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SUMMARY

The distribution of natural gas in the l;Jnited' States consists‘of proved reserves in
~ known reservoirs, of inferred reserves and undeveloped resources within these
reservoirs, and of undiscovered resources. [ Beyon‘d proved reserves, all volumes of
future natural gas suppIy are estimates based on information derived from past and
current experience in gas production and reserv0|r development Even proved reserves
dare subject to periodic revision. This assfessment was conducted starting with an
understandmg of major components of the natural gas supply derived from existing re-
source estimates that use established methodologles In addition to historically defined
. \ . ’ .
elements of the resource base. a new component--reserve growth in heterogeneous
_reservoirs--is quantlﬁed in_ this study ' ‘ |
Resource assessments proceed in thelr‘ planning and compilation from reasonably
well known quantltles,(proved reserves) _to;mcreasmgly less well known quantltres
(undiscovered resources)b Further natura‘ll gas reservoirs termed unconventionat are
typically given separate conS|derat|on and’mclude gas in low- permeablllty reservoirs,
gas in shale formations, such as the Devonian of the Eastern U S.. and coalbed meth-
ane resources. This approach has been ‘fLIIowed in this assessment. Special note
was made of Alaskan gas reserves in that ‘they are S|gn|f|cant and proven, but trans-
portatlon for North Slope gas to the Lower 48 states is lacking.

A summary of the results of th|s assessment shows that a techmcaIIy recoverable

reserve and resource base of 1,059 trillion cubic feet (Tcf) of natural gas exists in the

Lower 48 states (table 1). This resource hase is made up of provedv reserves. inferred

reserves, and resources, The I’atter requires discovery and development, some using
r _

“improved understanding of reservoir framewiorks that must be more‘fully developed and

applied. Of that, 800 Tcf exists or is estimated to exist in conventional reservoirs.



BYSE|Y Ulayinos uj auodwo)#
JloUS [BlUBUIUOD JBINOy .y
Iqa/°0%-"¥2$ pue |qa/vg$> jo seoud jio je pebpnr,,,

($2861) umoys seoud pesyjiem Je jpued mainey Aq ABojouyos) Bunsixe yum ejqelenodal pebpnl (jo) seb jo sawnjop,,

9L G6S
9.1 565
#¢ #¢
0 €
0 #L.
vii €8S
S 0l
¥ o - 8
6V 0L
9t S6¢v
8¢ 14°]
6S 88
L o€
8l 9§
o €¢
toC S8
i 661

JON/"S-"€$ JON/'ES>

»3014d Ad
SYO 379VH3IA0D3H

881l

881 ‘1L

€6

€€

6S0°1L

L€

L

081}

008

vel
6lc
19
611
€
S8
6G51

91 'SVYD
379vH3IA003H
ATIVOINHO3L

ABojouyosy Bunsixe yum m_nm_m>oom_ pabpn[ seb jo sswnjop,

viol

Jviolans
JHOHSH40 ANV FHOHSNO ‘A3HIAOISIANN YISV TV
(V34Vv L3INI YOO2) STAHYISTH @IHHIANI VISV IV
SIAHIASIY ‘WISVTVY
VISVV

violdns
SYO JIVHS
S .+ 3NVHL3IN q3d1v00
mm_0>mumm_m ALMIGY3IWH3Id-MO1 NI SYD
(leuoijuaauooun) g HIMOT

iviolans

»SFOHNOS3H FHOHS 440 AIHIAOISIANN

S30HNOS3H FHOHSNO d3HIAOISIANN

»HLMOYHD JAHISIH 110 HLIM d3LVIO0SSY S3IOHNOSIH SVO
m_m_OImZO ‘SA13I4 AALVIOOSSYNON NI HIMOYD 3AH3S3H A3AN3 L3
JHOHSL40 ‘98/1€/2} ‘SIAHISIH A3HYINI

JHOHSNO ‘98/1€/2} ‘S3OHNOSTY 318va0dd /SIAHISTH A3HHIANI
JHOHS440 ANV JHOHSNO ‘98/1€/2) ‘SIAHISTH A3AOHd

(leuojjuaauod) 8y HIMOT

@3ss3SSVY SIOHNOSIH ANV SIAHISIH SVOH SILVIS GILINN TVIOL °I 318VYL



More than half of the total reséurce evaluatéd in the Lower 48 states, or 583 Tcf of
gas, is judged economically recoverable (including finding costs) at less than
$3.00/Mcf (wellhead price, 19878). An addiFionaI 174 ch of gas is judged economi-
cally recoverable in a price range of $3.00 ito $5.00/Mcf. These judgments 6f eco-
nomic recoverability were made by a natioﬁal Review Panel of natural gas analysts
who helped define the course of this study“and made critical evaluations of project
results (table 2). In al‘l cases, a conservative view is taken of recoverability as well
as the totall resource accessible at different [;rice ranges. This is particularly true for
unconvéntional resources where the resource base is much greater than the volumes of
technically recoverable gas incorporated into this assessment.

The Review Panel acted through a seriés of judgments made individually and then
averaged for each category of natural ga:-j: reserve or natural gas resource. The
volume of gas judged »economically recover?ble for each category is the arithmetic
mean of the individual estimates after eliminjating the highest and the lowest estimate
for each price category. The mean estimat(; and the range of the estimates (less the

high and low values) reflect the range of juczigment of the Review Panel (table 3).

Key results for each major category of ‘natural gas are:

Proved Reserves
|
All Lower 48 onshore and offshore gas reserves of 159 Tcf (dry gas basis) are

judged economically recoverable at <$3.00/Mcf wellhead price (1987$).
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) blnferred Reserves/Pr‘obabIé Resources Onshore

This category is judg‘ed on a consensus estimate of 85 Tcf of inferred
. : B
reserves/probable resources onshore in the Lower 48 states. All gas in this category

was judged economically recoverable at <$3.60/Mcf wellhead price (1987$).
Inferred Reserves/Probablé Resources Offshore

A total ‘,o'f 23 Tcf of gas in this Categqry in the Lower 48‘ states is judged 100

percent econo‘mically recoverable at <$3.00/Mcf wellhead price in 19878.
Extended Reserve  Growth in Nonéssdciated Gas Fields, Onshore

Deﬁnition of this element of the natural{ gas resource base forms a major contri-
bution in that it represents gas distribut%d in known fields recoverable through
intensive development‘of heterogeneous reserivoirs. More than 300 plays, or groups of
geologically related reservoirs, in’cluding some‘; ‘10.000 ﬁ‘elds were evvaluated nationally to
~.define a natural gas resource of 105 Tcf in gexisting fields. This resource fs accessed
through inﬁ" d‘rillin‘g' and recompletion of bypassed 2onés. An additional component of
gas reserve growth ‘amounting to'1_4 Tcﬂ"of resources is associated with reserve
grthh of new ‘pools and extension idrilling to develop onshore inferred
reserves/probable‘resoﬁrces. The total volJme resulting from definition of the extend-
ed reserve growth potential is 119 Tcf. Ofir' that, 56 Tcf is judged recoverable at less
“than $3.00/Mcf and 18 Tcf is judged recgverable ét $3.00 to $5.00/Mcf (wellhlebad

.; | | |
price, 19878). | L



Gas Resources Associated With Oil Reserve Growth

Detailed data on 450 large reservoirs in; Texas and an in-depth study of part of
the Permian Basin in West Texas were u:sed to extrapolate to the national level
(Lower 48, light oil resource base) the increz;sed amounts of associated gas potentially
recoverable thrdugh oil reserve growth. Oil reserve growth, the improved recovery of
mobile oil from known reservoirs, is currently the largest contributor to oil reserve
additions. The national resource evaluated by the Review Panel in this category is
- 01 ch,‘ of which 30 Tcf is judged recoverable at <$24.00/bbl and 11 Tcf is judged
recoverable at $24.00 to $40.00/bbl (wellhead price, 19878).

Undiscovered Recoverable Onshore Resources, Lower 48 States

|

Varying estimates exist for this category between the U.S. Geological Survey
(USGS) and the Potential Gas Committéee (PGC). PGC estimates contain a
component of the low-permeability gas resource that is not included in USGS
estimates. The difference between the two approaches must be accounted for to
make comparable evaluations within this ass:essment. A weighted average 26 percent
low-permeability resource iﬁ the PGC estingate of possible and speculative resources
- was excluded to make a comparable evaluation. The USGS did not include gas from
low-permeability formations in their estimate of undiscovered resources, and this ad-
justment of the PGC estimates places them on the same basis as the USGS
estimates. Further, estimates of undiscovered gas resources for the Anadarko Basin in
both estimates (25 Tcf for the USGS. and 112 Tcf for PGC) were replaced on a con-
sensus basis by a 1988 estimate of 46 ircf made by Energy and Environmental

Analysis, Inc., for the Gas Research Institute. Setting aside estimates of gas in low-

permeability formations and the Anadarko Basin, estimates by the USGS and the PGC



are comparable. The resulting estimate on which the Review Panel acted was an
undiscovered Lower 48 onshore resourée of 219 Tcf. Some 88 Tcf of this resource is
judged recerrable in the lower price category (<$3.00/Mcf) and 59 Tcf in the higher
price category ($3.00 to $5.00/Mcf). ‘

Undiscovered Offshore Resources

The Review Panel utilized the MMS estimate of 128 Tcf for Federal offshore
Lower 48 undiscovered gas resources rather than average the MMS and the PGC
estimates. This was done in view of the data base and modeling cqnd_ucted by the
MMS. as well as the fact that the MMS included deep water estimated resources in
the Gulf of Mexico and the PGC did not. The Review Panel added 6 Tcf for State
offshore to MMS Federal offshoreifor an uhdiscovered offshore resource total of 134
Tcf. The judgment of the Review Panel is that 54 Tcf was recoverable at

<$3.00/Mcf and that 28 Tcf was recoverable at $3.00-$5.00/Mcf.
Gas in Low-Permeability Formations

Large estimated volumes of in-place éas exist in low-permeability formations in
the U.S.. but only smaller amounts are con;idered recoverable with present technology.
The Review Panel decided to exclude low-permeability formations of the Northern
Great Plains from consideration in this assgssmeht (as described later in this report)
in order to maintain a conservative approach to economically recoverable gas. Of a

|
technically recoverable resource base of 180j Tcf, the Review Panel judged 70 Tcf re-
coverable at <$3.00/Mcf and 49 Tcf recoverable at $3.00 to $5.00/Mcf. Volumes of
gas in tight formations assume current technology. but with advanced technology

larger volumes of gas could be recovered.



