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FOREWORD 

The N a t i o n a l  Gas Survey Advisory Committee was c r e a t e d  under 
t h e  a u t h o r i t y  of t h e  F e d e r a l  Advisory Committee Act ,  P u b l i c  Law 
92-463 which a u t h o r i z e s  F e d e r a l  a g e n c i e s  t o  c r e a t e  and a d m i n i s t e r  
committees composed of e x p e r t s ,  r e p r e s e n t i n g  v a r i o u s  i n t e r e s t s ,  t o  
p r o v i d e  a d v i c e  t o  t h e  agency. One of t h e  p r o v i s i o n s  of t h e  Act i s  t o  
" . . . a s s u r e  t h a t  t h e  a d v i c e  and recommendations of t h e  a d v i s o r y  
committee w i l l  n o t  b e  i n a p p r o p r i a t e l y  i n f l u e n c e d  by t h e  a p p o i n t i n g  
a u t h o r i t y  o r  by any s p e c i a l  i n t e r e s t ,  b u t  w i l l  i n s t e a d  b e  t h e  r e s u l t  
of t h e  a d v i s o r y  committee! s independent  judgment. . . . " (Sec.  5 (b)  ( 3 )  ) . 

On February  28 ,  1975 t h e  F e d e r a l  Power .Commission i s s u e d  a  
n o t i c e  of proposed rulemaking r e q u e s t i n g  comments on t h e  e s t a b l i s h m e n t  
of a  number o'f new commitFees and t a s k  f o r c e s  t o  c a r r y  o u t  new and 
c o n t i n u i n g  programs of t h e  N a t i o n a l  Gas Survey.  

By Order i s s u e d  September 15,  1975, a f t e r  a d o p t i n g  many of t h e  
comments r e c e i v e d ,  t h e  Commission e s t a b l i s h e d  t h e  Supply-Technical  
Advisory Task Force-Nonconventional N a t u r a l  Gas Resources  among s e v e r a l  
o t h e r  committees and t a s k  f o r c e s .  The f i r s t  meet ing of t h e  t a s k  f o r c e  
was h e l d  i n  Washington, D . C .  on January  13,  1976. The f i n a l  t a s k  
f o r c e  meet ing w a s  h e l d  March 15,  1977. 

I n  d e s c r i b i n g  t h e  N a t i o n a l  Gas Survey,  t h e  F e d e r a l  Power 
Commission s t a t e d  t h a t  t h e  Survey - "is des igned  t o  p r o v i d e  a  
ba lanced  approach t o  t h e  ' i n d u s t r y ,  i t s  problems and i t s  o u t l o o k ,  
r e p r e s e n t i n g  a l l  p o i n t s  of view r e l e v a n t  t o  t h e  a r e a s  of s t u d y .  It  
is  designed t o  i n c l u d e  a  c r o s s - s e c t i o n  of consumer, environmental  and 
i n d u s t r i a l  i n t e r e s t s  and t o  r e c e i v e  i n p u t  from academicians  and Y 

r e p r e s e n t a t i v e s  from F e d e r a l ,  S t a t e  and l o c a l  government o rgan- iza t ions . "  

The g o a l  of t h e  Survey was cons idered  by t h e  F e d e r a l  Power 
Commission t o  b e  "a p e r i o d i c a l l y  updated comprehensive a n a l y s i s  of our  
f u t u r e  energy s i t u a t i o n  w i t h  emphasis on t h e  n a t u r a l  g a s  i n d u s t r y ,  
i t s  p r o b a b l e  f u t u r e  course ,  and i t s  impact on consumers and on t h e  
economy. " 

T h i s  r e p o r t ,  t h e r e f o r e ,  r e p r e s e n t s  t h e  N a t i o n a l  Gas Survey 
Advisory Committee's independent  judgment concerning t h e  a d v i c e  i t  
f e e l s  a p p r o p r i a t e  t o  t r a n s m i t  t o  t h e  F e d e r a l  Power Commission f o r  i t s  
c o n s i d e r a t i o n .  A l l  of i t s  mee t ings  were open t o  t h e  p u b l i c  and 
p u b l i c l y  announced a t  l e a s t  two weeks p receed ing  each meet ing.  Any 
member of t h e  p u b l i c  had t h e  o p p o r t u n i t y  t o  p a r t i c i p a t e  i n  t h e  meet ings  
and /or  submit  any i n f o r m a t i o n  h e  o r  s h e  wished t o .  I 

I n  accordance w i t h  F e d e r a l  Power commission "Order E s t a b l i s h i n g  
N a t i o n a l  Gas Survey Advisory Committee", i s s u e d  November 11, 1976, each 
member of t h e  Execu t ive  Advisory was p rov ided  a  copy of t h e  f i n a l  d r a f t  - 
and "asked t o  reysew and comment" on t h e  d r a f t  r e p o r t  b e f o r e  i t  was 
pub l i shed .  Every comment r e c e i v e d  from t h e  Execu t ive  Advisory Committee 
is  i n c l u d e d  as a n  appendix t o  t h i s  r e p o r t .  



This  r e p o r t ,  t h e r e f  o r e ,  r e p r e s e n t s  on ly  t h e  views of t h e  members 
of t h e  Advisory Committee which have n o t  i n  any way been i n f l u e n c e d  
by t h e  F e d e r a l  Power Commission. As such,  i t  r e f l e c t s  t h e  views. of 
t h e  Committee and n o t  t h e  F e d e r a l  Energy Regula to ry  Commission, nor  i s  
t h e  F e d e r a l  Energy Regula to ry  Commission o b l i g a t e d  t o  adop t  any of t h e  views 
o r  recommendations con ta ined  i n  t h e  r e p o r t .  The r e p o r t  combines t h e  d a t a  
and i n f o r m a t i o n  submi t t ed  t o  t h e  Survey by members of t h e  t a s k  f o r c e  
and i s  reproduced h e r e  . e x a c t l y  a s  i t  was r e c e i v e d .  

The Commission and i t s  s t a f f  a p p r e c i a t e  t h e  t ime,  e f f o r t  and 
e x p e r t i s e  c o n t r i b u t e d  by t h e  Advisory Committee. We would l i k e  
a l s o  t o  acknowledge t h e  t y p i n g  and o t h e r  s u p p o r t  work g r a c i o u s l y  
c o n t r i b u t e d  by t h e  committee members. 
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June 6, 1977 

Chai man  
Federal Power Commission 
825 North Capi to l  S t ree t ,  NE 
Washington, D.C. 20426 

I Dear M r .  Chairman: . 

As Chairman o f  t he  Supply Technical Advisory Task - Nonconventional 
Natural  Gas Resources I  am pleased t o  submit f o r  your  approval the  
attached repor ts .  These three repor ts  p e r t a i n  t o  work o f  th ree  o f  
the  f o u r  sub-task forces establ ished as p a r t  o f  the  ove ra l l  
Nonconventional Natural  Gas Resources Task Force, as f o l  lows : 

Sub-Task Force I1  ethane i n  Coal 
Sub-Task Force I 1 1  Gas Generated under Natural  

Condit ions i n  Recent Organic 
Mater ia l  

Sub-Task Force I V  -Gas i n  T igh t  Formations 

The r e p o r t  o f  the  remaining sub-task fo rce  (Sub-Task Force I  - Gas 
Dissolved i n  Water) w i l l  be submitted as soon as i t  i s  completed, 
which i s  an t i c i pa ted  l a t e r  i n  1977- 

1 S incere ly  , 

Chairman 
Supply Technical Advisory Task Force 
Nonconventional Natural  Gas Resources 

vii 



Chairman 

Vice-Chairman 

FPC Coord ina t ing  
R e p r e s e n t a t i v e  & 
S e c r e t a r y  

SUPPLY-TECHNICAL ADVISORY TASK FORCE 
NONCONVENTIONAL NATURAL GAS RESOURCES 

Task Force  Membership 

Task Force  Members: 

E l l i s  R.  Boyd Jr. 
G e o l o g i s t  
F e d e r a l  Power Commission 

P.A. Dennie 
S h e l l  O i l  Company 
Houston,  Texas 

George H.  Denton 
Formerly 
Lykes Resources  I n c .  
~ i t t s b u r ~ h  Pennsy lvan ia  
P r e s e n t l y  
The P i t t s t o n  Company Coa l  Group 
Lebanon, West V i r g i n i a  

Wal lace  deWi t t ,  Jr .  
U.S. Dept. of t h e  I n t e r i o r ,  

G e o l o g i c a l  Survey 
Res t o n ,  V i r g i n i a  

J e r r y  D.. Ham 
U.S. Energy Research and 

Development Admin. 
Washington, D.C. 

John W .  Harbaugh 
S t a n f o r d  U n i v e r s i t y  
S t a n f o r d ,  C a l i f o r n i a  

Lloyd E. E l k i n s  
Formerly 
Amoco P r o d u c t i o n  Company 
T u l s a ,  0k.lahoma 
P r e s e n t l y  
Petroleum C u ~ l s u l t a n t  
T u l s a ,  Oklahoma 

Thomas J e n n i n g s  
Petroleum Engineer  
N a t i o n a l  Gas Survey 

P o r t e r  John Brown 
Columbia Gas .Transmiss ion ,  

Corp. 
C h a r l e s t o n ,  West- V i r g i n i a  

John M. Dennison 
U n i v e r s i t y  of North C a r o l i n a  
Chapel H i l l ,  North C a r o l i n a  

Maurice  Deul 
U.S. Dept. of t h e  I n t e r i o r ,  

Bureau of Mines 
P i t t s b u r g h ,  Pennsy lvan ia  

Sidney S. Ga lp in  
Conso l ida ted  Gas Supply Corp. 
C la rksburg ,  West V i r g i n i a  

C l i f t o n  Hea thco te  ( r e p l a c e d  by 
~ i d n e y  Galp in )  

Conso l ida ted  Gas Supply Corp. 
C la rksburg ,  West V i r g i n i a  

v i i i  



Claude R. Hocot t  
U n i v e r s i t y  of Texas 
Aus t in ,  Texas 

~ i l l i a m  L a i r d  
Ga tes  Engineer ing  Co. 
P i t t s b u r g h ,  Pennsylvania  

P a u l  H .  Jones  
Louis iana  S t a t e  1Jn ivers i ty  
Baton Rouge, L o u i s i a n a  

W i l l i a m  La Londe 111 
El izabe th town Gas Company 
E l i z a b e t h ,  New J e r s e y  

P h i l l i p  E. LaMoreaux David Lombard 
Formerly U.S. Energy Research and 
Geolog ica l  Survey of Alabama Development Admin. 
U n i v e r s i t y ,  Alabama 
P r e s e n t l y  
P.E. LaMoreaux and A s s o c i a t e s ,  

I n c .  
'Xuscaloosa, Alabama 

W.E. Matthews I V  
Sou thern  N a t u r a l  .Gas Company 
Birmingham, Alabama 

David Morehouse 
G e o l o g i s t  
F e d e r a l  Power C o m i s s i o n  

D o ~ ~ g l a s  Patchen 
West V i r g i n i a  ~ e o l o g i c a l  Survey 
Morgantown, West ~ i r g i n i a  

Mi l fo rd  L .  Skow . 
U.S. Dept. of t h e  I n t e r i o r ,  

Bureau of Mines 
Washington, D.C.  

Raymond H.  Wal lace ,  Jr. 
U.S. Dept. of  t h e  I n t e r i o r ,  

G e o l o g i c a l  Survey 
Bay S t .  Lou is ,  M i s s i s s i p p i  

Ar thur  Warner, S r .  
U.S. Dept. of  t h e  I n t e r i o r ,  

Bureau of Mines 
Washington, D.C.  

Washington, D.C .  I 

John L .  McCormick 
Environmental  P o l i c y  Cen te r  
Washington, D . C .  

Will iam K.  Overbey, ' Jr.  
U.S. Energy Research and 

Development Admin. 
Morgantocm, West V i r g i n i a  

Frank C .  Schora  
I n s t i t u t e  of Gas Technology 
Chicago, I l l i n o i s  

Frank S t e a d  
U.S. Dept. of t h e  I n t e r i o r ,  

G e o l o g i c a l  Survey 
Denver, Colorado 

Howard. Walton 
U.S. F e d e r a l  Energy Admin. 
Washington, D.C.  

A. B. Waters 
H a l l i b u r t o n  S e r v i c e s  
Duncan, Oklahoma 

V i c t o r  H. Zabe l  
G e o l o g i s t  
F e d e r a l  Power Commission 
Washington, D.C.  



TABLE OF CONTENTS 

Page. 
> 

Sub-Task Force I - 
Gas Dissolved i n  Water 
( s u b j e c t  of s e p a r a t e  r e p o r t )  

Sub-Task Force I1 - 
, Methane i n  .Coal 

Sub-Task Force I11 - 
Gas Generated Under Na tu ra l  
Condi t ions i n  Recent Organic Ma te r i a l  

Sub-Task Force I V  - 
Gas i n  Tight  Formations 

Comments 



REPORT TO SUPPLY-TECHNICAL ADVISORY TASK FORCE-- 
NONCONVENTIONAL NATURAL GAS RESOTJRCES 

BY SUB-TAZK FORCE 11: METHANE IN COAL 

WASHINGTON, D. C. 



Supply-Technical Advisory Task Force-Nonconventional 
Natural Gas Resources-Sub-Task Force I1 

Methane in Coal 

Membership 

chairman Arthur Warner 

EPC Coordinating 
Representative & 
Secretary 

Thomas Jennings 

Members 

George Denton 
Maurice Deul 
Sidney S. Galpin 
William Laird 
William La Londe I11 
W. E. Matthews IV 
Douglas Patchen 
Milford L. Skow 

Former Members 

Clifton ~eathcote 



TABLE OF CONTENTS 
\ 

Chapter Page 

1. Historical Research Efforts .................................... 5 
Coal Mine Safety ........................................... 5 
Measuring Methane Content of Coalbeds ...................... 5 
Chemical Composition ....................................... 6 
Quantifying Methane in Coalbeds ............................ 8 

11. Industry Criteria for Commercialization of Coalbed Gas --------- 15 
Utilization by Coal Mining Companies ....................... 15 
Commercial Criteria ........................................ 15 
Deliverability -----------------------------------i----------- 17 
Utilization Experience ---.---------------------------------- 17 

111. Technology for Recovering Methane from Coalbeds ---------------- 19 
Vertical Surface Boreholes ................................. 19 
Horizontal Boreholes from Shaft Bottoms .................... 2 0 
Directional Slant Holes from.the Surface ------------------- 2 0 
Horizontal Boreholes in Active Mines ....................... 20 

IV. Identification of Problems ..................................... 2 1 
Methane Capture .............................................. 21 
Sampling of Coalbeds ....................................... 21. 
Required Technology Improvements ........................... 2 2 

'Continuous In-Hole Surveying .......................... 22 
Drill Guidance ........................................ 22 
Increasing Coalbed Permeability ....................... 22 

Economic Uncertainty ....................................... 2 3 
Institutional Constraints .................................. 2 3 

Figures : 
1. Estimated methane content with depth and rank.---------- 9 
2. Areal Distribution of Coals in the Contiguous U.S. ----- 12 
3 .  ~real Distribution of Coals in Alaska ------------------ 13 



Tables : Page 
1. Composition of coalbed Gas Compared With Natural 

Gas ........................................ 7 
2 .  Volume of Gas in Coal Beds .............................. 10 
3. Total estimated remaining coal resources of the United 

States, January 1, 1976 ............................... 11 
4. Composition of Pittsburgh Coal Bed Gas, % --------------- 16 
5. Composition of Water From Three Coalbeds ---------------- 2 9 



CHAPTER I 

HISTORICAL RESEARCH EFFORTS 

\ .  Coal Mine Safe ty  

The occurrence of methane i n  c o a l  was t h e  s u b j e c t  of i n v e s t i g a t i o n s  
by R. T. Chamberlin (1) and N. H. Darton (2) conducted f o r  t h e  U. S . .  
Department of t h e  I n t e r i o r  from 1907 t o  1915. The frequency and 
s e v e r i t y  of c o a l  mine d i s a s t e r s  caused by t h e  accumulation, i gn i -  
t i o n ,  and explosion of indigenous methane gas e s t a b l i s h e d  t h e  need t o  
i n v e s t i g a t e  t h e  occurrence and d i s p o s a l  of methane i n  c o a l  mines. For 
many yea r s ,  improving v e n t i l a t i o n  o r  reducing t h e  r a t e  of coa l  ex- 
t r a c t i o n  were t h e  only methods employed f o r  prevent ing dangerous 
concent ra t ions  of methane i n  underground mines. La te r  t h e  European 
p r a c t i c e  of p ip ing  methane-rich a i r  mixtures  from mine workings t o  
t h e  s u r f a c e  atmosphere was developed where longwal.1 mining methods 
a r e  employed f o r  e x t r a c t i n g  c o a l  (3). 

I n  1964, a comprehensive appl ied  research  program was i n i t i a t e d  by 
the  U. S. Bureau of Mines (4)  t o  b e t t e r  understand and con t ro l  methane 
emission i n  coa l  mines. The methane dra inage  r e sea rch  program is 
described i n  Appendix A. 

I n i t i a l l y ,  t he  Bureau of Mines research  e f f o r t  was concerned mainly 
wi th  i d e n t i f y i n g  fundamental p r i n c i p l e s  regard ing  methane a s soc i a t ed  
wi th  coa l .  The b a s i c  ques t ions  were: 

- Why a r e  some coalbeds "more gassy" than o t h e r s ?  
- What a r e  t h e  phys i ca l  f a c t o r s  t h a t  c o n t r o l  t h e  migra t ion  and 

r e t e n t i o n  of methane i n  coalbeds? 
- To what e x t e n t  does t h e  geology of t h e  coalbed in f luence  

these  f a c t o r s ?  

The r e sea rch  p r o j e c t s  included l abo ra to ry  s t u d i e s  of s o r p t i o n  and 
d i f f u s i o n  p r o p e r t i e s  of coa l  samples from va r ious  coalbeds ( 5  through 
10 ) .  Such p r o j e c t s  helped t o  expla in  t h e  methane emissions observed 
i n  deep mines (11 through 17) .  The f i r s t  comprehensive survey of t h e  
amount of gas  emit ted from United S t a t e s  c o a l  mines was completed i n  
1972 (18).  An updated r e p o r t  followed i n  1974 (19).  

Measuring Methane Content of Coalbeds 

The s tudy  of such phys i ca l  p r o p e r t i e s  of c o a l  a s  po ros i ty ,  permea- 
b i l i t y ,  d i f f u s i o n  cons t an t s  r e l a t i v e  t o  methane and water, f i n e  
s t r u c t u r e ,  and ~ o m p o s i t l o n  of sorbed gases  (20,21) made i t  p o s s i b l e  



I 
I to determine directly the gas content of a coalbed (22). Additional 

refinements have made it possible to quantify the in-place gas content 
of coalbeds. (23,24). The direct determination technique consists of 
putting a cored coal sample in a sealed canister, and periodically 
removing the desorbed gas and measuring the quantity by water displace- 
ment;. the process is continued until the rate of methane desorption 
declines to 0.5 cubic centimeters of gas per gram (0.87 cubic inches 
per ounce) of coal in 24 hours. The gas remaining in the coal is 
estimated either by using an empirical curve for blocky or friable 
coals or by measuring directly the gas desorbed from the finely pul- 
verized coal core. 

9 

Based on considerable data using the direct determination technique, 
it was concluded that coalbeds may constitute an important potential 
methane resource (25), and further development of this resource has been 
urged (26 through 29). It is estimated that the cumulative total 
of coalbed gas vented from deep coal mines ranges from 200 -to 250 
million cubic feet (MMcf) per day [5.7 to 7.1 million cubic meters 
(MM cu m) per day] or between 73 to 91 billion cubic feet (Bcf) per 
year (19) [2.1 to 2.6 billion cubic meters (B cu m) per year]. This 
is equivalent, in calorific value, - 11 to more than 3 million tons 
(2.7 million metric tons) of coal, or about 1 percent of the annual 
production from U. S. underground coal mines. The methane normally is 
diluted by air as it is vented from coalbeds; 200 parts of air per 1 
part methane. The total quantity of gas vented to the atmosphere 
will increase as deeper coalbeds are developed (30), unless measures 
are taken to capture the coalbed methane. 

~ Chemical Composition 

The chemical composition of the gas drained directly from coal- 
beds is primarily methane (CHq). The quantity of other hydrocarbons 
found in coal tested to date does not exceed two percent by volume. 
The few impurities, found in significant quantities, consist of carbon 
dioxide (C02) and nitrogen (N2) (15,20,21). No hydrogen sulfide (H2S) 
or sulfur dioxide (SO2) has been detected in coalbed gas. Thus, the 
composition of most coalbed gas is somewhat similar to and compatible 
with natural gas. Table 1 shows the analysis of gas from several 
selected coalbeds. 

In addition, the thermal quality of methane associated with coal is 
pzactically identical'to a high methane-content natural gas. Pure 
methane has a heat content of 1,012 Btu per cubic foot at 60' 
Fahrenheit (7.1 Kgcal per cu m at 15.55O Celsius) and atmospheric 
pressure. Pipeline grade natural gas normally ranges from 950 to 
1,035 Btu per cf (6.8 to 7.4 Kgcal per cu m) . 
11 Based on the calorific value of methane and coal of 1,000 ~ritish - 

Thermal Uni~(Btu) per cubic foot [7.13 Kilogram calories per cubic 
meter (Kgcal per cu m)] and 25 million Btu per ton (5.7 million 
Kgal per metric ton) of coal, respectively. 



TABLE 1 

COMPOSITION OF COALBED  GAS^' COWARD WITH NATURAL GAG/ 

Coalbed (Shown in Percent) 
. . Pocahontas Lower .Mary NATURAL 

No. 3 Pittsburgh Kittanning Hartshorne Lee GAS 

2 1  Deul, M. and Kim, A.G., "Methane in Coal: From Liability to Asset ,': - 
Mining Congress Journal. 

3 /  Moore, B. J., etal., "Analyses of Natural Gas of the United States," - 
USBM IC 8302, 1966. 

4 /  British Thermal Unit per Standard Cubic foot at atmospheric pressure. - 
Note: 252 Kilogram calories per Btu arid scf 0.0283 cubic meters. 

\ 
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Quantifying Methane i n  Coalbeds 

The q u a n t i t y  of methane i n  a  s p e c i f i c  coalbed, es t imated  i n  t h e  
l a b o r a t o r y  by t h e  d i r e c t  de te rmina t ion  method, i n d i c a t e s  t h a t  t h e  
methane content  of bituminous coalbeds range from nea r ly  zero t o  600 
cf  per  ton  (15.4 cu cmlgram) (23,29).  However, d a t a  f o r  a l l  type of 
c o a l s  a r e  l imi t ed .  Most of t h e  d a t a  t h a t  is  a v a i l a b l e  have been 
der ived  only from bituminous coalbeds;  very few d a t a  a r e  a v a i l a b l e  
f o r  a n t h r a c i t e  and sub-bituminous coa l s .  - 
The t o t a l  volume of methane i n  a  coalbed may be determined by multi .plying 
t h e  est imated q u a n t i t y  of c o a l  in-place by t h e  gas-content measured i n  a  
c o r e  of t he  s p e c i f i c  coa l .  I f  a  co re  i s  not  a v a i l a b l e  o r  cannot be ob- 
t a ined  from a coalbed t o  make a  labora tory  a n a l y s i s ,  t h e  gas content  may 
be  est imated by us ing  t h e  r e l a t i o n s h i p  e s t ab l i shed  by K i m  (31) .  That 
r e l a t i o n s h i p ,  i l l u s t r a t e d  by Figure  1, "Estimated Methane Content wi th  
Depth and Rank," i s  based on t h e  f ixed  carbon and v o l a t i l e  mat te r  conten t  
of c o a l ,  t he  dcpth of t h e  coa l ,  and cons t an t s  determined experimental ly .  
S p e c i f i c a l l y ,  t h e  c h a r t  shows t h e  r e l a t i o n s h i p  between t h e  depths of 
c o a l ,  t h e  rank of coa l ,  and t h e  methane content  f o r  depths t o  2,300 
f e e t  (700 m). 

Table 2 provides t he  conversion c a c t o r s  f o r  c a l c u l a t i n g  t h e  volume 
of gas  contained i n  coalbeds of d i f f e r e n t  th icknesses  and gas content .  
By using K i m ' s  c h a r t  and Figure  1 wi th  Table 2, i t  is  p o s s i b l e  t o  es- 
t ima te  t he  amount of methane i n  a  coalbed of known rank,  th ickness ,  a r e a l  
e x t e n t ,  and depth.  

