Sources and Migration Pathways of Natural
Gas in Near-Surface Ground Water Beneath
the Animas River Valley, Colorado

and New Mexico

by Daniel T. Chafin

U.S. GEOLOGICAL SURVEY

Water-Resources Investigations Report 94-4006

Prepared in cooperation with the

COLORADO OIL AND GAS CONSERVATION COMMISSION,
LA PLATA COUNTY, and the

SOUTHERN UTE TRIBAL COUNCIL

Denver, Colorado
1994




U.S. DEPARTMENT OF THE INTERIOR

BRUCE BABBITT, Secretary
U.S. GEOLOGICAL SURVEY
Robert M. Hirsch, Acting Director

The use of trade, product, industry, or firm names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

For additional information write to: Copies of this report can be purchased from:
District Chief U.S. Geological Survey

U.S. Geological Survey Earth Science Information Center

Box 25046, MS 415 Open-File Reports Section

Denver Federal Center Box 25286, MS 517

Denver, CO 80225 Denver Federal Center

Denver, CO 80225



CONTENTS

GLOSSALY .veevrveierenrrtrsetecerrecreeeresessestseesn e e e e sesresessasesrentseseesestiesstseenssaeessatstsbabesesetsanatenesaersatbas et erermobetasresbaRbabssheatbasetensseebens vl
System Of NUMDBETING WELLS.......c..oievivieiiieirieertese ettt se e e st et st et s se et ses e s as e see e s e et b e be b s aesan e s b et e bbb ns VI
ADSITACE ...ceuereeerreenterrertenseesersreseeseeessessreseessnssesassassesaessesseasntentansesseessesatsseeeneeosesusansesasessaestsetonsrassesstessessssstesstonstesassssessasans 1
INEEOAUCLION ..ottt et s s s ss e b st s s b as b s s bt e b s R s b s sm s s e s s s bassssaenenbarases 1
PUIPOSE ANA SCOPE ..converniiinieiiirriertentrite sttt esesstetss st b e st s n s s b s et s s as et es st sa b ebneshasaaebessbesobesanasssernesbnsbesatesbasnte 2
General desSCTIPHON Of STUAY BIEA .....cccccceuieuiiereeirrier et et et ert s e srsesetesrasassae s st eae s e e ssassas st esas e e satse bt saa st asesseras 2
Selected PIEVIOUS STUGIES ....cccceiiiriereriereiieeieiiteenesseesessestessertrssesesessassssessassesessseseessestesssserassaressestesssressneseessentessesess 4
History Of 2as deVEIOPINENL ..........ccevverirreririiriiesesrenienterinesessneseseseresesesresassssessassessseseesasssantsntsesestssssas et enaeseassssesses 5
ACKNOWIBAZIMENES ...covirniiiiiriiiniicreiniiie ettt ettt bbb s e se st s e b b e sab et e b st s R B e srben s s e erssabensenesane 5
GEO0logy Of the STUAY BIEA ...cveceriieiriees verereriireeeereisiesesaesesstscesrerassesresesesesseesstesessnssneresssssasseseasnssnesneseeesesarssssensassssssasessenes 6
DaKota SANASIONE ....cocviveiieiiiicictiienie ettt et e et s b et st st s bt s o b e s et sa b e e s mesas b e s b eRbe shbsE e e abscrssansaebes 6
MaANCOS SHALE ..ottt s e st b s sa e b et see s e e SR e er e st s R s e as 6
MESAVETAE GIOUP ....coevieineenriierieeeseesesieneee st s se st e e et st s e sas e ot et she s sbesaane e s et saeaes bt sbesaesasebessessesarotesaeasererasanresere 6
LeWIS SHAIE ..ottt b ettt s e s e se e e e s e e e e s e e e NS e e netat e st ae 10
Pictured CHffS SANASIONE .........ccorriiereriiriirieeiers et rieee e s ettt s e assesss st seseseratsbestasesesaraesstsssessossenasssssessatsassis 10
Fruitland FOIMAtION ......ccovceeiiiceineneieniee et ese sttt easss b st e seas e s ese s e e se st sasssesonebassnesesatsanesessasssensesssane 10
KArtIand Shale ...t rres e eesneste e sra e et s esesaesresass b e b esesmaense s sanesassaeseesesstertssmeneenesnansestn 10
OjO AlAMO SANASLONE ......ooivririirieeierirertrnrierstees et s et asasae st e ae e et eaesse s e baessssansesaetensaneastesssnsenssssstentssnnrassssarsestan 10
Animas and Nacimi€nto FOIMALIONS ...........cccoeverirmerrcieirsrisestssiesessese st rtsiss e st sssstssesssssssssssssssesssassssesanasssssnssanes 11
San JOSE FOIMALION ....coviuiiieuineiiiiictiit et e e en s bbb e mee s s bt e b b e s e bbb s bbb e nsbos 11
Alluvium Of MIAdIE TETHATY AZE........cceoevivrerrereritrrereereeerseraessessessestsseesesresaresessessssssstetessesssssssaesessssasssesseserssersessenes 11
