OCS Report
MMS 2008-004

Preliminary Evaluation of In-Place Gas Hydrate Resources:
Gulf of Mexico Outer Continental Shelf

=

280 420 560

kilometers

U.S. Department of the Interior
Minerals Management Service
Resource Evaluation Division

February 1, 2008

m Gas Hydrate
Resource Evaluation



Front Cover: Map of Gulf of Mexico Region study area (outlined in red) with bathymetric color
shaded grid as background.



OCS Report
MMS 2008-004

Preliminary Evaluation of In-Place Gas Hydrate Resources:
Gulf of Mexico Outer Continental Shelf

Compiled by:

Matthew Frye

U.S. Department of the Interior
Minerals Management Service
Resource Evaluation Division

MMS Gulf of Mexico In-Place Hydrate Assessment i



Acknowledgements

This report documenting the methodology and preliminary results of the in-place gas hydrate assessment for the
United States (U.S.) Gulf of Mexico is the culmination of several years of dedicated effort. The Resource
Evaluation Division of the Minerals Management Service gratefully acknowledges the following scientists for
their contributions:

Tim Collett, Rick Colwell, Richard Desselles, Barry Dickerson, Scott Edwards, Dick Fillon, John Grace, Jeff
Hanor, Jesse Hunt, Gordon Kaufman, Gary Lore, Charlie Paull, Pulak Ray, Carolyn Ruppel, Roger Sassen, Jack
Schuenemeyer, Bill Shedd, and Dendy Sloan.

The Methodology chapter (Chapter II) and Appendices A, B, C, D, E and G were authored by a core group of
non-MMS contractors that includes John Grace, Gordon Kaufman, and Jack Schuenemeyer.

Any use of trade name, product, or professional services is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

MMS Gulf of Mexico In-Place Hydrate Assessment ii



Contents

ACKNOWIEAZEIMENLS ..ottt ettt et e et e e atestee s e e seesseensesaeesneesseanseenseenseessesssenseensennsennsennnes il
LASE OF FFAGUIES ...ttt ettt ettt e st e et e et e et e ens e e s e e es e e bt e beemseemaeemeeeaeesseanseeneeenseeneenneens v
LAST OF TADIES.......ooiiiiiii ettt ettt e b e s b e b e e bt et e e et e s aeesbe e bt et e esbeebtenbe e beenbeenbesnees vii
ALCTOTLYIIIS ....ooviiiiieiiietieitteteeteesteeeteeseeestesseesseesseasseasseassassessaesseasseesseassesseenssesseenseesseassanssesssesseesseensesssesssesseessennsenseenns viii
EXECULIVE SUIMIMATY........cctiiiiiiiiiiiieiteieet ettt ettt e et e ttesteeteesbeesbeesbeesaesseesseesseessesssesssesseesseesseassesssesseessenssensens Bb'e
Lo INErOUCTION. ..o e e e 1
Gas Hydrate Assessment of the Outer Continental Shelf.............ccoooiiiiiiiiiiiieee e 1

8 1T o110 o PSSP |

OCS RESOUICE ASSESSINCIIES .....cueteuttetienteenteeiteettenttenteenteenteeutesbeesbeeteeteaseesaeesaeenseenteentesbeenseenbeenbeenbeensesseesaeenne 1

WHhat 1S GAS HYATALE?......cueeeeiieeeee ettt sttt ettt et e e et et e e bt eaeebeeneen e e e e nbeebesaeeneenean 1
PrEVIOUS STUAIES ...ttt ettt ettt h et e e et et e e bt s he e bt eaeen e e e e s e aesaeebeenten s e s enbeabesaeeneenean 2
Formation and Occurrence 0f Gas HYAIate. .........cccoeviviiiierieniicie ettt sae e sreessesnesnee e 2
Production 0f Gas HYAIAte........ccuiiiiiieiieiieiceieeeestt ettt ettt be e b e esbeessessaesaesseesseensessnesseenns 3
Probabilistic Nature of RESOUICE ASSESSIMENL .......ccueruirtiriiriieieieiertestesie ettt et ettt s ebe et teseestesbesaeereeneas 4

TL. MEEROAOIOGY ...ttt et ettt e b e et e bt e et e e bt e e bt e e bt e eabtesabeeeabeesabeeenseesabaeenbeesabaesaseesas 5
IIEEOAUCTION ...ttt ettt ettt et et e e bt e s bt e bt e et eaeeeaee st e st enteenseeseeeseenbeeaseenseenneeneene 5

Basic GEOLOZIC DAta.........eeiieieeie ettt ettt ettt st e s et et e et eat e e st e st e e e be e beebeeteenteeaeene 7

CRATZE MOAUIE.......cneiiiiee ettt b bt ettt s at e sae e bt et e et et eeatesbaesbeenbeeneas 13

A. The Generation MOdEl ...........ooiiiiiiii ettt ee e eneeneas 14

1. MOAE] SEIUCEUTE. ...ttt sttt e s e st e e e et e et e ebeeseeseeneentessesteabesaeeneens 14

2. Quantity of Organic Carbon in Sediments in the Study Area .........c.cccevveeieeceerieneenieeie e 15

3. Construction of Methanogenic Productivity FUnction ...........ccccceeviveiivcievienienieeieeieeieeennn 17

a. Modeling Methane ProdUCHIVILY.........ccevierierierieeie ettt et see et ensesve e seeenas 18

b. Model of Methanogenic Productivity of a Single Species of Methanogenic Archaea ....... 19

c. Collective Impact of a Community of Different Methanogenic Species of Productivity....19

d. Methanogenic Productivity at the Seafloor..........coovvviirciiriiniei e 21

e. Methanogenic Productivity in Buried Sediments..............ccoovveririiiienienieecceeececeene 23

f. Determining Sediment Permeability at Depth..........cccooiiiiiiiiiiiii e 24

g. Determination of the Temperature of Buried Sediment..............cccoevieiiiiinienienieee 29

h. Asymptotic Organic Carbon Conversion Efficiency ..........ccoceevoieienineninincicececeeee 29

4. MOAEING GENETALION ....e.vitieiieiieteeteete ettt etet et e et e ettt ese e st et e seestesbeebeeseeseeneesenbesaeeteeneeneeseans 31

a. Partitioning of Stratigraphic COIUMN ..........cciiiiiiiiiiiec e 32

b. Determination of Generated Volumes of Biogenic Methane............cccccvevveienienieeiennnnnne. 34

B. Post-Generation Migration of Bioenic Gas..........ccecveiieierieniieiieieeiesieesieeae e e sieesseene e e 35

1. Spatial Redistribution SUDMOMEL..........c.oecviriiiieiieiieie e 37

a. Estimation of Migration Catchment ATEaS.........c.cccverieruierieeieeieniereeie e e seeseesseeeeenees 37

b. 100 Percent Dip-Driven Redistribution of Methane within a Catchment ...........c..cc.c....... 40

¢. Mixing Ratio for Vertical vs. Dip-Driven Migration .............cceccvereerienienieneeneeneeee e 42

2. Migration Efficiency Submodel...........ccooiiiiiiiiiiiiieteeee s 43

a. Migration Efficiency Analysis for Two Conventional Shelf Plays...........cccoccovvieninnenne 44

b. Broader Analysis of Shelf Play Migration Efficiencies ...........c.cceoueeeienenincneneneeeenee. 45

c. Estimation of Distribution of Migration Efficiency ........cc.ccoeceeviiiiniinienieniececeeeneee 48

C. Thermogenic CRAZE.......cceiuiiuieieieieriete ettt ettt et et te bttt eaeest et e e sbeseeebeeeeeseeneensesenseabeeneeneens 49

CoNtAINET MOAUIE. .....c..eiuiiiiiieieet ettt b et ettt e bbbt s bt eat e bt e st et e st enbesbesbeeneene 50

MMS Gulf of Mexico In-Place Hydrate Assessment iii



A. Estimating the Thickness of the Gross Hydrate Stability Zone ..........cccccvevveveeeienienienieeieeieenn 50

1. Influence of Local Salt.........cccooiiriiiiiiiiiiiicec ettt s 51

2. Geothermal Gradient.........c.eiiiiieiiieie ettt ettt ettt ettt et e e e teeneeseennes 53

3. Water Bottom TemPEIature. ..........covuieiuieiieeieeiieiieie ettt et st ee e e eseeeseeeneeeneeas 56

€ R O 115311 15 7RSSR 57

5. Specification of Final Model for Estimating the Gross HSZ ...........ccccoooviiiiiinininccee 59

B. Estimating the Net Hydrate Stability Zone ..........ccccoeiiieiiiieieeree e 62

1. Estimating the Thickness of the Undersaturated Zone.............cceoeeeeierieneneneneieeeececeeane 62

2. Calculating the Thickness of the Net Hydrate Stability Zone...........cccevvveevieieneeneenieeieeenee 64

Concentration MOGUIE. .......cc.oiuiiiiiiiee ettt ettt be bt bt eaeenseeens .66

A. Calculation of Matrix Porosity of the Net Hydrate Stability Zone ............cceceeevverienrecieeiennennenn 66

B. Calculation of Fracture Porosity in the Net Hydrate Stability Zone .........c.cccoevvevveeercenienireeenne 67

C. Calculation of the Hydrate Saturation as a Fraction of Void Space..........cccccevevvieniienienieiieenne 67

D. Estimation of Hydrate Concentration in the Net Hydrate Stability Zone ..........ccccceoceeeeeieneenene 69

INte@ration MOQUIE.........coiiiieieee ettt ettt et e et e e et et e e et et e enteenaesseeeneenes 71

A. Estimation of In-Place Hydrates at Reservoir Temperature and Pressure ............ccoccoeveevennennen. 71

B. Conversion of In-Place Hydrate Volumes to Standard Temperature and Pressure...................... 71

C. Aggregation of Cell Results to Larger Geographic Aggregates..........coverereeeeieniesienieneneseeeens 73

III. Underlying Geologic Data, Analysis, and Framework ..............cccccccooiiiiiiiiiniiiiii e 75

SEaflOOr BAtNYIMEIIY ...cviiivieiieiiiiecieceete ettt et e et ste e te e e esaessaesseesseesseesseessesssesaesseessaensesssenssens 76

Surficial SEISMIC ANOMALIES ......cc.evueiuieiieiitete ettt ettt st b et ebt et e be b e ebeeneen 77

TOP Of Salt (BASCIMENL) ....eevieiieiieie ettt ettt et et e e et e s eaessee s st e seensesneesneesseenseenseenseensesssessaenseennes 79

SANA DISTITDULION ..ottt ettt et ettt s b et eb et et e st e st s bt s bttt eaees b et entenbesueebeeaeen 81

IV, RESUILS ...ttt ettt ettt e et e et e et e et e en e em e e e st e b e e bt emseemeeemteeae e st et e enseenteeneeaneenseenseennes 85

IN-PlaCe RESOUICES ....c.eeiiiiiieiieteeee ettt b ettt st st s bt e bt ettt e st eatesbtesbeesbeeees 85

g e (7.1 (o) s DO OO PRTPRRPRTRRON 86

SANA RESEIVOITS. ...ttt sttt st b et a et es et st e bt s bt e bt e bt es b es s et et e sbeebeeseeste b e benbesbeebeenean 87

IMEAD VIEW ..oitiiniieeieeiie et et et et et e et e et e s teesbeesbeesaesssesaeesseesseesseasseessesseessaenseesseassesaeessaesseesseenseesseessenssenseeseenses 88

DISCIAIIMIET ...ttt bbbt h e et et e e bt ekt e bt e bt ebt e st e st e sb et e e bt sbeebe e st en s et enbeabesbeeneene 89

Vo FUtUre WOrK ... e 91

2 (0 ) 1 T USRS PIPRSORN 192
Appendixes

A. Derivation of Productivity Function for a Single Specie..........cccooiiiiiriieienerieseeeee e A-1

B. Model of Methanogenic Productivity of a Single Species of Methanogenic Archaea............cccccoceveruenene B-1

C. Derivation of Productivity Function for a Community of Multiple Species.........cccoccvvvvervierieriieeereenenn, C-1

D. Method for Recovering Price and SOWErs Data..........ccoccviviiiieiieniieiiiiecieseeie et sre e esesae e seeees D-1

E. Conversion of Price and Source Units to Units Used in Generation Model...........ccccooceninininininnenennne E-1

F. MMS Methodology for Accumulation DENSIity........cccccerierireriiriieiieriet et seeeseeeeesnee e F-1

G. Operating Instructions and Description 0f Programs............cocceevieeiieiierienienieiiee et G-1

MMS Gulf of Mexico In-Place Hydrate Assessment iv



List of Figures

I. Introduction

Figure 1:

Gas hydrate phase stability diagram for the marine environment (modified from

KVENVOIAEN, 1993). ..ciiiieiii ettt et e st e e b e e s aae e s tbeessbeestaeessaeessbeesssaessseessseeasseesnseennns 3
I1. Methodology
Figure 2: Water depth mapped across the area included in the StUdy........c.coceveieiierieniicieeeeee e, 6
Figure 3: Diagram of the system used to evaluate the volume of in-place marine methane hydrates
0 the GUIE OF MEXICO ..ttt ettt b et eb et et et st sbeebeeneenee 7
Figure 4: Water depth in GIeen CaAnYOM........cccueiieriieriieriieieeiesieeteeteetesseesseesseesessaessaesseesseensesssesssesssesssesseesseenses 9
Figure 5: distribution of water depth in Green Canyomn ..........c.cccveeieriieiieeiienienieieeeeseeseeseesee e eeeseeeseaesseesseennes 9
Figure 6: Sediment thickness (water bottom to top of basement) in Green Canyon area..............ceceeveevereeennenn 10
Figure 7: Distribution of sediment thickness in Green Canyomn............ccecueeuerieriereerieeie et 10
Figure 8: Percent sand in 610 m below seafloor in Green Canyon ............cceceeeerreerienieneene e 11
Figure 9: Distribution of percent sand in 610 m below seafloor in Green Canyon ............ccccceveevevereeeiereeneenenn. 12
Figure 10: Location of buffered surficial seismic anomalies in Green Canyon ............cccceeeeeeeeeeeenienieneenennens 12
Figure 11: Structure of the charge MOAUIE ...........cooiiiiiiie ettt 13
Figure 12: Schematic of biogenic generation MOdel ...........ccuoiuiiiiiiiiiiieieeeeee e 15
Figure 13: Location of DSDP Leg 96 holes used for the data on distribution of total organic carbon and
OTANIC MALET QUALTEY ...evvienviiiiiieitieite ettt et et et et e st e steesbeesbessaesaeesseesseesseessesssesssesseesseensesnsensnanns 16
Figure 14: Probability distribution of 773 observations on total organic carbon from Leg 96 cores................... 16
Figure 15: Distribution of 681 observations on total organic carbon from Leg 96 cores, omitting
91outlier observations from cores 614A and 615.......c..coiriiiiiiiiiiii e 17
Figure 16: Distribution of 681 observations on total organic carbon from the Leg 96 cores against
the fitted Weibull diStribDULION. ........coiiiiieieieeeeee et 17
Figure 17: General relationship between methanogenic productivity and temperature ............cccceeeeeeeereeneennen. 19
Figure 18: A mesa-like function in an interval about a maximum value............cccoeiiiiiiinieieieee e 20
Figure 19: Smooth pasting of three functions to capture qualitative features of productivity of a
community of MEthaNOZEN SPECIES. ....c..eeruiiriiiiiiiiiitieieete ettt ettt ettt st s e e 21
Figure 20: Data from Price and Sowers (2004) used to interpolate productivity of methanogens
at SCATIOOT LEMPEIATUIE .....euveeiviieieieiectieie e ette et e it ebe et e eteesteeteesseessesstesseeseesseeseesseenseesseessenssesssenseenses 22
Figure 21: Distribution of Agp(Tsg(WD)) based on analysis of Price and Sowers data.............ccoecvevvveeriecrennennen. 23
Figure 22: Scatter plot of permeability vs. depth for 9,462 observations from GOM commercial
011 AN GAS TESETVOIIS ...evietieniieiieieetestesteeste et et e ette et e st enteestessaesseesseenseensesasesseanseenseenseensennsesseenseennes 25
Figure 23: Fit of sand permeability (measured in millidarcies) as a function of depth ............cccccevinininininnn. 26
Figure 24: Shale porosity versus depth at mean values of parameters, based on Spinelli et al. (2004)................ 27
Figure 25: Estimated shale permeability versus estimated POTOSILY .........ccouereereerieriiriieriee e 28
Figure 26: Shale permeability variation with depth at parameter means..............ccoeceeiierierieienieeeese e 29
Figure 27: Empirical distribution of values of ((S1 + S2)*100)/TOC) .....eoueiiririeieieieieee e 30
Figure 28: Distribution of ((S1 + S2) x 100)/TOC) in milligrams of hydrocarbons per gram of organic
07214 010 ) | H OO URORR 31
Figure 29: Locations of 100 randomly located pseudowells used in the construction of distributions
of sediment thicknesses by geologic time/rock units over the study area...........ccccceeeveveereenieeciennens 33
Figure 30: Distribution of the percent of gross sedimentary thicknesses encompassed by each of the
five geologic time/rock units in the STUAY........coecvieierierieieeee e 33
Figure 31: Mean volume of generated biogenic gas in Green Canyon............cceceeeververeerieerieeeeeseeseeneeeeeenenneens 35
Figure 32: A schematic diagram of the migration model, showing the interaction of the spatial and
effICIENCY SUDMOMEIS ......eeiiiiiiiiiecie ettt sttt et ettt et e e eneeeseesseeees 36
Figure 33: Catchment basins where the basement surface has minimal effect on the stratal dip of the
SEAIMENTATY COTUMIL ..ottt ettt ettt ea st e et st et e et e ebeeb e et ense s e aesbeebeeneeneenes 38
Figure 34: Steps to create catchment areas for the dip-driven migration sub-model based on the
geometry of the basement SIrUCTUIE MAP ....cc.eeruieriiiiiiiiiie e 38
Figure 35: Relation of depth to basement and catchment areas estimated for dip-driven migration analysis...... 39

MMS Gulf of Mexico In-Place Hydrate Assessment %



Figure 36

Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:

Figure 43:
Figure 44:

Figure 45:
Figure 46:

Figure 47:

Figure 48
Figure 49

Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:

Figure 55:
Figure 56:

Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:

Figure 62:
Figure 63:

Figure 64:

: A schematic of the connection between the summation of gas generation in a catchment
to the submodel that redistributes all generated gas in the catchment based on a function of dip......40
Estimated curvature of the true vertical depth to top of basement surface............ccccoevveiirienienennnen. 41
Algorithm for assigning 100-percent dip-driven charge to a cell..........cooeeviiiiiiiniiiiiieee 42
Estimated mean charge, based on 60/40 dip-driven/vertical migration ratio, in Green Canyon......... 43
Outlines of hydrocarbon limit and play limit for Middle Pleistocene Progradational play................. 45
Probability distribution for the migration/trapping efficiency parameter ............cccceceevevierenenenennens 49
Relationship between geothermal gradient and heat flow from a database of observations
on both measures taken from 6,815 marine observations from the “Global Heat Flow Data Base™ .. 54
Texas Tech geothermal gradient data against (semitransparent) water depth..........ccccccevvvevvennrennnnne. .55
Scatter plot showing an absence of a statistically significant relationship in the 62 Texas
Tech data point on geothermal gradient and water depth...........ccoooveiieiiiienieiieeeeee e 55
Raw Texas Tech geothermal gradient data and fitted beta distribution ............ccccoceveverereeceiennennes .56
Raw data on (decimal) percent methane gas from samples located in cells identified as
seismIC SUITICIAl ANOMALIES ......ceiviiriiriiriieieietet ettt e eae 57
Raw data on (decimal) percent methane gas from samples located outside cells identified as
SUTTICIAL ANOMALIES ......eviuieiiiiiitirtcet ettt sttt sttt st eb e s 58
: Mean thickness of the gross hydrate stability zone for Green Canyon ............ccccceceeeeeeiieiiereneneneene 60
: Relative frequency distribution of the mean thickness of the gross HSZ in Green Canyon
(mean thickness = 233 MELEIS) ....coieruieriiiieiiestieteete et e et et ebeeaesteesreesseesseeseesseesseesseesseessesssesssesseennes 60
Mean gross HSZ thickness vs. water depth in Green Canyon .............cceeveeeerieerieeeenveseeneesseenenenns 61
Mean gross HSZ thickness vs. (vertical) distance from salt in Green Canyon ...........c.ccceeeverenennene 61
Influence of shallow local salt (thinning the gross HSZ) exceeding the influence of water depth .....62
Thickness of the undersaturated zone in Green Canyon (Units in MEers)...........cevvervvervrereervereennen 64
Relative frequency distribution of the thickness of the undersaturated zone in the Green
Canyon area (mean thickness = 152 METETS) ......cceeiiriiiieiieieeie et 64
Mean net hydrate stability zone thickness in the Green Canyon study area ............cccecceveeveeneeeennee. 65
Relative frequency distribution of the thickness of the net hydrate stability zone
in the Green Canyon area (mean thickness = 123 MEters)........cceoerueruirirerieieieieere e 65
Sand porosity and depth from KC 151 used to estimate sand porosity for determination of
VOIA SPACE ....eevvetietieieeteeteeetestte it e st eseasseesseeseese e saesseessesseesseesssesseesseesseaseesseassesssesssesseesseenseansessnenns 67
Histogram of the combined BR-994 and BR-995 gas hydrate saturation (1-water saturation).......... 68
Histogram of the fraction of gas hydrate saturation, Mallik MSL38 well........cc.cccoevvevieviiecienienieennene 69
Hydrate concentration as a (decimal) percent of bulk sediment volume of the net HSZ
in the Green Canyon StUAY AICA...........ccuvecierieriieieeie e seesie e eteseesetesseeteeeesseesseesseesseesseensesnsesnnens 70
Relative frequency distribution of the hydrate concentration as a decimal percent of
bulk sediment volume in the net HSZ, Green Canyon area (mean = 0.095) ..........cccoooeevreivnieneennen. 70
Probability distribution of conversion factor t0 STP ........cccooieiiiiiiieiiee e 72
Distribution of mean gas hydrate volume at STP in Green Canyon (values listed in
EETTION CUDIC FEOL) ..iuviiiiiiicii ettt ettt ettt eeeb e et este e teesbeesaeeaaeeseesaseseenseenseas 72
Relative frequency distribution of mean in-place gas hydrate volume in Green Canyon
(values in BCF per MOdel CEIl).......ooouiiiiiiiiiiiiiciecieeie ettt ettt be e e enne e 73

II1. Underlying Geologic Data, Analysis, and Framework

Figure 65:
Figure 66:
Figure 67:
Figure 68:
Figure 69:
Figure 70:

Figure 71:
Figure 72:

Figure 73:

Seismic data coverage available for the hydrate assessment ...........c.cccevevererenerieeiienienenenenenee 75
Seafloor bathymetry across the StUAY area..........cceccverierieriieeieiiesiere ettt es 76
Amplitude extraction of the seafloor in the Gulf of MeXiC0........ccevveririninininiiieieicccneseee 77
Location of all deepwater seafloor anomalies identified in the Gulf of MeXicO........cccevveervrirnnenen. 78
Seismic section with depth units in two-way time (one second of water = 743.7 meters).................. 78
Sub-regional example of surficial amplitude anomaly polygons and the 762-m buffer installed

for better representation of the anomalies with respect to the model’s cellular structure................... 79
Subseafloor depth to top of salt (or basement) N MELETS .........c.ccverreerrieieiieiieireeie e ee e 80
Gulf of Mexico basin map showing present day allochthonous salt and depositional limit

OFf AULOCHERONOUS SAIL......eueiiiiiiiiieiee ettt sttt sae i 81
Location of wells included in sand count StUAY ...........ccieviiriirienieiieiieiestee e 82

MMS Gulf of Mexico In-Place Hydrate Assessment Vi



Figure 74: Distribution of sand in the shallow SUDSUITACE ........c..coceriviririiiiiiiiii e &3

IV. Results
Figure 75: Distribution of in-place gas hydrate resources, Gulf of MEXiCO ......cceeeverierierienieieeierceseeeeeeeeene 85
Figure 76: Mean in-place gas hydrate volume in trillion cubic MEters ...........cecueviiriiirinieieieeee e 86
Figure 77: Sand-only gas hydrate resource volume, Gulf of Mexico (trillion cubic meters) .. .......cccceceeeeereeennene 89
Appendix B
Figure B.1: A plot of f5(X)=C X €XP {-AXP}X® VEISUS X ...vrverveeeeieeeeeeeeeeeeeeeeeeeeeseeees s e ese s eseeseese e B-2
Figure B.2: Modified Arrhenius’ Law for rate of methane production by a single species of methanogen
(in grams of methane/gram of organic carbon/million years) as a function of sediment
1151 0010]S) ¢ 1115 (T OO PSR TUTRPSTOTPRRUOP B-3
List of Tables
I1. Methodology
Table 1: Divisions of Stratigraphic COIUMIN...........cciiciiiieiieriieti ettt ereeresresee e esseesbessaesseesseesseesseesseessens 32
Table 2: Parameters of Gamma Distributions in the Relative Thickness of Each Stratigraphic Interval.............. 34
Table 3: Algorithmic Summary of Charge Module............ccoeviieiiiiiiiiiieieeeeeseeee et 34
Table 4: MM7 Progradational Play — Migration/Trapping Efficiency Analysis .........ccccoecvevierienieniencienieneeens 46
Table 5: Middle Pleistocene Progradational Play — Migration/Trapping Efficiency Analysis..........ccccceevervennen. 47
Table 6: Estimates of Accumulation Density for 18 Unaggregated GOM Shelf Plays.........ccccevveviveienieniennnen. 48
Table 7: Estimates of Accumulation Density for 9 Aggregated GOM Shelf Plays...........ccoooevieiieiiniineneeen. 48
Table 8: Parameter Estimates for EqQ. (2.5) cuoeuiiiiiiiiieiee ettt 56
Table 9: Parameters for Phase Stability Expression in EqQ. (2.7) .cccveoieieiienieeee et 57
Table 10: Rescaling of Gas Chemistry Beta DiStriDULIONS ........ccueiueruiririeieiieieieiee et 58
Table 11: Parameter Estimates for EQ. (3.2) .uviiiiiiiieiiieeiie ettt ettt ettt et etee st eeaeesstaeenseesnsaeenenas 66
Table 12: Wells Used in the Analysis of Distributions of Shale and Sand Matrices and Associated
SUMMATY STALISTICS ...vvervveieiertietietieiereesteesteetestestesteesteesseesseeseesseesseesseessesssesseesseessesssesssesseesseessesssens 68
Table 13: Distributions on Percent Hydrate Saturation of by Type of Void Space.......c.ccceevevveviieviiecienienieennen. 69
IV. Results
Table 14: In-place Gas Hydrate Resources for the Gulf of MEXICO .....ceevvieriiriieiiiiiieiiereee e 85
Table 15: In-place Gas Hydrate Resources for the Four Data Areas, Gulf of Mexico (trillion cubic feet)......... 87
Table 16: Sand-only Gas Hydrate Resources for the Gulf of Mexico (trillion cubic feet)..........ccoeoevierienennen. 88
Appendixes
Table D.1: Maintenance Data Recovered from Figure 20.........cc.oovvviieeiiiieiienieie et D-2
Table D.2: Metabolic Rate Mean Values Adjusted to Seafloor Temperature .............ccveeveevereeneerieeciesreneenne D-3
Table D.3: Standard Deviations Imputed from Individual Study CI WIDTHS...........cccoeeivviiniiieeeieeie e, D-4
Table D.4: Standard Deviations of Sample Means Adjusted to Seafloor Temperature............ccoccvereereererernnnne. D-5
Table D.5: Between Studies Summary Statistics for Temperature Adjusted Metabolic Rates (10 Units)....... D-5
Table E.1: Density of Microorganism Cells in SEAImMENtSs ...........ccceecveeeierierienieneeie e seeseese e eee e seaesseenees E-1
Table E.2: Productivity of Methanogens in SEdiments ............cccuevveiieiieieeie e E-2
MMS Gulf of Mexico In-Place Hydrate Assessment Vi



BOE
DSDP
ft’
EPAct2005
GB
GC
GERG
GIS
GOM
GOMR
HSZ
KC151
km?

m
mbsf
md
mg/g
MLE
MM7P
MMS
MPLP
M/S
MWD
NaCL
OCS
OCSLA
ppt

PT
RTP
STP
TCF
TOC
TWT
USGS
uz
WBT

Acronyms

barrels oil equivalent
Deep Sea Drilling Project
cubic foot

Energy Policy Act of 2005
Garden Banks

Green Canyon

Geochemical and Environmental Research Group

geographic information system
Gulf of Mexico

Gulf of Mexico Region

hydrate stability zone

Keathley Canyon Block 151
square kilometer

meter

meters below seafloor

millidarcies

milligram per gram

maximum likelihood estimate
Middle Miocene 7 Progradational
Minerals Management Service
Middle Pleistocene Progradational
Milkov and Sassen

measured while drilling

sodium chloride

Outer Continental Shelf

Outer Continental Shelf Lands Act
parts per thousand
pressure-temperature

reservoir temperature and pressure
standard temperature and pressure
thousand cubic feet

total organic carbon

two-way travel time

United States Geological Survey
undersaturated zone

water bottom temperature

MMS Gulf of Mexico In-Place Hydrate Assessment

viii



Executive Summary

This report documents the Minerals Management Service’s (MMS) efforts to date in developing a model for
performing assessments of potential quantities of methane hydrates located on the Outer Continental Shelf
(OCS). This initial effort focused on modeling in-place quantities of biogenically-sourced gas hydrate in the
Gulf of Mexico (GOM). At this time, estimates of in-place gas hydrate resources are presented herein without
regard to technical or economical recoverability. In the future, the model will be modified to incorporate
thermogenically generated methane, will be expanded to include the rest of the OCS, and will stochastically
estimate technically and economically recoverable resources.

