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ABSTRACT

Nitrogen, neon, argon, krypton, helium, carbon dioxide,
hydrogen sulfide, methane, oxygen, hydrogen, ammonia, and ‘
nitrogen oxide were measured in water from fifty-one thermal
wells and springs in New Mexico. The gas composition of the
waters was compared with silica and alkali geothermometers.
Sixteen wells Qere sampled from the Liéhtning Dock Known
Geothermal Resource Area.

The concentration of nitrogen, neon, and argon in most
New Mexico thermal waters is close to the concentration
expected for air saturation. The concentration of helium is
in excess of alr saturation, and is attributed to leaching
of radiogenic helium by thermal waters. High concentrations
of helium are associated with thermal waters near the
boundaries of the northern-Rio Grande rift. The
concentration of carbon dioxide increases with subsurface
temperature calculated from the Na-K-Ca geothermometer and
probabhly is controlled by temperature-dependent aluminium-
silicate eqguilibria. The concentation of hydrogen sulfide
does not appear to be controlled by any water-rock
equilibria. Methane in Wew Mexico thermal waters appears
not to be controlled by anvy one reaction. Hydrodgen was
detected in onlv the Animas Valley hot well. Ammonia can
not be explained by gas equilibria. The concentration of
nitrogen oxide is in excess of air saturation.

The oxygen fugacities calculated from the carbon

dioxide/methane ratios measured in New Mexico thermal waters



fall between the hematite-magnetite and nickel-nickel oxide
oxygen-fugacity buffers between 37°C and 298°C.

Cases measured in the Animas Valley hot well were
depleted dué to subsuface boiling. The gases in the
non-thermal waters in the Animas Valley showed a zonation
around the hot wells similar to that found by previous
chemical studies of the area.

Several gas geothermometers were applied to gas
analyses of well and spring discharges from the Baca
geothermal reservoir, Valles Caldera, New Mexico. Gas
geothermometers based on the New Zealand geothermal system
and the empirical carbon dioxide/methane geothermometer gave

the best agreement with measured temperatures.
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TNTRODUCTION

STATEMENT OF PURPOSE

~

This study assesses the use of gases in the exploration
of geothermal waters. A survey of the gas composition of
fifty-one thermal wells and springs was made in New Mexico;
samples were collected between March and August, 1981
(Fig. 1). The gas data were compared with geothermometers
to determine which gases or gas ratios indicate high
geothermal potential and whether gases in thermal waters
could be used in the regional exploration of geothermal
resources. Data were compared with mineral equilibria and
reqional geology to determine the controls of the gas
chemistry of the rhermal waters.

gixteen well samples from the Animas valley, in the
Lightning Dock Xnown Geothermal Resource Area, were examined
to test the application of gases to geothermal exploration
in a known geothermal area (Fig. 2). The gas data were
compared tO previous geochemical and geological studies of
the area to see 1f the data could give useful information
about the chemistry, geolody, and hydrology as guides for

further exploration.

PREVIQUS WORK

Most studies have peen of gases in high temperature
reservoirs and have peen used to develop geochemical models
and to develop gas geothermometers (Craig, 1953, 1963;

D”Amore, 1977; p”amore and Nuti, 1977 D Amore and Panichi,

™
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Figure 1. Location of thermal wells and springs sampled in
this study:

1. Mamby Hot Spring _
2. Ponce del Leon Hot Spring
3. Statue Spring
4. Ojo Caliente
5. San Antonio Hot Spring
6. Spence Hot Spring
7. Soda Dam Hot Spring
8. Jemez Hot Spring
9. San ¥Ysidro Hot Spring
10. Kaseman Well # 2 (Warm Springs)
11. Montezuma Hot Spring
12, Blue Canyon Well
13. Socorro Spring
14-16. Bosgque Del Apache - Wells #9, 13, 20
17-19. Truth or Consequences - Yucca Bath, Sierra Grande,
Artesian Bath
20-21. Radium Springs -~ Bath House, Well %2
22-23. Las Cruses - Las Alturas Estates -~ Geothermal Well #1,
Presidents Well, and Golf Coarse Well.
24, Hillsboro Warm Spring.
25. Mimbres Hot Spring.
26. Faywood Hot Spring.,
27. Kennecott Warm Spring Well #3,
28. Riverside Well.
29. Telephone Company Well (ClLiff).
30-32. Gila Hot Springs.
33. Middle fork Gila Hot Spring.
34. Lower Frisco Hot Spring.
35. Upper Frisco Hot Spring.
36-51. Animas Valley Wells - Lightning Dock Geothermal Area
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Figure 2. Location of wells sampled in the Animas Valley,
Lightning Dock Known Geothermal Resource Area,
New Mexico.
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1980; Ellis, 1957; Giggenbach, 1980, 1981; Glover, 1970,
Hulston and McCabe, 1962; Lyon, 1974; Nehring and D"Amore, .
1981; Seward, 1974). A few studies have been made of gases
in low temperature waters. Gas geothermometers were applied
to gases from spring discharges for Wilbur Springs,
Ccalifornia (Thompson, 1979). The gas chemistry of spring
waters from the Shoshone Basin, Yellowstone, Wyoming was
used to understand the hvdrology and structure of the
geothermal system (Truesdell, 1976). Helium in spring
waters has been used to trace geothermal systems and to
locate structures related to geothermél activity (Xahler,
1981; Mazor et al, 1973). Noble gases in thermal springs
have been used to detect subsurface boiling (Mazor, 1975,
1977: Potter and Mazor, 1977).

The data and results of the nresent study has been
published as the New Mexico Energy Institute Report
"aAssessment of Geothermal Reservoirs by Analysis of Gases in

Thermal Waters" bv Norman and Bernhardt (1982).
GECTHERMOMETERS

A goal of the present study is to assess the use of
gases as indicators of geothermal potential. Therefore, the
gas data were compared with chemical geothermometers, the
geothermometers being an estimate of subsurface temperature.

The concentration of silica in thermal waters has been

used as a geothermometer, based on temperature-dependent
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solublities of quartz and other silica phases (Fournier and

Rowe, 1966)). The quartz geothermometer can be expressed

‘as:
T(°C) = [1309/(5.19-10g (c))} — 273.15,

where ¢ is the concentrationrof silica in mg/kg (Fournier,
1080). The quartz geothermometer works best for waters
with subsurface temperatures between 150 °C and 250°C
(Fournier, 1980). At lower temperatures chalcedony,
amorphous silica, or other silica phases may control the
concentration of silica in a thermal water. The
geothermometer is easily effected by dilution, giving lower
temperatures.

The Na/K ratio can be used as a geothermometer and is
based on observed variations with temperature of the
concentrations Na and K in thermal waters (Fournier and
Truesdell, 1973). The geothermometer is bhased on a model

reaction:

¥+ + Na-feldspar = Nat+ + K-feldspar.
Taking the activities of the solid phases to be unity, the
equilibrium constant for the reaction 1is:
Log {Xl) = Log (Wa+/K+) ,

where Na+/%+ is the ratio between the activities of Wa and X

in the thermal water. Most thermal waters cén be considered
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as dilute solutions, and the ratio of the activities can he

approximated by the ratio of the molarities. The ratio can

also be expressed in mass concentrations by the conversionz

mg/liter = molarity X molecular weight/1000.

The temperature dependence of the equilibrium constant is

given by the Gibbs-Helmholtz equation:
dLog (Kp) /dT = H /(2.303*R*T),

where T is the temperature in K, R is the gas constant,
H is the enthalpy change at T, and Kp is the equilibrium
constant of the reaction. A geothermometer was calculated

using field, theoretical, and experimental data:
T(°C) = {1217/ (Log (Na+/K+) + 1.483)} - 273.15,

where the concentration of Na amd K are in mg/kg (Fournier,
1979). The geothermometer generally gives good results for
waters with subsurface temperatures greater than 150°C, but
gives anomalously high temperatures for high-calcium and
low-temperature waters.

Fournier and Truesdell (1973) proposed a empirical
geothermometer that takes in to consideration the effects of
calcium on the aluminium silicate exchange reactions. The

model exchange reaction can be written as:
Ca-plagioclase + Nat = Na-Plagioclase + 1/2 Cat+,

where Log(K2) = 0.5 * Log(Ca++) - Log (Wa+), and Cat+ and
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Na+ are the activities of calcium and sodium repectively.
The Na-K and Na-Ca exchange reactions can be combined, and

the combined eguilibrium constant expressed as:
Log (K) = Log (K1) + B * Log(K2),

where B is dependent upon the stoichiometry of the reaction
(Fournier and Truesdell, 1973). An empirical geothermometer
was derived using chemical data from both thermal and oil

field waters:
m = [1647/Log(X1) + B * {Log (X2) + 2 06} + 2.47)} - 273.15,

where the concentrations of Na+, K+, and Cat+ are in mg/kg
Fournier and Truesdell, 1973). Fournier and Truesdell
(1973) found that B=1/3 gave the nest results for waters
with suburface temperatures greater than 100°c, while B=4/3
gave the best results for waters with temperatures less than
100°C.

The Na-K and Na—K—Ca geothermometers are relatively
insensitive to dilution if the thermal water is more saline
than the non~thermal water mixing with it. BRoiling may
cause preciéition of calcium carbonate resulting in
temperatures calculated from the Na-K-Ca geothermometer to
he too high.

pafes (1975) suggested that high pressures of carbon
dioxide result in anomalously high temperatures calculated
from the Na-K-Ca geothermometer for thermal waters less than

75°c. An empirical pC02 correction to the Na-K-Ca
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geothermometer was proposed. Application of pales
correction to thermal waters in Iceland and in the Geysers-
Clear Lake region, California, gave negative results
(Arnorsson, 1979; Goff and Donnelly, 1978). Norman and
Be;nhardt {1982) found a relationship between carbon dioxide
and Na-K-Ca temperature in New Mexico thermal waters similar
to that of Paées, but attributed it to high CO2 being

indicative of high subsurface temperatures.
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METHCDS OF INVESTIGATION
SAMPLING
Sampling Gases

The sampling apparatus consists of a 200 milliliter
sample bypass and a 33 milliliter pyrex sample container
(Fig. 3). The sample container is evacuated to lX.lO-4 torr
before sampling.

Figure 4 is a schematic diagram of the apparatus used
to sample springs. The funnel is placed over the main zone
of upwelling watex and gas to obtain the most representative
sample. A hand vacuum pump ig used to maintain a vacuum On
a two gallon polye£hylene carboy, the vacuum drawing water
from the spring through the sample bypass. Water is
circulated through the bypgss for several minutes to
minimize air contamination. The valve between the bypass
and the sample container (v2) is then opened, and a sample
is drawn into the evacuated sample cylinder. Water and gas
are allowed to flow through the sample container Dby
opening valve 3. After several minutes, +rhe valves are
closed, and the sample container is refrigerated until it is
analyzed.

Two methods were used to sample wells (Fig. 5y. If
there is a fitting or a sampling duct on the well discharge
pipe, then the sample bypass is connected directly to it via

a section of 1/2 inch o.d. nalgene tubing. Water flows




(12)

Figure 3. Schematic diagram of gas sampling apparatus.
Sampling apparatus is made of pyrex and

glass-body, high vacuum glass stopcocks used L
throughout,
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Figure 4. Sampling apparatus for springs.
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Figure 5. Sampling apparatus for wells.
a) Sampling from fitting on well discharge pipe

1

b) Sampling from end of well discharge pipe
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through the bypass, and the sample is obtained by the
procedure previously discussed. If there is no fitting on
the dischargé pipe to obtain a sample, the sample is
obtained directly from the end of the discharge pipe. Using
this methqd, a representative sample is more difficult to
obtain because the water may become air contaminated or
gases may become separated from the water before the sample
is taken. It is recommended that the second method be used
only for wells with a temperature less than 50°C, unless the

field partv is protected from scalding water.
Collection of Water Sample

A 500 milliliter sample of each water was collected for
cation analysis. Five milliliters of concentrated nitric
acid was added to the'sampie to prevent precipitation of
calcium, sodium, and potassium phases.