The t o t a l  es t imated remaining U.S. c o a l  resources  a s  of January 1, 1974, 
a r e  shown i n  Table 3 (32).  The a r e a l  d i s t r i b u t i o n  of U.S. coa l s  a r e  
shown i n  F igures  2 and 3. Based on A v e r i t t ' s  c o a l  resource  e s t ima te s  and 
t h e  ca l cu la t ed  o r  pos tu l a t ed  gas content  of c o a l  per  ton,  i t  is est imated 
t h a t  t h e r e  a r e  300 t r i l l i o n  cubic f e e t  (Tcf) (7.4 T cu m) of methane gas 
a s soc i a t ed  wi th  c o a l s  c l a s s i f i e d  a s  "remaining i d e n t i f i e d  sources;"  a  
t o t a l  of 1 .5  t r i l l i o n  tons (1.4 T me t r i c  tons)  of minable coa l  with l e s s  
than  3,000 f e e t  (approximately 1,000m) of overburden, excluding s t r i p -  
pab le  coalbeds,  and wi th  an' average gas content  of 200 cf per  t on  
(5 .1  cu m per  me t r i c  ton) .  I n  add i t i on ,  i t  is  est imated t h a t  t h e  gas 
content  of c o a l  c l a s s i f i e d  a s  "est imated hypo the t i ca l  resources t t  i n  
unmapped and unexplored a r e a s ,  amounting t o  1 .8  t r i l l i o n ' t o n s  (1.6 T me t r i c  

I 

I t on ) ,  and 0.4 t r i l l i o n  tons  (0.36 T me t r i c  ton) of coa l  c l a s s i f i e d  a s  
"est imated a d d i t i o n a l  hypo the t i ca l  resources  i n  deeper s t r u c t u r a l  bas ins ,"  

I s i t u a t e d  between 3,000 t o  6,000 f e e t  (approximately 1,000 t o  2,000 m) 

: below the  su r f ace ,  may be as g r e a t  a s  550 Tcf (15.6 T cu m). 51 I n  
t o t a l ,  t he re fo re ,  i t  is est imated t h a t  850 Tcf (22.9 T cu m) o f  methane . 
may be p re sen t  i n  t h e  shallow and deep coalbeds of t h e  United S t a t e s .  

51 This volume i s  der ived  by assuming 200 cf of gas  per  ton of c o a l  f o r  - 
the  1 . 8  t r i l l i o n  tons and 480 cf per  t on  (12.3 cu m per  me t r i c  ton) 
f o r  t h e  0.4 t r i l l i o n  tons  of coa l .  



Depth in meters 

Figure 1. Estimated methane content with depth and rank. 
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TABLE 2  

11 VOLUME OF GAS I N  COAL, BEDS- 

11 Assuming Various Gas Contents ( i n  Cubic Feet  Per  Ton) and Thicknesses of Coal - 
( i n  Feet  per  Acre and Feet  per  Square Mile) 

Coal Volume 
Coal-tons 

U 
al 
a, 

\ b-, 
U 
.d 
P 
3 
u 
G 

.I4 

U 
c 
al 
u 
G 
0 
U 

V) 
(d a 

One ton  

5 0 

7  5  

100 

200 

300 . 

400 

500 

600 

650 

Acre-foot 
1,800 

90 x lo3  

135 x l o 3  

180 x lo3  

360 x l o3  

540 x lo3  

720 x lo3  

900 x lo3  

1.1 x lo6  

1.2 x lo6  

L 

1 f t / s q  m i  3  f t l s q  m i  6  f t l s q  m i  
1 .15 x l o o  1 3.45 x l o u  

50 f t / s q  m i  -. 

58 x l o 6  

87 x lo6  

115 x lo6  

230 x lo6  

345 x l o 6  

460 x .lo6 

575 x lo6 

690 x l o 6  

748 x lo6  

r 

6.9 x 10" 

345 x l o 6  

515 x lo6  

690 x l o 6  

1.4 x l o 9  

2  l o 9  

2.7 x l o 9  

3.4 l o 9  

4.1: x l o 9  

4.5 l o 9  

173 x l o 6  

255 x lo6  

345 x lo6  

690 x lo6  

1 lo9 

1 .4  x l o 9  

1.7 x lo9  

2  lo9  

2.2 l o 9  

5 / . 5  x 106 

2.9 x l o 9  

4.3 lo9  

5.8 x l o 9  

11.6 x l o 9  
- 
- 
L 

- 
- 
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Figure 3. 
Areal Distribution of Coals in Alaska 



The estimated quantity of methane associated with coal i s  roughly 
equivalent t o  the t o t a l  reserves and undiscovered recoverable natural  
gas resources i n  the United S ta t e s  a s  estimated by the U.S. Geological 
Survey. The USGS estimates of natural  gas reserves and undiscovered 
recoverable resources range from 761 t o  1,094 Tcf (21.55 t o  30.98 
T cu m). (33) 

I n  spec i f i c  regions of t he  U.S., reports  have been published tha t  show 
the gas resources i n  the  Pittsburgh coalbed i n  two counties i n  south- 
western Pennsylvania alone contain 500 Bcf of methane (14.2 B cu m) 
(34,35). The Mary Lee group of coalbeds i n  a par t  of the  Warrior 
Basin i n  Alabama contain more than one Tcf (28 B cu m) of methane (36), 
and the gas content of the Beckley coalbed i n  s i x  mine properties 
i n  Raleigh County, West Virginia, contain more than 100 Bcf (2.8 B cu m) 
(37). 



CHAPTER I1 

INDUSTRY CRITERIA FOR COMMERCIALIZATION OF COALBED GAS 

Utilization by Coal Mining Companies 

None of the methane .being vented from mines. to date, is utilized 
by coal mining companies for their own use 6 / and only one mining 
company, in cooperation with a Bureau of ~izes' mine health and safety 
demonstration program, is producing and selling commercial quantities 
of methane (16,30). This project is discussed later. 

Commercial Criteria 

Coal companies and public utilities both have limited experience in 
the commercialization and the-'economic evaluation of coalbed gas. Also 
the criteria for such important considerations as the deliverability 
rates, the quality of the supply, and the terms of purchase (sale) of 
such gas have not been established. Any utility decision relative to 
the commercialization of coalbed gas at this time is dependent upon 
fragmentary data developed primarily for mine health and safety 
purposes. The data are not sufficiently detailed or precise to be 
useful. 

It is the view of the utility industry that the limited statis- 
tical base, with regard to such data as,the composition and heating 
value of coalbed gas for example, preclude planning commercial 
development. In preparing a gas purchase agreement, a utility must 
consider gas quality in terms of market acceptability, compatibility 
with conventional supplies, and Federal and State specifications. 

< 

Appendix B is an example of a typical gas utility standard agree- 
ment to'purchase coalbed gas. Tables 1 and 4 further illustrate the 
kind of information essential when preparing '~urchase contracts. The 
above data also show that coalbeds locally may contain a large percentage 
of carbon dioxide, which reduces the Btu value of the gas, as indicated. 
If a substantial volume of a gas with such impurities is commingled 
with conventional natural gas of a higher Btu content, the heating 
value of the resultantproduct would be reduced and thus would 
adversely affect customer utilization. A high content of impurities 
in coalbed gas especially carbon dioxide, also increases the probability 
of corrosion to gathering and transmission lines, and to distribution 
equipment. A utility will incur additional costs.to remove such 
impurities. 

6_/ For example, the mines owned by Island Creek Coal Company in Buchanan 
County, Virginia, and Bethlehem Mines Corporation in Cambria County, 
Pennsylvania, vent in excess of 10 MMcf (283 M cu m) per day. 



TABLE 4 
-4 

COMPOSITION OF PITTSBURGH COAL BED GAS, 71 

Methane Ethane Oxygen Nitrogen Carbon Dioxide RTU/scf (Dry Basis) 

87.01 0.14 0.01 0.29 12.55 885 

'AVERAGE 87.70 0.08 0.08 0.51 11.61 891 

71 L e t t e r ,  Consolidated Gas Supply Corporation t o  FPC Supply Technical - 
Advisory Task Force, January 12, 1976. 



The mois ture  conten t  o f  coalbed gas  a l s o  is  of concern t o  u t i l i t i e s .  
Appendix B shows t h a t  t h e  mois ture  con ten t  must n o t  exceed 7 pounds 
of water  pe r  1 MMcf of gas  (89.7 g pe r  1 MM cu m). Coalbed gas  ana lyses  
i n d i c a t e  t h a t  a s  much a s  400 pounds of water  per  1 MMcf (5 .1  Kg pe r  
one cu m) may be  t y p i c a l .  The mois ture  con ten t ,  t h e r e f o r e ,  must be 
reduced, t hus  f u r t h e r  adding t o  t h e  c o s t ' o f  producing methane from 
coa l .  

D e l i v e r a b i l i t y  

The d e l i v e r a b i l i t y  c r i t e r i a  f o r  coalbed gas  a r e  important ,  no t  on ly  
t o  t h e  u t i l i t y  and t o  t h e  u l t i m a t e  purchaser ,  bu t  t o  t h e  c o a l  company 

las  w e l l .  A c o a l  company's p r i n c i p a l  i n t e r e s t  i s  t o  vent  t h e  methane 
a s  qu ick ly  a s  p o s s i b l e  t o  main ta in  mine s a f e t y .  Consequently,  a c o a l  
company cannot be r e s t r i c t e d  by t h e - d e l i v e r a b i l i t y  c r i t e r i a  of ,  t h e  
u t i l i t y  company. A c o a l  company ope ra t i ng  i n  a gassy mine t h e r e f o r e  
w i l l  be  compelled t o  r e s e r v e  t h e  r i g h t  t o  v e n t c o a l b e d  gas  , t o  t h e  
atmosphere, a t  a r a t e  i t  deems e s s e n t i a l  r e g a r d l e s s  of t h e  u t i l i t y  
company's a b i l i t y  t o  accep t  such r a t e s  i n t o  i t s  p i p e l i n e  system. 
U t i l i t i e s  on t h e  o t h e r  hand a l s o  must cons ider  t h e  long term 
a v a i l a b i l i t y  of such supp l i e s .  

Agreements between c o a l  o p e r a t o r s  and gas  purchasers  w i l l  have t o  
.be s p e c i f i c a l l y  w r i t t e n   to^ t ake  i n t o  account unusual environmental 
cond i t i ons ,  unusual  ope ra t i ng  s i t u a t i o n s ,  and unknowns r e l a t i v e  t o  
e x t r a c t i o n  technology. 

Research e f f o r t s  a r e  being made by v a r i o u s  Federa l  and S t a t e  agen- 
c i e s  t o  ' u t i l i z e  coalbed gas  f o r  power gene ra t i on  purposes ,  a s  an  
i n t e r n a l  sou rce  of e l e c t r i c a l  power f o r  a m i n e  complex. With 
proper  des ign  of gas-burning equipment, coalbed gas  could be  used 
f o r  t h e s e  purposes.  

U t i l i z a t i o n  Experience 

Natura l  gas  companies ope ra t i ng  i n  t h e  Appalachian area have long 
noted t h e  presence  of gas  i n  coal-bear ing rock  formations.  A c a s e  i n  
p o i n t  is  t h e  Big Run gas  f i e l d ,  an a n t i c l i n a l  s t ruc tu re , ,  l o c a t e d  i n  
Wetzel County, West Vi rg in i a .  The d iscovery  w e l l  of t h e  Big Run f i e l d  
was d r i l l e d  i n  1905. I n  1931, an  a p p l i c a t i o n  was made t o  t h e  West 
V i r g i n i a  Department of Mines t o  abandon t h e  we l l .  When t h e  ca s ing  was 
c u t  a t  t h e  depths  of 1 ,078 t o  1 ,080 f e e t  (approximately 339 m) and t h e  
w e l l  was plugged back t o  a depth  of 1 ,118 f e e t  (340 m), methane began 
i s s u i n g  from t h e  P i t t s b u r g h  coalbed.  The w e l l  was t e s t e d  and found t o  
have an  open f low of 28 Mcf (792 cu m) per  day wi th  a ' bo t tom h o l e  
p r e s s u r e  of 92 pounds per  square  inch  (6.47 Kg pe r  em2) i n  16  hours.  
Consequently,  t h e  w e l l  was . r e i n s t a t e d  a s  a gas  w e l l  i n  January 1932, 



and remained product ive  u n t i l  1968. During t h i s  per iod  t h e  w e l l  pro- 
duced i n  excess  of 212 MMcf (6 MM cu m) of coalbed gas.  P r i o r  t o . t h e  
abandonment of t h e  w e l l ,  a t o t a l  of 23 w e l l s  were d r i l l e d  and completed 
as gas producing w e l l s  from t h e  P i t t s b u r g h  coalbed. The cumulative pro- 
duc t ion  through 1974 was 1.7 Bcf (48 MM cu m). The w e l l s  a r e  product ive  
because of t h e  n a t u r a l  permeabi l i ty  caused by t h e  t ens ion  cracks  on t h e  
c r e s t  and l e e  f l a n k  of t h e  a n t i c l i n e .  A t  l e a s t  783 we l l s  have been 
d r i l l e d  through t h e  P i t t s b u r g h  coalbed. D r i l l i n g  d e n s i t i e s  i n t o  

' o t h e r  coalbeds have been g r e a t e r ,  bu t  fewer product ive  w e l l s  have 
been completed i n  t h e  o the r  coalbeds. This  may be due t o  t h e  l a c k  of 
permeabi l i ty  i n  such coalbeds. 

The f i r s t  major e f f o r t  t o  produce methane from coalbeds a s  p a r t  of 
a d e g a s i f i c a t i o n  program was a t  t h e  Federa l  No. 2 Mine i n  Monongalia 
County, West V i r g i n i a ,  where a 839-foot-deep (256 m) s h a f t  was en- 
l a rged  t o  permit seven ho le s  t o  be d r i l l e d  h o r i z o n t a l l y  i n t o  t h e  coal-  
bed. S ince  September 1972 a f t e r  1,438 days of ope ra t ion ,  834 MMcf of 
gas  has been produced, (24 MM cu m) of which 427 MMcf (12 MM cu m) 
has been commingled i n  a n a t u r a l  gas  d i s t r i b u t i o n  p i p e l i n e  and '  
marketed. Another s h a f t ,  a t  t h e  same mine, was made a v a i l a b l e  f o r  
a d d i t i o n a l  experimental  d r i l l i n g  t e s t s .  F ive  ho le s  were d r i l l e d  
and a f t e r  1,073 days, some 784 MMcf (22 MM cu m) of methane was 
produced of which 121  MMcf (3.5 MM cu m) was de l ive red  t o  a d i s t r i b u -  
t i o n  p i p e l i n e .  

I n  l e s s  than 4 yea r s ,  more than  1 . 6  Bcf (45 MI4 cu m) of gas  w a s  produced 
from t h e  West V i rg in i a  mine wi th  no apprec i ab le  d e c l i n e  i n  t h e  flow 
r a t e .  



CHAPTER I11 

TECIINOLOGY FOR RECOVERING METHANE FROM COALBEDS 

C ethane can be recovered from coalbeds by d r a i n i q g  e i t h e r  i n  ad- 
vance of mining o r  dur ing  mining. Methods f o r  removing the  methane 
ahead 0.f mining employ v e r t i c a l  boreholes  d r i l l e d  from t h e  s u r f a c e ,  
h o r i z o n t a l  boreholes  d r i l l e d  from s h a f t  bottoms, and d i r e c t i o n a l  
s l a n t  ho l e s  d r i l l e d  from t h e  su r f ace .  I n  a c t i v e  mines methane can 
be  removed from t h e  coalbed through h o r i z o n t a l  ho l e s  d r i l l e d  i n  
app rop r i a t e  a r e a s  of t h e  mine. 

T ranspo r t a t i on  of methane produced from coalbeds t o  United S t a t e s  
markets should be  a minimal concern. Most major c o a l  ba s in s  are 
e i t h e r  near  major popu la t i on  c e n t e r s  o r  a r e  p r e s e n t l y  c rossed  by 
o r  bea r  e x i s t i n g  n a t u r a l  ga s  p i p e l i n e s .  The e x i s t i n g  gas  t r ans -  
p o r t a t i o n  systems f o r  t h e  most p a r t  could be u t i l i z e d  f o r  market ing 
methane from coa l .  

V e r t i c a l  Sur face  Boreholes 

One technique of recover ing  methane from c o a l  s e v e r a l  y e a r s  ahead of 
mining a c t i v e l y  c o n s i s t s  of d r i l l i n g  smal l  diameter  ( l e s s  than  9-inch 
o r  0.23 m) v e r t i c a l  boreholes  from t h e  s u r f a c e  t o  t h e  coalbed. The 
ho le  is  cased and cemented, and e x i s t i n g  f r a c t u r e s  i n  t h e  c o a l  a r e  
widened and extended by t h e  a p p l i c a t i o n  of hyd rau l i c  p r e s s u r e  and con- 
t r o l l e d  i n j e c t i o n  of g e l l e d  water .  Sand g r a i n s  i n  t h e  t rea tment  f l u i d  
s e r v e  a s  a propping agent  t o  keep t h e  f r a c t u r e s  open when p r e s s u r e  
appl ied  from t h e  s u r f a c e  i s  r e l ea sed .  The hydrau l i c  s t i m u l a t i o n  
inc reases  t h e  pe rmeab i l i t y  of t h e  c o a l ,  and en l a rges  t h e  gas  d ra inage  
a r e a .  -8/ When s t i m u l a t i o n  i s  app l i ed  t o  minable  coa lbeds ,  t h e  e f f e c t  
of t h i s  t rea tment  on t h e  f u t u r e  m i n a b i l i t y  of t h e  c o a l  must be  
considered.  

The product ion r a t e  from t h e  v e r t i c a l  ho l e s  depends on t h e  e f f e c t i v e -  
ness  of t h e  s t i m u l a t i o n  t rea tment .  A p roduct ion  r a t e  of 50 M t o  100 
Mcf (13.4 t o  2.8 M cu m) pe r  day per  w e l l  appears  f e a s i b l e .  

n ~ o r i z o n t a l  Boreholes from Sha f t  Bottoms 

Another method of producing gas  from coalbeds is  by d r i l l i n g  ho r i -  
z o n t a l  h o l e s  from t h e  bottom of s h a f t s  sunk t o  t h e  coalbeds.  The 
r a t e  of gas  flow pe r  l i n e a r  f o o t  of 3-inch (7.7 cm) diameter  ho r i -  
z o n t a l  ho l e  d r i l l e d  i n  permeable coalbeds r anges  from 100.to ,450 c f  

81 Bureau of Mines News Release da ted  November 10 ,  1976, r e p o r t s  a - 
c o n t r a c t u a l  agreement t o  test t h i s  technique i n  a mine i n  Greene 
County, Pennsylvania ,  which has  n o t  commenced c o a l  product ion.  



(2.8 to 12.7 cu m) per day. In one demonstration seven horizontal 
holes were drilled from the bottom of a small-diameter shaft. The 
aggregated length of the horizontal holes was 4,325 feet (1,318 m). 
After the coalbed was sufficiently dewatered, gas flowed from the 
horizontal holes at an initially high rate and continued with only 
a modest decline over a period of almost four years. In another 
demonstration of this technique, five horizontal holes, with an 
aggregate length of 5,830 feet (1,777 cu m), were drilled from the 
bottom of an 18-foot (5.5 m) ventilation shaft. The initially high 
average gas flow declined only slightly over a three year period. 
The production history of these two field demonstrations in Monongalia, 
West Virginia, was discussed under Utilization Experience in Chapter 11. 

The gas produced in this way is manifolded to a pipe that carries it 
to the surface. The possible rate of production from each such shaft 
is estimated conservatively at 1 MMcf of gas per day. 

Directional Slant Holes from the Surface 

The .directional drilling technique for removing methane from coal 
combines features of horizontal and vertical degasification boreholes. 
A small diameter borehole is drilled from the surface and intentionally 
deflected to penetrate the coalbed and continue into the coal parallel 
to the bedding plane, thereby maximixing the penetration of horizontal 
fractures. The Bureau of Mines has conducted two preliminary tests 
with sufficient success to warrant further testing of this method of 
recovering methane from coal. More data and information regarding 
slant-hole drilling wi.11 be available in the near future. 

Horizontal Boreholes in Active Mines 

Methane can be produced from the active working sections of a 
developling mine that.has not been advanced to the property limits. 
The process consists of drilling small diameter horizontal boreholes 
into the virgin coal as the working face is advanced. Coalbed gas 
flowing from these holes can be conducted to the surface through a 
suitable piping system in the mine. 



CHAPTER IV 

IDENTIFICATION OF PROBLEMS 

Methane Capture , 

A major problem in commercializing methane produced from active 
mines is transporting the gas through pipes in underground coal mines. 
A recent study (38) contracted by the Bureau of Mines proposed a 
design for a safe piping system for transporting drained gas through 
a mine. 

Methane produced through wells completed in coalbeds may be handled 
conventionally. However, the two phase flow of methane and the water, 
associated with the coal, (39) must be considered in production 
planning. 

Depending on the ultimate market supplied, the compression of methane 
for transmission may be essential. The gas pressures in coalbeds 
seldom exceed hydrostatic pressures. Pressures in relatively 
shallow beds where there is some producing experience have never 
exceeded 670 psig (47.1 Kg cm2) at atmospheric pressure. Such 
pressures, however, drop rapidly as production begins; the gas is 
held by sorption rather than by compression (16). 

Sampling of Coalbeds 

Historically, the importance of coal as a fuel.resource necessitated 
detailed quantification and delineation of its geographic location 
and depth. Little interest existed for quantifying the amount of 
methane associated with such coal resources. Subsequent efforts to 
quantify the amount of methane in coal have been related to coal mine 
health, safety, and productivity concerns. However, with the 
declining availability and the increasing cost of domestic conven- 
tional natural gas, the identification and quantification of methane 
in coal may take on added importance. 

Methods for measuring methane associated with relatively shallow 
coalbeds and the technology for extracting such gas for commercial 
use generally are understood, but little is known of the methane in 
the thick coalbeds at the depths of more than 3,000 feet. Specifi- 
cally, there is no experience, and there are no active programs 
directed towards developing technology for methane production from 
deep coalbeds. 

Before it is possible to assess reasonably the resource poten- 
tial of methane in'deep coals, core samples must be obtained and 
the areal limits must be.determined. The mest llkely source for 
resnvclring such cores is from wells drilled for oil and natural gas. 
However, the coring of coal sections, particularly deep coal, is 
not the common practice when drFlli.ng for oil and gas. 



For t h e  most p a r t ,  o i l  and gas  d r i l l i n g  programs have no t  provided 
d e t a i l e d  d a t a  regard ing  .the deep coalbeds t h a t  may have been pene- 
t r a t e d ,  a l though coalbeds a r e  used a s  "marker-beds". It is  
l i k e l y  t h a t  t h e  depths  and th icknesses  of important  d e p o s i t s  a r e  
i d e n t i f i e d  on t h e  mechanical and e l e c t r i c  l o g s  maintained by pe t ro-  
leum companies. It i s  p o s s i b l e  t h a t ,  as t h e  va lue  of  methane from 
c o a l  i n c r e a s e s ,  f u t u r e  d r i l l i n g  programs by t h e  petroleum i n d u s t r y  
w i l l  cons ider  t h e  co r ing  and t e s t i n g  of coalbeds an e s s e n t i a l  p a r t  
of t h e i r  exp lo ra t i on  program. 

Required Technolopy Improvements 

Commercial p roduct ion  of methane from c o a l  has  n o t  been r e a l i z e d  i n  
p a r t ,  because t h e  techniques and t h e  technology demonstrated i n  
r e sea rch  e f f o r t s  have n o t  been appl ied  on a  commercial s c a l e .  

Continuous In-Hole Surveying: 

No s a t i s f a c t o r y  method f o r  cont inuous surveying of non-ver t ica l  
boreholes  du r ing  d r i l l i n g  has  been developed. There is a  need f o r  
a  system t h a t  would provide near  continuous d r i l l  o r i e n t a t i o n  wh i l e  
d r i l l i n g  i s  i n  progress .  This  would e l i m i n a t e  t h e  need t o  i n t e r r u p t  
d r i l l i n g  t o  make measurements f o r  determining borehole  azimuth and 
i n c l i n a t i o n .  

I D r i l l  Guidance: I 

A companion technology t o  t h e  continuous surveying system would 
be  an  improved d r i l l  b i t  guidance system t o  o p e r a t e  e f f e c t i v e l y  
i n  t h e  hard sediments  a s soc i a t ed  w i th  coa l .  To d a t e  t h e  s p e c i a l  
t o o l s  developed f o r  o f f s h o r e  d i r e c t i o n a l  d r i l l i n g  have no t  been 
t o t a l l y  compatible  w i t h  t h e  o b j e c t i v e s  of coalbed gas  product ion.  

1 Inc reas ing  Coalbed Permeabi l i ty :  

The low permeabi l i ty  of coalbeds i s  t h e  main impediment t o  producing 
methane a t  commercial rates-of-flow. Coalbeds a r e  a n i s o t r o p i c ,  t h a t  
i s  they have d i r e c t i o n a l  permeabi l i ty .  Coalbeds can be  dra ined  most 
e f f i c i e n t l y  i f  h o r i z o n t a l  boreholes  i n t e r s e c t  t h e  f a c e  c l e a t s  per- 
pend icu l a r ly .  91 .Blocky c o a l s ,  gene ra l l y  found a t  dep ths  of 800 
f e e t .  (244 m) to 1,200 f e e t  (366  m) , have prominent c l e a t s .  The f r i a b l e ,  
medium- t o  low-vola t i l e  bituminous c o a l s  gene ra l l y  have complex c l e a t  
systems, t hus  d i r e c t i o n a l  permeabi l i ty  is  d i f f i c u l t  t o  measure, and 
t h e s e  coalbeds r e q u i r e  unique s t i m u l a t i o n  methods t o  i n c r e a s e  t h e i r  
permeabi l i ty .  

