are  shown i n  f i g u r e  5. Sea- 
water and spotted viscous gel  p i l l s  were used as d r i l l i n g  f l u i d  down to 1580 
feet .  A t  t h i s  depth, fresh-water d r i l l i n g  mud w i t h  a weight of 8.6 pounds/gallon 
and a v i scos i t y  o f  43 seconds displaced the seawater. Mud weight was increased 
t o  9.0 pounds/gallon a t  4200 feet ,  reached 9.6 pounds/gallon a t  10,300 feet ,  
and remained a t  t h a t  weight to TD. The v i scos i t y  o f  the mud f luc tuated between 
35 and 60 seconds i n  the f i r s t  5400 f e e t  and averaged about 45 seconds f o r  the  
remainder o f  the we1 1. h d  pH averaged 11.0 w i t h  m i  nor f luc tuat ions.  Chlor ide 
concentrat ions began w i t h  3200 ppm, decreased t o  1400 ppm a t  8950 feet ,  and 
2000 ppm a t  TD. Mud logging services were provided by The Analysts. 

SAMPLES AND TESTS 

Thi r teen conventional cores were obtained and analyzed f o r  poros i ty  , 
permeabi l i ty  , gra in  density , paleontology , deposi t ional  environment, and 
l i t ho logy .  

Table 1 . Conventional Cores 

Core No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

I n te r va l  ( feet )  Recovered ( feet )  - 
47 
30 

0 
30 
18.5 
18 
41 
4 5 
12 
2 1 
42 
39 

9 

Three ser ies o f  sidewall  cores were taken. At  4921 feet ,  150 cores were 
recovered i n  four  runs w i th  12 mis f i res ,  11 empty bu l l e t s ,  and one l o s t  b u l l e t .  
A t  10,217 feet, 363 cores were recovered i n  435 attempts, l eav ing  16 b u l l e t s  i n  
t he  hole. At  13,006 feet ,  49 cores were attempted, 37 recovered, and 12 b u l l e t s  
were l o s t .  F ive hundred and f i f t y  successful cores were obtained. 

There were no d r i l l  stem t e s t s  made on t h i s  we1 1. 

The types o f  logs and the  i n t e r v a l s  logged are as fo l lows: 



14,000 

Figure 5. Changes with depth o f  drilling mud properties, including 
mud weight, viscosity, t o t a l  chlorides, and pH, St. 
George Basin  C O S T  No. I Well. 
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4921 fee t  t o  1553 fee t  

Dual Induction Laterol og/Spontaneous Potenti a1 
Compensated Formation Density Sonic LoglNeutron Gamma Ray 
Micro-Lateral LoglCal iper  and Spontaneous Potenti a1 
Vel oci t y  Survey 
High Resolution Continuous D i  pmeter 
Repeat Formation Tester 
High Resolution Temperature Survey 
Cement Bond Log 

10.217 fee t  t o  4921 fee t  

Dual Induction Laterol og/Spontaneous Potenti a1 
Borehole Compensated Sonic Log 
Sonic Log 
Density Neutron Log 
Vel oci  t y  Survey 
Long-Spaced Sonic Log 
Micro- Lateral Log 
Cement Bond Log 
High Resolution Continuous DipmeterICa1 ipe r  
High Resolution Temperature Log 
Repeat Formation Tester 

13,006 fee t  t o  10,217 fee t  

Dual Induction Laterolog 
Borehol e Compensated Sonic Log 
Vel oci t y  Survey 
Compensated Neutron Log - Compensated Formation Density Log/Gamma 

Ray/Cal i per 
Long-Spaced Sonic Log 
Micro-Lateral Log 
High Resolution Continuous D i  pmeter 
Temperature Survey 
Repeat Formation Tester 

13.771 fee t  t o  13.006 fee t  

Dual Induction Laterolog 
Borehol e Compensated Soni c/Gamma Ray/Cal i per 
Vel oci t y  Survey 
High Resolution Temperature Survey 

WEATHER 

Weather conditions were monitored from l a t e  June through the end o f  September 
1976. During t h i s  period, waves o f  10 fee t  or  more occurred on 10 days, wi th  a 
maximum wave height of 16 f e e t  i n  September. Wind speeds reached 53 miles per 
hour on August 30, but  were not  above 40 miles per hour on any other day. The 
temperature was never below 40" F o r  higher than 53O F. 



SHALLOW GEOLOGIC SETTING 
by 

C.  Drew Comer 

The shallow geologic c h a r a c t e r i s t i c s  of the d r i l l  s i te  were i d e n t i f i e d  by 
a high-resolution geophysical survey (BBN-Geomarine Services Company, 1976) and 
a 236-foot-deep geotechnical corehol e ( Woodward-Clyde Consultants ,  1976a). These 
studies eval uated potent ia l  shal  low d r i l  l i  ng hazards. A more d e t a i l  ed discussion 
of the regional environmental geology may be found i n  the Final Environmental 
Impact Statement (U .S. Mineral s Management Service,  1982), Gardner and o the r s  
(19791, and Comer ( i n  press) .  .. 

REGIONAL ENVIROElMENTAL GEOLOGY 3 

The S t .  George basin i s  located  on the Outer Continental She1 f of the 
Bering Sea i n  water  depths ranging from 340 t o  530 f e e t .  The sea f l o o r  is  
e s s e n t i a l l y  f l a t  and f e a t u r e l e s s  w i t h  an average regional s lope  of  less than 
one degree. According t o  Gardner and o the r s  (1980), the s u r f i c i a l  sediments 
c o n s i s t  mostly of unconsol ida ted  s i l t  and s i l t y  sand w i t h  1 ow concentrat ions 
of volcanic ash and diatoms and a r e  mostly r e l i c t  f r an  a period of low sea  
l e v e l .  Very l i t t l e  recent  sediment i s  being t ranspor ted  i n t o  the area.  

Glacial a c t i v i t y  i n  the Ple is tocene  caused lower sea l e v e l s  and exposed 
much of the shel f.  The ou te r  Bering Sea shelf probably f luc tua ted  between 
sedi  ment-starved condi ti ons , a s  a t  present ,  and sediment-enriched condi t i o n s  , 
when lower sea 1 eve1 s made more sediment a v a i l a b l e  by exposing the inner  and 
middle shel f to subaerial  erosion. Shall ow s t r a t a  seen on high-resol u t ion  
seismic p r o f i l e s  appear a s  rhythmically interbedded l a y e r s  of  continuous, 
horizontal  refl e c t o r s  between incoherent,  poorly refl e c t i v e  zones. This 
sequence may represen t  the low-standlsediment-rich and high-standlsediment- 
s tarved re1 a t ionsh ip  of Pleistocene deposi t ion .  

The main s t r u c t u r a l  f e a t u r e  i n  the bas in  i s  the S t .  George graben, a 
l a r g e ,  faul  t-bounded depression located  north of the No. 1 ,well. Numerous 
f a u l t s  occur i n  the a rea ,  mostly along the margin of the graben. These f a u l t s  
a r e  high-angle, down-to-the-basin normal f a u l t s  t h a t  usual l y  c o r r e l a t e  w i t h  
acoust ic  basement o f f s e t s  (Marl ow and Cooper, 1980). Many of the faults rup tu re  
the near-surface sediments and some c u t  the sea f l o o r  (Comer, i n  p ress ) .  a 

Surface o f f s e t s  of 3 t o  6 feet a r e  apparenl  on some seismic r e f l e c t i o n  p r o f i l e s .  
Some o f f s e t s  may be  due to d i f f e r e n t i a l  sediment cmpac t ion  r a t h e r  than t o  
recent  t e c t o n i c  movement. The area  is  se ismical ly  a c t i v e ,  however; Davies 
(1982 reported three earthquakes i n  the range of 6.5 t o  7.5 on the Richter 
s c a l e  and numerous smaller  events  s ince  1925. He ca lcu la ted  a 10 percent  
p robab i l i ty  f o r  ground accelera t ion  to exceed 0.2 g a t  an a r b i t r a r y  site within 
the basin i n  a 40-year period. 



The presence o f  shal low gas i n  the St. George basin i s  i n fe r red  from acoustic 
anomalies oh seismic r e f l e c t i o n  p ro f i l es .  These anomalies may be due t o  e i t h e r  
gas-charged sediment o r  confined gas accumul at ions. Shall  ow, gas-charged 
sediment i s  under normal t o  near-normal pressure and poses less  o f  a r i s k  t o  
d r i l  li ng operations than confined gas accumulations, which may occur i n  zones 
w i th  abnormal pressure. 

SITE-SPECIFIC ENVIRONMENTAL EOLOGY 

The s i t e  survey performed by BBN~Geomarine Services Company ind icated t h a t  
t he  sea f l o o r  a t  the wel l  s i t e  i s  smooth and gent ly  slopes to the southwest. - It i s  underlain by f l a t - l y i n g  s t r a t a  and i s  f r ee  o f  fau l t ing .  Acoustic 
ananal i es on sei  smic r e f l  ec t ion  p ro f  il es suggest the presence o f  sha l l  ow gas, 
and a geotechnical corehole d i d  encounter dispersed gas i n  the  sediments from 
67 t o  236 f e e t  below mudltne. This gas was normally pressured and apparently 
no t  i n  communication w i th  a deeper, high-pressured reservoir .  The gas was 
probably generated i n  s i t u  by biogenic processes. The cored sediments ranged 
from s i l t y  c lays t o  f i n e  s i l t y  sands and were Pleistocene i n  age except f o r  a 
t h i n  veneer o f  Holocene sediments a t  the surface. Shallow gas d i d  not prove 
t o  be a problem during d r i l l  i ng operations. 
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FlOURE 6. Location map of St. George Basin, COST wells, and U.S. Geological Survey seismic lines. 



SEISMIC REFLECTION CORRELATION 
AND 

VELOCITY ANALYSIS 
by 

C. Drew Comer 

The seismic s t ra t igraphy o f  the No. 1 wel l  was developed from r e f l e c t i o n  
data co l lec ted i n  1976 by the USGS, and a synthet ic seismogram generated from 
the  acoustic l o g  by MMS personnel. Port ions o f  two seismic r e f l e c t i o n  p r o f i l e s  
submitted w i t h  the appl icat ion f o r  permit  t o  d r i l l ,  1975 Seiscm Del ta  l i n e s  

a 173 and 226, were also u t i l i z e d .  Veloci ty data from the No. 1 wel l  were compared 
w i t h  the No. 2 we1 1. The locat ions o f  the wel ls  and the USGS l i n e s  i n  r e l a t i o n  
t o  the ax is  o f  the St. George basin are shown i n  f i gu re  6. 

The synthet ic seismogram ( f i g  . 7) was generated from the  borehole-compensated 
sonic 1 og. The l o g  was d i g i t i z e d  and the data were entered i n t o  a computer 
program t h a t  produced a synthet ic seismogram wi thout  mult ip les.  The program 
assumes constant density, hor izonta l  strata,  and inc iden t  waves t h a t  are normal 
t o  the r e f l e c t i n g  surface and have planar wave fronts. The r e f l e c t i o n  coe f f i -  
c ients  ca lcu la ted by the  program were convolved w i th  a standard Ricker wavelet 
having a frequency range o f  8 t o  55 Hertz. The synthet ic seismogram i s  displayed 
i n  both normal and reverse po la r i t y .  The sei smic r e f l e c t i o n  p r o f i l e  displayed 
w i t h  the synthet ic seismogram i s  Seiscom Del ta  l i n e  226. Figure 8 i s  a time- 
s t ra t ig raph ic  column o f  the No. 1 wel l  based on the Paleontology and B ios t ra t i -  
graphy chapter o f  t h i s  report.  

VELOCITY ANALYSIS 

In te rva l  ve loc i t i es  and a time-depth curve ( f i g .  9) were ca lcu la ted from 
the sonic log. The i n te r va l  ve loc i t i es  increase gradually w i t h  depth, as 
expected, except fo r  some minor reversals such as the one seen from 8000 t o  
8400 feet .  This i n te r va l  i s  an interbedded sandstone and s i l t s t o n e  sequence 
t h a t  under1 i e s  a zone o f  pebbly sandstone and conglomerate w i t h i n  the 1 ower 
01 igocene section. The i n te r va l  ve loc i ty  increases from 11,500 t o  16,000 fee t /  . second a t  about 10,600 feet, which i s  near the contact  o f  the Ter t ia ry  sediments 
w i t h  the volcanic basement. Basalt was encountered a t  10,380 f e e t  underlying 

q a basal Eocene conglomerate. The apparent acoustic basement on the synthet ic 
seismogram occurs approximately 100 m i l  1 i seconds be1 ow the acoustic basement 
on the Seiscom Delta p r o f i l e  ( f i g .  7). The greater t r ave l  t ime t o  basement i n  
the synthet ic seismogram may have been caused by anomalously 1 ow i n te r va l  
ve loc i t i es  measured by the sonic t oo l  i n  a rugose o r  washed-out zone. The 
c a l i p e r  l o g  ind icates t h a t  caving occurred i n  the basal 200 feet  o f  the Ter t ia ry  
sediments, which could exp la in  the apparently 1 ow i n te r va l  ve loc i t ies .  

F igure 10 i s  a comparison o f  time-depth curves generated from the  sonic 
logs f o r  the Nos. 1 and 2 wells. The curve f o r  the No. 2 wel l  i s  steeper than 
t h a t  o f  the No. 1 we1 1 , i ndicat ing a higher average vel oc i  ty f o r  the No. 2 



we1 1. Figure 11 i s  a comparison o f  i n t e r v a l  ve loc i t i es ,  which are also general ly  
higher i n  the No. 2 wel l  than i n  the No. 1 wel l  a t  comparable leve ls .  The 
major exception i s  the high ve loc i t y  i n t e r va l  i n  the  No. 1 we l l  from 10,600 t o  
11,400 feet ,  which corresponds t o  the  volcanic basement. 

It should be pointed out  t h a t  v e l o c i t i e s  der ived from sonic logs are 
subject  t o  d r i f t  e r r o r  due to i r r e g u l a r i t i e s  w i t h i n  the  borehole (Tucker, 
1982). Also, s ince the shallowest p a r t  of t he  borehole was not  1 ogged, t h e  
sonic l o g  and the  synthet ic  seismogram generated from i t  are somewhat incomplete. 
The sonic l o g  should be in tegrated w i t h  the borehole ve loc i t y  survey f o r  more 
accurate resu l ts .  The ve loc i t y  survey (check shot data) was not  used I n  t h l s  
r epo r t  because o f  i t s  1 onger propr ie tary  term. 

C 

SEISMIC CORRELATION 

Figure 12 shows 1976 USGS seismic r e f l e c t i o n  l i n e s  16 and 17, which are 
24-channel common-depth-point (CDP) p ro f i l e s .  L ine 17 passes w i t h i n  4.5 mi les  
o f  the No. 1 wel l ,  and l i n e  16 crosses the S t .  George graben northeast o f  the 
we l l  ( f i g .  6). The horizons marked on the p r o f i l e s  are  age dates based on 
paleontology. They were cor re la ted from the we l l  to l i n e  17 using 1975 Se iscm 
Del ta seismic r e f l e c t i o n  l i n e s  173 and 226. The t op  o f  the  Eocene i s  no t  
marked as a separate hor izon i n  the Te r t i a r y  sect ion on f i g u r e  12 ,because i t  
onlaps the basement between the wel l  and the  USGS l i n e .  

The No. 1 we l l  i s  located i n  a l oca l  basement depression south o f  the St. 
George graben. The lowermost Te r t i a r y  s t r a t a  onlap a basement h igh near shot- 
p o i n t  1400 a few mi les  northeast o f  the d r i l l  s i t e  ( f i g .  12). This h igh may be 
gene t i ca l l y  r e l a t e d  t o  the  P r i b i l o f  Ridge t o  the  northwest and the Black H i l l s  - 
Ridge to the southeast, as i t  i s  a l igned w i t h  the  t rend o f  these s t ruc tures as 
mapped by Cooper and others (1979) and Marlow and others (1979). 

The basement hor izon on f i gu re  12 i s  an angular unconformity between 
Cenozoic s t r a t a  and the  under ly ing Mesozoic (? )  rocks. The basement i s  basa l t  
a t  the d r i l l  s i t e ,  b u t  sedimentary rocks probably occur i n  the basement 
throughout much o f  S t .  George basin. A sedimentary sect ion w i th  we1 1-defined 
bedding i s  apparent on USGS l i n e  16 along the  margin o f  the graben northeast 
o f  the  No. 1 wel l .  The No. 2 wel l ,  which was d r i l l e d  along t he  margin o f  
the  graben, encountered Lower Cretaceous and Upper Jurassic sedimentary rocks . 
i n  t he  basement. Upper Cretaceous sedimentary rocks were dredged from the  
Bering She1 f margin i n  the P r i b i l o f  Canyon (Hopki ns and others, 1969). Upper c 
Jurassic sedimentary rocks were dredged from P r i b i l o f  Ridge where t he  basement 
shoals to the surface near St. George Is1 and (Val l i e r  and others, 1980). 

Lower Oligocene pebbly sandstone and conglomerate (7600 t o  7860 f ee t )  
occur near the top of the seismic sequence t h a t  onlaps the  basement high. The 
over ly ing Oligocene and younger s t r a t a  can be cor re la ted  beyond the  basement 
h igh and i n t o  the graben. Seismic and l i t h o l o g i c  evidence suggests an 
unconformi ty w i t h i n  t he  1 ower 01 igocene section, bu t  no d i s t i n c t  h i a tus  cou ld  
be defined on the basi s o f  pal eontological  evidence. 
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FIGURE 8. Time-stratigraphic column and seismic profile of 
the St. George Basin COST No.1 well. 
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FIGURE 9. Interval velocities and time-depth curve from'the 
sonic log of St. George Basin COST No. 1 well. 
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FIGURE 10. Comparison between time-depth curves for the 
St. George Basin COST No.1 and No.2 wells. 
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The o f f se t  of  the s t r a t a  across the graben f a u l t s  increases w i t h  depth on . 
the  downthrown side, i nd i ca t i ng  deposi t ion contemporaneous w i t h  f a u l t  movement. 
It i s  apparent from the  seismic p r o f i l e  ( f i g .  12) t h a t  these growth f a u l t s  were 
ac t i ve  we l l  i n t o  the l a t e  Ter t ia ry .  Away from the graben, f a u l t s  are fewer i n  
number, smaller i n  magnitude, and general ly ceased a c t i v i t y  a t  an e a r l i e r  time. 
The acoustic basement i s  obscure i n  the graben on USGS l i n e  16 and may be 
deeper than i s  indicated i n  f i g u r e  12. The Oligocene top i s  a lso somewhat 
uncerta in i n  the graben. The r e l a t i v e l y  h igh  propor t ion o f  Neogene t o  Paleogene 
(and possibly Upper Cretaceous) sect ion imp1 i e s  re1 a t i v e l y  r ap id  subsidence 
dur ing the Neogene. 

S t ra ta  equivalent  i n  age t o  the basal Te r t i a r y  sect ion o f  the No. 1 we l l  
are c e r t a i n  t o  occur i n  the  graben, although they cannot be cor re la ted beyond 
t he  basement high. Marlow and Cooper (1980) suggest t h a t  basin subsidence may 
have begun i n  the Late Cretaceous, so Cretaceous as wel l  as lower Te r t i a r y  
sediments may occur i n  the graben. The basal sediments i n  the graben probably 
have no age equivalents i n  the No. 1 wel l .  This has important impl icat ions 
f o r  both source rock and reservo i r  rock po ten t ia l  o f  the graben sediments. The 
area outsSde o f  the graben was apparently subaer ia l ly  exposed i n  the  Late 
Cretaceous and ear ly  Ter t ia ry .  If t h i s  i s  the case, then the lowermost graben 
sediments probably accumulated i n  a r e s t r i c t e d  bas in  w i t h  good po ten t i a l  f o r  
organic preservation. Marlow and Cooper (1980) be1 i eve t h a t  coarse c l a s t i c s  
and terr igenous debr is may have been shed i n t o  the graben from the surrounding 
highlands dur ing l a t e  Mesozoic o r  e a r l i e s t  Te r t i a r y  time. Thus, t he  reservo i r  
rock po ten t ia l  i n  the  graben may be b e t t e r  than t h a t  o f  the  rocks encountered 
i n  the No. 1 well .  



PALEONTOLOGY AND BIOSTRATIGRAPHY 
by 

John A. Larson 

Paleoecology and b ios t ra t igraphy f o r  the S t .  George Basin COST No. 1 we l l  
were detenni ned by d e t a i l  ed analyses o f  m ic ro foss i l  assemblages recovered from 
ro ta r y  d r i l l  b i t  cu t t i ngs  ( d i t c h  samples), s i  dewall cores, and conventional core 
samples. D i tch samples were taken a t  30-foot i n t e r va l s  between the  uppemost 
sample a t  1600 f e e t  and the lowermost sample a t  13,755 feet. Numerous sidewall  
cores (SUC) and 12 conventional cores were taken over t h i s  i n t e r va l .  The micro- 
f oss i l  assemblages examined include Foraminifera, diatoms and s i l  i co f lage l  la tes ,  
Radiolaria, calcareous nannoplankton, po l len  and spores, and d i  nocysts C 

( d i no f l age l l a t e  cysts). The p r i nc i pa l  sources o f  data f o r  m ic ro foss i l  i d e n t i  f i- 
cation, abundance, d i s t r i bu t i on ,  and environmental impl ica t ions are the consul tant  
repor ts  on t he  we1 1 and a nearby shallow core ho le  (Anderson, Warren, and 
Associates, Inc., 1976 a, b)  . Foraminifera from s i g n i f i c a n t  s t ra t ig raph ic  
i n t e r v a l s  o f  the wel l  and from dredge samples co l l ec ted  near the  wel l  s i t e  were 
analyzed by Minerals Management Service personnel. I d e n t i f i c a t i o n  and analysis 
o f  s i l  iceous microfossi 1 s from s l  ides provided by ARCO were a1 so u t i l  ized. 
D i  screpanci es between t h i s  repor t  and the c o n q l  t a n t '  s  conclusions regarding 
t he  zoning o f  the upper p a r t  o f  the we l l  r esu l tV rom informat ion made avat lab le  
subsequent t o  the consul tant 's  repor t  regarding the  b ios t ra t ig raph ic  zonation 
of high l a t i t u d e  North Pac i f i c  diatoms (Barron, 19801, and from addi t iona l  
b ios t ra t ig raph ic  informat ion i n  the consul tant 's  repor t  on the b ios t ra t igraphy 
o f  the more recent ARCO St. George Basin COST No. 2 we1 1 (B iost ra t igraph ics ,  
1982). Analysis and evaluation o f  forami n i f e r a l  data, i n t e r p r e t a t i o n  o f  data, 
and synthesis were done by the  author. Analysis o f  Foraminifera i n  the  grab 
samples was done by Ronald F. Turner. S i l i ceous mic ro foss i l  analysis was done 
by Donald L. 01 son. 