Volcaniclastic deposits Of OLIZOCENE AZE.........ceevvrrerirriinerinetereie ettt seess e seesesesaeses st et e es b st besne e sessnsasbases 12
Alluvium of QUALETNATY (7) AZE .....evermiiiieitrtrrct ettt ettt st e bbb b et eb e she b en b s bbb sas e e sas 14
Ground water in the STUAY BIEA ......ccccvriieririiriericreesrees et e e st tses et s b e sesn e s et sessenesastsbensonsseneresassonine 14
ATIUVIIIN <ottt et et e s e e s e et e e st e e seeer e st e b e e e bt e a et st e b e se e s e eae s enateseonssas st enentnanenessssass 14
BEATOCK ...ttt ettt ettt ettt s e et st e e st e et she e b e s e e b st ane et et e sk e st s et s b e eae s e eate e enesae et nae et b e e naee s 16
MEethane in ZIOUNA WALET .........oceveieirieiiiiiitiere ettt sb et sa b a et s s b et s atb s e sassreresanebessssesaonaotsbesbasseserasnersan 16
REIAtION £0 AQUITET LYPE...coerrieriieicr ettt st s a s be e e se st st e e bt ses s b b s sene e b s b et esssaeanansnsnss 16
Relation to other water-quality CONSHIUEIES ........ccooveiriereireriniiriieiinicsssrereesessssr s sesesssassesssnssssessssonsassssons 17
Seasonal variation in the Cedar Hill ar€a ..........ccoooiiiiinnienmineiieitc s teseeseseesesasseseses e essssssssasans 19
MBEhane QN SOIL ZAS ....ceceevrereeeiereriiie ettt eeete ettt seaete e sr e et saesseset e et saaesesestsresesssnseserassnassasssesaseasseseasentesatensonssnssestrarnteses 19
GIOUNA-WALET SIES ...c..viruiieriieiiiaieieseetet et sttt st te s b e ses e e st e be st sa e s st s bess e e sar s eseenes st eraesaestsnessnesesasert senestansesessesane 20
SOIL SEEPS .1ttt ettt sttt s et e bR e et s e e et b et Rt e et bt s e ae R e et b e SR b b e st sarene e R b rabsies 20
GAS WEILS ...ttt e e s b et e ae e e e e u bt saE b s e e s e e nas et ern 20
Relation to age Of Zas WEIIS .....ccoviiiiiieie e e aere e et s e saass e b sesassesseseesassanas e seseses 20
Comparison to concentrations at ground-Water SIES ..........ccccvereervereereeieeeeresieseesteseessessassestesssssossansarsessassessoses 21
GEOChEIMISITY OFf BASES ......ocviiiriiicieetiree ettt et et reesee s e e es s sre s e e se st e s e ssa s e s e e essasassasnessaasassessessesnssesscasasannsenserensss 21
BIOZENIC ZAS....ueiuiveeiereecieiieieiie st e et s ee e strete s e se e tasae st ase s e es s e b sh e b e b et e s et et et eataestebeeaa s e sseRaereeheebeeaaensesnestetesan 22
TREITNOZENIC ZAS .....cvviiirirrieiereieriiecctctitriee et s ertoe st saestsassresesssssss s ss s esas s eaeatebsassstsansasansessnsessoreeeressentasentesmarans 25
Secondary processes affecting gas COMPOSION .........cocoierririeirreei et et seessessssesseseeseneseresensssesseneaneses 27
Analysis of isotopic and molecular composition of gases from water, soil, gas-well casings, and
CAthOIC-PIOLECHON WELLS .....ceiiiiiierciee sttt et s ettt s a et s n st et e e s et e besessesasaa e e stsenasasnessseeebasansensssenenenn 28
Indigenous gas in the Animas and Nacimiento FOrmations ............cocvevreriecenineniiieniesesenensessiesesesessssesasessesessesens 28
Analysis Of SPECIfiC ZAS SAMPLES.....cc.vurevriieririeiereeiceet e et sre s te et sse st st assas et e resessasaasesaesasesessaesaasansessrsanarsns 33
NOTHREIN ZONE ...ttt sttt e e et e ee s s st sae st s e s at et et asasbe st sanssasasassasnssnesessesssssstenssseseres 33
SUNNYSIAE MESA ZOMIE ......ccvruiieuiirritiiirteteersic et teseesees e et st s eatasessese st satasasessesarssarasessessesestnsensasessesaasasenens 33
NOTth BONAAA ZONE ..ottt ettt st e se s sre e sesass s e e st e s sna s besensonesencansesesersarasases 33
South BoONAad ZONE .......oviiviiiiiriiiiciniiercetiis et b et e st ae e st st s e e e s s e s asaasbesn s e sanbensantesannabn 35
Cedar Hill ZONE ..ottt ettt e sassa e et ea e e et st e e s s e e s e e e saa s esseaeabesarssesaasssarerasnseseansenssansares 37
AZIEC ZONE ..ottt et e st s e st s e sttt s e s e e ste R s ee e e R e R e be e e besas e e s e e e sasbanbase e e raas 39
Sources and migration pathways Of NEAr-SUITACE ZAS ........cvvceiriieirererencrercreencrrenrere e resesesssessssereresassssssesssesssasasesssasessses 40