Coalbed Methane

of 215 Tcf of original gae in place aPpraised by ICF-Lewin Energy, 90 Tcf is -
‘conSIdered technlcally recoverable. Furthe!r 48 Tcf of that technically recoverable
volume is accessuble in areas of currently producmg basins where production has not
~ yet been developed. The Review Panel considered this volume of gas as the basis for
its assessment. Of the 48 Tcf, 8 Tef |s judged recoverable at the ‘low'er price
(<$3.00/Mcf)‘and 4 Tcf is judged recgwerable at the higher price ($3.00 to

-$5.00/Mcf) (wellhead price. 1987§). i

Shale Gas

ICF- Lewm Energy indicates an appralsed resource of 84 Tcf out of an original gas

|
in place of 800 to 1900 Tcf.  Of the appralsed resource, 31 ch is recoverable using

current technology. The Rewew Panel Judged that 10 Tcf of the 31 Tcf resource is
recoverable at <$3. OO/Mcf and and an addltlonal 5 Tcf is recoverable at $3.00 to
$5. OO/Mcf |

!
|
Other Resources
i
‘ |- :
Gas, natural or synthetic, is available from a variety of other sources but not

considered in this analysis. These include gas in water-driven, depleted reservoirs, and

mature, saturated in geopressured—geother’mal waters, each available through co-

production of water and gas. Also not considered is an increment of natural gas

potentially available through reserve growth of natural'gas fields yet to be discovered.
: . ! .

Finally, this analysis does not consider nor address synthetically produced gas from

‘coal and other sources, nor does it consider gas hydrates.

- 10



Levels of Uncertainty

Estimations of volumes of natural gas |n different categories of the resource base,
as well ‘as volumes éstimated to be recoveréblebat different pric‘e levels, have varying
levels of uncertainty associatéd with them. iFolllov‘ving is a summary of the uncertainty
associated with each element of the naturali gas base herein cqnsidered:

e Proved Reserves, Lower 48: 159 ch,i all economic at under $3.00/Mcf

This is the most certain element of the resource base because Ythe‘ definition of
| proved reserves states that they aré the estimated quantities that analysis of
geological and engineering data demohstrate with reasonable certainty to be re-
coverable in future years from know.n reserv0|rs under existing economic and
operatmg conditions.  Still, proved reserves from a given field are often
adjusted as operating data are accumulated. Since this gas should be recover-
able under existing écbnorﬁic conditiclns. it is all considered to be economic at
under $3.00. o |

e Inferred Reserves/ProbabIe Resources Lower 48: 108 Tcf, all economic under

$3.00/Mcf ‘

This is gas from the expected expan5|on of known fields through development

drilling of field extensions and pools at other, generally greater depths. 'This

gas is more uncertain than proved reserves since the wells to produce it have
‘ : |

. ‘ .
mostly not been drilled, but at least: we know the reservoirs are there.

¢ Reserve Growth: Nonassociated GaS'i 119 Tcf, 56 ch ( 7%) under $3.00

Associated Gas: 61 Tcf, 30 Tcf 149%) under $3.00

. ! .
- This is gas not contacted in existing reservoirs at current fields spacings and

|

completion intervals. It would be recovered by infill driI»Iinvg and recompletions.

11



The estimates are based on geologié analysis of the heterogeneity in oil and
gas reservoirs and estimates of the amount of uncontacted gas as a function of
geologic setting. The extrapolation to the whole U.S. rests on a number of
assumptions, here considered conservative. Since the gas occurs in existing
reservoirs, it would tend to be relatively inéxpensive.

Undiscovered Resources:

Lower 48 Onshore: 219 Tcf, 88 Tcf (40%) under $3.00

Lower 48 Offshore: 134 Tcf, 54 Tcf (40%) under $3.00

These estimates are based on geologic analysis and judgment by the USGS,
the PGC. and the MMS. They are the most uncertain of the resource
categories as they include possible undiscovered gas reservoirs in known gas-
producing basins and speculative reservoirs in basins that currently do not
produce gas. The economic estimates include finding costs, but do not neces-
sarily address the availability of}pipelines or markets or the timing of
production. ‘

Alaska: Proved Reserves: 33 Tcf, 7 Tcf under $3.00/Mcf

Undiscovered Resources: 93 Tcf, 2 Tcf under $3.00/Mcf

Alaskan North Slope reserves are an exception to the definition of proved
reserves in that they are not recoveij'able at current economics because of Iack‘
of transportation. Thus, only the 17 Tcf of southern Alaska reserves is eco-
nomic under $3.00 Mcf. Similarly, the estimated undiscovered resources would
be producible only in southern Alaska, if found.

Unconventional Gas:

Tight Formations: 180 Tcf. 70 Tcf (39%) under $3.00/Mcf

Shale Gas: 31 Tcf, 10 Tcf (33%) under $3.00/Mcf

Coalbed Methane: 48 Tcf, 8 Tcf (16%) under $3.00/Mcf

12



The uncertainty associated with these unconventional resources lies somewhere
between that of inferred and undiscovered resources. The existence of the resource is
fairly cer‘tain since the estimates are based mostly on basins with existing production
from these formations. The estimates assume only existing technology and thus are
fairly conservative. The estimates do not necessarily address the timing of production

or the availability of pipeline transportation.

EEEEEE.

Finally, it must be emphasized that all elements of the natural gas resource base,
except proved reserves, must be converted to reserves before they can be produced
and becomg part of the supply stream. The volume of the resource base that ulti-
mately becomes supply is dependent upon volume of drilling, in turn sensitive to price,

technology, and technology development.

13



INTRODUCTION

This assessment of natural gas resources‘ of the United States incorporates an ex-
amination of the traditional resource estimates and of nontraditional resource
increments. The latter are derived principally from the expected growth of reserves in
existing reservoirs. Existing estimates of natural gas resources are based on different
“methods and include different segments of the total resource base. This study places
existing estimafes on a comparable basis so that similarities and differences between
estimates of various elements of the resource base can be better determined. Once
estimates are appropriately disaggregated into similar elements, the _existing total
estimates of the U.S. Geological Survey :(USGS). Minerals Management Service
(MMS). and Potential Gas Committee (PGC) are similar.

This assessment of natural gas résgrves and resources examines all major
categories of the domestic natural gas supply and further attempts to define availabili-
ty by wellhead price in 1987 dollars. Gas iavailability by price was examined through
economic modeling by ICF-Lewin Energy using data supplied by the Bureau of Eco-
nomic Geology for conventional reservoirs. An additional estimate of natural gas
reserves and resources attainable at prices of less than $3.00/Mcf and $3.00 to
$5.00/Mcf was made for this assessment by a Review Panel of analysts familiar with
natural gas supply issues (table 2). These panel members helped guide the study by
providing valuable insights and direction as:well as data and evaluations of those data

necessary for this assessment.

14



Approach to the Study

The‘ approaeh to this study was to define all major categories of conventienal
'natural gas reServes and resources, uncoﬁventional supplies from Iow-permeabrlity
’formations.: shale gas and coalbed metha‘ne.iand nontraditional sources of gas through
reserve growth. Data on existing reservvoi;rs and proved reserves were derived from
the Significant Oil and‘Gas Fields of the United States Data Base (NRG Associates,
1985) and the U.S. Department‘of Energy.j Energy Information Admin.'rstratio‘n (EIA).
Data on undiscovered gas resources were rierived from the USGS, the MMS. and the
PGC. Supplementary sources of data incIu_c%led the Gas Research Institute (GRI).
Criﬁcal to this study was an understan?ding of’t‘h'e different definitions of natural
gas resources covered witlrin each of thesesources of ‘data. In particular, it becam‘e _'
evident through the course of this assessrriren_t that apparently varying total resburce
estimates became less divergent as each estimate was disaggregated. For example.
the largest difference in undlscovered resources for any region in the Lower 48 states
was between the USGS estimate and the PGC estimate for the Anadarko Basin. Se-

lection of a compromise resource value for this assessment was agreed upon by the

.prOjeCt Review Panel Further, recognrtlon of the inclusion of low-permeability gas

ly rmportant in. comparing existing estlmates

resources: in the PGC estimates but not in | ‘the USGS and MMS estimates was equal- '

The purpose of this study is not to dupllcate resource estimates that already ex-
i.st. Rather, it is to explore the assumptlons underlymg these estlmates. define crltlcal,
dlfferences and proceed to evaluate systematlcally the potential for gas reserve growth
»that can provide addrtronal gas resources. ‘Delmeatlon of these resources is based on
new understanding of the complexity of reservoirs’. termed reservoir heterogeneity,

| . !
which derives from the interplay of geologic and engineering characteristics. No part
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of this assessment would have been poss%ble without the thorough studies that
preceded it. Further, the authors of those studies and their organizations provided ex-
tensive cooperation in the effort reported here, without which this synthesis could not
have been made. |

Consideration was given to existing data on the economics of field development in
selecting the <$3.00/Mcf price for this assessment. The EIA (1986) reviewed the
economics of natural gas resources and considered the gas price required to yield a
15-percent rate of return (ROR) for nonassociated gas field development. The analy-
sis was based on constant 1984 dollars per million Btu, roughly equivalent to price
per Mcf. i

EIA considered price by field size, depth, and region. As might be expectedT the
price required to reach a 15-percent ROR for field development increases with depth,
decreases with;increasing field size, and is generally higher on the West Coast and in
the Rocky Mountains than in Texas and Louisiana. While conversion of 1984§$ to
1987% would tend to incfease the requiredTprice to achieve the stated ROR, drilling
costs have decreased in the same period. The price computation used by EIA (1986)
uses the developmental well success rate for each depth horizon (to yield dry hole
costs) but does not include any lease 'acqt;isition or geologic and geophysical costs.
Lease acquisition is not a cost for areas already under development, presumably held
by production, and available for field drillingé Geologic and geophysical costs to define
infill drilling targets would have to be ,added. however. = A representative well for each
region was defined using well spacing, reco‘very per well, initial producing rates, and
pressures and production schedules. |

Reduction in drilling and equipment co}st‘s from 1984 té 1987 and dollar conver-
sion between those years should approxim;tely balance, or even make 1987 price-

equivalents slightly lower than the 1984 ddllérs used by EIA (V. Kuuskraa, persbnal
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communication, 1988). If so. then develoﬁment wells for a 1.1- to 4-Bcf field are
economic at <$3.00/Mcf (19878) in South Louisiana, South Texas. West Texas. and
the Midcontinent to at least a depth of 12,500 ft and in the Rocky Mountains to at
. least a depth of 7,500 ft based on the EIA report (1986, table 25). This field size,
range of depths, and areal extent cover tth bulk of the nonassociated advanced gas
‘resource in terms of its distribution in knovyn fields. Thus, the EIA analysis tends to
support the use of a <$3.00/Mcf (19878) price as a reasonable choice for this assess-
‘ment. EIA's (1986) prices to yield a 15-percent ROR for a 1.1- to 4-Bcf field range
from $1.91/MMBtu in South Louisiana to $2.4/MMBtu in South Texas to
$2.62/MMBtu in West Texas for a 12,500-ft well.