- - - - - - - -- ---- 

91 Cleat--The n a t u r a l  occur r ing  v e r t i c a l  f r a c t u r e  i n  coa l .  The f a c e  - 
c l e a t  c u t s  ac ros s  bedding su r f aces  and ex tends  f o r  many f e e t .  The 
b u t t  c l e a t  is  a  s h o r t  poorly developed f r a c t u r e  commonly t runca ted  -- 
by t h e  f a c e  c l e a t .  



Economic Uncertainty 

There is no "typical situation" upon which to base the economics 
of methane production from coalbeds. It is apparent, however, that 
certain unique factors can contribute to making the utilization of 
methane from coal feasible, such as proximity to existing pipelines, 
shallow depth, effective coalbed permeability,.favorable geologic 
structural conditions which minimize water production and disposal, 
and a mutual commercial interest between the producers of coal and 
methane. 

Another consideration which bears indirectly on the economics of 
methane extraction from coalbeds is the benefit derived by reducing 
coal mine hazards caused by methane-air mixtures. 

In view of the limited experience in utilizing methane and the 
experimental nature of methane production, the cost of developing 
such supplies and the ultimate cost to the consumer cannot be 
established with certainty at this time. Although the benefits of 
evacuating methane from minable coal deposits is apparent. 

Institutional Constraints 

The institutional constraints to developing coalbed methane may be 
identified as legal and proprietary. The legal considerations are 

', 
discussed later. The proprietary issue, as used herein, refers to 
the conflict that may arise between the objectives of a coal operator 
to mine coal and retain as confidential, information concerning his 
operation and coal ownership, with the objectives of a gas developer. 
The gas developer ' s interests very likely depend on in£ ormation 
concerning coal reserves, as this permits quantification of methane 
resources. In addition, both the coal operator and the gas developer 
have an interest in the application of technology to extract methane; 
the technology must be effective, but not diminish vr---impede the op- 
portunity to mine coal. 



CHAPTER V 

IdEGAL CONCERNS 

Status of Developer 

If coalbed gas utilization is both technically feasible and desir- 
able from an energy conservation and the all important mine safety 
point-of-view, both the State and Federal Governments must become 
active in quantifying and defining the potentially large methane 
resource. cooperation will be required between State and Federal 
agencies in order to recommend appropriate new legislation which 
prescribes the rights of all interests. 

Eventually the legal question as to methane ownership must be 
resolved by Stafe courts. Until then methane utilization probably 
will be practical only in instances where one company owns both the 
coal and the mineral rights or where a coal company and a gas company 
can cooperate in a methane production program. 

At huch time as ft becomes economic to roduce methane from act've 
mines, such Federal agencies as MESA (mfning Enforcement and safety 
Administration of the U.S. Department of the Interior), and the 
Department of Transportation, and State agencies governing mine 
safety.and pipeline construction may require developers to apply 
for permits and meet construction standards. 

In the event methane is produced through vertical boreholes drilled 
several years in advance of mining; the operating company may be 
classified and subject.to a separate set of regulations applicable 
to gas producers. For example, the State of West Virginia does not 
require permits for air shafts and gob ventilation holes i01. However, 
permits are required for any shaft or hole ,dug or drilled70 produce 
gas. Thus, a coal company wishing to degasify its mine and sell the 
methane would be required to meet all of the obligations'currently 
imposed on gas producers concerning drilling, completing, producing, 
and plugging of wells, obtaining permits for other operations, and 
posting performance bonds. A developer also will be affected by State 
and Federal laws which require a support pillar to be left around a 
well that penetrates a minable coalbed. In Pennsylvania the pillar 

- requirement is 200 feet (approximately 60 m) in diameter. In West 
Virginia permission must be obtained before mining closer than 200 
feet. Thus, clarification and/or modification of existing laws 
governing natural gas drilling and production may be necessary to 
accommodate methane extraction and not unduly limit the extraction of 
coals. 

10/~ertical holes drilled from the surface into caved and abandoned - 
mined areas. 



I n  essence ,  t o t a l  coopera t ion  is e s s e n t i a l  between n a t u r a l  gas '  
and c o a l  companies involved i n  t h i s  common i n t e r e s t .  They, wit11 
S t a t e  and Federa l  r egu la to ry  agenc ies ,  must p rovide  a p p r o p r i a t e  
r u l e s  and r e g u l a t i o n s  t h a t  w i l l  enhance methane u t i l i z a t i o n  wh i l e  
preserv ing  mine s a f e t y  and c o a l  p roduc t iv i t y .  

It may be  necessary  f o r  t h e  Federa l  Power Commission, i n s o f a r  as 
i t s  j u r i s d i c t i o n  is  concerned, t o  r e g u l a t e  coalbed gas  product ion  
ope ra t i ons ,  p a r t i c u l a r l y  i n  g ran t ing  p i p e l i n e  permi ts ,  determining 
c o s t  of s e r v i c e ,  and t h e  abandonment requirements  f o r  p i p e l i n e s  and 
wel l s .  A determina t ion  must be made whether s e p a r a t e  r u l e s  o t h e r  
t h a n . l r h ~ ~ e  c u r r e n t l y  i n  e f f e c t . f o r  convent ional  n a t u r a l  gas  a r e  app rop r i a t e .  

S t a t u s  of Resource 

The l e g a l  i s s u e  of ownership of methane i n  coalbeds could develop 
i n t o  a major .impediment t o  i ts  commercial development. Genera l ly ,  
minera l  r i g h t s ,  inc lud ing  t h e  r i g h t  t o  explore  f o r ,  develop and . 
produce n a t u r a l - g a s ,  may be  cont rac ted  f o r  s e p a r a t e l y  from s u r f a c e  
r i g h t s .  A land owner may by deed o r  l e a s e  t r a n s f e r  acreage ,  and t h e  
i n t e n t  of t h e  p a r t i e s  governs what is conveyed. Thus, each deed and 
l e a s e  having a bear ing  on t h e  r i g h t  t o  t h e  mine ra l s  must be  examined 
s e p a r a t e l y  be fo re  answering t h e  ques t ion :  Who has  t h e  r i g h t  t o  t h e  
methane underlying a g iven  acreage? Usual ly ,  c o a l  l e a s e s  a r e  he ld  
s e p a r a t e  from o i l  and n a t u r a l  gas  l e a s e s ,  when t h e  land  is  owned 
i n  f e e  s imple,  o r  when t h e  land is  owned o u t r i g h t  by a governmental 
body. Over t h e  yea r s ,  t h e  c o u r t s  have been c a l l e d  upon t o  cons t rue  
deeds and l e a s e s  r e l a t i n g  t o  minerals .  I n  some p l a c e s  i t  w i l l  be 
found t h a t  c e r t a i n  gene ra l  p r i n c i p l e s  of i n t e r p r e t a t i o n  have evolved. 
Under Pennsylvania law, according t o  t h e  "Dunham" r u l e ,  a deed convey- 
i ng  a l l  c o a l  and o t h e r  minera l s  of every k ind 'and  c h a r a c t e r  under a 
descr ibed  t r a c t  of l and  g r a n t  does no t  i nc lude  n a t u r a l  gas  subse- 
quent ly  d i s ~ o v e r e d  on t h e  land.  New York S t a t e  ~atural-  as Corp. 
v Swan-Finch Gas Development Corp., 278 F.2d 577 (3d C i r .  1960). 
But whether t h e  same c o u r t s  would t r e a t  methane a s soc i a t ed  w i th  
coalbeds i n  t h e  same way is  open t o  specu la t i on .  I n  s h o r t ,  one can- 
no t  expect t h a t , e v e r y  c o u r t  i n  each S t a t e  where c o a l  d e p o s i t s  are 
' t o  be  found would r e s o l v e  i n  t h e  same way a d i s p u t e  as t o  whether 
a p a r t i c u l a r  deed o r  l e a s e  conveyed t h e  r i g h t  t o  develop and produce 
methane. 

There a r e  o t h e r  cons ide ra t i ons  which have con t r ibu t ed  t o  t h e  p re sen t  
l a c k  of c l a r i t y  regard ing  r i g h t s  t o  methane. The presence  of methane 
i n  coalbeds c r e a t e s  a hazard f o r  c o a l  mining. Methane is something 
t o  be evacuated from t h e  mine t o  avoid explos ions ,  damages, i n j u r i e s ,  
and/or  death.  Methane i s  hard ly  considered an a s s e t  i n  t he se  c i r -  
cumstances. Given +he f a c t  t h a t  coa l  has  been mined i n  t h e  United 



S t a t e s  f o r  over  one hundred and f i f t y  years ,  one can expect  t o  f i n d  
many deeds and l e a s e s  which r e f e r  t o  r i g h t s  t o  c o a l  without  making 
any p a r t i c u l a r  r e f e rence  t o  methane found i n  conjunct ion wi th  i t .  
This  ambiguity about r i g h t s  t o  methane w a s  r a i s e d  be fo re  t h e  l e g i s l a -  
t u r e  of West V i rg in i a  i n  a r e c e n t  s e s s i o n , . b u t  was n o t  resolved.  I n  
Pennsylvania a b i l l  was proposed t o  have gas i n  coalbeds not  specl-  
f i c a l l y  covered by e x i s t i n g  n a t u r a l  gas l e a s e s  r e v e r t  t o  t h e  Common- 
weal th.  This  proposal  has n o t  y e t  been introduced t o  t h e  l e g i s l a t u r e .  
The genera l  consensus i s  t h a t  only a f t e r  t h e  methane i n  c o a l  becomes 
more va luab le  can any reasonable . se t t1ement  on t h e  i s s u e  be expected. 

Some coa l  companies claim ownership of coalbed gas i f  they own 
t h e  coa l .  The opin ion  is  a t  odds wi th  t h e  petroleum i n d u s t r y ' s  
p o s i t i o n  and s e v e r a l  l e g a l  op in ions  which s t a t e  t h a t  t h e  coalbed 
gas belongs t c  t h e  holder  of t h e  n a t u r a l  gas r i g h t s .  An o i l  and 
n a t u r a l  gas  l e a s e  g ives  one t h e  r i g h t  t o  d r i l l  and produce o i l  and 
n a t u r a l  gas  from any formation,  whi le  t h e  ownership of t h e  r e s e r v o i r  
remains wi th  t h e  owner of t h e  land sur face .  Ownership of t h e  n a t u r a l  
gas  i s  n o t  per fec ted  u n t i l  t h e  gas is  under c o n t r o l ,  i .e . ,  i n  t h e  
cas ing  a t  t h e  wellhead. 

Mine ope ra to r s  must remove t h e  methane from t h e  mine i n  o rde r  t o  
meet s t r i n g e n t  s a f e t y  laws, and c o n s i s t e n t  wi th  t h a t  purpose, must 
t h e r e f o r e  c o n t r o l  t h e  coalbed gas t o  t h a t  ex t en t .  It has  been ru l ed  by 
t h e  Pennsylvania Supreme Court i n  Cha r t i e r s  Block Coal Company V s .  Mellon, 
152 Pa. 286, 296 (1893) t h a t  t h i s  c o n t r o l  does no t  g i v e  t i t l e  t o  t h e  
c o a l  gran tee .  The cour t  s t a t e d  t h a t  t h e  

' . . . g r an tee  of c o a l  owns t h e  coa l  but  nothing e l s e ,  
save  t h e  r i g h t  of access  t o  i t  and the  r i g h t  t o  t ake  
i t  away.' This  is no t  t o  say ,  howwer, t h a t  t h e  c o a l  
mine ope ra to r  may n o t  expel  methane gas i n t o  t h e  a t -  
mosphere. To dep r ive  him of t h i s  r i g h t  would, i n  
e f f e c t ,  be dep r iv ing  him of h i s  access  t o  t h e  coa l ,  
s i n c e  c o a l  cannot be  mined 'without  expe l l i ng  t h e  
methane from the  mine s h a f t .  Thus, t he  r i g h t  t o  mine 
f o r  c o a l  n e c e s s a r i l y  inc ludes  t h e  r i g h t  t o  perform 
those  a c t i o n s  necessary t o  i n s u r e  t h e  s a f e t y  of such 
mining. Since t h e  coa l  owner o r  g ran tee  only r e t a i n s  
t h e  r i g h t  t o  e x t r a c t  c o a l ,  however, t h e  r i g h t  t o  ac- 
c e s s  t o ,  and economic c o n t r o l  o f ,  t h e  methane gas 
belongs t o  t h e  owner o r  g ran tee  of t h e  gas  r i g h t s .  

The above was quoted from O f f i c i a l  Opinion No.  53 of t h e  Of f i ce  
of t h e  Attorney General ,  Commonwealth of Pennsylvania,  October 31, 
1974, by I s r a e l  Packel ,  Attorney General,  .and Theodore A. Adler ,  



Deputy Attorney General,  who concluded t h a t  "only those  persons who 
own o r  have obtained t h e  r i g h t  t o  e x t r a c t  gas  have t h e  r i g h t  t o  
a s s e r t  t i t l e  there to ."  

Beyond t h e  ques t ion  of ownership, another  l e g a l  ques t ion  involves  
t h e  j u r i s d i c t i o n a l  r e s p o n s i b i l i t y , o f  t h e  Federa l  Power Commission. 
Conventional wisdom would suggest  t h a t  t h e  FPC has j u r i s d i c t i o n  over 
methane when i t  i s  t r anspor t ed  and so ld  f o r  r e s a l e  i n  i n t e r s t a t e  
commerce because i t  i s  l i k e l y  t o  be considered a n a t u r a l  gas  w i t h i n  
t h e  meaning of t h e  Natura l  Gas Act. See Deep South O i l  Co. Of Texas 
v - FPC, 247 F.2d 882, 888 (5 th .  C i r .  1957). 



CHAPTER V I  

There is' l i t t l e  recorded experience wi th  commercial gas  product ion 
from coalbeds,  except  t h a t  discussed by T i l t o n  (40) ,  t o  provide a 
meaningful understanding of t h e  envi'ronmental a spec t  of such produc- 
t i o n .  Some of t h e  problems encountered i n  d r i l l i n g  t o  coalbeds from 
t h e  s u r f a c e  t o  produce gas a r e  common t o  a l l ' . d r i l l i n g  opera t ions .  

Water i n  Coalbeds 

The composition of coalbed waters  v a r i e s  widely, from s l i g h t l y  
ac id  t o  s l i g h t l y  a l k a l i n e ,  and from po tab le  t o  s a l i n e .  The compo- 
s i t i o n  of water  from t h r e e  s e p a r a t e  coalbeds is  shown i n  Table 5. 
The planning of p o l l u t i o n  c o n t r o l  and water  d i sposa l  systems must 
be determined on t h e  b a s i s  of t h e  water  a t  each site. Water from 
some coalbeds,  e s p e c i a l l y  i n  t h e  Western p a r t  of t h e  United S t a t e s ,  
may be of a h igher  q u a l i t y  than t h e  a l k a l i n e  s u r f a c e  waters .  

D r i l l i n g  E f f e c t s  on Surface  

The environmental impact of d r i l l i n g  t o  recover  gas  from coalbeds 
should be minimal. The s ludge  and mud p i t s , a r e  u sua l ly  small  i n  
s i z e  (about 25 cubic  yards  o r  19 cu m), and t h e  quan t i t y  of d r i l l p i p e  
cas ing  and tubing  is  r e l a t i v e l y  minor; thus  problems, no t  a l ready  
resolved by t h e  petroleum indus t ry  a r e  no t  expected. 

Except f o r  t h e  l ay ing  of ga ther ing  l i n e s  and s i t e  p repa ra t ion ,  
s u r f a c e  damage should be minimal. Abandonment can be accomplished 
by plugging t h e  ho le s  according t o  S t a t e  o r  Federa l  r egu la t ions .  I n  
some i n s t a n c e s ,  boreholes  d r i l l e d  from t h e  s u r f a c e  may be used by t h e  
coa l  mining companies as ven t  ho le s ,  f o r  powerline en t ry ,  o r  rock d u s t  
supply ho le s ,  e t c .  

Favorable Impact on Mining 

Improved mine s a f e t y  and increased p roduc t iv i ty  make dra inage  of 
gas from coalbeds worthwhile and e s s e n t i a l .  One of t h e  long range 
b e n e f i t s  o f -methane  dra inage  is  t h a t . d e e p  coalbeds,  below 3,000 f e e t ,  
which might o therwise  no t  be mined , fo r  many yea r s ,  may we l l  prove 
economic f o r  mining i f  t he  hazards of excess ive  methane emissions 
a r e  e l imina ted .  



TABLE 5 

COMPOSITION OF WATER FROM THREE COALBEDS 

Coalbed Mary 
I d e n t i f i c a t i o n  P i t t s b u r g h  Lee 

I 

i Acidi ty  . . . . . . . . .  I 0 0 ' , O  
O 1 0 

I 

. . . . . .  A l k a l i n i t y  ppm 1,825 I 790 2,043 876 1 355 
f 

Dissolved s o l i d s . .  . .  ppm 1 4,478 9,774 17,246 3,108 j 1,428 
I i 

so4 . .  '. . . ' . . . .  ppm / 63 133 . ND ND 

C a . .  . . . .  ' 159 477 . . . p p m  I ND 12.5 

Mg . . . . . . . . . .  ppm 1 132 19 3 4 82 29 
i 
I 

8 

Fe 
I . . . . . . . . . . .  

'PPm I 
0.5 ND I ND 

ND 0.13 I 
. . . . . .  Chlor ides  ppm 2,356 7,700 13,600 2,200 

. . 
700 

I I 

Pocahontas 
No. 3 

ND Not de t ec t ed .  
* ~ e ~ o r t e q  a s  percent .  
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APPENDIX A 

METHANE PROGRAM OF THE BUREAU OF MINES 

The Bureau 0.f Mines methane program currently includes two separate but 
related objectives. The original and continuing objective is to develop 
the technology necessary for safe and economic mining of methane-laden 
coalbeds so as to prevent the mine disasters caused by accidental ignition 
of methane-air mixtures. Recently the objective of demonstrating the 
feasibility of recovering commercial quantities of methane from virgin 
coalbeds and from underground gob areas to increase the production 
potential and productivity from United States coal deposits has been 
added. 

The present methane control, program was started in 1964. Appropriation 
of funds in Fiscal Year (FY) 1965 for the purpose was triggered by the 
Robena mine disaster. From 1965 through 1968 the research was funded 
at an annual level of $250,000 to $300,000 and was concerned mainly with 
establishing principles that are dominant in controlling the occurrence 
and movement of methane in coalbeds. 

As a result of the No. 9 mine disaster at ~armin~ton, West ~ir~inia,,' in 
1968 an accelerated program was instituted. With annual funding of 
$1.7 million in FY 69 and FY 70, in-mine work was expanded to establish 
relationships of coalbed properties to methane emission and to develop 
control techniques. 

In FY 71 the.program was again expanded as it became part of the re- 
search under the Coal Mine Health and Safety Act. A funding level of 
$5 million was maintained through FY 72. The increased expenditures - 
were for development and acquisition of necessary tools and instruments, 
expansion of in-mine testing, and experimental vertical degasi£ication 
borehole patterns in eight different coalbeds. In FY 73 and FY 74 
annual funding averaged about $2 million. In FY 75 and FY 76 the 
funding increased to about $3 million when research to improve coal 
productivity was included. . 

Selected major accomplishments are as follows: 

Developed technology for drilling long horizontal holes (more 
than 1000 feet) into a coalbed for degasification. 

Demonstrated degasification of Pittsburgh coal through horizontal- 
holes into the coalbed from the bottom of a shaft. 

Demonstrated degasification of permeable coalbeds through vertical 
boreholes with hydraulic stimulation in advance of mining. 
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Developed simple, inexpensive direct method for estimating the 
methane content of a coalbed from a core sample. 

Demonstrated control of methane at the face with water infusion. 

Fstablished the dependency of methane emission rate during mining 
on numerous factors including nature of coalbed and surrounding 
strata, depth, fracture permeability, reservoir pressure, and 
coal production rate. 

Demonstrated control of methane, in.gob areas by vertical holes 
from the surface ahead of pillaring and longwall~operations. 

/ 



APPENDIX B 

EXAMPLE OF COALBED GAS QUALITY SPECIFICATION 
FOR' GAS PURCHASE AND SALES AGREEMENT 

-STANDARD 

, Qual i ty  of purchased gas.  , . 

REFERENCE ( s  ) 

"XYZ" Gas Company's gas  u t i l i t y  s tandard  90.0. 

The i n t e n t  of t h i s  s tandard  is  t o  s p e c i f y  t h e  q u a l i t y  of gas  
purchased by t h e  "XYZ" Gas Company. Deviat ions from t h i s  
s tandard  w i l l  be  s p e c i f i c a l l y  noted i n  t h e  Purchase Agreement. 
"XYZ" Gas Company's s tandard  base measurement is a s  s p e c i f i e d  
i n  t h e  Purchase  Agreement. The barometr ic  p re s su re  f o r  
p re s su re  c a l c u l a t i o n  is  14.4 p s i a .  

GAS QUALITY SHALL: 

Be i n  i ts  n a t u r a l  s t a t e  a s  produced. 

Be.commercially f r e e  from d u s t s ,  gums, gum forming 
c o n s t i t u e n t s ,  o r  o t h e r  l i q u i d  o r  s o l i d  mat te r  which 
might become separa ted  from t h e  gas i n  t h e  course  of 
t r a n s p o r t a t i o n  through p ipe l ines .  

Not con ta in  more than three- ten ths  (0.3) of a g r a i n  of 
hydrogen s u l f i d e  (H2S) per  one hundred (100) cubic  f e e t .  

Not con ta in  more than t h i r t y  (30) g r a i n s  of t o t a l  
s u l f u r  per  one hundred (100) cubic f e e t .  

Not con ta in  mo=e than  four  (4%) percent  by voiume of 
a combined t o t a l  o f - i n e r t s  such a s  carbon d ioxide ,  
n i t rogen ,  argon and helium; provided, however, t h a t  
t h e  t o t a l  carbon d ioxide  content  s h a l l  n o t  exceed 
t h r e e  (3%) percent  by volume. . 

Not con ta in  more than one (1%) percent  of oxygen by 
volume. 

Have a t  l e a s t  n ine  hundred and f i f t y  (950) B r i t i s h  
Thermal Uni t s  per  cubic  f o o t  ca l cu la t ed  as t h e  g ros s  
s a t u r a t e d  va lue  a t  14.73 p s i a  and 60°F as s e t f o r t h  i n  
"XYZ" Gas Company's Standard 90.0. 
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EXAMPLE OF COALBED GAS QUALITY SPECIFICATION 
FOR GAS PURCHASE AND SALES AGREEMENT 

/ 
- 

h) Be dehydrated by seller, if necessary, and shall in no 
event have a water content in excess of seven (7) pounds 
of water per million cubic feet of gas measured at our 
purchase base (14.73 psia at 60°F). 

. . :  . .  
i) Be in conformance with any existing regulatory standards. 
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APPRAISAL OF MARS11 GAS AS A POTENTIAL 
DOMJISTIC NATURAL GAS RESOURCE I N  THE UNITED STATES 

INTRODUCTION 

Methane-rich gas  is ' being generated and s t e a d i l y  r e l ea sed  i n t o  t h e  atmos- 
phere from marshes i n  t r o p i c a l  and semi t rop ica l  c l imates .  The f e a s i b i l i t y  
and c o s t  of c o l l e c t i n g  and concent ra t ing  t h i s  gas f o r  market consumption 
has  been addressed and r e s u l t s  a r e  repor ted  he re in .  

CONCLUSIONS - 
1. Methane-rich gas product ion r a t e s  wi th  i d e a l  s o i l  and temperature 

cond i t i ons  can range from around 75 t o  100 SCF/day/acre. 

2. Methane content  t y p i c a l l y  may vary  from about 50% t o  perhaps 80% 
wi th  n i t r o g e n  a s  t h e  p r i n c i p a l  contaminant. 

3. To,provide  a i r - f r e e  c o l l e c t i o n  a " ten t - l ike"  appara tus  hovering 
over t h e  marsh a r e a s  w i th .wa te r  s e a l s  a t  i t s  edges would be one 
key s t e p  i n  t h e  c o l l e c t i o n  process .  

4. The gas c o l l e c t e d  could b e s t  be  used a s  b o i l e r  f u e l  because of i t s  
vary ing  methane content .  Otherwise, c o s t l y  s e p a r a t i o n  processes  
would have t o  he  provided. 