CONTENTS ]



SOUICES ..eeiuiitetieete ettt sttt et st ea e e st e s e et s st et et eaees e saesh e s e e st ea b e sh e b e b e s b e e b e b e st saes b b e s s esbebeshasRabe s
MIZTation PATRWAYS .......coiiiiiicc ettt ettt et st st st e bbb e s s e s s e b e b sasa e b b be b e
DIFFUSION ..ottt ettt e e s e ee ettt s s e s s et e e s bt e R e e b e n e s et e b nas

SUIDATY .ottt ettt eset st e saesas e eae s st e e e st ab e e s e s e s e s e e s et sE s e e b sassaeshere SR be st st es b saes s nesabesneanesanensins

PLATES

[Plates are in pocket]

1. Map showing locations of sampled ground-water sites, gas wells, and abandoned drill holes in
and near the Animas River valley between Durango, Colorado, and Aztec, New Mexico

2. Map showing dissolved-methane concentrations for ground-water sites in the Animas River
valley between Durango, Colorado, and Aztec, New Mexico, 1990

3. Map showing locations of sites in zones of the Animas River valley between Durango, Colorado,
and Aztec, New Mexico, where gas samples were collected for analyses of molecular and
methane-carbon-isotope compositions

FIGURES
1. Map showing location of the study area in the San Juan Basin..........ccoccvvievirniininnnniciiisessscssne.
2. Map showing structure of the San Juan Basin ...........ccccciiiivinicniniin ettt e esesssessssssenes
3. Map showing structure contours of the Huerfanito Bentonite Bed of the Lewis Shale.........cccovniviennrecneinncncas
4. Diagram showing sediments of Cretaceous and younger age in the vicinity of the study area..........c.cocoververrrenne..
5. Photograph showing paleovalley, volcaniclastic mudstones masking sandstones of the upper
Nacimiento FOMMALION ..ottt sessese st st ss e s s esa b es e bbb b s srebne
6. Photograph showing outcrop of paleovalley, volcaniclastic mudstones flanking north side of the
MES2 MOURLAINS ......ecveeeicnterericetet ettt et es et raea st st r st e e st s et sas e s s et e R e s st b eme et s et essatesemeesnenenbenes
7. Photograph showing paleovalley, volcaniclastic mudstones stratigraphically higher than the lower
terrace alluvium of the Animas RIVET VALIEY .....cccccceciriiviiiiiiiiesiciiccei ettt sesnieserease s s saessnans
8. Diagram showing statistics SHOWN bY @ DOXPIOL........coccovuereerrrirenieiririnrrestsiiesessetereeseseseesnesessssessesesassassasseseaseneas
9. Boxplots showing dissolved-methane concentrations for alluvial and bedrock ground-water sites ...........cccceuvuene
10. Boxplots showing soil-gas-methane concentrations measured adjacent to gas-well casings completed
during 1937-76 and 1977-00..........cccoirivirnreciitriet st ettt e s b s e st b e b sas st sesss e sasassasasens
11. Boxplots showing soil-gas-methane concentrations measured adjacent to gas-well casings and at
BTOUNA-WALET SILES ....cveuereererueererereirteteestesesets et estet et ss et sanes st sssss e sasssstotsses s entsseatastsesseosensssessesnsenersanteseasenassentsn
12. Graph showing molecular and methane-carbon-isotope compositions of natural gases from
different environments and organic-matter types in the San Juan Basin..........ccccvceverienceecniecieenenneesceenenes
13. Diagram showing generation of hydrocarbons with increasing time and temperature .............coceeeveveeererererureennns
14-18. Graphs showing values for methane delta carbon-13 and gas wetness for gas samples collected in the:
14, INOTEREIM ZOME.......ocmiiieeceietete ettt et et et s et s e e st et s e see e R st bt s e s e sassnassasernnesen
15, SunDYSIAE MESA ZOME......ciueiiieireirierreireeeeesseereres e e st ssse et essebe e s b e st s e saessnasasaseseseesbessnabesasessanesasesesssanseaes
16, NOIth BONAad ZONE..........cimiiiiiiciciiiiccrtiietet ettt see e sens s se et eonae s se s s e nann e esesaseme st ebenes
17, South Bondad ZONE........cocoieucemererieicecr ettt ettt s s e st e e sttt ea s e s et sbe s mp s b eais
18, Cedar Hill ZODE........cuiiuiiiiiiiiiiicircr ittt et asa s st se e sr et s et esesa st s e et sh s bretene
19. Graph showing values for methane delta carbon-13 and gas wetness for gas samples collected
in the Cedar Hill zone from the Mesaverde Group and coals of the Fruitland Formation ............c.ccoeerevuevereeceennnns
20. Graph showing values for methane delta carbon-13 and gas wetness for gas samples collected
I HHE AZEEC ZONE .ovuevrerceiiriiinitenisenteieebeecat et be ettt stoeshsest s s sa e e e sbas S hesese st e e sasensabast s sesae st e bebenesesananaesabenes
21. Map showing subareas and corresponding fracture densities used for correlations between the
fraction of methane-affected water wells and fracture density ...........cocoeoreeeveecriecnn et