The b ios t ra t igraphy o f  the we l l  i s  discussed i n  the order t h a t  the s t r a t a  
were penetrated. Fol lowing the conventional p rac t i ce  f o r  subsurface b io-  
st rat igraphy,  f o s s i l  occurrences are l i s t e d  as highest  and lowest occurrences 
because references t o  f i r s t  and l a s t  occurrences are p o t e n t i a l l y  confusing. 
Samples from cores are given somewhat more weight than those from cu t t ings  
because core depths can be more prec ise ly  located and cores are l e s s  subject  
t o  downhole contamination. The we1 1 i s  cor re la ted w i t h  the  No. 2 we1 1 a t  the  
conclusion o f  t h i  s  chapter. 

b 

Biost ra t igraph ic  and paleoenvi ronmental determi nat ions are based on the 
e n t i  r e  m ic ro foss i l  and macrofossi l  sui  tes. The b i o s t r a t i  graphy o f  t he  P l  iocene 
and Miocene par ts  o f  the we l l  i s  based p r i m a r i l y  on diatoms. Below the Miocene, 
dinocysts and calcareous nannofossi ls are most important. Foraminifera 
corroborate the b i  os t ra t ig raphy developed from these mic ro foss i l  groups. 
Pal eoenvi ronments r e fe r red  t o  as cont inenta l  ( non-mari ne) inc lude f l  u v i a l  , 
lacustr ine,  and paludal . Transi t ional  environments inc lude brackish estuar ies 
and hypersal i ne 1 agoons. For sediments deposited i n  marine environments, the  
pal eoenvi ronment i s  expressed i n  t e m s  o f  bathymetry . These pal eobathymetric 



determinations are based p r ima r i l y  on evidence from forami n i f e r a l  populations, 
b u t  d i  nof 1 age1 1 ates, calcareous nannofossi 1 s, mol luscs , echinoderms and other 
marine organisms are used as wel l .  The bathymetric d iv is ions of the marine 
environment include inner  ne r i  ti c (0  t o  60 feet ) ,  middle n e r i t i c  (60 t o  300 
fee t ) ,  outer  n e r i t i c  (300 t o  600 feet ) ,  upper bathyal (600 t o  1500 feet ) ,  middle 
bathyal (1500 t o  3000 fee t ) ,  and lower bathyal (3000 t o  6000 feet ) .  Abundances 
o f  microfossi ls ,  where expressed, are i n  terms o f  numbers of specimens per  
sanple: infrequent o r  very rare, 1 per sample; rare, 2 t o  10 per sample; 
frequent, 11 t o  32 per  sample; common, 33 t o  100 per  sample; abundant, 101 t o  
320 per sample; and very abundant, greater than 320 per  sample. Paleoclimato- 
l og i ca l  in terpreta t ions are based p r i n c i p a l l y  on po l l en  and spore assemblages, 
and t o  a lesser  extent on diatom assemblages. - 

. PLEISTOCENE TO HOLOCENE 

P r i o r  t o  the d r i l l i n g  o f  the No. 1 wel l ,  a shallow core hole was d r i l l e d  
t o  a depth o f  236 f e e t  be1 ow sea bottom i n  the v i c i n i t y  o f  the wel l  s i t e  
(Anderson, Warren, and Associates, I nc., 1976a). Diatom species present i n  
the  shallow core hole ind ica te  t h a t  only the  top 9 f e e t  of sediment are o f  
l a t e  Pleistocene t o  Holocene age. 

Although the d i  atom populat ion i n  the upper 9 f e e t  of the core hole i s  very 
s im i l  a r  t o  t h a t  of underlying Pleistocene age samples, an abundant populat ion 
o f  Biddulphia au r i t a  seems to ind ica te  a Holocene age. Other diatom species 
present i ncl  u d m n o c y c l  us d i  v i  sus, Act i  noptychus undul atus, Arachnoi d i  scus 
ehrenber i i , Cosci nodi scus a f  ri canus, Cosci nodiscus asteromphalus , Coscinodi scus --?- excentr cus. Coscinodiscus marainatus. Coscinodiscus nodul i fer .  Coscinodiscus 
ocu lus - i r i  &s, Denticulopsis sGni nae, -Melosi r a  sulcata, ~ o r o s i  +a g lac ia l  i s ,  
Rhaphonei s amphiceros, R h i z o s m e b e t a t a ,  S m p y x i  s t u r r i  s, Thal assionema 
n i  tzsch i  o i  des , Thal assi os i  r a  cf.  T. convexa, Thal assi os i  r a  decipi  ens, 
Thalassiosi r a  Thalassiosi r a  oestrupi i , and 

present include Distephanus 
strauracanthus. Radiolarians 

include Sphaeropyle l ang i i ,  Spon iodiscus sp., and Spongotrochus g lac ia l i s .  
S i l  iceous endoskel e t m o  f d l - -  age ates were a1 so p r e s e n i i w s c u s  
pentaster i  as and Act i  niscus e l  ongatus. 

Forami n i f e r a  present i n  t h i s  i n te r va l  include Cassi dul i na c f .  C. 1 aevi gata, - E l  ph i  dium c l  avatum, Eggerell a advena, Epi stomi n e l l  a ex i  gua, NonioneTl a labradorica, 
T r i  f a r i  na angulosa, ' T r i f a r i  na fluens, Trochamni na c f m a c T f i  - ca, Uviger i  na 

. cushmani . and Uviaer i  na c t  . U. ~ e r e ~ r i  na. 

Addi t i ona l  Holocene Forami n i f e r a  were recovered from dredge sampl es gathered 
from the same area by Minerals Management Service personnel i n  conjunction w i t h  
a Tetra Tech s i te -spec i f i c  b io log ica l  survey. I n  addi t ion t o  many o f  the 
previously mentioned species, the dredge samples contained Adercotrema g l  omerata, 
Cassidul i n a  norcrossi , Elphidium b a t i a l  i s ,  and Uvigerina juncea, along w i t h  
Cassi dul i n a  del ica ta ,  C i b i c i  des f l e t c h e r i  , C r i  brostomoi des crassimargo, 
Gl obobul i m i  n m  ata, Noni one1 1 a auricuTa, Reophax s,corpiurus , Reophax 
micaceous , Si  1 icosigmoi li' na groenl andi ca, a n d - m i  na - nana. 



Pol len and spores i n  the Pleistocene to Holocene po r t i on  o f  the shallow 
core hol e i ncl  ude- Abi espol 1 eni  tes  sp. , A1 n i  pol  1 en i  tes  sp. , Betul apol 1 eni  t es  
sp., Myriophyl lump01 l e n i  t es  sp., Piceapol l e n i  t es  sp., P i  nus- 
Compositae, t r icaceae tetrads, Onagraceae, Laevigatosporites sp., and 
Lycopodi umspori tes  sp. D i  nocysts include Bal ti sphaeri dium sp. and Spi n i  f e r i  tes  
sp. Specimens o f  Tasmanaceae are a1 so present. 

No calcareous nannofossi ls were observed i n  the l a t e  Pleistocene to 
Holocene i n t e r v a l  . 

Envi rorment 

The foramini f e r a l  assemblages i n  both the  sha l l  ow core hole and grab samples - 
a re  i nd i ca t i ve  o f  middle to outer n e r i t i c  environments, although the measured 
water depths o f  the grab samples are somewhat shallower (210 t o  260 fee t ) .  
Rare specimens o f  Cassidul ina del icata,  general ly  considered a deep-water form, 

. 
also occur i n  the grab samples. 

PLEISTOCENE 

The i n t e r v a l  from 9 t o  187 f e e t  i n  the shallow core ho le  i s  l a t e  Pleistocene 
i n  age, on the bas is  o f  the diatoms present. The s i l  iceous mic ro foss i l  assemblage 
i s  s i m i l a r  t o  t h a t  found i n  the upper 9 feet ,  except t h a t  the  abundance o f  the 
diatom species B i  ddulphia aur i  t a  i s  g rea t l y  reduced, and the  species Cosci nodiscus 
radiatus, Navicul a optima , F r a g i l a r i o p s i s  sp. , Rhi zosolenia sty1 i formis, and 
Roperia tessel  a ta  appear. m c u r r e n - s i o s i  r a  n i  du1 us i s  
-feet. The rad io l a r i an  Dictyophimus c r i c i a e  i s  present i n  onZT%iZe. 
Po l len and spore populations are s im i l a r  to-in the upper 9 fee t .  The most 
not iceable change i n  the assemblage i s  the add i t i on  o f  Acerpol leni tes sp., 
Castaneapollenites sp., I l e xpo l l en i t es  sp., Juglanspol leni tes sp., 
L i q u i  dambarpol 1 en i  tes  sp. , and Quercuspol 1 eni  tes  sp . i n  the i n t e r v a l  between 46 
and 116 fee t .  Below 116 feet ,  these forms are again scarce o r  absent. Other 
palynomorphs present are ra re  specimens o f  the  dinocyst S p i n i f e r i t e s  sp. and 
specimens o f  Tasmanaceae. 

One non-age-di agnostic cal careous nannofossil , Coccol i thus pelagicus, was 
seen a t  10 feet .  Foraminifera1 species present inc lude most of those seen i n  
the  Holocene sect ion from 0 t o  9 feet ,  as wel l  as Bo l i v ina  decussata, Bo l i v i na  
paci  f i a  , Buccel l  a fri g i  da , Buccel 1 a c f  . B. tenerrima , Bul i m i  n e l l  a e l  eganti  ssima, - 
Cassidul ina m i n u t a x i n a  c f .  D. bag$, Elphidium b a r t l e t t i  , Elphidium c f .  
- E. d i  s c o i d a l e , t o e l  ph id i  um orb iFu lare ,Gl  ob iger i  na b u l l  o i  des , G l  ob i  ge r i  na 
parabul l o i  des , Gl obi ge r i  na qui  nquel oba, Neogl oboquadri na pachydenna, Nonionel 1 a p 

miocenica? , and Vi rgu l  i n e l  1 a bramletti ' . 

There i s  no paleontologic informat ion from the in te-va l  between 167 and 
187 feet .  

The sect ion from 187 f e e t  to the base o f  the core i s  middle Pleistocene i n  
age, on the  basis o f  the highest  occurrence o f  the diatom Rhizosolenia c u r v l r o s t r i s  
a t  187 feet .  The remainder o f  the s i l i ceous  mic ro foss i l  populat ion i s  s i m i l a r  



to t h a t  observed i n  the l a t e  Pleistocene, w i t h  the exception o f  the s i l i c o f l a g e l l a t e  
Distephanus octonarius, which does no t  appear above 195 feet ,  and frequent 
occurrence o f  the diatom Dent iculopsis seminae var. f o s s i l i s ,  which does not occur 
above 226 feet .  

Pol len and spore assemblages are s im i l a r  to the l a t e  Pleistocene assemblages. 
The on ly  dinocyst present i s  Bal t isphaeridum sp. a t  226 feet .  

No calcareous nannofossi ls were observed i n  t h i s  i n t e r v a l .  

The foramini fera1 assemblage i s  s i m i l a r  t o  t h a t  o f  the  l a t e  Pleistocene, 
wi t h  the add i t i on  o f  Cibic ides c f .  - C. per lucidus and Quinquelocul i n a  seminul um. 

Environment 

The Foraminifera ind ica te  inner  to middle n e r i t i c  paleodepths from 9 t o  46 
f e e t  and middle t o  outer n e r i  t i c  pal eodepths from 46 to 167 feet. Be1 ow the  
data gap (167 t o  187 feet )  the Foraminifera ind ica te  continued middle to outer 
n e r i t i c  condi t ions t o  236 feet .  

The po l len  assemblage from 9 t o  46 f e e t  ind icates cool condit ions. Between 
46 and 116 f e e t  a s l i g h t  l a t e  Pleistocene ( i n t e r g l a c i a l ? )  warming t rend i s  
indicated, w i t h  a r e tu rn  t o  cool condi t ions from 116 t o  167 feet .  The po l len  
ind icates another s l  i g h t  ( i n t e r g l a c i a l ? )  warming t rend  from 195 t o  21 7 feet ,  
fol lowed by a coo l ing t rend to 236 feet .  

Because the ocean bottom was a t  a measured depth o f  540 f e e t  i n  the No. 1 
wel l ,  the 236 f e e t  o f  sediment i n  the shallow core hole corresponds to the 
measured i n te r va l  o f  540 t o  776 f e e t  i n  the we1 1. The equivalent  we1 1 depths 
f o r  i n t e r va l s  i n  the  core hole are as fol lows: the Holocene sect ion corresponds 
to the i n te r va l  from 540 t o  549 feet ;  the l a t e  Pleistocene extends from 549 t o  
727 feet, w i th  an apparent s l i g h t  warming t rend from 586 t o  656 feet ;  the 
basal o r  middle Pleistocene p a r t  o f  the core hole corresponds to we l l  depths 
o f  727 t o  776 feet ,  w i t h  another apparent s l i g h t  warming t rend  from 735 t o  757 
feet .  

There are no b ios t ra t ig raph ic  data ava i lab le  from the  base o f  the shallow 
core hole to the highest  we1 1 sample a t  1600 feet. The i n t e r v a l  from 776 t o  - 1600 f e e t  i n  the we1 1 i s  therefore  re fe r red  to as P I  iocene-Pl e i  stocene i n  age. 

4 

PLIOCENE 

The f i r s t  sample recovered was a t  a measured depth o f  1600 feet .  Analysis 
o f  t he  m ic ro foss i l s  present, p a r t i c u l a r l y  diatoms, ind icates t h a t  from t h i s  
sample to 3600 f e e t  the sediments are  Pliocene i n  age. There are problems i n  
de f in ing  the  diatom b i o s t r a t i  graphy because o f  mix ing and reworking o f  o lder  
diatoms, a1 ong w i t h  possible reworking o f  Pliocene forms. Some o f  t h i s  may be 
re l a ted  t o  up1 i ft  and erosion o f  Ter t ia ry  sediments ( p r i  nci  pal  l y  Miocene) 
somewhere i n  the area (St. George Arch?, Alaska Peninsula?) dur ing the Pliocene. 
Geochemical evidence f o r  the presence o f  reworked mater ia ls  i n  sediments above 



3600 f e e t  supports t h i s  in terpeta t ion.  A f u r t h e r  compl +cat ion i s  downhole caving 
o f  diatom-bearing sediments, which was probably aggravated i n  the upper pa r t s  
of the we l l  by very h igh ra tes o f  d r i l l i n g .  There are scattered occurrences 
o f  Pleistocene diatoms i n  the Pliocene section, and some Pliocene forms 
appear to have been caved down i n t o  the Miocene sect ion of the wel l .  Despite 
these problems, a zonation o f  the Pliocene and Miocene was made fo l low ing  the  
zones establ ished by Barron (1980). Several key diatom species are missing 
and some appear t o  be ou t  o f  place, so t h a t  a complete zonation was not  possible. 
Data from the consultants'  more recent experience regarding the  ranges o f  l e s s  
diagnostic diatom species i n  the Bering Sea were u t i l  i zed (B iost ra t igraph ics ,  
1982). - 

The i n te r va l  from 1600 t o  1780 f e e t  i s  ~ r o b a b l v  l a t e  Pliocene i n  aae. 
poss ib ly  p a r t  o f  the  ~ e n t i c u l o ~ s i s  seminae-var. f o s i i l  i s  Zone.   his agg assignment 
i s  based on several diagnostic f o r m m a r e  present i n  the top sample, i nc lud ing  
Dent icul  opsi s seminae var . fossi 1 i s ,  ~tephanopyxi  s h o r r i  dus , ~ h a l a s s i o s i r a  n i  dul u;, 
Tha lass ios i ra  antiqua, and -*-osira ravida. A1 so present are A c t i n o c m  
c f  . A. o c ~ u ~ a p h o n e i s  sachal inensi  % s. t he r  s i l  iceous mic ro foss i l  s 
inc lude the s i l i c o f l a g e l l a t e  Distephanus speculum and the ebr id ian Amnodochiurn 
rectanqul are. 

The i n te r va l  from 1780 t o  2109 f e e t  i s  probably e a r l y  l a t e  Pliocene, 
poss ib ly  i n  t he  Dent iculopsis seminae var. f o s s i l i s -  - Dent iculopsis kamtschatica 
Zone. The top o t  t h i s  zone is7EFiXSed here by the h iqhes t  occurrence o f  frequen$ - .  
~ e n t i c u l o ~ s i s '  kamtschatica (1780 fee t ) .  The base i s  def ined by the lowest 
occurrence o f  Denti  c u l o ~ s i  s semi nae var. f ossi 1 i s  i n  con i  unct ion w i  t h  the 
highest  occurrence o f  ~ i a d o ~ r a m n a  ca l  i f o r n i c a  a t  2109 f&t (SUC). Other s i l  iceous 
mic ro foss i l  s present inc lude those occurr ing i n  the over ly ing i n te r va l  , a1 ong 
w i t h  the s i l  i c o f l  agel 1 a te  D i  stephanus specuium e l  ongatus ,- the e b r i d i a n - ~ b r i  opsi s 
antiqua, and the rad io la r ians  Spongodiscus sp. and Sphaeropyle robusta. 

From 2109 t o  3600 f e e t  the  diatom st ra t igraphy i s  d i f f i c u l t  t o  determine 
because o f  caving and reworking. The lowest common occurrence o f  Thalassiosira 
usatchevi i ,  i n d i c a t i v e  o f  e a r l i e s t  Pliocene, i s  i n  the sidewall  core a t  3500 
teet .  The base o f  the Pliocene i s  t en ta t i ve l y  placed a t  3600 fee t ,  based on 
s i l  i c o f l  agel l a t e  occurrences. The i n t e r v a l  from 2109 t o  3600 f e e t  i s assigned 
t o  the lower Pliocene Dent icula kamtschatica b and c Subzones. 

The s i l i c o f l a g e l l a t e  assemblage i s  s i m i l a r  t o  t h a t  o f  the  l a t e  Pliocene, - 
bu t  a lso contains Distephanus bo l i v i ens i s  j i m l i n g i i .  Distephanus c f .  D. minutus, 
which f i r s t  appears i n  the ea r l y  Pliocene o r  l a t e s t  Miocene, occurs a t 3 6 7 J T T G f  
(SWC) and marks the lowest probable Pliocene i n  the wel l .  Addi t ional  s i l i ceous  

? 

taxa i n  the i n te r va l  inc lude the ebr id ians E b r i o ~ s i s  crenu la ta  and Parathranium 
tenuipes. The Radio lar ia  present are s im i l a r  to' those o f  the l a t e  P I  iocene, 
w i th  the add i t i on  o f  ?Prunopyle sp. 

Foraminifera i n  the upper p a r t  o f  the l a t e  Pl iocene sect ion (1600 t o  1780 
fee t )  i ncl  ude Bol i v i  na c f  . B. numerosa , Buccel 1 a tenerr ima , Cassi dul i na 
ca l i f o rn i ca ,  Cassidulina m i ~ u t ~ d u ~ e ~ d e ~ r l u c i d u s ,  
Dentalinaf .-6aggi,um b a r t l  e t t i  , El iXTdi  um c l  avatum, ETphmum c f  . 
- k. disco ida l  e,Tlphl'dium i ncertum, Protoel  p h i  dium orb icu l  are, €pi stomi nel 1 a 



bradyana, Epistominel la exigua, Epistominel la c f .  E. pac i f i ca ,  Glandulina 
m a ,  Melonis a f f .  M. pompilioides,  onione el la-lama, 
h n d u m n f  1 ata; T r i f  a r i  na an l c l r i  na cushmani , Uvi e r i  na 
hoots i ,  and V i r g u m a m l e t t i ,  a h n g  w t the p an t o n m e s * i n a  

- 
++ 

m. nepenthes and Globi ge r i  na parabul l o i  des. 

The ea r l y  l a t e  Pliocene (1780 t o  2109 f ee t )  contains a s i m i l a r  assemblage, 
w i t h  the addi t i o n  o f  Buccel l a  mansfiel d i  , Buccel l a  fri gida, Cassidul i na  nakamurai , 
Mar i n u l  i na  sp., P lec to f rond icu lar ia  sp., Ro ta l ia  c m a r v e y e n s i s ,  l ' r j f a r i na  
*9erina juncea, and Uvigerina c f ~ d e l o e 5 s i s .  % i ~ j i ~ ~ n e 1 1  a 
pertusa i s  present be1 ow 1900 feet. ~ d d i  t i o n e l  p lanktonic species are G l  obi ge r i  na 
-mi n u t i  ssma and Globi ge r i  na praebul 1 o i  des. - - 

Most o f  the above species are present i n  the lower p a r t  o f  the  Pliocene 
sect ion (2109 t o  3600 feet ) .  Addi t ional  species include Astacolus c f .  A. 
planatus, Bol i v i n a  paci f ica?,  Cassi dul i na c f .  C. l aev i  ata, Cassi dul i n a y f .  C. 
ounctata. Cassidulina c f .  C. t e re t i s .  Cibic ides c -+ C. ~ e r l u c i d u s .  Cibicides- 
cf .  C. su pressus t i l o h e a r a m * a ,  k issur fna sp-, Raplophragt&ides sp., 
Hapl~iphr&i. H. crassus, Hapl ophr'agmoi des deforms, Hapl ophragmoi des 
c f .  H. t r u 1  issata, Nogosaria sp., and Nonionel l a  d i  i tata.  Anomal i n a  glabrata 
i s  present below 3 1 m  feet .  Species i nd i ca t i ve  o &+ eeper water deposit ion 
inc lude Bo l i v ina  decussata, Nonion c f .  N. barleeanurn, Pu l len ia  sa l i sbury i ,  
Sigmoil ina sp., Tex tu la r ia  sp., and Addi t ional  

t he  Pliocene, w i th  the possible exception o f  G l  obi  e r i  na praebul l  o i  des, which 
may no t  have ranged higher than the  l a t e  Miocene. i s  form may intergrade 
morphological l y  w i t h  Globi gerina bul  l o i  des. 

+ 
D i  nocysts present i n  the Pliocene sect ion include Bal ti sphaeri d i  urn spp. and 

0 erculodinim sp. (2?), a form previously observed i n  the Pliocene o f  southern b Several specimens o f  reworked o lder  species are present throughout the 
Pl iocene section. Tasmanaceae are also present. 

The Pl  iocene po l  1 en and spore assembl age i s dominated by 1 and-deri ved 
forms, i ncludi  ng A ln ipo l  l e n i  tes  sp. ? Tsugaepol l e n i  tes  sp., Betulaceae, - Laevigatospori tes, and Sphagnumspori t- bu t  pers is ten t  are 
Boi sduval i apol l e n i  tes  sp. , Pterocaryapol 1 eni  tes  sp., Composi tae, Ericaceae, 

4 Ma1 vaceae, and Onagraceae, w i t h  sporadic Caryapol l e n i  tes  sp., Jug1 anspol 1 eni  tes  
sp., Nyssapol l e n i  tes sp., Rugaepoll i s  sp., T i  1 i aepo l len i tes  sp., Ulmipol l e n i  tes  
sp., Caryophyl laceae, and Pol  emoniacae. Pediastriumspori tes  sp., a f resh-water 
a1 gal spore, i s a1 so present. Juglanspol> eni  tes  sp. an2 Erfcaceae are more 
conmon below 3490 feet. 

Calcareous nannofossi ls are very scarce i n  the Pliocene in te rva l ,  w i th  
only two non-age diagnost ic species, Coccol i thus dormicoi des and Coccol i thus 
pe l  agicus, appearing be1 ow 3000 feet. 



Env i romen t 

The foramini f e ra l  populations present ind icate middle t o  outer ner i  t i c  
condit ions from 1600 t o  1720 feet.  From 1720 t o  3070 feet, paleoenvironments 
are mostly outer ne r i  t i c  t o  upper bathyal , w i th  middle t o  1 ower bathyal 
condit ions present beween 2200 and 2380 feet .  Upper to middle bathyal con- 
d i t i ons  are ind icated from 3070 fee t  t o  the base o f  the Pliocene a t  3600 feet. 

The pol len and spore assemblages ind icate temperate condit ions throughout 
the Pliocene in te rva l .  Abundance-weighted percentages of warm-water versus 
co l  d-water d i  atoms (modified from Schrader, 1973) a1 so ind icate re1 a t i v e l y  warm 
condit ions ( possibly temperate) wi th  sporadic, short  cooler i n te rva l  s. 

MIOCENE 

The sediments between 3600 and 5370 fee t  are o f  probable Miocene age. 
The zonation o f  the upper pa r t  o f  t h i s  in te rva l ,  based p r imar i l y  on the diatom 
zonation o f  Barron (1980), i s  provisional. The base o f  the in te rva l  i s  defined 
by cal  careous nannofossil occurrences. 