The Role of the Review Panel

The national Review‘PaneI of,resourcg analysts (table 2) participating in this
study provided critical advice during the} course of the study and review during
preparation of results. The panel met in Washington, D.C., on March 8, 1988, to set
the direction of the effort and in Austin, Texas, April 20-21, 1988, to review results
6f the resource analysis. Further review bf a draft final report was undertaken by
each member.

At the Austin meeting, the Review Paqel was presented with the basic data, the
methodology. and the results from the‘anailysis of each resource category. Where a
range of resource options from optimisticj (higher resource) to conservative (lower
resource) was available, a conservative approach was implemented. This direction was
consistently endorsed by the Review Panel in determining the gas resource volumes
summarized in table 1.

A further key role of the Review Panel3 was to make a judgment of the volumes
- of natural gas in an agreed upon resource base that would be economically recoverable
at 1987 wellhead prices of <$3.00/~Mcf and at $3.00 to $5.00/Mcf. This judgment

17



was made with economic modeling by ICF-Le}win’En‘ergy (appendix 3) as well as eco-

nomic estimates made by the USGS, MMS, j‘EIA (1986). and Kent and others (1987)
as guidelines in determining economicalliy recoverable volumes of parts of the
nonassociated »and associated gas reserve g?rowth potential.  Also, ICF-Lewin Energy
‘provided analysis of technically recoverable vélumes of Iow-permeability gas resources,
'shale‘gas resdurces. and coalbed methane. ‘ _ |

Further'. some of the ecoriomic'a"y rjesoverable gas resource cost relations
discussed ‘by the Review Panel wefe develsped using economic analyses from GRI._‘

This was for the 6ffshore new fields and for probable resources (onshore and offshore)

from the Hyd'rc')carbon Model developed by ;Energy and Environmental Analysis. Inc.,

for GRI. The Review Panel voted on recoverable percentages in each price range for

each resource. The highest and lowest individual percentage estimates were discarded
from each assessment and the arithmetic miean of the remaining values was used ‘to

define the economically recoverable gas in each price range.

Elements of the Resource Base
Each element of the natural gas rese;rve and resource base is delineated and
assessed, avnbd evalhations by the br‘IatiOnaI Réview Panel are presented. Detailed infor-
matién on methodologies, regionai'.results iof particular‘a.ssessrhents. the economic
modeling, and considerations of resource dev;elopment and technologies are contained in

a volume of appendices to this report.
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PROVED RE’ﬂSERVES
Proved‘ reserves are "those volumes ef q‘ij and gas that geological and engineering
data demonstrate with reasonable cer‘tainty? to be recoverable in future years from
_ krlorrvn‘reservoirs under existing ecohemic' a‘nfd' oberating conditions” (En*ergy Informa-
tion Administration [EIA]. 1987). Thus, pro{ved reserves are economically recoverable
by definition. For this assessment, and with the concurrence of the Review Panel.
100 percent of Lower 48 states proved natural gas reserves ‘are judged recoverable at
less than $3. OO/Mcf wellhead price (19878). | The total volume indicated in the Lower
48 states is 158. 922 Tcf, or 159 Tcf for summary purposes (EIA, 1987) The distri-
bution of gas reserves |n major producmg areas is listed in table 4. The basis is
total dry gas. Alaskan gas reserves are Iaréely judged not to be available within the

price ranges considered in this study (<$3.0?/Mcf. $3.00 to $5.00/Mcf) owing to the

lack of transportation to market for North S?iope Alaskan gas.
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TABLE 4. TOTAL DRY NATURAL GAS RESERVES - LOWER 48

equivalent dry basis is given above.

Source: Energy Information Administration (1987)

20

Major 1986 12/31/86
~ Producing Production  Proved Reserves % Production = % Reserves
States Tcf Tcf (cumulative) (cumulative)
(1) TX (onshore +
state offshore) 4.620 40.574 30 26
(2) Federal Gulf of Mex. ‘ '
7 (TX. LA, AL) 3.965 - 32.898 26 (56) 21 (47)
(3) Oklahoma 1.658 16.685 11 (67) 10 (57)
(4) LA (onshore + |
state offshore) 1.741 -12.930 11 (78) 8 (65)
(5) New Mexico 0.628 11.808 4 (82) 7 (72)
(6) Kansas 0.461 10.509 3 (85) 7 (79
(7) Wyoming | 0.402 9.756 3 (88) 6 (85)
TOTAL 88 85
Total Lower 48 + }
Federal offshore 15.286 158.922
WET GAS AFTER LEASE SEPARATION - LOWER 48 (Tcf)
Nonassociated = 139.070
Associated-Dissolved = j28.684 *
Total = 167.754 **
*Alaska associated gas = 30.893 Tcf.
**83% of total wet gas after lease separation‘ is nonassociated gas reserves. The



‘ 'PROBABLE RESOURCES OIiR INFERRED RESERVES

Probable resources in the terminology oﬁ the Potential Gas Committee (PGC) and
inferred reserves in the terrninology of tiie U.S. Geolegical Survey (USGS) zi»nd
Minerals Manegement Service (MMS) f'bridge the boundary between discovered and
undiscovered resources” (PGC. 1987). They?form_ “that part of the ‘identified econom-
ic resource that will be added to known fieljds through extensions, revisions and new
pay zones” (Dolton and others, 1981). iThe extension drilling referenced largely
involves the future eXtension of existing pools in known productive reservoirs where
the pool has not been complefely delineated by_development drilling. New pool
discoveries. either in shallower or (more Iikeiy) in deeper formations also are included.

Inferred reserves are derived byv the US#%S, and MMS, however, from the historicall

growth of fields recbrded throUgh 1979 u$ing data series published jointly by the
| _

American Petroleum Institute and the American Gas Association. Through that time

very little infill drilling for gas below 640-acre spacing had occurred (See appendix 2,

Well Spacing). IR
The PGC estimates probable resources based on the stage of development of
‘ .

individual fields and does not rely on ,stati%tical projections of field growth, although

 historical precedents of well spacing and redovery are considered. Therefore the PGC

estimates generally do not capture those volumes of potential reserve growth in heter-

ogeneous reserves accessible through more intensive field development and recovery.

| Onshore iRegiQn

The distribution of probable resources /inferred reserves is shown in table 5. The

elimination of the low-permeability componjen_t, from the PGC estimate does much to
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reconcile the PGC and USGS assessments. ‘Inasmuch as the USGS estimate excludes
low-permeability resources, this adjustment places both estimates on an equivalent ba-
sis. USGS estimates may be conservative because some parts of designated low-per-
meability formations may produce from con\;entional permeability reservoirs. Across all
onshore regions, the PGC estimated in 19823 that 37 percent of the probable resource
in their estimate represented gas in low-permeability reservoirs under conditions similar
- to current production from such reservoirs. Such occurrences are not judged to re-
quire significant advances in technology to recover the gas. Applying this adjustment
to a total of appro*imately 128 Tcf of resource yields a revised PGC estimate of 81
Tcf of onshore conventional Lower 48 probable resources in reservoirs with relatively
high permeability. Averaged with 88 Tcf of inferred reserves (USGS estimate) yields
an estimafe of 85 Tcf of Lower 48 onshore probable resources/inferred reserves. All
~ of this volume is judged by the Review |Panel to be econ‘omically recoverable at

<$3.00/Mcf wellhead price (19878).
Offshore Region

Inferred reserves and probable resources offshore as reported by the MMS and
PGC differ for the Gulf of Mexico and Pacific (table 5). However, this difference is
largely related to differences in the accounting of proved reserv‘es (H. Kent and P.
Martin, personal communication, 1988). MMS‘ carries 47.04 Tcf of proved reserves for
the Gulf of Mexico Federal offshore compared to 32.9 Tcf cérried by the Energy Infor-
mation Administration (EIA; 1987) and 2.14 Tcf for the Pacific Federal offshore
compared to 1.33 for EIA, a total difference of 15 Tcf. Because inferred
reserves /probable resources are so closel‘y linked to proved reserves, this kind of
difference is possible with different_resourcé accounting. If for comparative purposes
the 15 Tcf differential between MMS and EIA is credited to the MMS inferred reserve
estimate (table 5). differences between the :MMS and PGC estimatés are slight.
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\

Thé’Review Panel concdrred ‘with tvhis ;djustment. and further added 2 Tcf of in-
ferred reserves to be the.‘total evaluated tp- adjust for the volume of gas in state
waters that MMS kdoes not include. The total_evéluated was 6 Tcf MMS inferred
reserves plus 15 Tcf adjustment for prove<}I1 reserves plus 2 Tcf adjustment for the
volume in state waters (total, 23 Tcf). Adiusted. the PGC estimate (25 Tcf) and the
MMS estimate (23 Ti:f) are comparable. ‘ ’

The Review Panel made an estimate ofj the economically recoverable offéhore gas
resource on the basis of 23 Tcf of resource% and judged the total to be recoverable at
<$3.00/Mcf wellhead price (1987%). ‘The 23 Tcf volume was derived from the sum |
of 6 Tcf of MMS‘ inferred ‘resourc‘e, 15 Tc% of difference in proved reserve‘s‘betwee;n

MMS and EIA data, and 2 Tcf of resource in state waters.
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EXTENDED RESERVE GROWTH IN NONASSOCIATED GAS RESERVOIRS
Reserve Growth Estimates

Reserve growth of gas fields has historically been calculated from annual tables of
ultimate recovery by year of discovery published by the American Petroleum Institute
and the American Gas Association. This data series ends in 1979. As such it
captures historical and traditional sources of reserve growth such as extensions and
new pools. However, through 1977 the vést .majority of ‘major nonassociated gas
reservoirs were stiﬂ at 640-acre spacing and some even at 1280 acres (appendix 2,
Well Spacing). As a result, these data do not reflect the potential recovery from
reservoirs drilled at closer spacing. To affect the tables published in 1979, such infill
drilling would have to have occurred by at least 1977 and probably even earlier.