IV CONTENTS



22-25. Idealized diagrams showing:

22.  Natural pathways Of as MIGTALON........cccevemeuiiirieeicerci e e e st s b sens 46
23.  Types of leaks in conventional gas WEILS ..........ccvvevevinmiiiiiinei e e b e 47
24. Gas leaking from depressurized coals in the Fruitland Formation into uncemented annulus of
CONVENLIONAL GAS WEIL....oveuiieiieier ettt et sb et s sr s b e s b e b b ebe srebesas she bt s b me e sbessseens 48
25. Manmade pathways Of Zas MEGTALION. .....c..ccvruereruiieietrrirestert st eb b ess et et s b e sb st sb s b s e sasb e bes 51
TABLES
1. Summary statistics for dissolved-methane CONCENLIAIONS ..........covvciriierercrrrrnereeeieerese st ese s 17
Summary statistics for soil-gas-methane concentrations measured at ground-water sites and
adjacent to gas-Well CASINES ..c..coeeerieeriiiree e s e 21
3. Isotopic and molecular composition Of NALUTAL ZAS ......vvvvemeecrriieeiiiiiereterei e seaeaes 25

4. Gas-wetness fractions and methane-carbon-isotope ratios for selected gas samples from ground water,

soil and river seeps, soil adjacent to gas-well casings, and from surface, intermediate, and production

CASINES OF GAS WELLS...cveveerrierirerieteteeere ettt s e e et e st e st e s e s e s e serese e seesrenessemaneasssnsnessann 29
5. Data and results for correlations between dissolved-methane detection frequency and fracture density................. 43

CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATIONS

Muitiply By To obtain
acre 0.4047 hectare
cubic foot (ft3) 0.028317 cubic meter
foot (ft) 0.3048 meter (m)
gallon per minute (gal/min) 3.785 liter per minute

inch (in) 2.54 centimeter

mile (mi) 1.609 kilometer

pound per square inch (Ib/in?) 6.895 kilopascal

pound per square inch per foot [(Ib/in?)/ft] 22.62 kilopascal per meter
square mile (mi?) 2.589 square kilometer

Degree Celsius (°C) may be converted to degree Fahrenheit (°F) by using the following equation:
°F = 9/5(°C)+32.

Degree Fahrenheit (°F) may be converted to degree Celsius (°C) by using the following equation:
°C = 5/9(°F-32).

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from
a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.

Other abbreviations, terms, and symbols used in this report:
centipoise (cP)

degrees Fahrenheit per 100 feet (°F/100 ft)

grams per cubic centimeter (g/cm3 )

microsiemens per centimeter at 25 degrees Celsius (US/cm)
milligrams per liter of gas (mg/Ly)

CONTENTS v



milligrams per liter of water (mg/L)

permil (%o)
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GLOSSARY

Natural-gas and gas-well terms are defined in the
GLOSSARY and are italicized when first used in this
report.

annulus.--Open volume between wall(s) of drill hole(s) and
a gas-well casing (or gas-well-casings) (plural is
annuli).

biogenic gas.--Gas (mostly methane) that is generated by
bacterial processes at relatively small temperatures and
pressures.

bradenhead.--An impermeable steel housing that caps the
open space between the surface casing and the interme-
diate or production casing of a gas well and that is used
to monitor the presence of gas in the surface casing.

cathodic-protection well.--A coke-filled drill hole that
protects a gas-well casing from corrosion; typically

drilled several hundred feet deep and within several
hundred feet of a gas well.

coal-bed gas well.--A gas well that produces gas by dewa-
tering of coal beds (in this report, those of the Fruitland
Formation).

conventional gas well.--A gas well that produces separate-
phase gas that is trapped in geologic strata by buoyant
forces.

intermediate casing.--A gas well casing that is installed to
intermediate depth and contains the production casing.

production casing.--A gas-well casing that transports gas
from the producing formation to the land surface.

surface casing.-—-A gas-well casing that is cemented against
the earth and protects near-surface aquifers from gas
and water that might invade the annulus.

thermogenic gas.--Gas that is generated by elevated temper-
atures and pressures generally associated with deep
burial of sediments over substantial periods of time.
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SYSTEM OF NUMBERING WELLS

Well locations (land-net locations) listed in this
report are based on the U.S. Bureau of Land Manage-
ment system of land subdivision and indicate the posi-
tion of the wells by township, range, section, and
position within the section. This method of well loca-
tion is shown in the figure on the following page. All
of the locations in this report are north of the New Mex-
ico baseline and west of the New Mexico principal
meridian.