The in te rva l  from 3600 t o  3716 f e e t  (SWC) i s  ten ta t i ve ly  assigned to the 
Denticulopsis kamtschatica Subzone a ( l a t e  l a t e  Miocene) on the basis o f  the 
1 owest sidewall occurrence o f  Denticulopsis kamtschatica. Other s i l  iceous 
microfoss i l  s i n  t h i s  in te rva l  include the s i l  i c o f l  agellates Dictyocha 
pseudofibula and Distephanus speculum, the ebridians Ebriopsis antiqua, 
k b r i  opsi s crenul ata, Amnodochi um rectangul are, and P a r a t h r a n i u m m e s  , and 
the r a d i o l a r - n - . v p y l e  - c'f. - S. robusta. 

The i n te rva l  from 3716 (SWC) t o  4120 f e e t  i s  assigned to the Denticulopsis 
hus ted t i i  Subzone b (middle l a t e  Miocene). The base o f  t h i s  in te rva l  i s  defined 
by the highest occurrence o f  Coscinodiscus yabei . The assemblage o f  . 
s i l  i co f lage l  la tes  and ebridians i s  s im i la r  m a t  o f  the over ly ing in te rva l  . 
Additional s i l  i c o f l  aael la tes  include Diste~hanus bol i v i ens i s  major. Dictvocha - - 
sp., and Mesocena ci;culus. Additional ~ a d ~ i ~ a ~ n t h a  G . ,  
Phacodi s c ~ a ~ o d i  scus sp. 

The in te rva l  from 4120 t o  4390 f e e t  i s  possible middle l a t e  Miocene i n  age, 
(Denticulopsis hus ted t i i  Subzone a). This assessment i s  made on the basis o f  - 
the highest occurrence o f  continuous Denticulopsis dimorpha a t  4390 feet. (The 
lower boundary o f  t h i s  zone may be as high as 4210 feet, the highest i so la ted  
d i t ch  sample occurrence o f  Denticulopsis lauta, bu t  i t  i s  l i k e l y  t h a t  t h i s  higher ' 

sample contains reworked material . ) S i l  iGGE microfoss i l  s present i n  addi t ion 
t o  diatoms are s im i la r  to those o f  the 3716 t o  4120 f o o t  in te rva l  , but  are 
jo ined by an ebridian, Praebriopsis c f .  - P. fa l l ax ,  and the rad io la r ian  Xiphospira 
c i  r c u l  a r i  s . 

The section from 4390 t o  4600 f e e t  i s  placed i n  the upper p a r t  (Subzone d) 
o f  the Denticul opsis hustedti i - Denticulopsis 1 auta Zone (ear ly  l a t e  Miocene). 
Present i n  t h i s  in te rva l  are Actinocyclus ingens, Denticulopsis dimorpha, 
Denticul opsis hustedt i  i , and D e n t i c u l o p s i s ~ .  The assembl age i s  s im i la r  to 



t h a t  observed from 4120 t o  4390 feet ,  w i th  the add i t ion  o f  the s i l  i c o f l  agel lates 
Corbisema tr iacantha, Distephanus crux, Distephanus c f .  D. hannai, Distephanus 
m i  nutus, D i  stephanus speculum c f  . pentagonus, and D i  stepfianus speculum c f  . 
-rux, along w i th  the ebr id ian Hermesinum cf .  H. geminum, and the 
rad io  l a r i  ans Spongodi scus g i  gas and 'fheocorys c f  . - TT r ~ n s i s .  

The i n te r va l  from 4600 t o  5370 fee t  i s  ear ly  t o  middle Miocene i n  age. 
We1 1-preserved s i l  i c e w s  microfoss i l  s are scarce i n  t h i s  in te rva l ,  possibly 
because o f  dest ruct ive diagenetic changes, o r  possibly marking a disconformable 
(paraconformable?) surface. The sidewall  cores be1 ow 4600 f e e t  are barren o r  
contain poorly preserved diatoms, and d i t c h  samples below t h i s  depth appear t o  
contain a high proport ion o f  caved mater ia l .  Diatom zonation below 4600 f e e t  - 
i s  therefore very tentat ive.  The lowest occurrence o f  infrequent Denticulopsis 
hus ted t i i  a t  4840 f e e t  may mark the base o f  the Denticulopsis hus ted t i i  - 

I Dent i  cu l  opsi s 1 auta Zone (ea r l  i es t m i  ddl e Miocene). The 1 owest occurrence o f  
in f reauent  D ~ ~ ~ o D s ~ s  l au ta  a t  5100 f e e t  may ind ica te  the base o f  the 
~ e n t i c u l o ~ s i s  l au ta  zone -m ear ly  ~iocene),-and the  lowest occurrence o f  
m r e q u e n t  A c t K c l u s  ingens a t  5190 f e e t  may mark the base of  the Actinocyclus 
i ngens Zone (middle e a r l m e n e l .  

I n  the l a t e  Miocene section (3600 t o  4600 fee t ) ,  calcareous nannofossil s 
are r e l a t i v e l y  sparse. I n  the i n t e r v a l  from 3600 t o  3716 (SWC) feet, species 
present include Coccolithus doronicoides, Coccolithus pelagicus, and Gephyrocapsa 
c f .  G. caribbeanica. The i n te r va l  from 3716 t o  4120 feet contains a s im i l a r  
a s s e h l  age, w i  t h  the addi ti on o f  Ret icu l  ofenestra pseudoumbi 1 i ca. S i m i  1 a r  
calcareous nannofossils are a lso present from 4120 t o  4390 feet ,  w i th  the 
addi t i o n  o f  Cycl i cargo1 i thus sp. and Braarudosphaera b i  gel owi . -cyc l  ococcol i t h i  na 
leptopora appears i n  the 4390 t o  4600 t o o t  in te rva l .  From 4600 t o  5310 fee t  
-(early t o  middle Miocene), the  cal careous nannopl ankton assemblage i s  s im i l a r  

. 

t o  t h a t  seen i n  the l a t e  Miocene section, w i t h  the addi t ion of Dictyococcites sp. 

The Miocene po l len  and spore assemblage i s  s i m i l a r  t o  the Pliocene assemblage, 
bu t  there i s  an increase i n  Pterocaryapollenites sp. and a more consistent  
presence o f  Ulmipol l e n i  tes sp. and Nyssapol l e n i  tes  sp. 

Dinocysts increase i n  d i ve rs i t y  i n  the Miocene sect ion (3600 t o  5370 fee t ) .  
Lejeunia hya l ina- fa l lax ,  Lejeunia paratenel la var., Leptodinium sp., 
Nematosphaeropsis c f .  N. balcombiana, Sp in i f e r i t es  spp., and Sp in i f e r i t es  
c i  ngul atus a1 1 appear Tn t h i s  i n te r va l  . A1 so present are Cordosphaeri dium * 
inodes and specimens o f  the Desmidiaceae, an order o f  f l age l  l a t e  green a1 gae. 
Reworked Mesozoic d i  nocysts are also re1 a t i v e l y  canmon elements. 

.) 

The foraminifera1 assemblage from 3600 t o  3716 f e e t  (possible l a t e s t  
Miocene) i s  s i m i l a r  t o  the Pliocene fauna. It includes Anomalina glabrata, 
Bo l i v ina  c f .  B. numerosa, Cassidulina ca l i f o rn i ca ,  Cassi7hulina a f f .  C. laevigata, 
Cassi d u l i  na lZticamerata, Cassidul i n a  minuta, C i  b i c m  pe r l uc i  dus, 
cyclammi na pac i f ica ,  E l  phi  dium b a r t l e t t i  , Epistominel l  a bradyana, Epistominel l  a 
pacf f ica,  Haplophragmoides detormes, Melonis pompil iodes, T r i f a r i n a  c t  . - T. 
angulosa, Uv iger i  na c f .  U. - cushmani , Z i i dTXger i na  c f .  - U. hoo ts i  . 



A s i m i l a r  assemblage occurs i n  the 3716 t o  4120 f o o t  i n t e r va l ,  where these 
s ~ e c i e s  are i o i n e d  bv Buccel 1 a cf . B. tenerrima. Cassidul i na c f  . C. nakamurai . -, - -  ~ - -  -~~ - - -  ~ -~ ~ 

Cassidul i na c f .  C. &rvangi, C a s s i m  i na c f .  C. -yabei, Cibic ides Ff. C. mckeniai , 
Dental i na sp., Ejfi s tominel l  a exigua, t p i  s t o m i i i e l l a .  E. Nonicn c f .  N. 
barleeanum. Rota1 i a  c f .  R. beccari  f. Uviqerina c f .  U. hisp-stata. UviqerTna 
c f  . U. peregr i  na , Val vuTi n e r i  a araucana, V i  rgu l  i na-sp., and ~i rgu l  i h e l  1 a- 
perti isa. 

A s i m i l a r  assemblaae amears i n  the 4120 t o  4390 foo t  i n t e r va l  . Addi t ional  
Forami n i  fe ra  present i ncl  ude' Buccel 1 a fri g i  da , F i  ssur i  na sp. , Hap1 ophragmoi des 
spp. , Sphaeroi d i  na sp., and Uvi ge r i  na c f .  - U. senticosa. - 

A s i m i l a r  bu t  sparse foramini feral  fauna occurs from 4390 t o  4600 feet, 
w i  t h  Qui  nquel ocul i na sp. being the only new form observed. I 

Foraminifera are more frequent i n  the  4600 t o  5370 f o o t  i n t e r va l  ( ea r l y  t o  
middle Miocene), where the assemblage a1 so contains Cassidul i na  c f .  C. 1 imbata, 
Elphidium sp., Nonion barleeanum inflaturn, Nonionel la sp., Pul l e n i a  rp., 
T r i f a r i n a  c f .  T 3 l E n s ,  T r i f a r i n a  sp., Uv iger ina  a f f .  - U. montesanensis, and 
G l  obigerina quadr i l  atera. 

Environment 

The foramini feral  assemblages suggest t h a t  deposi t ion i n  the 3600 t o  
4840 f o o t  i n t e r va l  took place i n  an upper to middle bathyal environment. From 
4840 t o  4980 feet ,  middle t o  lower bathyal deposi t ional  condi t ions are indicated, 
and from 4980 f ee t  to the base o f  the Miocene (5370 fee t ) ,  deposi t ion took 
place i n  upper t o  middle bathyal depths. 

The spore-pollen assemblages present ind ica te  a warmer, more temperate 
c l imate i n  the  Miocene than i n  the over ly ing Pliocene. Diatom data ind ica te  
t h a t  except f o r  an uppermost Miocene cool i n t e r va l  (3600 t o  3670 fee t ) ,  condi t ions 
were general l y  w2m, possib ly warm-temperate. Ind icated warming reaches a 
maximum between 4030 and 4120 feet .  

OLIGOCENE 

Sediments of probable Oligocene age are present from 5370 t o  8410 feet .  . 
The top o f  the 01 igocene and the subdiv is ion o f  t h a t  i n t e r va l  i n t o  l a t e  and- 
ear l y  por t ions are based on calcareous nannofossil data. The base o f  the  + 
01 igocene was based on the f i r s t  occurrences o f  Eocene d ino f l  age1 1 ates. 

The top o f  the  l a t e  Oligocene i s  defined by the  f i r s t  occurrence 
o f  the cal careous nannofossil s Cycl icargo l  i thus fl o r i  danus and Dictyococci tes  
c f .  D. scrippsae a t  5370 feet ,  and by Dictyococci tes c t .  D. b isectus a t  5316- 
feet-(SWC). The base o f  the l a t e  01ig-d a t  G 8 1 0  Other 
species present i n  the i n te r va l  i ncl  ude Coccol i thus doronicoides, Coccol i thus 
c f  . - C. miopelagicus, Coccol i thus pel  agicus, Cycl i ca rgo l  i thus sp., Cycl ococcol i thus 
sp. , Cycl ococcol i th ina  c f  . C . neogomation, Dictyococci t es  sp., D i  scol i th ina  
c f  . D. vag in t i fo ra ta ,  He1 iczpontosphaera sp., Ret iculofenestra sp., and 
RetiEul otenestra pseudoumbil ica.  



Possible ea r l y  Oligocene sediments are  present from 6810 t o  8410 feet .  
The top o f  t h i s  i n t e r va l  i s  ind icated by the f i r s t  occurrence o f  a la rge  
calcareous nannofossil , Ret iculofenestra sp., which s t rong ly  resembles 
Ret iculofenestra umbilica. Addi t ional  species inc lude D i sco l i t h i na  sp., 
Re1 icopont i  s p h a e r X X 7 K  i ntermedi a, and Sphenol i thus sp. Cal careous nanno- 
f o s s i l s  are sparse below 8070 feet .  

Dinocysts show a s i g n i f i c a n t  increase i n  d i v e r s i t y  and abundance i n  the 
01 igocene i n te r va l .  several reworked Jurassic forms are a1 so present between 
6750 and 7980 fee t .  Indigenous species i n  the l a t e  01 igocene (5370 t o  6810 
feet)  i ncl  ude Achomosphaera a1 c icornu , Def 1 andria spp. (spiny forms), 
Nematosphaeropsis sp., Operculodinium centrocarpum, Para lecanie l la  indentata, - Sp i  n i f e r i  t es  crass i  pel 1 i s ,  Thal assi  phora c f  . T. ve l  a ta  , Tubercul od in i  urn 
rosignole, and Tuberculodinium vancampoae. Aad i t i ona l  species appearing i n  the 

r ear l y  01 igocene (6810 t o  8410 f ee t )  inc lude Cyclonephel ium exuberans-pastiel s i  
and Def 1 andri  a c f  . D. wetzel i i . - 

The 01 igocene pol 1 en assemblage i n c l  udes more consi s t en t  occurrences o f  
Caryapol lenites sp., U lmipo l len i tes  sp., and possib ly T i l i aepo l l en i t es  sp. 
There are sporadic o c m c e r p o l  1 eni  tes  sp. and L i  qu i  dambarpol 1 eni  t es  
sp. The Ccmposi tae are absent i n  t h i  s  i n t e r v a l  , and Ma1 vaci ae are very rare. - 

The 01 igocene foraminifera1 fauna i s  somewhat more diverse than t h a t  o f  
the over ly ing Miocene section. Species present i n  the  l a t e  01 igocene i n t e r v a l  
inc lude Anomalina glabrata, Bathysiphon sp., Bo l i v ina  a f f .  B. numerosa, Bo l i v ina  
sp. , B u c m , = a  m c c e l  1 a cf  . B. mansf ia d i  oregonense, 
B u c c e ~ b .  tenerrirna, C m i  na c f .  C. car inata,  Cassidul i n a  
crass ipuncta6,  'Cassidul i n a  c f .  C. globosa ,-Cassidul i n a  c f .  C. laevigata, 
Cassi dul i na c f .  C. 1 a t i  camerata ,-CaE33ilTna af f .nuta ,%ib ic ides sp., 
Cibic ides a f f .  CT evolutus, C ib ic ides a f f .  C. perlucidus, Cyclamnina pac i f ica ,  
Dental i na  sp., El phi  dium c f .  t . b a r t l e t t i  , El ph i  dium c f .  E. c l  avatum, E l  ph i  divm 
c f  . t . subnodosum, E l  ph i  d i  e l  1% s-omi ne l  1 a bradyana, I- i ssur i  na sp. , 
G l o b G b u m ,  m p . ,  tk&ophragmoides sp., Hap1 ophragmoi des a f f .  
h. excavata , Lagena sp. , Margi nu1 i na s m a r l  eeanum, Noni one1 1 a sp. , 
Folymorphi na?-olymorphi na c t  . P. 1 i 9 - e m i - i  na? sp. , 
Pseudogl andul i na i nTl ata , P u l l  enia SF., Pyrgo sp. , Quinquelocul i na sp. , Robert i  na 
sp., Robulus sp. ,=a c f .  R. beccarii,iloculina sp., Uvigerina a f f .  U. 
c u s h m ~ i g e r i n a  a f f .  U. hirp idocostata,  Uvigerina a f f .  U. hoots i  , Uvigeana 
a f f .  U. modeloensis, Uvi ge r i  na a f f .  U. rnontesanensis, Uvi geTi na a f f .  U. - subpeFegrina, Valvul i n e r i a  menloensis, l i r g u l  ina? sp., and Glob iger ina sp. 
The f i r s t  occurrence o f  Gaudryina alazanensis, which has been considered t o  be 

. 01 igocene o r  o lder  i n  the Pac i f i c  Northwest, i s  a t  5400 feet. 

The ear l y  01 igocene foraminifera1 fauna i s  sirni l  a r  t o  t h a t  o f  the l a t e  
01 iqocene. w i t h  the  add i t i on  o f  Cassidul i n a  a f f .  C. 1 imbata. Cassidul ina a f f .  
C. -tortuosa, C i  b ic ides a f f .  C. f l e t c h e r i  , Cycloera? sp., ~ l ~ h i d i u m  sp., 
Kaudrvina SD.. Melonis SD. ( lXrqe).  Melonis ~ o m ~ i l  io ides.  Nonion SD.. Rosa1 ina? . -  " ~- . . 
sp., and ~ e x t u l a r i a  sp. The deep-wa- Gyroidina c f .  - G. soldani  appears 
a t  7879 f e e t  (SWC). 



Envi r o m e n t  

The Foramini fera i n  t h e  01 igocene sect ion i n d i c a t e  t h a t  cond i t i ons  f rom 
5370 t o  6960 f e e t  were probably upper to middle bathyal .  Foramini fera are  r a r e  
from 5940 t o  6510 fee t ,  b u t  i n f requen t  t o  abundant d inocysts and r a r e  
ca l  careous nannofossi l  s i n d i c a t e  open marine condi t ions.  Pal eoenvironments 
from 6960 t o  7140 f e e t  a re  outer  n e r i t i c  t o  upper bathyal .  Probable upper t o  
middle bathyal paleodepths a re  i nd i ca ted  from 7140 t o  8310 fee t .  Although 
Foramini fera are  r a r e  from 7290 t o  7950 f e e t  and from 8010 t o  8310 fee t ,  i n -  
f requen t  b u t  d i ve rse  d i  nocyst assemblages i n  these i n t e r v a l  s i n d i c a t e  open 
marine cond i t ions .  An i n t e r v a l  o f  conglomerat ic sands between 7720 and 7870 
fee t ,  i n c l u d i n g  a poor ly  sor ted conglomerate from 7800 t o  7830 fee t ,  may - 
i n d i c a t e  s l  ump cond i t ions ,  s h a l l  ow-water deposi t ion,  o r  an unconformi ty .  For 
t h e  remainder o f  t he  01 igocene sect ion, i nner to middle n e r i  t i c  depths are  . 
ind ica ted.  Conclusions concerning pal  eoenvi romnents from 5940 t o  651 0 f e e t  
and from 7290 t o  7950 f e e t  a re  prov is iona l  because o f  t he  sparse fo ramin i fe ra1 
faunas. 

The Oligocene p o l l e n  and spore assemblage suggests a temperate to warm- 
temperate c l  ima t e  . 

EOCENE 

Sediments o f  Eocene age are present  from 8410 t o  10,380 fee t .  The t o p  o f  
t h e  Eocene i s  based on the  f i r s t  occurrence o f  an age-diagnostic d inocyst  
assemblage. The base o f  t h e  i n t e r v a l  i s  placed a t  t h e  top  o f  a sequence o f  
basal t i c  rocks o f  undefined age. 

A d iverse  assemblage o f  d inocys ts  occurs i n  the  Eocene sec t i on  o f  t he  we l l .  
The absence o f  01 der  d inocysts from t h i s  assemblage i n d i c a t e s  t h a t  i t  i s  no o l d e r  
than middle Eocene. D i  n o f l  age1 1 a t e  species i nc lude  Adnatosphaeri dium re t icu lense,  
Comasphaeridium c f .  C. cometes, Cordosphaeridium sp:, Cordosphaeridium fibrospinosum, 
Cordosphaeri d i  um c f  .-C.biarmatum, ?Irnpletosphaeri d l  um c f .  I. transfodum, 
?Lanternosphaeri d i  urn Fp. , Phthanoperi d i  n i  um amoenum, Phthanoperi d i  nium conatum, 
S p i n i f e r i t e s  c f .  - S. i ncertus, and Wetze l i e l l a  a r t i c u l a t a .  

The sec t i on  can be p r o v i s i o n a l l y  subdiv ided i n t o  l a t e  and l a t e  middle 
Eocene on the  bas is  o f  calcareous nannofossi l  d i s t r i b u t i o n s .  A very l a r g e  form - 
o f  Braarudosphaera b i  gel owi a t  8790 f e e t  and D i  scol  i t h i  na c f  . D. p l  ana a t  9608 
f e e t  support a l a t e  tocene aqe f o r  t he  upper p a r t  o f  t he  i n t e 6 a l m e r  . . 
speciesv present  i n c l  ude ? ~ o c c o l  i thus sp., cyc1 i c a r g o l  i t h u s  sp., Cycl i c a r g o l  i thus 
c f .  C. f l o r i  danus, D ic tyococc i tes  c f .  D. scr ippsae, ?Dictyococci tes sp., 
He1 icopontosphaera sp., He1 i c o p o n t o s p h T e r ~ i  ntermedia, Re t i cu l  ofenestra 
sp., and ?Sphenol i thys sp. The top o f  t h e  rniddie Eocene i s  placed a t  10,050 f e e t ,  
c o i n c i d i n g  w i t h  t h e  appearance o f  Transversopontis sp. and Transversopontis c f .  
T. pulcher.  The l a t t e r  species, a long with a v a r f a n t  o f  Braarudosphaera b igelowi ,  - 
suggests a l a t e  middle Eocene age. 



Both d i ve rs i t y  and abundance decrease i n  the Eocene po l len  and spore 
assemblage. Forms t h a t  are present inc lude ra re  A ln i po l l en i t es  sp., 
Caryapol l e n i  tes  sp. , Momipi tes sp. , Betul aceae, and P i  naceae. Polypodi aceae 
are ra re  i n  the  l a t e  kocene and ra re  t o  frequent i n  the  middle Eocene. 

The dominant l i t h o l o g y  from 10,280 t o  10,380 fee t  i s  volcanic pebble 
congl omerate. Microfossi  1s o f  Eocene age were recovered from t h i s  i n t e r v a l  . 
Age and envi ronmental i n te rp re ta t ions  be1 ow 10,280 feet  should be considered 
prov i  s ional  , however, because o f  possib le downhol e contamination. 

The Foraminifera i n  the l a t e  Eocene p a r t  o f  the sect ion include Anomalina 
c f .  - A. glabrata, Bathysiphon c f .  - B. eocenica, Bo l i v ina  af f .  B. numerosa, Buccel la 

- sp. , Caucasina sp. , C i  b ic ides sp. , C r i  brononion c f  . C. roemeTi, Cycl ammina 
pac i f i ca ,  ElpFidium sp., Elphidium c t .  - t. bart let t i ,  E m l a  
sp., Gland-, Globobulimina sp., Globobul 

v 

Gyroidina sp., Haplophragmoides spp., Melonis sp. 
Honion so.. Nonion a f f .  N. barleeanum.-Noniel la so.. P s e u n l i n a  i n f l a t a .  - -.  s . 

TGG&ig1 bndul i na c f .  P. n a l l  peemi  s, . ~ u i  nquel ocul i na sp., a n i   roch ha mi na sp. dw 

Abundant Caucasi na eozaenica kamchati ca appear a t  9540 feet. Addi t i ona l  species 
aooearinq i n  the  middle Eocene (be1 ow 10,050 f ee t )  inc lude Gut tu l ina so. and 
P U ~  1 eni a i  spp. 

Envi ronment 

An inner  t o  middle n e r i t i c  environment i s  ind ica ted  by the foramini fera1 
assemblages between 8410 and 9000 feet .  Several occurrences o f  Melonis sp. 
( 1 arge form) i n  t h i s  i n t e r v a l  may i nd i ca te  s l  i gh t l y  deeper environments, however. 
Between 9000 and 10,380 feet ,  outer  n e r i t i c  t o  upper bathyal depths are indicated, 
w i th  a shor t  i n t e r v a l  o f  upper t o  middle bathyal depths between 9450 and 9660 
feet. Because the Foraminifera i n  the conglomerates from 10,280 t o  10,380 f e e t  
may be caved, the environmental assignment f o r  t h i s  i n t e r v a l  i s  provis ional .  A 
s l i g h t  d i f fe rence i n  preservat ion o f  some o f  the Foraminifera from t h i s  in te rva l ,  
however, ind icates t h a t  some are i n  place. 