Gas hydrates are ice-like crystalline substances occurring in nature where a solid water lattice accommodates
gas molecules (primarily methane, the major component of natural gas) in a cage-like structure, known as a
clathrate. Gas hydrates form in the shallow subsurface along continental margins and below the permafrost in
polar regions, where pressure and temperature conditions provide a zone of hydrate stability (referred to as the
hydrate stability zone). On the GOM OCS, gas hydrates can form in water depths in excess of about 400 meters,
provided that an adequate supply of methane is available and that temperature and salinity are not excessive.
The thickness of the hydrate stability zone in the GOM has been modeled in excess of 1,000 meters. Due to
excessive temperatures and pressures, gas hydrate will not form at subseafloor depths that far exceed

1,000 meters.

The MMS regional personnel in the GOM assessed an area of approximately 450,000 square kilometers where
pressure and temperature conditions provide a stable physical environment for the formation of gas hydrate, and
where seismic data are available for subsurface interpretation. Supporting subsurface information (wellbore,
geological, geochemical, and paleontological) were obtained from public, proprietary, and unpublished sources.
Hydrates are predicted to accumulate in sandstone reservoirs, shales, and fracture reservoirs within the hydrate
stability zone.

The assessment model structure consists of over 200,000 cells that measure 2.32 km? each (5000 feet (ft) x
5000 ft). This stochastic model incorporates the uncertainty of many input variables through multiple trial runs,
producing a distribution of results where the mean is the expected value. The model methodology is based on
mass balance, where inputs include an initial endowment of organic carbon, a conversion productivity function,
a volume of candidate reservoir rock, and a fraction of the rock volume that allows for hydrate concentration.
Aggregated model results are based on 1,000 Monte Carlo trials.

The total volume of biogenically generated in-place gas hydrate on the GOM OCS using this methodology is
projected to range from 11,112 trillion cubic feet (TCF) to 34,423 TCF, with a mean estimate of 21,444 TCF.
The geographically-referenced model projects relatively large volumes of these resources to accumulate near the
margins of minibasins and at the front of the Sigsbee Escarpment. The MMS model predicts that, of the mean
estimate, 6,717 TCF will reside in sandstone reservoirs, and the remaining 14,727 TCF will reside in shale and
fractured reservoirs.
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Chapter 1. Introduction

Gas Hydrate Assessment of the Outer Continental Shelf

This report summarizes the Minerals Management Service’s (MMS’s) effort to date in the development of a
methodology and stochastic model to assess the natural gas hydrate resource potential on the Outer Continental
Shelf (OCS). This initial release contains in-place results from the Gulf of Mexico (GOM) basin, with similar
results to be delivered from the Atlantic, Pacific, and Alaskan basins in the near future. Full documentation of
the assessment model methodology and a mathematical description of model version 3.38 are also included in
this report.

Similar to previous large scale assessments (Collett, 1995), this report identifies only in-place gas hydrate
resources, with limited reference to technical or economic recoverability. The recoverable resources will be
modeled in the next phase of the assessment and identified in a future release.

Jurisdiction

The Outer Continental Shelf Lands Act (OCSLA) of 1953 provides for the jurisdiction of the United States over
the submerged lands of the OCS, and authorizes the Secretary of the Interior to lease such lands for mineral
development. In 1982, the Secretary of the Interior designated the MMS as the administrative agency
responsible for the leasing and development of all mineral operations on the OCS. Under the OCSLA, the MMS
implements an OCS oil and gas exploration and development program that currently provides the Nation with
30 percent of its domestic oil production and 20 percent of its domestic natural gas production.

Since its original enactment in 1953, the OCSLA has been amended several times, most recently as a result of
the Energy Policy Act of 2005 (EPAct2005). To promote natural gas production from gas hydrate resources on
the OCS and Federal lands in Alaska, Congress included provisions in the EPAct2005 to address gas hydrate
production incentives (section 353), and provide for a continued program of methane hydrate research (section
968). Section 353 of EPAct2005 provides for a program of royalty relief if the Secretary determines that such
royalty relief would encourage production of natural gas from gas hydrate resources.

OCS Resource Assessments

The MMS periodically conducts assessments of undiscovered resources in order to optimize management of the
energy resources on the OCS. Historically, these assessments have largely focused on conventionally
recoverable natural gas and crude oil quantities. Since its inception in 1982, the MMS has completed systematic
assessments of these conventional resources on the OCS in the years 1985, 1990, 1995, 2000, and 2006.

In addition to conventional resources, the 1995 assessment included for the first time an appraisal of in-place gas
hydrate resources. The hydrate component of the assessment was lead by the United States Geological Survey
(USGS) and included an analysis of any U.S. jurisdiction where conditions were favorable for hydrate
formation, including the Federal OCS and permafrost regions in Alaska. The MMS plans to conduct a
comprehensive assessment of the Nation’s unconventional natural gas hydrate resource base when the
methodology and model structure described herein are finalized.

What is Gas Hydrate?

Gas hydrates are ice-like crystalline substances occurring in nature where a solid water lattice accommodates
gas molecules (primarily methane, the major component of natural gas) in a cage-like structure, also known as
clathrate. Gas hydrates form under conditions of relatively high pressures and low temperatures, such as those
found in the shallow subsurface under many of the world’s oceans. One cubic foot of hydrate at reservoir
temperature and pressure yields approximately 160 cubic feet (ft) of gas at atmospheric temperature and
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pressure. The amount of natural gas in methane hydrate worldwide is estimated to be far greater than the entire
world's conventional natural gas resources (Collett, 2002).

Previous Studies

Gas hydrate represents a potentially enormous untapped domestic energy source. The most comprehensive
estimate for the mean in-place amount of gas hydrate in the United States was developed by Collett (1995), who
presented a mean value of 3.2 X 10" ft® (320,222 trillion cubic feet). This estimate was revised by Collett
(1997) to approximately 2.0 X 10" ft* based on data from Ocean Drilling Program Leg 164. Historical global
estimates of marine hydrates have varied considerably, ranging from 1.1 X 10" ft* (Meyer, 1981) to 2.7 X 10%
ft* (Dobrynin et al., 1981). Current global estimates of both marine and nonmarine hydrate accumulations are
now believed to be close to 7.0 X 10" ft* (Collett, 2002). Localized estimates for the GOM range from
approximately 4.2 X 10" ft* (Milkov and Sassen, 2001) to 3.8 X 10'® ft* (Collett, 1995). The Milkov and
Sassen (2001) estimate is based on an area of only 59,000 square kilometers (km?), compared to an area of
240,000 km? for the Collett (1995) assessment.

Prior to the 1960’s, gas hydrate was studied as an academic research interest and for its role as a nuisance in
pipeline transmission of natural gas and as a safety hazard in drilling conventional oil and gas wells. In the
1960’s, the first suspected production from gas hydrate was reported from the Messoyakha field in western
Siberia. Throughout the 1980’s and in recent years, gas hydrate has become a topic of increasing interest,
particularly in countries such as Japan and India where domestic sources of natural gas are very limited.
Although a significant amount of knowledge concerning the physical and chemical properties of gas hydrate and
its formation and recognition criteria have been developed, numerous technical challenges remain before gas
hydrate can be considered as a viable energy source.

Formation and Occurrence of Gas Hydrate

Gas hydrate forms only within a specific range of pressure and temperature conditions and when a sufficient
supply of natural gas and water is present. A pressure—temperature phase diagram that shows the zone (PT-
window) of pressure and temperature combinations where gas hydrate is stable as shown in figure 1
(Kvenvolden, 1993) for deepwater marine sediments at a given water depth. The location and dimension of the
PT-window of gas hydrate stability is affected by the composition of the gas, the pore-water salinity, and the
local temperature gradient. In the GOM particularly, the presence of large salt features reduces the size of the
hydrate stability zone and adds significant complexity to its shape.

The formation and preservation of gas hydrate follow many of the same principles of conventional petroleum
systems—i.e., requirements for an effective source of methane, a migration pathway, suitable reservoir rock, and
seal. However, the existence and maintenance of a specific pressure, temperature, and chemical regime for the
reservoir rock becomes an additional condition. As sufficient quantities of natural gas migrate through a
favorable P-T regime for gas hydrate in the presence of sufficient quantities of water and other suitable chemical
conditions, gas hydrates form. Gas hydrate has been observed as a disseminated accumulation within the pore
space of sedimentary units, as well as in a more massive form that is hosted in faults, fractures, and nodules.
Hydrate-bearing sedimentary sections range in thickness from a few centimeters to tens of meters (Collett,
2002). Although most of the marine gas hydrate occurrences are in clayey sediments with very little
permeability having low gas hydrate concentrations, the GOM holds the possibility of having sand reservoirs
that could have high gas hydrate saturations.
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Figure 1. Gas hydrate phase stability diagram for the marine environment (modified from
Kvenvolden, 1993).

Production of Gas Hydrate

The dissociation of gas hydrate is represented by the following expression:

(CH, » 6H,0)solid — (CH,)gas + 6(H,0)liquid

The energy value of the produced gas is ten times what is needed for the dissociation of hydrate (Holder et al.,
1982). Depressurization, thermal stimulation, and inhibitor injection, or a combination of these methods, have
been considered as possible methods of production for gas hydrates. Recent production testing in the Mallik
project in Canada utilized a combination of depressurization and thermal stimulation. Depressurization has been
judged to be the most economic method (Sloan, 1998), and this is reinforced by the production testing of the
Mallik project (Dallimore and Collett, 2005). Collett (2002) points out that the extraction of gas by
depressurization may suffer from the formation of ice or reformation of gas hydrate due to the endothermic

property of gas hydrate dissociation.

Our knowledge on gas hydrate production from natural reservoirs comes primarily from laboratory studies and
modeling using numerical simulators. However, these simulations and modeling efforts utilize real data from the
field or production test data, such as that obtained from the Mt. Elbert project on the North Slope of Alaska, the
Mallik production test in Canada, and borehole information from suspected hydrate accumulations in the
deepwater GOM. The short-term tests at Mt. Elbert and Mallik have answered many questions, while raising
many more that can only be addressed by a series of long-term production tests in a variety of settings.
Knowledge gathered from these studies about the thermodynamics and the kinetics of formation and
dissociation of methane hydrate will influence production strategies. The effect of sediment properties on the
behavior of hydrate dissociation and resultant water and gas flow through the reservoir needs to be established
for application of large-scale simulators to evaluate production capabilities (Moridis et al., 2006). The biggest
need, therefore, is for a controlled and extended production test from a natural hydrate accumulation to provide a
meaningful dataset to calibrate and validate emerging models.
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Though the resource base is potentially huge, there is currently great uncertainty about the quantity of hydrate
that can be commercially extracted. It is important to recognize that methane hydrate science is still relatively
new. Demonstrating the energy resource potential of gas hydrate poses significant technical challenges. If
current obstacles can be overcome, natural gas from hydrate could become an abundant domestic source of
energy for the future.

Probabilistic Nature of Resource Assessment

With any resource assessment, there are numerous uncertainties regarding the geologic framework and the
petroleum systems analysis of a given area, and their collective effect on the location and volume of
undiscovered resources. Specifically, uncertainties include the presence and quality of source rocks, reservoir
rocks, and traps; the timing of hydrocarbon generation, migration, and entrapment; and the location, number,
and size of accumulations. In this particular assessment of in-place gas hydrate on the OCS, many of these
uncertainties associated with conventional oil and gas resources are exacerbated as they are applied to the
unconventional, poorly understood, resource base of gas hydrate.

The value and uncertainty associated with many of these factors can be qualitatively expressed (e.g., “there is a
high probability that the quality of source rocks is good”). However, in order to develop volumetric resource
estimates, the value and uncertainty regarding many factors must be quantitatively expressed. When feasible,
each of these factors — including the volumetric resource estimate derived from them — is expressed as a range of
values with an associated probability of occurrence.

In order to capture the uncertainty in the evaluation process, the estimate of undiscovered in-place gas hydrate is
expressed as a cumulative probability distribution, where a specified volume or more of resources corresponds
to a probability of occurrence. The low estimate corresponds to the 95™ percentile value of the distribution, the
mean estimate corresponds to the statistical average of all values in the distribution, and the high estimate
corresponds to the 5™ percentile value of the distribution. As in most stochastic resource assessments, and
certainly in one where a new methodology has been developed and deployed, the reader is encouraged to view
the mean estimate as the expected value.
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Chapter II. Methodology

Introduction

This chapter describes the methodology being developed for the assessment of in-place natural gas hydrates in
the GOM. At its core, it is a mathematical model that captures essential features of methane hydrate generation
and deposition. The model is used to generate maps and numerical outputs of key attributes, and provides a
preliminary probabilistic estimate of in-place methane hydrate volumes. The Gulf of Mexico Region (GOMR)
office of the MMS produced several of the foundational input data sets and provided overall support for the
project. Other experts from a variety of fields contributed both data and advice to development of the model.

Key characteristics of this study are:

(1) Analytic methods employed are based on mass balance — an input-output analysis. Inputs are the mass of
organic carbon available for conversion to methane, the volume of rock that possesses the physical and
chemical conditions required to contain hydrates, and the fraction of that rock volume that constitutes
effective void space into which hydrates can concentrate.

While there are other possible methodologies, mass balance has two important advantages: it is
transparent and allows extreme variable disaggregation. Therefore, as new and better information about
total organic carbon in sediments, or heat flow or an improved formulation of hydrate phase relationships
becomes available, the system can be easily updated.

(2) It is cell-based. The study area is 457,933 km? and is divided into a grid of 202,079 cells, each 2.32 km?
(figure 2). The mass balance analysis is applied to each cell, providing a level of spatial resolution that
supports detailed mapping.

The spatial distributions of in-place methane hydrates, both in absolute geographic space and its relative
spatial distribution (e.g., clustering), have a critical impact on the fraction that will be technically and,
ultimately, economically recoverable.

(3) It is stochastic. Many input variables are treated as uncertain quantities and are assigned probability
distributions. In some cases, parameters of these distributions are also treated as uncertain quantities.
Consequently, key output variables are also uncertain quantities with probability distributions
determined jointly by model structure and these probability distributions.

A fundamental advantage of this approach is that the large, complex model system can use Monte Carlo
sampling to generate empirical distributions of key output variables such as the volume of hydrates in place in
the GOM. As the number of Monte Carlo trials increases, the empirical distribution of each output variable
converges to a probability distribution logically coincident with the model’s structure and initial conditions
assigned to input variables.

Probability distributions assigned to input variables and to model parameters are, in some cases, derived
exclusively from statistical analysis of data, and in other cases, from expert judgment or from a combination of
both. Empirical distributions displayed in this report and summary statistics derived from them are based on
1,000 Monte Carlo trials.

A highly disaggregated model-based assessment of in-place hydrates enhances our understanding of the marine
gas hydrate resource base and the role of methane hydrates in the Earth’s carbon cycle, and leads naturally to a
complementary analysis of the fraction of in-place methane that is technically recoverable. The in-place model
presented here will be expanded to allow projection of volumes of technically recoverable hydrates from the
GOM.
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Figure 2. Water depth mapped across the area included in the study. Areas toward the coast are not
included because they do not meet water depth minimums for the occurrence of gas hydrate. Some deep
water areas in U.S. waters are excluded because of the absence of seismic data. The Green Canyon
protraction area is outlined in black.

The software application through which the analysis is performed is composed of four modules (see figure 3).
Within each of the modules, there are models that either characterize input data or represent biological,
chemical, or physical processes or describe output variables. In some cases, a main model may be constructed
from two or more sub-models. The four modules are:

(1) Charge: The charge module contains a generation model and a migration model. A Monte Carlo trial of
the generation model produces the amount of biogenic methane produced in each cell at that trial. The
migration model aggregates generation into hydrodynamic catchment areas and then spatially
redistributes a fraction of the catchment’s generated gas at that trial to each cell within it. One thousand
such trials yield an empirical probability distribution of the volume of methane charge available to the
hydrate stability zone in each cell. Thermogenic gas generation is not modeled.

(2) Container: The container module determines the bulk volume of rock that can contain hydrates. It
provides a probability distribution of gross and net hydrate stability zone (HSZ) thicknesses and the mid-
point depth of the net HSZ in each cell. Components of this module represent factors which determine
where hydrates may form based on temperature, pressure, and pore-water chemistry.

(3) Concentration: The concentration module provides a probability distribution of volume of hydrates per
unit of bulk rock volume in the net HSZ, conditional on it being charged with methane. It includes
models of rock porosity, based on depth and lithology, and of the fraction of void space that can be
saturated by methane hydrates.

(4) Integration: At each Monte Carlo trial, the charge module’s output and the volume of candidate void
space generated by the container and concentration modules are compared. The smaller of the two
volumes is retained and recorded. Executing the model over 1,000 trials yields a distribution of in-place
methane hydrates in each cell. A separate module allows aggregation of cell results.
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Figure 3. Diagram of the system used to evaluate the volume of in-place marine methane hydrates in the
Gulf of Mexico.

In the section that follows, the four fundamental data sets used in the evaluation of in-place hydrate in the GOM
are described. The four component modules in figure 3 are then described in detail. Two MMS protraction areas,
Green Canyon (GC) and Garden Banks, serve as illustrative examples of how the analysis works. Both of these
areas are representative of the analysis conducted for the GOM as a whole. The GC protraction area, outlined in
black in figure 2, is 21,773 km? and contains 9,385 cells. Garden Banks is immediately west of GC and is of
similar size and contains a similar number of cells.

Basic Geologic Data

Evaluation of in-place hydrates in the GOM rests on the data provided by several individuals and groups. Four
framework data sets were constructed by MMS personnel in the New Orleans region. Chapter III describes how
these data sets were developed. The value of each variable within a cell is represented as a point at the cell
centers.

(1) Bathymetry is derived from the 3-D seismic surveys used by the MMS-GOMR team for the project.
Water depth in GC (see figure 4) spans a very large part of the total range of water depth in the entire
study area. The distribution of water depth in GC is shown in figure 5. Water depth determines two key
variables:

(a) Pressures at and below the seafloor, both functions of water depth, are determinants of the thickness
of the gross HSZ.

(b) Temperature at the seafloor, also a function of water depth, is also a determinant of gross HSZ and
plays a role in the biogenic gas generation model.

(2) Depth to top of basement is interpreted and gridded from the same 3-D seismic data sets by the MMS-
GOMR team. Throughout most of the study area, depth to top salt is used to represent depth to top of
basement. In several areas south and east of the Sigsbee Escarpment with limited salt, the basement
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datum is shifted to specific stratigraphic marker horizons. A map showing the datum shift (see
figure 33) and its rationale is provided in the following chapters by the MMS-GOMR team.

Depth to top of basement is used for three purposes:

(a) Subtracting the bathymetry from the depth to basement yields an isopach of the sedimentary section
in each cell, which is used in the biogenic methane generation model.

(b) The true vertical depth of the basement is used as a surface for estimating the relative dip of strata
for the migration model.

(c) Where the basement is composed of salt, the depth to basement is used to measure the distance to
salt, which affects the thickness of the gross HSZ through its influence on both connate water
salinity and temperature in the sedimentary section.

Figure 6 shows the thickness of the sedimentary section (from the water bottom to the top of basement)
for GC; its distribution is shown in figure 7. Throughout GC, the basement datum is top salt.

(3) Percent Sand in the top 2,000 feet (610 meters [m]) below seafloor is interpreted from well log and
seismic data by the MMS-GOMR team using methods described in Chapter III. The results for GC are
shown in figure 8 and figure 9. It is assumed that the top 610 m of section throughout the study area is
composed completely of sand and shale.

Sand percent is used in the analysis for two purposes:

(a) To estimate porosity used in calculating the volume of methane in hydrate-saturated rock in the
concentration module.

(b) To compute a ratio between permeability at the seafloor and buried sediments; this is used in the
generation model as an instrumental variable for water flux.

(4) Surficial Seismic Anomalies were identified by the MMS-GOMR team. These represent areas where a
seismic signature associated with present or past venting of methane to the seafloor was identified. The
method of identification is described in Chapter III. Beyond the area of the anomalies as mapped, the
MMS-GOMR team decided that by surrounding mapped anomalies with a 2,500-ft (762-m) buffer, they
more accurately reflect the area where venting occurred or is occurring. The buffered anomalies in GC
appear in figure 10. The rationale for this decision is also provided in Chapter III. The buffered
anomalies play two roles in the analysis:

(a) Where anomalies are identified, all available void space in the net HSZ within that cell is filled to
saturation with hydrates.

(b) These anomalies ground-truth the analysis and help calibrate migration efficiency in the charge
module.

The buffered anomalies constitute 10.9 percent of the area of Green Canyon.
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Figure 4. Water depth in Green Canyon.
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Figure 5. Distribution of water depth in Green Canyon.

MMS Gulf of Mexico In-Place Hydrate Assessment




1-436
= 437-871

® 872-1306
= 1307-1741

Thickness (m)

1.742- 2176 3,481- 3915
2177 - 2610 3,916 - 4.350
2611 -3.045 4,351- 4785
3,046 - 3,480 4,786 - 5220

5.221- 5655

5,666 - 6.090
= 6091-6525
= 6526-6.959

= 6,960-7394
= 7395-7.829
m 7.830-8264
® §5265-8699
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Charge Module

The charge module is designed to produce a probability distribution of the volume of methane delivered to the
hydrate stability zone. In the absence of charge, the existence of a methane hydrate stability zone, in itself, is
insufficient for formation of methane hydrates. The charge module consists of two models: a methane
generation model and a model of methane migration from the point at which it was generated to the hydrate
stability zone (see figure 11).

In the integration module, the volume of gas delivered to the HSZ in a cell is compared to the available pore
volume in the HSZ that can be saturated with hydrates. If there is more gas charge volume than pore volume for
it to saturate, the available pore volume is completely filled with hydrate; then the volume of methane hydrates
is equal to available pore volume. This is the “container-limited” case. If there is less charge volume than
available pore volume in the HSZ, the distribution of charge becomes the distribution of in-place hydrate
volumes. This is the “charge-limited” case.

_ Methane
Generation Generation
Model Distribution
Per Cell

Distribution of
Fraction of
Generated

Methane
Allocated to
Charge Each

Cell

Migration
Model

Figure 11. Structure of the charge module.

The probability distribution of charge in a cell also plays a role in the determination of the thickness of the
undersaturated zone that inhibits hydrate formation in the shallowest part of the section below the seafloor. The
relationship between those two variables will be discussed in section IV (container module) of this chapter.

From extensive empirical evidence, it is known that both biogenically and thermogenically generated methane
contribute to methane hydrates. This has been observed worldwide and specifically in the GOM (Milkov and
Sassen, 2001). Thus, the ideal way to do a mass balance-based assessment of methane hydrates is to include
charge generated both biogenically and thermogenically.

In this phase of the project, however, thermogenically generated gas is not included in the analysis of charge
(similar to Collett, 1995). The strongest impediment is lack of usable data for modeling thermogenic gas
generation from source rocks in the study area. In the GOM, source-rock investigations have been done with
sufficient resolution to type the lithologies and general ages of hydrocarbon sources (e.g. Hood et al., 2002).
However, many of these analyses do not include source interval cores for the geochemical characterization
required to produce quantitative estimates of hydrocarbon production by volume, phase, and time over burial.
More importantly, there is a lack of systematic isopachs of proposed sources to complete the volumetric data
required for mass balance analysis of thermogenically generated methane.
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Failure to consider thermogenic gas in our analysis of charge is an important limitation of this phase of the
study. However, the effect on aggregate methane available to charge the HSZ is, in our judgment, relatively
small:

(1) Given the migration model employed to move biogenic gas from where it was generated to where it
became available to charge the HSZ, thermogenically generated methane would likely follow the same
paths, re-enforcing the biogenic-only geographic distribution of methane hydrates.

(2) The empirical distribution of biogenic versus thermogenic gas in seafloor sampling programs in the
study area (most prominently, those organized through Texas A&M University) may point to a way to
make bulk volume corrections for the absence of thermogenic methane in the charge module.

(3) One ad hoc “fix” to the omission of thermogenically generated gas in the estimate of charge is employed
in this study: For all cells in the model that fall within the bounds of a buffered surficial seismic
anomaly, the available pore volume in the net HSZ is assumed to be fully saturated — even if there is
charge limitation (considering biogenic gas alone). The rationale is that, if there is sufficient methane
flux to vent methane to the seafloor surface (in gas and/or solid phases), the available pore volume must
be fully saturated, and, if biogenic gas is not available to completely saturate the section, thermogenic
gas is available to do so.

A. The Generation Model
1. Model Structure

The general structure of the biogenic methane generation model is mass balance. Simplistically, a mass of
organic carbon is input to the model of a production function (see figure 12). This function determines the
efficiency of its transformation to biogenic methane and produces an estimate of the output mass of methane.
Mass balance models for thermogenic hydrocarbon generation were first introduced in the 1980s. However, we
believe that this is the first use of the technique to model biogenic methane production in hydrocarbon resource
analysis. While this model pushes data and analytic protocols to their limits, informed guidance of domain
experts lends authority to the analysis. Due to our limited knowledge and data, there is less reliance on well-
established procedures than is typical in hydrocarbon resource assessment.

Key contributors to generation model development were Dr. Fredrick (Rick) Colwell, Oregon State University, a
microbiologist, and Dr. Roger Sassen, Texas A&M University, a geologist and geochemist. The fine structure of
the model is strongly influenced by their advice; in addition, they provided empirical data and data references,
and assisted in interpretation of those data and results from the model in the course of its development.

The discussion of the charge module begins with a review of basic input data describing total organic carbon
(TOC) in the sediments of the study area. A description of how the methanogenic productivity function used in
the model is built and the rationale for the choice of functional forms follow. Finally, we describe how the
sedimentary column is divided into discrete stratigraphic units, how their thicknesses are determined and how
the generation model operates. The model is designed to enhance our ability to use Monte Carlo sampling for
inputs and outputs while maintaining ground-truth integrity. In this model, most input variables and model
parameters are represented by probability distributions.
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Figure 12. Schematic diagram of biogenic generation model. Input variables, all function arguments, the
unit thickness scalar and the output — methane generated — are treated as uncertain quantities,
represented by probability distributions. Geologic time period lengths are deterministic.

2. Quantity of Organic Carbon in Sediments in the Study Area

An empirical data set provided by Dr. Sassen, based on work of the Deep Sea Drilling Project (DSDP) (Bouma
et al., 1986), is used to support the computation of the quantity of TOC available in a cell to convert to methane.
The TOC input is based on analyses of shallow core data obtained in DSDP Leg 96 at Sites 614A, 615, 616,
617,618, 619, 620, 621, 622, 623, and 624. As can be seen in figure 13, the sites of collection are neither
numerous nor in any sense randomly distributed across the study area. Moreover, at the locations sampled, holes
are clustered. We understand, however, that this data set represents all available DSDP data in the GOM study
area where both TOC has been collected and hydrous pyrolysis performed on it (discussed below).

While not an ideal sample, these data do approximately span the range of water depths relevant to the present
study. Moreover, their locations relative to the modern Mississippi River fan are useful. One of the clusters is
directly in the course of the fan, one cluster is in shallow water offset downstream along the modern lateral
current crossing Mississippi deposition, and the rest of the data are offset in the opposite direction in deeper
water. We believe that the ranges observed in this data set approximate the results of what a well-designed
program to sample over the same vertical interval would yield.

The DSDP Leg 96 data consists of 773 observations. They are taken from 13 cores that typically cover the first
100 to 200 meters below the seafloor (mbsf); however, the deepest observation is 360 mbsf. The data are
expressed as percent dry mass organic carbon as a fraction of total sediment mass. The conversion of the weight
percent TOC data to the absolute mass of carbon in the sediments is based on a bulk sediment density of

2.1 grams per cubic centimeter.

A critical assumption made about the quantity of organic carbon input to the generation model is that that the
DSDP Leg 96 data adequately characterizes TOC laterally across the entire study area. We also extended this
assumption vertically, and used the same probability distributions on TOC (from the Leg 96 data, collected over
the modern 100 to 200 mbsf), to characterize the vertical distribution of TOC in the entire sedimentary section
of the study area. That is, the distribution of TOC in GOM sediments is a first-order stationary process, not only
in the two lateral dimensions, but also in depth. These are surely refutable assumptions, but necessary, given
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that geographic limitations of the extant data and the fact that no vertical profiles of organic matter quantity and
quality deeper than those taken by Leg 96 have been made available.

The relative frequency distribution of TOC data is nearly normal, with the exception of several outliers
associated specifically with two of the cores. The areal distribution of all data is shown in figure 13.

Water Depth (m)

“ 3706

Figure 13. Location of DSDP Leg 96 holes used for the data on distribution of total organic carbon and
organic matter quality.

After further statistical analysis, and discussion with Dr. Sassen about the organic matter recovered in the coring
program, some outlying observations were omitted. An empirical distribution of TOC based on remaining data
appears in figure 14. The final choice of functional form for the distribution of TOC used in the study is based
on sample data that omit observations from cores 614A and 615 (see figure 15). The mean of the retained TOC
data is 0.849 percent and the standard deviation of the distribution is 0.26 percent, both based on 681
observations. Both values are in line with expectations.
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Figure 14. Probability distribution of 773 observations on total organic carbon from the Leg 96 cores.
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Figure 15. Distribution of 681 observations on total organic carbon from the Leg 96 cores, omitting 91
outlier observations (12% of the total population) from cores 614A and 615.

A continuous probability density function is fit to the raw, empirical distribution of data in figure 15 and used in
model calculations. A Weibull distribution fits the data quite well. The data and a Weibull distribution fit, based
on the 681 retained observations on TOC, appear in figure 16. The parameters of this Weibull distribution fit to
TOC data are: Location = 0; Scale = 0.94; Shape = 3.35

At each Monte Carlo trial, independent draws from this Weibull distribution are made—one for each cell. The
trial value of (decimal percent) TOC in sediments is multiplied by bulk sediment density to produce an input
value for the mass of organic carbon entering the productivity function.
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Figure 16. Distribution of 681 observations on total organic carbon from the Leg 96 cores (black) against
the fitted Weibull distribution (red).

3. Construction of Methanogenic Productivity Function

Once a mass of organic carbon is in hand, the generation model translates it into methane: the input mass is
multiplied by a function representing the efficiency with which organic carbon is converted by methanogenic
archaea to methane. Productivity is defined as a rate, measured in grams of methane produced per gram of
organic carbon input to the system per unit of time (here per one million years).
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This process is complex. The model represents the metabolic reactions of communities of methanogenic archaea
to changes in their environments as sediments are deposited on the seafloor and progressively buried. Our
description of how this rate is modeled is divided into two parts.