The land-net system indicates location by using
three numbers followed by two to four letters. The first
number indicates the township; the second number, the
range; and the third number, the section in which the
well is located. The letters following the section num-
ber indicate the location of the well within the section.
The first letter usually denotes the quarter section; the
second, the quarter-quarter section; and the third, the

viil SYSTEM OF NUMBERING WELLS

quarter-quarter-quarter section. The letters are
assigned within the section in a counterclockwise
direction, beginning with A in the northeastern quarter
(NE 1/4) and followed by B in the northwestern quarter
(NW 1/4), C in the southwestern quarter (SW 1/4), and
D in the southeastern quarter (SE 1/4). Letters are
assigned within each quarter section and within each
quarter-quarter section in the same manner. The final
letter “X” indicates that the well is centered in the
smallest section subdivision listed. Map locations in
irregular sections were derived by alignment of the sec-
tion template at the southeastern corner and along the
southern boundary of the section and extending tem-
plate subdivisions into uncovered section areas where
necessary. For example, 31N-10W-08CBD indicates a
well inventoried in the SE 1/4 of the NW 1/4 of the
SW 1/4 of section 8, Township 31 North, Range 10
West.






















































Table 1. Summary statistics for dissolved-methane concentrations

[N, number of sites; Q 55 (for example), quantile with subscripted number showing fraction of samples with concentration less than or equal to

concentration shown; <, less than; H,S, hydrogen sulfide]

Concentration of methane, in milligrams per liter

Percent of samples equaling

Category

Quantlles

or exceeding concentration,
In milligrams per liter

N Mean Maximum
Qs Qs Qs Qgs 0.005 1.0 10
All sites 205 1.3 <0.005 <0.005 0.077 53 39 34 i2 4
By aquifer type:
Alluvial 137 14 <005 <.005 <.005 8 49 23 4 0
Bedrock 68 3.6 <.005 05 1.55 27 39 57 28 13
By presence of H,S:
Without 164 S5 <005 <.005 <.005 12 28 25 6 2
With 41 4.1 <.005 2 2.8 33 39 71 37 15

detectable concentrations. Alluvial sites had a maxi-
mum concentration of 4.9 mg/L. whereas bedrock sites
had a maximum concentration of 39 mg/L; the fraction
of bedrock sites with concentrations exceeding

10 mg/L was about 13 percent. Mean concentrations
were 0.14 mg/L for all alluvial sites and 3.6 mg/L for
all bedrock sites. Boxplots of these data are a useful
way to show data distributions. Statistics shown by
boxplots are illustrated in figure 8. Side-by-side box-
plots comparing methane concentrations for alluvial
and bedrock sites are shown in figure 9.

Relation to Other Water-Quality Constituents

Rank correlations were made between dissolved-
methane concentrations and specific conductance, pH,
temperature, alkalinity, and concentrations of dissolved
solids, major ions, bromide, silica, iron, and manga-
nese, and equilibrium CO;, pressure. Equilibrium CO,
pressures (Drever, 1982, p. 35-58) were calculated by
use of the chemical-equilibrium model described by
Ball and others (1987). Correlations were done for
analyses of samples from alluvial, bedrock, and com-
bined water-quality sites. The results of these correla-
tions indicate that no correlation coefficient
(Spearman’s rho, R;) exceeded 0.572. The square of

this value (R¢Z = 0.327) indicates that less than one-
third of the variation in the dissolved-methane concen-
trations can be related to the variation in the other con-
stituents and properties listed. These results indicate
weak or nonexistent relations between dissolved-
methane concentrations and other constituents and
properties. The lack of clear relations can probably be

attributed to the complex variety of water-quality com-
positions in alluvial and bedrock aquifers.

The lack of correlation between dissolved-
methane concentrations and specific conductance and
dissolved-solids concentrations indicate that highly
mineralized water generally is not associated with large
methane concentrations. Dissolution of shales in the
Animas and Nacimiento Formations contributes to
large dissolved-solids concentrations. Generally, dis-
solved-solids concentrations in near-surface bedrock
strata increase southward in the Animas River valley.
Of the 24 sites having specific-conductance values
exceeding 2,000 uS/cm, 10 are bedrock sites, 9 of
which are located in a 7-mi reach from 2 mi north of
the State line to south of Cedar Hill. Seven of these ten
sites had measured methane concentrations less than
0.5 mg/L. Chemical analyses of samples from six of
these ten sites indicate that sodium is the major cation
and chloride and sulfate are the major anions.