A separate 10 milliliter sample of each water was
collected for silica 2nalysis. The 10 milliliter sanple was
diluted with 90 milliliters of deionized distilled water o

100 milliliters to prevent the precipitation of silica.
ANALYTICAL TECHNIQUES
Analvsis of Gases
Analytical System

The analytical system consists of a sample inlet, a gas

e e AN bk R
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separation line, and a mass spectrometer (Fig. /). The
system is similar to the system developed by Dyck et al. )
(1.975). The sample inlet and gas separation line are made
of pyrex with high-vacuum, pellow-seal valves. Water
separation trap 2 and gas separation trap 1. are filled with
glass beads to provide a large surface area for condensing
gases. The system is evacuated to 1X10—5 to 1X10_6 torr by an
0il diffusion pump.

The pressure in the gas separation line is measured by
a Raratron 221AHS absolute pressure tranducer (MKS
Tnstruments). The instrument has a reported sensitivity of
0.5 to 1L.5 pct., and a resolution of 0.001 torr.

The mass specktrometer is a Inficon IQ200 guadrupole
with a electron multiplier detection system
(Leybold-Heraeus) . The revorted sensitivity of the
instrument i 1Xl0—13 torr. The instrument measures masses 1
to 200 over a concentration range of five orders of
magnitude. The mass spectrometer was operated in the
constant-delta mass mode and with an emission current of 2

ma. The electron multiplier was operated at 1200 volts.
8

9

The analyzer was evacuated to & pressure of 1X107° to 1X10°

torr using a oil diffusion pump. A small ion wvacuum DUmMp

was used to maintain a high vacuum On the analyzer when the

mass spectrometer was not in use.




Figure 6. Gas analytical system.
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Analytical pProcedures

When the sample inlet and gaSmseparation line are
evacuated to 1X10—5, the water-separation traps are cooled
with a dry icer— alcohol mixture, and the gas~separation
traps are cooled with 1igquid nitrogen. The sample 18
injected into the sample inlet by opening the valve between
the inlet and the sample container (v3). After several
minutes of boiling, the sample being agitated by a magnetic
stir-bar, the sample is degassed, and the waterx freezes.
The pressure stabilizes in twenty minutes. The analysis is

carried out in three steps, summarized in Table I.
TABLE 1

Qutline of Analytical 5teps

Step Procedure ' Fraction Gases Analyzed
) Analyzed
1 condensation of Sample noncondensable g2, CH4, He,
in Liguid N2 trep ar, ¥Xr, N2,
02, NO
2 Condensation On noncondensable Be, Ne, Ar, N2

Activated Charcoal
3 myvaporation of Liquid condensable co2, H2S, NHI,
N2-Condensed Gases Hydrocarbons
A sample of the noncondensable gas ig introducted into the
mass spectromater by opening the leak valve. The amplitudes
of the mass spectra are recorded. Then the activated

charcoal trap 1is cooled by liguid nitrogen and 1s opened toO
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the gas sample. The trap absorbs the reactive gases and the
heavy noble gases, thereby increasing the relative
concentration of the lighter rare gases. This is necessarf
to reduce the interference of the argon—-20 peak on the
neon-20 peak and to enhance the helium peak for low
concentrations of helium. Helium, neon, argon, and nitrogen
are measured in the depleted noncondensable gases. The

gases are pumped away, and the liguid nitrogen traps are
replaced by dry ice - alcohol traps. The condensed gases are
released and measured.

The condensed gases are pumped away. The charcoal trap
is heated to 80°C, releasing the absorbed gases. Infrared
lamps heat the water traps, and the water condenses in the
sample inlet. The sample inlet is dried. A new sample is
attached to the system and is run when the pressure drops

below 1¥107° torr.

Calculation of Gas Compositions

The net mass-spectra is obtained by subtracting the
background from the measured spectra. The gas composition
is calculated with a computer using a least-squares matrix
solution routine, developed for the system, that compares
the mass spectra with.the cracking outlines of knbwn gases.
The cracking outlines of the gases H2, COZ, CO,‘COS, N2,
NH3, N0, N20, NO2, H2S, 502, CL?, F¥2, He, Ne, Ar, Xr, CH4,
C?2HA, C3H8, and C6HL2 were determined by introducing pure,

standard gases into the mass spectrometer. The
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sensitivities of the gases relative to nitrogen were
Jetermined by measurement of known mixtures of each gas with
nitrogen. The gas compositions of each extraction step,
along with the pressures and the volumes of the gas line,
are used to calculate the gas composition of the total
sample. The volume of water is measured and used to

calculate the concentration of the gases in solution.

Analysis of Water Samples

The analvtical techniques used in the analysis of water

samples are summarized in Table II.
TABLE IX

Analytical Techniques for Water Analysis

Element Technigque Sensitivity*
Na atomic ahsorption (Perkin Elmer Model 303y 0.015 ppm
i atomic absorption (Perkin Elmer Model 303) 0.04 ppm
Ca EDTA direct ticration 0.7 ppnm
Si02 molybdate-yellow colorimetric method 0.1 ppm

* Na, K (Standard conditions, Perkin-Elmer); Ca, 5102
(Smith, 1982, Personal Commun. )

SOURCES OF UNCERTAINTY

A goal of this study is to relate measured gas
compositions to conditions in the subsurface. Uncertainty
can come from three sources: sampling uncertainty,

analytical uncertainty, and uncertainty due to processes
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that affect the gas composition between the geothermal

rerservoir and the surface.
Sampling Uncertainty

Air contamimation of a gas sample was a problem that
could not always be avoided. The sampling device was
designed to minimize air contamination, but air can be added
to a thermal water before a sample is taken. This was
especially troublesome when the sample was taken directly
from a well discharge pipe, because air in the discharge
pipe can be mixed with the water by action of the well pump.
Air contamination will result in an increase of the measured
concentration of the atmospheric gases. The non-reactive
atmospheric gases (N2, Ne, Ar, Kr) and oxygen are most
affected by air contamination. Helium and carbon dioxide
are found in excess of air saturation in most New Mexico
thermal waters, and ailr contamination could result in small
errors in their measured concentrations. Air contamination
also can result in the oxidation of reduced gas species
(e.qg., hydrogen sulfide, methane). Tt is difficult to
evaluate the errors due to air contamination because the
expected values of concentration vary over a range of values,
depending on the temperature and elevation of recharge into
the groundwater zone. The uncertainty due to air

contamination in the waters studied are given in Table TIIT.



(26)

TABLE IIT
Uncertainty Due to Air Contamination

Gas Air Sat. at Number of Samples Range of Median

1500m, 10°C in Excess of Air Sat. Error Error
{cc (STP) /liter)* (Pct.) (Pct.)
N2 12 16 g8 - 2190 21
Ne  1.7x10 " 17 6 - 188 47
Ar 0.32 12 3 - 091 19
Kr  7.5%107° 15 11 - 290 73
02 6.5 3 3 - 85 85
* Volumes have been recalculated at temperature = 0°C and
pressure = 1 atmo. (STP). Sources of gas solubhilities and

atmopheric pressure with elevation: Herzberg and Mazor
(1979); CRC Handbook of Chemistry and Physice, 40th ed.
11960) .

The air-saturation concentration of the gases at 1500 m and
10°C is taken as an average expected for Wew Mexico thermal
waters. Air contamination was approwximately corrected by
subtracting the excess nitrogen above 12 cc(STP)/liter, and
subtracting the excess oxygen, helium, neon, argon, and
krypton relative to their atmospheric ratios with nitregen.
The gas data used in this study were corrected for air
contamination except where the uncorrected data is used to

show the effects of air contamination.



Analytical Errors
Extraction of Gases

The close agreement between measured concentrations of
the atmospheric gases (N2, Ne, Ar, Xr) and those expected
for air saturation suggests that the technique used in this
study to extract gases from water is nearly 100 pct.
efficlent. Studies bv Dyck et al.(1976) demonstrated that
the extraction of gases is nearly 100 pct. using this

technique.
Measurement of Pressures

Pressures of the noncondensable fraction of gases
typically range from 0.15 - 0.35 torr. TUsing the
sensitivity of the capacitance manometert, the error in the
pressure measurements is less than 1 pct.. The pressure of
the depleted noncondensable fraction is typically €.005
torr, giving a error of 20 pct.. Pressure of the
condensible fraction typically ranges from 0.2 to 10 torr,

and has an error of less than 5 pct..

Calculation of Gas Composition

Five analyses of Socorro tap water are given in Table IV.
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TABLE IV

Analvses of Gases Dissolved in Socorro Tap water

Gcas Mean + std. dev. Precision Theoretical Value

(ce (STP) /liter) (Pct.) (cc (8TP)Y /liter)
at 1500m, 20°%C

N2 11 + 0.3 2.4 10

02 5.8 + 0.8 13 5.3

NO 0.045 + 0.014 40 1.8x10° %

co2 1.2 £ 0.3 25 0.23

He (3.5 £ 1.3)x107° 36 3.8%10°°

Ne (1.7 + 0.2)x107% 11 1.6x1074

Ar 0.35 + 0.04 11 0.27
, -5 =5

Kr (7.0 + 1.1)X10 15 6.0%10

The precision of the analysis for gases of high to moderate
concentrations (N2, 02, Ar) ranges from 2.4 to 13 pct., and
for gasas of low concentrations (He, Ne, Kr, No) from 11 to
40 pct. The precision of carbon dioxide and helium is 25
pct. and 36 oct. respectively, but most thermal waters in
New Mexico have higher carbon dioxide and helium

concentrations and the precision 1is expected to be higher.
Uncertainty Due EO gubsurface or Near Ssurface Processes

As a thermal water comes in contact with the
atmosphere, gases may ne lost because the gases are no
longer in equilibrium with the atmosvhere. This is a major

problem in sampling thermal spring waters. The reasons for
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this will be discussed in more detail in the section on the
origin of gases. The uncertainty due to loss of gases in

New Mexico thermal waters are summarized in Table V.
TARBLE V

Uncertainty Due to Loss of Gases

Gas Air Bat at Number of Range of Median
1500 m, 30 C. Samples Below Uncertainty Uncertainty
{(cc(8TP)/1liter) Air Sat. (Pct.) (Pct.)
N2 8.3 14 4 -~ 100 31
-4
Ne 1.5X10 ° 22 7 - 61 33
Ar 0.23 15 4 - 73 17
Kr  4.3%107° 24 2 - 91 54

As a thermal water flows toward the surface, a gas
phase may separate from the aqueous phase. The gas phase,
heing less dense, will ascend faster than the aqueous phase
enriching the near surface waters. Four samples, all from
bubbling springs, had extremely high gas concentrations. Tt
was assumed that the high gas concentrations were due to
this procesé. The excess gag ranges from 240 pct. to 620
pct. of the air saturation values with a median of 420 pct..
A gas-enrichment factor was calculated by dividing the
measured concentration of nitrogen by 12 cc(STP)/liter. The
other gases were corrected by dividing their concentration
by this factor. This method gives reasonable results:
the corrected concentration of the non-reactive atmospheric

gases {Ne, Ar, Xr) are near their sxpected air-saturation
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values. The data used in this study have been corrected for
the excess gas.

Boiling of a thermal water will result in a decrease in
the concentration of gases in the residual thermal water and
an enrichment of gases in steam. The concentrations of
nitrogen, neon, argon, and krypton in the Animas Valley hot
well were 0.001 to 0.005 of their expected air saturated
concentrations; the low gas concentrations are attributed to

loss of the gases during subsurface boiling.
Uncertainty in Chemical Analysis

The uncertainty in the analyses of Na, K, Ca, and 5102

are given in Table VI.
TABLE VI

Uncertainty in Chemical Analyses

Element Detection Limit Uncertainty

Na 0.015 ppm L.ess than 1 pct.
J 0.04 ppm Less than 5 pct.
Ca 0.1 pPm L,ess than 5 pct.
5102 0.1 ppm Less than 5 pct.