Within this assessment some 10,000 fields distributed across the U.S. in 334
groups of geologically related reservoirs, termed plays, were evaluated for increased re-
covery on the basis of their geological complexity. Onshore nonassociated gas
reservoirs appraised from the data base represent 90 percent of Lower 48 onshore
nonassociated gas reserves. A geological as;sessment of the reserve growth capacity of
these reservoirs was made on a disaggregéted basis. An average 16.7'perc¢nt of
estimated ultimate recovery (EUR) forms the resource target for nonassociated gas
reserve growth. The result is a reserve grthh potential of 105 Tcf when extrapolated
across the full Lower 48 onshore nonassociated 'gés reserve base.

An additional increment of this element of gas reserve growth will come from
more intensive development of inferred reseryes/probable resources. Given an average
reserve growth factor of 16.7 percent of estimated ultimate recovery, an additional in-

crement of 14.2 Tcf of gas forms a resource target through the growth of probable
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i
_A resources/ihferred_ breseyrves. For purposes of*ijudgihg economically recé_’verable gas, the
‘review panel combined tﬁis 14 Tcf of gas with the 105 Tcf of reserve growth
pdtential to form a resource base of 119 ch. |
‘Because few r‘najor‘ gas reservdirs are déveloped at-spacings beiow 640 acres b_er‘
wéll and even fewer below 320 acres per’vTvell (see appendix 2, Well Spacing), it is
judged that there is minimal overlap with ;grobable resources /inferred ‘réserves. The

b C [
latter are derived from historical reserve appreciation factors.

Economic Access to Nonassocjiated Gas Re_servé Growth

- |

The Review Panel was asked to juc;]ge the economic recoverability of this
nonassociated gas reserve growth resource. E'This judgment was made after review of
ICF-Lewin’s economié,evaluations (appenciivix 3). The price categories used were
<$3.00/Mcf and $3.00 to $5.00/Mcf wellhjead price in 1987$. The judgment was
made on a resource basé of 119 Tcf con%sisting of 105 Tcf of nonassociated gas
reserve grqwth from existing feservoirs and‘14 Tcf from rveservel growth of current
probable, or inferred._’re.sélurces.‘ The mean results of the Review Panel's judgment
were that 47 pércent. or 56 Tcf of gaS. is economically recoverable at <$3.00/Mcf
“and that an additional 15 percent, or 18 chf. is ‘economica‘IIy recoverable at $3.00 to

[
$5.00/Mcf. These percentages were compuﬂed after deleting the high and the low es-

timate in each price category. The range of estimates was 43 to 60 percent for the

lower price category and 12 to 30 percent fbr the higher.
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Explanation of Project Approach' to Reservoir Heterogeneity

|
|

Ab‘un'da‘nt case studies and specific examples of reservoir heterogeneity for oil
reservoirs clearly show that these reservoirs are more complex and compartmentalized
_than. prewously thought Thus, poorly dr;amed or entirely uncontacted reservoir
compartments are left as targets for infill driFIing and recompletion of wells in all but
vthe simplest‘reservo'rrs with the most efficient drive mechanisms. This complexity is
not surprising given the average 38- percent prlmary and secondary recovery across
Texas oil reservoirs, a subset of natlonal reservoirs that accounts for one-third of U.S.
productlon. | |

Although ,a‘ffected‘by' the greater mobiIit)?( of gas in the reservoir, the samefactors
of reServoir heterogeneity applicable to oil re!servoirs apply to gas resources. Current
estimates of gas resources‘by the U.S. Geological Survey, the Minerals Management
Service, and the Potential Gas Committee do not reflect the potential for field reserve
growth through recompletion of byp'assedl_zones‘and infill drilling to incompletely
contacted or totally isolated reservoir coméartments because this element of reserve
growth has not been part of the historicalj natural gas mix. Developrnent of gas
reservoirs by these methods will be guided by an -increasing availabilityk of case studies
‘on the geology and engineering properties of complex reservoirs and the relation of
these properties to hydrocarbon producrblllty Few such studles exist for gas
reservoirs; however, when taken with oil ‘reserv0|r case studies and fundamental :
understanding of reservoir sedimentology. a hierarchy of reservoir complexity can be
defined. =~ This hierarchy can be deflned separately for carbonate and sandstone

reserv0|rs as one major le|S|on in reservou type: that approach has been taken for

|
this study. ‘
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For both sandstones and carbonates, major depositional reservoir types are listed
in descending order of geologic complexity (tables 6 and 7). For sandstones, complex,
fine-grained submarine fan systems represent a high degree of facies variation that is
compounded by fine grain size, which limits the extent of a well's drainage radius.
An example is the Spraberry Formation, a submarine fan system deposited in the deep
central part of the Midland Basin of West Texas. On the opposite end of the scale
are massive barrier-core deposits that consist of thick buildups of sandstone
representing ancient barrier-island systems. The resulting reservoirs parallel the margin
of ancient basins and can be found, for example, in the Frio Formation of the Gulf
Coast Basin in Texas. W.ithin these end members some 22 different sandstone reser-
voir types were rated for their relative degrge of complexity and given a heterogeneity
rank on a scale of 1 to 10 (table 6).

The same approach was taken for the ordering of 12 types of carbonate
reservoirs that as a gr‘oup are more heterogeneous than sandstones. Biogenic deposi-
tion (carbonate-secreting organisms) and chemical precipitation as a mode of
deposition, combined with later chemical modification, led to greater complexity of the
carbonate group. Restricted carbonate plétforms have rapidly changing depositional
environments related to water depth with a tendency toward precipitation of gypsum
and even salt (halite) as the platform grades into evaporitic flats. Multiple cycles
tend to occur as in‘the San Andres/Grayburg carbonétes of the Permian Basin in
West Texas. On the other end of the scaie. larger reef systems can have less inter-
nal complexity than other carbonate types as they build vertically, but veven these nev-
er become as homogeneous as the least complex sandstone reservoirs. Thus, both
lithologic types. sandstones and carbonates, do not have equally ranked end members.

Associated with each reservoir type qnd its related degree of heterogeneity is a

gas reserve growth factor (tables 6 and 7).- This factor is our judgment of the
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percent of conventional estimated uItlmate recovery from a field that is a resource

rtarget for advanced gas recovery. These mcrements of gas obviously parallel the het-

erogenerty rank in their dlstnbutron The; volume of original gas in place (OGIP)
| _

represented by each factor is correspondmgly smaller For e_xample. a 20-percent
"‘growth factor for a 100-Bcf reservoir whose conventional recovery is 65 percent of
oGIP (65 Bcf) represents 0.2 X 65 Bcf = 13 Bcf, or 13 percent of OGIP. Note that
more heterogeneous reservoirs will have lower EUR measured by standard methods
and will therefore have more potential for r‘feserve-growth. The “assignment of growth
factors is supported by studies of the gas lreServoirs with their associated incremental
gas resource target noted in italics for the approprrate deposmonal system Further
gurdance was taken from the d|str|but|on of unrecovered mobile oil in 450 of the
largest oil reservoirs in Texas analyzed by theBureau of Economic Geology (Galloway
and others, 1983; Tyler and others, 1984: Fisher and Finley. 1986). The factors
assngned are considered conservative and represent the Judgment of a group of reser-
voir geology specialists at the Bureau. ngher values than those assrgned were
derived from several case studies, but agreement on the overall hierarchy of heteroge- |
neity rank was not changed as the result (l)f a single case study in a particular depo-
srtronal system. | | |

For the economic modellng conducted | by ICF-Lewin Energy for th|s study, addi-
tional Judgments were required to defme how much of the mcremental gas resource
could be captured'iwith additional wells in each square mile of reservoir area. The
modeling is for blanket, or uniform, infillilng only, and Cannot consider strategically
placed wells. This determination ‘representls the production function for‘advanc‘edgas
recovery used in the economic model (table 8) The percent recovery for the high
heterogeneity class may he‘ optimistic for the 320-acre well, and it‘ may be appropriate

to distribute more of this resource into closer spacing categories. Future analyses

31



S ov

S 08

S¢ 091

09 0c€
AH3IAO0D3H ONIOVdS

HOV 40 LN3JH3d

ALIINIOO0HILIH MOT

S ov , S ov

S : 08 v : -0t : 08
0€ 091 0€ 091t
0S 0ce , ov 0c€
AH3IA0O3H ONIDVdS AH3IAO0D3H ONIDVdS
4OV 40 IN3DOH3d HOV 40 IN3JH3d
ALIINIOO0HILIH FLvHdIAONW ALIINIOOHILIH HOIH

Buiepopy o1wouod3 Jo sasoding oy Buyu; 19xuelg Aq (Buioeds aioe-0p9) uonoag Jad auQ puohag s|lom SaWNSSy

; AH3IA0D3Y (4HV)
JOHNOSIY SV AIDONVAAY HOH4 SSVY1D ALIINIDOHILIH A9 SNOILONNA NOILONAOHd '8 31dVL

32



should address this questio'n.v in light of actual field studies and experience likely to be
gained ‘in the near future. Note that the productlon functions are conservative in that
an unrecovered mcrement of advanced gas resource of 15 percent remains for the high
heterogeneity cIass 10 percent for the mtermedlate heterogenelty class, and 5 percent
for the low heterogeneity cIass. Thus, the productlon functions do not assume perfect
ahility. to contact all compartments in heterogeneous reservoirs. The production’
functlons were derived through consultation between Bureau of Economic Geology geo-

Ioglcal and engmeermg staff and the resource analysts at ICF-Lewin Energy
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'ASSOCIATED GAS RESERVE GROWTH POTENTIAL
| ! |

During the recent period of stabilizationiof oil production in the ‘Lower 48 states,

from 1979 t»hll'ough 1984, 92 percent of oj,nshore oil reserve additions came from
reservegrowth. that is, additions other th;n,new field discoveries. Oil reservoirs
eontributing to this rese‘rv’e growth contain considerable volumes of associated gas as
solution gas arnd as free gas. Flow ratesllof many in-field development wells and
increased understanding of feservoir heterogeheity indicate that previously unta.pped'res-
'ervoir compartme‘nts are being dreined for tﬂ\e first time during muc»h 'of'thiS develep— :
ment. - Thus, substantial gas volumes remai_h to be recovered.