The sparse po l len  assemblage does not  g ive a c l ea r  i nd i ca t i on  o f  the 
paleocl  imate, bu t  suggests t h a t  the l a t e  t o  middle Eocene may have been tempe- 
r a t e  t o  warn-temperate. This i s  consistent  w i  t h  pal  eobotanical evidence f r a n  
the  Eocene o f  the  Gul f  o f  Alaska region, where p l a n t  f o s s i l  and po l len  
assemblages (Uolfe, 1977; Uol fe  and Poore, 1982) i nd i ca te  t h a t  the c l imate was . temperate i n  the l a t e  Eocene and warm-temperate i n  the  middle Eocene. 

. 
MIDDLE EOCENE OR OLDER 

The i n t e r v a l  from 10,380 t o  13,771 f e e t  consists o f  a sequence o f  non- 
f o s s i l  i ferous basal  t i c  rocks f o r  which radiometr ic  dat ing has thus f a r  proved 
inconclusive. This i n t e r v a l  i s  assigned a middle Eocene o r  01 der ( indeterminate) 
age. The deposit ional environment has not  y e t  been determined. 



CORRELATION 

The s t r a t a  i n  the upper p a r t  o f  the No. 1 and No. 2 wel ls  can be cor re la ted  
b ios t ra t ig raph ica l  l y  ( f i g .  13). St ra ta  representing time-equival e n t  u n i t s  
(epochs) are o f  roughly equal thickness i n  the two wel ls w i t h  the exception 
o f  the 01 igocene, which i s  considerably t h i cke r  i n  the No. 2 we1 1 , and the 
undi f ferent ia ted P l  iocene-Pl e i  stocene section, which a1 so may be th icker  i n  ~. 

the No. 2 we1 1. I n  general , deposit ional environments appear to have been 
somewhat deeper i n  the No. 1 we1 1 . 

Late Mesozoic age sediments i n  the lower p a r t  o f  the No. 2 wel l  are matched 
by a t h i ck  sequence o f  basa l t i c  rocks o f  uncertain age i n  the No. 1 well .  

Holocene ,~ 

A shallow core hole near the No. 1 well  penetrated 9 f e e t  o f  Holocene 
w 

sediments before encountering mater ia l  o f  P l  e i  stocene age. Cmparabl e informa- 
t i o n  i s  no t  ava i lab le  f o r  the No. 2 wel l ,  bu t  i t  i s  probable t h a t  Holocene 
sediments also form a s im i la r  veneer i n  t ha t  area. 

P l  e i  stocene 

The shallow core hole near the No. 1 wel l  penetrated l a t e  and middle 
Pleistocene age sediments between 9 and 236 feet .  Paleodepths were inner t o  
middle n e r i  t i c  i n  the l a t e s t  Pleistocene, deepening t o  middle to outer n e r i t i c  
be1 ow 46 feet. Pal eocl imates were cool , wi th  a s l  i ght warini ng t rend between 
46 and 116 f e e t  and between 195 and 217 feet .  No Pleistocene age samples were 
ava i lab le  from the  No. 2 wel l .  

P I  iocene-PI e i  stocene 

The base o f  the Pleistocene i n  each o f  the we1 1s i s  an undetermined distance 
above the f i r s t  sample in te rva l  (1600 f e e t  i n  the No. 1 wel l  and 1460 f e e t  i n  
the No. 2 wel l ,  f i g .  13). The section above the uppermost samples i s  therefore 
re fe r red  t o  as P l  iocene-Pl eistocene. 

P l  i ocene 

The f i r s t  samples recovered i n  each o f  the wel ls are o f  probable l a t e  
Pliocene age. Pliocene sediments are present from 1600 t o  3600 f e e t  i n  the 
No. 1 well  and from 1460 t o  4246 fee t  i n  the No. 2 well .  The sect ion can be 
provis ional  l y  subdivided i n t o  l a t e  and ear l y  Pliocene i n te r va l s  a t  2109 f e e t  
i n  the No. 1 wel l  and a t  2980 fee t  i n  the  No. 2 well .  

The P l  iocene pal eoenvi rorment i s general l y  middle to outer n e r i t i c  i n  the 
No. 2 well. The paleodepths f o r  the same i n t e r v a l  i n  the No. 1 well  are outer 
n e r i t i c  to  bathyal. A b r i e f  deepening t rend a t  the top o f  the ea r l y  Pliocene 
i s  present i n both we1 1 s. The ind icated pal eocl imate i n  both we1 1 s i s temperate, 
w i  t h  b r i e f  cool i ng i n te r va l  s. Pol l en  evi-dence suggests warmer temperate con- 
d i t i o n s  i n  the  e a r l i e s t  p a r t  o f  the Pliocene i n  both wells, and diatom data from 



t he  No. 2 we1 1 suggest gradual coo l ing throughout the P l  iocene. S l  i g h t l y  
higher percentages o f  warmer water diatoms are present throughout the  Pliocene 
i n  the  No. 1 we l l .  

M i  ocene 

Miocene sediments are present from 3600 t o  5370 f e e t  i n  the No. 1 wel l  and 
from 4246 t o  6050 f e e t  i n  the No. 2 wel l .  F igure 13 shows a t en ta t i ve  zonation 
o f  the  Miocene. Late Miocene age sediments are present t o  a depth o f  4600 f e e t  
i n  the No. 1 we1 1, bu t  are m i  ssing o r  are 1 i m i  ted t o  a 195-foot-thick 
und i f fe ren t ia ted  i n t e r v a l  between 4246 and 4441 f e e t  i n  the No. 2 wel l .  This 

- suggests an unconformable surface o r  nondepositional i n t e r va l  i n  the l a t e  
Miocene a t  the No. 2 wel l  locat ion.  The abrupt disappearance o f  s i l i ceous  . microfoss i l  s be1 ow the  base o f  the l a t e  Miocene i n  the No. 1 we1 1 may a1 so 
represent an unconfonni t y  o r  h iatus.  Middle Miocene s t r a t a  are present from 
4441 to 5240 f e e t  and ear ly  Miocene from 5240 t o  6050 f e e t  i n  the No. 2 wel l .  
I n  the  No. 1 we1 1 , ea r l y  t o  middl e Miocene age sediments extend from 4600 t o  
5370 feet .  

Miocene paleodepths were n e r i t i c  to upper and middle bathyal i n  the No. 2 
we1 1 , and middle and 1 ower bathyal i n  the No. 1 we1 1 . Pal eocl imates were 
temperate, poss ib ly  s l i g h t l y  warmer than i n  the Pliocene. 

01 igocene 

Oligocene s t r a t a  canprise the t h i ckes t  sect ion i n  the wells, amounting t o  
more than a t h i r d  o f  the sediments i n  each. This i n t e r v a l  extends from 5370 
to 8410 f e e t  (3040 f e e t  o f  sect ion) i n  the No. 1 we1 1 , and from 6050 t o  11,085 
f e e t  (5035 f e e t  o f  sect ion) i n  the  No. 2 well .  The boundary between the ear l y  - 
and l a t e  01 igocene i s  placed a t  6810 f e e t  i n  the No. 1 we1 1 and a t  9020 f e e t  
i n  the No. 2 wel l .  The l a t e  Oligocene i n t e r v a l  i s  appreciably t h i cke r  than 
t he  ear l y  01 i gocene i n  the No. 2 we1 1 . 

Paleoenvironnental trends f o r  t h i s  i n t e r va l  are s im i l a r  i n  both wells, 
each being deepest i n  the  l a t e  Oligocene and shal lowest a t  the  base o f  the 
ear l y  01 i gocene. Pal eoenvi rorments range from upper and middle bathyal t o  
t r ans i t i ona l  and inner  n e r i t i c  i n  the  No. 2 well .  They are s l i g h t l y  deeper i n  
t he  No. 1 wel l ,  ranging from upper and middle bathyal to inner and middle 

I ne r i  t i c .  Conglomeratic sands between 7720 and 7870 f ee t  i n  t he  No. 1 wel l  may 
represent e i t h e r  she1 f-edge s l  ump deposits o r  high-energy , s h a l l  ow-water 
deposits o r  an unconfo mi t y  . Pol 1 en and spore assembl ages suggest temperate 
t o  warm-temperate condi t ions f o r  the 01 igocene i n  both we1 1s. 

Eocene 

Eocene sediments are present from 8410 t o  10,380 f e e t  i n  the No. 1 wel l ,  
w i th  l a t e  Eocene age sediments from 8410 t o  10,050 feet ,  and middle Eocene 
sediments f r a n  10,050 t o  10,380 feet .  A d e f i n i t e  age could not  be assigned to 
the  apparently equivalent  i n t e r va l  i n  t he  No. 2 we1 1 (11,085 t o  12,540 f ee t )  
because the cont inental  t o  t r ans i t i ona l  environments there y i  e l  ded 1 i ttl e i n  
t h e  way o f  age-diagnostic micro foss i ls .  This i n t e r v a l  i n  the  No. 2 wel l  i s  
re fe r red  to as 01 igocene o r  o lder.  



Paleoenvironmental trends i n  the two we1 1s are d i ss im i l a r  over most o f  the 
Eocene i n te r va l .  Paleoenvironments i n  the  No. 1 wel l  range from inner  and 
d d d l e  n e r i t i c  a t  the top o f  the i n te r va l  t o  outer  n e r i t i c  and bathyal a t  the 
base. I n  the No. 2 wel l ,  on the o ther  hand, paleoenvironments range from 
Inner n e r i t i c  a t  the top t o  cont inental  a t  t h e  base. Th is  may ind ica te  an 
appreci abl e environmental grad ient  over the approximately 60 mi les  separating 
the  two wel ls .  

The po l len  and spore assemblage i s  sparse i n  both wells, b u t  suggests 
temperate t o  warm-temperate condit ions. Thi s i s consi s ten t  w i t h  the temperate 
to warm-temperate Eocene c l imates ind icated i n  the Gul f  o f  Alaska region (Wolfe, 
1977; Wol f e  and Poore, 1982). . 

Middle Eocene o r  Older 
e 

The basa l t i c  sequence from 10,380 t o  13,771 f e e t  (TO) i n  the No. 1 wel l  has 
no t  been prec ise ly  dated, no r  has i t s  r e l a t i onsh ip  to the o lder  rocks i n  the 
lower p a r t  o f  the No. 2 wel l  been determined. It i s  here considered t o  be 
middle Eocene o r  older. 

Ear ly  Cretaceous t o  Late Jurassic 

Ear ly  Cretaceous t o  Late Jurassic age rocks are present i n  the No. 2 wel l  
frm 12,540 t o  13,370 fee t .  Pal eoenvi r omen ts  are  t r ans i t i ona l  to inner n e r i  t i c .  
Ho equivalent  un i t s  were encountered i n  the  No. 1 we1 1 . 

Late Jurassic 

Late Jurassic (Oxfordian t o  Kimmeridgian) age sediments are present from 
13,370 t o  14,626 f e e t  (TD) i n  the No. 2 wel l .  Paleoenvironments were possib ly 
Inner n e r i  t i c .  No equivalent  sect ion i s  present i n  the No. 1 we1 1. 
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LITHOLOGY AND WELL LOG INTERPRETATION 
by 

J. G. Bolm 

The analysis o f  1 i thology and reservoir  character is t ics  i n  the No. 1 well 
i s based on examination o f  sampl es, we1 1 1 ogs , and consul tants '  reports. The 
sampl e materi a1 consists o f  c u t t i  ngs, conventional cores, and t h i n  sections of 
material from sidewall and conventional cores, a l l  o f  A i c h  are from below 

- 1600 fee t  i n  the we1 1. We1 1 1 ogs cover the in te rva l  from 1553 t o  13,771 feet. 

The we1 1 was d r i l  l ed  w i t h  a fresh-water mud system, and log responses 
Y 

were normal. The well penetrated sedimentary rocks down t o  10,380 fee t  and 
volcanic rocks be1 ow t h a t  depth. Although the i d e n t i f i c a t i o n  o f  1 i thology i s  
not  a problem i n  the sedimentary section o f  the well,  the s t ra ta  are not  eas i l y  
grouped i n t o  meaningful u n i t s  based on 1 i thology. The volcanic section o f  
the well i s  treated as a u n i t  and the sedimentary section i s  discussed i n  
terms o f  b iost rat igraphic  uni ts.  Biostrat igraphic data and data pertaining t o  
reservoir  and source rock qua l i t y  are presented graphical ly together with the 
gamma-ray , spontaneous potential (SP), deep r e s i s t i v i t y  , density , and sonic 
logs i n  p la te  1. 

PLIOCENE (1600 t o  3600 feet) 

The uppermost 2000 fee t  from which samples were obtained consists o f  
sandstone, s i l ts tone,  and mudstone deposited i n  n e r i t i c  and bathyal 
environments. The mudstone i s  l o c a l l y  sandy or  pebbly, and some o f  the 
sandstone i s  muddy. The sandstone i s  very f r i a b l e  where i t  i s  not muddy. 
Many o f  these rocks are diatomaceous and commonly contain glauconite. The 
sand f rac t i on  i s  dominated by volcanic rock fragments, monocrystal l i n e  quartz, 
and less abundant plagioclase feldspar. Most o f  the volcanic rock fragments 
are hol o- or  hypocrystal l i n e  and of  basal t i c  or  andesi t i c  composition. Nonvol- 
canic rock fragments present i n  the sand f rac t ion  include limestone, mudstone, 
s late,  schist, and quartz i te.  A small mount o f  the sand f rac t i on  consists 
o f  b io t i t e ,  muscovite, ch lo r i te ,  hornblende, augite, diopside, epidote, 
garnet, zircon, chert, and i r o n  oxide. A s ing le grain o f  cross i te  i s  present 
i n  a sandstone sample from 3406 feet. 

. Det r i t a l  matr ix i s  common i n  the sandstone. Authigenic smecti t i c  clay 
and analcime are camnon as cements i n  those sandstones without abundant 
d e t r i t a l  matrix. Core 1 ( f i g .  14) i s  an extensively bioturbated, sandy, 
diatomaceous , g l  auconi t i c  mudstone wi th  preserved 1 ami nation and r i p p l e  
1 ami nation. 

Porosity measurements o f  sandstone from 14 sidewall cores taken i n  the 
in te rva l  range from 34.4 t o  41.9 percent. Permeabil i t i e s  o f  these same 
sampl es range from 3.2 t o  51 mD. No sandstone was recovered i n  core 1 . 



The SP l o g  indicates about 1125 fee t  o f  porous s i l t s tone  and sandstone 
i n  the Pliocene section. These s t ra ta  range from less than 5 t o  approximately 
200 fee t  thick. Most of the porous beds range f ran 10 t o  50 fee t  thick. 
Comparison of  the gamma-ray 1 og with the SP 1 og indicates tha t  the gamna-ray 
log  i s  a re l i ab le  ind icator  of  porous rock i n  t h i s  section. 

The deep r e s i s t i v i t y  curve i s  f l a t .  The shallow curve shows r e s i s t i v i t i e s  
between 0.5 and 1 ohm-m greater than the deep curve. The density curve i s  
jagged, probably i n  response t o  undercompaction o f  the sediments. The extreme 
density range over the in terva l  i s  from 1.60 t o  2.25 g/cm3, bu t  l o c a l l y  the 
difference between high and 1 ow values sel don exceeds 0.20 g/cm3. There i s  
a general increase i n  average density downward through the section. The 
density l o g  indicates a minimum porosity o f  26 percent f o r  sandstone based - 

on the highest densit ies recorded, but density-derived poros i t ies exceed 40 
percent f o r  most o f  the porous rock delineated by the SP log. The sonic l o g  
records a gradual decrease i n  in te rva l  t r a n s i t  time from an average o f  170 
ys/ foot  a t  the top o f  the Pliocene section t o  an average of 142 gs/foot a t  the 
bottom. The sonic l o g  indicates poros i t ies o f  40 percent o r  more f o r  the 
sandstones i n  t h i s  section. 

MIOCENE (3600 t o  5370 feet) 

The in te rva l  from 3600 t o  5370 feet  consists o f  interbedded mudstone, 
s i l tstone, and sandstone deposited i n  a bathyal environment. The sand f ract ion 
i s  dominated by volcanic rock fragments. Quartz and plagioclase feldspar are 
less abundant. Pyr i te  i s  more abundant than i r o n  oxide below 4130 feet. 

Duct i le  sand grains have undergone deformation by compaction wherever 
there i s  i n s u f f i c i e n t  d e t r i t a l  matrix f o r  cushioning. Authigenic smectit ic 
clay and analcime are present as cements i n  sandstone samples witbout abundant 
&tri t a l  matrix. The glauconi t i c ,  bioturbated, muddy sandstone and weakly 
laminated mudstone containing f o s s i l  bivalves and well-preserved burrows seen 
i n  core 2 ( f i g .  15) are typ ica l  o f  marine shel f  deposition. An attempt 
was made t o  cut  core 3 from 4880 t o  4921 feet, but no rock was recovered. 

Porosity measurements o f  sandstone from 20 sidewall cores range from 
26.7 t o  44.7 percent. Permeabilit ies of these same samples range from 2.2 t o  
128 nO. The average porosity f o r  14 sandstone samples from core 2 i s  37 
percent. The average permeability o f  these same samples i s  78 m0. - 

The SP l o g  indicates about 775 fee t  o f  porous sandstone and s i l t s tone  i n  
5- t o  90-foot-thick beds. Most o f  these beds are under 30 fee t  thick. 
Comparison of  the gamma-rqy and SP logs shows tha t  the gamma-ray l o g  i s  a 
r e l i a b l e  ind icator  o f  porous rock above 4870 feet, but  not below t h a t  depth. 
This probably re f lec ts  a greater abundance o f  c lay-r ich matr ix i n  the bottom 
pa r t  o f  the in terva l .  The deep r e s i s t i v i t y  curve i s  f l a t .  The shallow 
r e s i s t i v i t y  curve displays r e s i s t i v i t i e s  between 0.5 and 1 ohm-m greater 
than the deep curve. The density l o g  records a gen r a l  Increase i n  average 
density w i th  depth f ran  about 1.8 t o  about 2.2 g/c 3 , with an extreme 
density range o f  1.76 t o  2.43 g/cm3. The range o f  average densi t ies indicates 



t ha t  sandstone porosit ies should generally exceed 28 percent i n  t h i s  interval.  
The sonic log records a general decrease i n  average interval t r a n s i t  time 
fran 150 t o  120 ps/foot downward. The sonic log indicates tha t  sandstone 
porosit ies decrease from 44 t o  30 percent downward through the interval.  

OLIGOCENE (5370 t o  8410 fee t )  

The interval from 5370 t o  8410 fee t  consists of interbedded sandstone, 
sil tstone, and mudstone. Conglmerate is present f r m  7710 t o  7860 fee t ,  and 
the sandstone above the conglomerate is pebbly up t o  7600 feet.  These rocks 
were deposited i n  ner i t ic  to bathyal enviromnents. The sand fraction is  

- compositionally similar t o  t h a t  of the overlying Miocene section, b u t  volcanic 
rock fragments are  even more dminant over quartz and feldspar. Ductile 
grains i n  the sandstone have been deformed by compaction wherever there is  
insuff ic ient  de t r i t a l  matrix f o r  cushioning. Intergranular pore spaces are  
visible i n  some t h i n  sections of sandstone. Calcite,  smectitic clay, and 
analcime are present as  authigenic cements. Cores 4, 5, 6, and 7 f r m  this 
interval a re  described i n  f igures 16, 17, 18, and 19. Some of the glauconitic 
sandstone contains well-preserved burrows and foss i l  material indicative of 
narine shelf deposition. The t h i n ,  pebbly layers i n  core 7 a re  interpreted 
as  material deposited by currents generated i n  major storms. 

Porosity measurements of sandstone from 63 sidewall cores from t h i s  
interval range from 16.7 t o  34.2 percent. Penneabilities of unfractured 
samples range from 1.5 t o  732 mD. Permeabilities of most samples a re  l e s s  
than 100 mD, and mst  of the samples w i t h  penneabil i t i e s  greater  than 100 mD 
are  from between 5900 and 6500 feet .  Average porosit ies of sandstone samples 
fran conventional cores range f r m  21.1 t o  27.6 percent. There is  a clear ly 
defined decrease of porosity w i t h  depth. Average permeabi 1 i t i e s  of sandstone 
samples fran conventional cores range from 0.66 t o  127 mD. There is  no 
di  scernabl e re1 ationshi p between average permeabi 1 i ty and depth or  average 
porosity . 

The SP log indicates about 1650 f e e t  of porous sandstone i n  5- t o  350- 
foot-thick beds. Twelve hundred f ee t  of t h i s  sandstone i s  i n  beds more than 
150 f e e t  thick. Comparison of the SP and gamma-ray logs indicates tha t  the 
gamma-ray log is  not a re l iab le  indicator of porous rock i n  t h i s  interval.  
The deep r e s i s t iv i  ty curve is  generally f l a t  through the interval ; the shallow 

. curve shows r e s i s t i v i t i e s  between 0.5 and 2 ohm-m greater than the deep 
curve. The density curve is moderately i r regular  above 7950 fee t ,  where the 
cal iper  log shows the presence of numerous washouts. Average densit ies from 
the parts  of the upper portion of the interval t h a t  Here not affected by 
caving range from 2.1 t o  2.2 g/cm3. In the bottom portion of the interval ,  
where cavi ng wa not a problem, densit ies eneral ly  increase downward from 5 9 about 2.25 g/cm a t  7950 f e e t  t o  2.35 g/cm a t  the bottom of the interval.  
The density log suggests tha t  sandstone porosit ies may be as high as 35 
percent i n  the upper par t  of the interval , b u t  may be expected t o  decrease 
downward t o  an average value of about 20 percent near the bottom of the 
interval.  The sonic log was not as greatly affected by caving as was the 
density log. A general decrease i n  average t r a n s i t  time from 123 to  100 



p s l f o o t  i s  recorded on the sonic log. This ind icates a general l y  downward- 
decreasing range o f  sandstone poros i t ies  from about 32 percent near the top 
o f  the in te rva l  to about 24 percent near the bottom. 

EOCENE (8410 t o  10,380 feet)  

The in te rva l  f r a n  8410 t o  10,380 f e e t  consists o f  s i l t s tone ,  sandstone, 
mudstone, and conglomerate deposited i n  ner i  t i c  t o  bathyal enviromnents. 
Minor amounts o f  l imestone i n  cut t ings from 9240 t o  9600 f e e t  probably 
represent ca l  careous concretions. Congl omerate i s the predomi nant 1 i tho1 ogy 
i n  the bottom 100 f e e t  o f  the in te rva l ,  and the sandstone i s  pebbly from 10,100 
f e e t  down t o  the top o f  the conglomerate. The sand f r a c t i o n  i s  composi t i o n a l l y  

- 
s i m i l a r  to t h a t  o f  the 01 igocene sect ion above. Volcanic rock fragments 
predominate over quartz and f e l  dspar. The f e l  dspar i s  predominantly p l  agioclase. 
Duc t i l  e sandstone grains have been deformed by compaction wherever s u f f i c i e n t  
d e t r i  t a l  matr ix  f o r  cushioning i s  not  present, and in tergranular  spaces no t  
occupied by matr ix are f i l l e d  w i t h  authigenic smect i t ic  clay, analcime, o r  
zeo l i t e  cement. Cores 8, 9, and 10 from t h i s  i n te r va l  are described i n  f igu res  
20, 21, and 22. The burrowed, g lauconi t ic  sandstone seen i n  core 8 i s  i nd i ca t i ve  
o f  deposit ion i n  a marine she l f  environment. The disorganized conglomerate 
seen i n  cores 9 and 10 may represent channel deposit ion i n  a submarine 
v a l l  ey o r  marine she1 f deposition. 