The chemical geothermometers are relatively insensitive to
errors in the chemical analvses because the geothermometers
use the log of the concentrations. Assuming a worst-
possible case of an error of 25 pct. will result in a
difference of 10°C to 15°C in the temperature calculated

from the geothermometers over the range of 50°C - 250°C.
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RESULTS

The ranges of gas concentrations measured in New Mexico
thermal watérs are given in Table VII. The data is not
normally distributed, and the median and mid-range spread
are used instead of the mean and standard deviation to
give better point estimates of the central tendency

and variance.
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TABLE VII
SUMMARY OF MEASURED GAS CONCENTRATIONS
TN NEW MEXICO THERMAL WATERS
Gas Number of Range
Measurements (Uncorrected)

N2 53 5.8%107° - 86
02 52 0 - 21
He 53 C1.7%107° - 0.67
Ne 48 s ax10~% - 1.0x107°
Ar 53 | 5.4%107° - 1.7
Kr 28 5 ax10”7 - 3.3x107°
H2 1 -
n2s 12 0 - 1.8
co? 53 0.063 - 1500
ciA 51, 5.0%107° - 9.8
NH3 1 - 0 - 0.17
NO 49 3.3x1o"3 - 0.18 g

All concentrations in cc(S8TPY/Lliter

u

% Mid-Range Spread = 75% Guartile - 25% Qu

i
t




]

Re—.2e”
(C=— rrected)

5.2 %1073 - 17

3.2710"3 - 0.07

(33)

TABLE VII

Median

2.2
8.0X107
1.AX107
0.27

5.7X10°

0.013

o
W N

1.4%X107

4

4

5

2

Mid—Ragge
Spread

4.0

4.0
2.9%x103
1.5%1074
0.11

5.1%X107°

13.4

44 .5

1,810 72

1. ~orrected for air contamination and gas enrichment.
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THE ORIGIN OF GASES

Introduction
The Atmosphere-Water-~-Rock System

The gas composition of a water reflects its history in
the hydrologic cvcle and is a result of a variety of
chemical reactions and physical processes occuring in the
atmosphere-water-rock system (Fig. 7).

In applying thermodynamic models to natural water
systems, the assumption is made that the system is in
chemical equilibrium. WNatural water systems are flow

systems, and the system may or may not be described by

equilibrium. The time invariant state of a flow system is
defined as the steady state (Stumm and Morgan, 1270).
Steady state conditions can be approximated by eguilibrium
when the flow rates of the system are small relative to the
rates of chemical reaction. This condition is likely to
prevail in groundwater svstems (Stumm and Morgan, 1970),
and equilibrium models have been applied successfully to the
gas chemistry of geoﬁhermai systems (Ellis, 1957; Giggenbach,
1980, 1987; Nehring and D Amore, 1981; Nuti et al., 1980;
Seward, 1974).

A thermodvnamic model can be developed for . the
atmosphere-water—-rock system similar to that of Stumm and

Morgan (1970) (Fig. 8). The thermodynamic model consists of

a gas phase, a aqueous solution phase, and one or more solid



(35}

Figure 7. Hydrologic cycle in a hypothetical geothermal
system (After Freeze and Cherry, 1979; White,

1968). Small errows represent flow path of water
in the hydrologic system.
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Figure 8. Generalized thérmodynamic model of a natural water
system (After Stumm and Morgan, 1970).

Pi is the partial pressure of the ith component in
the gas phase; The sum of Pi is egual to the total
pressure of the gas phase.

1} is the activity of the ith component in the
aqueous phase; the sum of {i) is equal to the
total concentration of components in the aqueous

phase.
Phase a is the ath solid component of the solid !
phase; the sum of the component defines the %

composition of the solid phase.
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phases. The gas phase 1s defined by the partial pressure of
the gases in the gas phase. The agueous solution phase is .
defined by the activity of the consituents in the agueous
solution phase. 1In dilute solutions, the activity of the
consituents can be approximated by concentration of the
consituents in solution. The solid phase is defined by the
mineral composition of the solid phase and the activities of
components in the mineral phases.

1t is possible to igsolate subsystems of this thermal
dynamic model when considering particular parts of the
hydrologic cycle to describe the interactions within the
atmosphere—water—tock system (Fig. 9y, In considering gases
dissolved in groundwaters, the simplest system consists of a
gas phase and an agueous solution phase (Fig. ga). This
subgystem can be used to describe the portion of the
nydrologic cycle where equiilibrium exists at the atmosphere
- water interface. gurface water 1s open to exchange of gas
with the atmosphere. The concentration of a gas in solution
depends on the temperature of the water and the partial
pressure of the gas in the  atmosphere. The concentration of
a gas in water and the partial pressure of the gas in the

atmosphere are related by Henrv’'s Law:
{gasl =K * P,

where fgas1 is the concentration of a gas in agueous

solution, K is the Henry' s Law coefficient at the
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subsystems of the general thermodynamic model of a
natural water sysem (After Stumm and Morgan,
1970). Symbols are defined in Fig. 8.

gigure 2.
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remperature of the water, and P is the partial pressure of
the gas in the atmosphere. The concentrations of gases in.
the atmosphere and in water in equilibrium with the
atmosphere are given in Table VIII.

As water infiltrates into the solil zone and encounters
the water table, the water 1is still in contact with the
atmosphere through the gases in the pore spaces of the soil.
This part of the atmosphere—waternrock system can be
represented by gubsystem b (Fig. 9b). The aqueous phase
reacts with the solid phase and gases can he added to OF
removed from the agueous phase, hut the gas composition of
rhe agueous ohase 1is stjll fixed by the composition of the
atmosphere.

When water circulates pelow the water table into the
saturated groundwater zone; i+ is no longer open to
exchanges OLf gas with thé atmosohere. This part of the
system can be represented by subsystem € (Fig. 9¢). The
changes in the gas composition will depend upPON whether a
gas 1s inert or reactive and whether there are radiocgenic Or
juvenile inputs of the gas Lnto the system.

The coﬁcentrations of the inert gases, such as
nitrogen, neol, argon, and kyyoton, are fixed by the partial
pressures of these gases in the atmosphere;, andishould not
change as the water circulates in a geothermal system. The
composition of theée gases} when sampled; should reflect the

the temperature and composition of the atmosphere where the
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TABLE VIII

CONCENTRATION OF ATMOSPHERIC GASES IN WATER

s Concenfration Concentration in Water~

in Air 1000 m. Elevation 3000 m. Elevation
10°C 30°C 10°C 30°C

0.79 12 8.2 10 6.9
0.21 6.4 4.3 5.4 3.7
5.2%1.07° 3.9%107°  3.5%X107° 3.2%107°  3.0x107°
1.8%107° 1.7%107° 1.5x107°  1.4x10”% 1.2x10 %
9.3%107°> 0.33 0.21 0.27 0.18
1.1x107° 7.4%107°  4.6X107°  6.2%10°° 3.9¥10 >

2 3.3x107° 0.33 0.18 0.28 0.15

4 2.0x107° 6.0x10"% 4.6%x107%  s5.0x107% 3.0x107°
5.0%x10" 7 2.4%107° 1.6%107°  2.0%x107° 1.4x107°

Concentration in mole fraction, Source: CRC Hanbook of
Chemistryv and Phyvsics, 58th ed.

Concentration in cc(STP)/liter, Source of gas solubities

and atmospheric pressures with elevation: Herzbherg and Mazor
{1979); CRC Handbook of Chemistry and Physics, 40th ed.
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water infiltrated the groundwater zone.

The concentration of reactive gases, such as carbon
dioxide, methane, hydrogen, hydrogen sulfide, and ammonia,
depends on the chemistry, temperature, and flow rate of
the agueous phase, the water-rock reactions that occur, and
whether or not chemical equilibrium is obtained. Several
model water-rock reactions and the gas concentration
expected for chemical equilibrium are given 'in Table IX.

Boiling of the water will result in the formation of a
gas phase (Fig. 9b). The composition of the residual
agqueous phase will depend on the temperature of boiling, the
amount of water vavor formed, and the partitioning of the
gases between the aquecus and vapor phases.

When a groundwater disharges to the surface, it is
agaiﬁ in contact with the atmosphere, and transfer of gases
between the agueous phase and the atmosphere can occur if
the gases are no longer in eguilibrium with the atmosphere.
(Fig. 9b).

In summarv, the gas composition of a water will depend
upon the path through these various subsystems that is
traveled within the hydrologic cycle (Fig. 10). 1In
geothermal exploration, the chemistry of a thermal spring or

a shallow thermal well is used to estimate the conditions

[
i

of a geothermal reservoir at depth. It is assumed that the
chemistry of these waters is representative of chemical

equilibrium or near equilibrium conditions in the geothermal

ORI, A e e
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Figure 10. Paths between the various subsystems of the
general thermodynamic model of a natural water
svstem. e

»
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TABLE IX

EQUILTBRIUM CONCENTRATIONS FOR GASES INVOLVED IN
- VARIOUS MODEL REACTIONS

Reaction

E.J

émontmor. + CO2 + 8H20 = calcite + 7kaolinite + 8gtz.
2 chlorite + 5calcite + 5C02 = %aol. + gtz + dolomite + 2H20
3 clinozoisite + 2C02 + 2.5H20 = 1.S5kaolinite + 2calcite
4 plag. + CO2 = clay + calcite

5 calcite + 2H+ = Ca++ + H20 + CO2 *

6 H20 = H2 + 1/202

7 FeS2 + H2 = FeS + H?2S

8 3FeS2 + 2H2 + 4H20 = Fe304 + 5H2S

9 FeS2 + H2 + Al-silicate(H20) = Fe~Al-silicate + 2H2S
10 FeS + 4H20 = H2 + 3H2S ,

11 8Fe304 + 3504= + 2H+ = 12Fe?D3 + H2S **

12 C + 2H2 = CHA4

13 2C + 2H20 = CO2 + (Cid *%%

14 CH4 + 4H2 + ZH20 *%x

I
Q
@)
o

15 N2 + 3H2 = 2NH3 *#*%

* pH = neutra13+ 0.5 pH

Cat++ = 1X10D m

** pH = neutral + 0.5 pH
S04~~- = 1X10 m

*** CO2 buffered by reaction 2
*FE*x N2 = 10 ¢c(STP)/liter

All reactions involving hydrogen are buffered by reaction 6
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TABLE IX
Gas : Concentrations (cc(STP)/liter)

50°C 1.00°C 200;c 300°C
coz 0.1 3860 - -
co2 0.17 2.7 215 7225
co2 3.0%10°°  0.13 108 12850
co2 - 1.0x10" " 8.4 11990
co2 7.2 23 78 69
2 a0x10” % 6.4x107°  0.66 32
H2S - 4.0x107° 1.0 272
H2S 2.0%107° 7.9%10 2 2.0 143
H2S 1.0 2.6 20 164
H2S 0.013 0.7 3.4 73
H2S 1.ax10” 2.1x1070 1.oxin” " 2.6x107 "
CHA4 1.9 6.0 85 -
CHA4 50 9.5 2.0 1.7
cHa | s.ox10”3 1.8x1077  0.45 8.2
NH3 © 9.0v107°  0.07 0.0 0.1

Sources of Data: Reactions 7,8,9,70,12,13,14,15
(Giggenbach, 1980); Reactions 1,2,3,4 (Giggenbach, 1981);
Reaction 6 (Giggenbach, 19882), Reactions 5,11

(Helgeson, 1969)
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reservoir. The reaction rates of the constituents iﬁ
solution must be slow relative'to the time of upflow from
the geothermal reservoir to the surface. The assumptions in
applying chemistry of spring waters o the estimation of

subsurface temperature are summar ized by Fournier et al.