This analysis of associated gas reserve growth makes use of data from the Atlas

of Major Texas Oil Reservoirs (Galloway and others, 1983). which covers 450 of the

~largest reservoirs in the state, eaeh with curinulétive production of 10 million barrels or
morek. These reservoirs are divided into 4§ plays with similar depositional systems,
hydrocarbon source, and trappi_ng style. Fo;' each play, an average initial ges—bil ratio
- (GOR) is given that is a good average measure of the GOR to be expected during
development of in-field oil resou;ees.

‘The volume of the oil reserve growth rjesource‘ target in Texas also has been cal-
culated from Oil Atlas data. Th‘e largest ertio_n of this target resides in the Permian
" Basin, where'complex, carbonate reservoirs are predominantly solution gas drive
mechanisms. The expected range of GOR i::hat might be applied to the range of res-
ervoir types in different geographic regions is 700_to 1.000 Scf/Stb. This range
fepresents carbonate reservoirs outside Texas (700 Scf/Stb) to an overall Texae J

estimated value (1,000 Scf/Stb). The%resulting estimated gas resource to be

recovered through oil reserve growth is therefore 25 to 35 Tcf (table 9).
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To extrapolate this result to the Léwer 48 states requires a ratio of the
discovered light oil resource in Texas (150 Bbbl) to the discovered light oil resource
in the extrapolated region (363 Bbbl) (table 9). The ratio of 2.42 may then be
multiplied by the lower limit of the expected Texas resource to give a Lower 48
states estimate of 60.5, or 61, Tcf of associated gas reserve growth potential. Texas
contains a diversity of reservoir types and, except for coarse-grained submarine fan
systems in California and shelf-bar systems in the Rocky Mountain reigion. is a rea-
sonable sample of national reservoir types.

The Review Panel believes that oil prices will be the controlling factor in the re-
covery of the associated gas through oil reserve growth. Therefore, thé panel
estimated volumes of oil and associated gas economically recoverable at oil prices of
<$24.00/bbl and at $24.00 to $40.00/bbl in 1987§. At less than $24.00/bbl,
49 percent, or 30 Tcf, was judged recoverable, and at $24.00 to $40.00/bbl, an addi-
tional 18 percent, or 11 Tcf, was judged recoverable. The range of estimates was 20
to 60 percent recovery at <$24.00/bbl and an additional 8- to 30-percent recovery at

$24.00 to $40.00/bbl after deleting the highest and lowest estimate in each category.
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UNDISCOVERED GAS RESOURCES

Undiscovered gas resouvrces have b’een estimated by the U.S. G‘eologica|‘Survey
(USGS) and‘ Minerals Management Ser\)ice j(MMS) in :an update of the 1981 USGS
Cvircul‘ar 860, and by the Potential Gas Committee (PGC) as part of their ongoing
biehﬁial assessment (éee appendix 1, Metths). For onshore and sfate waters, the
" USGS has édopted a ‘play-based ‘approach %or significant fields )in their curr'enf esti—
mate using the Significant Oil and G_as l‘-'i"elds of the United States Data B’ase
produbced by Nehrin‘g and Associates (NRG' Associates, 1985) as a major source of

data. The MMS approach for evaluation of offshore resources employs input of geo-

logical and geophysical factors into a mathematical model followed by a Monte Carlo

simulation. A second model is used to evali'uate econorhics for those brospects found
to be hydrocarbon bearing on a ‘Monte‘Car‘,lo trial (Cooke, 1985). The approach of
the PGC centers on estimates of numbers aﬁd sizes of uhdiscovered fields and pools,
volumes of gas-bearing rock, yield factors, brobability of trap existence and t.rap fill,
and other parameters that stem from .fhe jijdgment of individuals with knowledge of

the region being evaluated. Each of these methods is different in its approach and

execution.

- Onshore Résource‘_s
!
A further consideration is that different portions of the onshore resource base
~ may be included or excluded by definition at the start of the a.nalysis.‘ In the 1988
update of the 1981 analysis. the USGS rigo;ously excluded tight, or low-permeability,

. |
gas reservoirs by definition. Without some correction for this resource category. the

estimates of the USGS and PGC cannot be reasonably compared. A further complica-
tion arises in that geographic areas by which results are reported do not match -

precisely for onshore USGS and PGC areas, but for bu'rposes of this assessment the

37



major focus is on the larger components of the total resource. The PGC estimates
 were ‘adjusted for the inclusion‘of tight-formation resources using a resource-volume
weighted average for the possible and speculative resource categories. On éverage. 26
percent of these resources is attributed to tight reservoirs on the basis of individual
estimates of 19 percent for possible resources and 36 percent for speculative resources
given in the 1982 PGC resource estimate. |

" The most significant difference between the USGS and PGC estimates for onshore
areas exists for the Anadarko Basin region of Oklahoma. Resource estimates vary

from 25 Tcf by the USGS to 112 Tcf by the PGC.

| The USGS and PGC onshore resource estimates (less Anadarko Basin) differed by
only 15 Tcf (table 10). The Review Panel utilized an onshore undiscovered resource
base of 173 Tcf of resources, the average Qf the USGS and PGC estimates‘. exclusive
of the Anadarko Basin. An estimate of 46‘ch from a study by Energy and Environ-
mental Analysis, Inc., supported by the Gas Research Institute (Hugman and Vidas,
1988) was accepted by.the Review Panel as a compromise volume for purposes of de-
termining economically recoverable undiscovered gas resources iﬁ the Anadarko Basin.
The Review Panel judged that 40 percent of a total of 219 Tcf of Lower 48 onshore
resources, or 88 Tcf, is economically recc;verable and discoverable at <$3.00/Mcf
(19878). An additional 27.percent of the total resource, or 59 Tcf, is judged econom-
ically recoverable and discoverable at $3.00 to $5.00/Mcf (19878). The range of
estimates for <$3.00/Mcf was 20 to 5:0 percent recoverable and for $3.00 to
$5.00/Mcf was 15 to 40 percent. The higﬁest and‘ lowest estimates in each category

were removed to define the average and range of percentage economic recoveries.
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Offshore Resources

Existing estimates of Federal oftsvhore undiscovered Lower 48 gas resources range
‘bfrom 110 Tcf (PGC) rto 128 Tcf (MMS) (itabyle 11). The MMS estimate includes
’resoutces jndged to occur beneath very dei‘ep’ waters in the Gulf of Mexico. These
deep-water resources were not included in the PGC estimate, but are judged by the
Review Panel to be significant and the MMS estimate of 128 Tcf was ‘therefore
endorsed. State offshore waters contrlbute 6 ch for a totaI 134-Tcf undlscovered
Lower 48 offshore gas resource. The Rewew Panel judged that 40 percent or 54
Tcf, is available at <$3.00/MCf (1987$) and that an additional 21 percent or 28 Tcf,
is available at $3.00 to $5 OO/Mcf (19873) on a resource base of 134 Tcf. The
highest and Iowest estimates were removed from each category to deﬁne the range
and average. The range of estimates excluéive of these high and low values was 28
to 50 percent discoverable and recoverable‘ for the <$3.00/Mcf price and 15 to 25
_percent recoverable for the $3.00 to $5. 00/Mcf category. It should be noted that the
updated (1988) estimates by the USGS andi MMS report volumes recoverable at differ-
ent prices_. However, their price ranges are based only on cost of development. The

Review Panel, however, elected to make estjimates reflecting both finding and develop-

ment costs.
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UNDISCOVERED SMALLj FIELD RESOURCES

In a draft of current (1988) analysis. the U.S. Geological Survey (USGS) has
estimated the number of small fields remaining to be discovered. Fields in the Lower
48 onshore_ are listed in table 12 and includt; a total of 75,542 fields, about one-third
of which are nonassociated gas. Within the latter fields are én estimated 21.6 Tcf of
nonassociated gas and 435 MMbbl of natural gas liquids (NGL). Conversion of the
NGL to gas equivalent yields 2.54 ch of gas: the Btu équivalent of these liquids
would contribute to the economics of field' development. An additional 7.1 Tcf of
associated gas is carried in the tofal of the small oil field‘s.' The small‘ﬁelds defined
by the USGS were included in their overall resource estimate and are not to be con-
sidered as a separate additional resource. : Although the Potential Gas Committee
(PGC) did not make a separate estimate of small fields, the resource contained in
such fields is also included in the overall ‘PGC‘ resource estimate. The number of
small fields indicates the importance of technical efficiency in access td this resource.

Other estimates of small fields suggest that the total number méy be larger than
indicated above. If the total number of small fields were more on the order of
110,000 as others have suggested, and half of these fields contained nonassociated gas
equivalent to 90 percent of their total- hydrocarbons on a Btu basis, then the estimate
of srﬁall field gas would double to about 50 Tcf. This alternative was not used or
considered in this assessment. | | |

Efficient access to small fields less than 1 MMboe wilIb depend on such improved
technologies as low-cost, high-resolution seismic data, improved well placement based
on advanced depositional and structural modeling. and possibly better drilling and for-

mation evaluation techniques. The timing of implementation of these techniques will
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|
depend on demand for gas resources and 'the degree to which advanced recovery
research and development makes these techmques avallable to the large number of

: smaII companles and mdependent operators who are most likely to put them to active
1 .