The fourteen alluvial sites that had measured
specific-conductance values exceeding 2,000 puS/cm
are located between Cedar Hill and Aztec. Nine of
these sites had no measurable methane concentrations,
and the maximum measured concentration was
0.32 mg/L. The five sites with major-ion data indicate
a sodium calcium sulfate water type with little chloride.
Ten of the fourteen sites are located along the margin of
the alluvium, indicating that most saltier alluvial water
probably results from bedrock discharge, inflow from
tributary valleys, and dissolution of bedrock minerals.
The remaining four sites probably are located immedi-
ately down gradient from bedrock-discharge points
where lower shale contacts are exposed to the allu-
vium.

METHANE IN GROUND WATER 17



EXPLANATION

) Far-out value greater than 75th percentile plus 3.0 times IQR

X Outlier value between 75th percentile plus 1.5 times |QR
and 75th percentile plus 3.0 times IQR

Upper-tail range of values between 75th percentile and
75th percentile plus 1.5 times IQR

Median

Interquartile range
(IQR)

75th percentile (upper guartile)

25th percentile (lower quartile)

Lower-tail range of values between 25th percentile and
25th percentile minus 1.5 times 1QR

X Outlier value between 25th percentile minus 1.5 times IQR
and 25th percentile minus 3.0 times IQR

L4 Far-out value less than 25th percentile minus 3.0 times IQR

Figure 8. Statistics shown by a boxplot.

Water-quality measurements indicate a relatively
strong association between dissolved methane and
hydrogen sulfide (H,S). Only 41 of 164 (25 percent)
sites without H,S had measurable methane concentra-

tions (the mean concentration was about 0.55 mg/L),
whereas 29 of 41 (about 71 percent) sites with H,S had
measurable methane concentrations (the mean concen-
tration was about 4.1 mg/L). Because produced gas in
the study area is virtually free of H,S (Mark Weems,
COGCC, and Frank Chavez, NMOCD, oral commun.,
1991), the association between dissolved methane and
H,S may be attributed to a combination of several pro-
cesses:
1. Methane that has migrated vertically from

deep reservoirs can be oxidized by dissolved sulfate,
producing H,S and CO,. Kelly and others (1985) dem-

onstrated that methane-affected water wells in the

vicinity of a leaking gas well had smaller sulfate con-
centrations and greater concentrations of sulfide and
alkalinity compared to unaffected water wells. These
investigators confirmed this oxidation process by labo-
ratory experiments and a thermodynamic-equilibria
simulation.

2. H,S may be cogenerated with biogenic gas.
Oremland and Taylor (1978) demonstrated simulta-
neous methane generation and sulfate reduction. Over-
lapping distributions of methanogenic and sulfate-
reducing bacteria in reducing sediments and coexist-
ence of these bacteria in mixed continuous cultures
were reported by Cappenberg (1975). All three pre-
dominantly biogenic-gas samples collected from water
wells for this study (discussed in the section “Analysis
of Specific Gas Samples™) contained abundant H,S.
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Figure 9. Dissolved-methane concentrations for alluvial and bedrock ground-water sites.

3. Migrating natural gas may scavenge H,S from

sulfate-reducing zones in deeper strata or lateral to
water-well sites or may invade water-yielding sulfate-
reducing zones around water-well boreholes.

Information is not available to allow an assessment of
the relative predominance of these processes in the
study area.

Seasonal Variation in the Cedar Hill Area

Following initial sampling during September
1990, 20 randomly selected, valley-fill wells in the
Cedar Hill area were resampled during February 20-25,
1991, to document any short-term seasonal variation in
dissolved-methane concentrations. The hypothesis
tested was whether water-level declines during winter
allow more gas to migrate from bedrock, causing
greater dissolved-methane concentrations. Water lev-
els declined 1.6 to 29.4 ft in the 16 measured wells
between September 1990 and February 1991 because
of cutoff of diverted ditch water in early fall and pump-

ing from numerous household wells. Methane concen-
trations were less than 0.005 mg/L during both
sampling periods at 12 of the 20 sites, which indicates
no measurable increase in methane concentrations.
Concentrations increased 0.036 to 0.87 mg/L (mean
increase 0.30 mg/L) at five sites but decreased about
0.004 t0 0.71 mg/L (mean decrease 0.45 mg/L) at three
sites. On the basis of these data, no significant change
in methane concentrations during the 6 months can be
concluded.