(1974) and Ellis (1979} .
Classification of the Gases

The gases measured in this study can be divided into
four principle groups: 1) gases whose SOULCE is primarily
the atmosphere (M2, Ne, Ar, Xr); 2) gases whose sources
include the atmosphere and radiogenic decay (He, Ar): 3)
gases whose sources include the atmosphere and water-rock
interaction (co2, NO); and 4y gases whose source 1is

orimarily water-rock spteraction (H25, 502, H2, CH4, NH3) .

NITROGEN, NEON, ARGON, AND KRYPTON

Data

The ranges of nitrogen, neon, argon, and krypton
measured in New Mexico thermal waters are given in Table X.
Nitrogen, argon, and krypton in thermal well waters
show a slight déctease in concentration at the 5 pct. level
of significance with increasing subsurface températures
calculated by the MNa-X-Ca geothermometer (Norman and

Rernhardt, 1982). The 1s no relation between these gasas

and temperature in the thermal spring waters.




(50)

TABLE X

MEASURED CONCENTRATIONS OoF NITROGEN, NEON, ARGON, AND KRYPTON
IN NEW MEXICO THERMAL WATERS *

Gas Range Median Mid-Range
spread
Nitrogen ¢ ax10 > - 37 12 5.0
' -6 -4 -4 ~2
Neon 5,4%X10 - 4.9%10 2.2%10 1.4%X0
Argon 3.4x107 0 - 0.61 0.27 0.11
- - -5 -
Krypton 2.4%10 7 2.9X10_q 4.3%¥10 6.7%X10 5

* The concentrations are not corrected for alr contamination;
all concentrations in cc (8TP)/liter.

Discussion

Most of the analyses for nitrogen, neon. and argon in
New MexlcoO thermal waters £all within or near the rande
expected for air—saturated waters (Figuré 11). This is in
agreement with other studies that have shown that the
concentration of nitrogen and the noble gases is due to
their solubility in water (Gunter . 1873 Terzbherd and Mazor;,
1979; Mazor: 1977, 1978; Mazor et al, 1673, 1974; Mazor and
Wesserbergy 1965) . Because the concentration of krypton is
near the detection 1imit of the analytical system, the wide
range oOf rhe krypton analyses is probably not significant,

geveral of the analyses of nitrogeny, neon,‘argOn, and
krypton are pelow the air—saturation values. The lose of
the gases cah he explained—either by boiling or bY 1oss of

gases due to & decreasing gas splubility with increasing
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Figure 1l. Range of Nitrogen, Neon, Argon, and Krypton
measured in New Mexico thermal waters. The data
not corrected for air contamination is used. The Lo
solid line enclose the range of gas analyses for
most New Mexico Thermal Waters. A few exXxtremme
values were omitted to show the range of the
majority of the waters. Dashed lines are the air
saturation concentrations at 10°C and 30°C at sea
level (a) and at 3000 meters (h).
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remperature.

The decrease in nitrogen: neon, and argon
concentrations with the Na-X-Ca temperature is too slight to
be attributed O subsurface boiliﬁg. The high Na-K-Ca
temperature waters may be mixtures of boiled, gas—depleted
water with non—depleted water.

When water, that was once in equilibrium with the
atmosphere is heated in a geothermal system, the solublity
of nitrogen, neony argon, and krypton will decrease. The
gases can be lost from a thermal water to the atmosphere
when the thermal water discharges to the suriace; hecause
the gases are no longex in equilibrium with the atmosphere.

Many nitrogen, neoh, argon, and krypton analyses are
higher than éxpected from air saturation for reasonable
recharge elevations. The exCesSsS gases can be attributted to
alr contanimation of the gas sample (Phillips, 1982,
personal communication). The trends due to air
contamination can be calculated from techniques developed by

phillips (1e81) .
Appiication to Explbration

There is no application for nitrogen, neon, argon: and
krypton in regional exploration for geothermal resources
pecause the concentrations of these gases have little
temperature dependence and because several processes may

effect thelr concentration. The gases may pe useful in
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studying a known geothermal resource; because the gas
concentrations may be able to identify boiling in the system
and to distinguish waters from different recharge areas. -
Tor example, noble -gases have been used to calculate the
temperature of poiling and deduce flow direction at the
Larderello geothermal system, Ttaly (Mazor, 1978/79; Potter
and Mazor, 1977) and to detect subsurface boiling in the
Geysers - Clear Lake geothermal area and Lassen geothermal
area, Northern California (Mazor, 1975, 1977; Potter and

Mazor, 1977).
HELIUM

Data

The concentration of helium measured in New Mexico
thermal waters ranges from 1.7%107° to 0.1 cc(sTP)/liter,
with a median of 8.0X10‘4 cc (8TP) /liter.

Thermal waters associated with the Rio Grande rift tend
to have higher helium concenktrations than thermal watears
jocated off the rift (Fig. 12). The highest helium
concentrations were found in thermal waters near the
intersection of the Jemez Lineament with the boundaries of
the Rio Grande rift.

At the 1 pct. level of significance, the concentration
of helium in thermal well waters increases with increasing
subsurface temperature calculated by the Na-X-Ca

geothermometer (Norman and Bernhardt, 1982). There is no




Figure 12. Generalized map of the Rio Grande rift and major

crustal lineaments (After Chapin et al., 1978) .
Data points are helium concentration of New -
Mexico thermal waters in cc (STP)/liter.
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correlation bhetween helium concentration and the Na-K-Ca
geothermometer in thermal spring waters (Worman and' o

Bernhardt, 1.982%.
Discussion

Belium is found in excess of air gaturation in all
thermal waters gampled exceot for the Animas valley hot
well. The range of helium measured in New Mexico thermal
waters is within the range observed in other thermal waters.
{(Mazor and Wasserburg, 1965 Cralg et al, 1978; MazOr r 1972
Mazor et al, 1973; Mazor et al., 1974; Mazox , 1978/79;:
Wwenhlan et al., 1979). The eXCcess nelium in thermal waters
is attributed tO the leaching of radiogenically produced
helium from country rock (Xahler, 19g81). High temperatures
enhance the 1eaching of heiium from minerals and increase
the mobllity of helium (Mazor: 1977) .

The time réquired to accumulate helium in groundwaters
by radiogenic decaV of uranium and thorium €O the
concentraticn observed 1in New Mexico thermal waters is
summar ized in Table XI. The ages are calculated assuming
that all the helium produceﬁ goes into the water. Thusg,
these ages should be considered minimium values.

The ages Of many geothermal systems are estimated to
be on the order of 1,000 tO 100,000 years (E1lis, 1979) .

. White (1.974) egtimates th age of the Steamboat Springs,

Nevada geothermal system €O ve on the order of 100,000 €O
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TABLE XI

TIME REQUIRED FOR ACCUMULATION OF HELIUM IN PORE WATERS
IN THE RANGE OF HELIUM CONCENTRATIONS OF NEW MEXICO
THERMAL WATERS

Helium Concentration Accumulation Time (years)
(cc(STP)/liter) % +
Average Granite "Hot" Granite
1.0x10” " 22,000 7,400
1.0%107° 360,000 - 120,000
1.0X10_2 3,700,000' 1,200,000'
1.0%107 " 37,000,000 12,000,000

Times for helium accumulatiog1§alculated from_, 4
He(cc/liter) = d X £(1.19%10 7 X U + 2.88X10 - X Th)
(Andrews and Leeg, 1980)

= density (g/cm3) of source rock
= time (years)

a
t
* pAverage Granite: U = 5 pom, Th = 20 ppm: Rrauskopf (1267)

+ Conway Granite, New Hampshire: U = 15 ppm, Th = 60 ppm:
Rogers and Cathan (1.965)
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1,000,000 years. Loésdon (1981) estimates the age of the
thermal waters in the Animas valley, New Mexico to he on
the order of 100,000 years. The Valles Caldera, New Mexico
formed 1.1 million years ago (Goff and Grisby, 1982), and
+he caldera thermal waters would be younger than 1.1 million
years. These ages are too chort a period to explain helium
concentrations in New Mexico rhermal waters areater than
0.01 ce(sTP) /liter.

1t is possible that the helium-rich thermal waters in
the Rio Grande rift are due to 2a 1ocally high concentration
of uranium in the crust. However, production rates of
radiogenic helium calculated for a granite high in uranium
and thorium are too‘low to account for the high helium
concentrations (Table XI). The nelium rich waters are
associated with areas of high heat £low, which has heen
attributed to recent magmatic and tectonic activity and not
to high radiocactivity in the crust (Bdwards et al., 1978).
Ther=fore, it is unlikely that the high helium
concentrations can ve explained by high uranium and thorium
concentrations.

some of the heljum in the thermal waters may result
from circulation of the thermal waters 1in uranium rich
sediments. None of the thermal waters studied, with the
exception of the thermal waters in the Bosque Del Apache
Game Refuge, are in the vicinity of known uranium

mineralization. In general, most sedimentary rocks have
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uranium and thorium concentrations jess than the Conway
Granite (Table X1). However, it is not possible to

-

determine the contripution of nelium from this source toO the
waters studied.

Helium from geothermal reservolirs can migrate toward
the surface along permeable faults and fractures (Rahler,
1981). Transport of helium may be three orders Of magnitude
more effective along faults then through surrounding country
rock (Reimer et al, 1976). High helium hag been detected over
deep faults (Bulashevich and Bashorin, 1973; Datta, et al,
1980; Hinkle and Kilburn, 1980). Deep faults can transport
nelium derived from radiogenic decay from a large volume
rock (Datta et al., 1980) .

High 3He/4He ralios were found in thermal waters from
the valles Caidera, Jemez Mountains (Craig, 1982, personal
commun.). High JHe/4He ratlos have been obgerved in other
thermal waters and along deep faults (Bulashevich and
Bashorin, 1973; ginkle and Rilburn, 1980), and it is
beliesved that the high ratios are characteristic of
magmagtic OF mantle-derived nelium (Craig et al., 1978, 1979;
Cutsalo, 1975; Welhan et al, 1979; Barnes et al., 1981). It
is possible that the high helium aésociateﬁ with other
thermal waters 1ocated near the intersection of the JemeZ
Lineament and the Rio Grande rift could be due to input of
mantle-derived helium.

The poundary faults of the Rio Grande rift could act as

2 conduit for deep, radiogenically derived helium and may
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explain the generally higher concentrations of helium
observed in the rift thermal waters relative to the non-rift
thermal waters. The intersection of the boundary faults of
the Rio Grande and the Jemez Lineament may be

especially favorable for the transport of crustal and

possibly mantle helium.
application to Exploration

Helium concentrations cannot be used directly to
estimate temperatures of & geothermal reservoir because
helium concentrations are controlled by other factors
necides temperature. Helium in thermal waters ;g assoclated
with deep faults and areas of nigh heat flow and may be used

to locate areas Fayorable for geothermal resources.
CARBON DIOXIDE
Data

The concentration of carbon dioxide measured in New
Mexico thermal waters randges from 6.063 to 1500
cc (5TP)/Lliter, with a median ofA4.6 cc(sTRy/liter.

In general, thermal waters along the Rio Crande Rift
have higher concentrations of carbon dioxide than waters
outside the rift.

At the 1 pct. level of significance, the concentration

of carbon dioxide /in thermal well waters was found toO

increase witn subsuriface temperatures calculated by the
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Na~K-Ca geothermometer (Norman and pernhardt, 1982). No
correlatidn was observed between carbon dioxide
concentrations in thermal spring waters and temperature

(Norman and Bernhardt, 1982).
Discussion

Water in equilibrium with the atmosphere at 20°C can
dissolve 0.27 cc{STP)/liter of carbon dioxide. All waters
sampled, with the exception of the Upper Frisco Spring and
the Animas Valley hot well, have carbon dioxide greater than
the air-saturation value.

The excess carbon dioxide could come from several
sources:

1) calcite - aluminum—silicate equilibria;
2) dissolution of carbonata2s;

3) bhreakdown of organic matterial; and

4) magma degassing.