: |
use. ‘
;
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RESERVE GROWTH OF UNDISCOVERED NONASSOCIATED RESOURCES

Assessment of the gas reserve growth potential of current nonassociated /gas
reservoirs suggests the potential for a significant resource of gas to be gained through
increased understanding of reservoir heterogeneity. This advanced gas recovery
component totals some 105 Tcf of potential gas reserve growth, with an additional 14
Tcf (approximately) to be added to current inferred reserves/probable resources. The
understanding of reservoir complexity gained through exploitation of this resource will
no doubt be transferred into the development of future discoveries.

Estimates of the field size and depth di;tribution for undiscovered resources have
béen made in 1988 by the U.S. Geological Survey, by Geological Ex.ploration
Associates Ltd. based on work by Kent and Finney (1988), and by the Potential Gas
Committee. All sources suggest that a significant portion of undiscovered resources
will be in modest-sized fields (class 6 [1 to 2 Bcf] to 11 [32 to 64 Bcf]) as well as
in small fields (smaller than class 6). M<‘>dest-sized fields, and those large fields
remaining to be discovered, will be exploitable to a greater degree using concepts of
advanced recovery than will small fields effectively drained by few wells. Assessment
of reserve growth potential of undiscovered resources will be accomplished with sbme
confidence as additional case studies of gas reserve ‘growth are made.

Acceptance of gas reserve growth from known reservoirs would be an important
first step before reassessment of expected yields from uﬁdiscovered fields. Overall,
given that predictions of undiscovered resources are made with an historical
understanding of gas recoveries, the direction for yields from future discoveries is likely

to be positive, especially for larger fields. Improved recovery technologies will certainly

45



be a part of this process in conjunction with a more thorough understanding of depo-
sitional heterogeneity. However, this category of resource was not quantified in this

assessment and is not part of the total natural gas resource reported here.
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RESOURCES IN SLOW-PERNlIEABILITY RESERVOIRS
._ |
A srgmflcant natural gas resource occurs in formations with low permeablllty
These so-called tight formations are generally art|f|C|a||y stimulated by hydraullc frac-
unng_m order to ,produce gas at economic  rates. The_ Federal Energy Regulatory
Commission (FERC) defines a low-permeability gas reservoir as one having an average
in situ permeability within the pay zone of 01 md (millidarcy) or less. Furthermore,
the production.rate in an unstimulated well }cannot exceed a flow rate ‘speciﬁed by the
"FERC for different_depth intervals and cannot produce more than 5 barrels of oil per
day (Potential Gas Committee 1981). In thls report shale gas reservoirs are treated
separately even though they might fulf'll the FERC definition of a tlght reservoir.
Low-permeablllty gas formations have tradltlona‘lly been divided into blanket and
“lenticular reservoirs.  Blanket rles‘e‘rvoi_rs arh 10 to 100 ft ‘thiok and extend laterally
over a large area; they are composed of eandstone. siItst_one, shale, chalk, or lime-
stone. Lenticular tform'ations. generally sanostone or siltstone, cohtain thick gas-bear-
ing intervals, with laterally discontirluou.s heds scattered throtrgh the section. The
National Petroleum Council (NPC. 1980) eﬁtimated that more than 40 percent ‘o,f re-
coverable gas in tightiformations is contajined in lenticular reservoirs and that the
balen'ce is in blanket reservoirs
Most of the Iow-permeablllty gas reserv0|rs in the continental U.S. occur in the
western states. Estimates by the NPC (1980) of the gas in place in tight formatlons
were made by studying in deta|I certam basms that were believed to contain
35 percent of the Iow-permeablllty gas résource (the appralsed basms) and then -
“extrapolating to the remaining potential Iowrpermeablllty gas areas using basln analogs.
The basins or formations‘appra'rsed in detafl_ were the Northern Great Plains /Williston,
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Greater Green River, Uinta, Piceance. Wind River, Denver, San Juan. Val Verde
(Sonora/Ozona), Edwards Lime, and Cotton  Valley. These appraised areas [formations
were estimated to contain 444 Tcf of gas in place in tight reservoirs, and the
extrapolated areas were estimated to contain an additional 480 Tcf of gas in tight
reservoirs (table 13). The estimated volume of technically and economically recover-
able low-permeability gas ranges from 192 to 574 Tcf (NPC, 1980) (table 13). The
low estimate assumes a price of $2.50/Mcf and a base technology: the high estimate
assumes a price of $9.00/Mcf and advanced technology.

A current study by ICF-Lewin Energy (1988) estimates that there is a volume of
433 Tcf in the appraised basins (the same ones evaluated in the NPC study) and
another 512 Tcf in extrapolated areas, for a total of 945 Tcf of gas in place in tight
formations in the continental U.S. (table 13). The areas of the country containing
low-permeability gas resources that were evaluated by extrapolation were divided into
four regions. The gas in place estimated for the four regions is as follows: western
(79 Tcf): greater southwest (188 Tcf): mid-continent (8 Tcf): and eastern (238 Tcf).
The amount of technically recoverable gas in the appraised basins ranges from 108 to
170 Tcf (table 13); the low estimate assumes current technology. and the high esti-
‘mate assumes advanced technology. fhe technically recoverable gas‘ in the
extrapolated areas ranges from 134 Tcf (current technology) to 228 Tcf (advanced
technology).

For this assessment the Review Panel initially considered a volume of technically
recoverable low-permeability gas resources of 240 Tcf using current and forseeable
technology to be a conservative estimate. These resources could include most of the
63.6 Tcf of low-permeability formation gas resources adjusted out of the PGC

estimates. A small percentage of the PGC low-permeability formation resources would
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occur in shale gas reservoirs.v The potential ;of technically recoverable gas is 400 Tcf
with advanced technology. but this volume of gas is not considered here.

According to ICF-Lewin Energy, economic model evaluations for price ranges con-
sidered in ‘this study show that 162 Tcf of low-permeability gas is economically recov-
erable in the Lower 48 states at less than $5.00/Mcf (1987$). Furthermore, two-
thirds of that volume (105 Tcf) is recoverable at less than $3.00/Mcf (1987$) with
currént technology (table 14). That technology assumes a maximum fracture half-
length of 400 ft, a fracture conductivity of 400 md-ft, and a maximum number of
wells per section of 4. The economic constraints that apply to these determinations
are a 10-percent rate of return, no depletion allowance, and an 80-percent development
drilling success rate (ICF-Lewin Energy, 1988). Because improvements in hydraulic
fracturing technology are actively being pursued by industry, service companies, and
the Gas Research Institute, increasing quantities of the large low-permeability gas re-
source are expected to become economically accessible. For example, in the appraised
basins, economically recoverable gas available at $2.00/Mcf (19878) (different price as-
sumption than that for this study) that is now estimated at 44 Tcf will more than
double to 93 Tcf with advanced technology.-" The assumptions for advanced technolo-
gy include a maximum fracture half-length ‘c;f 1,000 ft, a fracture conductivity of 800
md-ft, and a maximum number of wells perl sectién of 8. In contrast, assumptions of
advanced technology made by the NPC in 1980 involved a fracture half—l'ength of
4,000 ft and well spacings in some cases even closer than 80 acres per well.

All of the above technically and economically recoverable low-permeability gas
volumes include gas in the Northern Great Plains region where a relatively shallow,
low-pressure resource of mostly biogenic gas exists. The Review Panel excluded 60

Tcf of Northern Great Plains gas from its assessment of technically recoverable gas in
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order to maintain a conservative approach. Therefore, 180 Tcf rather than 240 Tcf
was evaluated. Of 180 Tcf of low-permeability gas resources, the Review Panel
judged, on average, that 39 percent, or 70 Tcf, is recoverable at <$3.00/Mcf (1987$)
and that an additional 27 percent, on averége. or 49 Tcf, is recoverable at $3.00 to
$5.00/Mcf (19878). These percentages were determined after eliminating the highest
and lowest estimate in each price category. After eliminating those two values, the
range was 20 to 45 percent for the <$3.00/Mcf category and 20 to 40 percent for

the $3.00 to $5.00/Mcf‘ category.
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COALBED METHANE

Coalbed methane is gés found in coal seams in sedimentary basins across the
United States. Coal seams east of the Mississippi River (eastern coals) are generally
Pennsylvanian in age, whereas those of the western United States are mostly
Cret'aceoﬁs or early Tertiary in age. Coal forms when peat (plant remains) is buried
and subjected to high temperatures and pressures for an extended period of time
(millions of years). Methane is a major product formed as a result of this
coalification process.

Some coalbed methane escapes from the coal seam and makés its way‘ into adja-
cent sandstone reservoir beds. In this case the coal is only the source for the gas.
and the accumulation in the sandstone is a conventional resource and is i-ncluded in
‘the resource estimates of both the PGC and the USGS. In other cases the methane
s retz;ined within the coal seam, and the coal is both the source and the reservoir for
the gas. The conditions of accumulation énd recovery of the resource in the latter
situation are only now beginning to be understood, and the technology of recovery is
“currently under development. The resource within the coal seams is the subject of
this section, and estimates of this resource are not included in either the PGC or

USGS resource estimates.