The first part represents our understanding of how the productivity of a single species of methanogen, living at
the seafloor, responds to changes in ambient temperature. This relationship is then generalized because the
methanogenic community we seek to model is, in fact, composed of multiple species. Mathematical
representation of the collective effects of multiple species on the metabolism of organic matter is, unfortunately,
far more complex than simply summing the contributions of each species.

Biogenic methane arises not just from methanogens at the seafloor, but from the entire methanogenic
community of the entire sedimentary section. In practical terms, for the GOM, this involves rock extending from
the seafloor to depths of 2,000 to 4,000 mbsf. A consequence is that relationships which drive methanogenic
productivity in a seafloor environment must accommodate very different environments at depths of up to 2-4 km
below the seafloor.

a. Modeling Methane Productivity

The productivity, or rate at which methanogenic archaea convert organic carbon to methane in a given
environment, is assumed to be a function of ambient temperature in that environment. An example of the
particular function we use to represent the rate of methane produced by a collection of species in a given
environment is shown in figure 17:

(1) The intercept is productivity at the minimum value of the temperature domain (marked A). The value
assumed by the intercept is a critical value because it scales productivity at all temperatures. In our
model, the intercept captures the collective influence on the dependent variable (methane production
rate) of all explanatory variables other than temperature.

(2) As temperature increases above its minimum, methane productivity increases monotonically over a
finite temperature interval (marked B). This is the domain of Arrhenius’ Law, an exponential growth
law which declares that the rate of a chemical reaction doubles for every 10°C increase in temperature.

(3) Additional heat ultimately slows the rate of productivity. It peaks at a finite temperature (marked C). In
the example shown in figure 17, the shape of the rate function in a neighborhood of peak productivity is
dictated by interactions among multiple species of methanogens, each contributing to the total mass of
methane produced.

(4) As temperature continues to increase above peak productivity temperature, the rate of productivity
rapidly declines (marked D).

(5) Finally, as with any biologic organism, there is a temperature limit beyond which organisms can no
longer survive; biologic metabolism of organic carbon ceases—and so does biogenic methanogenesis
(marked E).
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Figure 17. General relationship between methanogenic productivity and temperature. Letters denote
domains discussed in the text.

Our model of methanogenesis begins with analysis of productivity of a single species under seafloor conditions.
It is then extended to incorporate productivity by methanogenic communities in buried sediments. Modeling of
productivity proceeds in three steps:

(1) Construct a rate function of temperature assuming that all methane is produced by a single species of
archaea. This captures the basic dynamics of the process.

(2) Recognize that methanogenesis in marine sediments is most likely the collective contribution of a
community of many species methanogenic archaea. Modify the single-species function to reflect this.

(3) Extend the model of productivity under seafloor conditions to include subsurface conditions. This is
handled by modeling the intercept (“A” in figure 17) to be a function of a ratio sediment permeability at
the seafloor and sediment permeability at subsurface depths. As stated earlier, the intercept is a
fundamental parameter—it directly scales the temperature/productivity function shown in figure 17
above.

b. Model of Methanogenic Productivity of a Single Species of Methanogenic Archaea

Our model of the rate at which organic carbon is transformed into methane by a single species of methanogenic
archaea incorporates the qualitative features of productivity described above. The starting point is to model
productivity over the lowest temperature domain to which methanogens would be exposed: temperature at the
seafloor. The derivation of the production function for a single species is a fairly complex process, and is
described in detail in Appendix B.

c. Collective Impact of a Community of Different Methanogenic Species on Productivity

Biogenically sourced marine methane hydrates are likely created by several distinct microbial species operating
in concert. A consequence is that a plot of in situ measurements of methane generation rates versus temperature
is likely to be multi-modal. If a large enough number of distinct microbial species are present, this plot could
appear to be relatively “flat” in an interval about a peak rate temperature (Price and Sowers, 2004).
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Isolates in pure cultures are usually not representative of community behavior: they have normal shaped curves
with lowest, optimal, and highest temperature that depend on taxa, and they are not challenged by the factors
that would be present in the natural environment.

One way to represent this characteristic is to treat generation as a (probability) mixture of more sharply peaked
production rate functions, one for each single microbial type’s production rate; mixture rates correspond to
relative proportions of microbial types in the sample data. Another is to model the rate of methane production as
a function of temperature to exhibit mesa-like behavior in a temperature interval containing a peak production
rate (35 °C to 45 °C for example) followed by a decline of this rate as temperature continues to increase.

The second approach, imposition of a mesa-like peak region, to capture the collective impact of a mixture of
many species of methanogens is adopted for this study (Deming and Huston, 2000). Under reasonable
assumptions about how methanogenic species are mixed, as the number species in an ecosystem increases, the
peak of the production rate function produced by mixing may “smooth out” and vary slowly in the neighborhood
of a single absolute maximum rate. If so, it is reasonable to model the rate function as mesa-like in a
neighborhood of an absolute maximum rate in place of mixing individual rate functions.

To accommodate a relatively “flat” peak in the neighborhood of the temperatures associated with maximum
productivity, we modified the form of the function described for the productivity of a single methanogenic
species as a function of temperature. Figure 18 is an extreme example of a mesa-like function that allows a
smooth transition to it from a strict form of Arrhenius’ Law.

The function generating the graph shown in figure B.2 (in Appendix B), xP(1-x)”, is flexible enough to capture
the collective impact of many species on methane production--each with a different maximum productivity over
the temperature domain assumed to encompass these maxima (35 °C — 45 °C).!

Unscaled Production Function
2

08 ns 1 11 1.2

X = T/T* (scaled temperature)

Figure 18. A mesa-like function in an interval about a maximum value. The x-axis is the variable x
(defined in the text); the y-axis is unscaled rate of methanogenic production.

The mathematics of smooth pasting a mesa-like function like that in figure 18 to an exponential form of
Arrhenius’ Law for temperatures below about 35°C (below about 0.875 in the scale of the graph) appears in
Appendix C. The magnitude of variation in the production rate as x traverses the domain of this function (here
35°C —45 °C) is controlled by the parameter S .

Figure 19 shows the result of smooth pasting a mesa-like function, as in figure 18, to Eq. B3 - Arrhenius’ Law
at x=x, (at temperature T=27.5 °C). At x=x;, (T= °C) a rapidly decreasing function is smoothly pasted to the
mesa-like function. It declines to a negligible value at a temperature (70 ° C) beyond which methanogenesis
ceases.

! This mesa-like function need not be symmetric: use x” (1-x)”, 1 #f3.
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Figure 19. Smooth pasting of three functions to capture qualitative features of productivity of a
community of methanogen species. The red portion of the function follows Arrhenius’ Law. The blue
section is the mesa-like function with 8= 0/10 designed to incorporate mixing of peaks of individual
species’ productivity functions. The green section is post-maximum exponential decline in productivity.

d. Methanogenic Productivity at the Seafloor

In order to complete specification of the productivity function, the rate function displayed in figure 19 must be
multiplied by a term representing productivity at the seafloor. There are no rich data sets from which the
empirical distribution of methane productivity at seafloor conditions can be easily extracted. Dr. Colwell
suggested that we base our calculations on data appearing in a study by Price and Sowers (2004).? These authors
repackage data from a large number of studies of metabolic rates as functions of temperature into a graphical
summary (see figure 20). The data in Price & Sowers’ figure 1 comes from many, sharply different ecosystems
such as per§nafrost, polar ocean and ice, permanently covered Arctic lakes, salt marsh tidal creeks, and marine
sediments.

We use Price and Sowers graphical summary “Base Methanogen Productivity” in figure 20 to infer seafloor
productivity. Their description of the seafloor environment in each of the studies that they review naturally
includes temperature. We know that seafloor methanogenic productivity varies widely — even at common
temperatures—and their study confirms this fact.

Both the impact of seafloor temperature and the collective effects of variables other than temperature on
productivity are represented in the value of the intercept in figure 20. This is the same term, Agx (Tsr (WD)), that
appears in Eq. B.2. It scales the marginal rate of methane production at all temperatures at and above seafloor
temperature.

Ideally, inferences about seafloor productivity should be based on re-analysis of the raw data used by Price and
Sowers to produce figure 20 below®. A meta analysis or perhaps, empirical Bayes analysis designed to
characterize uncertainty about seafloor temperature metabolic rates could then be done. Unfortunately, the data
is not published in a form immediately useful for statistical calculations. We can only impute sample statistics
from their figure 1.

According to Dr. Colwell, of the three general categories of data identified by Price and Sowers in figure 20,
only “Maintenance Data” should be used for inferring an initial production rate for our analysis. All of this

2 Price, P.B. and Sowers, T., op. cit., p. 4532.
3 Price and Sowers, op. cit., page 4632
* Ibid. Figure 1 on page 4634.
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particular class of data is for temperatures below 35 °C. Consequently, we model rates in this particular dataset
as if they behave according to Arrhenius’ Law as in Eq. B.2.

Recovery of estimates of methane production rates from studies used by Price and Sowers to construct figure 20
depend, of course, on the choice of a statistical model that describes how the data were generated. The process
of recovering the Price and Sowers data for use in this study is reviewed in Appendix D.

The productivity Agz (Tsz (WD)) of a community of methanogens under seafloor conditions, with seafloor
temperature (T (WD)) taken to be 2 °C, is modeled in Price and Sowers units as an uncertain quantity
possessing a lognormal distribution. Appendix D describes how Price and Sowers (see figure 20) is used to infer
its parameters. This probability distribution of methane productivity under seafloor conditions is one of the main
drivers of the generation model.

The natural log of seafloor productivity /n Ase (Tsr (WD))/1,000,000 is normally distributed with mean value -
4.331 and standard deviation 3.25. This implies that the mean of Ag(Tsy(WD)) is 2.628761 x 10° and that it
possesses standard deviation = 525.3226 x 10°, both in units of gram of methane/cubic meter of sediment/
million years. The ratio of the standard deviation to the mean is approximately 200, implying that the
distribution of A (Tsr (WD)) is very positively skewed (see figure 21). Values of Agr (Ts(WD)) are converted
from Price and Sowers units to grams of methane produced per gram of organic carbon per millions of years by
the method described in Appendix E.
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Figure 20. Data from Price and Sowers (2004) used to interpolate productivity of methanogens at seafloor
temperature. Figure copyright © 1993-2005 by The National Academy of Sciences of America, all rights
reserved.
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Figure 21. Distribution of Asg (Tse (WD)) based on analysis of Price and Sowers data.

e. Methanogenic Productivity in Buried Sediments

If methanogenic productivity is solely a function of temperature, determination of its value as a function of
temperature in buried sediments is simple: calculate the ambient temperature at the burial depth of interest and
read productivity from figure 19, scaled by the intercept of Asr (Tsr (WD)). However, in discussions with Dr.
Colwell, we concluded that while temperature shapes the marginal rate of production of methane, the scale of
the function is influenced by other variables — most prominently, water flux through the sedimentary
environment. At seafloor conditions, water flux through the sediments in which methanogenic archaea live is at
its maximum. Sediment compaction on burial diminishes permeability, ensuring that water flux declines as a
function of sediment burial depth as well.

The relationship between water flux and methanogenic productivity is direct; as water flux increases, so does
productivity and vice versa. As we have no observations on water flux through sediments as a function of depth,
we adopt permeability as an instrumental variable for it. Water flux, and thereby permeability, plays at least two
key roles in methanogenic productivity:

(1) When permeability/water flux is high, it provides local sources of electron donors and electron acceptors
to the microbes in the sediments (D'Hondt et al., 2004; Parkes et al., 2005). For methanogens this would
result in higher methanogenic rates. When the permeability/water flux is low, the rate of supply is
diminished, and the metabolism becomes input constrained (i.e., archaea starve after consuming the
available electron donors and electron acceptors).

(2) When permeability/water flux is high, accumulated methane, a metabolic waste product of
methanogens, is removed from pores. When permeability is low, methane accumulates in the pores. In
principle, this accumulation of methane in the pore space is likely to pose a thermodynamic limitation to
methanogens making it difficult to produce methane in an environment that is already rich in this gas.
There is, as yet, no experimental evidence that this occurs in marine sediments where methane is
produced; however, control of product concentrations in other microbial metabolic reactions is essential
if cells are to survive at the threshold of what is thermodynamically possible (Jackson and McInerney,
2002).

Dr. Colwell notes that there is research which correlates relative local highs in microbial activity with locations
that are sand-shale contacts (Fredrickson et al., 1997), lending support to the use of a function of
permeability/water flux as a scaling function for productivity at the seafloor in the generation model. Activity at
the boundary between a richer source of organic carbon and a more porous lithology (i.c., a shale/sand contact)
relies as much on access to the pores as it does on the general quantity of nutrients available to the reaction.
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This relation between permeability and productivity is re-enforced by weighting bulk rock permeability by the
sand/shale ratio (see below). As both lithologies are more typically bedded than homogeneously mixed, the
higher the sand content, the greater the opportunities for sand/shale contacts to exist in a given section;
therefore, the higher the potential for biologic methanogenesis. Because of its dependence on lithology, use of
permeability as an instrumental variable also incorporates the positive impact on productivity that arises as the
number of sand/shale contacts in the section increases.

A fundamental assumption made in modeling the methanogenic productivity of buried sediments is that the
intercept of the productivity function (figure 19) for a given depth of burial is a function of methanogenic
productivity at the seafloor (Asg (Tsg (WD)), scaled by the ratio of sediment permeability at the given depth
divided by sediment permeability at the seafloor. The rate function for productivity at the seafloor, represented
in figure 19, remains the same at any depth; it simply “slides” down the y-axis proportionate to the ratio of
stratum permeability to the permeability of the seafloor datum.

f. Determining Sediment Permeability at Depth

It is well known that sediment permeability decreases with depth. It is also well known that this relationship
varies systematically with sediment lithology. In the GOM case, sediments are classified either as “sand” or
“shale”. As a function of burial depth, sand loses permeability much more slowly than shale.

In order to find the permeability scaling parameter for the intercept of the productivity function, sand
permeability as a function of depth and shale permeability as a separate function of depth are modeled. To fix
geologically sensible aggregates of the sedimentary column in each cell, the entire thickness between the
seafloor and top of basement (salt) determined by Shedd and Hunt is divided into five stratigraphic units: Lower
Miocene, Middle Miocene, Upper Miocene, Pliocene, and Pleistocene.

The practical task, for each of the 202,079 cells in the study, is to determine probability distributions for
permeabilities of sediments as a function of burial depth, by stratigraphic unit. For instance, we compute
permeabilities of Lower Miocene age during the original deposition in Lower Miocene time; then, re-estimate
Lower Miocene permeability again when it was buried under Middle Miocene sedimentation; repeating to
capture the effects of burial by Upper Miocene, Pliocene and finally Pleistocene sedimentary units.

We estimate permeability for a given unit at a given depth as follows:

(1) Assume the sand/shale ratio in the top 2000 feet below seafloor, as mapped by Shedd and Hunt, applies
to the entire stratigraphic column in the section (Lower Miocene to Pleistocene).

(2) Estimate end-member sand permeability vs. depth and shale permeability vs. depth.

(3) Use the Shedd-Hunt sand/shale ratio for that cell as weights to combine (or mix) “pure sand”
permeability and “pure shale” permeability for a given depth,

While there is abundant data on the permeability of commercial sand reservoirs in the GOM, observations are
very sparse in the shallowest part of the section (because there are few to no existing commercial hydrocarbon
reservoirs there). Because shale is not a reservoir rock, there is no data on shale permeability reported to the
MMS by operators of GOM oil and gas reservoirs, and there is sparse literature on how shale permeability varies
with depth.

Because of the availability of an extensive database on sand permeabilities from MMS, that data is used to
construct the sand permeability-depth submodel. Although commercial oil and gas reservoirs in the GOM are
not lithologically “pure” siliciclastic sand, this is the best available source for a locally relevant statistical model.
In order to give “sand” the widest possible definition, all 9,461 available observations from MMS data on
reservoir permeability and depth data are used to produce figure 22.

MMS Gulf of Mexico In-Place Hydrate Assessment 24



10,000.00

1,000.00 +
*
-
100.00 +
)
E
> AR
= 10.00 *
[}
2 *
g . o
& K
%
1.00 -
* - .
* . *
0.10 A .
0.01 T T T T T T T
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
Depth (m)

Figure 22. Scatter plot of permeability vs. depth for 9,462 observations from GOM commercial oil and
gas reservoirs.

To fit a model to the sand permeability data:
Y*-1

(1) Apply a Box-Cox transformation Z(1) = to render the transformed data symmetric, where Y is

permeability in millidarcies and 4 is a parameter to be estimated.

(2) Fit a regression model f(Z(4)|d) = & + Ad +error to the data, with d = depth in meters, and a and f
are regression parameters.

(3) The fitis f(Z(4)| d)=10.85-0.000258(d) , with A= 0.1530.

4) To obtain an estimate of permeability as a function of depth, back transform to
y
YA = (/7? X fA(Z(/i)| d)+ 1)1//1

The residual standard error is estimated to be 2.541 on 9,367 degrees of freedom. Adjusted R? is 10 percent;
while this is small, the parameter estimates possess tight confidence intervals. Figure 23 is a graph of the model
fit of permeability (at the maximum likelihood estimators of parameters) as a function of depth:
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Figure 23. Fit of sand permeability (measured in millidarcies) as a function of depth.

The model adopted for permeability of sand sediments at depth d is
(1.1)  Y(d)=(Axf(Z(A)|d)+ D" =(0.153x[10.85 - 0.000258 x d] + error + 1)1

Probabilistic properties of parameter estimates and the error term must be specified in order to use Eq. (1.1) as a
data generating process model for sampling values of permeability as a function of depth. We assumed that the
intercept @, and slope £ are uncertain quantities with means equal to their respective maximum likelihood
estimates (MLEs) and standard deviations equal to standard errors of their respective MLEs. In addition, we
assumed that the error term has mean 0 and standard deviation equal to the residual’s standard error of estimate.

No corresponding shale permeability database exists so we modeled permeability as Spinneli et al. (2004) did in
their study of permeability and porosity in fine-grained sediments. Their Table 6.2 presents a model for
permeability of fine-grained sediments as functions of depth by a pair of equations: permeability as a function of
porosity, and porosity as a function of depth.

Of the five families of sediment types appearing in their table, we judge “fine grained turbidities” to be closest
to the “pure shale” end member posited for the GOM. Because of the difficulty of their functional forms, we
have imposed a limitation that shale porosity at the seafloor may not exceed 70 percent (expressed here as 0.70).
This transforms their shale porosity vs. depth model to the minimum of 0.70 and a normal random

variable (2 multiplied by a power 7 of the depth of the sediments in meters (M).

(1.2) $=min{QxM"*,0.7}
where,
Q ~N(0.84,0.08?%)

7 ~N(-0.125,0.01%)

Figure 24 is the graph of Eq. (1.2) assuming that the error term is zero.
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Figure 24. Shale porosity versus depth at mean values of parameters, based on Spinelli et al. (2004).

Spinelli et al. (2004) model shale permeability, k, as a random function of porosity, ¢, expressed as ¢/(1-¢)
(figure 25):°

(1.3)  In(k)=Inv+ [@x¢/(1-¢)]
or
wx @

(1.4) k =vx exp{1_¢

}

Spinelli et al. (2004) did not provide the form of the distribution or an estimate of variance for the parameters, in
Egs. 1.3 and 1.4. As an approximation, each distribution is assumed to be normally distributed with the standard
deviation equal to 10 percent of the mean. That is, the parameters v and @ are defined to be uncertain

quantities, v ~N(0.0037, 0.000372) and w~N(1.7, 0.17,).°

> In Spinelli’s original work permeability is in square meters and porosity is in decimal percent. Permeability is
rescaled to here to millidarcies (md).

® The variance of v is small enough so that, fortunately, the probability that v < O is negligibly small.
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Figure 25. Estimated shale permeability versus estimated porosity.

Finally, we have permeability as a function of depth:

1.5 In(k)=Inv+ wx ———
(15)  In(k)=inv+wx =

or as in figure 26:
(16) k — er(QMT/(l—QM’))

For each cell, at any given depth, Eqgs. (1.1) and (1.6) are used to calculate the end-member sand and shale
permeabilities, respectively. The sand/shale ratio from Shedd and Hunt is used to weight these two estimates to
create an estimate for sediment permeability at that depth:

(1.7) Perm(d) = (SandPerm(d) x Sand fraction) + (ShalePerm(d) x (1-Sand fraction))

In order to compute the scaling ratio for the intercept of figure 19, we need both permeability at depth and
permeability of the lithologically identical sediments at the seafloor. For sand, Eq. (1.1) implies a seafloor
permeability of 593 millidarcies. For shales, unfortunately, the functional forms used by Spinelli et al. (2004)
prohibit evaluation of the functions at zero depth. The permeability of shale at the seafloor is taken to be 1,000
millidarcies, an average of values found using Spinelli et al. (2004) permeability vs. depth function for several
fine-grain facies.
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Once the ratio of sediment permeability at the seafloor and at depth is in hand, the intercept of the function in
figure 19, evaluated at any burial depth, d, is:

19 [Per—m“”j(Asp (T, (WD)

Permg.

g. Determination of the Temperature of Buried Sediments

In the generation model, sediment temperature drives the rate of production of methane. Sediment temperature
at any given depth below the seafloor is the sum of the temperature at the seafloor plus the depth times the
geothermal gradient. How seafloor temperature as a function of depth is determined and the geothermal gradient
calculated are described in the container module section of this report.

The probabilistic model adopted for sediment temperature as a function of depth provides a value of temperature
in each cell at each Monte Carlo trial.

h. Asymptotic Organic Carbon Conversion Efficiency

To complete development of the productivity function shown in figure 19, we must take into account the
asymptotic conversion efficiency of organic carbon to hydrocarbons. All organic carbon is not created equally.
The chemical characteristics of the carbon molecules that constitute it determine the limit to which it can be
converted into hydrocarbons (for any arbitrarily high temperature). This limit is used in analysis of thermogenic
transformation of organic carbon to hydrocarbons. We propose that the same limit applies to biogenic
transformation.

The susceptibility of organic carbon to transform into hydrocarbons is quantified by a procedure known as
hydrous pyrolysis (also known by the commercial name of the apparatus used, RockEval), from which the
limiting (asymptotic) value of organic carbon to hydrocarbon transformation is calculated.

In RockEval analysis, a sample of (organically rich) sediment is subjected to several stages of heating over time.
In the stage of heating the sample from room temperature to 300 °C, the mass of hydrocarbons produced is
called S1. The mass of hydrocarbons produced from the sample from 300 °C to 600 °C is called S2. Because S1
and S2 are measured in units of mass of hydrocarbons generated per mass of sediments, observed values of S1
and S2 are typically normalized by dividing their values by the percent total organic matter (TOC) of the sample
being analyzed.
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In this study the organic carbon available for biogenic transformation to hydrocarbons begins at very low
temperatures (by comparison with thermogenic transformation), so we took the sum of S1 plus S2 as the
asymptotic limit of transformation of organic carbon to hydrocarbons (in milligrams of hydrocarbons per gram
of organic carbon, mg/g).”

(1.9)  Asymptotic Limit of Organic Carbon Transformation = ((S1 + S2) x 100)/TOC

The dataset used to estimate a probability distribution for the asymptotic limit of carbon transformation is the
same dataset used for analysis of study area sediment TOC, DSDP Leg 96 samples. S1 + S2 data were paired
with the TOC data from the same samples.

The raw data of the 681 observations of ((S7+S52) x 100)/TOC retained in the TOC analysis from DSDP Leg 96
are presented in figure 27. The mean of the ((S7/+S2) x 100)/TOC is 116.18 mg/g. The standard deviation of the
distribution is 50.03. The mean is lower than expected for typical Type III organic matter distribution.
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Figure 27. Empirical distribution of values of ((S1 + S2) x 100)/TOC).

As with the case of TOC, a Weibull distribution is fit to data on ((S1+S52) x 100)/TOC), which is shown in
figure 28. For computational ease, asymptotic conversion efficiency is rescaled from mg/g to decimal percent.
Parameters of the rescaled Weibull distribution are:

Location = 0; Scale = 130; Shape = 3.5

7 This contrasts with the practice of using S2 alone when estimating the thermogenic generative potential of a
source unit.
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Figure 28. Distribution of ((S1 + S2) x 100)/TOC) in milligrams of hydrocarbons per gram of organic
carbon (x-axis); the y-axis is probability density.

Calculation of the mass of methane produced, given a mass of organic carbon input, is done by looping through
each of five stratigraphic units that cover the sedimentary column of each cell. Starting with the original
deposition of organic carbon in any one of those units, the productivity function is integrated over a temperature
interval corresponding to top and bottom depths of the unit to determine the amount converted to methane at a
period in geologic time. At each time period, the cumulative amount of organic carbon converted to methane is
calculated. The mass of organic carbon already converted is subtracted from the mass available for conversion in
the next geologic time step. However, if the cumulative amount converted at any time step exceeds the estimated
asymptotic conversion efficiency, production of methane ends, and no more is generated in the model for the
remaining periods of geologic time.

4. Modeling Generation

The sections above explain the structure of the generation model and its inputs. It is critical to keep in mind that
the output of the productivity function in figure 19 is production per unit of time and per unit of organic carbon
supplied to methanogenic archaea in the sediments of each cell.

To derive the mass of methane produced in a sedimentary unit in a geologic time period, the rate of methane
production function in figure 19 is integrated to derive a cumulative function. This, in turn, is evaluated at top
and bottom temperatures of that unit. The difference equals the unscaled mass of methane produced. To get that
unit’s methane production during a geologic time step, the value of this integral is multiplied by the duration of
the time step analyzed (in millions of years) and by the volume of rock in the cell contributing to biogenic
methane production.

Repeating this calculation for each sedimentary unit at each geologic time step allows calculation of the total
volume of methane generated in a cell over its entire sedimentary extent and all geologic time.

Sedimentary volume is computed as follows: The area of each cell is constant at 2.32 km®. The total thickness
from the seafloor to the top of basement (salt), estimated by Shedd and Hunt, is divided into stratigraphic units
so that the volume of rock and mass of carbon involved in methane production in each cell can be correlated
with geologic time. The duration of each of the five geologic time periods is taken from a standard source
(Berggren et al., 1995). Together, this allows calculation of numerical values of variables necessary to complete
the computation of the methane production in a sedimentary unit over geologic time and a Monte Carloed
empirical distribution of biogenic methane production for each cell in the study area.
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a. Partitioning of Stratigraphic Column

The thickness of the stratigraphic column in each cell in the study area is defined to be the total vertical depth to
the top of basement (salt) minus the seafloor depth. These thicknesses varied over the GOM from zero (where
salt outcrops on the seafloor) to over 8,000 m. From the viewpoint of the generation model, if the entire
thickness of sediments in a cell had been deposited instantaneously, the calculation of several depth-dependent
parameters would be fairly straightforward. The average temperature, porosity, and permeability of the
sedimentary section would be calculated at a single midpoint depth.

However, sedimentation was not instantaneous. Instead, five geologic units are recognized: the Lower Miocene,
Middle Miocene, Upper Miocene, Pliocene and Pleistocene. In some cases, particularly in the southern part of
the study area, it also would have been prudent to include units older than Lower Miocene. Originally, the plan
for calculating the thickness of each unit in each cell was to separately isopach each interval and use those as
inputs of sediment thickness for each geologic unit. However, for logistic reasons, we did not have access to the
data required to accomplish this during this phase of the study.

As an alternative, a data set from Earth Studies Group (unpublished data from Fillon, 2006) was employed to
create a distribution of the relative thickness of each of the five stratigraphic units over the study area. The base
of each of the five units was defined biostratigraphically in the Fillon data set, based on the marker fossils in
Table 1. The duration of each geologic unit is also given in Table 1.

Fillon’s analysis provides a set of Gulf Coast basin-wide maps of average sediment accumulation rates over 60
time/rock divisions of the post-Middle Jurassic stratigraphic section. A set of 100 locations was randomly
generated within the study area (see figure 29). At each of those locations (or “pseudowells™), the thickness of
the units in Table 1 was determined by multiplying the sediment accumulation rates by the length of time
covered by each of Fillon’s interval maps.

For each of the five time/rock units, the distribution of sediment thickness of that unit, as a fraction of total
sediment thickness, is shown in figure 30. As expected, the Pleistocene section is the thickest and possesses the
broadest range of values of the five units. Both the range and modal value decline going backward in geologic
time.®

Table 1
Divisions of Stratigraphic Column
Geologic Time/ Duration Age of Base Marker Fossil
Rock Unit (million years) (MYBP) Used for Base
Pleistocene 1.95 1.95 Discoaster brouweri
Pliocene 3.1 5.05 Ceratolithus acutus /
Globigerinoides mitra
Upper Miocene 5.95 11 Discoaster hamatus
Middle Miocene 7.25 18.25 Marginulina ascensionensis
Lower Miocene 6.4 24.65 Lenticulina jeffersonensis -
Aq2/Aql

Independent sampling of these five distributions to generate a sample of five individual unit sedimentary
thicknesses in a cell fails to account for a key constraint: the sum of these five thicknesses must equal the
thickness of the entire sedimentary section in the cell. To account for this constraint we assume that the relative
proportions 9of the entire stratigraphic column in a cell taken up by five sedimentary units possess a Dirichlet
distribution.

8 As the general history of Cenozoic sedimentation in the GOM is that of basinward progradation of the shelf,
the further back in geologic time, the further the distance of the study area is from the extant coastline.

® See, for example, Johnson and Kotz (1972). It can be shown that, given a set of independent gamma random
variables, the Dirichlet distribution is the distribution of relative proportions of the sum of this set of random
variables; i.e., divide each random variable by the sum of all random variables in the set to get these proportions.
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Figure 29. Locations of 100 randomly located pseudowells used in the construction of distributions of
sediment thicknesses by geologic time/rock units over the study area.

Thicknesses of individual sedimentary units at each of the 100 pseudowell locations are used to estimate
parameters of a Dirichlet distribution which, in turn, are used to Monte Carlo relative proportions of the entire
sedimentary column in a cell. Multiplication of relative proportions of the cell’s total column thickness produces
individual unit thicknesses."’
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Figure 30. Distribution of the percent of gross sedimentary thickness encompassed by each of the five
geologic time/rock units included in the study, based on 100 samples drawn from the Fillon sediment
accumulation rate maps.