METHANE IN SOIL GAS

At 192 of the 205 ground-water sites, soil-gas-
methane concentrations were measured in the vicinity
of each water well or spring (generally 50 to 100 ft
down valley). Soil-gas-methane concentrations were
measured at four soil seeps and adjacent to 352 gas
wells (usually within 1 ft of each casing at several loca-
tions). These data are presented in Chafin and others
(1993). This section: 1) compares soil-gas-methane
concentrations at ground-water sites to methane con-
centrations in the water at those sites, 2) describes soil-
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gas-methane concentrations at soil seeps and at gas
wells, 3) describes the relation of soil-gas-methane
concentrations at gas wells to the age of those wells,
and 4) compares soil-gas-methane concentrations at
ground-water sites to those at gas wells.

Ground-Water Sites

Soil-gas-methane concentrations at ground-
water sites seldom were greater than the reporting limit
of 0.005 mg/Lg (gas-volume basis), even at sites where

large dissolved-methane concentrations in the ground
water were measured. Soil-gas-methane concentra-
tions equaled or exceeded the reporting limit at five
sites (3 percent), with a maximum concentration of
0.5 mg/L,. This distribution indicates that background

soil-gas-methane concentrations were less than
0.005 mg/L,. The lack of a direct relation between dis-

solved-methane concentrations in ground water and
methane concentrations in soil gas can be attributed to
several factors: (1) dissolved gas at bedrock sites typi-
cally comes from confined strata that do not permit gas
to enter the soil column; (2) concentrations of gas in
alluvium generally are too small to permit substantial
flux of gas into the soil column; and (3) most methane
entering the soil column is consumed by methan-
otrophic microorganisms (Adamse and others, 1972;
Mancinelli and others, 1981). Striegl and Ishii (1989)
determined that bacterial consumption of methane was
important in soils overlying radioactive wastes in
north-central Illinois. The lack of a relation between
ground-water-methane concentrations and nearby soil-
gas-methane concentrations indicates that soil-gas sur-
veys generally are not useful to delineate areas in the
study area where ground water is charged with gas.

Soil Seeps

Soil-gas-methane measurements were used to
document four gas seeps in open fields in the study area
at 31N-10W-05AAA (400 mg/Lg methane), 32N-10W-
34BCB (360 mg/L,), 32N-09W-06BCA (570 mg/Ly),
and 32N-10W-01ADB (330 mg/Lg). Two of these seep

sites were reported by landowners and two were dis-
covered by lack of vegetation and confirmed by soil-
gas measurements. These seeps were manifested as
bare spots in the grass that were 5 to 10 ft across. The
three seep sites at 3IN-10W-0SAAA, 32N-10W-
34BCB, and 32N-09W-06BCA are located in the lower
valley near the river. At two of these three sites, several
seeps were observed over elongated areas about 250 ft

and 600 ft long, respectively, and were aligned nearly
parallel to the river. The locations and orientations of
these seeps indicate that they emanate from abandoned
river channels that cut through confining shale and are
now filled with coarse alluvium. The fourth seep was
located on a terrace at Bondad. A concentration of
330 mg/Lg was measured at this seep on October 24,

1990, but measurements in April 1991 indicated less
than 0.005 mg/L,.

Gas Wells

Statistics describing soil-gas-methane concen-
trations measured adjacent to gas-well casings are sum-
marized in table 2. The reporting limit of 0.005 mg/L,
was equaled or exceeded by 40 percent of the measure-
ments, and the mean concentration was 29 mg/Lg.
Concentrations of at least 100 mg/L, were measured
at 25 wells (7 percent) up to a maximum value of
1,200 mg/Lyg, which was measured adjacent to a gas
well at 33N-09W-31CCD. This well was left uncased
(except for surface casing) and unplugged since it was
drilled to a depth of 2,240 ft in 1937. Gas flow along
the outside of the surface casing was forceful enough to
overpressure sampling equipment and cause a mea-
sured soil-gas-methane concentration about twice that
of pure methane at ambient temperature and pressure
(about 600 mg/Ly).

Relation to Age of Gas Wells

To determine whether soil-gas-methane concen-
trations have some relation to the age of gas wells, soil-
gas measurements were divided into two groups on the
basis of the completion year of the wells. Those gas
wells completed during 1937-76 were compared to
those completed during 1977-90 to divide the data into
two nearly equal parts. Summary statistics for these
two groups are listed in table 2, and side-by-side box-
plots are shown in figure 10.