The range oOf carbon dioxide measured in New Mexico
thermal waters fFalls within the range expected for various
calcite - aluminum-silicate equilibria (Table IX). The
calculated carbon dioxide partial pressures for New Mexico
thermal well waters with Na-K-Ca temperatuvres greatat than
60 C are plotted on a mineral stablity diagram for
calcium—aluminium—silicates (Fig. 13). The pcoé of the
waters was calculated using the Henry’ s Law coefficient at

the Ma-K-Ca tenmperature of the water, assuming the

concentration of carhon dioxide measured in the thermal
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Figure 13. Stability diagrams for calcium-aluminum-silicate
(a) and feldspar-mica (b) (After Giggenbach
(1981)). Data points from New Mexico thermal
well discharges with Na-K-Ca temperatures greater
than 60°C, pC02, in atmogpheres, was calculated
at the Na-K-Ca temperature. Squares are data
from Baca geothermal reservoir, Valles Caldera,
New Mexico released by Union Geothermal (1981),
octagons are data from New Mexico thermal waters
sampled. The following reactions are considered
in Figure 13a.

i

1 éfmontmorill. + CO2 + 8H20 calcite + 7kaolinite + 8quartz
2 chlorite + 5Scalcite + 5C02= kaolinite + gtz + dolomite +2H20

3 clinozoigsite + 2C02 + 2,5H20 = 1.5kaolinite + 2calcite

4 3grossular + 5C02 + H20 = 7clinozoisite + Scalcite + 3guartz
5 plagioclase. + CO2 = clay + calcite

Reactions 1 and 2 are from Helgeson (1969);
Reactions 3, 4, 5 are from GCiggenbach (1981).
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The

wakters with Na-K-Ca ~

greater'than 140°d fall in the epidote field;

140°C fall in the

in the xaolinite field, the reaction poundaries hetween

kaolinite—calcium montmorillonite

plotted (Fig. 13a) -

Na-K-Ca less than 70°C and log(pCOZ) greater than
in the kaolinite ctability field.

Na-K-Ca temperatures greate

and kaolinitemchlorite are

The data from thermal waters with
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montmorillonite stablity field.
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alteration mineralogy with
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minerals {FEllis and Mahon;,
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results of this study are

manv other geothermal systems
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Application to ceothermal Exploration

Carbon dioxide is the best gas for use in geothermal
axploration. Carhon dioxide 1s controlled by remperature
iependen£ equilibria and may be used to estimate gubsurface
remperature. Carhon dioxide can pe used to model the
alteration mineralogy of a geothermal system possibly
giving jpnformation about the properties of the reservoir.
The PCO2 of a geothermal reservoir can be estimated bY using
the Henry s Law coefficient at the temperatures indicated by
qeothermometers, giving information about the physical and

chemical properties of geothermal reservoir fluids.

HYDROGEN SULFIDE

Data

Hydrogen aylfide was detected in nine rhermal wWatersS.
The concentration of hydrogen sulfide fanged from 0.nNL6 Lo
1.8 cc (sTPY/liter with a median of 0.% cc(sTpy/Lliter. The
occurrence of hydrogen sulfide 1s :eétricted to thermal
waters 1ocated within the Rio Grande rift.

There was ne correlation obhserved hetween hydrogen
sulfide concentrations and geothegmometets (Worman and

nernhardt, 1982) .

Discussion

Hydrogen sulfide 1s not 2 component of the atmosphere
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and must ne added tO the thermal waters DY water—rock

interaction. One can postulate several sources for hydrogen

gulfide in New MexicoO thermal waters:
1) mineral equilibria;
23 reduction of sulfate;

3) breakdewn of organic matterialssi and

4y magma degassing.
The concentration of hydrogen sulfide measured in New

Mexico thermal waters 1S within the range expected from

various hydrogen gulfide-iron mineral reactions {table IX).

The concentration of hydrogen sulfide in thermal waters from

the Valles caldera Resefvoir, New Mexico, can be explained hy

mineral equilibria, put this doesn” t seem the case in

thermal waters studied.

£~

The concentration of hydrogen qulfide 18 difficult 0

jnterpret. chemical reactions spvolving nydrogen sulfide

reequilibrate rapidly with changes in temperature (Nehrind

and D RAmMOTEr 1981 Truesdells 1976). AlsO: nydrogen gulfide

35 readlly oxidized tO sulfate in oxygenated waters.

Theretor ey the concentrations of hydrogen sulfide in the

waters studied are probably not equilibrium values;, and 1t

may not be possibte ro relate the measured concentrations of

hydrogen sulfide tO reservolr conditions.

can o€ produced

only gmall amounts of hydrogen sulfide

High

from the reduction of sulfate vy magnetite (rable %Y.
gsulfate concentrations or low PH and large amounts of

magnetite are required to produce enough hydrogen sulfide
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to be within the range measured in New Mexico thermal
waters. Sulfate does not reduce directly to hydrogen
gsulfide but goes through a series of intermediate oxidatioﬁ
steps.

Some hydrogen gulfide in New Mexico thermal waters may
pe derived from the breakdown of organic material or by the
reduction of sulfate by organic matterial, bhut only trace
amounts of organics, with the exception of methane, are
detected in New Mexico thermal waters.

Tn summary, it ia not possible to deduce the controls

of hydrogen sulfide in the thermal waters studied.
application to Exploration

Hydrogen sulfide concentrations could not be used to
calculate tem?eratures, but in Néw Mexico thermal waters the
presence of hydrogen sulfide may indicate temperatures
greater than 1.00°C. Hydrbgen sulfide appears not to be
controlled by mineral or gdas equilibria in low temperatur=
(1ess than 100°C) geothermal systems and temperatures
calculated from equilibria nased on hydrogen sulfide would

be suspect.
METHANE
Data

The concentration of methane in HNew Mexico thermal

waters ranges from 2.0E-5 to 9.8 ceo(sTPY/liter, with an
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median of 0.29 cc{sTP)/liter.

at the 5 pct. level of significance, the concentration of
methane in thermal well waters decreases slighty with
increasing temperature calculated from the the Na-K-Ca
geothermometer (Norman and Bernhardt, 1982). There is no
correlation between the concentration of methane in spring
waters and the Na-K-Ca geothermometer (Norman and Bernhavrdt,

1982).
Discussion

The concentration of methane in New Mexico thermal
waters is within the range expected from several reactions
involving methane (Table IX), but the methane data does not
f£it any one of these reactions alone. The slight decrease
in the concenktration of methane may be due to methane being
controlled by some‘temperature—dependent reaction, but
methane from organic Ofr biological sources is possible.

The origin of methane in New Mexico thermal waters can
not be determined from the availible data. Carbon isotopic
data may Dbe nelpful in distinguishing methane from organic

verse inorganic gources.
OTHER GASES
Oxygen

The concentration of oxygen measured in New Mexico

thermal) waters ranges from 0 to 6.5 cc{STP)/liter with a
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median of 2.2 cc (8TP)/liter. The high concentration of
oxyden in many New Mexico thermal waters {s not easily
explained. The concentration of oxvgen in groundwaters is
generally low because the bulk of the oxygen in recharge
water is qonsumed py both soil microbial activity and by
water-rock reactions occuring below the water table {Freeze
and Cherry, 1979). Oxygen can pe added to a thermal water
by mixing of the thermal water with neat surface
groundwater, reecu111bratlon with the atmosphere as the
thermal water discharges to the surface, Or by air

ontamination of the thermal water during sampling.
Hydrogen

Hydrogen vas detected only in the Animas valley hot
well, at a conc&ntratlon of 0.013 cc (8TP) /liter. Using the
dissoc1at10n of water and the empirical oxygen fugacity
puffer for geothermal gases of D Amore and Panichi (1980), &
temperature of 114°C is calculated. Thig is in falrly close
agreement with the gg°C discharge temperature of the hot
well, suggesting that the hvdrogen may bhe controlled by the
dissociation of water.

Only concentrations of hydrogen greater than 107
c(sTP) /liter can pe detected in the analytical system used.
The use of hydrogen in geothermal exploration w111 depend ON

detection limits for hydrogen in the analytical system used.
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ammonia

Aammonia was detected in only eleven thermal waters.
The concentration of ammonia ranged from 1.1X10"3 to 0.17
cc (8TP)/liter, with a median of 9.3X10—3 cc (8TPY /liter.
There was no correlation ohserved between the Na-K-Ca
geothermometer and either ammonia concentration or the
nitrogen/ammonia ratio (Norman and Bernhardt, 1982) .

amnmonia can be controlled by the reaction:

N2 + 3H2 = 2NH3

in geothermal waters (D”AmOre and Nuti, 1977; Giggenbach,
l1980). However, the 1ack of correlation of ammonia with
£emperature suggests that ammonia may not be controlled by &
temperature—dependent reaction in the waters studied.

Ammonia can be formed- by the breakdown OFf nitrogen—rich
organics; such as proteins (Rarnes, 1970; D7Amore and Nuti,
1977 Brook, 1981Y . pogsible sources of ammonia in the
waters of this study 18 from the preakdown of organic

material oOr from piological Process

0]

Nitrogen oxides

NMitregen oxides were measured in all thermal waters
sampled. The various nitrogen oxides were not
gqifferentiated from each other and were reported as WO.
Nitrogen oxides in New Mexico thermal waters range fLrom

-3 - -2 . . . -2
3,3X10 to 6.7%10 cc (sTPY/liter with a medlan of 1.4%10

cc(oTp)/liter. There is a slight decrease in the
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concentration of nitrogen oxide at the 5 pct. level of
significance with Na-K-Ca temperature (Norman and Bernhardt,
1982) . '
Water in equilibrium with the atmosphere at 20°C can
dissolve 2.5X10—5 cc (STP)/liter NO, which is too low to
explain the concentration of nitrogen oxide observed in New
Mexico thermal waters. Nitrogen oxides can be derived from
denitrification reactions of nitrate oOr nitrite by pacterial
activity and from the oxidation of ammonia (Schlegel, 1974;
Manahan, 1979). It is possible that the nitrogen oxides in

New Mexico thermal waters are due to biological activity.
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THE GEOCHEMICALlSEGNIFICANCE OF THE CARBON DIOXIDE/METHANE
GEOTHERMOMETER
An empifical geothermometer hased on a correlation

petween carbon dioxide/methane ratios in New Mexico thermal
well waters and the Wa-K-Ca geothermometer was proposed by
Norman and Bernhardt (1982). It was assumed that the
relationship was due to carbon dioxide and methane being
controlled by some temperature—dependent reaction.

Chemical equilibrium between carbon 3dioixde and methane

can bhe represented by the reaction:
co2 + 4H2 = cH4 + 2H20.

Because nydrogen was not detected in moct waters sampled,
it is not possible to directly evaluate this reaction.
However, hydrogen can be cgntrolled by the Aissociation of

water:
oH20 = 2HZ + 02,

and the reaction between carbon dioxide and methang can be

rewritten as:
cpo2 + 2120 = CcH4 + 207.

The oxydgen fugacity of the thermal waters was
calculated from the CH4/C02 ratios; the oxygen fugacities
fall between the hematite—magnetite and Ni-NiO oxygden

fugacity puffers and near the empirical geothermal

gas—-oxvgen fugacity buffer of D”Amore and panichi (1.981)
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(Fig. 14). The oxygen 5uffering in the system Fe-0-5 was
not congidered pecause hydrogen sulfide was detected in only
a few waters. )
This result is consistant with other geochemical data;
the oxygen fugacity for most rock systems fall between
the hematite—magnetite and hematite—quartz—faylite {close tO
the Ni-NiO) buffers (Ccarmichael et al., 1974). The oxygen
fugacity of the thermal waters appears to principally

governed py the presence of iron and can he represented by

the reaction:
Fe+t+ = Fet+++ + €-

rudies of redox equilibria in the Broadlands geothermal
system (Seward, 1974} show that the gas and water chemistry
are in equlibrium with the_pyrite—pyrrhotite system and that
Fe++ is the main iron species in solution. mherefore it is
reasonable that the carbon dioxide/methane ratios in
geothermal waters would fall between the hematite—magnetite
and Ni-NiO oxygen Huffering systems.