12 Shape parameters for five gamma distributions, one for each of five sedimentary units, are shown in Table 2.
All possess a scale parameter equal to 1.0. At each trial, a Monte Carlo realization of each of the five gamma
random variables is rescaled by the sum of all five so that the rescaled proportions add to one. Multiplication of
a vector of these five proportions by the thickness of the total sedimentary column in the cell yields a vector of
thicknesses of its constituent time/rock units.
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Each Monte Carlo trial divides the total sedimentary column in a cell into thicknesses of each of the five

Table 2

Parameters of Gamma Distributions in the Relative Thickness

of Each Stratigraphic Interval

Geologic Time/ Gamma Shape
Rock Unit Parameter
Pleistocene 1.638
Pliocene 1.500
Upper Miocene 0.976
Middle Miocene 1.464
Lower Miocene 1.133

time/rock units. The mid-point depth of each unit at that trial is computed. These depths are recorded and used to
estimate unit permeability.

b. Determination of Generated Volumes of Biogenic Methane

Based on the inputs and processes described above, during each Monte Carlo trial, all the described distributions
are sampled and combined to produce an output estimate of the volume of in-place methane hydrates in each
cell. Typically, there are 1,000 Monte Carlo trials executed for each of the 202,079 2.32-km” cells in the GOM
study area. These distributions capture cell by cell uncertainty induced by input variable and model parameter
uncertainties, and permit calculation of standard statistics such as sample means, variances and ranges. Table 3

summarizes steps in computation of a typical trial value for the biogenic methane generated in a cell.

Table 3
Algorithmic Summary of Charge Module
Step [Action Note
1 |Select a catchment 1
2 |For cell k =1 to last cell in catchment
3 |For trial m = 1 to number of trials (default = 1,000)
4 |Initialize age of strata
5 |Get cell water depth, sediment thickness, sand percent, and anomaly 2
6 |Draw thickness percents of each stratum
7 |Draw TOC
8 |Draw asymptotic conversion efficiency
9 |Draw water bottom temperature 3
10 |Draw geothermal gradient 4
12 |Compute thickness of each stratum (i)
13 |Compute mid-point thickness of each stratum (i) and time (j)
14 |Draw seafloor methanogenic productivity
15 |Draw water bottom permeability
16 |Compute stratum sand permeability for stratum (i), and time (j) at depth d
17 |Compute stratum shale permeability for stratum (i), and time (j) at depth d
18 |Compute stratum average permeability for stratum (i), and time (j) at depth d
19 [Compute ratio of permeability of stratum (i) at depth d to seafloor permeability
20 [Compute intercept of productivity function for stratum (i), and time (j)
21 |Integrate marginal productivity function to get cumulative production
22 |Estimate finite integral over ranges of temperatures exposed
23  [Store incremental generation for stratum (i) and time (j)
24 [Compute cumulative generation in stratum (i) through time (j)
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Step |Action Note
25 |Compare cumulative generation through time (j) to asymptotic conversion limit

26  |If cumulative generation stratum (i) > limit (i), set cumulative generation to limit (i)
27 |Sum all incremental generation over all strata
28 [Store result
29 |[Begin next trial at Step 3
30 |If final trial, summarize and store methane generation for cell
31 |Begin next cell at Step 2
32 |If final cell in catchment, begin next catchment at Step 1
Notes to Table 3:

(1) For the charge module, the GOM study area is divided into hydrodynamically independent catchments
composed of a few to scores of cells. How these catchments are constructed is described in the
migration model below.

(2) The anomaly variable is either zero or one, depending whether the cell intersects one of the buffered
seismic anomalies identified by Shedd and Hunt.

(3) and (4) Water bottom temperature and geothermal gradient are described in detail in the container
section of this chapter.

The amount of biogenic gas generated in each cell is primarily controlled by the thickness of the stratigraphic
section available for conversion to methane (see figure 31). As a result, in areas where the top of salt is very
near the seafloor, the generative capacity of the thin stratigraphic section is relatively low. Conversely, deep
minibasins with thick stratigraphic sections yield relatively high per-cell generation values. Outboard of the
Sigsbee Escarpment, per-cell generation values are relatively high due to the absence of shallow salt and a
relatively thick and continuous stratigraphic section.

gen_mean (metric tons) [ 9,325 008 - 12 430,364 [__] 22 574 530 - 25 579 686
<VALUE> [ 12,430,365 - 15,949,768 [] 25 579 BE7 -30 234 409
B 505 - 5505 604 [ 15949769 - 19,262,149 [0 30,234 410 - 52 400,000
B se05505 0305008 L] 192621150 - 22 574 529

)
a0
Figure 31. Mean volume of generated biogenic gas in Green Canyon.

B. Post-Generation Migration of Biogenic Gas

The generation model provides probability distributions of volumes of biogenic methane produced in each cell
in the study area. It is certain that not all gas generated in a cell remains in it and charges that cell’s HSZ — gas
moves laterally as well as vertically. Because a fundamental goal of the project is to produce an assessment with
a high spatial resolution (2.32 km? cells), we built a model of post-generation migration of methane to locations
where it becomes available to charge the HSZ and form methane hydrates.
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In addition to the need for spatial resolution of charge, early in the project we recognized that, in the container
module, the thickness of the undersaturated zone (UZ) must be estimated and container volume modified to
accommodate it. Based solely on temperature and pressure, the (gross) HSZ extends from the phase boundary at
the bottom to the seafloor at the top. However, for methane to form hydrates, the water in which it is dissolved
must be saturated to at least 100 percent.

At the top of the gross HSZ (i.e., from the seafloor downward), methane saturation in formation water is driven
to less than 100 percent. This results from two processes: undersaturated ocean water imposing a concentration
gradient with depth, and the action of sulfate-reduction microorganisms. Consequently, despite the presence of
requisite temperature/pressure conditions and (undersaturated) methane in formation waters, methane hydrates
do not form; this is the UZ. The thickness of the UZ (calculated in the container module described later in this
chapter) is a function of flux through the sediment column; thus, a spatial model of methane charge (i.e., flux) is
required.

There are two submodels in the migration model (see figure 32). The first submodel represents the distance of
lateral movement of methane between cells where it is generated to cells where it becomes available to charge
the HSZ. Continuous lateral movement of methane produced in the generation model is represented here as a
mix of two end members:

(1) No lateral movement. In this case 100 percent of migration is completely vertical. Gas generated in a
cell is only available to charge the HSZ in that cell (if the HSZ exists in that cell).

(2) 100 percent of the generated gas is available for lateral migration out of the cell where it is generated. In
this case, the directions and magnitudes of gas transport are completely controlled by a function of
stratal dip.

In addition to vertical diffusion and dip-driven lateral movement to other cells, gas also moves through the
GOM sedimentary section along faults and unconformities. As there is no basinwide mapping of faults and
unconformities as migration conduits, gas transport along faults is not separately included in the migration
model. We feel, however, that the model of dip-driven migration creates a spatial distribution of charge that, in
many cases, captures the impact of migration along faults. Failure to include fault migration is, nevertheless, a
limitation of this phase of the study and is probably clearest in an underestimation of the charge potential of
off-structure areas where the change in stratal dip is low.

- Spatial
Distribution , Distribution of
on Mass of Spatial Generated
Biogenic —> Redistribution Methane
Methane Submodel (Conditional
Generated
on No Losses)

Spatial
Distribution of
Methane
Charge to HSZ
(Accounting for
Losses)

Migration
Efficiency
Submodel

Figure 32. A schematic of the migration model, showing the interaction of the spatial and efficiency
submodels.
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The second migration submodel is non-spatial. It produces a distribution of overall migration efficiency.
Migration efficiency is the fraction derived by dividing the mass of methane available to charge the HSZ by the
mass of methane generated; one minus this efficiency is the fraction of methane lost in migration. These include
all methane mass losses: methane below the HSZ, retained en route from the location of generation; methane
that percolated through the HSZ to the overlying UZ; and methane lost to the water column.

These two submodels are combined in the migration model to generate both magnitude and spatial probability
distributions of available charge to the HSZ. Charge volume in the integration module is compared to the
volume of available pore space to determine the final probability distribution of in-place methane hydrates.

1. Spatial Redistribution Submodel

The spatial redistribution of the mass of methane produced in the generation model captures only “continuous”
movements. These are bounded by vertical migration upward in the cell in which the gas is generated; generated
gas is completely redistributed laterally based on a theory of dip-driven migration.

If gas migration is 100-percent vertical and methane stays in the cell where it is generated, then the charge map
is exactly the same as the generation map (see figure 31 for the mean volume of generation for Green Canyon).
This is the 100-percent vertical-migration end member of the spatial redistribution analysis. The wide areal
distribution of gas at the surface of the seafloor in the GOM study area suggests that there is a nontrivial
likelihood that some share of generated gas percolates from where it is generated straight to the surface.
Qualitatively, we presume that the shallower the generation in the section, the higher the probability that the gas
remains in the cell where it forms. Therefore, in the spatial redistribution submodel, the assumption of 100-
percent vertical migration fully determines the spatial distribution of generated gas.

a. Estimation of Migration Catchment Areas

Accepting the limitation that migration along faults and unconformities cannot be included because of lack of
data, the alternative to 100-percent vertical migration is that all gas generated is spatially redistributed along the
stratal dip. In the simplest model of dip-driven migration, all generated gas would be evacuated from structural
lows and redistributed to the structurally highest points in the study area. The magnitude of charge in the cells
on the structural highs would be a function of the hydrodynamic catchment areas surrounding them and the
volume of generation within the catchment.

Our model builds on this basic idea, with a modification based on empirical data on the spatial distribution of
hydrates and hydrate-indicator variables observed on and near the seafloor of the GOM. In adopting this
approach, the dip of the surface of the basement estimated by Shedd and Hunt is the basis for estimation of the
dip of sediments in the section that control migration. Unquestionably, local dip at any point in the stratigraphic
column can be different from the underlying dip of the basement because of faulting, unconformities,
compaction, and a host of other reasons. However, the salt-floored basement of the stratigraphic column of the
GOM study area is a dramatic and regionally dominant factor in determining stratal dip throughout the
sedimentary column of the study area.

Over large areas of the Florida platform and the abyssal plain in the GOM, depositional and allochthonous salt
are largely absent. Here, the dip expressed at the basement level is in most cases not conveyed through the
remainder of the sedimentary column. Catchment basins in these two geologic settings have been subjectively
identified by GOMR interpreters using seismic data analysis, and are not included in the dip-driven submodel
described below. Instead, cells within these catchment basins (see figure 33) are assigned a 100-percent vertical
migration coefficient.

The geometry of the basement surface is adopted here in the first step of the dip-driven migration submodel for
determination of catchment areas across the study area. A catchment is a mirror image of what a watershed is to
“migrating” rainwater over a topographic surface. For gas, migrating updip because of buoyancy, a catchment is
the union of all contiguous cells across which gas can move laterally without reversing dip (i.e., moving
downdip).
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Catchments in the GOM are estimated using a geographic information system (GIS), specifically, ArcGIS 9.1

(see figure 34). Two tools from the Toolbox of the Spatial Analyst extension were applied to the raster of
basement depth (measured in total vertical distance from mean sea level) prepared by Shedd and Hunt:

Top-Basement

Rast f
Top-Basement GIS Direacsti?)rng to
Structure — Flow Direction Steepest
Map Submodel Downslope

Neighboring Cell

Raster of
Hydrologic Hydrologic
Basin GIS Catchments 232MEp 29:: I
Submodel Based on Top- Iéoun?;ari:s
Basement

l

GIS
Spatial
Intersection

Assignment of
Each Cell to a
Catchment

Figure 34. Steps to create catchment areas for the dip-driven migration submodel based on the geometry

of the basement structure map.
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(1) Flow Direction. For an input surface grid (i.e., depth to top of basement), this tool returns a grid in
which each cell records as an attribute the azimuth from it to the cell which is its steepest down-slope
neighbor. Steepest descent/ascent is measured by the change in vertical value between neighboring cells
divided by the lateral distance between cell centers. The Flow Direction output grid is an input to the
Basin tool.

(2) Basin. From the input grid from the Flow Direction tool, this basin tool identifies ridge lines between
catchments and identifies the connected cells within them. For gas migrating updip, no gas would leave
the boundaries of catchment defined by the tool, as it would require downdip migration at the ridge lines
along the boundary to enter an adjoining catchment.

A catchment area identification (ID) variable is assigned to all of the cells in the study area by spatial
intersection within the GIS of the layer containing the catchment boundaries with the grid of 2.32 km” cells. The
catchment areas for Green Canyon are shown in figure 35 (as grey lines) superimposed on a map of the true
vertical depth to the top of the basement.
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Figure 35. Relation of depth to basement and catchment areas estimated for dip-driven migration
analysis. The boundaries of catchments run along ridge lines in the basement surface such that any gas
generated within a catchment would not migrate out of it based on dip-driven movement.
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As the catchments are deemed hydrodynamically isolated systems, the redistribution of gas in the dip-driven
migration submodel is conducted by catchment. For a single Monte Carlo trial, the value of total generation in
each cell is summed up in each catchment. This is the volume of gas to be redistributed across the cells in the
catchment based on a function of stratal dip in each cell of the catchment (see figure 36).
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Figure 36. A schematic of the connection between the summation of gas generation in a catchment to the
submodel that redistributes all generated gas in the catchment based on a function of dip.

b. 100-Percent Dip-Driven Redistribution of Methane Within a Catchment

Given that catchment areas are hydrodynamically independent, if all gas generated in a catchment area is
redistributed entirely by dip-driven migration, where would the gas concentrate to charge the HSZ? The gas
could accumulate simply in the structurally highest points in the catchment, or it could accumulate where the dip
of the cell is the highest in the catchment. However, discussions with members of the MMS-GOMR team lead to
the conclusion that the empirical distribution of both methane gas vents and observed hydrates is systematically
related to structure, but in a more nuanced fashion than these first two hypotheses suggest.

We posit the hypothesis that the focus of dip-driven gas charge in a catchment is a function of the curvature of

the strata in it (as measured by the top-basement surface). The first derivative of vertical distance on a three-

dimensional surface with respect to lateral distance of a transect on the surface is dip. The second derivative is
11

curvature.

There are three reasons for this approach:
(1) Empirically, the concentration of direct and indirect evidence of hydrates and gaseous venting of

methane at the seafloor appear on the “shoulders” of structural highs in the study area — not on their
crests.

"' The second derivative can be calculated in either the horizontal or vertical plane; here it is calculated in the
horizontal plane.
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(2) Coincident with the shoulders of structural highs, anecdotally, is a very high concentration of faults
associated with growth of salt diapers. Evidence of spatial correlation of methane flux with areas of high
positive curvature could be either because of stratal migration, the higher density of faults or, most
likely, the combination of the two.

(3) By using curvature, all cells with negative curvature represent the bottom of bowls and would be
evacuated of gas.

Computation of the curvature of the basement surface is done in ArcGIS with the Curvature tool in the Spatial
Analyst extension. The Curvature tool returns a grid of curvature values for each cell, which is then spatially
merged with the grid containing the cell catchment ID and the volume of generated gas for that Monte Carlo
trial. The map of curvature of the cells in the Green Canyon protraction area is shown in figure 37. Contour lines
of the total vertical depth to the top of the basement (from figure 35) are overlaid on the map of curvatures.
Comparing the two, it can be seen that the curvature variable is reflecting the rate of change in dip in the
basement surface (i.e., its second horizontal derivative).
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Figure 37. Estimated curvature of the true vertical depth to top of basement surface. Overlaid on the
curvature are contours of the true vertical depth of the top of the basement.

In the case where migration is 100-percent dip-driven, any cell in a catchment that has a negative curvature
would be devoid of gas, as it would have all migrated out. Therefore, in the model of dip-driven migration, all
negative-curvature cells are eliminated, and no dip-driven gas charge is assigned to them.

The total generation of gas in a catchment is then redistributed to cells with positive curvature. Curvature values
of all cells with positive curvature are summed over all cells in a catchment. The curvature value of each cell in
the catchment with positive curvature is divided by this catchment total positive curvature, assigning to each cell
the fraction of catchment total curvature belonging to that cell.

For the 100-percent dip-migration case, all gas generated in a catchment on a trial is redistributed to the
catchment’s cells with positive curvature in proportion to their curvature as a fraction of the total positive
curvature in the catchment. Cells with negative curvature get no gas in the 100-percent dip-driven case. The
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algorithmic procedure for generating 100-percent dip-driven redistribution of gas in a catchment is shown in
figure 38.

Top-Basement

Top-Basement Plan-View Curvature
Structure —( Surface Curvature Raster Value
Map GIS Submodel Assigned to
Each Cell
Assignment of GIS Merged

Catchment ID
with Curvature
Value for Each

Spatial
Intersection

Each Cellto ———»
a Catchment

Cell
Total ‘/
Sum Positive Positive Divide Cell
Cell Curvatures within Curvature Curvature by
Catchment within a Catchment Total
Catchment

(Positive Curvature)
Cell’s Fractional

Share of Total \
Catchment Curvature

Catchment Total
Generation for a
Trial

Multiply Catchment
Total Generation by
Cell Curvature Share

100% Dip-Driven
Migration Volume
for a Cell

Figure 38. Algorithm for assigning 100-percent dip-driven charge to a cell.

c¢. Mixing Ratio for Vertical vs. Dip-Driven Migration

While the analysis of 100-percent dip-driven charge and 100-percent vertical charge represent end members of
laterally continuous migration processes, they offer no guidance to what mixture of these two processes best
represents the state of nature in the study area.

As a first approximation to a mixing ratio of vertical to dip-driven, the results of both scenarios were compared
to the location of the surficial seismic anomalies mapped by Shedd and Hunt. In a test study performed with
unbuffered seismic anomaly polygons in the Garden Banks protraction area, the anomaly polygons were
overlaid on the 100-percent vertical and 100-percent dip-driven migration maps to determine which of the two
scenarios provided more gas to the cells covered by anomaly polygons.
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In the Garden Banks test case, anomaly polygons received a greater charge using the 100-percent dip-driven
case 59 percent of the time; 41 percent were more fully charged in the vertical migration case. A mixing ratio of
60/40 dip-driven migration is adopted for this phase of the study.

The mixing ratio is considered to be an uncertain quantity. We assign a normal distribution with a mean of 0.6
and a standard deviation of 0.10 to it. In each Monte Carlo trial, a sample is drawn from this distribution

(i.e., the mixing ratio) and multiplied by the distribution of dip-driven migration for that cell. The mixing ratio
of one minus that value is multiplied by the vertical migration (generation) distribution for that cell to produce a
distribution of (mixed-migration mechanism) charge to the cell. The mapped results, which assume 100-percent
migration efficiency, are shown in figure 39.
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Figure 39. Estimated mean charge, based on 60/40 dip-driven/vertical migration ratio, in Green Canyon.

2. Migration Efficiency Submodel

Migration efficiency is defined here to be the fraction formed by dividing the volume of gas available to charge
the HSZ by the volume of gas generated. For each catchment area, a numerator and a denominator are modeled
as a hydrodynamically isolated system. As this definition of migration efficiency is non-spatial, it is used to
estimate charge for all cells in a catchment independent of the spatial migration model described earlier. Since
methane that passes through the HSZ in gas phase is not available to form hydrates, our migration efficiency
parameter implicitly includes trapping, or retention efficiency.

The nature of migration efficiency of oil and gas in conventional hydrocarbon resource assessment has been
debated for decades. There is very little consensus about migration efficiency of oil and even less agreement
(and understanding) of the efficiency of gas migration. As a result, there is no rich set of analog analyses that
informs how much biogenically generated methane in a catchment will be available to form methane hydrates.

We believe that migration efficiency of a system that ends in methane reservoired in hydrate form is greater than
the migration efficiency of a conventional system in which methane is reservoired in gas phase. The reason is
that hydrate accumulations are, at least to some extent, self-sealing; they are volumetrically less dependent on a
competent lithologic top-seal to retain methane in the reservoir. We have no quantitative control on the factor by
which hydrate self-sealing improves the retention efficiency of methane in gas phase.

The migration efficiency of conventional hydrocarbon systems serves as a starting point for estimating this
parameter for hydrates in the GOM. In this assessment, the starting point is two narrow studies of conventional
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oil and gas resources on the GOM shelf. The first is a proof-of-concept analysis, which examines migration
efficiency for two GOM shelf plays. The second study, performed by personnel in the MMS-GOMR office,
expands and improves the initial analysis.

a. Migration Efficiency Analysis for Two Conventional Shelf Plays

The MMS, as part of its assessment responsibilities, has defined several dozen aggregates of oil and gas
accumulations on the GOM shelf that it calls “plays.” For each play, MMS defines two geographic boundaries:
the “play limit” and the “hydrocarbon limit” (see figure 40). The former defines the area within which
hydrocarbons reservoired in the play’s principal reservoir facies are expected to exist. For that reason, the play
limit is also known as the “sand limit,” outlining the areal extent of the facies that defines the play (e.g., Middle
Pleistocene Progradational).

The hydrocarbon limit is the subset of the play area where mobile hydrocarbons have been found. There is no
exact definition of how far from a discovered accumulation the hydrocarbon limit is set; it usually lies within a
1- to 3-mile outboard of the peripheral fields of the play. Nevertheless, within the hydrocarbon limit, there is
ample empirical evidence that necessary and sufficient conditions for conventional, recoverable oil and gas
accumulations are met.

The objective of the analysis is to compare the area in which a play’s hydrocarbons are assumed to have been
generated to the area occupied by discovered and estimated undiscovered accumulations. Assuming that the
thickness of the saturated section in all accumulations and in the area between them in a play is relatively
uniform, the ratio of area charged to area of generation produces a first-order estimate of migration (and
trapping) efficiency.

The basic data for analysis of the Middle Miocene 7 Progradational (MM7P) play and the Middle Pleistocene
Progradational (MPLP) play are given in Table 4 and Table 5, respectively. Two approaches are adopted for
estimating the numerator—the area charged in conventional oil and gas accumulations. Two approaches are also
adopted in estimating the denominator—generation area.

For the numerator, the more conservative approach is to sum the areas of discovered pools reservoired in the
play and “gross up” this sum for estimation of the sum of the areas of undiscovered pools. The less conservative
approach is to take the areas of entire fields that fall within either the hydrocarbon limit or play limit. For the
denominator, the more conservative approach is to use the area defined by the play limit; the less conservative
approach is to do the same using the hydrocarbon limit.
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Figure 40. Outlines of hydrocarbon limit and play limit for the Middle Pleistocene Progradational
(MPLP) play. The areal extent of discovered commercial accumulations in the MPLP play are shown as
blue polygons.

These two approaches yield estimates of migration efficiency for conventional resources for the two plays,
ranging from approximately 2 percent to 11 percent. The high end of this range aligns with commonly expressed
anecdotal ranges for hydrocarbon migration/trapping efficiency. As expected, the “tighter”” hydrocarbon limit in
the denominator leads to a higher estimated efficiency.

b. Broader Analysis of Shelf Play Migration Efficiencies

Personnel from the MMS office in New Orleans applied the analysis to a total of 27 plays. They provide
estimates of migration/trapping efficiency for each of these plays, using two variants of play definitions. Their
methodology generally follows that described above; details are provided by the MMS authors in Appendix F.

Results of the MMS migration/trapping efficiency study are shown in Table 6 and Table 7. The MMS team uses
both aggregated and unaggregated play definitions (see Appendix F) and does not account for the area that
would be occupied by estimated undiscovered hydrocarbons in each play. As a consequence, their estimates of
efficiency are lower than the field-level analysis presented for the MM7P and MPLP plays. Moreover, their
analysis does not expand the value of the numerator in the efficiency fraction to include the area of entire fields
(as in the field-level analysis above), but stays with the stratigraphically consistent practice of including only
areas of pools that are reservoired in the facies that defines the play.
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Table 4
MM Progradational Play — Migration/Trapping Efficiency Analysis

Variable | Value | Units
Play Area Data
Area of hydrocarbon limit 8.32x 10’ m’
Area of play limit 3.59x10" m’
Pool Level Analysis
Number of pools in play 71
Discovered estimated ultimate recovery 1.59x 10° BOE
BOE recovery factor 0.48
Area of discovered pools 5.71x 10° m’
Discovered in-place hydrocarbons 3.31x 10’ BOE
Discovered in-place (pool) plan-view density 5.79 BOE/m’
Mean undiscovered hydrocarbons 1.7x 10° BOE
Estimated reserve appreciation 3.1x10° BOE
Estimated unproved reserves 1.0x 10° BOE
Anticipated total future reserve additions 4.8x10° BOE
Anticipated in-place hydrocarbons (based on RF=0.48) 1.00 x 10° BOE
Percent total discovered 77 %
Discovered + anticipated in-place hydrocarbons 431x10° BOE
Area of discovered + anticipated in-place (pool) 7.44x 10° m’
Efficiency (pool) based on hydrocarbon limit 8.94 percent
Efficiency (pool) based on play limit 2.07 percent
Field Level Analysis
Number of fields within play limit 192
Area of 192 fields 1.14x 10’ m’
Field proved+appreciation+unproved 8.37 x 10’ BOE
Discovered in-place hydrocarbons (based on RF=0.48) 1.74x 10" BOE
Discovered field in-place plan-view density 15.26 BOE/m’
Undiscovered field in-place (for 77% discovered) 5.20x 10’ BOE
Field total in-place (disc’d + anticipated) 2.26x 10" BOE
Area of discovered+anticipated in-place (fields) 1.48 x 10° m’
Efficiency (field) based on play limit 4.12 percent
Number of fields in hydrocarbon limit area 84
Area of 84 fields 6.82 x 10° m’
Field proved+appreciation+unproved 5.15x 10’ BOE
Discovered in-place hydrocarbons (based on RF=0.48) 1.07 x 10" BOE
Discovered field in-place plan-view density 15.68 BOE/m’
Undiscovered field in-place (for 77% discovered) 3.19x 10’ BOE
Field total in-place (discovered + anticipated) 1.39x 10" BOE
Area of discovered+anticipated fields (in-place) 8.85x 10° m’
Efficiency (field) based on hydrocarbon limit 10.65 percent

Note: RF = recovery factor
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Table 5

Middle Pleistocene Progradational Play — Migration/Trapping Efficiency Analysis

Variable | Value | Units
Play Area Data
Area of hydrocarbon limit 2.32x10" m’
Area of play limit 5.13x10" m’
Pool Level Analysis
Number of pools in play 169
Discovered estimated ultimate recovery 291x10° BOE
BOE recovery factor .54
Area of discovered pools 6.90 x 10° m’
Discovered in-place hydrocarbons 5.39x 10° BOE
Discovered in-place (pool) plan-view density 7.81 BOE/m’
Mean undiscovered hydrocarbons 3.96 x 10° BOE
Estimated reserve appreciation 9.07 x 10° BOE
Estimated unproved reserves 4.0x10° BOE
Anticipated total future reserve additions 1.31x 10’ BOE
Anticipated in-place hydrocarbons (based on RF=0.54) 2.42x10° BOE
Percent total discovered 69 %
Discovered + anticipated in-place hydrocarbons 7.81x 10° BOE
Area of discovered + anticipated in-place (pool) 9.89 x 10° m’
Efficiency (pool) based on hydrocarbon limit 4.26 percent
Efficiency (pool) based on play limit 1.92 percent
Field Level Analysis
Number of fields within play limit 389
Area of fields 2.0x 10° m’
Field proved+appreciation+unproved 2.47x10" BOE
Discovered in-place hydrocarbons (based on RF=0.54) 4.57x 10" BOE
Discovered field in-place plan-view density 22.87 BOE/m’
Undiscovered field in-place (for 69% discovered) 2.05x 10" BOE
Field total in-place (discovered + anticipated) 6.62 x 10" BOE
Area of discovered+anticipated in-place (fields) 2.89x 10° m’
Efficiency (field) based on play limit 5.63 percent
Number of fields in hydrocarbon limit area 216
Area of fields 1.32x 10° m’
Field proved+appreciation+unproved 1.78 x 10" BOE
Discovered in-place hydrocarbons (based on RF=0.54) 3.29x 10" BOE
Discovered field in-place plan-view density 24.92 BOE/m’
Undiscovered field in-place (for 69% discovered) 1.48 x 10" BOE
Field total in-place (discovered + anticipated) 4.77x 10" BOE
Area of discovered+anticipated fields (in-place) 1.91 x 10° m’
Efficiency (field) based on hydrocarbon limit 8.23 percent

Note: RF =recovery factor
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Table 6
Estimates of Accumulation Density for 18 Unaggregated GOM Shelf Plays

Play Play Area Formation Sand Formation/Play
(Acres) Area (Acres) Percentage
Corsair 1,359,465 78,962 5.81%
Upper Lower Miocene Aggradational 2,674,046 14,195 0.53%
Middle Lower Miocene Aggradational 1,587,594 16,068 1.01%
Middle Middle Miocene Retrogradational 2,608,130 79,050 3.03%
Lower Middle Miocene Retrogradational 4,885,286 84,304 1.73%
Upper Middle Miocene Aggradational 4,524,371 6,247 0.14%
Middle Middle Miocene Aggradational 4,573,674 11,062 0.24%
Lower Middle Miocene Aggradational 1,557,947 9,125 0.59%
Upper Upper Miocene Progradational 21,793,502 1,119,748 5.14%
Lower Upper Miocene Progradational 15,833,259 420,873 2.66%
Upper Pliocene Progradational 24,317,741 658,207 2.71%
Lower Pliocene Progradational 19,000,501 380,582 2.00%
Upper Pliocene Aggradational 13,552,583 103,439 0.76%
Lower Pliocene Aggradational 6,369,109 54,743 0.86%
Middle Pleistocene Progradational 13,095,638 106,133 0.81%
Lower Pleistocene Progradational 16,096,425 661,425 4.11%
Middle Pleistocene Aggradational 9,203,389 122,886 1.34%
Lower Pleistocene Aggradational 15,446,771 156,319 1.01%
Table 7
Estimates of Accumulation Density for 9 Aggregated GOM Shelf Plays
Play Play Area Formation Sand Formation/Play
(Acres) Area (Acres) Percentage
Pleistocene Aggradational 15,446,771 319,378 2.07%
Pleistocene Progradational 16,096,425 773,572 4.81%
Pliocene Aggradational 13,557,583 158,182 1.17%
Pliocene Progradational 25,751,079 1,039,059 4.04%
Upper Miocene Progradational 21,962,976 1,540,621 7.01%
Middle Miocene Aggradational 4,723,434 26,434 0.56%
Middle Miocene Retrogradational 5,933,524 163,354 2.75%
Lower Miocene Aggradational 3,053,840 30,263 0.99%
Corsair 1,359,465 78,962 5.81%

c. Estimation of Distribution of Migration Efficiency

Although both studies employed to determine migration efficiency are enlightening, neither answers the
question: “What fraction of generated methane will be reservoired and retained as hydrates?” Because both
studies include only conventional oil and gas accumulations, we assume that the fields and reservoirs studied are
sourced principally by thermogenically generated hydrocarbons. In contrast, while we postulate that most
biogenic gas is generated within the top 2 km of section below the seafloor, thermogenic hydrocarbons can be
generated at depths two to three times as deep.
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Because migration efficiency includes the loss of gas in vertical migration between the point of generation and
the HSZ, the deeper the source of generation, the greater the presumed loss en route. This alone leads us to
expect that the migration efficiency of biogenic gas charging the HSZ is substantially higher than the efficiency
of thermogenic gas traveling a much greater vertical distance.