Porosi ty measurements o f  sandstone from 15 sidewal l  cores range from 
20.3 t o  27.9 percent. Permeabil i t ies f o r  these same samples range from 1.8 
t o  57 mD. Average poros i t ies  o f  sandstone samples from conventional cores 
range from 11.9 t o  17.4 percent and decrease downward through the i n te r va l .  
Average permeabi l i t ies fpr sandstone samples from conventional cores range 
from 0.07 t o  17 mD. There i s  no d i  scernable re l a t i onsh ip  between average 
permeabil i ty and depth o r  average porosity. 

The SP l o g  indicates about 450 f ee t  o f  porous sandstone and conglomerate 
i n  5- to 100-foot-thick beds. Comparison o f  the SP and gamma-rqy logs  
ind icates t h a t  the gamma-ray l o g  i s  a r e l i a b l e  i nd i ca to r  o f  porous rock i n  
t h i s  in te rva l  . The deep r e s i s t i v i t y  curve i s  f l a t  w i t h  1 ocal var ia t ions o f  up 
t o  1 ohm-m. The shallow curve fo l lows the deep curve and displays from 0 t o  1 
ohm-m greater r e s i  s t i v i  ty . Extensive caving makes the density 1 og unrel  i a b l  e 
i n  the bottom 200 fee t  o f  the i n te r va l .  I n  the upper p a r t  o f  the i n te r va l ,  
dens i t ies  general ly  range from 2.35 t o  2.4 glcin3 and ind ica te  sandstone . 
poros i t ies  o f  17 t o  20 percent. The sonic l o g  records a general downward 
decrease i n  in te rva l  t r a n s i t  time from about 100 p s l f o o t  down to 90 p s l f o o t  

g 

and ind icates sandstone poros i t ies  o f  18 t o  24 percent. 



Mudstone, olive-gray ( 5  Y 4/11. f i n e l y  mottled, -- 
scattered very f i n e  t o  f i n e  sand grains, 
1 ocal i r o n  oxl de s t a l  ns , dl  atmaceous 1 ocal 1 y , 
glauconitic; masslve t o  weakly laminated o r  
r i p p l e  1 aml nated. 

q - burrow 

Q - bavalvc I 
] e- gastropod I 
L- cross-bedding 

FIGURE 14. 

DESCRPTiQN OF CONVENTJONAL CORE I ,  
ST. GEORGE BASIN COST M O B  1 WELL 

Porosity a d  p8rrneabilily data from Core Laboratories Inc. 
Random uitrink Mlectarre data W o n  Atlantic Ricbfield Go. 



Sandstone, 01 i ve-gray (5 Y 4/1), mot t l  ed, 
very f i  ne g ra i  ned, very muddy, g l  auconi t i c ,  
bioturbated; bottom 2 f e e t  gradat ional  t o  
u n i t  be1 ow. 

Mudstone, o l ive-gray (5 Y 4/1), mott led, 
m i v a l  ves and b i v a l  ve fragments, abundant 

coaly and carbonaceous debris; massive t o  
weakly 1 ami nated; we1 1 -preserved burrows 
1 ocal l y .  

E x p l a n a t i o n  

q - b u r r o w  

@ - b i v a l v e  

r3-  g a s t r o p o d  1 
L- c r o s s - b e d d i n g  I 

Figure 15. 
Description o f  conventional core 2, 
St. George Basin COST No. I well. 

Porosity and permeability data from Core Laboratories, Inc. 
Random vitrinite reflectance data from Atlantic Richfield Co. 

* Addi t ional  data in  table 4 .  



Sandstone olive-black ( 5  Y 2/11, very fine 
m P g l  auconl t l  c; scattered bl val re 

fragments, coaly debris, and vol canlc pebbles; 
mass1 ve wl t h  1 ocal ly we1 1 -developed rlppl e 
lamination; small laminae of coarse sand 1 l e  
along many cross-stratlflcatlon sl lp faces. 

P) - b u r r o w  

- b i v a l v e  

n- g a s t r o p o d  

1 L- c r o s s - b e d d i n g  I 

FIGURE 16. DESCRIPTION OF CONVENTIONAL CORE 4, ST. GEORGE BASIN COST NO. I WELL 

Porosity and permeability data from Core Laboratories, Inc. 
* Addltional data in table 4 .  



Sandstone, olive-gray ( 5  Y 411 ),  very f ine  t c  
fine-grained, glauconitic,  calcareous between 
5731.3 and 5733.4 f e e t ,  massive with many 
preserved burrows. 

E x p l a n a t i o n  

a- g a s t r o p o d  

Y-  c r o s s - b e d d i n g  

FIGURE 17. 
DESCRIPTION OF CONVENTIONAL CORE 5 ,  

ST. GEORGE BASIN COST NO. I WELL 

Poros i ty  and permeabi l i ty  data f rom Core Labora tor ies ,  Inc 

5746 .5  r Additional data in tablo 4 .  



Sandstone, o l i ve -b lack  ( 5  Y 2/1), very f i n e  
grained, muddy, g l  auconi t i c ,  w i t h  sca t te red  
medi um-grai ned 1 ami nae which become more 
abundant downward; bottom 2 f e e t  calcareous, 
vo lcan ic  pebbles i n  bottom foo t ;  1 ocal b i v a l v e  
fragments. 

- 

E x p l a n a t i o n  

F) - b u r r o w  

@ - b i v a l v e  

a- g a s t r o p o d  

L- c r o s s - b e d d i n g  
I 

Sandstone, medi um-01 i ve-gray ( 5  Y 5/11, medium- 
gra ined w i t h  sca t te red  muddy very f i n e  1 ami nae, 
g l  auconi ti c. 

FIGURE 18. DESCRIPTION OF CONVENTIONAL CORE 6, ST, GEORGE BASIN COST NO, I WELL 

I'orosity and pornloabi l i ty  d i l to frorn Coro Laboratories, Inc .  

Rarldorn v i t r i n i t e  ro f lec tar~ct r  dirt;) f rorr~ At la r~ t i r :  I i i ch f i o ld  Co. 

* Acldilional data in table 4 .  
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Sandstone, greenish-black ( 5  G 2/11. very 
f i n e  t o  fine-grained, w i t h  coarse sand gra ins 
scat tered and i n  laminae t h a t  grade up i n t o  
very f i n e  t o  f i n e  sand grade, g laucon i t i c ,  
abundant vo lcanic  pebbles i n  t h i n  layers,  
calcareous from 7881.1 t o  7881.6 and from 
7885.4 t o  7885.8 fee t ;  contains scat tered 
carbonaceous debr is  and f o s s i l  fragments w i t h  
whole b iva lves  and gastropods i n  some pebbly 
1 ayers; general l y  massive. 

P, - b u r r o w  

- b l v e l v e  

a- g a s t r o p o d  

z- c r o s s - b e d d ~ n g  

FIGURE 19. 

DESCRIPTION OF CONVENTIONAL CORE 7, 
ST. GEORGE BASIN COST NO. I WELL 

Porosity ard permeability data from Core Laboratories Inc. 
Random vitrinite reflectance data from Atlantic Richfield Go. 
* AfBlTlONAL DATA IN TABLE 4 
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Sandstone, olive-black ( 5  Y 2/11, very f i n e  
grained, g l  auconi tf c, burrowed. 

Sandstone, mediumolive-gray ( 5  Y 5 /1) ,  medium- 
t o  coarse-grained, glauconi t i c ,  pebbly. 

Sandstone. olive-black ( 5  Y 2/11, very f i n e  
grained; laminated, with shale partings; 
burrowed, with burrows increasing i n  abundance 
downward. 

- burrow 

- b i v a l v e  1 
I n- g a s t r o p o d  I 
L- cross-bedding 

FIGURE 20 -  
DESCRlPT tON OF CONVENTIONAL CORE 8. 

ST. GEORGE BASIN COST NO. I WELL 

Porosity and permeability data from Core Laboratories. Inc. 
Random vitrinite reflectance data from Allantic Richfield Co. 



3 1  omerate, subangul a r  t o  rounded volcanic 
c o a r s e  t o  boulders i n  c h l o r t t i c  mud 
matrix; clast-supported, 1 argest boul der 
larger  than 12 cm. 

FIGURE 2 1 .  
DESCRIPTION OF CONVENTIONAL CORE 9, 

ST. GEORGE BASIN COST NO. I WELL 
Porosity and permeability data from Core Laboratories, Inc. 



Con lomerate, angular t o  rounded volcanic 
c as s o cm i n  variably brownish-black ( 5  -P-ffB 
YR 2/1) or  grayish-green ( 5  G 5/21 matrix; 
c l  ast-supported. 

Mudstone, sandy, 1 ami nated; p l  agi ocl ase rangi ng 
W s e  sand s jze  common i n  1 ower 6 inches. 
Conglomerate, as a t  top of core, 

FIGURE 22. DESCRIPTION OF CONVENTIONAL CORE 10, ST. GEORGE BASIN COST NO. I WELL 

Porosity and permeability data from Core Laboratories, Inc. 
Random vitrinite reflectance data from Atlantic Richfield Co. 



VOLCANIC ROCKS (10,380 t o  13,769.5 fee t )  

The deepest sampled in te rva l  i n  the well (10,380 t o  13,769.5 feet )  
consists o f  basalt, basal t ic  breccia, and t u f f .  These rocks canprise the 
acoustic basement i n  t h i s  area o f  the basin. Conventional cores 11, 12, and 
13 are f ran t h i s  interval .  Core 11 consists of massive basalt, and cores 12 
and 13 consist  o f  basal t ic  breccia. The basal t  i s  commonly holocrystal l ine. 
Pi1 otaxi t i c ,  ophi t ic ,  and subophitic textures are present but not as common as 
intergranular. The mesostasis i n  these rocks consists of various mixtures o f  
augite, o l i v ine ,  ch lo r i te ,  sphene, leucoxene, i r o n  oxide, and pyr i te .  Some 
samples are f e l  sophyric. Many samples are aqygdaloidal . Quartz, a1 b i te ,  
chl o r i  te, cal c i te ,  sphene, 1 eucoxene, pyr i te ,  and laumonti t e  and other teo l  i tes 
c m n l y  f i l l  the mygdules. It could not be determined from the data avai l  able 
whether these rocks were emplaced i n  a submarine o r  subaerial environment. 

Amoco Production Company obtained chemical analyses o f  f i v e  basal t  samples 
from core 10. The resu l ts  o f  these analyses expressed i n  oxide weight percent 
are presented i n  tab le 2. The samples are c lass i f ied  as a1 kal  i-01 i v i ne  basalts 
on the basis o f  MacDonald and Katsura's (1964) p l o t  of  a l k a l i s  against s i l i c a .  

Potassi um-argon age determi nations were performed by Tel edyne Isotopes 
and the Mobil Research and Devel opment Corporation, Fie1 d Research Laboratory. 
Two samples are from c las ts  from the conglomerate a t  the base o f  the Eocene 
section; the remainder are frm the volcanic section. The ages obtained are 
presented i n  tab le 3. The r e l i a b i l i t y  o f  the ages i s  suspect on two counts: 
there i s  considerable var ia t ion  among ages o f  samples col lected i n  close 
proximity t o  each other, and most o f  the radiometric dates are younger than 
the pal eontological ages (Eocene o r  01 der) . 

The SP curve over the in terva l  i s  generally f l a t  above 11,400 fee t  and 
b l  ocky be1 w t h i s  depth. The gamma-ray 1 og i s  blocky except f o r  a long f l a t  
section from 10,470 t o  11,300 feet. The deep r e s i s t i v i t y  curve i s  jagged to 
blocky w i th  a range o f  recorded values from 0.5 t o  42 ohm-m. The shallow 
curve generally fol lows the deep curve, bu t  the val ues recorded by the two  
curves may vary by up to 15 ohm-m. The density curve i s  jagged throughout, 
and recorded densi t ies range from 2.35 t o  2.85 

The sonic l o g  records an average in terva l  t r a n s i t  time o f  about 90 )ts/foot 
frm the top o f  the in terva l  down to 10,350 feet. Below 10,350 feet, intervaT . t r a n s i t  t i m e  i s  more variable, wi th  values most commonly ranging from 50 t o  
75 ps l foot .  



Table 2.--BASALT CHEMISTRY DATA 

[COST We1 1 Data from AMOCO Production Company] 

1 Chemical Compositions (Oxf de Weight Percents ) r 
t 0,  t 0,921.5 f t  10,934 f t  10,941.5 ft 1 %O;e:l, I ZOS?:~:I I COST  ell I COST well I COST well f 

I I 

I N/A I N/ A 
I I P205 I N/A I I 

I MnO I N/A I N/A I N/ A 

I Total 1 98.90 1 98.54 1 99.79 
I I I I 



Table 2. (cont.)  

1 Chemical Compositions (Oxide Weight Percents) l- 
Continental Thole i i  t i c  Basalt*/  Oceanic T h o l e i i t i c  Basalt* I A1 k a l  i Basalt* 

Average Range I Average I Range IAverage I Range I 
I I I I I I I 

*From Hyndman (1972, p. 171) 



Table 3. Potassium-argon ages o f  basa l t  samples from St. George Basin COST 
No. 1 Well. Ages have been adjusted i n  accord w i th  cur ren t l y  used decay and 
abundance constants (Dal rympl e, 1979). The two sha l l  owest samples are from 
clas ts  i n  congl m r a t e  a t  the base o f  the sedimentary section. A1 1 other 
samples are from the bottommost volcanic p a r t  of the wel l .  

Depth Age 
( f t )  (x106 y r s  ) %K Laboratory 

Tel edyne Isotopes 
Same 

Wobi 1 Research and Devel opmen t 
Same 
Same - 
Same 
Same 
Same 
Tel edyne Isotopes 

*Mobi 1 Research and Devel opment 

10,942.6 31.1 + 1.5 0.371 9 Same 
13,080 3 3 3  0.589 Tel edyne I sotopes 
13,096 28.2 1.08 Same 
13,110 27.3 0.298 Same 
13,123 63.3 0.086 Same 

Same 
Same 
Same 

*Mobi 1 Research and Devel opment Corporation, Fie1 d Research Laboratory 



POROSITY AND PERMEABILITY 

Porosity and permeabil i ty determinations f o r  samples from sidewall and 
conventional cores are presented i n  tab le 4. Above 6000 feet, there i s  good 
agreement between the poros i t ies o f  sandstone samples from conventional 
cores and those o f  sandstone samples from nearby sidewall cores. Below 6000 
feet, sandstones from sidewall cores general l y  have higher poros i t ies than 
do those from nearby conventional cores. Figure 23 presents a p l o t  o f  average 
porosi ty against depth f o r  sandstone samples from conventional cores. Figure 24 
presents a p l o t  o f  average porosity against average peneabi l  i t y  f o r  the same 
samples. Porosity and penneabil i t y  data from sandstones from both conventional 
and sidewall cores are presented graphical ly on p la te  1. On the plate, 
porosi ty and penneabili t y  values have been integrated over 500-foot thicknesses 
and are represented by symbols t h a t  show the mean value and range f o r  each . in te rva l .  The values p lo t ted  i n  the p la te  do no t  correspond w i th  actual 
depths. The number o f  sandstone samples i n  each in te rva l  i s  given under the 
applicable symbol. Figure 23 shows a general decrease i n  porosi t y  wi th  
depth, bu t  average sandstone porosi ty exceeds 20 percent down to 8000 f e e t  
and remains above 10 percent t o  the base o f  the sedimentary section. There 
i s no apparent re1 at ionship between sandstone poros i t ies and pemeabil i t i e s  
from conventional cores ( f i g .  24). The great va r i ab i l  i t y  o f  permeability 
w i th  respect to porosi ty i s  probably due to v a r i a b i l i t y  i n  the abundance o f  
matrix. Porosity and permeability have been reduced by compaction, duc t i l e  
gra in  deformation, and cementation. Clay, analcime, and zeo l i tes  are the 
m s t  abundant authigenic cements. Diagenesis has probably had a greater 
i n f l  uence on sandstone penneabil i t y  than on sandstone porosi ty . Cementation 
a1 so p l  ayed an important r o l e  i n  postdeposi t i ona l  permeabil i t y  reduction. 



P o r o s i t y  (percent )  
10 25 5 0  1 00 

FIGURE 23. Plot of average porosity against depth for sandstone 
samples from conventional cores, St. George Basin 
COST No. 1 well. 



FIGURE 24. Plot of average porosity against average permeability for sandstone 
samples from conventional cores. St. George Basin COST No.1 well. 



Table 4. Porosity and Permeability, 
St. George Basin COST No. 1 Well. 

(From Core Laboratories, Inc. ) 

Depth Porosi ty Permeabi 1 i ty 
(Feet Li tho1 ogy (Percent) (Millidarcies) Remarks 

1660 ss,vfg, v slty, cly 41.2 22 Si dewall 
1724 ss,vf-fg, slty 35.5 51 Sidewall 
1730 sl t,ss,vfg,cly 43.3 1.7 Si dewall 
1824 sl t,cly,cly 44.5 0.9 Sidewall 
1862 same 41.8 0.4 Si dewall 

1870 ss,vf-fg,v slty 35.6 8.6 Si dewall 
1903 sl t,cly 41 .8 0.2 Si dewall 
1950 same 42.7 0.1 Sidewall 
2000 ss,vfg,v slty, cly 36.3 3.2 Sidewall 
2090 slt,v cly 42.3 1.1 Sidewall 

ss,vfg,v sl ty 
cly, slty 
slt,v cly 
slt,v cly 
ss,vfg,slty,cly 

same 
same 
slt,cly,sdy 

sl t,v sdy,cly 
ss,vf-mg,sl ty 
slt,v cly 
sl t,sdy,cly 
same 

ss,vfg,v sl ty ,cly 
sl t ,cly 
same 
same 
same 

ss,vfg,v slty,cly 
cly , s1 ty 
sl t ,sdy ,cly 
same 
ss,vfg,v sl ty,cly 

Si dewall 
Sidewall 
Si dewall 
Si dewall 
Si dewall 

Si dewall 
Sidewall 
Si dewall 
Si dewall 
Si dewall 

Si dewall 
Si dewall 
Si dewall 
Si dewall 
Si dewall 

Si dewall 
Si dewall 
Sidewall 
Si dewall 
Si dewall 

Si dewall 
Si dewall 
Si dewall 
Si dewall 
Si dewall 



Depth Po ros i ty Permeabi 1 i ty 
(Feet) L i  tho1 ogy (Percent) (Millidarcies) 

3 294 sl t,sdy,vfg,cly 39.7 5.1 
3356 same 36.6 3.2 
3370.1 sltst,v cly 33.6 0.48 
3371.4 same 29.7 0.50 
3372.2 same 33 .O 0.59 

3373.2 same 
3374.5 Same 
3375.3 same 
3376.4 . same 
3377.4 same 

3378.2 same 
3380.7 same 
3383.4 same 
3385.7 same 
3386.3 same 

3387.1 same 
3388.4 same 
3390.6 same 
3391.9 same 
3392.7 same 

3393.6 same 
3394.1 same 
3395.1 same 
3396.3 same 
3398.6 same 

3399.4 same 
3400.3 same 
3401.7 same 
3402.5 same 
3403.6 same 

Same 
same 
same 
same 
same 

same 
same 
same 
Same 
same 

Remarks 

Si dewall 
Si dewall 
Core 1 
Core 1 
Core 1 

Core 1 
Core 1 
Core 1 
Core 1 
Core 1 

Core 1 
Core 1 
Core 1 
Core 1 
Core 1 

Core 1 
Core 1 
Core 1 
Core 1 
Core 1 

Core 1 
Core 1 
Core 1 
Core 1 
Core 1 

Core 1 
Core 1 
Core 1 
Core 1 
Core 1 

Core 1 
Core 1 
Core 1 
Core 1 
Core 1 

Core 1 
Core 1 
Core 1 
Core 1 
Core 1 



Depth 
(Feet 

Po ros i ty Permeabil i ty 
(Percent) (Mi 11 i darcies) Remarks Li tho1 ogy 

sltst,v cly 
same 
s a m  
same 
same 

Core 1 
Core 1 
Core 1 
Core 1 
Core 1 

Core 1 
Core 1 
Core 1 
Core 1 
Core 1 

same 
same 
same 
same 
same 

ss,vfg,v slty ,cly 
slt,v cly 
cly,sl ty 
slt,cly nod 
ss,vfg,v slty 

Si dewall 
Si dewall 
Si dewall 
Sidewall 
Si dewall 

slt,v sdy 
cly, slty 
ss,vfg,v slty, cly 
ss,vfg,slty 
C ~ Y  

Si dewall 
Si dewall 
Si dewall 
Sidewall 
S i dewall 

slt,cly,sdy 
slt,sl sdy,v cly 
slt,v sdy,v cly 
slt,sl sdy,v cly 
slt,v cly 

Si dewall 
Si dewall 
Sidewall . 
Sidewall 
Si dewa 1 1 

slt,v sdy, cly 
ss,vfg,v sl ty ,cly 
same 
same 
same 

Sidewall 
Si edwal 1 
Si dewall 
Si dewall 
Si dewall 

sl t , sdy , cly 
ss,vfg,v sl ty,cly 
ss,vfg, v cly 
same 
same 

Sidewall 
Sidewall 
Core 2 

same 
same 
same 
same 
same 

Core 2 
Core 2 
Core 2 
Core 2 



Depth 
(Feet) 

Po ros i ty Penneabil i ty 
Li tho1 ogy (Percent) (Mi 11 i darcies) - Remarks 

ss, vfg, v cly 
same 
slt,v cly 
ss, vfg, v cly 
same 

Core 2 
Core 2 
Si dewall 
Core 2 

Core 2 
Core 2 
Core 2 
Core 2 
Core 2 

same 
same 
same 
same 
same 

Core 2 
Core 2 
Core 2 
Core 2 
Core 2 

mds t 
same 
same 
same 
same 

Core 2 
Core 2 
Core 2 
Core 2 
Core 2 

same 
same 
same 
same 
same 

Core 2 
Core 2 
Core 2 
Core 2 
Core 2 

same 
same 
same 
same 
same 

Core 2 
Core 2 
Core 2 
Core 2 
Core 2 

same 
same 
same 
same 
same 

Core 2 
Core 2 
Core 2 
Core 2 
Core 2 

same 
same 
same 
same 
same 

Core 2 
Core 2 
Core 2 
Si dewall 
Si dewall 

same 
same 
same 
slt,v cly 
cly,sl ty 



Depth Po ros i ty Penneabi 1 i ty 
(Feet) Li tho1 ogy (Percent) (M i  1 1  i darcies) Remarks 

4250 slt,v cly,sl sdy 40.7 2.8 Sidewall 
43W ss,vfg,v sl ty 38.9 48 Si dewall 
4397 ss,vfg,v slty cly 38.7 12 Si dewall 
4432 same 37.1 43 Si dewall 
4481 same 38.0 34 Si dewall 

4495 cly , sl ty 39.2 3.1 Sidewall 
4504 slt,v sdy,cly 38.8 27 Si dewall 
4539 sl t,sdy,cly 41,.3 7.7 Si dewall 
4578 ss,vfg,v slty,cly 38.4 12 Si dewa 1 1 
4650 slt,sl sdy,v cly 29.3 3.5 Si dewall 

4669 slt,v sdy,cly 31 .O 36 Si dewall 
4710 sl t,sl sdy,v cly 27.5 2.7 Si dewall 
4750 cly ,sl ty 26.3 3.7 Si dewall 
4800 same 26.3 1.5 Si dewall 
4860 slt,v cly 26.1 3.8 Si dewa 1 1 