5. On a commercial s c a l e ,  t h e  c o s t  of c o l l e c t i n g  impure methane gas 
( a t  about 75% p u r i t y )  would be  about $130/MC~ methane. This  is  
approximately 30- t o  50-fold h igher  than  p r i c e  ranges ind ica t ed  
r e s p e c t i v e l y  f o r  s y n t h e s i s  gas  from c o a l  o r  r ecen t  upper range 
c o n t r a c t  p r i c e s  i n  i n t r a s t a t e  markets.  

6 .  Although immense volumes of t h i s  type  of gas  escape t o  t h e  
atmosphere i n  some semi t rop ica l  marshlands i n  t h e  United S t a t e s ,  
i ts  c o l l e c t i o n  is. too  d i f f i c u l t  and c o s t l y  f o r  it t o  c o n t r i b u t e  
s i g n i f i c a n t l y  t o  t h e  f u t u r e  energy s u p p l i e s  i n  t h i s  country.  

MECHANISM OF GAS GENERATION 

When organic  ma t t e r  i n  an  aqueous environment i s  decomposed by b a c t e r f a l  
a c t i o n ,  t h e  h igh  energy r e a c t i o n s  wi th  d isso lved  oxygen f i r s t  occur ,  
y i e l d i n g  C02, H20 and n i t r a t e s .  When a l l  t h e  oxygen is. consumed, t h e  
anaerobic r e a c t i o n s  proceed. Favored i n  t he  anaerob2c energy y i e l d  
sequence a r e  ox ida t ion  r e a c t i o n s  by t h e  n i t r a t e  ion'  t o  y i e l d  N2, C02 and 
H20 and by s u l f a t e  ion ,  t o  y i e l d  s u l l u r ,  H2S, COe  and H20. When s u l f a t e  
and n i t r a t e  Tuns a r e  deple ted ,  methane product ion by anaerobic d i g e s t i n n  
proceeds. This  u s u a l l y  is  considered a s  a two-stage prucess ,  i n  t h e  



f i r s t  s t a g e  of which t h e  l a r g e r  organic  molecules a r e  broken down i n t o  
a l coho l s ,  f a t t y  a c i d s ,  C02 and H2. I n  t h e  second s t a g e ,  t hese  compounds 
a r e  reduced by b a c t e r i a l  a c t i o n  t o  methane by such r e a c t i o n s  as: 

CH3 COOH * CHI+ + C02 

It is  apparent  t h a t  t h e  r a t e  and composition of gas generated by b a c t e r i a l  
a c t i o n  i n  sediments can vary  widely depending on the  s p e c i f i c  cond i t i ons  
e x i s t e n t ,  =/ 

GAS PRODUCTION RATE DATA 

Koyama has c o l l e c t e d  samples of paddy s o i l s  i n  Japan and measured t h e  r a t e  
of methane product ion i n  l abo ra to ry  incubat ion  a p p a r a t u s g /  Figure.  4 pre- 
s e n t s  h i s  d a t a  on t h e  r a t e  of methane product ion from s e v e r a l  s o i l s ' a s  a 
func t ion  of incubat ion  temperature.  These d a t a  i l l u s t r a t e  t h e  h igh  sens i -  
t i v i t y  of t h e  methane r a t e  t o  temperature and tvpe of s o i l .  A wide v a r i -  
a t i o n  i n  gas composition was observed wi th  methane content  ranging from 
54% t o  82%, t h e  major contaminants being C02, N2 and H2.  Koyama est imated 
an average methane product ion r a t e  f o r  paddy s o i l s  i n  Japan equiva len t  t o  
44 SCFD per  ac re .  Measurements made on Japanese upland and f o r e s t  s o i l s  
i nd ica t ed  much lower gas r a t e s ,  l e s s  than  1/200 and 1/1000, r e s p e c t i v e l y ,  
of t he  paddy s o i l  r a t e s .  

Conger r epo r t ed  r a t e s  of gas evolu t ion  f r0m.a  s tagnant  eu t rophic  l a k e  a t  
Drum Po in t ,  ~ a r ~ l a n d  2 1  Sediments from a three-square-mile dra inage  a r e a  
have almost f i l l e d  t h e  l ake ,  which has a water  depth of a b o u t - s i x  f e e t .  
During August 1942, wi th  water temperature of about 27"C, t h e  average 
measured gas r a t e  was 90 SCFD per  ac re .  The methane content  va r i ed  from 
58% t o  82%, t h e  major contaminant being n i t rogen .  Assuming a n  average.  
methane content  of 70%, the  summer methane r a t e  was about 63 SCFD per  
acre .  

Unpublished d a t a  have been secured on gas evo lu t ion  a t  room temperature 
(20°C) i n  a l abo ra to ry  aquarium conta in ing  a four-inch l a y e r  of mud from 

111 Whelan, Thomas: 111, "Me thane and Carbon Dioxide i n  Marsh Sediments, " 

LSU, Natura l  Gases i n  Marine Sediments, e d i t e d  by I. R. Kaplan, Plenum 
Press ,  1974, pp. 27-46. 

1 2 / ~ o ~ a m a ,  Tadashiro, "Gaseous Metabolism i n  Lake Sediments and Paddy - 
S o i l s , "  Adv. i n  Org. Chem., McMillan, 1964, pp. 363-375. 

13/Conger, Paul  S., "Ebu l l i t i on  of Gases from Marsh and Lake Waters," - 
Chesapeake B io log ica l  Laboratory, Pub l i ca t ion  No. 59, Nov. 1973. 



t h e  White Rock Lakc i n  Dal las ,  Texas. During i n i t i a l  weeks of t h e  
experiment, t he  methane r a t e  was 75 SCFD per  ac re .  During a 16;month 
t e s t  per iod ,  t h e  r a t e  gradual ly  dec l ined  t o  l e s s  than 4 SCFD per  a c r e ,  
presumably due t o  d e p l e t i o n  of t he  b a c t e r i a l  n u t r i e n t s .  

Based on these  l i m i t e d  d a t a  from a pre l iminary  review of t h e  l i t e r a t u r e ,  
i t  i s  presumed f o r  purposes of expedi t ing  t h i s  eva lua t ion  t h a t  a favor- 
a b l e  marshy s i t e  can be loca t ed  wherein a n  average methane product ion 
r a t e  of 75 SCFD pe r  a c r e  can be sus ta ined .  

A s  a mat te r  of i n t e r e s t ,  s u b s t a n t i a l l y  h igher  methane product ion r a t e s  
can be a t t a i n e d  i n  d i g e s t e r s  ope ra t ing  a t  h igher  temperature and wi th  
c a r e f u l l y  con t ro l l ed  f eeds  and s e l e c t e d  b a c t e r i a l  s t r a i n s .  For example, 
P f e f f e r  of Univers i ty  of I l l i n o i s  demonstrated r a t e s  up t o  1.0 SCFD of 
methane (55% p u r i t y )  per  cubic  f o o t  of d i g e s t e r  volume from a 20 .wt  % 
garbage s l u r r y  a t  6 o 0 c S /  For a one-foot-thick l a y e r  of s l u r r y ,  t h i s  
corresponds t o  a r a t e  of 43;560 SCFD per  a c r e .  

Gas Co l l ec t ion  System 

To c o l l e c t  t h e  gas ,  i t  i s  proposed t h a t  one a c r e  of marshy a r e a  be  cover,ed 
wi th  a r e in fo rced  p l a s t i c  shee t .  To prevent  displacement by wind o r  wave 
a c t i o n ,  t h e  s h e e t  w i l l  be  he ld  i n  p l ace  by s t e e l  s t a k e s  t i e d  t o  grommecs 
a t  i n t e r v a l s  s u f f i c i e n t  t o  hold t h e  edges of t h e  s h e e t  below t h e  water  
l e v e l .  For gas  removal, a smal l  diameter p l a s t i c  l i n e  is  a t tached  t o  a 
f i t t i n g  a t  t h e  cen te r  of t h e  s h e e t ,  which i s  supported a t  t h i s  po in t  t o  
prevent  blocking of t h e  drawoff opening. It i s  apparent  t h a t  t h e  a r e a  
s e l e c t e d  must be  f r e e  from brush gnd d e b r i s  t o  prevent  f i l m  puncture.  
The weight of t h e  s h e e t  i s  about  62 l b s  per  1000 sq  f t ,  which can be  
supported by a gas p re s su re  of 0.012 inches  of water .  

The gas from each i s o l a t e d  s h e e t  is c o l l e c t e d  by a header system feeding 
a blower which d e l i v e r s  t h e  gas t o  a b o i l e r  o r  gas- ' tu rb ine  i n s t a l l a t i o n  
f o r  power genera t ion .  The low q u a l i t y  of t h e  gas renders  i t  unaccept- 
a b l e  without  f u r t h e r  processing f o r  d i s t r i b u t i o n  and s a l e  a s  n a t u r a l  gas.  

I1 Economics 

Based on a quote from t h e  Gr i f fo lyn  Company, t h e  c o s t  of a 210-ft by 
210-ft s h e e t  (one acr.e) of 4-ply nylon thread  r e in fo rced  polyethylene 
wi th  a 9-year outdoor exposure l i f e  i s  $0.20 per  sq  f t ,  f .o.b. ,Houston. 
To al low f o r  t r a n s p o r t a t i o n  and i n s t a l l a t i o n  of s h e e t  and l i n e s ,  an  
a d d i t i o n a l  c o s t  of $0.05 per  s q  f t  is  ( o p t i m i s t i c a l l y )  assumed. Oper- 
a t i n g  c o s t s  assume only s h e e t  maintenance a t  3% per  year  on the  inves t -  

g h f e f  f e r  , John T. , "Reclamation of Energy from nrganic  Ref use,  I' Report 
' f o r  EPA under Grant Nn. EPA-R-800776, A p r i l  1973. 



ment wi th  overhead and miscel laneous c o s t s  a t  2% per  year .  A u t i l i t y  
l e v e l  r a t e  of r e t u r n . i s  assumed amounting t o  12% per  year  on t h e  average 
investment (100% equ i ty )  wi th  a  10-year p r o j e c t  l i f e .  The fol lowing 
c o s t s  apply on a  one-acre b a s i s :  

Investment 
P l a s t i c  Sheet @ $0.20 per  sq  f t  $ 8,700 
Pip ing  & I n s t a l l a t i o n  @ $0.05 per  sq  f t  2,200 

To ta l  $10,900 

Operating Cost per  Annum 
Maintenance @ 3% per  year  , 
Overhead & Misc. @ 2% per  year  

T o t a l  

Cap i t a l  Costs per  Annum 
Depreciat ion @ 10% per  year  $ 1,090 
Federa l  Tax @ 48% of gross  p r o f i t  600 
Net Return @ 12% per  year  on avg. i n v e s t .  650 

To ta l  $ 2,340 

Net Annual Revenue Required f o r  G a s  Sa le  $ 2,890' 
Royalty @ 12.5% of Gross Revenue 450 
Severance Tax @ 7.0% of Gross Revenue 250 

Gross Revenue from Gas Sa le  $ 3,590 

Annual Gas Sa le s  - MSCF @ 75 S ~ ~ / d a y  27.5 

G a s  Sa l e s  p r i c e  - $/MSCF $ 130 

Discussion of Resu l t s  

The preceding c a l c u l a t i o n s  i n d i c a t e  a  gas s a l e s  p r i c e  of $130 per  MSCF 
of methane content  would be r equ i r ed  t o  o b t a i n  a  12% r e t u r n  on inves ted  
c a p i t a l .  To reduce t h e  p r i c e  t o  a high range of some i n t r a s t a t e  c o n t r a c t  
p r i c e s  ($2.50 t o  $3.00 per  MCF) o r  t o  s m  es t imated  gas p r i c e s  needed 
f o r  c o a l  g g s i f i c a t i o n  ($4 p l u s  per  MCF) appears  o u t  of reach.  Yield 
a l r eady  o p t i m i s t i c a l l y  h igh  i n  t h i s  c a l c u l a t i o n  would have t o  be increased  
a t  l e a s t  by a  f a c t o r  of 30, and perhaps 50. 

I n  a d d i t i o n  t o  t h e  unfavorable  economics, t h e r e  might be environmental 
ob jec t ions  t o  d e s t r u c t i o n  of marine l i f e  due t o  exc lus ion  of a i r  from 
the  covered su r f ace .  The gas  product ion r a t e  d e c l i n e  curve a l s o  i s  



uncer ta in .  I f  maintenance of t h e  gas r a t e  is  dependent on a  cont inuing 
supply of f r e s h  sediments,  covering of l a r g e  a r e a s  might i n t e r f e r e  wi th  
t h e  depos i t i ona l  process  w i t h  r e s u l t i n g  r a p i d  d e c l i n e  i n  t h e  gas produc- 
t i o n  r a t e .  

A more a t t r a c t i v e  approach t o  product ion of methane by mic rob ia l  r e a c t i o n  
appears  t o  be v i a  p l a n t  d i g e s t e r s . p r o c e s s i n g  garbage, sewage o r  waste  
e f f l u e n t s  under c l o s e l y  con t ro l l ed  temperature,  o rganic  content  and 
b a c t e r i a l  spec i e s .  
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GAS I N  TIGHT FORMATIONS 

INTRODUCTION 

S i g n i f i c a n t l y  l a r g e  nonconventional resources  of n a t u r a l  gas  a r e  
e i t h e r  known o r  i n f e r r e d  t o  occur  i n  many r eg ions  of t h e  United S t a t e s ;  
t h e s e  resources  a r e  c h a r a c t e r i z e d . b y . v e r y  low permeabi l i ty  t o  gas  flow 
so  t h a t  p re sen t  product ion techniques  a r e  inadequate  t o  develop such 
resources  a s  economically recoverable  reserves .  I n  gene ra l ,  t h e  low 
flow r a t e  f o r  gas  l e a d s  d i r e c t l y  t o  h igh  wellhead c o s t s ,  a t  l e a s t  
s e v e r a l  f o l d  g r e a t e r  than  cu r ren t  wellhead p r f c e s  f o r  convent iona l ly  
produced n a t u r a l  gas.  Thus, t h e s e  r e sou rces ,  whether i d e n t i f i e d  o r  
undiscovered, f a l l  i n  t h e  ca tegory  of subeconomic o r  noncommercial. 

Nonconventional resources  a r e  u s u a l l y  descr ibed  a s  occurrin'g i n  
t i g h t  formations,  a l s o  1oose ly .and  somewhat synonomously termed t i g h t  
rocks ,  t i g h t  sands,  d i r t y  sands,  " t i g h t  gas" d e p o s i t s ,  t i g h t  (gas)  
r e s e r v o i r s ,  low permeabi l i ty  r e s e r v o i r s ,  shale-gas r e s e r v o i r s ,  and t i g h t  
pay zones. This  v a r i e t y  of terminology, i n  i t s e l f ,  c l e a r l y  i n d i c a t e s  
t h e  d i f f i c u l t y  of p r e c i s e l y  d e f i n i n g  nonconlent ional  resources  by 
s p e c i f i c  r e s e r v o i r  c h a r a c t e r i s t i c s ,  by a s i n g l e  phys i ca l  proper ty ,  o r  
by a minimum volume of contained gas.  

Discussion of gas  resources  i n  t i g h t  formations w i l l  be r e s t r i c t e d  
p r imar i ly  t o  t h e  resource  a s p e c t s ,  i . e . , . t h e  types  and p r o p e r t i e s  of 
gas-bearing rocks ,  t h e  l o c a t i o n s  of such rocks ,  and p o s s i b l e  volumes 
of gas i n  such rocks.  The National  Gas Survey by t h e  Federa l  Power 
Commission--in p a r t i c u l a r ,  'Volume 11: Task Force Report of t h e  Supply- 
Technical Advisory  ask Force--Natural Gas ~ ' e c h n o l o ~ y ,  1973--dealt 
comprehensively wi th  .var ious emerging technologies  which might be 
f u r t h e r  developed t o  recover  n a t u r a l  gas  from t i g h t  formations;  t e c h - .  
n iques  included nuc lea r  explos ive  f r a c t u r i n g ,  massive hydrau l i c  f r a c t u r -  
ing  ( h e r e a f t e r  termed MHF), and chemical explos ives  f r a c t u r i n g ,  t oge the r  

t with  ex tens ive  e s t ima te s  of product ion c o s t s  and volumes f o r  s e l e c t e d  
t i g h t  formations i n  t h e  Rocky Mountain a r ea .  It i s  n o t  necessary  t o  
r eeva lua t e  t h e  work of t h e  Natura l  Gas Technology Task Force,. bu t  on ly  
a s  a secondary o b j e c t i v e  t o  d e s c r i b e  any s i g n i f i c a n t  progress  i n  t h e  
foregoing techniques,  and t o  provide supplemental .da ta  which might 
suggest  minor modi f ica t ions  t o  t h e  Task Force r e p o r t .  



TYPES AND PROPERTIES OF TIGHT FORMATIONS 

The so-cal led t i g h t '  formations '  occur a t  one extreme a s  s i n g l e ,  
r e l a t i v e l y  t h i n  (10-100 f t )  gas-bearing.zones of gene ra l ly  uniform 
th i ckness  over a  l a r g e  a r e a .  A t  t h e  o t h e r  extreme would be r e l a t i v e l y  
t h i c k  (poss ib ly  1,000 o r  more f t )  s e c t i o n s ,  e i t h e r  somewhat uniformly 
gas  bear ing  a s  i n  organic- r ich  marine s h a l e s , . o r  conta in ing  mul t ip l e ,  
l e n t i c u l a r  gas-sand zones s c a t t e r e d  throughout t h e  s e c t i o n  a s  i n  

I nonmarine formations of t h e  Rocky Mountain bas ins  (41).  

A r b i t r a r i l y ,  t i g h t  formations a r e  he re in  defined by an i n  s i t u  gas 
permeabi l i ty  of l e s s  than  50 pd .(.microdarcy). Where t h e  i n  s i t u  gas  
permeabi l i ty  i s  g r e a t e r  than  50 pd, t h e  formations--or b e t t e r  s t a t e d ,  
t h e  gas-bearing zones--can probably be exp lo i t ed  economically by 
r e l a t i v e l y  convent iona l  product ion techniques ,  and would no t  r e q u i r e  
advanced and p r e s e n t l y  developing product ion s t i m u l a t i o n  techniques 
such a s  massive f r a c t u r i n g  by l a rge - sca l e  hydrau l i c  i n j e c t i o n ,  chemical 
explos ives ,  o r  nuc lea r  explos ives .  

For s i m p l i c i t y ,  because of r a t h e r  sha rp ly  c o n t r a s t i n g  phys i ca l  
p r o p e r t i e s ,  t h e  mostly nonmarine t i g h t  sandstone formations i n  t h e  
western United S t a t e s  can be considered s e p a r a t e l y  from t h e  t h i c k  
marine s h a l e s  of Devonian age i n  t h e  e a s t e r n  United S t a t e s ;  a v a i l a b l e  
d a t a  show: 

C h a r a c t e r i s t i c s  of t i g h t  formations 

Western sandstones Eas te rn  s h a l e s  

Depth ( f t )   oder rate t o  deep Shallow t o  moderate 
4,000-20,000 2,000-6,000 

Permeabi l i ty  (pd) Low Very low 
0.5-50 0-001-1.0 

P o r o s i t y  (%) Low 
8-12 

Wafer s a t u r a t i o n  (%) Moderate t o  h igh  
30-70 

Gas- f i l l ed  p o r o s i t y  (%) Medium t o  low 
3-6 

Very low 
0.5-5.0 

Low 
1-10 

Low 
1- 3 

P res su re  Normal t o  h igh  Low t o  normal 

Because t h e  e a s t e r n  s h a l e s  occur on t h e  average a t  shal lower depths  
than t h e  t i g h t  sandstone formations,  t h e  lower gas  p re s su res  l e a d  t o  
lesser g a s  i n  place;  a d d i t i o n a l l y ,  t h e  s h a l e s  have much lower po ros i ty  
t han  t h e  sandstones,  by about  a  f a c t o r  of f i v e ,  which l e a d s  t o  lesser 



gas in place. In general, the shales contain one to two orders of 
magnitude less gas in place per unit volume of rock than the sandstones. 

I Permeability 

Other factors being constant, an increase in confining pressure 
leads to a marked decrease in gas permeability, particularly for those . 
rock types where the initial unconfined permeability is relatively low-- 
at about 1 md (millidarcy) or less. This reduction is at least an order 
of magnitude greater than would be predicted from the reduction in pore 
volume due to rock compressibility(42). The strong influence of confin- 
ing pressure on' permeabil.i.ty suggests that, under compression, the inter- 
connecting pathways, microfractures or. pore throats, between pores are 
contracted to isolate pore space which would otherwise sustain gas flow, 
and that the reduction in pore volume is not a controlling factor. 

Summarized in figure 5are data for permeability versus net confin- 
ing pressure for sandstone core samples (43, 44) from: (1) Project 
Gasbuggy; in the San Juan Basin, New Mexico; samples from the picture 
Cliffs sandstone at a depth of 4,000 feet; (2) Project Rio Blanco; in 
the Piceance Basin, Colorado; samples from the Fort Union sandstones, at 
a depth of 6,000 feet; and (3) Project Wagon Wheel; c re en River Basin, 
Wyoming; samples from the Fort .Union sandstones (8,000 ft) and' the 
Mesaverde sandstones (10,000 ft). The reduction from unconfined or 
initial permeability, to the permeability at net confining pressure, 
equivalent to the overburden pressure less the interna1,pore pressure, 
is: (1) factor of three for Gasbuggy samples at 2,700 lb/in2 confining 
pressure; (2) factor of 10 for Rio Blanco samples at 3,200 lb/in2 con- 
fining pressure; and (3) factor of five for Wagon Wheel samples at 5,000 
lb/in2 confining pressure. It is obvious that, given essentially the 
same porosities and water saturations: (1) the reduction in permeabil- 
ity is not a simple linear function of present ov'erburden pressure or 
net confining pressure; i.e., the samples from the Piceance Basin at 
intermediate depth of 6,000 feet, between 4,000 feet for the San Juan 
Basin and 8,000-10,000 feet .for the Green River Basin, show a much larger 
reduction in permeability; and (2) the reduction in permeability reflects 
the pressure loading-unloading history of the rock, including herein the 
variability introduced by tectonic stresses--folding, faulting, and 
thrusting--as opposed to. simple gravitational loading in relatively 
undeformed basins. 

Illustrated in figures 6 ,  7, 8, and g, and table6, for sandstone 
core samples from the Fort Union Formation in the Piceance Basin--the 
Rio Blanco site--are measured values of gas (nitrogen) permeability at 
initial unconfined conditions and also at various net confining pressures 
(43). For the samples studied, absolute pe.rmeability is greatly reduced . 
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Figure 5 Permeability as a function of confining pressure. 
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Fig. 6 Effect of confining pressure on the penneabllity of Fort Union formation 
sandatone sample at 4570 water saturatlon. 
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N e t  confining pressure- 1 o3 l b / i n 2  

Flg. 7 Effect of conflnlng pressure on the permeability of Fort Union formatlon 
owtistone sample z? 46.4% water saturation. 
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3 Net, confinirig pressure - 10 lb/in2 

Fig. 9.  Effect of confining pressure on the permeability of Fort Union formation 
sandstone samples at various Icvels of water saturation. 
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Table 6. Permeability, porosity, and percentage water saturation of Fort Unim 
formation sandstone samples. 

Permeability 
at 

simulated 
t Fn nitu 

Ssmple Unconfined confining Interconnected Water 
depth below permeability, pressure, porosity, saturation, 
surface, ft ~d ~d '% % 

5660 
(air cored) 

Confining Prcssurc = 3030 psi 
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FimrelO. Permeability as a function o f  water saturation.  



by increased  con f in ing  p r e s s u r e ,  w i th  t h e  r educ t ion  a t  l e a s t  an o rde r  of 
magnitude g r e a t e r  than  would be p red i c t ed  from reduc t ion  of pore volume 
due t o  rock c o m p r e s s i b i l i t y .  

Data on t h e  pe rmeab i l i t y  of s h a l e s  and c l o s e l y  r e l a t e d  rocks  such 
a s  s i l t y  s h a l e ,  and s h a l y  s i l t s t o n e ,  a r e  s p a r s e ,  and a r e  u s u a l l y  based on 
measurements made wi th  water  a s  t h e  working f l u i d  r a t h e r  than a i r  o r  
o t h e r  gases . (45 ,  4 6 ) .  Such permeability.measurements, . a l though n o t . p r e -  
c i s e l y  a p p l i c a b l e  t o  gas-bearing s h a l y  rocks ,  do i n d i c a t e  t h e  range i n  
i n  s i t u  p e r ~ n e a b i l i t y  t o  be  expected--from 1 . 0  t o  pd o r  pos s ib ly  
less, wi th  a  few r e s e r v o i r . p r e s s u r e  drawdown and bui ldup  measurements 
sugges t ing  as h igh  a s  0.7 pd f o r  a  s i l t y  s h a l e .  A r b i t r a r i l y ,  i n  l a t e r  
c a l c u l a t i o n s  of flow c a p a c i t y  of s h a l e s ,  a  lower l i m i t  of 0 . 1  pd (0.0001 
md) f o r  i n  s i t u  ma t r ix  pe rmeab i l i t y  has  been used,  even though it  i s  
obvious t h a t  most t r u e  s h a l y  rocks  would be below t h i s  l i m i t .  