Additionally, unlike conventional oil and gas accumulations in the GOM, methane reservoired in hydrate form
provides at least some self-sealing, obviating the need for a competent lithologic top-seal for a trap to form.
Because of this, the highest possible migration efficiency for biogenic gas generated proximate to or even in the
HSZ and migrating only a short distance in gas phase before being trapped (permanently?) in the HSZ is

100 percent.

On the other hand, there is no reason to believe that the migration/trapping efficiency for biogenic gas charging
hydrates in the HSZ would ever be lower than that observed for conventional hydrocarbons.

The entire GOM hydrate assessment team met several times to discuss the range of migration efficiencies.

The most likely value of migration efficiency adopted is several times higher than the mid-point of the range of
efficiencies for conventional oil and gas discussed above. The final distribution, combining migration and
trapping efficiencies into a single factor, is modeled by a beta distribution. The parameters of it are

(a=4, B=10), the mean is 0.286, the mode is 0.25, and the standard deviation is 0.117. The distribution is
shown in figure 41.

In summary, there is a good geologically based rationale for assuming that migration efficiencies for gas hydrate
are substantially greater than conventional oil and gas migration efficiencies, but no measurable data that
confirms it. Until such data become available, we are forced to rely on expert judgment. The distribution shown
in figure 41 encodes the expert opinion reached after these discussions.
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Figure 41: Probability distribution for the migration/trapping efficiency parameter.

C. Thermogenic Charge

The treatment of thermogenic charge to the shallow section is pure ad hockery, but, we believe, ad hockery that
has a sound scientific basis. As stated earlier, a mass of thermogenically-generated methane per cell was not
calculated. However, we assume that if the flux of methane entering the shallow section from below
(presumably along fault planes) is large enough for it to vent to the surface, there is little possibility of the
hydrate systems in these cells to be charge-limited. Therefore, thermogenic charge in this preliminary analysis is
strictly limited to cells that are coincident with the surficial seismic anomalies described in Chapter I11.
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Thermogenic charge for surficial anomaly cells is handled in the last step of the analysis, after the determination
of the accommodation space available in the net HSZ. For all cells within the bounds of anomalies, the
estimated accommodation space is completely filled with thermogenic gas.

Many authors (e.g. Milkov and Sassen, 2001) have recognized the presence of thermogenic gas hydrate
accumulations in the GOM, especially in the vicinity of active seafloor seeps. While not included in this initial
release, the MMS plans to model thermogenic gas generation in the future as the hydrate assessment model is
modified and improved.

Container Module

The study area’s rock volume that is a candidate for formation of natural gas hydrates is estimated in two steps.
First, we employ a model to estimate the “gross” HSZ. The gross HSZ covers that volume of rock in which
pressure, temperature and salinity conditions permit the formation of hydrates, if available pore space and
sufficient hydrocarbon charge are present. Second, we then remove a layer of the gross HSZ, starting at the
seafloor and extending downward. In this layer, saturation of methane in ambient waters is believed to be below
100 percent. Where formation waters are undersaturated, hydrates will not form. Here we call a layer in which
this condition is present the “undersaturated zone” (UZ). The gross HSZ, minus the UZ yields the net HSZ.

A. Estimating the Thickness of the Gross Hydrate Stability Zone

Estimation of the gross HSZ is based on a basic relationship described by Milkov and Sassen (2001) (hereafter
referred to as M/S). Their fundamental equation is an implicit function in which two relationships are set equal
to each other to establish a phase boundary in temperature and pressure. For pressures less than that at the phase
boundary and, simultaneously, temperatures greater than that at the phase boundary, methane will occur in gas
phase. At pressures greater than the boundary and, simultaneously, temperatures below the boundary, methane
molecules are trapped in frozen water molecules, forming hydrates.

Pressure at a point on or below the seafloor is taken to be a function of its depth below mean sea level (i.e.,
water depth plus depth below seafloor). Temperature at that point is the sum of temperature at the seafloor plus
depth below seafloor times the geothermal gradient. Both seafloor temperature and geothermal gradient are
taken by M/S to be functions of water depth, as shown in their notation in Eq. (2.1).

Eq. (2.1) is solved for a value of C, the depth below the seafloor at which ambient temperature and pressure are
equal to the value of the phase stability expression. This depth marks the bottom (in meters below seafloor,
mbsf) of the gross hydrate stability zone and thereby defines its gross thickness. If pressure is too low and/or
temperature to high in any cell, the thickness of the gross HSZ will equal zero, and no hydrates are expected.

Milkov and Sassen provide three versions of their basic stability equation. The parameters of the phase stability
expression in Eq. (2.1) are dependent on the chemical composition of the gas entering hydrate form. The version

shown in Eq. (2.1) has the parameters for a gas which is 100-percent CHy:

2.1) fiB) =-(-9.6x In(B) + 88.4) x C/1000—295.1 x B"* + 8.9 x In(C + B) - 50.1

- | AN J
v . Y Y
geothermal gradient water bottom phase stability
temperature expression
_ %
—~

sediment temperature expression
where,

B = water depth in meters
C = thickness of the hydrate stability zone in meters
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Milikov and Sassen use a standard Newton-Raphson algorithm to solve Eq. (2.1) numerically.

The solution to Eq. (2.1) is an estimate of C, the thickness of the HSZ, for a given water depth. In addition to the
parameter values in Eq.(2.1), M/S provide phase stability parameters for gas of 95.6-percent and 90.4-percent
methane.

In this study, the basic analytic expression Eq. (2.1) for determination of the gross HSZ is modified in several
important ways:

(1) The M/S approach does not include the influence of local salt on either sediment temperatures or on
pore water salinity (which moves the phase stability boundary).

(2) The expression for water bottom temperature is replaced with what we believe to be an improvement of
M/S Eq. (2.1).

(3) As it is impossible to validate independently M/S’ hypothesized representation in Eq. (2.1) of
geothermal gradient as a function of water depth, we replace it with a new representation.

(4) The M/S approach is deterministic while our approach is stochastic; here, some parameters in M/S
Eq. (2.1) are regarded as uncertain quantities to which we assign probability distributions.

Our version of Eq. (2.1) is described below.
1. Influence of Local Salt

In the GOM, particularly across the slope, salt plays a major role in tectonics and the distribution of sediments
on a large scale. On a local scale, the presence of salt impacts pore water chemistry and local sediment
temperature. This chemical impact arises through the dissolution of salt at the face of the salt body and its
transport away from the salt body by diffusion and through fluid flow. For all points in the section below the
seafloor, where salinity exceeds ocean salinity, the phase stability boundary for hydrates shifts. When this
happens, the quantity of salt in pore waters above ocean salinity reduces the temperature at which hydrates will
form (for a given pressure), making the gross HSZ thinner than it would be otherwise.
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For this phase of the analysis, four assumptions are made about the relationship between pore water salinity and
distance from a salt body (Bruno and Hanor, 2003; Hanor, 2004; Hanor, 2007).

(1) Salinity declines as a linear function of the distance from the salt body (Eq. (2.2)).

(2) The probability distribution of pore water salinity at the salt body face (i in Eq. (2.2)) is assigned a
normal distribution with a mean of 215 parts pr thousand (ppt) and a standard deviation of 58 ppt.'*

(3) The derivative of salinity with respect to distance from the salt face is assigned a normal distribution,
with a mean of 0.11 and a standard deviation of 0.07."

(4) The derivative of hydrate stability temperature with respect to salinity (in parts per thousand) is 22.7."

The additive influence of local salt on pore water salinity (above ambient 35 ppt) and therefore on the phase
stability temperature is modeled as:

(22) A= (u-(n*SALT))/22.7

where,

A= the reduction in phase stability temperature (in °C) due to pore water salinity greater than
ambient because of the presence of local salt.

pn= pore water salinity at the salt face, in ppt.

n= reduction in additional pore water salinity due to presence of local salt as a function of distance

from salt, in ppt per meter of distance.

SALT = distance from salt, in meters. The distance from salt is taken as the vertical distance between
the seafloor and top of salt.

The term A is subtracted from the phase stability expression in Eq. (2.1) to account for the influence of local salt
on hydrate stability, by raising pore water salinity.

"2 Note that the purpose of this function is to describe pore water salinity due to local salt above ambient levels,
assumed to be 35 ppt. The mean of the distribution of pore water salinity at the salt face is actually 250 ppt — or
215 ppt above ambient; the fractiles of the normal distribution of { and the specification of n have a similar
offset. The standard deviation is based on subjective estimates of the 10-percent and 90-percent fractiles of the
distribution (140 ppt for the low and 290 ppt for the high) gleaned from the articles reviewed.

" The 10-percent and 90-percent fractiles for the distance from a salt body at which salinity returns to ambient
are estimated to be 905 m and 4,114 m respectively.

' The 22.7 is derived by running the Sloan (1998) program with varying temperatures and NaCl:

%NaCl/°C 0 2 4 6 8 10
0 2.55 3.18 3.85 4.67 5.68 6.95
3.5 3.03 3.66 4.44 541 6.62 8.14
10.5 4.24 5.18 6.34 7.82 9.73 12.22
17.5 6.91 8.60 10.83 13.79 17.76 23.02
24.5 15.88 20.87 27.41 35.65 45.70 57.61
31.5 64.66 80.20 97.83 117.58 139.49 163.58
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Local salt also raises local sediment temperatures. Compared to surrounding sandstone and shale, salt is a
differentially effective conductor of heat. The temperature field at the top of the salt body is warped by the
increase in heat conducted into surrounding sediments. Following O’Brien and Lerche (1988), the decrease in
sediment temperature, as a function of increasing distance from salt, is modeled as shown in Eq. (2.3)):

Therefore, the following functional form was employed to account for the influence of local salt on sediment
temperature.

(23) &= CSALT)”

where,

€ = the increase in sediment temperature in a cell, above the sum of the geothermal gradient and
water bottom temperature, as a result of the presence of local salt. It is expressed as a
multiplicative factor, where 1 equals no influence.

€= the increase in temperature above ambient, at the salt face, in degrees C.

n= the reduction of the influence of salt on heat as a function of distance from salt, in degrees C

per /n(distance from salt in meters).

SALT = distance from salt, in meters. Here the distance from salt is taken as the vertical distance
between the seafloor and top of salt.

We assume that the increase in geothermal gradient (over ambient) at the salt face is uncertain and assign a
normal distribution to it. O’ Brien and Lerche’s (1988) analysis and data suggest that heat at the salt face ({) can
be reasonably modeled as a normally distributed uncertain quantity with 10-percent/90-percent fractiles at 1.12
and 1.35 times ambient, leading to a normal distribution with a mean of 1.23 and a standard deviation of 0.09.

The same figures suggest that the rate of decline in the influence of local salt on sediment temperature (1)
reaches ambient temperature at an uncertain distance from local salt; this distance is an uncertain quantity to
which a Normal distribution is assigned. The 10- to 90-percent fractile interval for this uncertain quantity is
1,600 m to 2,400 m so that it possesses a mean of 2,000 m and a standard deviation of 312.2 m (the rate of
decline parameter is assigned a Normal distribution with a mean 0.03 m and a standard deviation of 0.002m).

The expression in Eq. (2.3) enters the final phase stability equation multiplicatively.
2. Geothermal Gradient

Milikov and Sassen’s original equation for gross HSZ thickness relies on a functional relationship between
geothermal gradient and water depth. Data available to us in this phase of the project do not empirically support
that relationship. Our data set consists of estimates of geothermal gradients and heat flows from commercial oil
and gas wells drilled in the study area (referred to below as the Texas Tech data (Jones, 2003).

The Texas Tech dataset includes 62 wells drilled on the GOM slope. Of the total, 8 provide a geothermal
gradient, expressed in degrees Celsius per kilometer (°C/km) of depth. The remaining 54 report heat flow,
expressed in milliwatts per square meter.

The Texas Tech observations recorded as heat flow are converted to geothermal gradient by multiplication of
heat flow by 1.1. This conversion is based on a regression analysis of paired observations of heat flow and
geothermal gradient from the “Global Heat Flow Database” of the International Heat Flow Commission.'’ The

' The data from the “Global Heat Flow Database” are available at http://www.heatflow.und.edu/index2.html.
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data base contains 8,272 marine observations, of which 6,815 include estimates of both heat flow and
geothermal gradient. The data and regression of geothermal gradient on heat flow are shown in figure 42.
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Figure 42. Relationship between geothermal gradient and heat flow from a database of observations on
both measures taken from 6,815 marine observations from the “Global Heat Flow Database”.

On inspection of the Texas Tech data mapped in figure 43, there is no obvious spatial correlation of geothermal
gradient and water depth. Regression of these same data on water depth display no trend; the estimated slope
coefficient is practically zero, as is the R?, and the correlation coefficient from the 62 Texas Tech points is 0.016

(see figure 44). While a regression of geothermal gradient on water depth that displays a negative slope can be
teased from the Texas Tech data, the regression coefficients are statistically insignificant.

The Texas Tech geothermal gradient data, based on 62 wells, has a mean of 40.7 °C/km below seafloor, with a
standard deviation of 16.06. The geothermal gradient in our model, G, is represented by Eq. (2.4).

24 G=14+76(X)
where,
x is a random variable following a beta distribution.

The parameters of the beta distribution on X in Eq. (2.4) are alpha = 1.43 and beta = 2.66'®. A histogram of the
data and scaled fitted density plot are shown in figure 45.

1 See Evans et al. (2000) for a complete description of the beta and other statistical distribution.
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Figure 43. Texas Tech geothermal gradient data against (semitransparent) water depth. There is no

obvious spatial correlation between water depth and geothermal gradient.
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Figure 44. Scatter plot showing an absence of a statistically significant relationship in the 62 Texas Tech
data points on geothermal gradient and water depth.
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Figure 45. Raw Texas Tech geothermal gradient data (vertical bars) and fitted beta distribution (line).

3. Water Bottom Temperature

The data used in the analysis of water bottom temperature (WBT) is a combination of 18 vertical profiles
obtained from MMS and data from the Johnson Sea Link Dive (Nowlin et al., 2001). The range of water bottom
depths from the MMS data is 983.0-2,380.0 m, while the range from the Johnson data is 204.8-908.3 m. The
Johnson data were added to obtain information at shallower depths. The form of the model and parameter
estimates is shown in Eq. (2.5).

25)  WBT=a@"”)+c+v

where,

WBT = water bottom temperature in degrees Celsius
WD = water depth in meters

a, b and c are parameters to be statistically estimated
L = error term.

The nonlinear least squares regression estimates of parameters a, b, and ¢ are shown in Table 8.

Table 8
Parameter Estimates for Eq. (2.5)

Parameter Estimate Std. Error t-value Pr(>|t)
a 18.2324697 1.2948229 14.08 9.51e-16
b -0.0031360 0.0001908 -16.44 <2e-16
c 4.1009028 0.1239134 33.09 <2e-16

Residual standard error is 0.4425 on 34 degrees of freedom and is assumed to be normally distributed. Residual

standard error can be specified in the software system associated with this analysis.
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4. Gas Chemistry

Milikov and Sassen’s equation (Eq. (2.1)) describes a phase stability relationship for natural gas hydrates; in
addition, they provide three sets of values for the slope (6 in Table 9) and intercept (y in Table 9) terms of the
phase stability expression. These three parameter pairs correspond to phase stability at three distinct levels of
methane as a percent of total gas.

Dr. Roger Sassen, Geochemical and Environmental Research Group (GERG) at the Texas A&M University,
also provides a set of 340 observations based on box and shallow piston cores taken over the study area. These
include chemical analyses of the hydrocarbons found in the samples as well as the percent of gases that are
methane. These data are intersected with the Shedd and Hunt polygons representing surficial seismic anomalies
to determine which of the GERG samples lies in an anomaly polygon (on-anomaly) and which lie outside an
anomaly polygon (off-anomaly).

Two different distributions on percent methane are fit to the GERG data: one for anomaly areas and one for all
areas outside anomalies. The empirical distribution of raw data from both classes, and the fitted distributions
that represent them in the model, are shown in figure 46 and figure 47.

Table 9
Parameters for Phase Stability Expression in Eq. (2.7)

Methane Content (%) Y 0
100 -50.1 8.9
95.9 -33.9 7.1
90.4 -27.6 6.7

This yields a matrix of four distributions for four parameters: distributions on y and é for on-anomaly cells and y
and ¢ for off-anomaly cells. These, in turn, are used to derive the values for the terms in Eq. (2.6)

.6)  ((KIn(HSZthnk + WD) - y
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Figure 46. Raw data on (decimal) percent methane gas from samples located in cells identified as surficial
seismic anomalies. Fitted beta distribution shown as red line.

The mean of the 155 samples taken in on-anomaly cells is 0.9423. The beta distribution fitted to the raw data for
on-anomaly samples is o= 1.793034; p = 0.1097103.
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Raw data and fitted distribution for the samples obtained in cells not associated with surficial seismic anomalies
are shown in figure 47. The mean of the 185 raw data points is 0.899. The beta distribution fitted to the raw data
for off-anomaly samples is o= 1.2379019; B =0.1391137.
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Figure 47. Raw data on (decimal) percent methane gas from samples located outside cells identified as
surficial seismic anomalies. Fitted beta distribution shown as red line.

The data on the distribution of percent methane were rescaled to produce estimates of y and 6 in Eq. (2.6) for
both anomaly and off-anomaly cells. The rescaling for all four parameters is given in table 10.

Table 10
Rescaling of Gas Chemistry Beta Distributions
Location Parameter Scaling Equation Final
On-Anomaly Y y~1 x beta(1.793034,0.10971)+33.47 34.41
On-Anomaly 5 6~2 x beta(0.10971,1.793034)+7.18 7.3
Off-Anomaly Y y~1 x beta(1.237902,0.139114)+23.66 24.56
Off-Anomaly 5 6~2 x beta(0.139114,1.237902)+6.15 6.35
Location Parameter | Beta means pl p2 p3 p4

On-Anomaly 0.942341 1.793034 0.10971 33.46766

0.057659 0.10971 1.793034 7.184682

Y

)
Off-Anomaly Y 0.8989745 1.237902 0.139114 23.66103
Off-Anomaly o 0.1010255 0.139114 1.237902 6.147949

On-Anomaly

N = [N [—
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5. Specification of Final Model for Estimating the Gross HSZ

To accommodate the changes discussed above, the original M/S equation (Eq. 2.1) was re-written in the
following form:

27) (WD) = -{(GTG x &) x HSZthk/1000}- {ae” P+ ¢ + v }+{(& x In(HSZthk + WD) - 7)-1}

_ J v )~ —~ _J
geothermal gradient water bottom phase stability expression
expression temperature
— _/
~
sediment temperature expression

where,
WD = water depth in meters
GTG = geothermal gradient, in °C/km
e = multiplicative term for the influence of local salt on sediment temperatures
HSZthk =thickness of the hydrate stability zone in meters
0 = slope of phase stability equation
y = intercept of phase stability
v = error of water bottom temperature equation
A = additive term for the influence of local salt (via salinity) on phase stability temperature.

Where the calculated value of A was < 1.5, it was set to 1.5 (to reflect the impact of ambient 35
ppt salinity)
a, b and ¢ = parameters of water bottom temperature equation

Eq. (2.7) is solved by Newton-Raphson for implicit equations. It requires that the derivative of f{WD), with
respect to the only independent variable (WD) in Eq. (2.7) be specified:

2.8)  df((WD)/dWD = -((GTG x £)/1000) + ( 5/ (HSZthk + WD))

Mean values of the gross HSZ generated for the Green Canyon (GC) by a solution to Eq. (2.7) are shown in
figure 48, where bathymetry is overlaid on HSZ thickness. The distributions of gross HSZ thickness for GC (by
cell) are shown in figure 49. The direct relationship between water depth and gross HSZ thickness is shown in
figure 50. The results show that, as expected, as water depth (and therefore pressure) increases, so does the
thickness of the gross HSZ. The results also show that gross HSZ calculated in anomaly cells (gas composition
drawn from figure 46) has the capacity to be thicker than the gross HSZ calculated in non-anomaly cells (gas
composition from figure 47). Other authors have shown the stability zone thickness of thermogenic gas hydrate
in the GOM to be significantly thicker than that of biogenic gas hydrate (Milkov and Sassen, 2001).
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Figure 48. Mean thickness (meters) of the gross hydrate stability zone for Green Canyon.
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Figure 49. Relative frequency distribution of the mean thickness of the gross HSZ in Green Canyon
(mean thickness = 233 meters).
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Figure 50. Mean gross HSZ thickness vs. water depth in Green Canyon. Pink series is from surficial
anomaly cells; blue series from non-anomaly cells (units in meters).

Figure 51 shows the relationship between gross HSZ thickness and (vertical) proximity to salt. Development of
gross HSZ thickness is systematically retarded by the proximity of salt, in some cases eliminating the gross HSZ
entirely when salt intrudes the pressure/temperature field in which the HSZ could otherwise form. Figure 52
provides a map view of this relationship by comparing isobaths (red lines), contours of depth to top of salt
(black lines), and gross HSZ thickness (color fill). The gross HSZ thins over shallow salt intrusions, which,
given water depth, would have thicker gross HSZ.

600

500

400 -

\
J

300 -

HSZ Thick (m

200 -

100 S

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000

Vertical Distance from Salt (m)

Figure 51. Mean gross HSZ thickness vs. (vertical) distance from salt in Green Canyon (units in meters).
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Figure 52. Influence of shallow local salt (thinning the gross HSZ) exceeding the influence of water depth.
Example from the GB study area.

B. Estimating the Net Hydrate Stability Zone

These estimates of the gross HSZ thickness take into account pressure, temperature, and salinity. They define
the candidate rock volume over which the ambient temperature, pressure, and salinity parameters allow hydrates
to form, given void space in the sediment and saturation of methane in formation waters. They do not, however,
take into account the influence of activities that extend downward from the seafloor, including the reduced
concentration gradient from undersaturated ocean waters and biologic sulfate reduction activity. These processes
drive methane concentration below saturation, preventing hydrates from forming. In some cases, this is not for
lack of charge, but because “excess” charge from below is being biologically consumed in a process that
excludes hydrate formation.

The area of active sulfate reduction by biologic action ranges from zero to roughly 25 m below the seafloor.
However, to a depth ranging from 10’s to 100’s of meters beneath the depth of the sulfate reduction zone itself,
methane saturation may remain below 100-percent saturation, inhibiting hydrate formation. The vertical
thickness from the seafloor downward over which methane saturation is less than 100 percent is referred to here
as the undersaturated zone (UZ). By eliminating the UZ from the top of the gross HSZ, we estimate the net
hydrate stability zone.

The method by which we estimate the UZ and, therefore, the net HSZ is described below.

1. Estimating the Thickness of the Undersaturated Zone

Our model of the UZ postulates UZ thickness to be inversely proportional to the flux of methane in the shallow
section below the seafloor; that is, its thickness is inversely proportional to charge. Where the flux of methane is
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so high as to vent to the seafloor (identified in the model by amplitude anomalies on the seafloor surface), the
thickness of the UZ is equal to zero. At the other end of the spectrum, where methane flux is lowest (e.g., in the
center of the minibasins, which would not receive much, if any, dip-migration-driven gas charge), the UZ is
assumed to reach its maximum thickness.

In this analysis, we use the value of methane charge generated by the charge module as input to the model of UZ
thickness. This is accomplished in four steps.

(1) We evaluate the distribution on charge by cell for the entire GOM study area. This yields a description
of the distribution, including its mean and fractiles.

(2) For each cell, there is a mean value of charge from all Monte Carlo trials; the mean charge for a cell is
passed from the charge module to the container module.

(3) The mean charge value for the cell is compared against the GOM-wide distribution to determine the
location of the cell mean on the GOM-wide distribution.

(4) We determine the thickness of the UZ using the algorithm defined below.

Because of outliers in the charge distribution, all cells with mean charge less than the 90-percent (high) fractile
of the charge distribution (P90) were assigned UZ thicknesses of zero. All of the cells with mean charge less
than the 10-percent (low) fractile of the charge (P10) were assigned a UZ thickness of:

2.9) Undersat— 220 + (P10 — meanCharge) x 30/P10

Cells with mean charge between those points were given UZ thicknesses linearly proportionally across the range
between the 10- and 90-percent fractiles, i.e.

(2.10)  Undersat = ((1 - meanCharge — P10)/(P90 - P10)) x 220

It is important to note that this calculation was performed using only the mean charge and not the whole
distribution on charge. This was done for computational speed reasons. The effect of this shortcut was to
collapse the variance in the charge data and therefore dampen the total variance propagated through the model.
The procedure provided a single estimate of the thickness of the UZ for every cell.

The values relating relative value of methane flux to the thickness of the UZ were provided by Dr. Timothy
Collett of the U.S. Geological Survey and Dr. Charlie Paull of the Monterey Bay Aquarium Research Institute
(MBARI), and are in accordance with those reported in Paull et al. (2005).

The estimated thickness of the UZ in GC is shown in figure 53; the distribution of the thickness of the UZ by
cell is shown in figure 54. The map is generally a reverse image of the charge map (see figure 39).
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Figure 53. Thickness of the undersaturated zone in Green Canyon (units in meters).
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Figure 54. Relative frequency distribution of the thickness of the undersaturated zone in the Green
Canyon area (mean thickness = 152 meters).

2. Calculating the Thickness of the Net Hydrate Stability Zone
On each Monte Carlo trial for each cell, the value of the UZ is subtracted from the realization of the thickness of

the gross HSZ. The difference is the realization, for that trial and cell, of the net thickness of the HSZ. Net HSZ
thicknesses are shown in figure 55. The frequency distributions of net HSZ thicknesses appear in figure 56.
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Figure 55. Mean net hydrate stability zone thickness in Green Canyon (units in meters).
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Figure 56. Relative frequency distribution of the thickness of the net hydrate stability zone in the Green
Canyon area (mean thickness = 123 meters).

Calculating the distribution of the thickness of the net HSZ for each cell completes the role of the container
module. The net HSZ defines the volume of total rock volume that meets the temperature, pressure, salinity, and
methane-saturation requirements for the formation of hydrates — conditional on charge and the existence of
effective pore space within the net HSZ.
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Concentration Module

The concentration module generates the magnitude of hydrates concentrated in the net HSZ, conditional on
charge. That is, if there were no limitation on the volume of methane charge over the total rock volume of the
net HSZ in a cell, how much methane would be reservoired in hydrate form? Two calculations must be done.
First, calculate the distribution of porosity in the net HSZ; this distribution is a function of lithology and the
depth of the midpoint thickness of the net HSZ. Second, calculate the distribution of the fraction of gross pore
space occupied by methane hydrates.

A. Calculation of Matrix Porosity of the Net Hydrate Stability Zone

Shedd and Hunt’s mapping of the percent sand in the top 610 m of sediment below the seafloor across the study
area provides a point estimate of the sand/shale ratio over the net HSZ in each cell. The gross matrix porosity of
the net HSZ is estimated separately for sand and shale. Sand and shale in a cell are then weighted in proportion
to the sand/shale ratio in that cell. For both sand and shale, porosity is evaluated at the depth below seafloor of
the midpoint depth of the net HSZ. Fracture porosity in the bounds of the surficial seismic anomalies mapped
by Shedd and Hunt are calculated separately.

Bulk matrix porosity as a function of depth of burial below the seafloor is modeled separately for sand and for
shale. Because of the paucity of empirical data for the GOM fine grain sediments, the shale depth-porosity
relationship in Eq. (3.1) is taken from Hamilton (1976). This regression model is adopted as the “pure” shale end
member in this approach.

(3.1)  Porosity—0.71—0.00081 (Depth) + 0.00000036 (Depth)’
(0.0050)(0.00002) (0.000000015)

While standard errors of estimates of the three coefficients were available and are shown below the coefficients,
a residual error was not reported; however, we determined by trial and error that a normally distributed additive
error term with standard deviation 0.015 approximated the error structure reported by Hamilton.

Porosity from shallow sand is estimated from cores taken during the Joint Industry Project coring program at
Keathley Canyon Block 151 (KC151). The model is shown below in Eq. (3.2), the parameter estimates in Table
11, and the graph of the fitted function and data are shown in figure 57.

(3.2)  Porosity— SSH1x esp(SSH2 x Depth(m)) + Error

Table 11
Parameter Estimates for Eq. (3.2)

Parameter Estimate Std. Error t-value Pr(>|t)
SSH1 0.5583 2.417e-03 230.98 <2e-16
SSH2 -8.932¢-04 1.946¢-05 -45.91 <2e-16

The residual standard error for estimation of Eq. (3.2) is 0.05839 on 2,798 degrees of freedom; the distribution
of error is assumed to be normal.
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Figure 57. Sand porosity and depth from KC151 used to estimate sand porosity for determination of void
space.

For each trial and each cell, the realization of the depth of midpoint thickness of the net HSZ is passed from the
container module. This is the depth at which the equations for shale and sand porosity (Egs. (3.1) and (3.2)) are
evaluated. These two estimates of porosity represent end member or “pure” shale and sand porosities for the
depth of the mid-point thickness of the net HSZ. These two end members’ porosities are averaged and weighted
by the sand/shale ratio for the cell, derived from the Shedd-Hunt map of percent sand.