4865 sl t,v cly,sl sdy 28.9 4.6 Si dewall 
4904 sl tst,sdy,cly 31.8 3.1 Si dewa 1 1 
4950 ss,vfg,slty,cly 30.4 2.2 Sidewall 
4970 sltst,v cly 30.7 1.3 Si dewall 
5000 sl tst,v cly,sdy 30.4 2.9 Si dewall 

5030 ss, vf-fg,slty 29.4 39 Si dewall 
5048 ss,vf-fg,sl ty,cly 29.8 36 Si dewall 
51 02 same 28.3 25 Si dewall 
5164 sltst,v cly 29.2 2.0 Si dewall 
51 98 ss,vf-fg,sl ty ,cly 28.6 31 Si dewall 

5230 ss,vfg,sl ty,cly 28.1 15 Si dewall 
52 52 ss,vfg,v slty ,cly 28.2 5.6 Si dewall 
5298 same 26.7 4.4 Sidewall 
5320 sl tst,cly, 31 -1 88 Sidewall, frac. 
5370 ss,vfg,sl ty,cly 30.4 92 Si dewall 

5401 same 28.7 14 Sidewall 
5460 ss 27.6 12 Si dewall 
5496 ss,vf-fg.sl ty,v cly 25.7 1 1  Si dewall 
5552 sl tst,sdy,cly 29.4 2.2 Si dewall 
5606 sltst,v cly 28.9 18 Si dewall 

5646 sltst,v cly, 
5669.3 s s 
5670.4 same 
5671.3 same 
5672.4 same 

Sidewall, frac. 
Core 4 
Core 4 
Core 4 
Core 4 



Depth Po ros  i t y  Permeabil i t y  
(Feet) L i  tho1 ogy (Percent) ( M i l  1 i d a r c i e s )  Remarks 

ss 
same 
same 
same 
same 

same 
same 
same 
same 
same 

Core 4 
Core 4 
Core 4 
Core 4 
Core 4 

Core 4 
Core 4 
Core 4 
Core 4 
Core 4 

same 
same 
same 
same 
same 

Core 4 
Core 4 
Core 4 
Core 4 
Core 4 

Core 4 
Core 4 
Core 4 
Core 4 
Core 4 

same 
same 
same 
same 
same 

Core 4 
Core 4 
Core 4 
Core 4 
Core 4 

same 
same 
same 
same 
same 

Core 4 
Core 4 
Core 4 
Core 4 
Core 4 

same 
same 
same 
same 
same 

Core 4 
Core 4 
Core 4 
Core 4 
Core 4 

same 
same 
same 
same 
same 

Core 4 
Core 4 
Core 4 
Core 4 
Core 4 

same 
same 
same 
same 
same 



Depth 
(Feet) 

Porosity Penneabi 1 i ty 
L i  tho1 ogy (Percent) , (Mill idarcies) Remarks 

s s 
same 
same 
same 
same 

Core 4 
Core 4 
Core 4 
Core 4 
Core 4 

Core 4 
Core 4 
Core 4 
Core 4 
Core 4 

same 
same 
same 
same 
same 

Core 4 
Si dewall 
Core 5 
Core 5 
Core 5 

same 
ss,vfg,sl ty,cly 
ss 
same 
s m  

Core 5 
Core 5 
Core 5 
Core 5 
Core 5 

same 
same 
same 
same 
same 

Core 5 
Core 5 
Core 5 
Core 5 
Core 5 

same 
same 
same 
same 
same 

Core 5 
Core 5 
Core 5 
Core 5 
Core 5 

same 
same 
same 
same 
same 

Core 5 
Core 5 
Core 5 
Core 5 
Core 5 

same 
same 
same 
same 
same 

same 
same 
same 
same 
same 

Core 5 
Core 5 
Core 5 
Core 5 
Core 5 



Oep th Poros i ty Permeabi 1 i ty 
(Feet) Li tho1 ogy (Percent) (Mi 11 i darcies) Remarks 

5737.6 s s 
5738.3 same 
5738.8 same 
5739.3 s ame 
5739.6 same 

s ame 
same 
same 
same 
same 

same 
same 
same 
same 
same 

30.9 23 Core 5 
30.3 3 1 Core 5 
31.8 34 Core 5 
29.6 24 Core 5 
30.0 21 Core 5 

Core 5 
Core 5 
Core 5 
Core 5 
Core 5 

Core 5 
Core 5 
Core 5 
Core 5 
Core 5 

5745.2 same 31.2 2 1 Core 5 
5745.8 same 28.5 6.9 Core 5 
5746.3 same 30.0 13 Core 5 
57 90 sl tst,v sdy,vfg,cly 28.6 49 Si dewall 
5854 ss,vf-fg,slty,cly 30.4 31 Si dewall 

592 2 same 
6002 ss,fg,sl ty 
6002 ss,f-mg 
6048 ss,fg,slty 
6048 ss,f-mg 

31.7 27 9 Si dewall 
34.2 704 Si dewall 
32.7 534 Si dewall 
34.0 664 Si dewall 
32.2 41 3 Si dewall 

6092 ss,fg.sl ty 33.8 596 
61 40 ss,vfg,slty ,cly 33.4 451 
61 40 ss,mg 31.2 6 70 
6200 ss,vf-fg,slty 32.9 347 
6250 same 33.4 323 

Si dewall 
Si dewall 
Si dewall 
Si dewall 
Si dewall 

- 
6298 same 32.9 59 6 Si dewall 
6298 ss,f-mg 31.9 3 68 Si dewall 

- 6352 ss,vf-fg,sl ty 33.5 51 7 Si dewall 
6352 SS,mg 31.5 732 Si dewall 
6398 ss,vf-fg,sl ty ,cly 28.5 142 Si dewall 

6450 same 30.8 181 Si dewall 
6 500 ss,vf-fg,sl ty 21 -3 9.9 Si dewall 
6550 s ame 30.3 253 Si dewall 
661 0 ss,vf-mg 31.3 283 Si dewall 
6640 ss,vf-mg,v slty,cly 24.4 2.2 Si dewall 



Oep th 
(Feet) 

Po ros i ty Permeabi 1 i ty 
Li tho1 ogy (Percent) (Mil 1 idarcies) Remarks 

Sidewall 
Si dewall 
Sidewall, frac. 
Si dewall 
Si dewall 

ss,fg 
same 
same 
same 

Si dewall 
Core 6 
Core 6 
Core 6 
Core 6 

Core 6 same 
same 
ss,vfg, slty 
SS 
same 

Si dewall 
Core 6 
Core 6 

Core 6 
Core 6 
Core 6 
Core 6 
Core 6 

same 
same 
same 
same 
same 

Core 6 
Core 6 
Core 6 
Core 6 
Core 6 

s a m  
same 
same 
same 
same 

s ame 
same 
same 
same 
same 

Core 6 
Core 6 
Core 6 
Core 6 
Core 6 

Core 6 
Core 6 
Core 6 
Core 6 
Si dewall 

same 
same 
same 
same 
ss,vfg,sl ty 

ss,f-mg,sl ty,cly lam 
ss,vf-fg,sl ty 
ss,vf-fg,slty,cly 
ss,fg 
ss,vf-fg,sl ty 

Si dewall 
Si dewall 
Si dewall 
Si dwall 
Si dewall 



Depth Porosity Permeabi 1 i ty 
(Feet) Li tho1 ogy (Percent) (Mi 11 i darcies) Remarks 

Si dewall 
Si dewall 
Si dewall 
Si dewall 
Si dewall 

ss,vf-cg,sl ty,cly 
ss,vf-fg,sl ty ,cly 
sl tst,cly 
ss,vf-fg,slty,cly 
same 

Si dewall 
Si dewall 
Si dewall 
Si dewall 
Si dewall 

Si dewall 
Si dewall 
Si dewall 
Si dewall 
Sidewall 

same 
same 
ss,vfg,cly,inbd 
same 
sl tst,sdy,cly 

sl tst,cly 
ss,vfg,v slty ,cly 
same 
same 
same 

Si dewall 
Si dewall 
Si dewall 
Si dewall 
Si dewall 

Core 7 
Core 7 
Core 7 
Core 7 
Core 7 

ss 
same 
same 
same 
same 

Core 7 
Core 7 
Core 7 
Core 7 
Core 7 

same 
Same 
same 
s ame 
same 

Core 7 
Core 7 
Core 7 
Core 7 
Core 7 

same 
same 
same 
same 
same 

Core 7 
Core 7 
Core 7 
Core 7 
Core 7 

S S 
same 
same 
same 
same 



Depth Poros i ty  Permeabi 1 i ty  
(Feet  1 L i tho1 ogy (Percent) (Mill idarc ies )  Remarks 

,ss 
same 
same 
same 
same 

Core 7 
Core 7 
Core 7 
Core 7 
Core 7 

Core 7 
Core 7 
Core 7 
Core 7 
Core 7 

same 
same 
same 
same 
same 

Core 7 
Core 7 
Core 7 
St dewall 
Core 7 

same 
same 
same 
ss,vfg,v s l t y  c ly  
s s 

Core 7 
Core 7, f rac .  
Core 7 
Core 7 
Core 7 

same 
same 
same 
same 
same 

Core 7 
Core 7 
Core 7 
Core 7 
Core 7 

same 
same 
same 
same 
same 

Core 7 
Core 7 
Core 7 
Core 7 
Core 7 

same 
same 
same 
same 
same 

Core 7 
Core 7 . 

Core 7 
Core 7 
Si dewall 

s s 
same 
same 
same 
ss,vfg,v sl t y  ,cly 

Sidewall 
Si dewall 
Si dewall 
Si dewall 
Sidewall 

same 
same 
same 
same 
same 



Depth 
(Feet) 

Po ros i ty Permeabi 1 i ty 
Li tho1 ogy (Percent) (Mi 11 i darcies) Remarks 

same 
same 
sl tst,sdy,v cly 
same 
ss,vfg, v slty, cly 

Si dewall 
Sidewall 
Si dewall 
Si dewall 
Si dewa 1 1 

Si dewall 
Si dewall 
Si dewall 
Si dewall 
Si dewall 

same 
same 
ss,vfg,v slty, v cly 
ss,vfg,v slty, cly 
same 

sltst,say,v cly Si dewall 
Si dewall 
Si dewall 
Si dewall 
Sidewall, frac. 

same 
same 
sltst,sdy, v cly 

same 
same 
sl tst,sdy,v cly 
sltst, v sdy, v cly 
sl tst,sdy,v cly 

Sidewall, frac. 
Si dewall , f rac . 
Si dewall 
Si dewall 
Si dewall 

sltst, v cly 
sl tst,cly 
same 
sl tst, v cly 
sl tst,cly 

Si dewall 
Si dewall 
Si dewall 
Si dewall , f rac. - 
Si dewall 

sltst., v cly 
same 
same 
sl tst,sdy,v cly 
SS 

Sidewall , f rac. 
Si dewall , f rac. 
Si dewall , f rac. 
Si dewa 1 1 
Core 8 

Core 8 
Core 8 
Core 8 
Core 8 
Si dewall 

S S 
same 
same 
same 
sl tst,sdy,v cly 

Core 8 
Core 8 
Core 8 
Core 8 
Core 8 

SS 
same 
same 
same 
same 



Oep t h  
( Feet) 

Po ros i ty Penneabi 1 i ty 
L i  tho1 ogy (Percent) ( M i  11 i darcies) Remarks 

same 
same 
same 
same 
same 

same 
Same 
same 
same 
same 

same 
same 
same 
same 
same 

s a m  
same 
Sam 
same 
same 

same 
same 
same 
s a m  
same 

same 
same 
same 
same 
same 

SS 
same 
Same 
same 
same 

same 
Same 
same 
same 
same 

20.6 0.06 Core 8 
19.9 0.04 Core 8 
22.7 0.05 Core 8 
19.9 0.05 Core 8 
15.7 0.04 Core 8 

16.0 0.03 Core 8 
17.7 0.05 Core 8 
20 .8 0.55 Core 8 
16.2 0.03 Core 8 
14 .8 0.08 Core 8 

20.6 0.19 Core 8 
15.6 0.12 Core 8 
18.4 0.06 Core 8 
18.2 0.09 Core 8 
21.8 0.07 Core 8 

17.9 0.03 Core 8 
21 .O 0.16 Core 8 
17.1 0.05 Core 8 
15.0 0.08 Core 8 
18.9 0.07 Core 8 

14.6 0.03 Core 8 
20 .O 0.13 Core 8 
17.4 0.04 Core 8 
17.6 0.11 Core 8 
19.2 0.08 Core 8 

18.7 0.08 Core 8 
18.3 0.04 Core 8 
13.8 0.06 Core 8 
15.8 0.09 Core 8 
16.6 0.03 Core 8 

12.1 0.03 Core 8 
14.9 0.02 Core 8 
11.8 0.03 Core 8 
12.4 0.02 Core 8 
17 .O 0.04 Core 8 

15.9 0.04 Core 8 
15.3 0.02 Core 8 
14.9 0 -03 Core 8 
19.0 0.06 Core 8 
18.1 0.06 Core 8 



Depth 
(Feet)  

Porosity Permeabil i ty 
L i  tho1 ogy (Percent) (Mi 11 i darc ies )  Remarks 

sltst,  v c l y  24.4 42 
ss,vfg,v s l t y ,  c ly  24.0 16 
same 27.9 42 
s l t s t ,  v sdy, c ly  27.9 346 
ss, vfg, s l  t y ,  c l y  26.0 57 

Si dewall 
Sidewall 
Sidewall 
Si dewall 
Si dewall 

s l t s t ,  v sdy, c ly  22.5 2.8 Si dewall 
ss,vf-fg, s l  t y  25.1 49 Sidewall 
ss ,vf-mg , s l  t y  ,cly 21.8 40 Si dewall 
s l  ts t ,  sdy, c l y  24.0 9.8 Sidewall 
same 23.6 5.1 Si dewall 

same 20.3 12 Sidewall 
ss ,vfg,sl  ty ,c ly  23.6 5.5 Si  dewall 
same 26.6 8.7 Sidewall 
same 26.7 28.7 Si dewall 
ss ,vf-fg,sl  t y  22.4 4.3 Sidewall 

S S 
same 
same 
same 
same 

21.3 83 Core 9 
25.0 2.1 Core 9 

9.2 0.03 Core 9 
10.6 0.02 Core 9 
13.1 0.09 Core 9 

same 14.6 15 Core 10 
same 15.0 10.7 Core 10 
s ame 13.3 1 .O Core 10 
same 3.7 0.03 Core 10 
same 6.7 0.71 Core 10 

same 
basal t 
same 
s ame 
same 

S ame 
s a m  
same 
s a m  
same 

same 
same 
same 
same 
same 

18.0 2.4 Core 10 
2.4 5.8 Core 11, f rac .  
2.9 <. 01 Core 11 
8.3 1.5 Core 1 1 , f r a c  . 
7.7 0.01 Core 11 

8.2 0.09 Core 11 
12.8 0.16 Core 1 1 , f r a c  . 
11 .O 0.45 Core 1 1 , f r a c  . 
11 .O 0.21 Core 11 
4.5 0.01 Core 11 

0.4 <.01 Core 11 
0.5 3.8 Core 11, f rac .  
1.4 0.17 Core 11, f rac .  
0.4 0.15 Core 11, f rac .  
0.3 c.01 Core 11 



Depth Po ros i ty Permeabi 1 i ty 
(Feet ) L i  tho1 ogy (Percent) ( M i l  1 i darcies) Remarks 

basal t 
same 
same 
same 
same 

same 
same 
.same 
same 
same 

same 
same 
same 
same 
same 

Core 11, f rac .  
Core 11 , frac.  
Core 11 
Core 11 , frac.  
Core 12 

Core 12 
Core 12 
Core 12 
Core 12 
Core 12 

Core 12 
Core 12 
Core 12 
Core 12 
Core 12 



ORGANIC GEOCHEMISTRY 
by 

Arthur C. Banet, J r .  

INTRODUCTION 

The geochemical analyses o f  the S t .  George Basin COST No. 1 we1 1 were 
designed t o  provide informat ion on the  organic richness, thermal matur i ty ,  and 
petroleum source potent ia l  o f  the sedimentary sect ion a t  t h i s  loca t ion .  Analyses 
were made on cu t t i ngs  samples, sidewall  cores, and conventional cores using 
standard geochemical methods. The sedimentary section between 1600 f e e t  and 
approximately 10,380 f e e t  consists o f  marine c l  aystones, shales, s i l  tstones, 
and sandstones. Fran 10,380 f e e t  t o  TD the sect ion cons is ts  o f  volcanic rocks 
and a few interbedded shales. 

Four hundred f o r t y -e i gh t  (448) samples o f  cu t t i ngs  were sent to Geochem 
Laboratories, Inc., o f  Houston, Texas, f o r  analysi s ( r e f .  Job No. 734). Samples 
were co l lec ted  a t  i n t e r va l s  o f  30 feet ,  washed, and sealed i n  press-on- l id cans 
w i t h  bac te r i c ide  added t o  prevent biodegradation. One-half o f  the  samples 
(224), representing every o ther  in te rva l ,  were analyzed. Geochem Labs reported 
t h a t  "several o f  the  cans were damaged i n  t r a n s i t "  and t h a t  others "had no t  
been co l lec ted  according t o  ins t ruc t ions"  (Bay1 i ss, w r i t t e n  communication, 
1976), bu t  no mention was made o f  the spec i f i c  samples affected. S i x t y  sidewall  
cores and 13 conventional cores were also analyzed. 

The samples were analyzed f o r  t o t a l  organic carbon (TOC), kerogen type 
and a1 te ra t ion ,  C1-C7 l i g h t  gas and gasol ine f rac t ions,  and C15+ extractables. 
Cuts o f  the samples, a l i quo t s  o f  extracts, and ground rock residues were forwarded 
to Amoco Production Company Research Center, Tulsa, Oklahoma, f o r  e l  emental 
ana lys is  (carbon, hydrogen, oxygen, and ni t rogen) and to Ph i l  1 i p s  Petroleum 
Company Research and Development, Ba r t l esv i l l e ,  Oklahoma, f o r  s tab le  carbon 
i sotope analysis. V i  t r i n i  t e  re f1  ectance data were provided by ARC0 Expl o ra t i on  
Company, Anchorage, A1 as ka. 

Poorly consol idated sediments encountered during d r i l l  i ng necessitated the 
add i t i on  o f  walnut h u l l s  and d r i l  ling-mud addi t ives t o  prevent l oss  o f  c i r cu -  
l a t i o n .  Unfortunately, t h e  h u l l s  contaminated some o f  the analyses. Despite 
the  add i t i on  o f  the h u l l s  and addi t ives,  there was a great  deal o f  downhole 
contamination which a1 so adversely a f fec ted the analyses. Be1 ow 6700 feet ,  wal nu t  
h u l l s  are a major component o f  the  cut t ings.  

GEOTHERMAL GRADIENT 

Geothermal gradients i n  most sedimentary basins range from approximately 
0.90 t o  3O F/100 feet .  Lower gradients are common i n  arc trench basins, and 
higher gradients are reported from wel ls  d r i l l e d  i n  grabens (Doebl and others, 



ST. GEORGE BASIN COST No. I WELL 
Schlumberger Temperature Logs: One 7- 18-76: Two 8- 16-76: Four 9-23-76 

0 -  Stop Circ 0830 7- 17-76, Logger on bottom 1730 7- 18-76, Max Rec Temp 133.5 "F at 4860 Pt (33 hrs since circ ) 

a - Max Rec Temp 232" F at 10,20 1 Pt (45 hrs since circ) 

- Max Rec Temp 34 1 OF at 13,766 Pt (30 hrs since clrc) 



1974). The apparent mean geothermal gradient f o r  the No. 1 wel l  was computed 
from temperature l o g  data ( f ig .  25). The present geothermal gradient i s  
1.95°F/100 feet, which i s  we1 1 w i th in  the average f o r  sedimentary basins. 

GROSS LITHOLOGIC DESCRIPTION 

The gross 1 i thologic descript ion ( p l  . 2) describes the cutt ings sampl es 
received a t  Geochem Laboratories, wi th  each i d e n t i f i e d  rock type expressed as 
an approximate percentage. The sample descriptions are not matched t o  e i ther  
the geophysical logs o r  the well s i t e  l i thology. Br ie f l y ,  the cut t ings analyzed 
are as follows: 1600 t o  3200 feet, claystone, l ight-gray and soft, wi th  minor 
sandstone, unconsolidated, and si l iceous shale; 3200 t o  4800 feet, shale, 1 igh t -  
gray, very s i l t y ,  wi th  m i  nor amounts of unconsolidated sandstone; 4800 t o  5500 
feet, shale, l ight-ol ive-gray, wi th  minor limestone ( ? )  and chalk (? )  (probably 
carbonate concretions) ; 5500 t o  9100 feet, shale, medium- t o  l ight-gray , and 
sandstone, very f i n e  t o  medium-grained, unconsolidated. The amount of sandstone 
increases w i th  depth. By 6700 fee t  walnut h u l l s  begin to appear as the 
predominant component o f  the cuttings. From 9100 t o  10,200 feet, the cut t ings 
are described as shale, medium- t o  light-gray, very s i l t y ,  wi th  minor amounts 
o f  walnut h u l l s  and bentonite; from 10,200 t o  10,380 feet, an admixture o f  shale, 
medium- t o  l ight-gray, very s i l t y ,  and sandstone, very f i n e  t o  coarse-grained, 
wi th  minor amounts o f  walnut h u l l s  and volcanic rock fragments. 

Geochem Laboratories' gross 1 i thologic report  indicates tha t  most o f  the 
sandstones are unconsol i dated, composed o f  c l  ear-to-frosted grains w i  t h  good- 
to-excellent porosit ies. Most of  the shales and claystones are described as 
s l  i ghtly calcareous t o  calcareous. Igneous (volcanic?) rock fragments are 
reported i n  most of the description. 

The volcanic section s ta r t s  a t  10,380 fee t  and extends t o  TO. Shale 
samples taken a t  13,754 fee t  are very hard, dark-greenish-gray and non- 
calcareous. This i s  d i s t i n c t l y  d i f f e ren t  f ran the shales i n  the overlying 
section. Data from the shales are probably v a l i d  but  the exact depths o f  
these samples are suspect because they do not show on the logs and there i s  a 
1 o t  o f  sample m i  x i  ng from upsection material. 

WALNUT HULLS 

Walnut h u l l s  and other addit ives are often added t o  d r i l l i n g  muds when- 
ever c i  rcu la t ion  problems develop. Careful washing and picking of  chips 
from samples i s  necessary t o  minimize sample contamination. Some o f  the 
cut t ings f ran the No. 1 wel l  t ha t  were ground p r i o r  t o  analysis, f o r  instance, 
some of  the C15+ ext ract  samples, may have yielded spurious resu l ts  because 
walnut hu l l s  y i e l d  extracts much l i k e  those found i n  immature sediments 
( f i g .  26). As a consequence, the Carbon Preference Index (CPI), the pr istane/ 
phytane rat io ,  and the to ta l  Cis+ extractables may be somewhat suspect. 



TOC 33.78% 

CIS+ t o t a l  e x t r a c t  7 133 ppm 

asphaltene 3344 ppm 

p a r a f f i n s  and 
naphthenes 0.2 % 

Figure 26. Analysis of walnut hull and gas chromatogram o f  walnut 
hull Cis+ e x t r a c t  showing a lkane  distribution, S t .  George Bas in  COST 
No. I Well. (From Geochem Laborator ies ,  Inc.) 



TOTAL ORGANIC CARBON 

Total organic carbon (TOC) i s  perhaps t he  most important o f  the  geochemical 
analyses; a1 1 o ther  analyses requ i re  a s u f f i c i e n t  amount o f  organic carbon to 
be present f o r  meaningful resu l t s .  Geochem Labs measures TOC from f i n e l y  
ground, acid-washed samples by canbustion i n  a Leco carbon analyzer. Plates 
1 and 2 show the TOC analyses f o r  both cu t t ings  and sidewall  cores. 