Gas wells completed during 1937-76 have
a greater mean soil-gas-methane concentration
(32 mg/Ly) than do gas wells completed during
1977-90 (25 mg/Lg). However, by not including the
1,200-mg/L, concentration for the gas well at

33N-09W-31CCD from the 1937-76 group, the mean
would be 26 mg/Lg. The 1977-90 group had a greater

75th-percentile value of 0.3 mg/Lg compared to
0.03 mg/L and had slightly greater percentages of con-
centrations equaling or exceeding 0.005 and 10 mg/Lg
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Table 2. Summary statistics for soil-gas-methane concentrations measured at ground-water sites and adjacent to gas-well

casings

[N, number of sites; Q ,5 (for example), quantile with subscripted number showing fraction of samples with concentration less than or equal to

concentration shown; <, less than]

Concentration of soil-gas methane
{milligrams per iiter of gas)

Percent of samples
equaling or exceeding

Site category

concentration, In

N Moan Quantiles Maximum milligrams per liter of gas
Qs Qs Q5 Qg5 0.005 10 100
Ground water 192 <0.005 <0.005 <0.005 0.09 <0.005 0.5 3 0 0
All gas wells 29 <.005 <.005 .009 200 1,200 40 14 7
Gas wells by
year completed:
1937-76 187 32 <.005 <.005 .03 240 1,200 34 13 7
1977-90 165 25 <.005 <.005 3 180 610 47 14 7

compared to the 1937-76 group. However, overall con-
centrations are not significantly different between

groups.

Comparison to Concentrations at Ground-Water
Sites

A comparison of soil-gas-methane concentra-
tions measured adjacent to gas-well casings and at
ground-water sites was made to determine possible
migration pathways of near-surface gas. Summary sta-
tistics for these two data groups are listed in table 2, and
side-by-side boxplots are shown in figure 11.

Concentrations of soil-gas methane deter-
mined adjacent to gas-well sites equaled or exceeded
0.005 mg/L, in 40 percent of measurements, whereas
concentrations determined at ground-water sites
equaled or exceeded 0.005 mg/L in only about
3 percent of measurements. Maximum concentrations
were 1,200 mg/L,, for gas-well sites and 0.5 mg/L, for
ground-water sites. Concentrations at gas-well sites
equaled or exceeded 100 mg/L, at 7 percent of the

sites.

GEOCHEMISTRY OF GASES

Methane delta-carbon-13 (3!3C;) values and
molecular compositions are important tools that are
used to characterize the geochemistry of hydrocarbon
gases.

813C1 values, in permil (%o), are defined by
(Faure, 1977, p. 379):

al3C1 =

13 12 13 12
ey 1epy  ~(Pero,

x 103%0, (1)
(13C/12C) ot

where

(13C1 / 12Cl) spl

= carbon-13 to carbon-12 mole ratio of methane
sample, and

(13C /12C) 1
= carbon-13 to carbon-12 mole ratio of

reference standard.

The reference standard is CO, gas generated by react-

ing belemnites of the Peedee Formation of South
Carolina with phosphoric acid.

Hydrocarbon-gas molecular composition is
expressed by the wetness fraction (W), defined by Rice
and others (1989, p. 606-607) as:

W =C,/Cys, )

where
C, =mole percentage of methane, and
C}.s = sum of mole percentages of methane,
ethane, propane, butane, and pentane.
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3.5

EXPLANATION

) Far-out value
9} 3.0 |— g ] .
2 . X Outlier value
(&)
w ' Upper tail
@]
o 25 |— 4 | 75th percentile
B °
| Median
z :
3_) 20 — X ] 25th percentiie
EE( 32 Lower tail
o
o] 1.5 — X ] X Outlier value
El ® Far-out value
=
@ 1.0 — —
9 Note: Concentrations less
4 than the reporting

N limit are assumed
[4%] — —
<2( 0.5 X to equal 0.003
T X milligram per
o liter of gas.
s o —
%)
<
O
4 -05 (— — —
(@]
"
&
> -1.0— —
Q
'_
=
[ -15 — —
z
L
g
o 20 +— Reporting —
o 0 Median \i limit \ /Median
-25
1937-76 1977-90
DATES OF WELL COMPLETION

Figure 10. Soil-gas-methane concentrations measured adjacent to gas-well casings completed dur-

ing 1937-76 and 1977-90.

Gases with wetness values near 1.00 are considered to
be dry. Gases with smaller wetness values (usually
<0.95) are considered to be wet.

Natural gas from the San Juan Basin consists of
two end-member types: biogenic (also called bacterial
or microbial) and thermogenic (Rice and others, 1989).
These two types of gas have distinctively different sig-

natures of d 13C1 values and gas-wetness fractions,
(fig. 12, table 3). Following a background discussion
of these two types of gas, this section will discuss sec-

ondary processes that can affect the geochemistry of
natural gas subsequent to migration from reservoirs.

Biogenic Gas

Biogenic gas is produced during bacterial
decomposition of organic matter in an environment
that has relatively shallow burial depths, is free from
oxygen, and is deficient in sulfate (Rice and Claypool,
1981). Biogenic gas contains small fractions of hydro-
carbons heavier than methane (C,, hydrocarbons),

generally has wetness fractions greater than 0.98, is rel-
atively enriched in carbon-12, and has d 13C1 values

generally less than -55 %o (Rice and Claypool, 1981)
(fig. 12).
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