Coalbed Methane Resources
The existing range in estimations of coalbed methane resources in the United

States, 72 to 860 Tcf (table 15), reflects in large part the uncertainties associated

with a little-evaluated resource. The parameters that control the occurrence,
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. o | ;
abundance and economic recovery of the resource are poorly understood. Most re-

. source estlmates have been made from reglonal data bases. Estimations of recover-

able and “economic resources require lnformatlon not mherent to data bases used to
calculate. m-place rebsources. | |

* Because coal seams are the reservoirs for coalbed methane, aeveral of the gas-in-
place estimates repor‘ted in table 15 were ibased on U.S. Geological Survey v(Averitt.
1:975) estimates of coal resources in the United States. Usi.ng these coal resource
figures (tonnages) .and an average gas contént of 200 cf of methane per ton'of coal,
Federal Energy Regulatory Cdmmission (FERC. 1978) calculated 300 Téf of gas in
place in coalbed methane in coal seams less than 3,000 ft deep and 550 Tef of gas‘
in place in seams deeper than 3,000 ft. In? other studies based on the same coal re-
‘source figures, the authors assigned avefaée gas contents on the basis of coal rank
(Kuuskraa and Meyer, 1980; National Petroleum Council [NPC]. 1980) or on the basis
of coal rank an.d‘, depth (Sharer and Rasmussen, 1980‘).‘ and some authors adjusted
their estimates to allow for that gas fhatg escaped from shallow coal seams (NPC,
1980). In final analysis. all of these eétir%riates; which inherited the uncertainties of
the original coal rasource estimate, -are fairly close, but their high and I‘ow estimates
vary by as much as an order of m_agnitude}.’

A recent study of coalbed rnethanej' resources (Rightmire, 1984) (table 16)
_evaluated 14 -coallbasins. The astimate |§ based on coal tonnage‘calculations made
during the course of the study and on anaiyses of the methanevcontent of coal seams
in the respective basins. However, not a‘ll coal seams in the studied basins were
- evaluated. and sevéral coal basins were not included in the_study. so the snm of the
basin estimates is not a United States total In view of the range (134 to 402 Tcf)
of the estimate and the apparent subjectlwty involved in the method of analysns it

appears that this estimate is no more certain than those that preceded it.
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Most recently, the Gas Research lnstitllte contracted lCF-Lewin.Energy to'study
» the coalbed methane resources in the Northffern Appalachian (50 to 100 Tcf: Kelafant
and others, 1987), Black Warrlor (198 ch McFall and others 1986a), San Juan (56
‘ch:‘KeIso,and others, 1987), and Piceance Creek (84 Tcf: McFall and others, 1986b)
Basins. These evaluations ‘were made wrth‘ more extensive data bases than prewou‘s‘
studles especially with regard to numberl of analyses of methane content of coal
seams. The resource estlmates for the Northern Appalachlan and Piceance Creek
‘- Basins are snmllar to those of prewous studles However, resources estimates for the

Black Warrior and San Juan Basins are nearly twice the size of the earlier estimates

(table 16). j
If coalbed methane resources are poorly quantified, then recoverable and economic
resources are even Iess‘certain because ofl limited production experience and sparse
data (Office of Technology Assessment [OTA]. 1985) and poor understanding of geo-
logic controls on producibllity. The recov;erable resources reported in table 15 were

derived by a variety of methods. allﬂ with }shortcomings (see review by OTA, 1985).

The disparity between regional resources (gas in place) and economically recoverable

resources IS ‘evident from a study by ICF Lewin Energy (personal communication,
1988) that mcluded appraised areas of current coalbed methane production in the east-
ern and western United States. The stuoy indicates that 7 percent of the in-place
gas is economically recoverable at $3/Mcf (19878). and 8.5 percent is economically- re-
_coverable at $5/Mcf. Further, the ICF—Lew:in‘anaIysis suggests economic resources are
more Iimited by technological and geological factors than by price.

Regional resource estimates for 'co,albed methane, like‘ those for shale ‘gas
reservoirs, are based on volumetric calculations of the reservoir rock. - The volume of
coal is calculated by summing the thicknesses of coal seams in individual boreholes,
posting these values on maps, and contourlng the values to get areal distributions of

net coal thickness. ~Thickness is multiplied by area to determine volume, which is
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multiplied by specific gravity to arrive at coal tonnage. Tonnage is then multiplied by
gas content of the coal (cf/ton) to derive coalbed methane resources. The estimate .
thus derived provides an assessment of the gas resource and serves as the foundation
for the subsequent estimate of recoverable ér economic resources. The evaluation of
economic resources, however, must consider several additional geologic factors beyond
those influenéing gas in place. These factors are discussed below along with an ex-
planation of how they are accounted for in the ICF-Lewin Energy estimates of recover-
able coalbed methane.

First, coal is not the homogeneous, continuous feservoir that is suggested by the
coal isopach maps used in volumetric studies. Instead, cbal occurs in individual non-
communicating beds separated by other rock units. Furthermore, coal seams do not
extend across entire basins; they are compartmentalized reservoirs. >Coal seams have
maximum unbroken extents of tens of miles, and they are bounded by facies changes
or faults. Because of this, the net pay isopach maps constructed as part of the ICF-
Lewin basin analyses need to be, and have been. adjusted in the calculation of recov-
erable vgas. This is accomplished through two methods. First, a history match of
actual production data from densely drilled areas in the Warrior and San Juan Basins
establishes what volume of coal has actually been contacted by the induced fracture
and thus the total coal thickness establisl;ed from the geologic analysis is adjusted ,.
downward. Second, the isopach maps do not include thin, discontinuous coal seams
and thus they are not part of the analysis of recoverable gas.

Second, deeply buried coal seams are characterized by severely reduced
permeabilities and thus reduced recoverability. This geologic phenomenon is incorpo-

rated into the economic analysis through the development of basin-specific correlations
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relating in-situ permeability to‘ depth. These correlations are derived from tabcratory
test data and from history matching actualicoal seam production data. However. ad-
ditional research and field testing are greatly needed iin this area.

Th‘ird'. Iocahzed geolegic phenemena snch'as natural degasiﬁcation and fracture
}a‘p\acing and‘or_ientation can greatly influence coalbed methane recovery. The ICF-
Lewin estimates attempt to incerporate ’the'; influence of these geologic factors by using
reservt)ir simutation on a township-by-township basis tohestimate recoverable coalbed
methane. Townships characterized kb'y shallow or thin coals are excluded from the
analysis, as are areas ‘where the gas content of the coal is known to be anoma‘Ioust
low. In addition, depending on data availability, each township is assigned a unique
value for fracture spacing and orientation. Again, additional research is needed to
better und‘erstand the evolution and distribution of fracture patterns in most U.S. coal
basins. .particularly in areas characterized by the enhanced permeability resulting from

 closely spaced fractures. oy

The ICF-Lewin (1988) estimates for recover'able cealbed methane are based on
currently available geologrc and engineering data and are completed within the context
of the current understanding of the factorsé which control coalbed methane accumula-
tion and rec’o‘very. .However, improved éeologic understanding of the occurrence,
distribution, and producibility of the coal %resource. particularly s-ite—specific geologic

- studies, may well show the current estimates of economically recoverable coalbed

methane to be conservative.
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Economically Recoverable Coalbed Methane

The Review Panel considered a technically recoverable coalbed methane résource
of 48 Tcf. This was based on the expans‘ion of present resource development into
new areas of currently producing basins using current technology. Of the 48 Tcf, the
Review Panel judged that, on average, 16 percent, or 8 Tcf, was recoverable at
<$3.00/Mcf, and that 8 percent, or 4 Tcf, was recoverable at $3.00 to $5.00/Mcf
(1987$).. These percentages are after removal of the high and low estimates for each
price category. The range of estimates was 5 to 40 percent for the low price and 2

to 20 percent for the higher price, also after removal of the high and low estimates.
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SHALE GAS
|

Occurrence

Sbha|e>gas 'is methane that occurs in De’vo'nian‘through Mississippian age
: formations, prirﬁarily in,the Appalachian, llinois, a_nd Michigan Basins of the eastern
United States. The Appalachian Basin has the greatest resources and produCtiop._
The color of Dle'vonian’shal_es varies wfth or%ganick carbpn content, whiCh is commonly
5 to 25 percent (Potential Gas Committee [PGC], 1981). They are broadly classified
, as. black, brown, or gray. with the darker color resulting from greater organic carbon
content. The shales, initially clays depositad on ‘the seafloor, have undergonke burial,
compaction, and thermal maturatioh. prOci’ucirig metha.he from the organics in the
prpceSS. Because of low shale pe‘rmeabi_lity.' the gas ‘did not migrate; organip shales
are both the source ropk and the reservoir fOr Devonian shale gas. Mefhana content
ranges from 0.003‘to 1.110 cf and aVeraées 0.4 cf p‘er cubic foot of shra‘le in the

Appalachian and lllinois Basins (Science Applications.‘ Inc.. 1980).  Methane occurs :

adsorbed on the organic matter in the shalq and as free gas in pores and fractures.
Shale Gas Resources

Estimates of shale gas resources (table‘ 17) range from 387 to 3.900 ch (gas in
place) fpr all U.S. basins and’206 to 2,579 Tcf (gas in place) 'for the Appalachian
Basin, wﬁich is the largest eastern shale basin, both -‘areally and in terms of shalé gas
resources; estimates of. shale gas show 86 :rcf in the »IIIinois Basip and 76 Tcf in the
Michigan kBasin‘(NationaI Petroleum Council [NPC]. 1980). The diéparity in estimates

: |
is due, in part, to variations in the methods of determining the gas content. reservoir
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poteﬁtial. and drainage efficiency for the shales (PGC, 1981). The.Charpentier and
others (1982), NPC (1980). and Zielinski and Mclver (1982) studies (table 17) all cal-
culated gas in place by multiplyihg gas content, shale content, and areal extent
(volumetrics). However, different methods were used to arrive at shale thickness and
gas content. For example, NPC (1980) used ‘an average gas content derived from off-
gassing of shale. Charpentier and others (1982) calculated gas contents of shale us-
ing a variety of data sources. Zielinski and Mclver (1982) calculated gas contents for
shales and verified -their results by comparison with off-gassed samples collected in a
pressurized core barrel. They conclu'ded that off-gassed vaI.ues reported in some
studies were erroneously low because of escaped gas. |

The regional volumetrics approach is adequate for resource (gas-in-place)
estimates, but it is unsatisfactory for determining technically and economically recover-
able shale gas, as is evidenced by the few existing reports for these values. The
method does not consider important geological variables, such as the extent and den-
- sity of natural fractures or thev presence of silt lenses that affect permeability and,
hence, economic production.