Water s a t u r a t i o n  

A s  shown i n  f i g u r e s  9  a n d l o ,  and i n  t a b l e  6, t h e  i n  s i t u  pe rmeab i l i t y  
f o r  t h e  f lowing gas  phase dec reases  r a t h e r  sha rp ly  w i th  i nc reas ing  water  
s a t u r a t i o n ,  w i th  pe rmeab i l i t y  dec reas ing  t o  e s s e n t i a l l y  ze ro  a t  60 t o  80 
percent  water  s a t u r a t i o n .  Again, t h e s e  d a t a  a r e  f o r  sandstone c o r e  
samples from t h e  t h r e e  major industry-government, gas-s t imulat ion p r o j e c t s :  
(1) Rio Blanco s i te ,  Piceance Basin,  i n  f i g u r e  9  and t a b l e  6; (2)  Gasbuggy 
s i t e ,  San Juan Basin,  i n  f i gu re lO , . and  (3) Wagon Wheel s i t e ,  Green River  
Basin,  i n  f i g u r e  10. S imi l a r  d a t a  a r e  l ack ing  f o r  t h e  Uinta  Basin.  

In  t a b l e  6 ,  f o r  t h e  Rio Blanco s i t e  d a t a  f o r  sample 5860 (number is  
sample depth  i n  f t )  show a  r educ t ion  i n  gas  permeabi l i ty :  (1) a t  35.4 
percent  water  s a t u r a t i o n ,  from 370 pd a t  unconfined p re s su re  t o  23 pd a t  
s imulated r e s e r v o i r  conf in ing  p re s su re ;  and (2)  a t  46.4 percent  water  
s a t u r a t i o n ,  from 220 pd t o  7.5 pd. Other d a t a  f o r  t h i s  sample i n t e r v a l  
a t  5,680 f e e t  show: (1) by convent iona l  c o r e  analyses--910 vd a t  d r y  and . 
unconfined cond i t i ons ,  9.8 percent  p o r o s i t y ,  and 36 percent  water s a t u r a -  
t i o n ;  and (2) by l o g  evaluation--10.5 pe rcen t  p o r o s i t y ,  and from 33 t o  
50 percent  w a t e r  s a t u r a t i o n .  Although t h e  foregoing  d a t a  der ived  by 
t h r e e  d i s s i m i l a r  methods of eva lua t ion  a r e  reasonably compatible,  i t  
should be  noted t h a t  misjudgment of i n  s i t u  water  s a t u r a t i o n  could l ead  
t o  much l a r g e r  misjudgment o f ' i n  s i t u  permeabi l i ty-- i .e . ,  a t  35.4 percent  
water  s a t u r a t i o n  t h e  pe rmeab i l i t y  is 23 pd, and a t  50 percent  water  s a t u r -  
a t i o n  t h e  pe rmeab i l i t y  is  about 5 pd, o r  an i n c r e a s e  i n  water  s a t u r a t i o n  
from 35.4 t o  50 pe rcen t ,  a  r a t i o  of 1:1.4 l e a d s  t o  a  decrease  i n  permea- 
b i l i t y  from 23 pd t o  5  pd, a  r a t i o  of 4 .6 : l .  

The combined e f f e c t  of i n c r e a s i n g  n e t  con f in ing  p re s su re  and inc reas -  
i n g  water  s a t u r a t i o n  sha rp ly  dec reases  t h e  i n i t i a l  d ry  permeabi l i ty .  For 



example, t h e  Wagon Wheel c o r e s  show an average i n i t i a l  permeabi l i ty  of  
68 pd when d r i e d  and unconfined; they show an average water  s a t u r a t i o n  
of 50 percent .  From f i g u r e  6 ,  a t  a  n e t  conf in ing  p re s su re  of  3,000 
l b / i n 2 ,  t h e  r educ t ion  from i n i t i a l  pe rmeab i l i t y  i s  a  f a c t o r  of 0.28; 
and from f i g u r e l o ,  t h e  r educ t ion  a t  50 percent  water  s a t u r a t i o n  i s  a  
f a c t o r  of 0 .18(45) .  The combined e f f e c t ,  o r  t o t a l  r educ t ion  i n  perme- 
a b i l i t y ,  i s  then  a  f a c t o r  of 0.05, o r  an i n  s i t u  va lue  of 3.4 pd. This  
va lue  of 3 .4  pd has  been used t o  p r e d i c t  gas  w e l l  product ion r a t e s  i n  
t h e  Green River  Basin us ing  nuc l ea r  s t i m u l a t i o n  and massive hyd rau l i c  
f r a c t u r i n g  (47, App. E l .  

The combined e f f e c t  of n e t  con f in ing  p re s su re  and water  s a t u r a t i o n  
f o r  c o r e  samples from t h e  Rio Blanco s i t e ,  a s  shown i n  f i g u r e s  5 ,  9 ,  and 

10,  i s  l a r g e r  than  t h e  e f f e c t  on c o r e s  from Gashuggy a ~ ~ d  Wagon Wheel, 
a l though Rio Blanco i s  in t e rmed ia t e  i n  depth  a t  6,000 f e e t ,  compared t o  
Gasbuggy a t  4,000 f e e t  and t o  Wagon Wheel a t  8,000-10,000 f e e t .  The Rio 
Blanco c o r e s  snow an i n i t i a l  unconfined pe rmeab i l i t y  of 53'0 pd a t  4 .1  
percent  w a t e r  s a t u r a t i o n  ( t a b l e  6) .' A t  55 percent  w a t e r  s a t u r a t i o n ,  
t h e  r educ t ion  from t h e  i n i t i a l  pe rmeab i l i t y  i s  a  f a c t o r  of 0.05; and a t  
3,600 l b / i n 2  con f in ing  p r e s s u r e  t h e  r educ t ion  i s  a  f a c t o r  of 0.08; o r  a  
combined r educ t ion  by a  f a c t o r  of 0.004, l e ad ing  t o  an i n  s i t u  permea- 
b i l i t y  of 2 .1  pd. 'This  compares w i th :  (1) 14  pd based on logging  d a t a  
f o r  t h e  i n t e r v a l  ad jus t ed  by pressure-bui ldup measurements i n  an ad j acen t  
w e l l ,  Fawn Creek No. 1; (2) 7 and 15  vd used t o  p r e d i c t  gas  w e l l  produc- 
t i o n  i n  t h e  Piceance Basin (47 Y App. E) ; and (3)  about  2  pd der ived  from 
product ion  tests both i n  t h e  o r i g i n a l  w e l 1 ' ~ ~ - E - 0 1  from which t h e  c o r e  
samples were ob ta ined ,  and i n  an ad j acen t  formation eva lua t ion  w e l l  
RB-U-4, 600 f e e t  t o  t h e  northwest  (48) .  It should be noted t h a t ,  i f  t h e  
930 vd pe rmeab i l i t y  ( a i r )  measured on d r i e d  co re  a t  a tmospheric  p r e s s u r e  
by convent iona l  c o r e  a n a l y s i s  methods i s  accepted ,  then t h e  r educ t ion  
from i n i t i a l  t o  i n  s i t u  pe rmeab i l i t y  a t  s imulated r e s e r v o i r  p r e s s u r e  is 
931 pd t o  2  pd, a  r educ t ion  f a c t o r  of  0.0021, o r  r e c i p r o c a l l y  465: l .  

For t h e  organic- r ich  s h a l e s  i n  t h e  e a s t e r n  un i t ed  S t a t e s ,  d a t a  on 
water  s a t u r a t i o n  a r e  extremely spa r se .  I n  gene ra l ,  based on w e l l  produc- 
t i o n  h i s t o r i e s ,  water  s a t u r a t i o n  is  low, somewhere about 10  pe rcen t ,  
w i t h  p o r o s i t y  a l s o  r e l a t i v e l y  low, i n  t h e  range of a  few percent .  

S i z e  d i s t r i b u t i o n  of sands 

The gas-bearing sandstone zones i n  t h e  Cretaceous and T e r t i a r y  non- 
marine t i g h t  format ions  i n  t h e  Rocky Mountains a r e  predominantly f l u v i a l  
c h a n n e l - f i l l  d e p o s i t s  w i th  some point-bar  sandstones.  Well l o g s  and 
c o r e  samples from t h e  Mesaverde and t h e  Fo r t  Union Formations obtained 
i n  t h e  Piceance,  Uin ta ,  and Green River  Basins  show sand l e n s e s  vary ing  
from l e s s  than  a  f o o t  up t o  50 f e e t  t h i c k ,  interbedded wi th  s h a l e s ,  



s i l t s t o n e s ,  and sands tones  having no e f f e c t i v e  gas  permeabi l i ty .  The 
percentage  of gas-bearing sand l e n s e s  (with l e s s  than 65-70 percent  
water  s a t u r a t i o n )  v a r i e s  from about 1 5  pe rcen t  t o  about  30 percent  of 
t h e  g r o s s  s e c t i o n  th i cknes s .  For example, i n  t h e  massive hyd rau l i c  
f r a c t u r e  experimental  w e l l  RB-MHF-3, u s ing  l i m i t s  of 65 percent  o r  less 
water  s a t u r a t i o n  and of 5  percent  o r  more p o r o s i t y ,  45 sand l e n s e s  
averag ing  1 3  f e e t  t h i c k n e s s ,  o r  589 f e e t  t o t a l ,  sand,  were s e l e c t e d  i n  a  
g r o s s  s e c t i o n  i n t e r v a l  of 2,200 f e e t ;  l e n t i c u l a r s a n d s a r e  26 pe rcen t  of 
t h e  g ros s  s e c t i o n . i n t e r v a 1  (50) .  

The expected s i z e s  of c h a n n e l - f i l l  sandstone i n  t h e  no r the rn  Piceance 
Basin would be: t h i cknes se s  from 20 t o  30 f e e t ;  widths  from 280 t o  420 
f e e t ;  and l e n g t h s  from 2,800 t o  more than 4,200 f e e t .  Point-bar  sand- 
s t o n e s ,  occu r r ing  most ly  i n  t h e  T e r t i a r y  Fo r t  Union Formation and i t s  
e q u i v a l e n t s  i n  o t h e r  b a s i n s ,  tend t o  be somewhat l a r g e r  than c h a n n e l - f i l l  
sandstones.  ~ e c e n t  d a t a  (51) show average length-llwidth- thickness-H 
r a t i o s  a s  fo l lows:  

Format i o n  

Fo r t  Union 
(Typical  ca se )  

Mesaverde 
(Typical  ca se )  

Sandstone type  - 

Channe l - f i l l  1401 141 1- 
(3,500/350/25 f t )  

Rather  obvious ly ,  any r e s e r v o i r  eva lua t ion ,  us ing  a  homogeneous flow 
model w i th  cons t an t  gas-bear ing sand t h i c k n e s s ,  would ove re s t ima te  t h e  
r e sou rces ,  product ion r a t e s ,  and u l t i m a t e  recovery.  

Based on r e c e n t  s t u d i e s  (511, i n  a  sequence of c h a n n e l - f i l l  sand- 
s t o n e s  i n  t h e  Piceance Creek Basin,  an average convent iona l  w e l l  w i l l  be  
connected t o  about 18  pe rcen t  o f  t h e  in-place r e s e r v o i r  volume i n  a  
320-acre , a r e a ,  i nc lud ing  h e r e i n  al lowance f o r  e r o s i o n a l  conta.ct  o r  i n t e r -  
f low connect ion between sand l e n s e s .  For a  w e l l  t r e a t e d  by massive 
hyd rau l i c  f r a c t u r i n g ,  w i th  f r a c t u r e  wing dimensions of 2,000 f e e t ,  t h e  
w e l l  w i l l  be connected w i t h  70 pe rcen t  of t h e  r e s e r v o i r  volume i n  a  
320-acre a r e a ,  assuming t h e  f r a c t u r e  remains w i th in  t h e  designed l i m i t s .  

* 
I n  1973, a s  p a r t  of t h e  Nat iona l  Gas Survey, t h e  Nat iona l  Gas 

Technology Task Force c a r e f u l l y  eva lua ted  t h e  e f f e c t  of sand l e n s i n g  on 
es t imated  p r o d u c t i v i t y  of s t imu la t ed  w e l l s ;  t h i s  eva lua t ion  is  s t i l l  
v a l i d  and i s  a  v a l u a b l e  r e f e r ence .  However, i t  should be  noted t h a t  t h i s  
eva lua t ion  was completed du r ing  t h e  e a r l y  developmental s t a g e  of massive 
hyd rau l i c  f r a c t u r i n g  ,and used a  500-foot f racture-wing l e n g t h  f o r  flow 
c a l c u l a t i o n s ,  whereas today a  f racture-wing l e n g t h  of 2,000 f e e t  o r  more 
i s  used bo th  exper imenta l ly  and i n  a p p l i c a t i o n .  



Spat ia l  var ia t ion of physical properties 

To i l l u s t r a t e  the  s p a t i a l  var ia t ions  of physical proper t ies  within 
t i gh t  formations, data a r e  take11 from two major projects  i n  the  Piceance 
Basin, Colnrado, and one i n  the  Green River Basin, Wyoming. 

Piceance Basin 

The two projects  i n  the Piceance Basin are:  f i r s t ,  Project  Rio 
Blanco, a j o in t  Government-industry experiment i n  stimulating flow of 
t i gh t ly  held gas from deep formations (c i rca  6,000 f t )  using nuclear- 
explosive fracturing; and second, the Rio Blanco Massive Hydraulic 
Fracturing (MHF) Experiment, a j o in t  Government-industry experiment i n  
stimulating gas flow from the same formations using hydraulic f ractur ing 
(68, 49). These two projects  a r e  spaced l e s s  than 1 m i l e  apar t ,  a r e  not 
yet  completed, and may provide an index t o  the  r e l a t i v e  efficiency of 
nuclear-explosive and masaive-hydraulic fracturing.  Independent analyses 
of t he  reservoir  properties i n  the Project  Rio Blanco emplacement well, 
in terms of net  pay (sand) thickness and of permeability--thickness, 
based on core sample measurements and geophysical log interpreta t ion,  
were made by VP (H. K. Van Poolen and Associates), CER (CER-Geonuclear 
and CONOCO), and LLL (Lawrence Livermore Laboratory); these analyses a r e  
shown i n  f i g u r e l l ,  together with the reservoir  in te rva ls  expected t o  be 
i n  comunication with each of t he  three nuclear explosive cavityfchimney 
regions (49). Although pressure drawdownfbuildup tests w e r e  not run in 
the emplacement well p r ior  t o  the  major f rac ture  stimulation, a nearby 
well a t  about 1,300 f e e t  t o  the  south had been flow tes ted over a l imited 
interval ;  these data w e r e  extrapolated t o  the  nuclear-emplacement w e l l .  

A s  shown i n  f i g u r e l l ,  421 f e e t  of net-pay sand, with individual 
sands ranging from 6 t o  110 f ee t ,  i n  a t o t a l  in te rva l  of 1.250 f ee t ,  were 
estimated using a cutoff of 30 percent f o r  gas saturat ion and 5 percent 
for  porosity.=/ For the  reservoir  i n t e rva l  stimulated by the upper ex- 
plosion cavity,  t he  reservoir  capacity o r  permeability-height, kgh, 
ranged from the  low VP estimate of 4.13 md-ft i n  four separate sands t o  
the  high CER estimate of 7.62 md-ft in three separate sands. These 
values should be compared t o  0.45 md-ft, derived from postdetonation 
drawdown and buildup tests of the top explosion cavityfchimney region, 
and t o  0.73 md-ft from a best- f i t  chimney/reservoir simulation model.%/ 
A s  the  quanti ty of gas which might be produced by the top chimneyfreser- 
vo i r  in te rva l  i s  d i r ec t ly  proportional t o  kgh, the  observed gas produc- 
t i on  from the top chimney i n  the  Fort Union gas sands is a factor  of 
@bout 10 l e s s  than preducted from estimated reservoir  properties. This 
lack of f i t  between prediction and actual  drawdown/buildup t e s t s  indicates  

Log analyses indicate  an average gas saturat ion of 57 percent, an 
average porosity of 9.4 percent, and a ne t  pay of 421 f e e t  (10). 

16/ Where comparisons are  made, i n  s i t u  permeability fo r  given water 
sa t~ t ra t io l l  and confining pressure is used i n  a l l  cases ( 8 ,  9, 10). 



Figure 11 
Spatial Variation o f  Net Pay and Permeability Height 

( I n  m with ft i n  parenthesis) 



the substantial uncertainty regarding the actual phyoical properties of 
the reservoir, and the difficulty of determining physical properties 
such as water saturation, permeability, and individual sand thickness 
from exploratory well core and logging data. 

Primarily to permit additional evaluation of the predetonation or 
undisturbed reservoir properties, a formation evaluation well was drilled 
624 feet from the Project Rio Blanco emplacement we11 (49). After well 
completion, the casing was perforated from 5,836 to 5,892 feet, a 56-foot 
sand zone in the Fort Union; this sand zone is the equivalent of a 51- to 
58-foot sand in the emplacement well (fig. 11). Gas production could not 
be obtained, and a limited hydraulic fracture treatment (approximately 
16,000 gal, and 4,250 lb of sand) was performed. After the well returned 
approximately all of the injected fracture fluid, natural flow ceased 
and a pumping unit was installed. 

An initial gas production rate of 53 MSCF per day was then obtained, 
but this decreased to 7 MSCF per day in about 3 weeks. The calculated 
gas permeability for the 56-foot interval was 0,0005 md; this value should 
be compared to: (1) the value estimated for the equivalent sand zone in 
the emplacement well, from a high estimate of 0.025 md for 57 feet, to a 
low estimate of 0.015 md for 58 feet (fig. 11); and (2) the value for the 
upper chimuey/reservoir zone measured by drawdm/buildup production 
tests, at about 0.002 md for the "56-foot" sand. Of course, these values 
are not directly comparable, as the first value is based on drawdown/ 
buildup measurements following a limited fracture treatment in the forma- 
tion evaluation well, the second value is calculated from core and log 
data for the emplacement well, and the third value is based on drawdown/ 
buildup measurements following a massive fracture treatment (the upper 
nuclear explosion) in the emplacement well. Nevertheless, the marked 
discrepancy among these values--an order of magnitude or more--indicates 
the difficulty of obtaining adequate data on reservoir properties. 

Bearing on the lateral extent oi lenticular sands, in the Project Rio 
Blanco bottom explosion region in well RB-E-01 (fig. 11) and as measured 
in the reentry well RB-AR-2, the pressure history suggests a reservoir 
of limited extent; i.e., the effective mean radius of drainage must be 
reduced to about 400 feet in order to model the observed pressure history 
(48). Based on geophysical log interpretation, at least three sands at 
12, 19, and 25 feet thick (fig.11, LLL) are interconnected to the bottom 
explosion region; these sands do not correlate simply with sands at an 
equivalent depth in the adjacent formation evaluation well RB4-4 at a 
distance of 600 feet, thus confirming the probability that the effective 
drainage radius is less than 600 feet. It should be noted that the 
estimated average channel-fill sandstone in the Piceance Basin has 



dimensions of 3,500 f e e t  length, 350 f e e t  width, and 25 f e e t  thick,  and 
t h a t  with adjustments f o r  interconnection between sand lenses  should 
have an e f fec t ive  drainage radius  of about 900 f e e t  ( 5 1 ) .  

The Rio Blanco Massive Hydraulic Fracturing (ME) Experiment, a 
j o i n t  Government-industry undertaking s t a r t ed  i n  1974, is planned t o  
t e s t  t h e  r e l a t i v e  effect iveness  of MEF and nuclear explosion f rac tur ing  
i n  the  same gas-producing formations; t h i s  is i n  accordance with the  
i den t i f i ca t i on  by the  Natural Gas Technology Task Force of two emerging 
technologies, nuclear s t imulat ion and massive hydraulic f ractur ing,  t h a t  
should be explored t o  determine t h e i r  po ten t ia l  f o r  developing gas 
resources i n  t ig t i t  formations. The experimental well ,  RE-MHF-3, is 
located about 5,000 f e e t  northeast  of t he  nuclear stimulated wel l  
RB-E-01; the  formation evaluation w e l l  RB-U-4 is located between these 
two wells ,  a t  a dis tance of 600 f e e t  from well  RB-E-01. Four separate  
f r ac tu re  treatments have been executed in well  RB-MHF-3, the  last of 
which occurred i n  November 1976 and has ye t  t o  be evaluated (64). 

Fracturing treatment No. 1.--Took place i n  October 23, 1974, i n  a 
s i ng l e  Mesaverde sand a t  a depth of 8,048-8,073 f e e t  (25 f t  thick) ;  
s t a t i c  bottom-hole pressure a t  3,450 ib / in2 ;  bottom-hole temperature a t  
24Z0 F; gas-fi l led porosity a t  about 4 percent; gas flow a f t e r  breakdown 
a t  60 MCF/D. 

Fracture treatment was 117,500 ga l  of polyemulsion f l u id  (213 naptha- 
d i e s e l  o i l  mixture and 113 a 2 percent KC1 brine),  with 400,000 j,b of 
sand. Postf racture  data  show: flow r a t e  a t  about 60 MCF/D, with the  
f r ac tu re  treatment not increasing the  productive capacity; very poor 
l a t e r a l  propagation of t he  f r ac tu re  compared t o  design length of 2,500 
f ee t ;  productive capacity at about 0.15 md-ft, with an i n  s i t u  permeabil- 
i t y  of 6 pd; postf racture  flow r a t e s  w e r e  below predicted values by a 
f ac to r  of 5 t o  8. Additional downhole surveys suggest t h a t  the  f rac ture  
probably propagated upward t o  8,000 f e e t  and downward below the  sand zone, 
r a the r  than outward from the  wellbore. 

Fracturing treatment No. 2.--Conducted on May 2, 1975, i n  th ree  
separate Mesaverde sands over t h e  deprh interval of 7,760-7,864 feet 
( f ig .  12); f rac ture  treatment was 285,000 ga l  of polyemulsion .f luid 
(single-phase refined naptha and a KQ brine) ;  postf racture  gas flow 
averaged 137 MCF/D, a 2.5 fo ld  increase  over the  pretreatment r a t e  of 
57 MCP/D, but  declined s t ead i ly  without reaching a s tab i l i zed  flow during 
a 30-day test; again, t he  postf racture  flow was well  below predicted flow 
of 500-1,000 MCF/D f o r  a f r ac tu re  of 500-2,500 f e e t  i n  length. 

Fracturing treatment No. 3.--Conducted on May 4, 1976, in three  
Fort Union Foga t ion  (fig.  131, corresponding 
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t o  t h e  For t  Union I1 sand i n  t h e  nuc l ea r  sLimulat ion w e l l  RB-E-01 and 
i n  t h e  formation eva lua t ion  w e l l  RB-U-4, a l though t h e s e  sands a r e  n o t  
known t o  be  t h e  same i n  a  d e p o s i t i o n a l  sense .  F r a c t u r e  t rea tment  was 
344,000 g a l  of g e l l e d  water-base f l u i d  wi th  809,000 l b  of  sand; post-  
f r a c t u r e  flow s t a b i l i z e d  a t  160 MCF/D o r  an i nd i ca t ed  f a c t o r  of fou r  
over  t h e  pre t rea tment  r a t e .  

Green River Basin 

. Data f o r  t h e  Green River Basin a r e  drawn from P r o j e c t  Wagon Wheel, 
a  proposed nuclear-explosion gas-s t imula t ion  experiment (52),  and from 
t h r e e  massive hyd rau l i c  f r a c t u r i n g  experiments r e c e n t l y  conducted by El  
Paso Natura l  Gas Company wi th  p a r t i a l  suppor t  by t h e  Energy Research and 
Development Adminis t ra t ion  (53). 

The sand l e n s e s  i n  t h e  Fo r t  Union and Mesaverde Formations seem t o  
be somewhat sma l l e r  and fewer than  i n  t h e  Piceance Basin; i . e . ,  4,000 
f e e t  g ros s  s e c t i o n  con ta in ing  more than  100 p o t e n t i a l l y  product ive  sands 
w i th  an average t h i cknes s  of 7  f e e t ,  o r  17 .5  percent  sands i n  t h e  t o t a l  
s e c t i o n ,  f o r  t h e  Green River  Basin; compared t o  2,200 f e e t  g ros s  s e c t i o n  
con ta in ing  45 sands averag ing  1 3  f e e t  t h i c k ,  o r  26 percent  sand i n  t h e  
t o t a l  s e c t i o n ,  f o r  t h e  Piceance Basin.  Although t h e  sand l e n s e s  i n  t h e  
Green River  Basin e x h i b i t  t h e  same range i n  p o r o s i t y ,  water  s a t u r a t i o n ,  
and pe rmeab i l i t y  a s  do sands i n  t h e  Piceance and Uin ta  Bas ins ,  t h e  Green 
River  sands a r e  geopressured;  i . e . ,  gas  p r e s s u r e  v a r i e s  from 3,900 l b / i n 2  
(1.13 t i m e s  h y d r o s t a t i c  p r e s su re )  a t  8,000 f e e t ,  t o  about 8,100 l b / i n 2  
(1.56 t imes  h y d r o s t a t i c  p r e s su re )  a t  a  depth  of 12,000 f e e t .  