B. Calculation of Fracture Porosity in the Net Hydrate Stability Zone

The team adopted a working assumption that fracture porosity would be a significant host for methane hydrates
in areas covered by surficial seismic anomalies. Surficial seismic anomalies are assumed to be associated with
either present or paleo venting of methane to the seafloor surface. If the flux of methane is high enough to vent
to the surface, it is assumed that flux carried enough energy to create fractures in the sediments in the
neighborhood of the vents.

There is no empirical database on the void space created by fractures in vent areas as a fraction of bulk rock
volume. Therefore, we relied on a subjective estimate made by Dr. Sassen, who has extensive field experience
with vent site samples. Dr. Sassen (pers. comm., 2006) provided a triangular distribution of fracture void volume
as a percent of bulk rock volume; this distribution has a minimum of 0 percent, a most likely value of 5 percent
and a maximum value of 15 percent.

For cells covered by surficial seismic anomalies, there are two sources of void space in which hydrates can
form. One is the matrix porosity in sand and shale facies, in proportion to the sand/shale ratio for the cell and the
average porosity given the midpoint depth of the net HSZ. The other is void space created by fractures. These
two sources of void space are summed for cells on surficial seismic anomalies. For cells not covered by surficial
seismic anomalies, only matrix porosity is included.

C. Calculation of Hydrate Saturation as a Fraction of Void Space

The steps above result in, for each trial and cell, a percent of bulk rock volume of the net HSZ that is occupied
by void space. The percent of void space that is occupied by methane hydrates is a function of void-space type
and lithology; this is hydrate saturation. Hydrate saturation is estimated separately for sand, shale, and fractured
“reservoirs”.
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The data to estimate the distributions of the shale and the sand matrices were furnished by Dr. Tim Collett,
USGS. Data and summary statistics are presented in Table 12.

Table 12
Wells Used in the Analysis of Distributions of Shale and Sand Matrices and Associated Summary Statistics
Water Saturation (fraction) Number of
Type | Site Well Min. 1 Qu. | Median. | Mean | 3" Qu. | Max. | Std. Dev. | Observations
Shale | Atwater JIP-AT13 0.699 | 0.960 1.000 | 0.973 1.000 | 1.000 0.049 1,073
Shale | Atwater JIP-AT14 0.864 | 0.953 0984 | 0.973 1.000 | 1.000 0.031 653
Shale | Blake Ridge BR-994 0.775 | 0.935 0948 | 0.942 0.960 | 1.000 0.033 1,417
Shale | Blake Ridge BR-995 0.788 | 0.927 0.940 | 0.936 0.954 | 1.000 0.033 1,686
Shale | Hydrate Ridge | HR1247 0.805 | 0.972 1.000 | 0.980 1.000 | 1.000 0.035 598
Shale | Hydrate Ridge | HR1248 0.819 | 0.942 0.975 0.963 1.000 | 1.000 0.040 591
Shale | Hydrate Ridge | HR1251 0.851 | 0.989 1.000 | 0.986 1.000 | 1.000 0.030 1,109
Sand | Mallik MS5138 0373 | 0.644 0.731 0.708 0.791 | 0.888 0.113 302

The shale intervals in the Atwater, Hydrate Ridge, and Blake Ridge wells contain some influence of fractures;
the saturation values from these sites were integrated in the study as shale reservoirs in an effort to capture the
influence of (possibly widespread) fractures on gas hydrate saturation values in shales. There was reasonable
agreement among distributional forms for all of the shale wells. After preliminary analysis, the combined
dataset of BR-994 and BR-995 was used as the basis of the shale matrix model (see figure 58).
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Figure 58. Histogram of the combined BR-994 and BR-995 gas hydrate saturation (1 - water saturation).

This distribution is nearly symmetric in the range 0 to 0.10 and then has a long right tail, which declines linearly
from 0.10 to the maximum value of 0.225. Unfortunately, this distribution could not be accurately fit to a
standard distributional form. Because of prior model limitations in specifying a more complex distribution, a
triangular distribution with minimum, mode, and maximum of 0.0, 0.10, and 0.20 was specified. Subsequent
model implementations will reflect a closer fit to the empirical data.

Hydrate saturation values in a sand matrix were based upon a distribution fitted to the Mallik M5L38 well
(figure 59).
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Figure 59. Histogram of the fraction of gas hydrate saturation, Mallik M5L38 well

Gas hydrate saturation in sands was modeled using a Beta distribution as Y = 0.11 + 0.52*Beta(1.588,3.604),
where the range of the Beta is 0 to 1. Because Mallik M5L38 is not pure sand, its distribution was modified, and
a triangular distribution of the form (0.40, 0.60, 0.90) was developed. We expect that future model runs will
include additional sand saturation values captured from a number of current or recent gas hydrate drilling
programs.

The saturation of fracture void space in sands and shales also enters the model as a triangular distribution (0.70,
0.80, 0.90). Because very little empirical data exist, this distribution is based on expert judgment provided by
Dr. Roger Sassen of Texas A & M University.

The three triangular distributions in Table 13 are assumed to be mutually independent.

Table 13
Distributions on Percent Hydrate Saturation of by Type of Void Space
Void Space Minimum Most Likely Maximum
Shale matrix 0 10 20
Sand matrix 40 60 90
Fractures (sand and shale) 70 80 90

D. Estimation of Hydrate Concentration in the Net Hydrate Stability Zone

Distributions of average matrix porosity and fracture void space (for anomaly cells) are combined via Monte
Carloeing to form a composite distribution of the percentage of the net HSZ bulk rock volume constituted by
void space — available for hydrate formation. At each trial the total void space percentage for a cell, by type, is
multiplied by a Monte Carloed value of saturation to create an empirical distribution of total volume available
for charging in the net HSZ in each cell.

Monte Carloed mean concentrations in GC study area are shown in figure 60. The empirical distribution of
percent concentration (as a percent of bulk rock volume) appears in figure 61.
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Figure 60. Hydrate concentration as a decimal percent of bulk sediment volume of the net HSZ in the

Green Canyon
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Figure 61. Relative frequency distribution of the hydrate concentration as a decimal percent of bulk
sediment volume in the net HSZ, Green Canyon area (mean = 0.095).
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Integration Module

The final step in the analysis is relatively simple: at each Monte Carlo trial, the volume of in-place methane
hydrates in a cell cannot exceed the accommodation space available in the net HSZ in that cell, so we set in-
place methane hydrates equal to the minimum of the volume of charge and the volume of the accommodation
space. Repetition of this comparison over a large number of trials produces an empirical frequency distribution
of in-place methane hydrates in each cell, under reservoir temperature and pressure conditions. These volumes
are then converted to standard temperature and pressure (STP) and reported using that convention. Finally,
volumes of in-place hydrates in individual cells are aggregated to provide frequency distributions for larger
geographic aggregates ranging from MMS protraction areas to the entire GOM study area.

A. Estimation of In-Place Hydrates at Reservoir Temperature and Pressure

As we have adopted a mass balance approach in this assessment, the final step is a comparison of the mass
(volume) of methane available to charge a cell with hydrates and the volume of effective void space available in
which they can form. The final volume of in-place hydrates equals the smaller of those two values. For all cells,
if the thickness of the net HSZ on a trial is equal to zero, a zero hydrate volume is assigned to the cell for that
trial.

Cells covered by surficial seismic anomalies are treated differently from the majority of cells which are not
covered by anomalies. On each trial, the charge module provides a volume of gas available to charge the net
HSZ in each off-anomaly cell. The thickness of the net HSZ (produced by the container module) is multiplied by
the percent of bulk net HSZ volume that can be filled with hydrates (produced by the concentration module) to
yield a total volume of methane available to host hydrates.

If the volume of charge is greater than the volume available to accommodate hydrates, the accommodation
volume is retained as hydrates in-place for that trial. If the volume of charge is less than the volume available to
accommodate hydrates, the charge volume is retained as the in-place volume of hydrates.

However, for cells covered by surficial seismic anomalies, no comparison is made. It is assumed that if the
volume of the charge is or has been enough to vent methane to the seafloor surface, there is enough charge
volume to fill the available effective void space to its calculated capacity. In instances where the modeled
charge does not fill the HSZ, the available void space is manually filled to capacity.

B. Conversion of In-Place Hydrate Volumes to Standard Temperature and Pressure

Once the volume of hydrates in place at reservoir temperatures and pressures is determined, it must be converted
to volume at STP. This conversion accommodates the effect of the changes of gas temperature and pressure on
gas volume, the deviation of the gas from ideal, and the range of clathrate cage occupancy.

The conversion factor (equivalent to the formation volume factor in conventional petroleum engineering
calculations) is a highly uncertain quantity, and there is no empirical data available to support assignment of
a probability distribution to it. We use a subjective probability distribution provided by Dr. Collett (see
figure 62):
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Figure 62. Probability distribution of conversion factor to STP.

A map of methane hydrate volumes in place, at STP for the GC protraction area, is shown in figure 63. The
relative frequency distribution of cell volumes is shown in figure 64. A hydrate volume in place map for the
entire GOM is presented in Chapter IV (Results).

Mean Hydrate Vol (TCF) 0.083 -0.148 0.523-0788
Vol_cuft_Mean 0143-0240 & 0789-1394
# 0000-0.035 0.241-0355 W 1395-2708
® 0036-0.082 0359-0522 W 2700-6207

Figure 63. Distribution of mean gas hydrate volume at STP in Green Canyon (values listed in trillion
cubic feet).
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Figure 64: Relative frequency distribution of mean in-place gas hydrate volume in Green Canyon (values
in BCF per model cell). Mean value = 120.85 BCF in GC.

C. Aggregation of Cell Results to Larger Geographic Aggregates

There are 202,079 cells within 1,155 basins in the GOM study area; the cells are stochastically independent.
However, the only structurally induced dependencies appear in the migration module because methane
generation is redistributed as a function of percent cell convexity within a catchment area. Subsequently there
are no dependencies across cells.

The aggregate distribution of cell results for the GOM is computed by summing the volumes by trial across all

NC
cells. Let Vj be the volume in cell j for the i" trial. Then the volume V; for the i" trial is simply, V, = ZV”. ,
1

where NC is the number of cells.

The empirical distribution of aggregate volume in the entire GOM is constructed from the set
Vi, i=1,...,1,000} of 1,000 Monte Carloed aggregate volumes. The same procedure can be used to aggregate
smaller regions such as Green Canyon.
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Chapter III. Underlying Geologic Data, Analysis, and Framework

The foundation for the in-place hydrate assessment for the Gulf of Mexico (GOM) rests on an empirical
framework of geological and geophysical data and interpretations. These input data were developed over
several years by MMS-GOMR personnel including Bill Shedd, Jesse Hunt, and Scott Edwards, using primarily
the MMS proprietary database. In this chapter, the interpretive workflow is presented for each input and the
criteria for the sometimes subjective nature of the interpretation are described. Detailed descriptions of the
applicability of each input parameter to the methodology and model structure can be found in Chapter II
(Methodology).

The four input data sets fundamental to the study include:

(1) Seafloor bathymetry

(2) Surficial seismic anomalies
(3) Top salt depth

(4) Areal sand distribution

The geophysical data used in this study consists of 154 individual time-migrated 3-D seismic volumes covering
approximately 200,000 km? across the upper and lower slopes of the GOM. Approximately 225,000 km® of
time-migrated 2-D seismic data were used in areas where 3-D coverage was absent, including the Florida
platform and some ultra-deepwater areas (see figure 65). Limited deepwater areas in the southeastern part of the
study area are void of any seismic data coverage and have not been included in this study. All interpretations
were made on the best-available time-migrated data for any given area, with depth-migrated seismic data used
only to validate and verify interpretations in areas of complex salt tectonic activity.
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Figure 65. Seismic data coverage available for the hydrate assessment. Red area indicates 3-D data
coverage; yellow area indicates 2-D data coverage. Uncolored areas were either void of seismic data
coverage or did not meet the water-depth criteria.
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Seafloor Bathymetry

The seafloor bathymetry interpretation of the GOM is a critical input parameter for both the HSZ thickness
module and the charge module. Bathymetric variations influence the thickness of the HSZ through the
associated changes in temperature and pressure conditions. In order to accurately predict the methanogenic rates
that drive the charge module, initial seafloor temperature is combined with a geothermal gradient to provide an
estimate of sediment temperature at a given depth. In addition, the bathymetry interpretation is used
foundationally to calculate two other input parameters: distribution of surficial seismic anomalies and depth to
top salt.

The objective of the seafloor bathymetry mapping project was to establish a cohesive interpretation of the
seafloor depth across the GOM basin. The seafloor horizon was interpreted in each time-migrated seismic
survey as the first strong peak event, representing the positive acoustic impedance contrast between the water
column and the subsurface. This seafloor interpretation was made with a very high degree of confidence for
several reasons, including the relatively uniform velocity of the overlying water column and the relatively high
frequency of the seismic signal.

A varying number of seed lines were interpreted for each survey, depending on the complexity of the seafloor
geometry and the highly variable amplitude response. Aside from some high dip and structurally-complex areas
that needed extensive manual interpretation, an automatic picking algorithm was utilized to generate an
interpretation across the full volume of each 3-D survey. All available lines on the 2-D seismic data were
interpreted and processed with a simple gridding algorithm to provide complete coverage (see figure 66).
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Figure 66. Seafloor bathymetry across the study area (depth in meters).

The seafloor measurement was converted from two-way travel time to subsea depth by assuming a water
column velocity of 1487.4 meters/second (4880 ft/sec). Each of the 202,079 cells in the study area was assigned
a single value for water depth.
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Surficial Seismic Anomalies

A seafloor amplitude anomaly is an extracted component of the seismic data that measures the type of acoustic
response (positive/negative) and the intensity of the response, expressed in relation to the background seismic
response (see figure 67). Typically, these anomalies are found where the seafloor substrate comprises
something other than the typical soft mud and silt found across the majority of the GOM. This study has
documented the abundance of these anomalies across the deepwater GOM (see figure 68). The anomalies often
coincide with active or paleo-vents of methane to the seafloor, which themselves tend to be coincident with
basin margins and shallow fault systems. The location and size of these anomalies are important input
parameters that were incorporated into the charge module, where they serve as a direct hydrocarbon indicator for
the shallow section and allow for the HSZ to be manually filled to capacity.

Figure 67. Amplitude extraction of the seafloor in the Gulf of Mexico. Strong positive amplitude
anomalies, interpreted to represent hydrate, hard grounds, and chemosynthetic communities, are outlined
by red polygons. Green polygons indicate weak positive and negative anomalies, interpreted to be high-
flux vent sites.

The objective of the seafloor seismic anomaly mapping project was to extract the amplitude from the previously
defined bathymetric depth map. Due to time and data storage constraints, the seafloor amplitude interpretations
were not normalized among all seismic surveys. As such, potential anomalies were identified using a subjective
process separating the anomalous zones from the background response, rather than a quantitative measure of
absolute amplitude.
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Figure 68. Location of all deepwater seafloor anomalies identified in the Gulf of Mexico.

The high positive amplitude responses were outlined and interpreted as areas with extensive authigenic
carbonates, hydrates, and chemosynthetic communities, all of which are believed to be associated with active
venting of methane at the seafloor (see figure 69). An anomalously strong positive reflection coefficient would
be expected at each of these seafloor environments. Those areas with low positive responses or negative
responses (phase reversals from peak to trough), often embedded within the high positive areas, were interpreted
as areas of very high flux rates with gas saturated muds. The velocity of the water column is often greater than
that of this seafloor environment, resulting in a weak positive to negative reflection coefficient. Mud volcanoes,
with rapid but intermittent flux rates often displaying weak amplitude response, but characteristic conical shapes
on the time display and seismic cross-sections, were also identified.
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Figure 69. Seismic section with depth units in two-way time (one second of water = 743.7 meters). Event
“A” identifies a high positive amplitude response on the seafloor, interpreted to be a hard ground feature.
Event “B” identifies a negative response, interpreted to be a methane-rich vent site.
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Amplitude anomalies that did not show direct evidence of seepage on the seismic cross-sections were not
outlined. These areas were identified as either sediment flows from active seeps nearby, turbidite flows of sand-
rich sediment over hemiplegic mud, or exposure of salt or dense saline brines on the seafloor.

The surficial seismic anomalies, and the associated high flux of methane interpreted to accompany them, serve
as a direct indicator of methane gas in the shallow subsurface and on the seafloor. As such, the areal extent of
the anomalies is used as a proxy to identify areas in the GOM where the gas hydrate stability zone should
theoretically be filled to capacity. This is also described in the container module section of Chapter II
(Methodology).

The amplitude anomalies are of varying shapes and sizes that depict the actual spatial distribution on the
seafloor. As a result, when the anomalies were first applied to the GOM in-place hydrate model to measure the
spatial impact, only 15 percent (700 of 4,700) of the anomalies intersected the middle of a grid cell (a cell
measures 5,000 feet by 5,000 feet; 2.32 km?). Believing that these anomalies are spatially-significant
hydrocarbon indicators that are not recognized by the model as such, the MMS geoscientists added a 762-m
(2,500-ft) buffer to the perimeter of each anomaly (see figure 70). The result is evident: the same 4,700
anomalies are now intersected on nearly 3,700 occasions. This provides an acceptable level of anomaly
recognition and a quantifiable impact on the in-place resources.

=

Figure 70. Sub-regional example of surficial amplitude anomaly polygons (solid red) and the 762-m
buffer (yellow) installed for better representation of the anomalies with respect to the model’s cellular
structure. Light blue squares are OCS blocks measuring 5760 acres.

Top of Salt (Basement)

The depth from the seafloor to the top of salt in the GOM is an important input parameter for two modules: the
charge module and the HSZ thickness module. For the charge module, the top of salt serves two primary
functions. First, it is interpreted to serve as the base of the Neogene sedimentary section that is available to
contribute to the generation of biogenic methane. Second, in areas where allochthonous salt is emplaced near
the seafloor, the top of salt geometry is used to define migration flow direction. This geometry ultimately
controls the shape of the catchment basins and the distribution of the dip-migrated methane gas. The presence
or absence of shallow salt is also a critical component in the calculation of the HSZ thickness in the container
module. Salt influences the thickness of the HSZ by raising both local sediment temperatures and pore water
salinities.

The objective of the top of salt mapping project was to establish a continuous interpretive surface at the top of
salt (or similar correlative surface) across the entire GOM study area. The dataset used for the top of salt
interpretation consists of the same 2-D and 3-D time-migrated seismic volumes that were used for the
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bathymetric interpretation. Shallow and deep salt bodies were subjectively identified in the GOM using a series
of predictable characteristics, including: the presence of a strong seismic peak on the top of the salt body,
resulting from a positive impedance contrast between the overlying sedimentary unit and the salt; a homogenous
appearance and shape that is often in sharp contrast with the surrounding rock; and evidence of cohesive
mobility and influence on the adjoining sedimentary section that results in deformed beds and angular contacts.
In areas where multiple salt bodies exist, only the shallowest feature was interpreted. Depth to the top of salt (or
basement) ranges from several meters below the seafloor on the slope to several thousand meters on the abyssal
plain (see figure 71).
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Figure 71. Subseafloor depth to top of salt (or basement) in meters. The Sigsbee Escarpment represents
the southern extent of shallow salt in the GOM basin. Dark blue colors in the upper slope indicate deep
mini-basins.

To avoid null values, the top salt surface was mapped to all points across the GOM. In many parts of the GOM,
especially near the middle of most minibasins on the upper slope, all shallow salt has been evacuated, and only a
welded surface remains. Salt welds are identified by many of the same features as a salt body, including
prominently strong positive seismic reflectors accompanied by discordant beds below and downlapping bedding
features above. For the purpose of the hydrate assessment, a salt weld is mapped in a similar fashion and serves
the same purpose as the top of salt.

Identifying a continuous top of salt surface in areas south and east of the Sigsbee Escarpment is not possible
because of the periodic absence of either depositional or emplaced salt (see figure 72). In this environment,
shallow salt bodies are rarely found, but deep salt features are sometimes identifiable at the autochthonous level,
meaning that they have remained in the same relative stratigraphic position as when deposited in the Callovian
Stage of the Jurassic. In cases where neither shallow nor deep salt can be identified, the top of salt surface is
interpreted along the top of the basement structure. The top of basement is interpreted to be the relative
chronostratigraphic equivalent of the autochthonous Louann Salt. The basement is identified seismically by a
strong reflector at the base of the deepest bedded feature in the basin and by relative stratigraphic position
defined by biostratigraphic well control.
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Figure 72. Gulf of Mexico basin map showing present day allochthonous salt (light blue) and depositional
limit of autochthonous salt (hatched area). Note that neither of the two is present in the southeastern part
of the study area (Simmons, 1992; Pindell and others, 2000).

The combined interpretation of shallow allochthonous salt bodies, mid-level salt welds, deep autochthonous salt
features, and basement structure provides a single contiguous interpretation across the GOM with a depth unit of
two-way time (milliseconds). This surface must then be converted into two products: an isopach of the water
bottom to the top of salt (thickness), and a top of salt structure (depth). The isopach is calculated by applying a
uniform sediment velocity of 1,841 meters/second (6,040 ft/s) to the isochronal interval from water bottom to
top of salt. While we recognize that this uniform velocity represents an unlikely state in nature, no attempt was
made to account for the assumed increase in sediment velocity with depth. The top of salt depth structure is
calculated by summing the isopach thickness with the previously-calculated water bottom depth structure.

Sand Distribution

The areal distribution and vertical concentration of sand and shale volumes in the GOM are important input
parameters in both the charge and concentration modules of the in-place assessment model. In the charge
module, the relationship between water flux in the source rock and methanogenic productivity is presumed to be
direct. We invoke the end member physical properties of sands and shales to model water flux (using
permeability as a variable) and apply them through the candidate section using the sand/shale ratio defined here.
The sand and shale content of the HSZ is used to define the distribution of porosity and the saturation of
available pore space in the concentration module.

In the future, the distribution of sand will be needed to satisfy the working assumption that, initially on the OCS,
gas hydrate will only be technically and economically recovered from sandy reservoirs. The relatively high
porosity and permeability found in sands within the HSZ is essential to the accumulation of gas hydrate in high
concentrations and the ability to flow the dissociated gas during the production process.

MMS Gulf of Mexico In-Place Hydrate Assessment 81



The objective of the sand count project was to quantitatively define the sand component in the HSZ using the
empirical database of the MMS GOMR. The HSZ was assumed (1) to include no more than the first 610 m
(2000 ft.) of section immediately below the mudline, and (2) to not exist in water depths less than 200 m. While
we do recognize modeled HSZ thicknesses greater than 610 m in the GOM, the depth cutoff for the sand count
was selected to provide a meaningful sample thickness.

Over a period of nearly two calendar years (2005 - 2006), all wells in the GOM located in greater than 200 m of
water were evaluated to determine if they contained log suites in the upper 610 meters (2000 ft) of section. In
general, most of the recent wells had logging while drilling data with 500 m or more of available logged section,
while many of the older wireline logs covered 500 meters or less of available section. Wells that contained logs
with less than 300 m of available section were not used in this study. Only one well per deepwater platform was
included in the study, regardless of availability.

Based on the criteria outlined above, 841 wells were selected for lithologic analysis (see figure 73). The gamma
ray log curve was used to identify a shale baseline, and individual sand body thicknesses were recorded where
the gamma ray fell below the baseline. For each well, the sand body thicknesses are summed and then divided
by the total log thickness evaluated, generating a percent-sand value in the shallow section. These 841 values
served as hard data points and were geographically referenced (latitude, longitude).
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Figure 73. Location of wells included in sand count study.

The sand percent values were gridded as a first approximation of the areal distribution of sand-rich facies.
Interpretive “soft” data points were added to the scatter set where sediment isopach maps and seismic
stratigraphic analysis indicated sand-prone facies. These sand-prone facies are assumed to be found in
established sand fairways, in the centers of minibasins, and in those areas just downdip of the Pleistocene shelf
edge deltas. The MMS seismic database described in previous sections was also used for the interpretation and
validation of the soft data points.
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Ultimately, data from all sources were integrated into a single database and gridded to produce a GOM-wide

estimation of the sand percent in the shallow section (see figure 74).
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Figure 74. Distribution of sand in the shallow subsurface.
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Chapter IV. Results

In-Place Resources

The in-place results of this preliminary gas hydrate resource estimate for the Gulf of Mexico (GOM) Outer
Continental Shelf are presented in Table 14 and figure 75. Estimated in-place resources are presented as a range
of values where the mean is the average or expected value. The 95" and 5" percentile correspond to a 95-
percent probability and a 5-percent probability, respectively, of there being at least as much gas in-place in the
GOM as listed. For instance, there is a 95-percent chance that at least 11,112 thousand cubic feet (TCF) of gas
hydrate are in-place in the GOM, and a 5-percent chance that more than 34,423 TCF are in-place. Due to the
preliminary nature of the MMS hydrate assessment model and the underlying assumption of the fully
independent relationship between cells, however, more emphasis should be placed on the mean value and
adjacent fractiles, and less on the distal outliers. Also, because individual geologic plays were not identified for
this assessment, aggregated results are provided here for the entire GOM, without regard to geologic play or trap

type.

Table 14
In-place Gas Hydrate Resources for the Gulf of Mexico
Region 95% mean 5%
Gulf of Mexico 11,112 TCF 21,444 TCF 34,423 TCF
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Figure 75. Distribution of in-place gas hydrate resources, Gulf of Mexico.

The spatial association of the underlying geologic data inputs for the in-place hydrate model allows several
intermediate and final products to be displayed in map view. The mean in-place volume for the GOM,
displayed in trillion cubic meters, is shown in figure 76.
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Figure 76. Mean in-place gas hydrate volume in trillion cubic meters.

The areal distribution of the in-place volume is heavily influenced by the geometry of the input datasets. For
instance, large areas void of any significant hydrate accumulation are present across the salt mini-basin province
that comprises much of the upper slope (yellow areas on figure 76). These areas often coincide with very-
shallow salt features that occupy the bulk of, and sometimes the entire, hydrate stability zone. Also, areas that
offered a thick sedimentary section, such as the deep mini-basins and much of the abyssal plain, provided an
abundant supply of biogenic gas from the generation model. The sand-rich cone of the Mississippi Fan is
evident due to enhanced methanogenesis and gas generation in sandy sedimentary sections.

Many subjective decisions and interpretations of physical processes also shaped the final volume distribution.
The presumed migration mechanism (dip vs. vertical; described in chapter II) varied from the rugose upper slope
and Florida Escarpment to the relative homogeneity of the abyssal plain. As a result, all gas generated in most
of the abyssal plain remained in the cell of origin, providing a relatively uniform distribution of in-place
resources in this physiographic province. Conversely, gas generated in the upper slope was subject to
distribution based on stratal dip, creating rich accumulations along the positive margins of the mini-basins. Gas
hydrate is modeled to accumulate along the front of the Sigsbee Escarpment in much the same manner.

Aggregation

Because the total number of cells (202,079) exceeded the software capacity for the model inputs, the in-place
model was run on four data sets in the GOM (West, Central, Eastl, East2) that each contained approximately
50,000 model cells. One thousand trials were executed within each dataset, where a single trial produced an in-
place resource value for every cell. These values were summed by data area to obtain the trial’s total in-place
resource value for that particular data area. The distribution of in-place resources by data area is reported in
table 15.

The four data areas were aggregated into a GOM-wide distribution by a Monte Carlo procedure under an
assumption of cell independence, where the results in the four areas are believed to be completely independent
of one another. While a true subsurface state of nature undoubtedly includes certain dependencies between
physical processes, the task of empirically supporting dependency assumptions and physically modeling the
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relationships is beyond the scope of this study. In general, an assumption of partial dependency would be
preferable to either fully independent or fully dependent.

The assumption of independence used in this study has compressed the range of values from the low point of the
distribution to the high point of the distribution, thereby creating an illusion of more certainty in the numbers
than actually exists. This effect can be seen in the 5%:95% column of table 15 which represents the ratio of the
5-percent and 95-percent values. An assumption of full dependency, although unreasonable, would result in a
maximum possible total GOM ratio of 7.5 to 1. Consequently, the more probable state of nature of a partial
dependency would have a ratio ranging from 3.1 to 1 to 7.5 to 1. The mean value would remain the same
regardless of which assumption was used.

Table 15
In-place Gas Hydrate Resources for the Four Data Areas, Gulf of Mexico (trillion cubic feet).

Region 95% Mean 5% 5% : 95%
West 1,209 TCF 4,626 TCF 9,925 TCF 82tol
Central 3,111 TCF 11,476 TCF 23,179 TCF 7.5t01
East 1 881 TCF 3,154 TCF 6,385 TCF 72t01
East 2 652 TCF 2,187 TCF 4,236 TCF 6.5t01
Gulf of Mexico 11,112 TCF 21,444 TCF 34,423 TCF 31to1l

Sand Reservoirs

At the time of this publication, the in-place resources had not been subjected to further modeling that could
predict the technically- and economically-recoverable components of the resource base. The next paragraph
describes, in general, the limited state of knowledge thus far as it relates to the ultimate producibility of gas
hydrate. Based on this information, we present a subset of the in-place resources by lithology of the sediment
host, with the assumption that this is a necessary first step on the road to a full technically-recoverable analysis.

Commercial exploration for gas hydrate in the marine environment is in the very early stages of inception.
Globally, marine exploration programs are underway in a number of countries, with high-profile efforts taking
place in India, China, Japan, Korea, and to a lesser extent, the United States. Most of these government-funded
research ventures have been successful at achieving their stated goals of discovering, logging, and coring high
concentrations of gas hydrate. At this time, no marine hydrate accumulation has been developed commercially,
due in part to the relatively poor understanding of possible production technologies for gas hydrate in this
environment.

The in-place results presented in this report comprise hydrate accumulations hosted in sands, shales, and
fractures in the GOM. Recent laboratory research and onshore field-based production testing indicate that
porous and permeable sandstone reservoirs have the capacity to produce gas from hydrate using existing
technologies (Moridis and Reagan, 2007; Hunter, 2007). Alternatively, no such field-based tests exist for fine-
grained hosts that in most cases contain relatively low concentrations of gas hydrate.