For a 40-quadrant area (23.000 miz) in a productive region, ICF-Lewin Energy
evaluated technically and economically recoverable shale gas in four productive
horizpns, applying a set of technological, geological..and economic assumptions. They
found that, with current technology, 21 percent of the in-place gas is technically re-
coverable. At $3/Mcf (19878). 14 percent is economically recéverable, and at $5/Mcf,
18 percent is economically recoverable. . Although methods are unavailable for
extrapolating‘estimates of technically and economically recoverable Devonian shale gas,
studvies directed at such/ methods are in progress (ICF-Lewin Energy. personal

communication, 1988).
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" Economically Recovéréble Shale‘ Gas
| |
Th‘e‘Review Panel considered a techniéally recoverable shale resource of 31 ch
This was based vkon the expansion of pfesené_ resource development into new areas trns-r
‘ing curfent technology.‘ Of the 31 Tcf, the. Review 'Panel judged that, on average, 33
percent, or 10 Tcf, is ,recoverablye at '_<$‘3.00/Mcf and that an additional 15 percent,
or 5 Tcf. is recoverable at $3.00 to $5.00/Mcf (1987$); All prices are wellhead
prices. ‘Thesé percentages were determined after eliminating the‘ highést and lowest
estimate in eac‘h price category. The range of ‘.estimates Was 25 td 40 percent for

the <$3.00/Mcf category and 10 to 25 perceht for the $3.00 to $5.00/Mcf category. |
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OTHER UNCONVENTIO}VAL GAS SOURCES
.
|

Near-Term Producibility
|

t

Of the three 'resou‘rce‘ types reviewed here (c_o-production. geopressured-geotherrnal."
“and gas' hydrates). on‘ly;kelements_ of ‘the co-oroduction _resource are econOm'icall.y“ recov-
erable at 19‘87 gas pr‘ices. |mpr0\rements |n disposal well technology, conversion to
co-produc_tion practices before abandonment (with plugging and possible ‘mechanical
damage) and careful revierrv‘of res‘ervoir volumes and production histories norlv lead to

‘ economlc co-productlon prOJects Near-termzapplications .wiII expand in the Gulf Coast

reglon W|th consequent |mproved reservorr recovery efficiencies where water-drive

mechanisms result in low efﬁcrencles. The review panel determined that none of;the

three types covered in this section offers a ’near-term definable resource whose cost of

production can be evaluated for this assessment. -

~ Co—Pr‘oduct;ikon Gas
| .

Co productlon refers to the productlon of natural gas from formatlons that will
not yleld gas unless a large amount of water is produced with it. Co-production
|nc|udes three main types of gas productlon (Gas Research Institute [GRI]. 1986):
(1) production from watered-out gas reservovrs. (2) gas prewously bypassed because of
“associated water, and (3) aqunfers contalnmg dissolved gas mcludmg geopressured -geo-
_'thermal»reservorrs. Co-production gas occurs as mobile, |mmob|Ie and solution  gas. :

Mobile gas is gas that is free to move through the reservoir to the well bore, immo-

~ ‘bile gas is trapped gas that is not free to move to the well bore. and solution gas is |
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dissoh?ed in the brine (GRI, 1986). All thrée types of co-production provide gkas that
would not ordinarily be produced by conventional production methods.

Wells in watered-out reservoirs are usually shut-in and abandoned because of the
~ costs associated with low gas productiqn and the need for brine disposal. However,
one-third to one-half of the original gas m‘ay remain in the reservoir, much of it as
~immobile gas that is not free to move to the well bore. By reentering an existing,
watered-out well, much ofrthe remaining gas can be recovered by co-production of gas
wiih high-volume brine production. The objective is to produce at a high enough rate
to lower the brine level and the reservoir pressure so that the immobile gas expands
until it beéomes mobile again (GRI, 1986). The trapped gas is then free to migrate
to the well bore with the produced water. In a geopressured reservoir, the pressure
may be sufficient to produce brine without mechanical pumping: in a hydfopressured
reservoir, pumping is required for brine production.

A preliminary estimate of the co-production resource in the continental U.S. is
8,990 Tcf of co-production gas in place (table 18). of which 384 Tcf is technically re-
coverable (GRI. 1986). The estimated vollujme of co-production gas ’that is economi-
cally recoverable is 50 Tcf (GRI. 1986): this figure includes co-production gas in
Alaska. No separate estimate of economically recoverable co-production gas was made
for the continental u.sS. laI‘one. This estimate of -economically recovérable co-
prod'uction gés assumes production of 100 standard cubic feet of gas per barrel of
brine produced (P. L. Randolph, pérsonal communication, 1988). The . greatest volume
of technically recoverable co-production gas resource is located along the Gulf Coast of
Texas (177 Tcf) and Louisiana (167 Tcf). There is an estimated volume of 33 Tcf
of economically recoverable co-produttion gas in the Texas and Louisiana Gulf Coast,

assuming that the ratio of economically recoverable to technically recoverable co-
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production gas is the same throughout the continental U.S. In the Gulf Coast, the

target reservoirs occur at depths from %near surface to 6,100 m (20,000 ft);
geopressured reservoirs occur at depths greater than about 2,500 to 2,750 m (8,000 to
9,000 ft). Other areas of the continentél U.S. with technically recoverable co-
production gas include California (26 Tcf). the Rocky Mountains (9 Tcf). and the
Mid-Continent (5 Tcf). |

Geopressured-Geothermal Gas Resources

Natural gas (mostly methane) that occurs dissolved in geopressured-geothermal
reservoirs is a special subrset of the co-production resource. Methane solubility is a
function of temperature, pressure, and galinity. but typical saturation levels of
geopressured brines are 20 to 40 standard cubic feet of gas per barrel of brine
(Potential Gas Committee [PGC]. 1981). The major geopressured-geothermal regime in
the United States occurs along the Texas-Louisiana Gulf Coast at depths greater than
about 2,500 to 2,750 m (8,000 to 9,000 ft). Other areas of the country that may
contain geopressured-geothermal gas resources are the Arkoma, Big Horn, Wind River,
Green River, Piceance, Uinta, San Joaquin, ‘and Mississippi Salt Basins (PGC, 1981).

No estimates have been made for gec;pressured—geothermal gas resources in the
entire continental U.S. Instead. because the Gulf Coast contains by far the major
geopressured-geothermal resource in the country. all estimates have focused on this ar-
ea alone (table 18). Recent estimates indiéate tHat there are in the range of 1,000 to
3.000 Tcf of dissolved gas in place (table 18) in the onshore U.S. Gulf of Mexico and
about 3,000 Tcf offshore in geopressured-geothermal reservoirs (Wallace and others,
1979; Kuuskraa and Meyer, 1980). The amount of ultimately recoverable gas in on-

‘ .
shore areas has been estimated as 97 Tcf by Wallace and others (1979) but only
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50 Tcf by Kuuskraa and Meyer (1980). An estimated 53 Tcf is recoverable offshore

(table 18) (Wallace and others, 1979). |

A detailed study of sandstone volume gnd methane solubility in deep geopressured
reservoirs of the Téxas Gulf Coast indicates that the total volume of dissolved meth-
ane in Tertiary saﬁdstones below 2,500 m (8.000 ft) is 690 Tcf in Texas alone (table
18) (Gregory and others, 1980). The total in-place volume of solution methane in
"effective” Tertiary sandstones (sandstones that are greater than 9 m [30 ft] thick
below 2,500 m [8.000 ft]) is 325 Tcf. Thie recoverable volumes of dissolved methane
in Texas range from 21 to 35 Tcf in all sandstones and from 10 to 16 Tcf in
effective sandstones, assuming a recovery factor of 3 to 5'percent of the methane‘in
place (Gregory and others, 1980). The amount of geop‘ressured-geothermal gas that is
economically recoverable at $1.40 to $1.80 is negligible (P. L. Randolph, personal
communication, 1988), assuming methane solubility of 25 standard cubic feet of gas

per barrel of brine.
Gas Hydrates

Gas hydrates are an icelike mixture of‘gas and water in which gas molecules are
trapped by a framework of water molecules (PGC, 1981). Large quantities of naturél
gas can potentially be trapped in gas hydrates, and they could be a greater resource
per unit volume than conventional free-gas r‘eServoirs at depths less than 1,500 m
(5.000 ft). Gas hydrates form in high-pressure - low-temperature environments such
as permafrost or within marine seafloor sediments. The only permafrost areas in the
United States that may contain gas hydrates occur in Alaska. Estimates of the

volume of gas in gas hydrates in Alaskan permafrost areas range from 11 to

25,000 Tcf (PGC, 1981). Gas hydrates have also been inferred to exist in the
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. | :
following offshore areas around the continental U.S.: (1) Atlantic Ocean in the New

Jersey Baltimore Canyon area and the Bla;ke-Bahama Outer Ridge area: (2) Pacific
Ocean in the California/Oregon Continental Slope area; and (3) Gulf of Mexico in the
Louisiané Green Canyon area (Morgantown Energy Technology Center, 1985).

Gas hydrétes theoretically should form at the sediment-water interface below
about 500 m (1,600 ft) of water, and the t“hickness of the gas hydrate accumulation
increases with the thickness of the water column. The presence of gas hydrates in
submarine sediments has been inferred primarily from gebophysical evidence, by
recognizing a bottom-simulating seismic reflector believed to be caused by a layer of
gas hydrate. In addition, some geochemical evidence exists to support the hypothesis
that gas hydrates occur in ocean sediments (Morgantown Energy Technology Center,
1985). Deep Sea Drilling Project cores ifrom the Blake Ridge contained higher
volumes of gas than would be expected if 6nly free gas were present. Gas hydrates
were drilled by the Glomar Challenger off the Pacific coast of Mexico, near Acapulco:
the gas hydrate was observed on the ship deck before it decomposed.

Several estimates have been made of the volume of gas hydrate resources on the
offshore shelf areas of the U.S. (table 18). The estimates in table 18 include gas
hydrates in the area along the Alaskan shelves but not in onshore Alaskan permafrost.
Resource estimates range from 2,700 to 6,700,000 Tcf of gas in place within gas
hydrates in submarine sediments along U.S. shelf areas (table 18). However, no gas
hydrates have ever been produced from offshore sediments, and no estimates have
been made for the amount of gas that is techr;ically recoverable from offshore U.S;

gas hydrates.
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