Both the  c a r e f u l l y  picked samples and the  sidewall  core samples are low i n  
TOC. Almost a l l  o f  the values are l ess  than 0.5 percent except f o r  a sect ion 
between approximately 9000 and 9600 f e e t  where TOC values reach 0.7 percent. 
This i s  s t i l l  l e ss  than the average organic content  (1  percent) o f  the  average 

- shale (Hunt, 1972). On the basis o f  t o t a l  organic carbon present, the  petroleum 
generating po ten t ia l  o f  the sedimentary sect ion a t  t h i s  l oca t i on  i s  poor. 
Table 5 summarizes the TOC and source rock po ten t ia l .  - 

Table 5. Comparison o f  Organic Richness 
(Source Rock Evaluation Reference Manual , Geochem Laboratories) 

Percentage Organic Carbon Percenta e Organic Carbon Source Rock 
(C las t i cs  ?Carbonates ) Potent i  - a1 

Poor 
F a i r  
Good 
Very Good 
Excel 1 en t  

The TOC data apparently were no t  a f fec ted by caving because o f  the uni fonn 
d i s t r i b u t i o n  o f  organic carbon i n  the section. As expected, the  volcanic 
sect ion i s  v i r t u a l l y  barren o f  organic carbon except f o r  one p o i n t  which may 
represent an interbedded shale. Some " f i n e l y  ground" samples prepared f o r  
Soxhlet ex t rac t i on  were no t  picked clean o f  h u l l s  p r i o r  to grinding. As a 
consequence, TOC data below 6000 f e e t  r e f l e c t  the  add i t i on  o f  extraneous 
organic carbon. 

. KE ROGE N 

Kerogen i s  extracted from rock samples by systemat ical ly  removing the  
soluble organic f r a c t i o n  w i t h  organic solvents and the mineral matr ix  w i t h  
concentrated acids (HC1 and HF) , f o l l  owed by f l o t a t i o n  separation 
(aqueous ZnBr so lu t ion)  and thorough washing. The organic residuum, kerogen, 
i s  mounted on glass s l i des  f o r  microscopic v isua l  examination. Four o f  the 
main kerogen types were i d e n t i f i e d  i n  cu t t i ngs  from the  No. 1 we1 1 : 1 ) amorphous 
mater ia l ,  presumably der ived from algae, which i s  usual ly  o i l  prone upon matur i ty ;  
2)  herbaceous mater ia l  cons is t ing o f  spores, po l len  grains, c u t i c l e s  and 
l e a f  epidennis o f  terr igenous o r i g i n ,  which i s  mostly gas prone; 3) humic o r  
woody mater ia l  w i  t h  recognizable microscopic c e l l  s t ructures,  which i s  gas 
prone; and 4 )  coaly mater ia l  o r  i n e r t i n i t e ,  which i s  black, unstructured, 
recycled organic mater ia l  having no demonstrated hydrocarbon-generating po ten t ia l  
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Figure 27. Van  Krevelen diagram (atomic ra t i os )  f o r  kerogens. Depths given in fee t .  

(Elemental  analyses per formed by Amoco Product ion  Co.) 



(Hunt, 1979; T issot  and Welte, 1978). The term i n e r t i n i t e  i s  used i n  t h i s  
repor t  t o  minimize confusion wi th  the palynological term "coaly," which refers 
to opt ical  l y  opaque, angular part ic les.  

Plate 2 shows the kerogen d i s t r i bu t i on  from cutt ings normalized to 100 
percent. Amorphous kerogen, the most important const i tuent f o r  o i l  generation, 
i s  not found i n  a1 1 of  the samples and, where present, i s  only a minor consti- 
tuent. Only the shallowest sample (1600 t o  1630 fee t )  contains greater than 
25 percent amorphous kerogen. This represents a very 1 ow amount o f  indigenous 
sapropelic organic matter f o r  marine rocks. 

Herbaceous, humic , and i n e r t i  n i  t e  kerogens indicate an i n f l  ux of  terrigenous - organic matter. Herbaceous kerogen, the predominant type i d e n t i f i e d  i n  the 
No. 1 we1 1, i s  present i n  a1 1 samples i n  amounts ranging from approximately 25 
t o  over 60 percent. Humic kerogen i s  a minor constituent i n  most o f  the samples. - 
I n e r t i  n i  t e  i s  found i n  a1 1 of the samples. Upon reaching thermal maturity , 
these sediments would most probably generate gas and possibly minor condensate. 
However, Snowden and Powel 1 (1982) and Smyth (1983) suggest t ha t  non-marine waxy 
o i l  s may be generated from terrigenous kerogens. 

T i  ssot, Durand, and others (1974) used hydrogen-to-carbon (H/C) and 
oxygen-to-carbon (OK) ra t i os  t o  characterize kerogen type and maturity. They 
defined Types I, I I, and I I1  as capable o f  generating l i q u i d  hydrocarbons, 
condensate and gas, and dry gas, respectively. Low H/C and high O/C ra t i os  
are diagnostic of  polycycl ic unsaturates and aromatics o f  structural  and 
woody materi a1 . The kerogens i d e n t i f i e d  from the No. 1 well are Type I1  I and 
immature ( f i g .  27). The anomalous values seen i n  f igure 27 and table 6 probably 
represent e l  emental analyses o f  wal nut h u l l  contaminants. 

Table 6. Elemental analyses and atomic ra t i os  o f  kerogen samples. 
(El emental analyses performed by Amoco Production Co. ) 

DEPTHS PERCENT RATIOS 
FEET 

C H 0 N H/C O/C 



VITRINITE REFLECTANCE 

Good s i  ngl e-mode re f lec tance measurements o f  primary v i  t r i n i  t e  are probably 
the best  i nd i ca to r  o f  organic matur i ty  through the o i l -generat ing zone. R, 
values between 0.6 and 1.2 percent (Dow, 19771, 0.6 and 1.5 percent (T isso t  & 
Welte, 19781, and 0.6 and 1.35 percent (Hunt, 1979, p. 332) are general ly  accepted 
as the 1 i m i t s  o f  generating and preserving l i q u i d  hydrocarbons. Gas may be 
generated to Ro values o f  3 percent o r  more (Hunt, 1979) owing t o  the thermal 
degradation o f  kerogen and previously generated hydrocarbons. 

Mean values o f  f i r s t  cyc le  primary v i t r i n i  t e  from cu t t i ngs  and conventional 
cores are p l o t t ed  on p la tes 1 and 2. The numbers i n  parentheses (p l .  2) are 
the s ize o f  the populations counted. Hunt (1979, p. 332) ind icates t h a t  
populat ions o f  50 t o  100 are necessary f o r  v a l i d  i n t e r p r e t a t i o n  o f  Ro data, 
and Bayl iss and Smith (1980) s ta te  t h a t  a minimum o f  40 readings on v i t r i n i t e  
a re  necessary t o  determine thermal matur i ty .  Based on these c r i t e r i a ,  i t  i s  
evident t h a t  the Ro data populations from the No. 1 wel l  are i n s u f f i c i e n t  
f o r  precise in te rp re ta t ion .  The small v i t r i n i t e  data populat ion i s  due to low 
TOC val ues and d i l u t i o n  by the unconsolidated sand. Nevertheless, several 
v a l i d  in te rp re ta t ions  can be made from t h i s  data. 

I n  the No. 1 well ,  s u f f i c i e n t  thermal matur i ty  f o r  generating and pre- 
serving o i l  begins a t  a depth o f  approximately 4600 feet .  Samples from the  
base o f  the sedimentary sect ion a t  10,380 f e e t  e x h i b i t  an Ro value o f  approxi- 
mately 0.7 percent, which ind icates t h a t  the sedimentary sect ion i s  i n  t he  
e a r l y  stages o f  thermal matur i ty .  The near ly uniform Ro values imply e i t h e r  
a lower than present geothermal gradient, a h igh sedimentation rate,  o r  both. 

The change i n  slope o f  Ro data ind icates a possib le unconformity a t  the  
top o f  the Miocene sect ion a t  3600 feet .  Above 3600 feet ,  t h e  R9 increase from 0.37 t o  0.57 percent. The r a t e  (0.2 percent/2000 eet )  i s  much 
greater than the 0.60 t o  0.70 percent increase (0.1 percent/6780 feet)  observed 
from 3600 t o  10,380 feet. This t rend suggests t h a t  t he  geothermal gradient  
has increased subs tan t ia l l y  since the Miocene o r  t h a t  sedimentation ra tes  
have been g rea t l y  reduced. There are a1 so several reversa ls  i n  the data t rend  
where R, values decrease (4800 t o  5200 feet ;  6700 t o  8200 feet ;  8300 t o  9300 
fee t ) .  These reversals are probably due to caving and mixing o f  upsection 
mater ia l .  Sloughing i s  so severe t h a t  Ro data i n  these i n t e r v a l s  are mostly 
s i ng le  mode. Walnut h u l l s  appear i n  the cu t t i ngs  i n  these same i n te r va l s .  
Two data po in ts  below 10,380 f e e t  may be representat ive of dark-gray shales 
t h a t  are s t i l l  w i t h i n  the o i l -generat ing window. 



THERMAL ALTERATION INDEX 

Stapl i n  (1 969) devel oped a technique fo r  eval uating kerogen maturation 
based on changes i n  the color o f  spores, p lan t  cut ic les,  pollen, a1 gae, and 
amorphous organic matter. This technique records the co lor  changes o f  the 
l i g h t e s t  colored i n  s i t u  par t icu late organic matter o f  fine-grained rocks. On 
a numerical scale, the Thermal Al terat ion Index (TAI) ranges from 1 t o  2.1 
f o r  immature rocks, 2.2 t o  3.6 f o r  mature rocks, and 3.7 t o  5.0 f o r  rocks tha t  
are past maturity (Staplin, 1969; Bayliss and Smith, 1980). This i s  a subjective 
measurement and i s more widely appl icable than v i  t r i n i t e  reflectance, bu t  i t 
i s  af fected by in te r re la ted  variables such as color,  1 i g h t  transmission, and 
re f1  e c t i v i  ty. 

TAI measurements f ran cutt ings and sidewall cores from the No. 1 well are 
i n  very close agreement. Both data sets ind icate tha t  thermal matur i ty begins - 
a t  approximately 6500 f e e t  and t h a t  the en t i re  sedimentary section from 6500 
t o  10,380 fee t  i s  moderately mature. The depth o f  the onset o f  thermal maturity 
as indicated by TAI (6500 feet )  d i f f e r s  from t h a t  indicated by v i  t r i n i t e  ref lec-  
tance (4600 feet). This difference may be due t o  sub jec t iv i t y  i n  picking 
kerogen color  changes, o r  t o  the small data populations used i n  determining R, 
values. The TAI data are less sensi t ive and do not  show a change i n  maturation 
above and be1 ow the possible unconformity a t  3600 feet.  

LIGHT HYDROCARBONS 

The C147 1 i g h t  hydrocarbons (obtained from blended "picked" cutt ings 
and head space gas) are important d i rec t  indicators o f  hydrocarbon generation. 
S igni f icant  amounts o f  the C2-C7 f rac t ion  are found i n  o i l s  and thermally 
mature sediments bu t  not i n  plants, animals, and thermally immature sediments. 
Plate 2 shows minor amounts, approximately 1000-8000 ppm, o f  C1-Cq, mostly 
methane, i n  the section from 1600 t o  5000 feet. Since most o f  t h i s  section i s  
thermally immature, the methane probably migrated from mature rocks. A less 
l i k e l y  o r i g i n  i s  methanogenic bacteria. The concentration o f  methane decreases 
downward through the section. The C2-C4 f rac t i on  shows minor increases wi th  
depth, but  does not  exceed 100 ppm concentration. There i s  an increase i n  
wetness a t  approximately 4600 feet, coincident wi th  the onset o f  Ro thermal 
maturity, and between 9000 and 10,000 feet, coincident wi th  a decrease i n  
methane and a minor increase i n  TOC. The Cg-C7 f rac t i on  shows no systematic 
changes wi th  depth. The lack o f  response o f  these matur i ty indicators i s  due 
to very low concentrations of  organic carbon throughout the section, r e l a t i v e l y  
minor increases i n  thermal maturity wi th  depth, and the presence o f  non- 
indigenous methane i n  the upper 5000 fee t  o f  section. Replicate analyses are 
p lo t ted  where data are avai lable ( f o r  samples above 6700 feet). The rep l i ca te  
concentrations are generally less  than or ig ina l  analyses bu t  show the same 
changes wi th  depth. 



C15+ EXTRACTABLE BITUMENS 

Bitumens, solvent-soluble organic material i n  sedimentary rocks, a re  
composed o f  a1 kanes ( n- and i - )  , naphthenes (cyc l  i c  a1 kanes) , and asphal tenes 
(nitrogen, su l fu r ,  and oxygen compounds). They a re  r o u t i n e l y  analyzed i n  the 
C15+ f rac t ion.  Extensive compilat ions o f  these data (Hunt, 1977, 1979; 
T isso t  and Uelte, 1978) suggest t h a t  C15+ extractables are  mostly the products 
o f  catagenesi s and are dependent upon the concentrat ion o f  TOC. The average 
C 5+ content o f  source rocks i n  pe t ro l i fe rous  basins worldwide i s  i n  excess i o 800 ppm (T isso t  and Uelte, 1978). 

Total C15+ ext rac ts  are p lo t ted  on p l a t e  2 f o r  both cu t t ings  and s idewal l  
cores. The extractable bitumens from the  sidewall  cores are anomalously h igh  
i n  the immature section, possib ly because o f  contamination. The sidewall  core 
ex t rac ts  are only marginal ly  higher than those from cu t t ings  i n  the deeper 

A 

samples. Almost a l l  o f  the samples have less  than 800 ppm C15+ ext rac tab le  
bitumen and should no t  be considered as prospective source rocks. 

Figure 28 shorn gas c~~omatograms o f  the C15+ f rac t ions.  Naphthenes, a 
major const i tuent  i n  the samples, were no t  removed by molecular s iev ing and 
i n t e r f e r e  somewhat w i t h  the a1 kane d i s t r i bu t i on .  A1 kanes are major const i tuents  
t h a t  are poor ly resolved i n  chromatograms from the shal low samples. Chromato- 
grams o f  samples from de e r  i n  the sect ion show the  alkane f r a c t i o n  becoming 
b e t t e r  defined and resol  ve '% 

Figure 26 shorn a chromatogram o f  walnut h u l l  ex t rac ts  t h a t  c lose ly  
resembles chromatograms from cu t t ings  samples ex t rac ts  ( f i g .  28). The h u l l s  
y ie lded  33.78 percent TOC, 7133 ppm C15+ ext rac tab le  bitumen, and a canbined 
p a r a f f i n  and naphthene f r a c t i o n  o f  0.2 percent. It i s  very l i k e l y  t h a t  f i g u r e  
28 shows more the e f f e c t  o f  walnut h u l l  contamination than changes i n  the 
a1 kane d i  s t r i b u t i o n  due to increasing matur i ty .  

CARBON PREFSRENCE INDEXES 

The Carbon Preference Index (CPI i s  another method of determining the  
onset o f  thermal matur i ty .  It i s  based on the odd/even r a t i o  o f  n-alkanes. 
Brqy and Evans (1961 ) pioneered t h i s  method, which i s  modi f ied by Geochem 
Laboratories as fol lows: 

E21+C23+~~f,+C 

CPI = ~ 2 x 2 4 4  

C P I  values are h igh ( > I  .O) and e r r a t i c  i n  the sect ion above 4500 feet .  
This type o f  d i s t r i b u t i o n  i s  t yp ica l  o f  immature sediments. From 4500 t o  
approximately 7000 feet, CPI values are general ly  l ess  than 1.0, which Bray and 
Evans determined as the beginning o f  the o i l -generat ing zone. From 7200 t o  
approximately 10,200 feet ,  CPI values are again h igh  and e r r a t i c ,  which may 
r e f l e c t  downhole contamination. This i s  a1 so re f l ec ted  by an R, reversal  i n  
the same in te rva l .  



10350 - 10380' 

F igure  28. C h r o m a t o g r a m s  f r o m  e x t r a c t e d  
C I S +  f r a c t i o n  s h o w i n g  c h a n g e s  i n  p a r a f f i n  
d i s t r i b u t i o n  a n d  n a p h t h e n e s  f r o m  c u t t i n g s  
s a m p l e s .  S a m p l e  d e p t h s  a r e  g iven f o r  e a c h  
chromatogram. 
(From Geochem L a b o r a t o r i e s ,  Inc.) 



I n i t i a l  pristane/phytane ra t i os  are low, general ly less than 1. This i s  
normal f o r  marine sediments (Hunt, 1979), but  anomalous considering the amount 
o f  terrigenous material i n  these sampl es. The pristane/phytane r a t i o  begins 
t o  increase a t  approximately 8500 feet, which coincides wi th  the increase i n  
wetness and Cis+ extractable hydrocarbons. The pristane/phytane r a t i o  drops 
abrupt ly through the predani nantly volcanic section. 

Stable 6 13c i sotope measurements f o r  C15+ ext racts  and kerogen are 
l i s t e d  i n  tab le 7. The 6 1 3 ~  values of the kerogen range from -25.3 per 
m i l  to -26 per m i l  , * ich i s  i n  the range where marine and t e r r e s t r i a l l y  I 5 derived d C values overlap (Tissot and Uelte, 1978). This indicates t h a t  
there are signi , f icant contr i lp j t ions o f  organic matter from both marine and 
terrigenous sources. The 6 C val s from the C15+ extracts are 2 t o  3 Y3 per m i l  l i g h t e r  than the kerogen C, which i s  considered normal (T issot  
and Uelte, 1978). The 6 1 3 ~  values given f o r  samples co l lected from the 
predaninantly volcanic and pyroc last ic  rocks be1 ow 10,380 feet are probably 
the r e s u l t  o f  caving and contamination. 



Table 7 .  
6 1% ~mposi tions 

Depth Saturates Asphal tenes Ke rogen 
(Feet) (Per mil) (Per mil) (Per mil) 

(predomi nantly volcanic and pyroclastic rocks) 

6 1 3 ~ =  1 3 ~ / 1 2 ~  sample - 
T ~ C ~ I ~ C  standard -I 1 1°00 

- 
Standard-PDB (Pee Dee Belemnite) 
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SUMMARY AND CONCLUSIONS 

Organic geochemical analyses o f  c u t t i  ngs samples, s i  dewall cores, and 
conventional cores show t h a t  the sedimentary section penetrated by the St. 
George Basin COST No. 1 well consists o f  predominantly 1 ight -  t o  medium-gray 
claystone, shale, s i l tstone, and sandstone. The en t i re  sedimentary section 
analyzed i s  marine and low i n  t o t a l  organic carbon. The average TOC value 
i s  approximately 0.5 percent. The maximum TOC i s  0.74 percent, which i s  too 
low t o  be considered a good petro lemgenerat ing source rock (Hunt, 1977). 
Kerogens isolated from samples throughout the section are predominantly 
herbaceous and i n e r t i n i t e  types wi th  minor amounts o f  the humic and amorphous 
varieties. The l i g h t -  t o  medium-grw co lo r  o f  the cutt ings indicates tha t  
these sediments were deposited under oxic conditions. The law TOC values . 
r e f l e c t  the lack o f  preservation o f  organic matter i n  t h i s  nonreducing environ- 
ment. The predominance o f  herbaceous kerogen w i th  1 ow H/C and high O/C ra t i os  
imp1 i es a substantial i n f l u x  of  terrigenous organic material . Organic fac ies - 
modeling (Demai son, 1981 ; Summerhayes, 1981) suggests tha t  1 ight-gray t o  01 ive- 
colored marine rocks characterized by extensive bioturbation, low TOC, and 
kerogens tha t  are predominantly herbaceous, humic, and i n e r t i  n i  t e  ( t e r r i  genous) 
are l i k e l y  to generate gas, although o i l  may be possible (Snowden and Powell, 
1982; Smyth, 1983). 

Thermal maturity indicators, such as ROB gas wetness, and CPI, ind icate 
tha t  thermal 'mturi t y  suf f i  c i  ent f o r  generating and preserving petroleum 
hydrocarbons begins a t  approximately 4600 f e e t  i n  the No. 1 well.  However, TAI 
measurement places the threshold o f  petroleum generation a t  approkimately 6500 
feet. A1 1 o f  the thermal maturation indicators increase only minimally w i th  
depth. Ro values vary from approximately 0.6 t o  0.7 percent from 4600 to 10,380 
f e e t  and TAI varies from 2.2 a t  6500 fee t  t o  2.3 a t  10,380 feet, uhich suggests 
e i ther  a low geothermal gradient, a high sedimentation rate, or  bdth. Because 
o f  the low TOC and minimal thermal maturation there i s  only s l i g h t  generation 
of C1 - C7 and C15+ hydrocarbons a t  depth. 



ENVIRONMENTAL CONSIDERATIONS 
by 

A l len  J. Adams 

A t l an t i c  R i c h f i e l d  Company, as operator f o r  i t s e l f  and other par t ic ipants ,  
submitted a l e t t e r  t o  the Minerals Management Service ( former ly  Conservation 
Div is ion,  USGS) dated February 20, 1976, f o r  the proposed d r i l l i n g  o f  a Deep 
St ra t igraph ic  Test wel l  i n  the St. George Basin area o f  the Alaska Outer 
Continental Shelf.  Documents submitted i n  support o f  t h i s  proposal included a 
D r i l l i n g  Plan, an Environmental Report, and an O i l - S p i l l  Contingency Plan. A 
s i t e - spec i f i c  b io log ica l  survey and a geohazards survey a t  the primary and 
a l te rna te  s i t e s  were required t o  invest igate  and document environmental 
condi t ions before approval o f  the  Geological and Geophysical (G&G) Permit 
app l ica t ion f o r  the Deep St ra t igraph ic  Test wel l .  The appl icant fol lowed 30 
CFR Part  251 i n  submission of the  G&G Permit appl icat ion f o r  t h i s  wel l .  

A Deep St ra t igraph ic  Test wel l  i s  d r i l l e d  f o r  the acqu is i t i on  o f  
geological and engineering data t o  determine the po ten t ia l  f o r  hydrocarbon 
accumulation w i t h i n  a proposed sale area. It i s  comnonly d r i  l l e d  o f f -s t ruc ture  
and i s  not intended t o  locate hydrocarbon accumulations. The S t .  George Basin 
COST No. 1 wel l  was d r iT led  o f f - s t ruc tu re .  The informat ion gathered from t h i s  
t e s t  wel l  was used t o  evaluate the hydrocarbon po ten t ia l  o f  the area covered by 
OCS Lease Sale No. 70 (St. George Basin) he ld  on A p r i l  12, 1983. 

As par t  o f  the permit app l ica t ion review process, an Environmental 
Assessment (EA) under the National Environmental Pol i c y  Act (NEPA) d i r e c t i v e  
was prepared. An EA serves as a decision-making document t o  determine i f  the 
proposed act ion i s  or i s  not a major Federal act ion s i g n i f i c a n t l y  a f f ec t i ng  the 
q u a l i t y  of the human environment i n  the sense o f  NEPA, Section 102(2)(C). An 
EA addresses and includes the fo l lowing:  a descr ip t ion o f  the proposed action, 
a descr ip t ion o f  the af fected environment, the environmental consequences, 
a l te rna t i ves  t o  the proposed act ion, unavoidable adverse environmental ef fects,  
and controversi  a1 issues. 

On the basis o f  ex i s t i ng  data and regulat ions i n  e f f ec t  at the t ime the 
proposal was reviewed, fac to rs  taken under advi sement by MMS before g iv ing  
approval o f  the d r i  11 i ng  plan and monitored dur ing d r i  11 i n g  operations included 
geological (see Shal low Geologic Set t ing chapter), meteorological , 
oceanographic, b io log ica l ,  cu l t u ra l ,  and economic considerations. 