The t h r e e  MHF experiments ,  i n  t h e  El  Paso Natura l  Gas P ineda le  Unit  
near  P ineda le ,  Wyo., a r e  summarized below, w i t h  t h e  number. and depth of 
l e n t i c u l a r  sands shown i n  t a b l e  7,. 

Pineda le  Unit  No. 7  Well.--Took p l a c e  on September 12 ,  1974, i n  
t h r e e  s a n d s ' a t  12 ,  19 ,  and 20 f e e t  t h i c k  a t  a  depth of 8,990-9,190 f e e t  
con ta in ing  an es t imated  19.7 X l o 9  S C F / M I ~ ;  f r a c t u r e  t rea tment  was . 
257,000 g a l  of polyemulsion f l u i d  w i t h  775,000 l b  of sand; no p r e f r a c t u r e  
flow measurements were made; p o s t f r a c t u r e  f low decreased t o  100,000 MSCFD 
i n  1 year  without  reaching  s t a b i l i z e d  f low; modeling sugges t s  an e f f e c t i v e  
i n  s i t u  pe rmeab i l i t y  of less .than 1 . 0  vd, and a  flow capaci ty--permeabi l i ty  
t i m e s  thickness--of roughly 0.5 md-ft. 

P ineda le  Unit  No. 5 ,  F i r s t  Stage.--Took p l a c e  on J u l y  2,  1975, i n  
two sands a t  51  and 70 f e e t  t h i c k  a t  a  dep th  of 10,950-11,180' f e e t  
con ta in ing  an es t imated  40.5 X l o 9  S C F / M I ~ ;  p r e f r a c t u r e  w i th  46,000 g a l  
permi t ted  gas  product ion i n  t h e  range of  100 t o  200 MSCFD a t  a  p r e s s u r e  
i n s u f f i c i e n t  t o  l i f t  l i q u i d  t o  main ta in  a  bottom-hole p re s su re  below 



TABLE 7  

Number of Sandstone S t r a t a  Included i n  P i n e d a l e  Experiments 

Number of E s t i m a t e  
Depth I n t e r v a l  Sands t o n e  of Gas-in-Place 

Well MHF F r a c t u r e  Date  ( f e e t )  S t r a t a  (Bcf p e r  s q u a r e  Mile)  

September 11, 1974 P i n e d a l e  u n i t  No. 7 . 8,990 - 9,190 3 19.7 

J u l y  2,  1975 

October 20, 1975 

P i n e d a l e  Uni t  N o .  5  10,950 - 11,180 2 

P i n e d a l e  Uni t  No. 5 10,120 - 10,790 6 



2,500 1b/in2 or to obtain sufficient stability for accurate measurements; 
fracture, treatment was '191,000 gal of polyemulsion fluid with 518,000 
lb of sand; from 485 MSCFD on. the 15th day to 340 MSCFD on the 37th day, 
presumably without reaching stabf'lized flow: modeling suggests an 
effective in situ permeability of less than 1.0 pd and a flow capacity of 
roughly 0.1 md-f t . 

Pinedale Unit No. 5 Well, Second'Stage.--Took place on October 20, 
1975, in six sands at 235 feet thick in a total interval of 670 feet, at 
a depth of 10,120 to 10,790 feet, estimated to contain 54.3 X lo9 SCF/MI~; 
prefracture breakdown flow was time limited and showed 1,100 MSCF of gas 
produced in a 21-hour period as wellhead pressure decreased from 2,200 
lb/'in2 to 500 lb/in2; fracture treatment was 458,000 gal of gelled water 
with 1,422,000 lb of sand; postfracture flow showed a peak on the 6th 
day at 850 MSCFD, decreasing on 15th day to 250 MSCFD, and on the 
43rd day to 150 MSCFD; calculations suggest an effective in situ per- 
meability of about 0.2 pd, with a flow capacity of 0.04 md-ft. 

Denver Basin 

The Wattenberg gas field of about 980 miles2 is located in the 
western portion of the Denver Basin, and typifies a tight gas reservoir 
considered noncommercial prior to stimulation by massive hydraulic frac- 
turing. The major gas-producing zone in this field is the Muddy J sand- 
stone of Cretaceous age, which is marine, blanket-type sand with relatively 
uniform thickness over a wide area (54). The Muddy J sandstone is found 
at a depth of 7,600-8,400 feet; gross.sand thickness is 50-100 feet; net- 
pay sand thickness is 10-50 feet; porosity is 8-12 percent;.in situ per-' 
meability is 5-50 md; bottom-hole, temperature is 260' F; bottom-hole 
pressure is 2,900 lb/in2 ; water saturation at 30-50 percent. 

Flow rates, from conventional wells, stimulated by hydraulic fractur- 
ing treatment of limited size (30,000-50,000 gal), were in the range of 
30 to 50 MSCFD. Following massive hydraulic treatments in the range of 
133,000 to 180,000 gal of polyemulsion fracturing fluid, flow rates 
increased three to.fourfold as compared to conventional wells (55). 

This field can now be considered commercial, and serves as an example 
of a tight formation (i.e., less than 50.pd in situ permeability) which 
could be stimulated successfully. The recoverable reserves are estimated 
at 1.3 trillion ft3. 

In general, gas-'bearing blanket-type sands, even when characterized 
by very low in situ permeability, can probably be exploited by PlHF as 
currently developed; gas in such sands would then be an undiscovered 
recoverable rpserve, rather than a nonconventional resource. 



STIMULATION TECHNOLOGIES 

One of t h e  o b j e c t i v e s  of t h e  Natura l  Gas Technology Task Force i n  
1973 (47)was: " . . . t o  a s s e s s  t h e  c u r r e n t  s t a t u s  and f u t u r e  p o t e n t i a l  
of new o r  advancing t echno log ie s  which might be used t o  produce economi- 
c a l l y  a  marketable  n a t u r a l  gas  from gas  d e p o s i t s  which a r e  considered 
noncommercial and which a r e  n o t  p r e s e n t l y  (1972) i n  t h e  n a t i o n ' s  p o t e n t i a l  
gas  resources .  " Two d i f f e r e n t  approaches w e r e  considered p o t e n t i a l l y  capab1,e ' 

of c r e a t i n g  t h e  e x t e n s i v e  and l a r g e - s c a l e  f r a c t u r e  systems needed t o  produce 
gas  from very  t h i c k  (2,000-4,000 f t )  and very  low pe rmeab i l i t y  gas-bearing 
sect ions ;  these-are :  

1. Nuclear explos ion  f r a c t u r i n g .  

2. Massive hyd rau l i c  f r a c t u r i n g .  

Nuclear-explosion f r a c t u r i n g  

To d a t e ,  t h r e e  nuc lear -s t imula t ion  experiments  have been performed 
and eva lua ted .  An explosive-development program has  produced a  system, 
less than  8 inches  i n  d iameter ,  which can be  detonated i n  t h e  m u l t i p l e  
s imultaneous mode w i t h  y i e l d s  i n  t h e  range of 20-100 KT ( k i l o t o n s  o'f con- 
v e n t i o n a l  exp los ive  e q u i v a l e n t ) .  With r e s p e c t  t o  s t i m u l a t i o n  e f fec t ' s ,  
t h e  l a t e r a l  pe rmeab i l i t y  enhancement from explos ion  f r a c t u r i n g  appears  t o  
f a l l  w i th in  t h e  range of p r e d i c t i o n .  Although t h i s  i s  a  very  d i f f i c u l t  
parameter t o  measure d i r e c t l y ,  s imula t ion- infer red  va lues  appear t o  be  
reasonably c o n s i s t e n t .  

The economic v i a b i l i t y  of explos ion  f r a c t u r i n g  has  been s t u d i e d  para-  
m e t r i c a l l y ,  appears  t o  be  w i t h i n  t h e  range of p ro j ec t ed  c o s t s  f o r  supple- 
mental gas  s u p p l i e s ,  and does no t  s tand  ou t  a s  markedly more o r  less 
expensive than a l t e r n a t e  techniques  such a s  MHF (48). 

There a r e  no a c t i v e  p l ans  f o r  a d d i t i o n a l  r e s e a r c h  and development 
experiments on nuclear-explosion s t i m u l a t i o n  a p p l i c a t i o n  i n  t h e  United 
S t a t e s ;  t h i s  a p p l i c a t i o n  must remain i n  t h e  ca tegory  of apparent  t e c h n i c a l  
f e a s i b i l i t y ,  w i t h  a d d i t i o n a l  development r equ i r ed  f o r ' r e d u c t i o n  t o  
economic commercial p r a c t i c e .  

Massive ' hydrau l i c  f  r ac tu r ' i ng  

Massive hyd rau l i c  f r a c t u r i n g ,  i n  c o n t r a s t  t o  t h e  long-es tab l i shed  
hydrau l i c  f r a c t u r i n g ,  is  designed t o  c r e a t e  a  v e r t i c a l  f r a c t u r e  extending 
a t  least 500 f e e t  away from t h e  wel lbore  i n  two d i r e c t i o n s  (a  t o t a l  l e n g t h  
of 1 ,000  f t  o r  more); i . e . ,  MHF is a newly developing,  l a rge - sca l e  appl ica-  
t i o n  of f r a c t u r i n g  techniques ,  whe re ' t he  l e n g t h  of a  f r a c t u r e  (one wing) ' 



may be i n  thousands of f e e t  and t h e  he igh t  of t h e  f r a c t u r e  may be i n  
hundreds of f e e t .  The 1973 Natura l  Gas Technology Task Force r e p o r t  ha s  
summarized adequate ly :  (1) t h e  development and s t a t u s  of hyd rau l i c  f r a c -  
t u r i n g ;  (2) t h e  f r a c t u r e  geometry c r e a t e d  by h y d r a u l i c ' f r a c t u r i n g  under 
s p e c i f i e d  cond i t i ons  a p p r o p r i a t e  f o r  t i g h t  format ions ;  and (3) p r e d i c t i o n s  
of flow r a t e s  f o r  s e l e c t e d  MHF t r ea tmen t s (47 ,  App.. C, D). More r ecen t  
advances i n  t h e  MHF.technology have been descr ibed  i n  v a r i o u s  meetings 
(56, 57) .  

Shown i n  f i g u r e 1 4  is a  plar. view of a  MHF t rea tment  w i th  a  f r a c t u r e  
l e n g t h  (one wing) of 2 , 0 0 0 . f e e t ,  o r  a t o t a l  lerigrh of 4,000 f e e t ;  a r b i -  
t r a r i l y ,  t h e  d ra inage  a r e a  i s  a  160-acre u n i t ,  1 ,320 by 5,280 f e e t ,  which 
is  t h e  b a s i c  r e se rvo i - r  u n i t  f o r  l a t e r  c a l c u l a t i o n s . ~ f /  I t  should be noted 
t h a t  e a r l y  gas  f low i n t o  a  f r a c t u r e d  w e l l ,  a s  i nd i ca t ed  by arrows i n  
( f i gu re  14, may be l a r g e l y  l i n e a r ,  and g radua l ly  changes from l i n e a r - e l l i p -  

' t i c a l  t o  a  r a t h e r  r a d i a l  f low con f igu ra t i on ,  a  complex flow system 
i d i f f i c u l t  t o  c a l c u l a t e  and t o  model. To o b t a i n  an approximation of f low 
t o  be a n t i c i p a t e d  from a  MHF t r ea tmen t ,  an e f f e c t i v e  w e l l  radius--about 
one-half of t h e  designed f r a c t u r e  length--may be  s u b s t i t u t e d  i n  r a d i a l  
f low equa t ions  (58) It fo l lows  t h a t  a w e l l  s t imu la t ed  by a  MHF ' t rea tment  
designed t o  produce a  2,000-foot f r a c t u r e  l e n g t h  should show about a  20- 
f o l d  i n c r e a s e  i n  flow r a t e  compared t o  t h e  uns t imula ted  wel l .  

A v a r i e t y  of c a s e s  have been s t u d i e d  t o  determine t h e  r e s e r v o i r  
parameters  t h a t  would permit  a p p l i c a t i o n  of MHF i n  s t i m u l a t i n g  gas  produc- 
t i o n  from t i g h t  format ions  (1) .  These s t u d i e s ,  backed by a  moderate 
number o f -  ca se  h i s t o r i e s ,  sugges t  t h a t ,  i f  MHF i s  t o  be economically v i a b l e ,  
c e r t a i n  minimal phys i ca l  p r o p e r t i e s . i n  a  pay zone a r e  needed a s  shown i n  
t a b l e  8. Add i t i ona l ly ,  a  major requirement f o r  e v a l u a t i n g  t i g h t  formations,  
p a r t i c u l a r l y  i n d i v i d u a l  pay zones,  is  a  r e l i a b l e  de te rmina t ion  of t h e  i n  
s i t u  pe rmeab i l i t y  (kg) and t h e  t h i cknes s  ( h ) ,  which provides  t h e  "perme- 
ab i l i t y - t imes - th i cknes s  f a c t o r ,  t h e  k  h,  u s u a l l y  expressed a s  permeabi l i ty -  8 h e i g h t ,  permeabi l i ty - fee t ,  o r  reservoir capac i ty .  Unfor tuna te ly ,  given t h e  
p re sen t  s t a t e  of t h e  a r t ,  n e i t h e r  t h e  i n  s i t u  pe rmeab i l i t y  nor t h e  e f f e c t i v e  
t h i cknes s  of a  pay zone i s  ea sy  t o  o b t a i n  by geophys ica l  l o g  eva lua t ion  o r  
by c o r e  a n a l y s i s ;  i n  f a c t ,  a s  descr ibed  above f o r  c a r e f u l l y  con t ro l l ed  
s t i m u l a t i o n  experiments  i n  t h e  Piceance and Green River  Basins ,  t h e  flow 
capac i ty ,  kgh, t ends  t o  be overest imated by a  f a c t o r  of  10  o r  thereabouts .  

g / ~ a t a  on product ion  r a t e s  and r e l a t i v e  c o s t s  f o r  v a r i o u s  combinations 
of f r a c t u r e  l eng th ,  dep th  t o  pay zones,  t h i cknes s  of pay zones,  
p o r o s i t y ,  pe rmeab i l i t y ,  and p r e s s u r e  provided by L.  E. E lk ins  and 
C. R.  F a s t ,  Amoco Product ion Company. 



Tab le8  .--Minimal p h y s i c a l  p r o p e r t i e s  i n  pay zones 

Thickness (h) 

Gas pe rmeab i l i t y  (kg) 

Gas- f i l l ed  p o r o s i t y  

Thickness (h) 

Gas pe rmeab i l i t y  (kg) 

Gas- f i l l ed  p o r o s i t y  

Thickness (h) 

Gas permeabi l i ty  (kg) 

Gas- f i l l ed  p o r o s i t y  

Thickness (h) 

Gas permeabi l i ty  (kg) 

Gas - f i l l ed  po ros i t y  

400 f t  o r  g r e a t e r  

0.0001 md o r  g r e a t e r  

1 . 0  percent  o r  g r e a t e r  

50 f t  o r  g r e a t e r  

0.003 md o r  g r e a t e r  

3 .0  pe rcen t  o r  g r e a t e r  

25 f t  
kgh=O. 25+md--Et 

0.010 md o r  g r e a t e r  

4.0 percent  o r  g r e a t e r  

5 . 0  percent  o r  g r e a t e r  



One possible option for obtaining adequate flow-capacity data is to 
conduct an actual production rate test.for isolated pay zones, hopefully 
without the necessity of running 'full strings of casing in the exploratory 
well. 

MHP gas-well simulator 

The MHF gas-well simulator is a computer program which simulates 
the Darcy flow performance of a well completed in a low-permeability 
reservoir and stimulated with a massive hydraulic fracture treatment. 
Specifically, two-dimensional unsteady-state flow of gas in the horizontal 
plane is computed for the system consisting of a rectangular region bounded 
by no-flow boundaries, having a fracture and well located symmetrically 
within the flow region and parallel to one of the sides (fig.15). The 
fracture is portrayed simply as a very narrow strip of the reservoir 
having an extremely high permeability. In addition, the following effects 
can be accounted for: (1) turbulent flow in the fracture, (2) variation 
of reservoir permeability as a function of confining pressure, (3) varia- 
tion of fracture permeability as a function of confining pressure, and 
(4) specification of asmany as three permeability zones within the 
fracture. A standard finite-difference solution technique is employed.fS/ - 

In the following figures bearing on flow performance, the terminology 
is : 

1. Normal (N) pressure is.a hydraulic-pressure gradient of 0.5 
lb/in2/ft; 1.25 N is then 0.625 lb/in2/ft, and 0.75 N is 
0.375 lb/in2/ft. 

2. Reservoir drainage area is 160 acres (fig.14), with uniform 
properties. 

3. Porosity in all cases means gas-filled porosity. 

4. Pay zones are centered at the stated reservoir depth; i.e., a 
2,000-foot pay zone (eastern shales) at a depth of 5,000 feet 
extends 1,000 feet above and below the 5,000-foot reyervoir 
depth. 

181 Provided by Amoco Production Company. - 



FIGURE 14-Plan view of 160-acre-unit drainage 
area showing flow paths (arrows) into a 
symmetrical, double-winged fracture. 
Fracture length by definltlon is measured 
from the well outward along one wing; as 
shown, fracture length is 2000 feet (one 
wing); the total fracture length (two wings) 
for gas flow calculations would be 4000 
feet. 

FRACTURE 

FIGURE 15-DIAGRAM ILLUSTRATING DEFINITION 
OF WELL DRAINAGE AREA AND 

FRACTURE DIMENSIONS EMPLOYED 
AS INPUT DATA: 



The ef fe .c t  of f r a c t u r e  l e n g t h  on product ion ,  f o r  a  pay zone 100 
f e e t  t h i c k  a t  a  depth of  12,000 f e e t ,  wi th  5  percent  g a s - f i l l e d  p o r o s i t y  
and a t  1 . 0  N .  p r e s su re ,  i s  shown f o r  two i n  s i t u  p e r m e a b i l i t i e s :  (1) 0.001 
md i n  f i g u r e 1 6  --.daily product ion ,  and i n  f i g u r e  17-cumulative product ion ;  
and (2) 0.05 md i n  f i g u r e 1 8  --dai ly  product ion ,  and i n  figure.19--curnula- 
t i v e  product ion.  These d a t a  show t h a t  i n  s i t u  gas  pe rmeab i l i t y  c o n t r o l s  
t h e  shape of t h e  product ion curve ,  and t h a t  doubl ing t h e  f r a c t u r e  l e n g t h  
almost doubles  t h e  product ion r a t e .  I n  gene ra l ,  t h e s e  d a t a  p e r t a i n  t o  
t h e  t i g h t  sandstone format i o n s ,  and should permit a p p r a i s a l  of p o t e n t i a l  
product ion wherever t h e  phys i ca l  p r o p e r t i e s  of pay zone a r e  adequate ly  
known. 

The e f f e c t s  of vary ing  p r e s s u r e ,  pe rmeab i l i t y ,  p o r o s i t y ,  pay zone 
th i cknes s ,  .and pay zone depth on cumulat ive product ion ,  f o r  a  cons t an t  
f r a c t u r e  l e n g t h  of 2,000 f e e t ,  a r e  shown i n  f i g u r e s  20, 21, 22, and(23 .  
I n  f i g u r e  20, t h e  product ion v a r i e s  a lmost  l i n e a r l y  w i th  g a s - f i l l e d  
p o r o s i t y ,  bu t  c o n l i c e a r l y  w i th  permeabi l i ty .  I n  f i g u r e  21, product ion 
v a r i e s  a lmost  l i n e a r l y  w i th  pay zone th i cknes s .  I n  f i g u r e  22, t h e  produc- 
t i o n  v a r i e s  exponen t i a l l y  w i th  depth ,  roughly by t h e  square-root  func t ion .  
I n  f i g u r e  23, product ion v a r i e s  exponen t i a l l y  w i th  p re s su re .  

! 

The e f f e c t  of f r a c t u r e  l e n g t h  of 1 ,000 and 2,000 f e e t ,  f o r  pay zones 
of 1 ,000 and 2,000 f e e t  t h i c k  a t  a  depth of 5,000 f e e t ,  f o r  r e s e r v o i r  
cond i t i ons  a t  3 percent  g a s - f i l l e d  p o r o s i t y ,  0 .75 N p r e s s u r e ,  and 0.0002 
md i n  s i t u  pe rmeab i l i t y ,  i s  shown i n  f i g u r e s  24 and 25. The p h y s i c a l  
p r o p e r t i e s  were s e l e c t e d  t o  model a  h y p o t h e t i c a l  pay i n  t h e  e a s t e r n  b l ack  
s h a l e s ,  probably nea r  t h e  upper l i m i t s  of t h e  r e s e r v o i r  parameters  a s  
p r e s e n t l y  known; a l s o ,  t h e  c a l c u l a t i o n s  assume a  uniform pay zone without  
any n a t u r a l  f r a c t u r e s  which might i n c r e a s e  o r  o therwise  modify gas  produc- 
t i o n  r a t e s .  The product ion  rates ( f i g s . 2 4 ,  25) a r e ,  a t  10 yea r s ,  about 
100 MSCFD f o r  a 1,000-foot f r a c t u r e  l e n g t h ,  and about 200 MSCFD f o r  a  
2,000-foot f r a c t u r e .  Product ion r a t e s ,  a f t e r  t h e  i n i t i a l  sharp  d e c l i n e  
i n  t h e  f i r s t  few yea r s ,  d e c l i n e - r a t h e r  s lowly ,  a s  would be a n t i c i p a t e d  f o r  
such a  very  low pe rmeab i l i t y  r e s e r v o i r  w i t h  less than normal p re s su re .  

E f f e c t  of r e s e r v o i r  parameters  on economics 

The economic eva lua t ions  were made through a  computer system named 
PLANS, which inc ludes  a  s tandard  d i scounted  cash  flow a n a l y s i s  w i t h  t h e  
a d d i t i o n a 1 , c a p a b i l i t i e s  t o  save  s e l e c t e d  o p e r a t i o n a l  d a t a  such a s  gas  
product ion ,  w e l l  d r i l l i n g ,  f r a c t u r i n g ,  and workover a c t i v i t y  by yea r s .  
The system i s  modif.ied t o  i nco rpo ra t e  economic c r i t e r i a  and t a  o f f e r  e a s e  
of d a t a  i npu t  and a n a l y s i s .  

The b a s i c  u n i t  of economic e v a l u a t i o n  is t h e  i n d i v i d u a l  r e s e r v o i r  
a n d . i n c l u d e s  cons ide ra t i on  of p ro j ec t ed  product ion ,  ope ra t i ng  expenses,  
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and investment.  Each r e s e r v o i r  i s  eva lua ted  by computing t h e  p re sen t  
worth of t h e  n e t  cash produced a t  s t i p u l a t e d  gas  p r i c e s  of $0.83, $1.66, 
$2.50, $3.33, and $4.15 per  MCF; t h e s e  p r i c e s  a r e  equ iva l en t  on a  BTU 
energy b a s i s  t o  o i l  a t  $5.00, $10.00, $15.00, $20.00 and $25.00 per  b a r r e l .  

I n  t h e  fo l lowing  f i g u r e s ,  t h e  economic e v a l u a t i o n s  a r e  expressed i n  
terms of t h e  p r o f i t a b i l i t y  index,  P . I , , 'whe re  p r o f i t a b i l i t y ,  index,  o r  
p r e sen t  worth r a t e  of r e t u r n ,  is  t h a t  i n t e r e s t  r a t e  which w i l l  equa te  t h e  
p re sen t  worth of cash  income t o  t h e  p re sen t  worth of cash  outf low; a l t e r -  
n a t i v e l y ,  i t  i s  t h a t  i n t e r e s t  r a t e  which w i l l  d i s coun t  t h e  n e t  cash-flow 
s e r i e s  t o  a  p re sen t  worth of zero.  