The MMS in-place assessment model structure provides an opportunity to report resources by sedimentary host.
Based on the recent test results that suggest sandy reservoirs offer the best chance for near-term production, the
in-place results of this assessment are presented here as a mean in-place volume in sandstone reservoirs.
Mechanically, this is accomplished by determining the fractional measure of saturate-able void space in sands
per cell, then applying this fraction to the mean volume captured in the in-place model run. This fractional
methodology is applied to each cell in the GOM study area. Saturate-able void space in fractures is not
considered in this equation due to the relatively insignificant contribution of fracture void space to the overall
total in-place hydrate volume.
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Saturate-able void space for sands and shales is calculated by gaining the product of porosity, hydrate saturation,
and sand percent. Porosities for sands and shales are calculated using the equations described in chapter II of
this report (Egs. (3.2) and (3.1), respectively). The only variable is depth, which is captured as the mid-point
depth of the net HSZ from the in-place model run results. Hydrate saturation of the available pore space is taken
as the midpoint value of the triangular saturation distributions described earlier in the methodology report (0.60
for sands and 0.10 for shales). The sand percent is a single value for each cell determined from the sand
distribution maps described in chapter III.

The workflow described above provides, by lithologic facies, a unitless measure of the saturate-able void space,
by cell. The total saturate-able void space per cell is the sum of the sand and shale values. The percent of
saturate-able void space in sand reservoirs per cell is then calculated as the sand void divided by the total void.
The product of the sand void fraction and the mean hydrate volume by cell equals the amount of hydrate in sand
reservoirs by cell.

Table 16 shows the mean estimate of gas hydrate in-place in sand reservoirs. Only the mean value is reported,
as the saturate-able void in sand is calculated in a non-stochastic manner. Additionally, this fractional value is
only applied to the mean estimate of the total in-place resource volume. The mean sand-only volume is just
over 30 percent of the mean in-place value generated for all reservoirs. Updated releases of the MMS hydrate
assessment will contain results from a stochastic technically recoverable model that will only consider sand-
hosted resources as candidates for commercial production.

Table 16
Sand-only Gas Hydrate Resources for the Gulf of Mexico (trillion cubic feet).

Region 95% mean 5%
Gulf of Mexico n/a 6,717 TCF n/a

Map View

Because the sand-only volume is a derivative of the mean in-place volume, the results are available to be
displayed in map view (see figure 77). The two most significant variables in the sand-only hydrate volume
calculation are areal sand distribution (see figure 74 in chapter III) and mean in-place volume (see figure 76).
The influence of both is clearly seen in figure 77.

As expected, vast areas in the eastern GOM and in the abyssal plain that were void of any sand component
(sand % = 0) are also void of any hydrate resources in sandy reservoirs. Areas along the front of the Sigsbee
Escarpment and the margins of mini-basins that contain a rich endowment of in-place resources often retain a
relative abundance of sand-only resources. The well-defined, sand-rich cone of the Mississippi Fan stands out as
an area that sees very little of its in-place resource base removed, especially in the most proximal position of the
fan lobe.
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Figure 77. Sand-only gas hydrate resource volume, Gulf of Mexico (trillion cubic meters).

Disclaimer

The MMS in-place gas hydrate model incorporates varying levels of uncertainty at all levels of input. At this
time, the results are not intended to describe commercial or potentially-commercial gas hydrate prospects or

accumulations in any specific location, nor should they be used as an indicator of economic feasibility of any

given model cell, OCS tract, or geographic area.
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Chapter V. Future Work

The in-place gas hydrate resources described in this report were generated as a means to test the functionality
and the predictive accuracy of the MMS in-place assessment model and model methodology. As a result, the
gas hydrate resources described in this report will be replaced with final assessment results once all changes
have been made to the model.

Most importantly, the model needs to be revised so that it can accommodate all areas of all OCS regions. This
includes some parts of the deepwater GOM, where lack of data precluded inclusion in this effort, as well as all
of the Atlantic, Pacific, and Alaskan OCS. Also, the MMS does not typically, by practice, report in-place results
for national assessments. Our intent is to enhance this current model so that a trial run provides a technically
and economically-recoverable run in addition to the in-place resource.

Although not entirely inclusive, a number of the proposed changes to the model structure are described below:

(1) Develop a sub-model to generate a thermogenic gas component.

(2) Determine how the rates of methanogenesis estimated for the seafloor vary with respect to depth.
(3) Incorporate more TOC data.

(4) Evaluate available WBT measurements.

(5) Develop technically- and economically-recoverable modules.

These improvements and many others will evolve over the next few years as we learn more about the character
and distribution of marine hydrate accumulations. Readers of this initial release are encouraged to forward any
suggestions for model improvement to:

Matthew Frye
Resource Evaluation Division
matt.frye@mms.gov
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Appendix A

Details of Derivation of Productivity Function for a Single Species

The modified version of Arrhenius’ law appearing in figure 19 possesses four qualitative features discussed
earlier and repeated here for completeness:

1. Methane production strictly adheres to Arrhenius’ Law as in Eq. B.1 for Ty(WD) < T < T*- ¢, disa
small positive constant. Inunits of x, Ty(WD) /T* =xy<x <1-¢§ =0T*

2. At T=T%*-0, Eq. B.2 equals exp{¢x (T — T*)} and is “smooth” (i.e., first derivatives as T approaches 7* -
o from above and from below are equal). Equivalently at x = / - & Eq. (1.18) equals exp{¢x (x —1)} and
is “smooth” in the sense just cited.
3. Methane production peaks at 7=T* or, in terms of x, at x =1.0.
4. Methane production declines to a small value x> 0 at 2T* (x =2).
Both ¢and x are “tuning” parameters that can be chosen to make the shape of the rate function conform to our
best understanding of how methanogenic productivity behaves as a function of temperature and to reduce

generation above 70 °C to a negligible amount.

A fifth feature is that the rate of production of methane by a single species of methanogenic archaea for

temperatures at and above T* -Jis proportional to the function f(x) = C x exp {-Ax"}x*."7

To construct a rate function with all of these properties define

f(x)=exp{-¢(1-x)} if X, <x<1l-g¢,
(A1)
f,(X)=C x exp{-Ax"}x“ if 1-g <X <o, a >0

and
A2 (2=«

Eq. (A.1) says that the functions f; and f; meet at x =1 - €; (i.e., fi(1- & =fo(l- g)) oratx = [ -¢
(A3)  exp{—¢(1-x)} = C xexp{-1x"}x”

Eq. (A.3) says that the maximum rate of production occurs at x = 1;i.e. f5(x) = 0. Atx =1, a = Ap.
With = A4, atx = I - g Eq. A.3 becomes

(A4)  exp{—¢s} =Cxexp{-A(l-¢&)’'}x(1-&)”
or

(A5)  INC=-ge+A(l-¢e) - ABIn(1-¢&)].

7 Multiply by the product of the intercept and scale factor A,(Ty(WD)) x A. Change subscripts to conform to
earlier notation to find the rate of methane productivity in grams of methane/gram of organic carbon/million
years at a given temperature ratio x.
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In order to assure smoothness we impose the condition that the derivatives of f; and f; at x = [ - gare equal.

Given a = Af, equal derivatives atx = [ - ¢ lead to

(A6 pexpl-gL-X)}-Cexpl-ixx” x(D)1-x']
at this particular value of x. Using Eq.(A.4), Eq. (A.6) yields
Aan  ¢-Lp-a-a]
-€

or
gp(1-¢)

A8 _—

(A AlL-(1-¢)]

This last relation allows us to express Eq. (A.5) as
(A9) InC:—¢g—%+lx[l—ﬂln(l— e)].

If we define

(A.10) h(B)= _#1-¢)

1-(1-¢)’
we can write Eq. (A.5) as

(A.11)  InC=—ge +h(B)x [%— In(1—¢)] .

We also require Eq. (A.4) that /3(2) = C x exp{-127}2"’ = kor
(A.12) InC=Inx+12” —18xIn2.

Substituting Eq. (A.8) in this equality gives
217
(A.13) InC=Inx+h(f)x [?— In2].
Together, Eq. (A.9) and Eq. (A.13) yield an equation in S alone:

(A14) O=Inx+de+ h(ﬁ)x[zﬂ -(1-¢)

+In(1;g)].

Algorithms
To recover f, C and A by direct calculation of f:
1. Solve Eq. (A.14) for p;

2. Given f, solve Eq. (A.8) for 4;
3. Given £ and /, solve Eq. (A.9) or Eq. (A.13) for C.
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The structure of Eq. (A.14) becomes clearer if we define constants 4 = -(Inx + ¢&)/¢(1 - &) and g _ |n(1*75) )
2

that
(A15) A=h(f)x [W+ B]
or equivalently
(A16) Ax[l—(1-£)’]-B -W —0.

An alternative spreadsheet algorithm is:

1. Create a column of values of f;

2. For each value of g, solve Eq. (A.8) for 4,

3. Given each (f A) pair, solve Eq. (A.8) for a value of /nC and Eq. (A.13) for a value of /nC.

4. Find a (f,A) pair for which the two values for /nC found from Eq. (A.9) and Eq. (A.13) are equal.

The (f, 1) pair found in Step 4 constitutes a solution to Eq. (A.9) and Eq. (A.13).
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Appendix B
Model of Methanogenic Productivity of a Single Species of Methanogenic Archaea

Seafloor temperature, T, is a function of water depth, WD, (Tsp(WD)). For a single species of methanogen at
the seafloor, there is a minimum rate of production of methane Agx(Tsz(WD)), which is a function of seafloor
temperature and other features of the seafloor environment. The value assumed by Asx(Ts(WD)) scales the
intercept of the rate function shown in figure 17. For temperature Tsx(WD) at the seafloor, it incorporates the
collective influence on productivity of a/l other variables that impact productivity.

If all conditions at the seafloor, other than temperature, could be held constant, as temperature traverses a
temperature interval beginning at seafloor temperature and terminating at a temperature (7*-J) below peak

productivity temperature 7%, the rate of productivity Ag=(7) increases according to a strict form of Arrhenius’
Law as shown in Eq. (B.1), with @, = In(2)/10:

(B.1) A (T)=A, (Tg- (WD) x exp{d, x (T —Tg- (WD)} for T (WD) <T < 0.

In Eq. (B.1), productivity, 4ss(T), increases exponentially as temperature (7) rises and has no finite upper bound.
In practice, the temperature domain for which Arrhenius’ Law is a reasonable model of methane productivity
stops, according to Dr. Colwell, at a temperature below a maximum productivity temperature, T between 35 °C
and 45 °C.

Let [Tse(WD), T* -6] with 6 > 0 be the temperature domain for which Arrhenius’ Law is assumed to hold. We
describe next how to assure that the rate function smoothly transitions at 7% -6 from Eq. (B.1) to a unimodal
function with a finite maximum value that, above the maximum value, declines sharply to a trivial level of
production (x> 0) at terminal temperature, here taken to be 7, = 70 °C.

It is convenient to rescale temperature 7 and do the analysis in terms of the ratio x = 7/T* (the ratio of 7 to peak
temperature 7%). To this end, let A; = exp{ @y x (T* - Tsz(WD))} and rewrite Eq. (B.2) as

(B2)  AT)=A. (T (WD))x A xexp{g x(T -T*} for T,.(WD)<T <.

In terms of rescaled temperature X=T /T *, ¢=¢, /T * and X, =T, /T * Eq. (B.2)is

(B.3) A(X)=Ag (Tg (WD) x A, xexp{-¢gx(1-x)} for x, <X <.
Properties of the modified law are:

1. Methane production strictly adheres to Arrhenius’ Law as in Eq. (B.2) for Tsoy(WD)< T<T*-6, & is a
small positive constant. In units of X, Tspy(WD)/ T* = xy <x < I-§ &€= dT*

2. AtT=T*-0,Eq. (B.2)equals exp {¢x (T-T*)} and is “smooth” (i.e., first derivatives as T approaches
T* - 6 from above and from below are equal). Equivalently at x = 1-¢

3. Methane production peaks at 7=T* or, in terms of x, at x =1.0.
4. Methane production declines to a small value k> 0 at 2T*(s=2). at 27* (x =2).
Both gand x are “tuning” parameters that can be chosen to make the shape of the rate function conform to our

best understanding of how methanogenic productivity behaves as a function of temperature and to reduce
generation above 70 °C to a negligible amount.
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The rate of production of methane by a single species of methanogenic archaea for temperatures at and above
T*- & is assumed to be proportional to the function f3(x) = C x exp{-Ax")x“ (figure B.1).

0.7

0.6
!

0.3

Unscaled Production Function
0.2

0.1
!

T T T T T T T
0.8 1.0 12 14 16 1.8 20

x = T/T* (scaled temperature)

Figure B.1. A plot of f,(x) = C x exp{-Ax%}x* versus x.
In figure B.2, a plot of f5(x) for 0.70 < x < 2.0 is generated as follows:

1. Rescale by a maximum temperature of 35 °C so that x = 1.0 is a maximum rescaled temperature value.
Then ¢ becomes ¢ = 0.069315 x 35 = 2.426025.

2. Choose a match point at 7* -5 = 24.5 °C; then & =0.30. This implies that strict adherence to Arrhenius’
Law ends at 24.5 °C.

3. At24.5 °C, transition to a function that peaks at 35 °C and declines as temperature increases beyond
35°C.

4. At 70 °C, x=2 and we choose k = 0.01 at this temperature. This means that, at 70 °C, methane production
is one hundredth of the initial methane production rate 4y(d) x 4;.These choices of £and x yield
P =2.99684 and A = 0.863019.

Here f3(x) = 1.633398 x exp{-0.863019 x x******} x x*75% and exp{-¢(1-¢)} = exp{-0.727808} at the meet point
x = 0.70; function values are 0.4829 at x = 0.70. Paste exp{-@(1-x)} for x = X, . . ., 0.70 onto figure B.1 to get
the complete function in figure B.2.

Figure B.2 honors Arrhenius’ Law from water bottom temperature to a temperature of 0.70 X 35 °C, then
transitions to a unimodal function with a peak at 35 °C. As the temperature ratio x traverses [1,00], the rate of
methane productivity declines; at 70 °C and above, productivity is insignificant (k = 0.01implies that the rate of
productivity at 70 °C is 1/100 of the peak productivity rate).

The domain of the rate function shown in figure B.2 is in dimensionless units (Temperature T/ T*). When
multiplied by Ase(Tsr(WD)) x A4,, the vertical axis measures the rate of methane productivity at seafloor
conditions in grams of methane/gram of organic carbon/million years (for details, see Appendix A).
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x = T/T* (scaled temperature)

Figure B.2. Modified Arrhenius’ Law for rate of methane production by a single species of methanogen
(in grams of methane/gram of organic carbon/million years) as a function of sediment temperature. The
red, initial part of the function is a graph of a strict form of Arrhenius’ Law. The blue section is a
unimodal function “smoothly pasted” to the strict form of Arrhenius’ Law; this function declines rapidly
as x increases above 1.0. The x-axis is the variable x (defined in the text); the y-axis is unscaled rate of
methanogenic production.
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Appendix C

Details of Derivation of Productivity Function for a Community of Multiple Species
Recall that we want to capture the collective impact on the rate of methane production of a mixture of many
species of methanogens. Under reasonable assumptions about how methanogenic species are mixed, as the
number species in an ecosystem increases, the peak of the production rate function produced by mixing may
“smooth out” and vary slowly in the neighborhood of a single absolute maximum rate. If so, it is reasonable to
model the rate function as mesa-like in a neighborhood of an absolute maximum rate in place of mixing
individual rate functions.
To accommodate a relatively “flat” peak in the neighborhood of the temperatures associated with maximum
productivity, we modified the form of the function described for the productivity of a single methanogenic
species as a function of temperature. Figure 18 is an example of a mesa-like function that allows a smooth
transition to it from a strict form of Arrhenius’ Law.
The function generating the graph shown in figure 19, x(1-x)” , is flexible enough to capture the collective
impact of many species on methane production--each with a different maximum productivity over the
temperature domain assumed to encompass these maxima (35 °C — 45°C)."*
The mathematics of smooth pasting a mesa-like function, like that in figure 18, to an exponential form of
Arrhenius’ Law for temperatures below about 35 °C (below about 0.875 in the scale of the graph) appear here.
The magnitude of variation in the production rate as x traverses the domain of this function (here 35 °C — 45 °C)
is controlled by the parameterf3.
Mesa Functions

For completeness, we state again the principal assumptions used to construct a mesa-like rate function.

1. Methane production peaks at 7* and adheres strictly to an exponential version of Arrhenius’ Law for
T(WD)<T<T* -0, 6= a positive constant.

We rescale for notational convenience and express temperature in units x of 7*: T(WD)/T* = xy <x<I - &,
&= o/T*. The rate function peaks at x = 1.0 in units of 7*.

The exponential version of Arrhenius’ law is of the form:
(C1)  f(x|¢) =exp{-¢(1-x)}, for 0<x<1-¢ =X,
2. The function f{x/@) is smooth pasted at x = x, to a function f; that has these properties:
(a) At X =X, f, (X):f(X| ¢) and f,'(x)=f (X| @) ; i.e., pasting is smooth at the meet point;

(b) /> peaks at x = 1 but varies little in a pre-specified neighborhood (x«, x*) of the peak; the amount of
variation of /5 as x traverses (x«, X ) is controllable.

The domain of the mesa function

(€C2)  f(x) = Cxexp{A[(x" —x)(x - x.)I’}

'® This mesa-like function need not be symmetric: use x”(1-x)”, 7 = /3.
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is restricted to x+ < x < x" and the meet points, mode of the mesa function and limit points of the domain of f>(x)
are ordered according to x« <xp < [ <x; <x; <x.

3. At x = x,, the function f; is smooth pasted to a function f; that declines rapidly.
4. At a prescribed temperature x =X, > X , f; is less than or equal to a small positive number .

Equal function Values at x — x,
As f(x/§) = fo(x) at x= x,, if we define Uy = (X" -Xo)(Xo — x+) and Ko = §(1-X,), then

K, -InC
(€C3)  Ky=InC+AxU, or 1=——r"
UO
Equal Derivatives at x = x,

Also define U; = x" + xx - 2x,. Then equal derivatives at x = x, give

¢

C4 APp=————
€4 A=

The parameter £ determines how much f; varies in a neighborhood of the peak value (here 1.0). Because U;, U,
and ¢ are known constants, fixing / is sufficient to determine A and C using Eqgs. (C.3) and (C.4). In particular,

$xU,

C5 InC=K, —
€5 0 L xU,;

Gamma Function Matched to Mesa Function at x = x;
Atx=x,=1+mn<x", smooth paste f;(x) = K x exp{-yx}x” to the mesa function.

Define constant terms U, = (x - x;)(s] —x+) and U; = x" + xx - 2x;. If we set f3(x) = f>(x) at x = x;, then
(C6) InK—yx, +alnx, = InC +AxU,” =C,
Equal Derivatives at x = x; f,'(x,)=f,'(x,), imply that

a §
(C.7) X——}/lz—ﬂ,li'xU3><U2'” t=C,

1

Condition 4 says that, the rate of production of hydrates is very small at a prescribed temperature x, > x ;
namely, at x = x,, f3(x;) = K, k= a small constant:

(C8 InK+ax,-yInx,=Inx

Given f, 1 and C, the three equations, Eq. (C.5), (C.7), and (C.8) possess a unique solution in ¢, y and x so that
all four conditions imposed on the shape of the rate function are met.

Algorithm

Steps 1 - 5 match Arrhenius’ Law to the mesa function f3(x) at x = x,

1. Specify a numerical value of S.
2. Choose %(x + xx) > xp > 0 and then compute U, = (x - xg)(xg—x+) and U; =x + xx - 2x,.
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¢

3. Compute A=—-F——
P U

pxU,
xU,

4. Given f and A, compute INC=K, — , Ko=—d(1-x,) .

5. Compute U, = (x - x))(x;—x+) > 0and U; = x" + x«- 2x,.
To smooth paste f3(x) = K x exp{-yx}x® to f>(x) at x = x;, solve
(C9 InK—yx,+alnx, =C,
10 ZL-y=c,
X

1
and

(C11) InK—-px,+alnx, =lnk
for y, K and a

5. Subtract Eq. (C.8) from Eq. (C.6) to get

(CB.1) y(x,—%)+ain(C)=C, ~Ink.
X

2

6. Write Eq. (C.7) as a = (C, + yx; and substitute into Eq. (C.9):

(CB2) yx[(X, - %)+X, |n(%)] -C, —szlln(%) “Ink.

2

7. Use Eq. (C.9) and Eq. (C.10) to compute o and } .
8. Giveny and a compute /nK = C; + yx; - alnx;.

In order forf, to exhibit mesa-like behavior, the parameter f must be positive and small. The mesa function

shown in figure 18 has #=0.10, A = 0.70, x+ = 0.80, and x" = 1.2. Choice of 8= 0.02 really flattens the
function!

The value x; at which f3(x) is matched to f>(x) must be less than x" but great enough to allow smooth pasting of a
function with negative slope at x;. Initial conditions for the rate functions in figure B.2 and figure 19 are
xo=0.805,x;=1.18, and *~*°, and x = 0.01.

Y If x" and x» are chosen to be equidistant from the peak at 1.0, then as x; is greater than 1.0, U; = x txe-2x,<0
so that y; is positive.
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Appendix D
Method for Recovering Price and Sowers Data

This appendix presents a simple statistical model based on Arrhenius’ Law and a description of how it is used to
extract data from Price and Sowers (2004) figure 1 (our figure 20).

Data Generating Process Models

To account for dependence of the rate of methane production at the seafloor on variables in addition to
temperature, expand the domain of Ag(Tse(WD)) to include other explanatory variables—water flux, for
example. Let g denote a realization of these “other variables” and define the rate of methane productivity at
seafloor to be a function of both g and Tss(WD).

Then an Arrhenius-like data generating process model for Y(7,g) = Methane Production Rate at Temperature 7,
given Tsp(WD) and g is:

(D.1) Y(T,9)= ASF(TSF(VVD),g)xeXp{¢><(T _TSF(WD)}Xé‘k

Here o, k = 1,..., n, ... are mutually independent positive random variables with possibly different means and
variances; probability distributions of the §,S may depend on characteristics of the geologic environment.
While some observable explanatory variables other than (observable) temperature can be modeled, others
remain “hidden” in the 6, S . That is, properties of probability distributions of the 6,5 may depend on these

hidden variables.

In particular, initial productivity at the seafloor is a function of the mix of archaea found in that environment.
“Sorting out” the contribution to productivity of individual archaea is a formidable task. We assume here that
Price and Sowers data measures an “aggregate” Asr(Ts-(WD)) in each particular geological environment
examined.

We begin with a data generating process model for data from a study of methane productivity in one specific
geological environment. This is a simple benchmark model useful for making inferences about methane
production rates from each of the “Maintenance” studies appearing in Price and Sowers. Occam’s Razor
suggests that, without considerably more insight into how these studies were conducted, how data were gathered
and what statistical methods were applied, we keep our choice of model simple.

Data Generating Process for a Single Study

By a “single study” we mean a dataset gathered from one particular geological environment. If we adopt
Eq. (D.1) as a model of observations and know Ts(WD) with certainty, then the intercept term

Ay =Asr(Tse(WD), g) and functional form of and parameters of the probability distributions of error terms o,

K=1, ... are the only remaining features of Eq. (D.1) not known with certainty.

Suppose that, for a given study, error terms &, k = 1, ... possess a common probability distribution. Multiply
both sides of Eq. (D.1) by exp{ox (T(WD) — T)} and set the observable quantity

(D.2) Z, =Y, Xexp{¢X(T(WD)_T)}:AsF (TSF (VVD),g)XAk

The rate Y, is now scaled to be temperature independent, and the right hand side is a (positive) quantity 4,
multiplied by an uncertain error term 4; > 0.

To complete specification of Eq. (D.2) as a data generating process model, we must identify the composition of
g and describe how 4, depends on (Tsz(WD) and g. Should we assume, for example, that all explanatory
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variables composing g are fixed and common for all observations in one particular study? Or that some
components of g can vary from observation to observation? Which elements of g are observable?

Our initial treatment of Price and Sowers’ “Maintenance” data assumes that, for each individual
“Maintenance” data study, explanatory variables g and water bottom temperature (7ss(WD) are fixed and
common to all of this study’s measurements.*

We also assume that, for a given study, the random variables 4; are independent and possess common means
M = 1.0 and , variances Var(4;) = V. Then seafloor temperature adjusted rate measurements Z,, ..., Z;, ..., Z,
have a common mean E(Z;) = A, and a common variance Var(Z;) — A, x V. If a study yields temperature

. - 1 . . . . .
adjusted measurements Z,, ..., Z;, ..., Z,, the average M = —Z Z, is a simple unbiased estimator of A; given
Ny

Ay, an unbiased variance estimator for Var (A, ) is S* :L:I_Z(Zk -Z) IA7. =
n-135

Price and Sowers’ Graphical Data

Each individual Maintenance Data point in Price and Sowers’ graph represents an “experiment” or “study”.
Figure 20 equips each “experimental” point with an “error bar”, so in principle, calculation of an estimator of
the variance of 4, can be imputed from this graphical display. If detailed numerical data for each “experiment”
become available we can, as stated earlier, do a meta-analysis of the collection of Maintenance Data
experiments appearing in their figure 1, which would put estimates of the intercept term on more solid ground.
However, our only source of data at this time is Price and Sowers graph. We impute summary statistics of
individual experiments from it.

Accurate recovery of each relevant data point and its associated measurement error is a problem. While we
reviewed most of the articles Price and Sowers used to guide their calculation of metabolic rates, it is difficult or
impossible to reconstruct exactly what they did to arrive at figure 20 error bars. The data in Table D.1 is
extrapolated from figure 20 points and error bars.

Table D.1
Maintenance Data Recovered from Figure 20

Label Temperature (°C) Metabolic Rate Confidence Interval
A, 28 8x107 (2x1074, 6x107%)
A 13 9x107> (2x107°, 8x107°)
B, 2 8x1073 (5x107>, 3x107%)
E, 15 2x107° 8x1070, 3x107)
B, 2 4x107 (107°,107%)

E 14 4x1076 107, 6x107%)
E, 15 2x1070 8.5x1077, 3x107%)
C -15 8x1078 1078, 2x1077)

** However, both Ts+(WD) and g may vary from study to study. Each individual study possesses a data
generating process model, like that in Egs. (D.1) and (D.2) for a restricted temperature range.

21 82172 is not an unbiased estimator of Var (A, ) .
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Estimation of 4, = Agp(Tsz(WD))

Each metabolic rate in Column 3 of Table D.1 is to be interpreted as the mean of a set of measurements of
metabolic rates made in a given study. Rates in Column 3 are not adjusted to seafloor temperature; if we assume
that seafloor temperature is 7= 2 °C and that the data generating process model (Egs. (D.1) and (D.2) obtains, a
simple average of

D3) Mean Metabolic Rate x exp{¢ x (T (WD) - T )}
’ =Mean Mean Metabolic Rate x exp{0.0693 x (2-T)}

is an unbiased estimator of 4, Values of seafloor adjusted mean metabolic rates I\7I”)j =1,...8 are shown in
Column 4 of Table D.2.

Table D.2
Metabolic Rate Mean Values Adjusted to Seafloor Temperature

Q Metabolic Rate Adjusted to Seafloor
L e g () ( 10°° Units) Tempjerature (10 Units)
A, 28 800 131.95
A, 13 90 41.90
B, 2 80 80.00
E, 15 20 8.12
B, 2 4 4.00
E, 14 4 1.74
E, 15 2 0.81
C 15 0.08 0.26

Although data point C is for -15 °C, well below seafloor temperature, we include it to show how one point with
rather large leverage can influence sample statistics. These point estimates are measured in the same units as the
vertical axis in Price and Sowers’ graph.

Metabolic rates adjusted to seafloor temperatures in Table D.2 vary by over two orders of magnitude. This
suggests that explanatory variables other than temperature affect these rates and that a model based on
temperature alone is not likely to be robust.

A rough approximation to variances of mean adjusted metabolic rates supports this conclusion: variances of

individual estimators M are small relative to the spread of values of these estimators. That is, within-estimator
variability is small relative to between-estimator variability.

Capturing Uncertainty About 4y = Asx(Tss(WD), Q)

The average of methane production rates - scaled to seafloor temperatures - for Maintenance data studies
appearing as data points in figure 20 from Price and Sowers is, as stated above, 34 x 10 in Price and Sowers’
units. Point C in figure 20 represents a study in which data were gathered at approximately -15 °C, far below the
approximately 2 °C at seafloor in the GOM. If we drop this data point the average is 38.4 x10° — a 13-percent
increase.

We discuss below how to use figure 20 to impute point estimates of the variance of the mean value of an
individual study and a point estimate of the variance of individual study means.

These point estimates are used to assign values to parameters of a lognormal distribution which, in turn, is
employed in the Monte Carlo routine to represent uncertainty about Ass(7Ts=(WD), Q.
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If the confidence intervals shown in column 4 of Table D.1 are indeed 95-percent confidence intervals about a
sample mean metabolic rate at a given temperature we can compute an estimate of the variance (or standard
deviation) of each sample mean at a given temperature. To this end, we conjecture that Price and Sowers assume
measurements at a given temperature are normally distributed with common mean and variance. If so, then the
width of a typical confidence interval is about 2 x 1.96 = 3.92 times the sample standard deviation.”

Table D.3 below displays confidence interval widths extrapolated from figure 20.

Table D.3
Standard Deviations Imputed from Individual Study CI WIDTHS
Label Unadjusted Unadjusted Unadjusted Standard Deviation
Metabolic Rates Confidence Intervals Widths of Sample Means
A 810~ (2x1074, 6x107%) 4x107% 1.02x 10*
A 9x1073 (2x1075, 8x107°) 6x1075 1.53x 107
B, 8x1073 (5x1075, 3x107%) 25x107° 638 % 10°
E 2x1073 8x107°, 3x107) 221070 5.61x 10"
B, 4x107° 1070, 107) 9x10° 3.00x 10
E, 4x107° 1070, 6x1079) 6x1076 1.53x 10
E; 2x107° 8.5x1077, 3x107%) 2.15x107° 5.49x 10°
C §x10~8 1078, 2x1077) 19x10~8 50x10°

The standard deviations of individual data points in Column 5 of Table D.3, which are in fact either the mean of
a sample or, in one case a regression line are not adjusted to seafloor temperatures. We wish to emphasize that
v _ Width

1%
the formula T S YTR yields a point estimate of the standard deviation — of a sample mean composed of n
n . n

observations. Sample sizes of studies Price and Sowers use to construct figure 19 are not available; sample sizes
may vary by a large amount from study to study.