METEOROLOGICAL AND OCEANOGRAPHIC DATA 

Most o f  the Bering Sea l i e s  i n  subarct ic  l a t i t udes  and a cyclonic 
atmospheric c i r c u l a t i o n  predominates i n  the region. Cloudy skies, moderately 



heavy p r e c i p i t a t i o n ,  and st rong s u r f  ace winds charac ter ize  the  marine weather. 
Storms are more f requent  i n  the  f a l l  than i n  the  s u m r .  

There are two dominant cur rent  pa t te rns  i n  the  S t .  George Basin area: a 
clockwise c i r c u l a t i o n  i n  t h e  v i c i n i t y  of Rat Is land, and a counter-clockwise 
c i r c u l a t i o n  system w i t h i n  t h e  Western A leu t ian  Basin. Wave he ights  greater  
than 10 f e e t  are common less  than 10 percent o f  t he  t ime i n  June, July, and 
August, b u t  may be common 12 t o  14 percent o f  t he  t ime i n  May and September. 
The we l l  l o c a t i o n  i s  i c e  f r e e  from May through December, and i s  e s s e n t i a l l y  
open, w i th  l ess  than one-tenth surface coverage, from January through A p r i l .  
Problems o f  supers t ruc ture  i c i n g  were not  encountered. 

OCS Order No. 2 requ i red  the  operator t o  c o l l e c t  meteorological  and 
oceanographic in format ion  t o  a id  i n  f u t u r e  operat ions i n  the  area. Dur ing 
setup and operation, c l i m a t i c  and sea s t a t e  cond i t ions  were monitored t o  ensure - 
t h a t  l o c a l  cond i t ions  d i d  not  exceed r i g  to lerances or  jeopardize human safety.  
Winds, barometr ic  pressure, a i r  and water temperatures, waves, currents,  and 
water s a l i n i t y ,  density,  d issolved oxygen, and pH were monitored. A l l  
environmental data c o l l e c t e d  dur ing  t h e  d r i l l i n g  o f  t h i s  we l l  are ava i l ab le  t o  
t h e  pub l ic .  

BIOLOGICAL DATA 

The Bering Sea, and e s p e c i a l l y  t h e  B r i s t o l  Bay Region, i s  one o f  t h e  most 
b i o l o g i c a l l y  product ive o f f sho re  areas i n  t h e  Uni ted States. Several o f  t he  
wor ld 's  1 argest known concentrat ions o f  commerical f i s h ,  marine mamnal s, and 
marine b i r d  populat ions are found i n  t h i s  area. Current est imates i n d i c a t e  
about 27 m i  11 i on  marine b i r d s  are seasonal ly present, w i t h  several co lon ies  
conta in ing  over a h a l f  m i  11 i on  i nd i v idua ls .  

A s i t e - s p e c i f i c  marine b i o l o g i c a l  survey was designed by MMS i n  concert  
w i t h  other Federal and S ta te  agencies t o  provide b i o l o g i c a l  data at  proposed 
Deep S t r a t i g r a p h i c  Test s i t es .  Through t h e  use o f  underwater v ideo and 
photographic documentation, g r a i n  s i z e  analysis, plankton tows, i n f  aunal 
sampling, and t rawl ing ,  ARC0 ( T e t r a  Tech, 1976) determined t h e  re1  a t i v e  
abundance and types o f  organisms present i n  various hab i ta t s .  These surveys 
were conducted from May 29 t o  May 31, 1976. The r e s u l t s  are summarized as 
fo l lows:  - 

1. The major phytoplankton populat ions consisted o f  diatoms and dino- 
f 1 age1 1 ates. The dominant zooplankton component was copepods. Rank abundances , 

o f  zoop 1 ankton were presented. 

2. Grab samples contained a predominance o f  polychaete worms and amphipod 
crustaceans. The species d i v e r s i t y  was low. The t o t a l  number o f  species f o r  
t h e  n ine  grab samples was 52. 

3. O t te r  t r a w l  samples ind ica ted t h a t  t h e  most dominant epibenth ic  species 
(by numerical abundance and biomass) was the  sea anemone L i  ponema brev i c o r n i  s, 
an unexpected occurrence. The second most dominant species was the  small 
cushion s t a r  Ctenodiscus c r ispatus .  The most abundant nectobenthic organism 



was the comnercial shrimp Pandalus boreal is ,  which represented 99 percent o f  
the t o t a l  shrimp haul. There were re1 a t i v e l y  few Tanner crabs present at the  
No. 1 wel l  s i t e .  

On the basis o f  the b i o l og i ca l  survey conducted by Tetra Tech, the area 
supported no unique habi ta ts  or  species t ha t  would requ i re  r e j ec t i on  o r  
modi f ica t ion o f  the d r i  11 i ng program. It was determined tha t  normal operat ions 
a t  e i t he r  o f  the two s i t e s  would not adversely af fect  the environment. No 
addi t iona l  b i o l og i ca l  resources were discovered dur ing the d r i  11 i ng  operat ions. 
No adverse impacts on ex i s t i ng  b i o l og i ca l  resources were apparent from d r i l l i n g  
a c t i v i t i e s .  

. Marine Mamnals, Endangered Species, and B i rds  

The marine resources o f  t he  S t .  George Basin include the  P r i b i l o f  f u r  seal . 
herd, concentrat ions o f  harbor seals, sea l ions,  whales, and m i l l i o n s  o f  sea 
b i rds  and waterfowl. 

The primary and secondary d r i  11 s i t e s  were located on or near the 
migrat ion routes o f  several species o f  endangered marine mammals, inc lud ing the 
bowhead, P a c i f i c  r i g h t ,  f i n ,  sei, blue, humpback, gray, and sperm whales. The 
proposed program was submitted t o  t h e  National Marine F isher ies  Service (NMFS) 
and the  U.S. Fish and W i  l d l i f e  Service (USFWS) f o r  review and comment regarding 
potent i  a1 impacts o f  the operation on 1 i v i n g  resources i n  the area. A l e t t e r  
was received from NMFS recommending s t i pu la t i ons  t o  be car r ied  out i n  concert 
w i th  t h e  Alaska OCS Orders, March 1976, and was included as an attachment t o  
the  EA. 

The most abundant homotherm observed was the black-legged k i t t iwake.  
Fulmars, comnon murres, glaucous-winged gu l ls ,  a petre l ,  s t r ay  western 
kingbirds, and northern sea l i ons  were observed i n  the study area during the 
per iod o f  the b i o l og i ca l  survey. 

Fisher ies 

S t .  George Basin contr ibutes s i g n i f i c a n t l y  t o  Bering Sea f i she r i es  
production. I n  the  past, Bering Sea f ishery  resources have been la rge ly  
exp lo i ted by Japanese, Korean, and Soviet f i sh ing  f leets,  but  w i th  the advent 
o f  extended j u r i sd i c t i on ,  NMFS pred ic ted t ha t  these resources would be 

- i n tens ive ly  harvested by U.S. fishermen. Approximately 315 species o f  f i s h  are 
present i n  the Bering Sea, o f  which 25 are comnercially valuable. Herring, 
salmon, cod, ha l ibut ,  ocean perch, and various f l a t f i s h  are the most important 
o f  the comnercial species. Noteworthy also are the productive groundfish 
stocks, valuable populat ions o f  King and Tanner crab, and western Alaska 
salmon. 

CULTURAL RESOURCES 

It was determined t ha t  c u l t u r a l  and archeological surveys would not be 
requ i red f o r  the S t .  George Basin wel l  s i tes ,  as they were located i n  a 



low-probabi 1 i t y  area f o r  c u l t u r a l  resources. If the  TV t ransects,  side-scan 
sonar, o r  magnetometer surveys had ind i ca ted  unexpl ained anomal ies, a rev iew by  
a qua1 i f  i e d  marine archeologi s t  would have been requ i red  and performed. 
No such anomal i es were detected. No c u l t u r a l  resources were i d e n t i f i e d  dur ing  
d r i l l i n g  operat ions. 

DISCHARGES INTO THE MARINE ENVIRONMENT 

The app l icant  disposed o f  d r i  11 c u t t i n g s  and waste d r i  11 i n g  mud i n t o  t h e  
ocean i n  compliance w i t h  e x i s t i n g  orders. Past s tudies on t h e  f a t e  and e f fec ts  
o f  r o u t i n e  discharges i n t o  the  marine environment from of fsho re  o i l  and gas 
a c t i v i t i e s  i nd i ca ted  t h a t  such discharges were not l i k e l y  t o  s i g n i f i c a n t l y  . 
a f f e c t  t h e  marine environment. 

Bentoni te i s  a continuous a d d i t i v e  t o  t h e  d r i l l i n g  mud, whereas b a r i t e  i s  
. 

added as necessary f o r  increas ing mud weight. Bentoni te and b a r i t e  are 
insoluble,  nontoxic, and i n e r t .  Other add i t i ves  were used i n  minor 
concentrat ions, and most were used on ly  under speci a1 condi t ions.  These o ther  
add i t i ves  were e i t h e r  nontoxic o r  would chemical ly  n e u t r a l i z e  i n  t h e  mud o r  
upon contact  w i t h  seawater. No o i l -based d r i l l i n g  mud was used. 

Some excess cement was int roduced i n t o  t h e  marine environment wh i l e  
cementing shal low casing s t r i n g s  up t o  the  sea f l o o r .  

L i q u i d  wastes, i nc lud ing  t r e a t e d  sewage, g ray  water, and some d r i  11 i n g  
by-products, were discharged i n  accordance w i t h  regu l  a t  ions set  f o r t h  by t h e  
U .S. Environment a1 Pro tec t  i o n  Agency ( EPA) . 

CONTINGENCY PLAN FOR OIL SPILLS 

Plans f o r  preventing, repor t ing ,  and c lean ing up o i l  s p i l l s  were addressed 
i n  t h e  Oi l -Sp i  11 Contingency Plan (OSCP), which was a p a r t  o f  t h e  D r i  11 i n g  
Plan. The OSCP l i s t e d  t h e  equipment, and mate r ia l  ava i l ab le  t o  t h e  permi t tee 
and described t h e  c a p a b i l i t i e s  o f  such equipment under d i f f e r e n t  sea and 
weather cond i t ions .  The p lan  a lso  inc luded a d iscussion o f  l o g i s t i c a l  support 
programs f o r  contingency operat ions and i d e n t i f i e d  i n d i v i d u a l s  and t h e i r  
r e s p o n s i b i l i t i e s  i n  implementing the  OSCP. Two response l e v e l s  were organized: 
an o n s i t e  o i l - s p i l l  team and an onshore support organizat ion.  The o n s i t e .  - 
o i l - s p i  11 team was s t ruc tu red  t o  provide imnediate containment and cleanup 
c a p a b i l i t y  f o r  opera t iona l  s p i l l s ,  such as may r e s u l t  from t h e  t r a n s f e r  o f  f u e l  
o i l ,  and t o  i n i t i a t e  c o n t r o l  ac t ions  f o r  l a rge  uncontained s p i l l s .  The onshore - 
support o rgan iza t ion  was t o  provide add i t i ona l  equipment and manpower t o  c lean  
up la rge  sp i  11s. 

One thousand f e e t  o f  containment boom, an o i  1-spi 11 skimner, sorbents, o i  1 
storage containers, dispersants, c o l  lec tants ,  and chemical a p p l i c a t i o n  
equipment were located on t h e  d r i l l i n g  vessel. Several o i l - s p i l l  t r a i n i n g  
d r i l l s  were conducted t o  ensure f a m i l i a r i z a t i o n  w i t h  t h i s  equipment by t h e  
o n s i t e  o i l - s p i l l  team. The operat ion a lso  had access t o  add i t i ona l  o i l - s p i  11 



response equipment located at onshore staging points.  The OSCP also i d e n t i f i e d  
a l l  equipment t ha t  was ava i lab le  from other response organizat ion sources, 
agreements t o  commit these resources, and requirements f o r  obta in ing the 
equi p e n t  . 

The p r o b a b i l i t y  o f  encountering hydrocarbons tha t  could cause a blowout at 
any depth was minimized by loca t ing  the  wel l  of f -st ructure.  The operator 
d r i l l e d  the wel l  according t o  the OCS Orders and u t i l i z e d  standard we l l  cont ro l  
equipment and procedures. The casing and cementing programs (OCS Order No. 2) 
and subsequent abandonment requirements (OCS Order No. 3) were designed t o  
prevent leakage or  contamination o f  f l u i d s  w i t h i n  a permeable zone. 

Upon completion o f  the well ,  the s i t e  was cleared of a l l  p ipe and other 
mater ia l  on o r  above the ocean f l o o r .  

As part  o f  the EA process, the  proposed program was submitted t o  the 
appropriate Federal and State agencies, as wel l  as in terested par t ies ,  f o r  
comments. Responses were included as par t  of the EA. On the basis o f  the EA, 
on May 11, 1976, t h e  O i l  and Gas Supervisor, A1 aska Area, w i th  the  concurrence 
o f  the Conservation Manager,signed a Finding of No Sign i f icant  Impact (FONSI) 
on ARCOts proposed act ion and determined tha t  an Environmental Impact 
Statement was not required. A no t i ce  was issued t o  tha t  e f fec t .  The O f f i ce  o f  
t h e  O i l  and Gas Supervisor consequently issued a l e t t e r  t o  ARC0 approving t h e i r  
proposed action. The EA and FONSI documents are avai l a b l e  for  review i n  the 
pub l ic  f i l e  i n  the o f f i c e  o f  t he  Regional Supervisor, F i e l d  Operations, 
Minerals Management Service, 800 A Street, Anchorage, A1 aska 99501. 



SUMMARY 

The ARCO S t .  George Basin COST No. 1 We1 1 was d r i l l e d  to a measured 
depth o f  13,771 feet .  The K e l l y  Bushing was 98 fee t  above sea l eve l  and 540 
f e e t  above mudline. The water depth was 442 feet. The wel l  s i t e  was approxi- 
mately 105 mi les  southeast o f  St. George Island, Alaska. D r i l l i n g  camnenced on 
Ju ly  2, 1976, and was completed on September 22, 1976. The wel l  was d r i l l e d  
from the  Ocean Ranger, a sel f-propel l e d  semi submersible co l  umn-stabil i zed  
mobile d r m g x  Three s t r i ngs  o f  casing were s e t  dur ing d r i l l  ing: 30-inch 
casing a t  642 feet ,  20-inch casing a t  1556 feet ,  and 13 318 inch-casing a t  . 
4833 feet. The d r i l l i n g  f l u i d  program was as fo l lows: seawater and spotted 
viscous gel p i 1  1s to 1580 feet ;  8.6 pounds/gallon fresh-water mud t o  4200; 9.0 
t o  9.6 pounds/gallon mud from 4200 t o  13,771 f e e t  (TD). 

Thir teen conventional cores, 550 percussion sidewall  cores, and we1 1 
cu t t ings  co l l ec ted  a t  30-foot i n t e r v a l s  (from 1600 t o  13,755 feet) were analyzed 
f o r  porosi ty,  permeabil i ty, 1 i thology, hydrocarbon content, and paleontology. 

Logging runs were made a t  depths o f  4921 feet ,  10,217 feet, 13,006 feet, 
and 13,771 feet .  The types o f  we1 1 logs run are l i s t e d  i n  the Operational 
Summary chapter. No d r i l l  stem tes t s  were made. 

As required by 30 CFR 251, t h e  operator (ARCO) f i l e d  a D r i l l i n g  Plan, 
Environmental Report, O i l  -Sp i l l  Contingency Plan, and Coastal Zone Management 
Ce r t i f i ca t i on .  I n  addit ion, t he  Minerals Management Service ( former ly 
U. S. Geol ogical  Survey, Conservation D i v i  sion) requi  red a geohazards survey, 
geotechnical survey, and s i  te-speci f i c  b io log ica l  survey. The zoopl ankton, 
i nfauna , epi  fauna, vag i l  e benthos, and pel agic fauna were co l  1 ected and analyzed. 
Pa r t i cu l a r  emphasis was placed on p ro tec t ing  loca l  and migratory marine mammals 
and avifauna. Waste d i  scharges i n t o  the environment were minimal , nontoxic, 
and i n  canpl i ance w i  t h  Federal envi rormental p ro tec t ion  regul at ions. 

St ra t igraph ic  u n i t s  i n  the No. 1 wel l  were defined on t he  basis o f  
micro foss i l  content, 1 i tho1 ogical  and l og  character is t ics ,  co r re l  a t i o n  w i  t h  
the No. 2 well ,  seismic character, and absolute dat ing techniques. The s t r a t a  
encountered i n  the No. 1 we l l  were Pl iocene from 1600 t o  3600 feet, Miocene 
from 3600 t o  5370 feet, Oligocene from 5370 t o  8410 feet, and Eocene from 8410 
to 10,380 feet .  The age o f  the predaninantly igneous sect ion f r an  10,380 t o  
13,771 f e e t  cou ld  no t  be determined. It i s  p rov i s i ona l l y  assigned an age o f  
middle Eocene o r  older, bu t  may be as o l d  as Mesozoic. 

The sedimentary sect ion cons is ts  o f  interbedded sandstone, s i l t s tone ,  
mudstone, diatomaceous mudstone, and congl anerate. The sediment was predani - 
nant ly  f ran volcanic source terranes. The sediments cons is t  o f  phys ica l l y  
and chemical l y  unstable mater ia l  s eas i l y  deformed and a1 tered. Permeabil i t i e s  
are lower than might be expected f o r  given poros i t ies .  Porosi ty and permeabi l i ty  
have been reduced by d u c t i l  e g ra in  deformation, cementation, and authigenesi s. 



Three seismic horizons i n  the No. 1 we1 1 were mapped and correlated across 
the S t .  George graben: the basement unconformity between Cenozoic sediments and 
the  acoustic basement, the  top o f  the 01 igocene, and the top o f  the Miocene. 
The time-depth curve ca lcu la ted from the sonic l o g  i s  less  steep i n  the No. 1 
we1 1 than i n  the No. 2 we1 1, and i n te r va l  ve loc i t i es  are 1 ower i n  the No. 1 
wel l  than i n  the  No. 2 well. 

Geochemical analyses ind ica te  t h a t  the most common organic material present 
i s  Type I 1  I humic kerogen. Average t o t a l  organic carbon values i n  the wel l  are 
low (0.5 percent) and the maximum value was only 0.74 percent. Su f f i c i en t  
matur i ty f o r  gas generation was no t  a t ta ined i n  the sedimentary sect ion 
penetrated. Adequate thermal matur i ty f o r  peak o i l  generation may occur as 
high as 4,600 feet. There i s  no evidence o f  crude o i l  o r  o i l -associated gases. 
The calculated geothermal gradient i s  1.95OF per  100 feet .  

It i s  probable t h a t  s t r a t a  w i t h  be t t e r  reservo i r  and source rock 
character is t ics  than those encountered i n  the No. 1 we l l  are present i n  other 
par ts  o f  the basin, p a r t i c u l a r l y  a1 ong the f lanks o f  the graben. 
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APPENDIX 

We1 1 Data and Consultants Reports Avai l  able f o r  Pub1 i c  
Inspection, S t .  George Basin COST No. 1 Well 

Schl umberger O f f  shore Services 
Anchorage, A1 aska 

A r r o w  P l o t  
Runs 1, 2, 3 

. 
2 i n .  Borehole Compensated Sonic Log 

Runs 1, 2, 3, 4 4902-13,760 f t  

5 i n .  Borehole Compensated Sonic Log 
Runs 1, 2, 3, 4 .  4902-13,760 f t  

5 i n .  Cement Bond Log - VDL 
Run 1 1500-4833 f t  

Cement Bond Log-Gamma Ray 
Run 1 1400-4829 f t  

5 i n .  Compensated Neutron Formation Density 
Runs 1, 2, 3 60-13,003 f t  

5 i n .  Compensated Formation Density Log Gamma-Gamma 
Runs 1, 2, 3 60-13,003 f t  

Continuous Di pmeter 
Runs 1, 2, 3 1557-13,001 f t  

Di pmeter Cluster  L i s t i ngs  
Runs 1, 2 

- Del t a  Chlorides Log 

5 in .  Dual Induction-Later01 og 
... Runs 1, 2, 3, 4 1553-13,760 f t  

2 i n. Dual Induction-Later01 og W i  t h  Linear Cor re la t ion  Log 
Runs 1, 2, 3, 4 1553-13,760 f t  

Dual Induction-Laterolog f o r  SP Corre la t ion 
Run 3 

Gamma Ray 
Run 1 



Schlurnberaer - cont. 

Instantaneous D r i l  li ng Evaluation Log 
1600-13,771 f t  

2 i n .  Microlaterlog-Microlog With Cal iper  
Runs 1, 2 1554-10,208 f t  

5 i n .  Microlaterlog-Microlog With Cal iper  
Runs 1, 2 1554-10,208 f t  

Physical Fonnation Log 
1600-13,771 f t  

2 i n .  Sonic Log Long Spacing V.T. 
Run 1 4829-10,214 f t  

5 i n .  Sonic Log Long Spacing V.T. 
Run 1 4829-10,214 f t  

2 i n .  Sonic Log Gamma Ray Long Spaced 8-10/10-12 in .  
Run 2 10,000-13,001 ft 

5 i n .  Sonic Log Gamma Ray Long Spaced 8-10110-12 in .  
Run 2 10,000-13,001 f t  

Saraband Synergetic Log 
1570-10,400 f t  

2 i n .  Temperature Log 
Run 1 460-4860 f t  
Run 1 2000-4500 f t  
Run 3 9000-13,001 f t  
Run 4 9500-13,765 f t  

5 i n .  Temperature Log 
Run 2 4800-10,200 f t  
Run 4 9500-13,766 f t  

Geogram Surveys 

Pressure Evaluat ion P r o f i l e  
1600-13,771 f t  

A t l a n t i c  R i c h f i e l  d Co. 
Anchorage, A1 aska 

L i  tho1 ogy Log 
1600-13,771 f t  



Seismic Reference Sewice  
Anchorage, A1 aska 

Vel oci  ty Surveys 
Runs 1, 2, 3, 4 1600-13,700 f t  

Veloc i ty  Curves/Tirne Comparisons 

Vel oc i  ty Records-Trace Arrangements 

Shot Po in t  Records 

Mobil Research and Development Corp. 
Dal 1 as, Texas 

Iso t rop ic  Age Dating 

Union O i l  and Gas D i v i s i on  
Anchorage, Alaska 

Li thology,  Age, and Petrography Fran Cores 9, 10, 11 

E l  1 i o t  Ge6physical Company 
Tucson, A r i  zona 

Yo1 ume Magnetic Suscepti b i  1 i t y  

Amoco Production Co. 
Tul sa, Okl ahoma 

t ' 

Water Analysis 
i Density and Porosi ty o f  Shale cu t t i ngs  
I : El  emental'Analysi s 

\ 
B ios t ra t igraph ics  

J - San Diego, Ca l i f o rn i a  

t 
! F ina l  Paleographic Report 
I - .  
I Anderson and Warren 
1 San Diego, Ca l i f o rn i a  

! Sidewall Core Descri p t i  ons 



Core Laboratories 
Oal 1 as, Texas 

Core Analysis and Petrographic Studies o f  Cores and Sidewall Cores 
Si  dewall Core Descri p t i  ons 
Cores Studies f o r  Cores 1-13 and Sidewall Cores 
Core Photographs-Black and White Pr in ts  and Color Sl ides 

PBI Inc. 
Go1 den, Colorado 

Acoustic Core Measurements F ina l  Report 

Shell  O i l  Company 
Houston, Texas 

Scanning Electron Microscope Photographs 2 v. 
Core Analysis 

Geochem Laboratories, Inc. 
Houston, Texas 

Hydrocarbon Source Faci es Analysis 
Gas Composition Analysis 

C i t i e s  Service 
Tulsa, Oklahoma 

Analysis o f  Basalt Samples 

Teledyne Isotopes 
Yestwood, N. 3 .  

K - A r  Age Determination 

ft US. GOVERNMENT PRINTING OFFICE: 1985-597-686 
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