The e f f e c t  on economics, f o r  a  cons t an t  f r a c t u r e  l e n g t h  of 2,000 f e e t ,  
i s  shown i n  f i g u r e  26 f o r  v a r i o u s  i n  s i t u  pe rmeab i l i t y  and pay t h i c k n e s s ,  
i n  f i g u r e  2 7 f o r  v a r i o u s  p r e s s u r e  and pay th i cknes s ,  i n  f i g u r e 2 8  f o r  
v a r i o u s  g a s - f i l l e d  p o r o s i t y  and pay t h i c k n e s s ,  and i n  f i g u r e 2 9 '  f o r  v a r i o u s  
pay depth  and pay th i cknes s .  It i s  d i f f i c u l t  t o  summarize i n  s imple terms 
t h e  complex information h e r e  p re sen t ed ;  i t  i s  b e s t  used by i n t e r p o l a t i o n  
based on s p e c i f i c  r e s e r v o i r  c o n d i t i o n s  a s  a r e  e i t h e r  known o r  reasonably  
i nd i ca t ed  a t  any given t i m e .  Rather  a r b i t r a r i l y  i n  t h e  fo l lowing  d iscus-  
s i o n ,  a P . I .  of 20 (20 pe rcen t )  i s  used a s  a  cu to f f  l i m i t ,  below which an 
a t tempt  t o  produce gas  would be uneconomical; .obviously,  o t h e r  c u t o f f  
l i m i t s ,  e i t h e r  h ighe r  o r  lower,  could be  used dependent on s p e c i f i c  condi- 
t i o n s  such a s  t h e  t o t a l  amount of ga s  i n  p l ace  w i t h i n  a  given a r e a ,  t h e  
proximity of a  major market,  and t h e  a v a i l a b i l i t y  of ga s  p i p e l i n e s .  

I 
I n  f i g u r e  26 by i n s p e c t i o n  and us ing  a  P . I .  c u t o f f  of 20, pay zones 

i n  t h e  range of a  few microdarcy i n  s i t u  permeabi l i ty  could n o t  be stimu- 
l a t e d  by MHF t r ea tmen t s ,  u n l e s s  t h e  va lue  of gas  was i n  excess  of $0.831 
MCF. A r a t h e r  crude g e n e r a l i z a t i o n ,  i n  terms of r e s e r v o i r  p r o p e r t i e s  
r a t h e r  than economics, i s  t h a t  t h e  flow c a p a c i t y ,  kgh (md-ft) ,  must b e ,  
above 0 .1  t o  0.2 md-ft t o  warran t  cons ide ra t i on  f o r  MHF t rea tment .  

I n  f i g u r e  .27 assuming a  1ow.permeabi l i ty  of  0.001 md, i t  is  obvious 
t h a t  low r e s e r v o i r  p r e s s u r e s ,  which tend t o  occur  i n  t h e  e a s t e r n  b l ack  

I s h a l e s ,  l e ad  t o  h ighe r  wel lhead c o s t s .  

I n  f i g u r e  28 aga in  based on a low pe rmeab i l i t y  of  0.001 md, a s  t h e  
g a s - f i l l e d  p o r o s i t y  dec rease  ( o r  converse ly  a s  t h e  water  s a t u r a t i o n  in-  
c r e a s e s ) ,  t h e  va lue  o r  c o s t  of gas  product ion would inc.rease t o  about 
$2.50/MCF. 

I n  f i g u r e  29 aga in  f o r  a  low pe rmeab i l i t y  of 0.001 md, shown is  t h e  
e f f e c t  of r e s e r v o i r  o r  pay depth on economics, sugges t ing  t h a t  wellhead 
p r i c e s  i n  excess  of $0.83/MCF would be  needed t o  war i an t  MHF s t i m u l a t i o n  
of gas  product ion.  

83 
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The foregoing  d a t a  on t h e  a n t i c i p a t e d  e f f e c t s  of MHF t r ea tmen t s ,  
a l though somewhat c i rcumscribed bv boundary cond i t i ons  such a s  t h e  160- 

' 

a c r e  uniform r e s e r v o i r  d r a inage  a r e a  and by assumptions on t h e  l a t e r a l  
and v e r t i c a 1 , r e a c h  of a  f r a c t u r e ,  do provide  l i m i t s  w i th in  which t i g h t  
format ions  o r  gas-bearing zones should f a l l  t o  warrant  cons ide ra t i on  a s  
p o t e n t i a l  resources .  

The d a t a  provided i n  f i g u r e s  30 a n d 3 1  a r e  a p p l i c a b l e  t o  t h e  e a s t e r n  
b lack  s h a l e s ,  w i th  r e s e r v o i r  parameters  hopefu l ly  r e p r e s e n t a t i v e  of a  
s i g n i f i c a n t  p o r t i o n  of  t h e  s h a l e ,  namely i n  s i t u  pe rmeab i l i t y  a t  0.0001 
md (0.1 microdarcy) ' ;  pay zone th i cknes s  a t  400 and 1 ,000  f e e t ;  pay zone 
depth  a t  2,000 and 4,000 f e e t ;  g a s - f i l l e d  p o r o s i t y  a t  1.5-5 pe rcen t ;  and 
0.75 N p r e s su re .  The fo l lowing  1 i m i t a t i o n s . s h o u l d  be  noted:  (1)  uniform 
dra inage  a r e a  of 160 a c r e s  w i th  no n a t u r a l  f r a c t u r i n g ;  (2.) gas  product ion  
from t h e  g a s - f i l l e d  p o r o s i t y  w i th  no c o n t r i b u t i o n  from occluded gas  which 
might be s lowly r e l ea sed  under a b s o l u t e  open-flow cond i t i ons ;  and (3)  gas- 
f i l l e d  p o r o s i t y  a t  3-5 percent  i n  f i g u r e 3 1  i s  probably i n  t h e  uppermost 
range of  s h a l e  p o r o s i t y ;  t h e  more probable  range of  p o r o s i t y  seems t o  be  
1-2  percent .  By in spec t ion ,  i t  i s  obvious t h a t  a  400-foot uniform pay 
zone wi th  a  2,000-foot MHF t rea tment  w i l l  produce gas  a t  a  slow r a t e  ( f i g .  
24,) and a t  a  h igh  c o s t .  

A s  shown i n  t a b l e  9 ,  a  number of demonstrat ion p r o j e c t s ,  supported 
by ERDA (Energy Research and Development Adminis t ra t ion)  i n  coopera t ion  
w i t h  i n d u s t r y ,  a r e  i n  progress  and should provide  s i g n i f i c a n t  d a t a  on 
experimental  MHF t r ea tmen t s  i n  a  v a r i e t y  of r e s e r v o i r  s e t t i n g s .  The El  

.Paso Natura l  Gas and t h e  CER Geonuclear MHF experiments  were descr ibed  
above. 
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- TABLE 9.--Contractor, Scope of Work, and Targe t  of  Demonstration P r o j e c t s  

I E l  Paso Na tu ra l  Gas 

CONTR4CTOR 

I Phss ive  Hydraul ic  Frac  t u r i n g  

SCOPE OF WOL! 

. 

!!?c.sive Hydraul ic  F r o c t u r i n ~  
k s s i v e  Hydraul ic  F r a c t u r i c g  
M ~ s s ~ v ~  Hydraul ic  F r e c t u r i z g  
k h s s i v e  Hydraul ic  F r a c t u r i n g  

- TARGET. OF DD9NSTRATION 
PROJECTS 

CEF! Geonuclear 
-4us t ra l  O i l  
Mobil O i l  
k i o  Blanco 

C o a s t a l  S t a t e s  
P a c i f i c  Transinission Supply 
TAO-G?es t c o  

C o l m b i a  Gas 
Proposed P r o j e c t .  
Phys i c s  I n t x r c s r i o m l  

Yass ive  Hydraul ic  Frec tc . r ing  
M3ssive Hydraul ic  F r a c t u r i n g  
Ehas ive  Hydraul ic  F r a c t u r i n g  

C o l a b i a  Gas 
P e t r c l e c n  T e c h o l o g y  Corp. ( 4 2 )  
Proposed P r o j e c t  
Proposed P r o j e c t  
Proposed P r o j e c t  

Pe t ro leum T e c h o l o g y  
Dallas P roduc t ion  

Y ~ s s i v e  Hydraul ic  F r a c t u r i n g  
E x ~ l o s i v e  F r sc  t u r i n g  - 
Y!ssive Hydraul ic  ~ r a c t u r h g  
Deviated Wells 
Deviated Wells  

F z s i i v e  Hydraul ic  F r a c t u r i n g  
Recozple t ion  
Expicdve F r a c t u r h g  

E:rplosive F r e c t u r i n g  
Ebssive Hydraul ic  F r a c t u r i n g  

Green River  Bas in  

Piccnnce Besin 
Picennce Basin 
P iceance  Basin 
P iceance  Basin 

Uin ta  Basin 
Uin ta  Easin 
Uinta  Ezs in  

Appalachian Basin (Shale)  
Appalachian Basin (Shale)  
Xppalzchian Eas in  (Shale)  
Appalachian Basin (Shale)  
Appalachian Basin (Shale) 

Canyon Sand 
Bend Conglomerate 

Appzlachian Basin (Sand) 
A p p a l a c h i a  Basin (Sand) 
A p p a l a c h i v  Basin (Sand) 



RESOURCES 

In  t h e  1973 'Natura l  Gas Technology Task Force r e p o r t ( 4 7 ) , p o t e n t i a l  
gas  resources  were e s t a b l i s h e d  only f o r  t h e  t h i c k  sequences of Upper 
Cretaceous and Lower T e r t i a r y  f l u v i a l  sandstones i n  t h e  Piceance Basin 
of northwestern Colorado, i n  t h e  Green River Basin i n  southwestern Wyoming, 
and i n  t h e  Uinta  Basin i l l  e a s t e r n  Utah. The c r i t e r i a  used t o  e s t a b l i s h  
r e s e r v o i r s  accep tab le  i n  t h e  resource  base were: 

1. Low pe rmeab i l i t y  r e s e r v o i r  rock conta in ing  gas ,  not  commercially 
recoverable  wi th  e x i s t i n g  technology. 

2. A t  l e a s t  100 f e e t  of n e t  pay, which is  def ined  a s  sand having 
65 percent  o r  l e s s  water  s a t u r a t i o n  and p o r o s i t y  from 5 t o  15  
percent .  

3. A t  l e a s t  1 5  percent  of t h e  g ros s  product ive  i n t e r v a l  i s  pay sand. 

4. The o b j e c t i v e  i n t e r v a l  i s  between about 5,000 and 15,000 f e e t  
below t h e  su r f ace .  

5. The p rospec t ive  r e s e r v o i r  u n d e r l i e s  a t  l e a s t  12  mi les2 .  

6. The r e s e r v o i r s  a r e  i n  remote a reas .  

7. Pay sands a r e  no t  interbedded wi th  high-permeabili ty a q u i f e r s .  

Some of t h e  foregoing c r i t e r i a ,  i n ' p a r t i c u l a r  6 and 7 ,  were included 
because of t h e  p o s s i b l e  use  of nuclear-explosive f r a c t u r i n g ;  t hus ,  o t h e r  
a reas .  known t o  con ta in  nonconventional gas  r e sou rces ,  bu t  no t  s u f f i c i e n t l y  
remote from popula t ion  c e n t e r s  f o r  l a r g e  explosion s t imu la t ion  experiments,  
were b r i e f l y  reviewed and then  excluded such a s :  Atoka-Morrow (Pennsyl- 
vanian)  sands of t h e  Arkoma Bas,in, Oklahoma, and t h e  nearby Stanley-Jack 
Fork (Miss i ss ippian)  sands of t h e  Ouachita Mountain province;  downdip 
Wilcox (Eocene) and Houston (Cretaceous) s ands .05  t h e  Western Gulf Basin, 
Texas; and t h e  Oriskany (Devonian) sands of t h e  Appalachian province. 
These o t h e r  a r e a s  were not  then  considered t o  con ta in  s i g n i f i c a n t  l a r g e  
resources  i n  comparison t o  t h e  t h r e e  major b a s i n s ;  because of l a c k  of 
p e r t i n e n t  r e s e r v o i r  d a t a ,  t hese  a r e a s  cannot be  eva lua ted  a t  thTs time 
f o r  i n c l u s i o n  i n  t h e  resource  base. 

The foregoing  c r i t e r i a  have been modified s l i g h t l y ,  as ind ica t ed  on 
t a b l e  3, t o  inc lude  pay zones where: (1) t h i ckness  i s  a s  l i t t l e  a s  20 
f e e t ;  (2) g a s - f i l l e d  p o r o s i t y  i s  a s  low a s  1 percent ;  (3)  ,depth of pay 
zone is  as shal low as 1,500 f e e t ;  and (4)  remoteness from popula t ion  
c e n t e r s  and proximity t o  a q u i f e r s  are no t  l i m i t i n g  f a c t o r s .  With t h e s e  



modif ica t ions ,  resources  such a s  i n  t h e  e a s t e r n  Devonian b l ack  s h a l e s ,  
i n  t h e  Upper Cretaceous s i l t s t o n e s  and sandstones i n  t h e  Northern Great 
P l a i n s  provinces,  and i n  t he  San Juan Basin, can be included.  

It should be c l e a r l y  noted t h a t  t h e  c r i t e r i a  used he re in  f o r  
, es t ima t ing  nonconventional gas  r e sou rces  a r e  based fundamentally on two 

r e s e r v o i r  parameters ,  t h e  g a s - f i l l e d  ponos i ty  and the  r e s e r v o i r  pore 
p re s su re ,  which d e f i n e  t h e  amount of gas contained wi th in  a given 
r e s e r v o i r  volume. Thus, t h e s e  es t imated  resources  do not  imply 
i n  any way.whatsoever a r e c o v e r a b i l i t y  a t  a small  o r  l a r g e  f r a c t i o n  of 
t h e  t o t a l ;  they  s t a t e  t h e  amounts of gas  i n  p lace  under t h e  s t i p u l a t e d  
r e s e r v o i r  condi t ions .  To avoid. ambiguity i n  resource  terms, us ing  d e f i n i -  
t i o n s  e s t a b l i s h e d  by t h e  Department of I n t e r i o r  and t h e  U.S. Geological  
Survey ( 5 9 ) ,  t h e  fol lowing terms may be  appl ied  t o  t h e  nonconventional 
gas  resources :  (1) subeconomic--identified and undiscovered r e sou rces  
n o t  p r e s e n t l y  recoverable  because of technologica l  and economic f a c t o r s ,  
bu t  which may b e  recoverable  i n  t h e  f u t u r e ;  (2 )  i den t i f i ed - - spec i f i c  
accumulations whose l o c a t i o n ,  q u a l i t y ,  and q u a n t i t y  a r e  est imated from 
geolpgic  evidence supported by engineer ing  measurements; (3) undiscovered-- 
unspec i f ied  accumulations surmised t o  e x i s t  on t h e  b a s i s  of broad geologic  
knowledge and theory.  The term, r e s e r v e s ,  i s  def ined  a s  t h a t  po r t ion  of 
t h e  i d e n t i f i e d  r e sou rce  which is  economically recoverable  a t  ' the  t ime of 
de te rmina t ion  (us ing  e x i s t i n g  technology);  r e se rves  cannot be  appl ied  
l i t e r a l l y  t o  any p a r t  of t h e  gas r e sou rces  i n  t i g h t  formations,  which 
a r e  subeconomic. 

I n  a somewhat nega t ive  sense.  a s  shown on t a b l e  8, t h e  flow capac i ty ,  
k h ,  which i s  t h e  c r o s s  product of . the i n  s . i tu  permeabi l i ty  t imes the  
tg i ckness  of t h e  i n t e r v a l  a t  t h a t  pe rmeab i l i t y ,  has  been used t o  s e t  a 
minimal o r  lower l i m i t  below which gas i n  p l ace  would not  be included i n  
a resource  es t imate .  Although t h i s ,  i n  p a r t ,  v i o l a t e s  t h e  concept of a 
r e sou rce  a s  an accumulation of a commodity i n  such form t h a t  economic 
e x t r a c t i o n  is  c u r r e n t l y  o r  p o t e n t i a l l y  f e a s i b l e ,  t h i s  lower boundary, 
t oge the r  w i th  t h e  upper l i m i t  of 50 pd i n  s i t u  permeabi l i ty ,  was used t o  
b r a c k e t , t h e  subeconomic r e sou rces  i n  t i g h t  formations.  This  bracketed 
range was s e l e c t e d  t o  f i t  t h e  assumed l i m i t a t i o n s  of p re sen t . and  c u r r e n t l y  
developing technologies  such a s  massive hydrau l i c  f r a c t u r i n g ,  chemical 
exp los ive  f r a c t u r i n g ,  and dev ia t ed  wel lbores ;  presumably, i f  t he se  tech- 
no log ie s  advance a s  r a p i d l y  a s  hoped, some p re sen t ly  unknown por t ion  of 
t h e  subeconomic resources  would be developed and converted t o  economic 
r e se rves .  

It i s  gene ra l ly  agreed t h a t  t h e  occas iona l  a n d n a t u r a l l y h i g h  r a t e  
of gas  product ion from t h e  t i g h t  formations r e f l e c t s  an unusual r e s e r v o i r  
cond i t i on ,  where a j o i n t - f r a c t u r e  system, i n t e n s i v e l y  developed wi th in  a 
l i m i t e d  a r e a  and 'w i th  high flow capac i ty  f o r  gas ,  has  been i n t e r c e p t e d  by 



wellhores. Because such areas of fracturing are relatively small compared 
to the thousands of square miles underlain by tight formations, and because 
adequate data are lacking to define.such fracturing at reservoir depth, 
no attmept.has been made to adjv.st the following resource estimates for 
such an effect. , 

Tight sandstone formations 

The gas-in-place resources for the tight sandstbne formations in the 
three major basins were estimated by the.1973 Task Force (47),and are 
shown in detail in tableIO.and summarized as follows: 

Trillion feet Billion feet3/miles2 

GreenRiverBasin, Wyoming . 240 120-145 

Piceance Basin, Colorado 210 145-240 

Uinta Basin, Utah 150 . 240-340 

There are no compelling reasons, based on additional but still 
scanty data from controlled experiments over the last few years--the three 
nuclear and' the numerous MHF experiments, to change these estimates by any 
significant amount. The volume of gas in place is determined by the gas- 
filled porosity and the reservoir gas pressure, and basic reservoir prop- 
erties have not been changed except in minor degree by recent d.ata. 

Changes of.some -importance have occurred in the earlier "Predicted 
Gas Well. Production Rates,for the Rocky Mountain Basin" (47, App. E), 
because the reservoir flow capacity, k h, has been demonstrated to be 

g significantly less thao originally estimated by a factor of 5 to 10, as 
discussed above for experiments.in the Piceance and Green River Basins. 
These changes in flow.capacity 1ead.to a decrease in gas production,.both 
daily and cumulative, and to-an increase in costs (47,section VIII, Gas 
Production Economics). Thus, although the resources of gas in. piace have 
not changed significantly, the:resources are much less attractive as 
targets for currently developing techniques of gas production stimulation. 

Two additional areas containing tight sandstone formations have been 
added to the resource base: (1) the San Juan Basin, northern New Mexico, 
containing an estimated gas-in-place of 63 trillion feet3; and (2) the 
Northern Great Plains provin'ce, Montana and North Dakota, containing an 
estimated 130 trillion feet3. 



Table 10 . Rasorvolr Charactsrlstlcs and Pr0duC:lve Aroas 

Initiol Avoroge Woll 
c;vero(Fs BHT, Design Amo, 

BHP,pio 'F COW & - 
Ga- in-p low 

Par sq. mi. Tot01 
Billion cf Trillion cf 

Groa 
byrvoir-and Prodvctivc oreo, Depth below wrfoce, intcrvol, Not p?, 

Itcot ion - -- sqvom miles feet feet feet -- 
?ICEAr!CE BASIN, C O L O R A D O  x/ 
G i Z X K y T  (E~scn t io l l~  proved: B w d  on doto from neohy walls) 
fort Union North ' ZXI 5,600-  6,203 too 200 
h'e:crmrde I holf 2 3  6,230-7 ,403  1,2M 33 
Mewv01-2eII of X4 7,450 - 8,501 1,103 165 
I v t s u r c r J e  I l l  bu in  330. 8,500-9 ,700  1.200 300 

250 t , 2 X ) - 8 . 7 %  2.503 625 

-- 
Fort Uriion 

1 
hsovorde  (south haif) 
CATEGORY 2 (Gar in ploce inferred f r m  g e o l ~ i c o l  intorpmtution) 

1 k* 

50 - 
250 

- 
Mrrowrde I holf choroctaristia 
k s o r e ~ d o  I 1  of 1% ca 

250 
- 

k a o v c r &  I l l  basin cotegory 1 
Naorcrde (south half) U)3 

G Z E N  RIVER BASIN, WYOMING 
aTtZ%Ty I 
Fwt h i c n  1 4  8 , ~ -  12,OCd 4,030 703 

Wotec 
Porosity raturotion 

148.0 14.9 

239.6 12.0 
192.3 19.2 

l U . 4  57.8 - 
Bain toto! 207.1 

C A E G O R Y  2 

Fofl Union 6 He~ovsrde l3;"- 14;" 0 
14,3C9- 15,EOJ 1,500 340 

K-sob-crds i?W 9,505 - l ? , W  2,500 G O  
CATEGORY 3 (Speculative) 
ForruXXw~r SO-* rde 5-m ' 9 , m  - 12,000 3,000 500 
UIWTA BASIN, UTAH - 
Cn:fGonv I 
~ ~ I O W &  320 8,OCO- 11,000 3,030 1,000 
C A T E G O R Y  2 
k ~ a w r $ o  a20 8 , 0 0 0 - 1 1 , O  3 ,  700 

189.1 94.5 - 
Bain totol 243.0 

338.8 101.6 

237.? 47.5 - 
' k i n  totol 149.1 - 

Tot01 596.2 

191 Mesoverde 1. 11, and 111 have i d e n t i c a l  a r e a l  configurat ions i n  category 1 and l i n e  up v e r t i c a l l y  so t h a t  any well  w i l l  pene t ra te  a l l  th ree  sands. - The Fort Union l i e s  above t h e  Mesoverde sands and an? well  i n  i t  can pene t ra te  t h e  th ree  Mesoverde sands. The same si';uation e x i s t s  f o r  
category 2 with t h e  exception t h a i  Mesoverde 11 have reduced a r e a l  ex ten t ,  but s t i l l  i s  within t h e  boundary of 1 and 111. A l l  productive a r e a s  
i n  t h e  Green River and Uinta bas ins  a r e  geographically separated.  

201 A8 s t a t e d  in t e x t ,  t h e  e f f e c t i v e  o r  i n  s i t u  permeabil i ty  derived from recen t  drawdown and buildup t e s t s  is l e s s  than here  shown. For t h e  - Piceance Basin, t h e  permeability is about 2 ad, and f o r  t h e  Green River Basin about 1 md. New d a t a  a r e  lacking f o r  t h e  Uinta Baait.  
f l  



The Northern Great P l a i n s  was n o t  prev ious ly  included i n  n a t u r a l  
gas resource  e s t ima te s  because of inadequate  d a t a ,  b u t  i t  is  now known 
t h a t  t he  a r e a  conta ins  s i g n i f i c a n t l y  l a r g e  resources  entrapped a t  sha l -  
low depths ( l e s s  than  4,000 f e e t )  i n  t h i n ,  d i scont inuous ,  low permeabil- 
i t y  Upper Cretaceous o f f sho re  s i l t s t o n e s  and sandstones.  These f ine -  
grained c l a s t i c s ,  enclosed i n  a t h i c k  sequence of marine s h a l e ,  were 
depos i ted  on t h e  western s i d e  of a not th-south t r end ing  I n t e r i o r  Creta- 
ceous seaway. Current  i n v e s t i g a t i o n s  by D.D.Rice of t h e  U. S. Geologi- 
c a l  Survey us ing  carbon i s o t o p e  r a t i o s  i n d i c a t e  t h a t  the.  contained gas 
was generated by anaerobic  b a c t e r i a  a t  shal low depths i n  t h e  accumulat- 
i n g  sediments.  These shal low accumulations have gene ra l ly  been overlook- 
ed i n  t h e  p a s t ;  however, r ecen t  exp lo ra t ion  and eva lua t ion  i n  western 
Canada a long  t h e  t r end  of accumulations e x t e p d e d ~ f r o @ ~ e a s t e m  Montana 
i n d i c a t e  t h a t  major resources  a r e  p re sen t  i n  t h i s  type  of accumulation. 
The S u f f i e l d  Evaluat ion Committee i n  1974(65) ass igned  an in-place gas 
r e se rve  of 3.7 t r i l l i o n  cubic  f e e t  t o  an a r e a  of 1,000 squa re  mi l e s  i n  
sou theas t e rn  Albe r t a  (Canada) where t h e  a r e a  was eva lua ted  by a 77 w e l l  
program, of which 76 w e l l s  were completed a s  economically producib le  
we l l s .  Th i s  gas-bearing f a c i e s  extends i n t o  Montana and is  p re sen t  
over  approximately 35,000 square  mi l e s  i n  t h e  United S t a t e s  p o r t i o n . o f  
t h e  no r the rn  Great P l a ins .  Using t h e  S u f f i e l d  Block r e se rve  d a t a ,  t h e  
United S t a t e s  p o r t i o n  of t h i s  proviqce should con ta in  130 t r i l l i o n  cubic 
f e e t  of gas  i n  p l ace  and a p o t e n t i a l l y  recoverable  gas resource  of ap- 
proximately 95 t r i l l i o n  cubic  f e e t .  General c h a r a c t e r i s t i c s  of t h e  
a r e a  a r e :  (1) depth of gas-bearing zones, 1,200 t o  4,000 f e e t ;  (2) mul- 
t i p l e  pay- zones from 20 t o  100 f e e t  i n d i v i d u a l  t h i ckness ;  (3) po ros i ty  
from 8 t o  15  percent :  (4) w a t e r ' s a t u r a t i o n  a t  50 t o  60 pe rcen t ;  and (5) 
gas i n  p l ace  a t  3 t o  4 b i l l i o n  f e e t 3  pe r  mile2. 