Once again, the estimates presented below are based on an eyeball interpolation of Price and Sowers graphical
presentation. Notice, for example, that the confidence intervals shown above are not symmetric about their
midpoints.

Table D.4 below shows standard deviations of sample means of each study adjusted to seafloor temperature
using Eq. (D.3).

2

. . . o 13 .
2 If X is Normal with mean g and variance v then X = —Z X, has mean u and variance 2 A 95%
n i=1 n

YoX+1.96-2

Jn Jn

from Price & Sowers’ graph--shown in Column 3 above-- and 2 x 1.96-L s the confidence interval width so

Jn

confidence interval is (X —1.96 ). Here X is the mean of our interpolation of metabolic rates

that the sample standard deviation -2 = Width

Jn ~ 3.92
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Table D.4
Standard Deviations of Sample Means Adjusted to Seafloor Temperature

7 Temperature
UnafijlfSted Standard Adjusted Standard
. Deviations of Sample ..
Unadjusted Deviations of
Label . Temperature Means
Metabolic Rates (10" P&S Units) Sample Means
(10°° P&S Units)
A, 8x10~4 28 102 0.17
A 9x10™> 13 15.3 0.47
B, 8x107> 2 63.8 1.00
E, 2%107° 15 561 0.41
B, 4x1070 2 0.03 1.00
E, 4x1070 14 1.53 0.44
E, 21070 15 54.9 0.41
C 8x10~8 -15 0.05 3.23

A comparison of standard deviations in Table D.5 with those in Table D.4 makes it clear that variation about the
mean of seafloor temperature and adjusted methane production rates within a given study is much smaller for all
eight studies than variation of this rate among studies.

Table D.5
Between Studies Summary Statistics for Temperature Adjusted Metabolic Rates (10" Units)
Metabolic Rate Unadjusted Adjusted to Seafloor Temp
Average with All Observations 125 33.6
Average w/0 C 143 38.4
Standard deviation with all Observations 275 48.8
Standard deviation w/0 C 292 50.6

Assignment of Lognormal Distribution to 4y = Asx(Tss(WD), Q)

As stated earlier, we shall assign a lognormal distribution to 4,. Parameters are chosen so that A4, has mean
value 38.4 and variance 50.6°. With 4, measured in 107 units of methane productivity, and 4y ~ N(, ,uoz '), this
mean and variance imply = 1.61 and ¢° = 4.08. These two key parameters are in the units Price and Sowers
use. For the generation model, they are converted in the manner described in Appendix E.

Permeability Ratios Used to Rescale Seafloor Temperature Productivity

Use the sand/shale ratio developed by Shedd and Hunt for each cell to calculate the permeability ratio.

Sandperm(d) x FractionSand(d)+ Shaleperm(d) x FractionShale(d)
Sandperm(WD) x FractionSand (WD) + Shaleperm(WD) x FractionShale(WD)

(D4)

Here Sandperm(d) [Shaleperm] denotes sand [shale] permeability at depth d in meters. Let g’ be composed of
explanatory variables other than those appearing in the product of seafloor temperature methane productivity
rate and the ratio p(Perm). Then
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(D.5) Y, (T, p(Perm),g’) = p(Perm) x Ay (T (WD),g") x exp{g x (T —Tse (WD))} x 6

for temperatures in the domain for which Arrhenuis’ Law holds.

Computation of methane production rate in a sedimentary interval at a point in geological time is done using of
Egs. (D.4) and the modified form of Arrhenuis’ Law described earlier. Some elements of Egs. (D.4) and (D.5)
are directly measurable and assumed to be known with certainty; others are not known with certainty and so
must be assigned probability distributions to render the model well posed and computable. To set the stage for a
detailed discussion of how the data generating process is used to Monte Carlo values of methane productivity,
here is a bird’s eye overview of how uncertainty about the rate of methane production 4y = Asr(Ts(WD), )

is incorporated into Monte Carlo simulation of methane productivity:

e  The rate of methane production of a sedimentary unit at a point in geological time at seafloor
temperature is not known with certainty. We adopt the average of methane production rates—scaled to
seafloor temperature—of Price and Sowers Maintenance data set as the mean of 4, and assign a
lognormal distribution to it as described above. Recall that the variance of 4, is chosen to reflect the
more than two orders of magnitude variation among the means of Maintenance data studies appearing
in figure 20 (see Table D.3).

e The sedimentary section in each cell (thickness from seafloor to top of salt) is divided into five
stratigraphic units. The ratio in p(Perm) in Eq. (D.4) is computed for each stratigraphic unit at each of
five geologic time periods. In contrast to the value of Ay - which is held fixed for all stratum/time steps
in a Monte Carlo trial within a cell — p(Perm) varies with each stratum/time step.

e  Values of the rate of methane productivity Y&(7, p(Perm), g in Eq. (D.4) are generated for each
sedimentary unit at each of five periods of geologic time by first, generating a Monte Carloed value of
Ay = Ase(Tsp(WD), g/, then Monte Carloing a value of p(Perm), followed by generation of a value of
the residual error term &

e The ratio in Eq. (D.4) is, at each stratum/time step, the product of the ratio of sediment permeability
mixtures at the midpoint depth of the unit to the estimated permeability at the seafloor — multiplied by
seafloor productivity. It varies at each stratum/time step.
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Appendix E

Conversion of Price and Sowers’ Units to Units Used in Generation Model

This Appendix documents how data on methanogenic productivity from Price and Sowers’ article are converted
to units used in the generation model. The sample mean and sample variance of Price and Sowers’ Maintenance
Data are taken to be the mean and variance of a lognormal distribution of seafloor productivity, Agx, which is, in
turn, used to scale the methane productivity rate function shown in figure 18. Appendix D explains how this
sample is used to compute values of parameters for a lognormal distribution, transforming Price and Sowers’
units to those used in this study.

The conversion to generation model units is done as follows:

1. From Appendix D, the mean (M) of the lognormal distribution on Ay is 3.8 x 10”, and the standard
deviation (S) of the distribution is 5.06 x 10”. Both of these values are in Price and Sowers units — “g C/g
ch.

. Price and Sowers’ units are interpreted to mean “grams of carbon in methane generated per gram of
carbon in methanogenic archaea cells per hour.”

. Dr. Colwell translates Price and Sowers’ units (“g C/g C/h”) to femtomoles of methane generated per
cell per day (“fimol CHy/cell/day”) of 200 g C/g C/h to 1 fmol CH,/cell/day. In his units, M = 7.6 x 107
fmol CHy/cell/day (3.8 x 10” x 200), and S = 1.01 x 107 fmol CHy/cell/day (5.06 x 10~ x 200).

. There are 1 x 10" femtomoles in 1 mole. Therefore, M = 7.6 x 10""® moles CHy/cell/day
(7.6 x 10° x 107%), and S = 1.01 x 10""7 moles CHy/cell/day (1.01 x 102x 107').

. The density of microorganisms is assumed to be 1.48 x 10 cells per cubic centimeter (cm’) of sediment
at the seafloor. This value is the median of the data provided in Table E.1 below.

Table E.1
Density of Microorganism Cells in Sediments
Microorganism Density (cells/cc) Source
1.05 x 10° Parkes et al., 1990
5.94x10°—4.32x 10" Lochte and Turley, 1986
3.24x10" Rice et al., 1986
1.9x 10° Parkes et al., 1994

. Based on conversations with Dr. Colwell and others, we assume that 1 percent of the microorganisms in
seafloor sediments are methanogens. This is derived from an estimate of 10 percent of microorganisms
on the seafloor belonging to the archaeal group and perhaps 10 percent of that number being
methanogens. Then the density of methanogens in seafloor sediments is 1.48 x 10" methanogen cells/cm’
sediment (1.48 x 10° x 0.01).

. Multiplication of the median density of cells of methanogens per cubic centimeter of sediment times the
value of methane production in moles/cell/day yields M = 1.12 x 10™"° moles of methane/cm’ of
sediment/day (7.6 x 10™"* x 1.48 x 107) and S = 1.49 x 10" moles of methane/cm’ of sediment/day
(1.01 x 10" x 1.48 x 107). Three estimates from the literature are shown in Table E.2. The mean value
(M) is close to that of Parkes.
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Table E.2
Productivity of Methanogens in Sediments

Methanogenig Productivity Source
(moles CH,/cm” sediment/day)
1.8x 10" Parkes et al., 1990
0-28x10" Senior et al., 1982
1x10"-2x10° Lein et al., 1981

8. The mass of a mole of methane is 16 grams. Conversion of productivity in moles of methane to grams
yields M = 1.79 x 10” grams of methane/cm’ sediment/day (1.12 x 107" x 16) and S =2.38 x 10~ grams
of methane/cm’ sediment/day (1.49 x 107° x 16).

9. There are 1 x 10° cubic centimeters in one cubic meter. Conversion of production in cubic centimeters to
cubic meters of sediment yields M = 1.78 x 10~ grams of methane/m® sediment/day (1.78 x 10" x 10°)
and S =2.38 x 10~ grams of methane/m’ sediment/day (2.38 x 10° x 10°).

10. There are 3.65 x 10® days per million years. Conversion of production per day to production per million
years yields M = 6.5 x 10° grams of methane/m’ sediment/million years (1.78 x 10~ x 3.65 x 10®) and
S = 8.69 x 10° grams of methane/m’ sediment/million years (2.38 x 10~ x 3.65 x 10%).

Other than the assumptions above, this conversion requires the following notes:

1. The unit-converted rate, Agr, from Price and Sowers’ units to grams methane/m> sediment/million years
assumes that Ag is linear in total organic carbon (TOC).

2. Agris measured in terms of sediments with TOC normalized to 1 (i.e., units of 1%).

3. A change from Price and Sowers’ units to grams methane/m’ sediment/million years multiplicatively
rescales sample statistics M and S and adds a constant to the parameter p of the lognormal distribution
assigned to Asg.

4. M and S are scaled to production per 1,000,000 years, so that they are congruent with the scale of other
parameters used in the generation model. In fact, if the mean rate, M of productivity at the seafloor
surface, persisted for 1,000,000 years and sediment TOC = 1percent, methanogens would produce a
mass of methane roughly 100 times greater than the mass of organic carbon in the sediments. This will
not happen in the model because of two reasons:

a. The rate of productivity at the seafloor (Agr) is the starting point for calculation of productivity
which is then scaled by the ratio of the permeability of sediments at depth to the permeability at
the seafloor. This is typically a reduction greater than a factor of 100 for depths over which
methanogenesis occurs.

b. When cumulative methane production reaches the asymptotic limit of conversion of organic
carbon to methane (a mean of 18% of organic carbon by mass in the case of the GOM), the
model terminates methanogenesis.
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Appendix F
Calculating GOM Accumulation Density

Appendix F contains a description of an MMS effort that was led by engineers and geoscientists in the Resource
and Economic Analysis Unit, Office of Resource Evaluation, Gulf of Mexico Region. The primary goal of the
effort was to define the spatial accumulation density of hydrocarbon pools on the OCS shelf for the purpose of
supporting the MMS conventional oil and gas assessment. The results have been adopted as a proxy to
migration and trapping efficiency for the Gulf of Mexico (GOM) gas hydrate assessment model.

Background

The MMS maintains an inventory of over 60 geologic plays that serve as the foundation for our comprehensive
play-based approach to resource assessment and analysis of hydrocarbon potential. A major strength of the
play-based approach is that it maintains a strong relationship between information derived from oil and gas
exploration activities and the geologic model employed by assessment teams. A play is defined as a group of
pools that share a common history of hydrocarbon generation, migration, reservoir development, and
entrapment. Extensive effort is involved in developing play models, delineating the geographic limits of each
play, and compiling data on critical geologic and reservoir engineering parameters. These parameters are critical
inputs in the determination of the total quantities of discovered and undiscovered resources in each play.

Methodology

The MMS believes that the best measure of actual accumulation density using the MMS plays is found in the
most mature plays, i.e. those that have at least 75 percent of resources classified as discovered. Using this
maturity criteria, 18 GOM unaggregated shelf plays and 9 aggregated shelf plays were incorporated into this
study (see Table 6 and Table 7 of chapter II, respectively). Aggregated plays comprise several shorter time units
summed to the Series level, such as the Upper, Middle, and Lower Pleistocene Progradational plays aggregated
to become the Pleistocene Progradational play.

The group of hydrocarbon pools that comprise an MMS play are themselves made up of many Formation Sands,
which are uniquely identified in each MMS-designated oil or gas field. A pool often contains many Formation
Sands that are stacked vertically with varying degrees of lateral overlap. The accumulation density for each play
is expressed as a percentage where the numerator equals the productive area of the play and the denominator
equals the total area of the play. The productive area is determined by summing the area (acres) of all
Formation Sands within a play, and total play area is defined as the geologic play limit.

Results

On most occasions, the accumulation density of the aggregated plays is greater than the unaggregated because
the Play Area (denominator) is often the same, while the Formation Sand Area (numerator) sum tends to
increase. Results for both data sets range from less than 1 percent to just over 7 percent. These results were
made available to those involved with the development of the MMS hydrate assessment model methodology to
be incorporated as needed.
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Appendix G

Operating Instructions and Description of Programs, V 3.38
Jack Schuenemeyer & Ray Faith (9/21/2007)

Introduction

The first section of this report describes input and output files and operating instructions for the Gulf of Mexico
(GOM) gas hydrate assessment model. Mathematical details of specific sub-models are described elsewhere in
this report. This model has been tested and run on the GOM, and results analyzed for reasonableness by
geologists and other subject matter experts. Additional sensitivity analysis is required and some of the data used
to formulate models may be updated. The authors welcome any comments, suggestions and corrections. We
recommend that the user read all of the operating instructions before beginning a run.

The second section of this report is a brief overview of the FORTRAN model and programs.

Installing R

If R (an open source code statistical and graphics language) is installed on your computer, graphics and
summary statistics will be generated once cell computations are completed. To install R on your computer:

From the internet go to www.r-project.org

Left click on Download CRAN (left side of screen)

Scroll down to USA and left click on a USA site

In Downloads and Install you will see Linux, MacOS X and Windows. Left click on your operating
system.

In R for Windows (for example) click on base.

You will see R-2.5.1 for Windows (or the current release number)

Left click on README.R-2.5.1 to see installation instructions

After reviewing instructions click on R-2.5.1-win32.exe

In the file download window, click on RUN or SAVE (the download on this release is about 29MB).
For the remaining steps (by the Windows installer) choose defaults.

Return to the R homepage for R manuals if needed.

el S
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Operating Instructions
These instructions present input files, run time instruction, output files and compilation.

Input Files

Prior to making a run, two input files and the executable code need to be in place, an Excel file called Setup.xls,
which contains parameter information, and a text file containing the input data by cell.

12. Setup.xls — Model input specification and model parameters. This file contains Visual Basic code,
which allows the user to execute the model by left clicking on the RUN button. An output file will be
produced showing values of parameters and other settings. The Setup.xls file consists of two parts.

a. User changes. These are changes the user many need or wish to make prior to any run.
(1) Study Name. A description name of the study. This will be the name of the Excel
(.xls) file containing the results.

(i1) Input Data File Name. Name and location of the input cell data. In the example
(Display 1) the file name is GBdata_short.txt. Note that this must be a text (.txt) file.
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It can be created as an Excel or .csv file but then must be saved as a tab-delimited
text file. GardenBanks is the folder containing the input data file.

(iii) Ntrials (The number of trials) is currently set at 1,000. If the user desires
additional accuracy at the more extreme percentiles, this number may be increased
up to a maximum of 4,000.

(iv) CellSize is the linear size of a square cell in feet. It is currently set at 5,000 feet.

(v) The next four lines are used to save detailed cell by trial output. These files contain
results for individual cells and trials. They are: charge in trillion cubic meters (tcm),
net hydrate stability zone (HSZ) thickness (meters), concentration (fraction), and
volume (tcm). They may be extremely large. For example, if there are 50,000 cells
in the Input Data file and 1,000 trials, then 50,000,000 records would be written. A
file description is presented in Display 2, Results. To generate these files change the
0 to 1 in SaveChargeCT, SaveNetHSZCT, SaveConcenCT and/or SaveVolumeCT.

b. The parameter estimates were derived from scientific literature, expert judgment and
analysis of data. They are based on the best available information for the GOM. They can
be changed by the user, but caution must be used including a review of the scientific
methodology presented elsewhere in this report.

13. InputData.txt — the input data for each cell of each basin in the study. The name of this file and the
Input Data File Name in Setup.xls must be identical. The input data is by row. Each row is a cell and
consists of the following variables:

an area or region identification (ArealD),

latitude (Lat), longitude (Lon), which are cell mid-points,

sand percent (SandPerc),

water depth in meters (WD),

vertical depth in meters to top of basement (Salt),

anomaly,

basin identification (BasinID),

curvature (Curve), and

vertical migration (Vertical), an indicator variable (0 = off-anomaly, migration mixing ratio
(MigRat) specified in Setup.xls is used, 1 = seismic anomaly, migration is completely
vertical).

FE@E e a0 o

A portion of a sample data file is shown below. Each row represents a cell.

Area ID Lat Long SandPerc | WD | Salt | Anomaly | Basin ID | Curve | Vertical
TS02 | 27.1266 | -92.67472 5 1203 | 256 0 2 0 0
TS02 | 27.5534 | -92.43088 40 892 | 3589 0 2 0 0
TS02 | 27.5534 | -92.27848 30 949 | 5808 0 2 0 0
TS02 | 27.5686 | -92.27848 30 904 | 6078 0 2 0 0
TS02 | 27.5838 | -92.29372 29 863 | 6645 0 2 0 0

Computation of the curvature (Curve) of the basement surface is done in ArcGIS with the Curvature tool in the
Spatial Analyst extension.
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Display 1 Setup.xls

Run Model
Parameter Type Valuel| Value2| Value3| Value4 Description
Study Name Garden Banks Title for this study
Input Data File Name Garden Banks\GBData_short.txt Input Data Set pathname
Ntrials Constant 1,000 Number of trials (O<Ntrials<2,000)
Cellsize Constant 5,000 Linear size of cell (in feet)
SaveChargeCT Constant 0 Save Charge Cell by Trial Output (0=No, 1=Yes)
SaveNetHSZCT Constant 0 Save NetHSZ Cell by Trial Output (0=No, 1=Yes)
SaveConcernCT Constant 0 Save Concentration Cell by Trial Output (0=No, 1=Yes)
SaveVolume CT Constant 1 Save Volume Cell by Trial Output (0=No, 1=Yes)
GeoThermal Gradient Beta 143 2.66 14 76|Geothermal Gradient (alpha, beta, shift, scale)
BottomTempCoeffs Constant 18.23|-0.003136 4.101 Temp (defC) = a*exp(b*Depth(m)) + ¢ + Error
BottomTempError Normal 0 0.4425 Error term in above (Note: only standard deviation is used)
Zeta Normal 1.23 0.09 Local Salt — scale (mean, std dev)
Nu Normal 0.03 0.003 Local Salt — shale (mean, std dev)
Mu Normal 214 58.8 Hydrate stability temp — shift (mean, std dev)
Pi Normal 0.11 0.01 Hydrate stability temp — scale (mean, std dev)
GammaA Beta 25 0.3 44.4 1|Phase stability egns, w/anomalies
DeltaA Beta 0.3 25 8.4 2|Phase stability egns, w/anomalies
GammaNo Beta 25 0.3 49.1 1|Phase stability egns, w/anomalies
DeltaNo Beta 0.3 2.5 8.8 2|Phase stability egns, w/anomalies
PlstMy Gamma 1.638 1 Total Thickness of Sediment — Pleistocene (shape, scale)
PlioMy Gamma 1.5 1 Total Thickness of Sediment — Pliocene (shape, scale)
UMMy Gamma 0.976 1 Total Thickness of Sediment — Upper Miocene (shape, scale)
MMMy Gamma 0.976 1 Total Thickness of Sediment — Middle Miocene (shape, scale)
LMMy Gamma 1.133 1 Total Thickness of Sediment — Lower Miocene (shape, scale)
SandPermCoeffs Constant 10.85|-0.000258 Perm(md) — (Lambda * [a + b * Depth(m)) = Error] +
1)"(1/Lambda)
Lambda Constant 0.153 Lambda in Sand Permeability Equation
SandPermError Normal 0 2.541 Error term in above (Note: only standard deviation is used)
Omega Normal 0.84 0.08 Shale porosity as fn of depth (mean, std dev)
Tau Normal -0.125 0.01 Shale porosity as fn of depth (mean, std dev)
Omicron Normal 0.0037| 0.00037 Shale permeability as fn of depth (mean, std dev)
Chi Normal 1.7 0.17 Shale permeability as fn of depth (mean, std dev)
TOC Weibull 3.3517 0.94 Total Organic Carbon
OmtQual Weibull 2.483 131 Asymptotic conversion efficiency (shape, scale)
MigRat Normal 0.6 0.1 Migration mixing ration (mean, std dev)
SSFracVoid Triangular 0 0.05 0.15 Anomaly Fracture Void — Sand (min, most likely, max)
SHFracVoid Triangular 0 0.05 0.15 Anomaly Fracture Void — Shale (min, most likely, max)
SS1Coef Constant 0.5583 Porosity = SS1Coef * exp(SS2Coef * Depth(m)) + Error
SS2Coef Constant -0.0008932 Shallow sand porosity (Note: must be negative)
SSPorError Normal 0| 0.05839 Error term in above (Note: only standard deviation is used)
SH1Coef Constant 0.7196 Shallow shale porosity (poly regression model)
SH2Coef Constant -0.00081 Shallow shale porosity
SH3Coef Constant 0.00000036 Shallow shale porosity
ShPorError Normal 0 0.015 Shallow sand porosity error (Note: only standard deviation is
used)
FracSat Triangular 70 80 90 % saturation of fracture void volumes in anomalies only —
sand/shale (min, most likely, max)
SandSat Triangular 40 60 90 % saturation mix pore volumes — sand (min, most likely, max)
SHSat Triangular 0 10 20 % saturation mix pore volumes — shale (min, most likely, max)
SedDensity Constant 2.1 Sediment Density at seafloor (in g/cc)
MigrationEff Hard 1 0 Migration Efficiency (factor in final volume)(0 < MigrationEff
<=1 )
TrappingEff Wired 1 0 Trapping Efficiency (factor in final volume)(0 < TrappingEff <=
1
FormationVolFactor Beta 5 1.6 139 33|Formation Volume Factor 139 < fvf < 172
Distribution Parameters
Normal mean standard deviation
Beta alpha beta location scale
Gamma shape scale
Weibull shape scale
Triangular | minimum value peak value maximum value
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Prior to Running the Model

1. Ifthe input data are first constructed as an Excel file, the user needs to make the Excel columns wide
enough so that, when the values are written as a text file, they don't lose digits of accuracy. Leave the
first (label) line in when saving the file.

2. The InputData.txt must be sorted by BasinID.

3. The Setup.xls and GOM.exe must be in the same directory. Output will also appear in this directory.
The InputData.txt file may be in another directory; however, the address must be specified in the Input
File Name in Setup.xls.

4. R must be installed if graphic output and summary statistics are desired.

5. Graphics output will be placed in the main output file, which will have the name specified in Study
Name (Display 1); however, individual jpeg files are also written with generic names. These files must

be renamed or copied to another directory to be saved; otherwise they will be overlaid by new output.

Running the Model

1. Left click on the button labeled “Run Model” in the Setup.xls workbook.

2. While the model is running, a DOS window will open up that will display the steps of the model as
these run. The longest running step is the one in which the distribution of biogenic gas levels are
generated for each cell.

Run Time will vary as a function of the computer. If the input data file contains 50,000 cells, a run on a 1.8 GHz
PC with 1 GB RAM takes approximately 20 minutes.

Space Requirements vary depending on the output options chosen. The basic output will be approximately 65
MB. Options exist to write four detailed data files (described below), which increase storage requirements by an
additional 6 GB.

Results
1. StudyName.xls is the main output file. A description of the worksheets follows:

a.  Run_Settings is an output reproduction of Setup.xls plus a time stamp. We recommend that
this sheet be compared with Setup.xls to ensure parameters were read correctly.

b. Results reproduces the cell input data and provides cell output consisting of the following
variables:

(i) Basin Generation

(ii) Percent Convex

(i) Gross Hydrate Stability Zone Thickness (HSZ) in meters
(iv) Generation (Gen)

(v) Dip Migration (DipMig)

(vi) Charge (Charge) in cubic meters

(vii) Undersaturated Zone Thickness (UnderSat) in meters
(viii) Net Hydrate Stability Zone Thickness (NetHSZ) in meters
(ix) Saturation (Sat)

(x) Volume in trillions of cubic meters (tcm) (Vol)

(xi) Volume in trillions of cubic feet (tcf) (Vol_cuft)
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For variable (iii) through (xi), the following statistics are computed: mean; standard deviation;
the minimum; the 10, 20, 30, 40, 50, 60, 70, 80 and 90 percentiles; and the maximum. A total

of 118 variables are written for each cell, including input variables.

c. Aggregate displays aggregate result by trial. The variables are:

(i) Trial number
(i) Charge (sum over all cells) in tcm
(ii1) Concentration (cell average) (0 to 1)
(iv) Net HSZ (cell average) in meters
(v) Volume (sum over all cells) in tcm

2. IfR has been installed, graphics and basic statistics are included as worksheets in the Results file as

follows:

a. concen — a density plot of concentration

b. nethst — a density plot in original and log units of net HSZ

e

o

e. vol —a density plot in original and log units of volume
f. fourway — a scatter plot matrix of concentration, netHSZ, charge and volume
g. Statistics — summary statistics for concentration, netHSZ, charge and volume

Individual cell and trial files

Four files provide individual output information for each cell and each trial. The files are:

1. Volumect.csv for volume (units are tcm),

2. Nethszct.csv for net hydrate stability zone thickness,

3. Chargect.csv for charge (tcm) and

4. Concenct.txt for concentration (0 to 1)

charge mton — a density plot of charge in metric tons

charge bcum — a density plot of charge in billions of cubic meters

These are extremely large as the number of records is the number of trials times the number of cells. The
formation for each of the files is: Cell number, Basin ID, Latitude, Longitude, Trial number and volume.

Sample output from volumect.csv is shown in Display 2. These files are optional (see Display 1).

Display 2 Sample output from file volumect.csv.

Cell | BasinID | Latitude | Longitude | Trial | Volume
393 225 27.83477 | -92.5248 95 | 7.12E-04
393 225 27.83477 | -92.5248 | 216 | 6.42E-04
393 225 27.83477 | -92.5248 | 249 | 4.59E-03
393 225 27.83477 | -92.5248 | 287 | 4.22E-03
393 225 27.83477 | -92.5248 | 382 | 2.43E-05
393 225 27.83477 | -92.5248 | 434 | 5.85E-04
393 225 27.83477 | -92.5248 | 502 | 8.67E-04
393 225 27.83477 | -92.5248 | 711 | 7.23E-04
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Description of System

Model Components

The model consists of a main program and 39 separate subprograms (functions subroutines). A flow chart and
summary of these algorithms are presented later. These routines were programmed in FORTRAN version 90
and may be compiled by any compiler of this version or later. The compiled version is called GOM3.38. In
addition, a simple R script® is provided that will read in output files for further graphical and/or statistical
analysis.

Display 3 shows the general model structure for the GOM gas hydrate model. The generation and migration
modules are executed for each basin. Gas hydrates are generated for each cell in a basin by replication of the
model 1,000 times (trials). The migration module distributes hydrates across a basin within each trial to cells as
a function of percent convexity within a cell. Once this allocation is made, subsequent modules are executed
for each cell within a basin. In order of execution these modules are: charge, under-saturated zone thickness,
hydrate stability zone thickness, concentration, and volume.

R is an open source language. See http://www.r-project.org
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Display 3. System Flow Chart
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A brief description of each program is provided in the order of execution.

1.

10.

11.

12.

13.

14.

15.

16.

main.f Calls subprograms that read the data and parameter files, initializes curvature and arrays, saves
parameters and then executes routines to generate hydrates. At the conclusion this program writes results.

. initran (in ran.f) A function to generate (0,1) uniform random numbers.
. inputc Reads parameters from Control.txt.
. inputd (in input.f) Reads input data file InputData.txt.

. params (in params.f) Creates random deviates of the parameters for each trial.

outputp (in outparms.f) Saves output of params in a file.
initbasins (in initbasins.f) Determines which cells are in each basin.
curvature (in curvature.f) Calculates relative curvature for each cell within each basin.

generate (in gener.f) Computes the generation amount for each trial, for each cell within each basin.
Major subcomponents of this model are:

. Estimating thickness of the five strata.

. Computing midpoint thickness for each stratum and time.

. Estimating sediment temperature for each stratum and time.

. Generating a random deviate for the maximum initial production.

Computing midpoint shallow sand permeability for each stratum and time.

. Computing shallow sand porosity for each stratum and time.

. Computing midpoint shale permeability.

. Computing average rock bulk permeability.

Scaling permeability by water bottom permeability.

Computing an intercept.

. Computing generation potential for each stratum.

Integrating Arrhenius’ Law over thickness to obtain incremental generation for each stratum and time.
m. Computing the cumulative generation for each stratum that does not exceed generation potential.
n. Computing the cumulative generation for the cell-trial.
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migration (in migration.f)—Computes for each cell and trial within a basin computes migration volume
as a function of amount generated (see generate) and percent convexity (see curvature).

gencharge (in charge.f)—Computes charge as a function of vertical migration or dip driven migration
distribution.

undersatsub (in undersat.f)—Estimates undersaturated zone thickness.
hsz (in hsz.f)—Estimates thickness of hydrate stability zone (HSZ).

concentration (in concentration.f)—Calculates sand and shale porosities, total effective void space per
meter of net HSZ by sand, shale and fractures and finally, the total void space available for charging.

vols (in vols.f —Compute volume as a function of net HSZ thickness, cell size, saturation and charge.
Final result is adjusted by migration efficiency.

outputall (in outputresults.f)—Writes results.txt file.
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