The correlation of Co2/CcHi ratios with remperature and
the calculation of reasonable oxygen fugacities from these
ratios suggest that the assumption Of equilibrium hetween
carbon dioxide and methane in the New Mexico thermal waters
may he reasonable. rarly studies of carbon dioxide and
methane in geothermal systems ahowed good agreement hetween
measured well hore—hole tempervatures and temperatures

calculated from igotopic and chemical equilibria (Craid.
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L.og (£02) calculated from c02/CHA ratios measured
in New Mexico thermal waters. squares are data
from Baca geothermomal reservoir, Wew Mexico
released by Union Geothermal (1981); octagons are
data from New Mexico thermal waters sampled in
this study. geveral oxyden fugacity buffers are
plotted for reference:r

“(a) Hematite - magnetites;
(b} Empirical oxygen figacity buffer based on gas
equilibria (D”amore and Panichi, 1981);
(Cy Nickel - Nickel Oxide.
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GAS CHEMISTRY OF THE LIGHTNING DOCK KNOWN CEOTHERMAL
RESOURCE AREA, ANIMAS YALLEY, NEW MEXICO

INTRODUCTION

gixteen wells were sampled at the Lightning pDock Known
Ceothermal Area in the Animas valley, New Mexico. The ared
was studied to asses the applicability of gas chemistry in
understanding & relatively simple geothermal system. The
gas data were compared with previous geologic, geophysical,
and geochemical studies of the area.

The Animas Valleylis a graben located in the Basin and
Range province in southwestern New Mexico. Thermal wells
originally produced 1017 C water from altered rhyolite at 27m
depth (Summers, 1976); bhut in 1981, the measured discharde
temerature was as°C. The pyramid Mountains, tO the east of
Animas Valley. are part of the mid-Tertiary volcanic complex
of the Muir cauldron (Elston and Deal, 1978). The thermal
water 1% 1ocalized bY the intensectioh of the ring fracture
zone and a north trending pasin and Range fault along the
eastern edge of Animas valley (Longoc, 1981). The
Lightning pock thermal anomaly 1% pelieved toO pe a relict
from period of larger hydrothermal activity (nandis and
TLogsdon, 1981) . B

A 165°C reservoir temperature was calculated from the
silica and nNa-X-Ca geothermometers (Landis et al., 1976).
Stable isotopic acd mixing—model studies suggest that the

thermal water 15 condensate from steam from a deep 250°C
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reservolr (Landis and Logsdon; 1980 L.ogsdon and Landis,
1981). Regular chemical patterns in the non-thermal waters
in the vicinity of the hot well suggest that thermal wateré‘
from the deep reservoir seep along a fault trending to the
southwest of the hot wells, and are dispersed northward by

the shallow non-thermal waters (Landis and Logsdon, 1980) .

GAS CHEMISTRY OF THERMAL WATER
Data
The gas composition of the thermal and non-thermal

waters in the Animas Valley is summar ized in Table XIT.

Tahble XIT

- Analyses of Gases in the Thermal and Non-thermal Waters
in the Animas valley

Gas Hot Well . AVEY. Non*thermal Well
(cc(STP)/liter) (cc(STP)/liter)
N9 [ 8X1.0° 12
02 6.0x107° 4.6
. _5 _4
He 1.7X10 3,4%10
Ne 5.4x10"7 1.7x10’4
Ar 3.4x10’5 0.29
Kr 2.4x1o"8 6.2X10—5
co2 0.26 4.0
cHA 5. 0%107" 0.62

NO 1.5%10 2.1x1o’2
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Discussion

The total gas concentration in the hot welle ig low
relative to the non—thermal water in the Animas valley.
Nitrogen, argon, and krypton were far 1ower than expected
for meteoric groundwaters. The water produced from the hot
well was voiling at 96°c, it is pelieved that the low gas
content of the hot well waters was due tO vapor—10ss during
subsurface boilind.

Therefore,'it is unlikely that the gas composition of
the water sampled is representative of the gases® in the
geothermal reservoir. The gas composition of the thermal
water will change with vapor 1oss because of differences
petween the vapor/liquid partitioninq coefficents for the
various Qaees. artempts to restor® the gas analyses to theilr
preboiled concentration by a Rayleigh distillation model
were unsuccessful.

p temperature of 170°C was catculated Erom the gas

composition of the hot well using the reaction:
coz + 2H20 = cH4 + AH2

and a remperature of 240°C was catculated asing the
enpirical co2/CHA geothermometer TNorman and pernhardt,
1982). These remperatures agree well with the ghallow
reservoir and deep reservolr temperaturer respectively,
calculated by Logsdon (1981) using the Ha-K-Ca and silica

geothermometers and mixing models.
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The agreement between temperatures calculated from gas
geothermometers and temperatures calculated from the Na-K-Ca
and silica geothermometers is surprilsing. Boiling will
cause the carbon dioxide/methane ratio to increase because
the vapor/liquid partition coefficent for carbon dioxide is
lower than the coefficient for methane, resulting in a high
temperature to be calculated from the empirical co2/CH4
geothermometer. Recause the gas composition of the hot well
water is not representative of the reservoir water, the
agreement of the gas geothermometers with the temperatures
calculated by Landis and Logsdon (1980) is probably
coincidental.

Helium and nitrogen have the same vapor/liquid
partitioning coefficient at 100°C. Boiling will not
significantly change this ratio, and the helium/nitrogen
ratio of the depleted water would be representative of the
ratio in the preboiled thermal water. The He/N2 ratio
measured in the hot well water 1is 2.0X10—4. Assuming an
reasonable initial nitrogen concentration of the shallow
thermal water to be 10 cc(sTP)/liter, the helium
concenktration would be 2.OX10—3 ce (sTPY /liter.

Logsdon (1981) estimates that the shallow geothermal
reservoir contain570.25 deeop thermal water and 0.75 shallow

" non-thermal water. Using thses mixing proportiens, a helium
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concentration of 7.7}410-'3 cc (sTp) /LITER was calculated for
the deep 250 C reservoir water.

A log(pC02) of 0.3% atm. was calculated for the deep
geothermal reservoir from mass transfer considerations
(Logsdon, 1982, personal communication). Utilizing the
relationship between carbon dioxide and Na-K-Ca temperature
observed in New Mexico thermal waters (Fig. 7, Norman and
Bernhardt, 1982), and the Henry’s Law coefficient at the
Na;K—Ca temperature of the thermal waters, & log (pCO2) =
0.37 atm. is calculated at 250°C for the deep geothermal

reservoir, in close agreement with Logsdon’s calculations.
ZONATION OF GASES IW NON-THERMAL CROUNDWATERS

A regular zonation of carbon dioxide and helium was
observed in the near surface non-thermal groundwaters in the
Animas Valley. The zonation for helium/nitrogen is given in
Fig. 15; the pattern for CO2 is very similar. High carbon
dioxide and heliumn is found where thermal waters rise along
faults and mix with the non-thermal groundwaters and
disperse northward. The highest carbon dioxide and helium
is found around the hot wells, where the main upflow of

rhermal water OCCULS.

The gas data is consistant with Logsdon”s model for the
Lightning Dock geothermal area. Thermal waters [low along
the southwest trending fault from a reservolr to the

southwest of the hot wells. Small amounts of geothermal




Figure 15. Isopleths of He/N2 molar ratios in Animas Valley
groundwaters (Figure 19, Norman and Bernhardt,
1982).
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water leak up +he fault and mix with near—-surface,
non-thermal waters. Major upflow of thermal water into the °
non-thermal Qater occurs at the intersection of the fault
with a nor th-trending pasin and range fault wordering the
castern side of the Animas valley. The thermal waters are
dispersed by northwest—flowing nonthermal groundwaters. The

model 1s summarized in Figure 16.
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Figure 16. Hydrological-geothermal model of the Animas
Valley (After Logsdon, 1981; Figure 22, Norman
and Bernhardt, 1982).
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COMPARISION OF GAS CEOTHERMOMETRS USING GAS ANALYSES FROM
THE BACA GEOTHERMAL RESRVOIR, VALLES CALDERA, NEW MEXICO

Baca Geothermeral Site

The Raca geothermal site 1is 1ocated in the valles
Ccaldera, Jemez Mountians, New Mexico. Geothermal f£luids
with temperatures between 260°C to 300°C are produced from a
liguid dominated reservoir from +he Bandelier tuff in a
graben structure in the resurgent dome near the center of
+he Valles caldera (slodowski, 1977; Dondanville, 1978; Goff
and Grigsby. 1982). A vapor—dominated reservolr OCCurs near
the surface, accompanied by modern hot springs, fumerolic

activity, and hydrothermal alteration.
Cas Composition of Thermal Waters

GCas analvyses of steaa from production wellg have been
released by Union Geothermal {1981) . gselected gas analvses
are presented in Table I, appendix I1T.

The gés composition of the geothermal waters was
estimated by calculating the mass palance hetween separated
steam and water, assuming +hat the gases Were partitioned
totally into the steam phase. ~This is similar to the method
used by Nehring and D Amore (1981 in calculating the gdas
composition of the'CerrolPrieto thermal waters., The
estimated gas composition of the Baca reservoir fluiads from

analysis of steam is given in Table 1T, appendix 11T
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Comparision of Gas Geothermometers

The gag analyses were used to calculate temperatures
from several gas geothermometers. The reservoir
temperatures for the individual wells are estimated using
silica and alkali geothermometers. The temperatures are
compared in Table XIII.

The temperatures calculated from the empirical co2/CHéa
geothermometer (Norman and Bernhardt, 1982 and from
geothermometers based on gas and mineral eguilibria in the
- New 7zealand geothermal systems (Giggenbach, 1982, 1981) gave
the best agreement with reported temperatures in the Baca
reservoir. Temperatures calculated from gas geothermometers
assuming equilibrium with anhydrite, graphite, OT pyrrhotite
did not agree with the measured temperatures.

Temperatures calculated from different gas analyses
from the same well do not always agree. The yariation in
gas chemistry may pe due to differences in reservoir OF well
production conditions.

Temperatures calculated for wells from quartz, Na—-¥,
and Na-K-Ca geothermometers are in good agreement with each
other and with the measured reservolir temperatuvre. The
temperaturesvcalculated frém different chemical analyses
from the same well agreed within a few degrees.' The
different chemical geothefmometers give a wide range of

temperatures for Sulfur Springs.
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TABLE XIII

Comparision of chemical and gas geothermometers
for the Baca wells and springs, Jemez Mts., N.M.

Baca #4 Baca #11 Baca #13 Sulfur
" Spring

T quartz 1ga 283 298 292 298 186

T Na-K ,97 312 309 279 279 300

T Na-K-Ca ,06 208 206 289 289 227

o coz-cua-n2" ,74 314 348 260 269 498

T coz-cHA-H2-H2s® 325 297 317 311 280 271

T NH3 - 240 - - - -

o H2s-Cco2-H2% 410 528 535 673 659 -

T CO2-H2S" 9o 281 283 251 267 -

T co2? . ,g0 201 292 283 298 -

T H2" s1o 245 268 194 194 -

o coa-cma-n2-u2s® 135 135 146 140 90 -

o co2-CHA-H2" 307 370 396 286 207 -

T co2-1u2” saa  26% 290 219 226 -

r CO2-H2S” 151 175 200 145 156 -

¢ co2/cHa’ sag 207 313 314 349 230

1. Giggenbach (1980)

2. Giggenbach (1981)

3. Giggenbach (1982)

4. D Amore and panichi (1980)
5. Nehring and D’ Amore (1.981)
6. This study

All temperatures in celsius
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Application of Gas Geothermometets to Geothermal pxploration

The application of gas geothermometers to thermal
spring discharges assumes that the chemistry of the thermal
spring is representative of equilibrium at depth and that
Drocesses such as hoiling OF degassing have not significantly
changed the gas composition.