Data f o r  t h e  San Juan  Basin, f o r  which t h e  type  l o c a l i t y  was t h e  
P r o j e c t  Gasbuggy s i t e ,  has  been previous ly  descr ibed:  i n  gene ra l ,  t h e  
c h a r a c t e r i s t i c s  a r e  very s imi l aq  t o  t h e  Piceance,  Green River ,  and Uinta  
Basins ,  w i th  experimental  d a t a  aga in  sugges t ing  a flow capac i ty  less than  
o r i g i n a l l y  es t imated .  



Tight  s h a l e  format i ons  

The v e r y  ex tens ive  and t h i c k  s h a l e  formations of Devonian age, i n  
t h e  e a s t e r n  United S t a t e s ,  c o n t a i n  a l a r g e  r e sou rce  of gas  i n  p l ace  (57) .  
I n  c o n t r a s t  t o  t h e  t i g h t  sandstone formations,  t h e  s h a l e s  i n  genera l  a r e  
cha rac t e r i zed  by: (1) a lower g a s - f i l l e d  po ros i ty ,  ranging from less than  
1 percent  t o  poss ib ly  5 percent ;  (2) a lower r e s e r v o i r  pressure ,  bo th  
because of a shal lower depth of b u r i a l  of t h e  gas-bearing zones, and 
because of a less-than-normal hydrau l i c  p re s su re  g rad ien t ;  and (3) ver-y 
low i n  s i t u  gas  permeabi l i ty ,  probably i n  t h e  range of 4 X i d  t o  
about  1 ud. 

The s h a l e  formations have then  much l e s s  gas  i n  p l ace  per  u n i t  volume 
o r  i n d i v i d u a l  r e s e r v o i r  volume than  do t h e  t i g h t  sandstgne formations:  
from l e s s  than  one t o  p s s i b l y  four  SCF of gas  per  f e e t  of sha l e ,  com- S pared t o  9 t o  14 ScF / f t  f o r  sandstone. On t h e  o the r  hand,2the s h a l e s  
have a n  extremely l a r g e  a r e a l  extent--roughly 150,000 m i l e s  --and, more 
important ly,  have a low water s a t u r a t i o n ,  poss ib ly  about 10 percent .  
Such low s a t u r a t i o n  is  favorab le  i n  t h a t ,  a l though t h e  i n  s i t u  permeabil- 
i t y  f o r  gas is  v e r y  low, it should be  reasonably uniform and no t  s u b j e c t  
t o  ' l a rge  changes wi th  minor v a r i a t i o n  i n  water  s a t u r a t i o n .  

The a v a i l a b l e  r e sou rce  e s t ima te s  f o r  t h e  Devonian b l ack  s h a l e s  v a r y  
over  a n  implaus ib ly  l a r g e  range, from a s  h igh  as 460,000 t r i l l i o n  f e e t 3  
i n  t h e  Appalachian Basin a lone ,  t o  a s  low a s  60 t r i l l i o n  f e e t 3  i n  t h e  
same gene ra l  a r e a ;  t h i s  wide range  i n  estimates--roughly four  o r d e r s  of 
magnitude--indicates a c r i t i c a l  l a c k  of information on t h e  gene ra l  
s t r a t i g r a p h i c  and s t r u c t u r a l  s e t t i n g  and f o r  r e s e r v o i r  p rope r t i e s .  It 
is  no t  d i f f i c u l t  t o  determine how some of t hose  e s t ima te s  were made; f o r  
example, from informat ion  provided by B a t t e l l e  Columbus Labs ( f i g .  32) 
based on 20 samples, t h e  c a l c u l a t e d  maximum gas-in-p a c e  per  u n i t  volume 
of 1,000 f e e t  t h i c k  by 1 m i l e 2  is  2,900 b i l l i o n  f e e t 3  f o r  Washington 
County, Ohio, which when m u l t i  l i e d  by 160,000 mi les2  unde r l a in  by s h a l e  J l e a d s  t o  464,000 t r i l l i o n  f e e t  of gas ;  o r  f o r  t h e  low es t ima te ,  by a 
major company, t h e  Big Sandy gas  f i e l d  i n  e a s t e r n  Kentucky has r e s e r v e s  
( p a s t  product ion p l u s  remaining r e se rves )  of about  4 t r i l l i o n  f e e t 3  i n  
a n  area of 2,000 m i l e s 2 ;  t h e  p r o b a b i l i t y  of s i m i l a r  gas  f i e l d s  occurr ing  

2 is one i n  each 10,000 m i l e s  , where t h e  t o t a l  a r e a  i s  150,000 m i l e s 2 ,  
l e ad ing  t o  p o t e n t i a l l y  recoverable  r e sou rces  of 60 t r i l l i o n  f e e t 3  of which . 

4 t r i l l i o n  f e e t 3  have been discovered and developed as r e se rves .  

Both t h e  foregoing  examples a r e  based on what i s  e s s e n t i a l l y  po in t  
source  information ex t r apo la t ed  t o  a ve ry  l a r g e  area--or volume--of sha l e ;  
t h i s  approach n e i t h e r  r e q u i r e s  nor provides:  (1)  s t r u c t u r a l  and s t r a t i -  
g raphic  information,  p a r t i c u l a r l y  s t r a t i g r a p h i c  informat ion  on f a c i e s  
d i s t r i b u t i o n  which might c o n t r o l  t h e  amount of gas  i n  p l ace  and o t h e r  
parameters;  and (2) r e s e r v o i r  parameters  such as f lbw capac i ty ,  g a s - f i l l e d  
po ros i ty ,  i n  s i t u  permeabi l i ty ,  and r e s e r v o i r  pore p re s su re ,  which would 
permit  c a l c u l a t i o n  not  on ly  of gas  i n  p l ace  bu t  a l s o  of product ion r a t e s , .  
percentage recovery of t h e  resources ,  and product ion c o s t s .  
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CALCULATED GAS IN PLACE - (BCF PER UNIT VOLUME OF 1000 FT x 1  MI^) 
(BATTELLE COLUMBUS LABS) 
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A3so i n d i c a t e d  by t h e  d a t a  i n  f i g u r e 3 2  i s  a behavior  of gas  i n  
t h e  organic- r ich  s h a l e s ,  p rev ious ly  noted and d i f f i c u l t  t o  eva lua t e ;  
namely, t h e  gas evolved a t  e s s e n t i a l l y  s tandard  condi t ions  of tempera- 
t u r e  and p re s su re  -- " f r e e  gas" -- i s  much l e s s  than t h e  gas evolved a t  
100 - 125°C and a t  low (near  vacuum) p re s su re ,  by a f a c t o r  of 1:7 t o  
1:18. How much of t h i s  bound o r  adsorbed gas might be r e l ea sed  by a 
pore  p re s su re  r educ t ion  dur ing  product ion from a given r e s e r v o i r  volume 
is not  known; n e i t h e r  is  i t  c l e a r l y  known how such gas is  r e l a t e d  t o  
p a r t i c u l a r  s h a l e  f a c i e s ,  such a s  those  conta in ing  a h igh  organic  f r ac -  
t i o n .  Because w e l l  product ion methods do no t  r a i s e  temperature dur ing  
flow--in f a c t ,  t h e  rock temperature would decrease ,  and because t h e  
back p re s su re  i n  t h e  product ion w e l l  is  normally cons iderably  h ighe r  
than  atmospheric p re s su re ,  i t  i s  d i f f i c u l t  t o  eva lua t e  what f r a c t i o n  of %I 

such gas might be r e l e a s e d  and then  t o  add such gas t o  resource  e s t i -  
mates. Obviously, some resource  e s t i m a t e s  of gas i n  p l ace  inc lude  a l l  
such gas,  which is  no t  i n c o r r e c t  i n  t h e  broad s e n s e ' o f  a resource ;  b u t  
which i s  h e r e  considered u n r e a l i s t i c .  

A r ecen t  MHF experiment by Columbia Gas i n  conjunct ion wi th  ERDA 
(.63) was conducted i n  western Lincoln County, West V i rg in i a ,  w e l l  No. 
20403, a s  fol lows:  Took p l ace  on June 21, 1976, i n  two s h a l e  zones 
from 3,858 t o  3,918 f e e t  and from 3,971 t o  4,031 f e e t  wi th  24 perfora-  
t i o n s ;  bottom-hole p re s su re  about 0.5 N; p r e f r a c t u r e  breakdown wi th  
1,500 g a l  gave no measurable gas flow; f r a c t u r e  design was f o r  200-foot 
f r a c t u r e  h e i g h t ;  f r a c t u r e  t rea tment  a t  220,000 g a l  of 80 q u a l i t y  foam i n  
two s t a g e s ,  w i th  282,000 l b  of sand;  zone f r a c t u r e d  had g a s - f i l l e d  
p o r o s i t y  a t  about 1 percen t ,  o r  0.6 S C F / £ ~ ~  (63 , .  f i g .  8) ; p o s t f r a c t u r e  
flow a f t e r  i n i t i a l  f l u s h  product ion (mostly r e t u r n  flow of i n j e c t e d  
n i t r o g e n  gas)  was about  80 MCFD. Based on t h e  fgregoing d a t a ,  

the Bas i n  p l ace  would be  3.36 b i l l i o n  f e e t 3  pe r  mi le2 ,  o r  840 m i l l i o n  f e e t  
f o r  a 160-acre dra inage  a rea .  Assuming a s t a b i l i z e d  product ion r a t e  of 
30 MCFD f o r  25 yea r s ,  o r  275 m i l l i o n  f e e t 3 ,  t h e  percentage recovery 
would be 32 pe rcen t  of t h e  gas i n  p l a c e  per  160-acre dra inage  a r e a  
a p p r o p r i a t e  f o r  MHF t rea tments  of t h i s  s i z e .  It should be  noted t h a t ,  
i f  t h e  3.36 b i l l i o n  f ee t3 /mi l e2  is accepted--and i t  is based on some- 
what adequate  r e s e r v o i r  p r o p e r t i e s ,  then  f o r  t h e  150,000 miles2 of s h a l e  . 
t h e  t o t a l  resource  i n  p l ace  would be .  500 t r i l l i o n  f e e t 3 .  Of more 
i n t e r e s t  i s  the f low capac i ty ,  kgh, a t  0.6 md-ft a f t e r  t h e  MHF; making 
approximate c o r r e c t i o n  based on l i n e a r - e l l i p t i c a l  flow equat ions  appro- 
p r i a t e  f o r  MHF(58), t h e  pre-MHF i n  s i t u  permeabi l i ty  would be 0.2 ud, 
w i t h i n  t h e  range of phys i ca l  p r o p e r t i e s  shown i n  t a b l e  8; 

This  p a r t i c u l a r  MHF experiment is  of importance f o r  s e v e r a l  
reasons:  (1) t h e  i n  s i t u  permeabi l i ty  c a l c u l a t e d  from t h e  observed 
flow r a t e  (80 MCFD. open flow) is  about  0.2 pd, reasonable f o r  a s h a l e ;  
(2) assuming the  MHF t rea tment  c r ea t ed  f r a c t u r e  (one wing) a t  200 f e e t  



l;igl, and 2,000 f e e t  long, t h e  observed flow r a t e  can be  supported by a  
kgh of 0.6 md-ft (0.2 pd times 200 f t  t imes 16 f o r  f r a c t u r e  l i n e a r  flow 
c o r r e c t i o n ) ;  (3) i t  i s  n o t  necessp-ry t o  appea l  t o  unknown n a t u r a l  f r ac -  
t u r e s  being i n t e r c e p t e d  by t h e  MHF and thereby c o n t r i b u t i n g  an unknown 
por t ion  of t h e  flow; and (4) i t  i s  n o t  necessary  t o  i nc lude  a  con t r i -  
bu t ion  from r e l e a s e  of bound gas;  t h e  " f r e e  gas" i n  t h e  po ros i ty  i s  
adequate t o  suppor t  t he  observed flow r a t e .  A l t e r n a t t v e l y ,  i f  t h e  
e f f e c t i v e  f r a c t u r e  dimensions of t h e  MHF t rea tment  a r e  200 f e e t  he igh t  
and 1,000 f e e t  l eng th ,  t h e  i n  s i t u  kgh would be  0 . 1  md-ft, t h e  i n  s i t u  
permeabi l i ty  would be 0.5 pd, and fo l lowing  t h e  MHF t h e  kgh would be  * 

1.6 md-ft w i th  an  e f f e c t i v e  8.2 pd permeabi l i ty .  The flow from t h e  we l l  
p r i o r  t o  MHF s t i m u l a t i o n  should have been l e s s  than 5,000 cubic  f e e t  pe r  
day, a  r a t h e r  s m a l l  f l m  t o  measure. 

On t h e  b a s f s  of accordance wi th  t h e  r a t h e r  spa r se  geologic  and 
phys i ca l  p rope r ty  d a t a ,  inc luding  t h a t  from va r ious  gas s t imu la t ion  
experiments i n  t h e  l a s t  few yea r s ,  t h e  resources  es t imated  by ERDA (57, 
60, 61, 62) a t  285 t r i l l i o n  cubic f e e t  f o r  t h e  Appalachian Basin ( t a b l e  
1 0 ) a r e  accepted as t h e  b e s t  f i t , w i t h  our  p re sen t  knowledge. Shown i n  
t a b l e  1 0 i s  a  summary of r e s e r v o i r  c h a r a c t e r i s t i c s  and resources  c l e a r l y  
i n d i c a t i n g  t h e  r a t h e r  fragmentary n a t u r e  of t h e  a v a i l a b l e  da t a .  Of 
i n t e r e s t ,  t h e  d a t a  der ived  from t h e  MHF st imulat . ion experiment i n  Well 
20403 a r e  i n -good  agreement w i th  ERDA resource  e s t ima te ,  and provide 
suppor t  f o r  t h a t  es t imate .  



Table  10--Reservoir c h a r a c t e r i s t i c s  and resources-Devonian Sha les  

Area (mi2) 

Appalachian Well 20403 Ohio, W. Va., Appalachian 
Basin 201 W. Va.2U Ky., and Ind.221 Bas in231 

.55,000- 1 ' 1 160,000 
110,000 

3 Volume ( m i  ) --- 
\ 

Depth below s u r f a c e ( f t )  3,000-6,000 3,945 

Gross ' i n t e r v a l  ( f  t )  600-3,000 --- 25-1,500 

N e t  pay-h (f  t )  200-400 200 a 1,000 2 4 4  491 

P o r o s i t y  (%) 2 --- --- --- 

Gas- f i l l ed  p o r o s i t y  (%) 1.8  1.1 1- 4 24f 1 .3  

Water s a t u r a t i o n ( % )  1 0  

Pe rmeab i l i t y ,  gas-kg (pd) --- - 25h.  2-0.5 --- --- 
Flow capacity-kgh (md-f t )  --- z h . 4 - 1 . 0  --- --- 

G a s  i n  p l ace ,  S c F / f t  3 0.47 0.6 1.4-5.0 WO. 35 

9 Gas i n  p l ace ,  SCFXlO / m i 2  2.6-5.2 3.38 40-140 0.9 

Gas i n  p l ace ,  t r i l l i o n  f t 3  285 : --- --- 149 

# 
201 Es t imates  by ERDA (Reference: 57', 60, .61,  .62).  - 

21/Data  from MFIF t rea tment ,  Well 20403, .Lincoln Co., W. Va. (63).  - 

221 Data from f i g u r e  32. - 

23/Data  from Department of I n t e r i o r  News Release,  Geological  Survey, March 31, 1976. - 

24/Based on gas product ion and o t h e r  d a t a  from Big Sandy gas  f i e l d ,  Kentucky. - 

25/Values  post-MHF a r e :  f o r  1 ,000-f t  f racture--kgh a t  1.64 md-ft, k, a t  8.2 pd; - . o  
f o r  2,000-ft  fracture--k,?h a t  0.6 md-ft, k a t  3.0 pd. 

b g 



Est imates  of nonconventional ga s  r e sou rces  

Es t imates  of noncoriventional gas  r e sou rces ,  f o r  t h e s e  a r e a s  coh- 
s ide red  t o  c o n t a i n  t h e  predominance of such r e sou rces ,  a r e  summarized 
a s  fol lows:  

B i l l i o n  cubic  
T r i l l  i o n  f e e t  per  

cub ic  f e e t  square  m i l e  

Creen River  Basin 24 0 120-145 

Piceance Basin,  Colorado 210 145-240 

Uinta  Basin, Utah 150 240-340 

San Juan Basin,  New Mexico 6 3 30-40 

Northern Great P l a i n s ,  Montana 130 3-5 

Appalachian Basin 

By in spec t ion ,  t h e  energy d e n s i t y  of t h e  foregoing  r e sou rces ,  expressed 
he re  a s  t h e  amount of gas  i n  p l a c e  per  square  m i l e ,  is  s i g n i f i c a n t l y  
h igher  by one o r  two o r d e r s  of magnitude f o r  r e sou rces  i n  t i g h t  sand- 
s tones  of t h e  f o u r  major bas in s  i n  t h e  wes te rn  United S t a t e s ,  i n  c o n t r a s t  
t o  t h e  energy d e n s i t y  i n  t h e  s i l t s t o n e / s a n d s t o n e  of t h e  Northern Great 
P l a i n s  and i n  t h e  s h a l e s  of t h e  Appalachian Basin. It fo l lows  t h a t  t h e  
development of r e s e r v e s  w i th in  t h e  resource  base,  and t h e  f u t u r e  gas  
product ion from. such r e sou rces ,  w i l l  r e f l e c t  i n  major p a r t t h e  i n i t i a l  
energy d i s t r i b u t i o n ;  i .e. ,  f o r  a given product ion  l e v e l ,  t h e  high 
energy d e n s i t y  r e sou rces  i n  sandstones w i l l  r e q u i r e  p ropor t i ona t e ly  
fewer developmental w e l l s ,  i n t e r connec t ing  p i p e l i n e s ,  and acces s  roads  
i n  a smal l  land a r e a ,  t han  would t h e  low energy d e n s i t y  r e sou rces  i n  t h e  
Northern Great P l a i n s  and t h e  Appalachian Basin. 

It should be c l e a r l y  noted and emphasized t h a t  t h e s e  r e sou rces  can- 
n o t  be d i r e c t l y  compared t o  present-day convent iona l  r e s e r v e s  of n a t u r a l  
gas ,  where t h e  product ion  r a t e  per  w e l l  i s  r e l a t i v e l y  h igh  and where t h e  
percentage recovery of g a s  i n  p lace ,  f r e q u e n t l y  quoted and demonstrated by 
product ion r eco rds ,  i s  about 80 percent  of t h e  gas  i n .  place.  These non- 
convent iona l  resources ,  cha rac t e r i zed  by a low i n  s i t u  gas  pe rmeab i l i t y  
and a r e l a t e d  low f low capac i ty ,  w i l l  p rov ide  a r e l a t i v e l y  low product ion 
r a t e ,  over  a longer  product ion  i n t e r v a l ,  w i t h  a much lower percentage  
recovery  of t h e  gas  i n  p lace ,  



It i s ' n o t  t h e  purpose of t h i s  r e p o r t  t o  eva lua t e  wellhead pro- 
duc t ion  c o s t s  of gas  from t i g h t  formations;  such c o s t  e s t ima te s  were 
made i n  t h e  1973 Task Force Report (;47) and can  be modified t o  f i t  t h e  
changing r e s e r v o i r  cond i t i ons .  Some d a t a  have been provided on t h e  
e f f e c t  of r e s e r v o i r  parameters  on economics ( f i g u r e s  26 through31) ,  
which should permit an  2pproximation of wellhead c o s t s  given t h e  
necessary  r e s e r v o i r  p r o p e r t i e s .  It should be noted t h a t  t h e  P lnedale  
Unit  MHF Experiments (52,.53) provide d a t a  which show t h a t  t h e  pro- 
duc t ion  c a p a c i t y -  i n  t h e  type  l o c a l i t y  used t o  c h a r a c t e r i z e  t h e  Green 

. River  Basin i s  about one-f i f t h  o f  t h a t  pro jec ted  by t h e  1973 Task Force 
Report (47),  and t h a t  combination of l a r g e r  f r a c t u r e  t r ea tmen t s  and 
h ighe r  than  est imated i n f l a t i o n  l e a d s  t o  twice  t h e  c o s t  i n  1972 d o l l a r s  
used i n  t h e  1973 r e p o r t ;  combining. the lower product ion wi th  h igher  c o s t s  
l e a d s  t o  a wellhead development c o s t  of about t e n  t imes t h e  47 c e n t s  
p e r  MCF r e f l e c t e d  i n  t h e  1973 Task Force Report. Data from t h e  Rio 
Blanco s i te  i n  t h e  Piceance Basin, aga in  t h e  type  l o c a l i t y  used t o  
c h a r a c t e r i z e  t h e  bas in ,  suggest  an  even higher  i n c r e a s e  i n  pro jec ted  
wellhead c o s t s ,  because t h e  f low capac i ty  is  about a f a c t o r  of 1 0  lower 
t h a n  fo recas t .  . . 

Clea r ly ,  t h e  major problems i n  e s t ima t ing  r e sou rces  i n  t i g h t  
format ions  a r e :  (1)  i n  s i t u  permeabi l i ty ,  (2 )  t h e  th i ckness  of pay 
zones, and (3) water  s a t u r a t i o n .  E s t a b l i s h i n g  r e s e r v e s  of gas  w i th in  
t h e  l a r g e  resource  base,  p roducib le  under va r ious  s t i m u l a t i o n  
technologies  and under v a r i o u s  wellhead p r i c e s ,  w i l l  r e q u i r e  s i m i l a r  
d a t a  on p a r t i c u l a r  r e s e r v o i r  volumes; such d a t a  can  become a v a i l a b l e  
on ly  through ex tens ive  developmental e f f o r t .  Current r e sea rch ,  both 
by indus t ry  and a s  sponsored by government, may provide  answers t o  
t h e s e  problems. 
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Joseph R. Rensch 
President 

810 South Flower Strcct P.O. Box 60043 
Los Angeles. California 9001 7 Terminal Annex 
Telephone (213) 620-0360 Los Angeles, California 90060 

June 20, 1977 

Mr. Thomas Jennings 
' Gas Policy Advisory Council 

Federal Power Commission, Room 7306 
825 N. Capitol Street, N. E. 
Washington, D. C. 20426 

Dear Tom: 

The final report of the Supply-Technical Advisory Task Force- 
Nonconventional Natural Gas Resources contains important information 
on the extent of these substantial energy resources and some of the technical, 
legal and other bar r ie rs  which must be overcome to develop them. I believe , 

the report i s  worthwhile and should be published. 

If it can be arranged, it would be helpful to point out in an intro- 
ductory summary for the report  (or in the Commission's letter of transmittal 
with the report)  that because of unfavorable economics and technical problems 
the U. S. should not expect significant, early natural gas production from these 
resources. While a person knowledgeable in U. S. energy production will 
recognize the extent of delay, which the bar r ie rs  noted in the report  can 
cause, this crit ical  matter may not be so obvious to lay readers.  

I look forward to reviewing the remaining section of the report  on 
Gas Dissolved In water.  

Thank you for the opportunity of presenting these comments. 

Sincerely, 

JRR :aa 



GERARD C. GAMBS 
VICE-PRESIDENT 

May- .31r 1977 

ESTABLISHED 1894 JW i;, I:) i ,' 

2 B R O A D W A Y  
NEW YORK, N. Y. 10004 

M r .  Thomas Jennings 
Gas P o l i c y  ~ d v i s o r y  Council  
Federa l  Power Commission, ,Room: 7306. 
825 N.  C a p i t o l  S t r e e t ,  N.E. 
Washington, D.C. 20426 

I1 Dear Tom, 

TEL: (212) 344-3200 

TELEX: 12-9109 

CABLE: .PORBACIS N Y K 

Thank y o u ' f o r  t h e  copy of  t h e  ' f i n a l  r e p o r t  of t h e  Supply 
Technica l  Advisory Task Force-~onconventionktl  Natural 
Gas Resources. I b e l i e v e  t h e  Task 'Force d i d  a n ' e x c e l l e n t  
job of p repar ing  t h e  r e p o r t .  I t  is  d e t a i l e d  enough t o  
g i v e  t h e  r e a d e r  s u f f i c i e n t  informat ion  on which t o  
r each  conclus ions .  I b e l i e v e  i t  w i l l  be a very  u s e f u l  
a d d i t i o n  t o  t h e  t o t a l  r e p o r t .  

MONROB, LA. DALLAS SALT LAKE CITY BBISBANB, AUSTRALIA WLMINGTON, DBL. 