Most gas geothermometers require the partial pressure
of the gases of interest. The concentration of gases in
thermal springs may not be representative of the gas
pressures in the geothermal reservolr (Truesdell, 1975) .
Giggenbach {1980) developed geothermometers that required no
knowledge of gas pressures; but he cautions against using
these geothermometers for anything put well discharges.

The application of gas geothermometers rhat are hased
on hydrogen OI hydrogen sulfide equilibria to thermal springs
i limited. Hydrogen concentration in thermal waters below
poiling 18 generally 10w and would pe difficult to det=act,
depending ©on the apalytical systen used. Hydrogen sulfide
reequilibrates and 1is oxidized rapidly as thermal watels
cool and discharge toO the surface. The hydrogen sulfide
concentration probably would not be representative of
cenditions at depth.

1{n applying g9as geothermometers ro unknown areas, it is

necessary to have some wnownledge of the mineralogy of the

geothermal svstem, because different gas geothermometers are
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based on equilibrium with different mineralogies. Only the
CO02-CH4-H2 geothermometers of Giggenback (1980) and Nehring
and D Amore -(1981), The NH3-N2-H2 geothermometer of
Giggenbach (1980), and the C02/CH4 geothermometer of Norman
and Bernhardt {1982) do not assume any gas-mineral reaction.
Temperatures calculated from gas geothermometers
applied to thermal spring discharges from the the Valles
Caldera, New Mexico, and to the Wilbur Springs area,
california are in good agreement with with subsurface

temperatures (Goff, 1982, personal communication; Thompson,

1979).
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CONCLUSIONS

The concentration of nitrogen, neon, and argon in most -
New Mexico tﬁermal watefs is close to that expected for air
caturation at reasonable recharge elevations and
temperatures. peviations from the air-saturation
concentration can be attributed to ailr contamination, gas
enrichment by separation of a gas and water phase, or loss
of gases from a thermal water to the atmosphere.

The concentration of helium in New Mexico thermal
waters, with the exception of the Animas Valley hot well, ig
in excess of air saturation, and is attributed to the
leaching of radiogenically produced helium by thermal
waters. The concentration of helium in some thermal waters,
especially those associated with the bdundary faults of the
northern Rio Grande rift, is too high to be accounted for by
the age of the waters alone., The faults may transport deep
radiogenic and possibily mantle helium to the surface.

The concentration of carbon dioxide in New Mexico
thermal waters ilncreases with Na-K-Ca temperature, and can
be explained by carbon dioxde being controlled by
temperature-dependent aluminium-silicate reaction. Carbon
dioxide appears to be the best gas for use in geothermal
exploration.

The concentration of hydrogen gulfide does not appear
ro pe controlled by water rock equilibria. The hydrogen

sulfide may have reegquilibrated as the thermal waters cooled
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or may have been oxidized by mixing of thermal water with
oxygenated near-surface groundwaters.

The concentration of methane does not appear to be
controlled by any one reaction. The oxvyden fugacities
calculated from +he CO2/CH4 ratios measured in New Mexico
thermal waters fall between the hematite—magnetite and
nickel-nickel oxide oxygen fugacity puffers: suggesting
equilibrium may pe possible. However, at this time, neither
the hypothesis of equilibrium or of non—equilibrium between
methane and carbon dioxide is preferred.

Hydrogen wWas detected in only the Animas vValley hot
well. The concentration of hydrogen is close to that
expected from the dissociation of water at the measured
temperature of the well.

Ammonia appears not to be controlled by chemical
equilibria in the waters arudied and probably has an organic
or biologic source.

The concentration of nitrogen oxide is in excess of
that expected from 2ir saturatlon and probhably has &
niologlc source.

The gases in the Animas valley hot well were depleted
due to subsurface voiling. The helium/nitrogen ratio of the
depleted water is probably representative of the water 1in the
geothermal reservolir. The p(CO2) calculated from the carbon
dioxide data from New Mexico. thermal waters is in close
agreement with previous arudies. The sonation of gases in

the non-thermal groundwaters is consistent with previous
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chemical.studies by Logsdon (1981) and can be interpreted
as due to seepage of thermal waters along a southwest-
trending fault and dispersion of the gases by northwest-
flowing, near-surface groundwaters.

geveral gas geothermometers were applied to gas
analyses of well and spring discharges from the Baca
geothenmal reservoir. Gas geothermometers pased on the New

7zealand geothermal system and the empirical c02/CH4

geothermometer gave the best results.




(98)
APPENDIX I
Gas and Chemical analyses of HNew Mexico Thermal Waters

The 1ocation of the thermal waters sampled is
summarized in Table I. Gas and chenmical analyses of the
thermal waters sampled are summarized in Tables 1T and ITI,
respectively. The reservoir temperature vas calculated
using the following geothermometers:

TQ = quartz geothermometer (Fournier and Rowe, 1966Y;
Tch = chalcedony geothermometer (Fournier and Rowe, 1966)Y ;
T™Na-K = Na-K geothermometer (Fournier, 1979):

TNa-K-Ca = Na-K-Ca geothermometer (Fournier and Truesdell,
1973);

™a/Li = Na-Li geothermometer (Fouillac and Michard, 1981)

TCO2/CH4 = C02/CHA geothermometer (Norman and pernhardt,
1982).

The results are summarized in Tahle IV




Table I - Location of Samples

Sample Name Location # County:Location Description Temp.

Mamby Hot Spring 1 Taos: spring 38 C
26N,11E.1.120
ponce del Leon Spr. 2 Taos: spring 34 C
) 248.13E.7.000
Statue Spring 3 Taos: spring 29 C
24N .8E.26.400
0Ojo Caliente 4 Taos: spring 43 C
24N.8E.24.110
san Antonio Hot Spr. 5 Sandoval: spring 42 C
20N.3E.29.120
Spence Spring 6 Sandoval: spring 42 C
, 19N.3E.28.310
Soda Dam Spring 7 sandoval: spring 45 C
18N.2E.14.000
Jemez Spring 8 Sandoval: spring 53 C
18N.2E.23.000
San Ysidro Spring 9 Sandoval: spring 24 C
: 15N.1E.10.200
Kaceman Well#?2 1.0 Sandoval: soring 54 C
‘ 1AN.1W.1.410
Montezuma Hot Spr. 11 San Miguel: spring 49 C
: 17N.15E,.36.440
Blue Canyon Well 12 Socorro: well 33 C
38,1W.16.323
Socorro Spring 13 Socorro: spring 32 C
38.1W.21.111
Rosque del Apache 49 14 SoCOrro: well 17 C
55,1E.30,241
Bosque del Apache $20 15 Socorro: well 24 C
6S.1E.12.231
Bosque del Apache £13 16 S0cCOorro: well 33 C
6S.1E.17.273
vucca Bath Spring 17 Sierra: sopring 43 C
138.4W.33.000
Sierra Grande 1.8 Sierra: well 44 C
125.4W.32.000
Artesian Bath 19 Sierra: Cwell a5 C
135.4W.33.000
radium Springs Bath 20 Dona Ana: well 53 C
215.1W.10.213
Radium Springs #2 2% Dona Ana: well 53 C
218.1W.10.213
NMSU Geothermal #71 22 Dona Ana: well 1 C
238 ,2E.34.000
NMSU Presidents Well 23a bona Ana: well 59 C
235.28.34.000
Golf Course Well 23hH Dona Ana: well 30 C
235.28.34.000
HEilleboro Warm Spr. 24 Sierra: spring 34 C
31 57.27 107 34.97
Mimbres Spring 25 Grant: soring 58 C

188.10W,13.110




Table T - continued

Sample Name Location ¥ County:Location Description Temp.

raywood Spring 26 Grant: spring 55 C
20S8.11W.20.243 :
Warm Spring Well #3 27 Grant: well 34 C,
_ 208.11W.18.324 '

Riverside Well 28 Grankt: well 38 C
6S.17.W.424

Telephone CO. Well 29 Grant: well 25 C
55.17W.27.240

Gila Hot Springs 30 Grankt: well 62 C
35 .13W.5.120

Gila Hot Springs 31 Grant: spring 59 C
75 ,13W.5.120

Gila Hot Springs 32 Grant: well 65 C
35,13W.5.120

Mid. Fork Gila River 33 Grant: spring 65 C
0g.14W .24 . 442

Lower Frisco Spring 34 Catron: spring 49 C
195.20W.23.120

Upper Frisco Spring 35 Catron: " spring 30 C
SS.IQW.BS.lOO

Animas valley £-30-12 35 Hidalgo: well 19 C
548 ,20W.%L.440

Animas Valley 3-28-4 37 Hidalgo: well 20 C
545 .20W. 25,421

animas valley 3-28-3 38 Hidalgo: well 20 C
oag,20W.35.124

Apimas Valley 3-28-2 39 BEidalgo: well 8 C
555 .20W.12.213

animas Valley £-19-7 40 Hidalgo: well 96 C
955 .19W.7.134

animas valley 3-28-1 41 Hidalgo: well 19 C
555 . 20W.13.120

Animas valley 7-6-13 42 Hidalgo: well 26 C

' 25g,20W.16.333

Animas Valley 7-5-15 43 Hidalgo: well 19 C
255, 20W.25.323

Animas Valley F-23-10 44 Hidalgo: well 23 C
555 .20W.25.471

animas Valley f-23-17 45 Hidalgo: well 20 C
255.20W.27.411

animas valleVy 6-23-8 46 Hidalgo: well 19 C
26S . 20W.5. 4110

Animas Valley 6-23-5 47 Hidalgo: well 21 C
255 .20W. 34,444

Animas Valley 5-10-6 A8 Hidalgo: well 24 C
555, 70W.35. 4423

Animas Valley £-23-9 A4° nidalgo: well 21 C
265, 20W. 4,384

Animas Valley 7-6-16 50 Hidalgo: well 20 C

’ 26S.20W.9.344

Animas Valley 7-6-14 51 Hidalago: well 22 C

268.20W.1A.334




Table ITa - Composition of Gases Dissolved in Thermal Waters+

SAMPLE TEMP. N2 02 HE NE AR KR
NUMBER X1000 X1.0000 X100000
1 380C 86 21 250 5.1 1.7 n.d.
1* 12 2.5 36 0.71 0.24 n.d.
2 340C 1.2 0.77 10.1 1.5 0.17 2.5
3 200(C 2.5 1.6 1.6 3.0 0.10 0.95
A 430C 2.4 0.22 42 0.73 0.053 0.42
5 420C 5.5 3.1 0.13 1.9 0.18 2.0
6 420C 5.6 3.8 0.17 1.2 0.21 1

7a As0C 6.3 0.77 9.6 n.d. 0,10 n.d.
7b 450C 21 6.7 9.0 n.4a. 0.16 n.d.
8 530C 4.8 1.6 2.3 0.68 0.13 0.86
) 240¢ 14 0.054 36 2.6 0.61 18
10 540C 77 0.3 660 1 1.5 13
10%* 12 0.05 100 1.6 0.23 2.0
12 33 C 8.5 5.4 0.29 1.1 0.34 14
13 32 C 11 0.53 0.42 A.5 0.22 1.7
14 17 C 13 tr. 0.40 2.3 0.23 0.82
15 24 C 15 0.29 0.990 2.1 0.30 29
16 33 C 14 tr. 5.0 1.8 0.28 8.4
17 43 C 7.6 2.0 0.41 0.64 0.20 2.4
1.8 44 C 11 2.4 1.8 2.1 0.31 4.8
19 45 C 11 2.2 1.9 2.8 0.32 2.7
20 53 C 6.5 0.58 4.3 n.d. 0.20 n.d.
21 53 C 6.0 0.32 3.5 1.1 0.12 0.56
22a 61 C 8.6 .026 6.7 1.0 0.21 5.7
22b 61 C 13 0.026 A.2 0.58 0.30 1.2
23a 50 C 7.6 0.013 3.6 0.68 0.18 1.9
23b 30 C 8.0 0.008 3.3 1.1 0.19 3.9
24 34 C 9.2 3.1 0.80 3.8 0.29 24
25 58 C 48 16 6.3 10 1.3 33
25% 12 4 1.2 2.5 0.33 8.3
25 55 C 12 2.2 1.7 1.2 0.29 6.7
27 34 C 25 5.2 1.3 n.d. 0.37 6.0
27 % 12 1.3 n.d. 0.22 6.0
23 38 C 17 g.21 2.8 1.4 0.39 6.7
29 25 C 17 0.29 0.36 1.0 0.29 2.9
30 62 C 11 0.99 0.64 1.2 0.31 1.9
31 59 C 13 0.77 1.8 0.85 0.27 3.4
32 65 C 15 1.0 2.5 0.75 0.35 6.1
33 65 C 41, 0.52 2.3 4.7 0.89 13
33% 12 D.15 0.67 1.3 0.26 4,4
34 49 C 16 4.3 1.4 4.9 0.35 12
35 39 C 4.8 4.4 0.32 1.8 0.61 14
36 19 C 14 5,8 0.16 1.8 0.29 4.1
37 20 C 8.6 2.2 0.58 2.3 0.20 2.7
38 20 C 7.7 3.6A 0.52 1.7 0.25 4.3
39 8 C 12 5.4 0.18 1.7 0.54 1.7
40 . 96 C 0058 0.00006 0.017 0.0054. 0.000034 0.0024

+ All gases reported as cc (STPY/liter
* Corrected for air contamination or excess gas




Table ITa Continued+

H2 H25 $02 CcOo2 cH4 CnHn NH3 NO SAMPLE

X1000 X100 NUMBER

- - - 9.4 3.9 - 12 18 LI
- - - 1.3 0.56 - 2.6 1.6 1*
- - - 0.43 0.033 - 1.1 5.1 2

- - - 204 0.25 - 1.9 0.63 3

- - - 25 0.05 - 23 1.5 4

- - - 0.62 0.34 - - 1.1 5

- - - 0.37 0.18 - - 0.77 6

- 0.34 - 220 9.8 - - - Ta
- 0.21 - 180 4.6 - - - 7k
- 0.84 - 180 0.17 - - 0.74 8

- 1.8 - 1500 .062 - 170 0.33 9

- 0.55 - 4672 1.5 - 720 7.2 10
- 0.086 - 72 0.23 - 79 1.1 10%
- - - 1.8 0.35 - - 1.6 12
- - - 2.0 - - - 1.2 13
- 0.021 - 8.2 0.33 - - 1.3 14
- - - 1.5 - - - 1.7 15
- 0.016 - 13 0.36 - - 1.0 16
- - - 8.1 0.23 - - 1.2 17
- - - 1.4 0.38 - - 1.6 138
= - - 14 .38 - - 1.5 19
- - - 55 0.19 - - 2.4 20
- -~ - 68 0.09 - - 0.71 21
- 0.038 . - 200 0.16 - - 0.61 22a
- 0.0972 - 220 0.25 - - 1.4 22b
- 0.10 - 180 0.34 - - - 23a
- n.28 - 78 0.24 - - 1.7 23b
- - - 4,6 0.26 tr 46 1.0 24
- - - 0.34 3.2 tr - 10 25
- - - 0.34 0.80 tr - 2.5 25%
- - - 15 0.29 tr. .6 0.52 26
- - - 15 0.19 - - 1.4 27
- - - 5 n0.19 - - 1.4 27*
- - - 5.3 0.41 - - 2.3 28
- - - 0.42 0.25 - - - 29
- - - 0.68 .062 - - 0.49 30
- - - 0.27 0.11 - - 0.66 3L
- - - 1.7 0.27 tr. - 1.5 32
- - - 1.3 0.17 tr. - 1.2 33
- - - 1.3 0.052 tr. - 0.47 33*
- - - 2.9 0.65 tr. - 2.6 34
- - - 0.063 0,014 tr. - 4.4 35
- - - 2.2 0.85 - - 2.5 36
- - - 5.5 0.23 - - 1.4 37
- - - 5.5 0.36 - - 1.3 38
- - - 2.4 0.36 - - 2.0 39
-0.013 - - 0.26 .00002 - - 0.000015 40

+ All gases reported as cctsTpy /liter
* Corrected for ailr contamination or excess gas




Table ITa - Continued+

Sample Temp. N2
Number

41 19 C 15
471* 12
42 26 C 10
43 19 C 14
43%* 12
44 23 C 13
45 20 C 12
46 19 C 11
47 21 C 37
47* 12
48 24 C 12
49 21 C 12
50 20 C 12
51 22 C 12
+ All gases reported as

* Corvrected

for air contamination of excess

Ne
X10000

He
¥1000

0.49
0.49
0.16
0.11
0.1%
0.48
0.24
0.18
0.58
0.-8
0.42
0.38
0.36
0.23

. . . . . . . [ .
N b

L ] .

HEEWNE A0 OO0

OV OO0 B B Y ] )0 WYY

cc(STP) /liter
g

Table IIb - Composition of Gas Bubbling from Springs+

Sample Temp. N2 02
Number

11 49 ¢ 87 0.084
24 34 C 54 18

+ Al) gases reported as

He Ne

0.70 -
0.000047 0.000023
vol.

nct.

Ar Kr
®100000

0.29 12
0.25 12
0.26 9.6
0.39 3.4
0.31 3.4
0.29 13
0.25 4.7
0.27 6.0
0.58 9.5
0.28 9.5
0.27 5.7
0.34 0.52
0.29 5.5
0.29 11

as

Ar Kr

1.5 0.000003
1.7 0.0000014




Table ITa - Continued

H2 H25 502 CcO2 CH4 cnHn NH3 NO SAMPLE
Xx1000 X100 NUMBER

- - - 8.4 0.68 - - 3.0 41 -

- - - 8.4 0.68 - - 3.0 A1 *

- - - 1.6 0.46 - - 2.2 42

- - - 4.2 0.65 - - 3.4 473

- - - 4.2 0.65 - - 3.4 43%

- - - 5.0 0.67 - - 2.1 44

- - - 8.3 0.53 - - 2.9 45

- - - 3.4 0.8 - - 0.58 46

- - - 2.7 1.4 tr. 1.5 2.7 47

- - - 2.7 1.4 tr. 1.5 2.7 47%*

- - - 4.6 0.52 - - 1.7 48

- - - 2.0 0.80 - - 2.4 49

- - - 2.9 0.23 - - 0.92 50

- - - 1.1 0.76 - - 2.3 51

+ All gases reported as cc{sTp) /liter

x Corrected for alr contamlnatlon or excess Jgas

mable IIb Continued+

H2 H2S5 o2 cH4 CnHn NH3 NO SamplLe

Number
- - 0.20 2.8 - .000104 .000210 11
- - 27 1.5 tr. .27 .00058 24

+ Al)l gases reported as vol. pct.




Table IIT = chemical Analyses*

Location # sodium potassium Lithium calcium 8102 PH
7

1 153 8.9 0.31 28 57 .6
2 157 4.5 0.30 2.3 49 7.4
3 187 16 0.45 135 21 7.0
4 938 40 3.5 32 65 7.8
5 23 1.8 0.05 5.0 go 7.4
6 61 1.5 0.76 17 g9 7.6
7 995 211 15 187 30 7.7
8 638 78 9.1 92 91 7.2
9 1780 81 5.8 323 18 7.6
10 3700 121 5.7 341 39 6.8
11 203 6.3 0.41 11 €8 7.7
12 55 3.3 0.06 27 28 7.2
13 53 3.0 0.05 18 26 7.2
14 140 8.3 - 120 40 1.7
15 96 4.4 - 24 42 7.9
16 §10 8.4 1.1 120 67 1.4
17 746 65 1.2 165 4 7.2
18 853 64 1.3 152 43 7.6
18 864 65 1.3 148 42 7.6
20 1167 185 1.2 92 €63 6.8
21 ) 1120 o173 1.2 1.20 64 6.8
22 386 54 0.51 82 73 6.8
23a 450 55 0.48 105 71 7.1
23b 240 26 0.26 680 50 6.8
24 186 14 0.28 10 135 6.8
25 111 1.3 0.13 2.4 58 7.9
- 26 98 7.7 0.15 47 40 8.0
27 51 4.6 p.07 53 50 6.7
28 138 1.8 0.14 21 39 6.8
29 216 0.85 0.27 4.0 44 8.2
30 142 3.5 0.26 57 71 7.6
31 135 3.4 0.26 13 68 7.4
32 148 3.7 0.24 10 71 7.6
33 165 3.9 0.45 17 73 7.6
34 296 7 0.46 51 go 7.6
35 71 0.24 0.01 0.8 = 49 8.1
36 375 6.8 0.1° 171 56 7.1
37 491 25 0.95 104 ga 7.0
38 66 2.0 0.05 30 42 7.0
39 105 3.5 0.35 61 37 7.0
40 299 22 0.74 29 106 6.8
41 408 12 0.45 233 41 6.°
42 131 2.6 0.41 27 3g 7.0
43 160 4.5 0.16 102 3g 7.2
44 138 5.5 0.17 72 31 7.0
45 105 2.9 0.12 60 37 7-0
46 113 3.3 0.12 74 45 6.8
47 98 4.1 0.11 20 37 7.0
A8 170 6.3 0.24 37 11 7.6
49 93 2.4 0.13 37 44 7.0
50 131 2.4 0.12 41 37 7.2
51 96 2.1 0.1} 30 33 7.6

* All concentrations in mg/liter




Table IV - Geothermometry?*

Location Meas. Quartz chal. Na-K Na-K-Ca Na-Li CO2/CH4

Number Temp.

1 38 108 79 175 92 119 12
2 34 101 71 129 74 115 73
3 29 66 34 205 80 130 58
4 43 114 86 153 161 164 205
5 42 125 97 196 58 123 20
6 42 118 89 118 39 294 7
7 45 80 48 112 152 319 92
8 53 132 105 250 212 250 232
9 24 60 28 158 157 153 346
10 54 90 60 137 152 101 188
11 49 116 88 134 131 118 -116
12 33 73 42 159 49 81 39
13 - 32 88 57 152 55 83 -

14 17 92 61 176 58 - 112
15 24 94 63 158 68 - -

16 33 116 87 146 144 g4 110
17 43 93 62 205 180 106 141
18 44 95 64 193 176 100 111
19 45 93 63 194 176 100 120
20 53 113 84 260 232 78 192
21 53 114 85 257 226 80 220
22 61 120 92 247 202 92 . 238
23a 59 119 90 234 . 1lg4 130 207
23b 30 102 72 80 gg -.14 190
24 34 155 130 193 173 100 85
25 58 107 77 82 78 85 -50
26 55 g2 62 197 71 101 123
27 34 102 72 208 48 94 138
28 38 90 59 87 48 77 73
29 - 25 96 65 40 62 89 0
30 62 119 90 120 48 112 67
31 59 117 88 122 . 76 115 13
32 , 65 119 90 121 85 104 47
33 65 120 92 118 77 140 a7
34 49 125 97 174 ‘ 154 101 35
35 39 101 71 34 46 -4 35
36 19 108 78 104 5% 44 15
37 20 133 106 164 149 115 101
38 20 94 63 132 37 £3 85
39 8 89 58 138 44 155 " 49
40 96 140 114 190 170 132 290
41 ' 19 93 63 131 67 81 70
42 26 89 59 109 53 80 26
43 19 89 59 128 45 77 48
44 23 81 49 149 56 88 60
45 20 28 58 128 40 83 78
46 19 97 66 84 40 80 32
47 21 89 58 161 74 83 4
48 24 80 49 144 76 96 59
49 21 96 66 123 42 95 13
50 20 . 88 57 105 43 . 172 73
51 22 83 52 114 42 84 -7

* 211 temperaures in celsius
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APPENDIX IT

CORRELATION COEFFICIENTS

Correlaéion Coefficients were calculated between gas
data and the chemical geothermometers {gquartz, chalcedony,
Na-K, Na-K-Ca, Na-Li) and between gas data and the measured
discharge temperature. The critical correlation
coefficients at the 5 pct. and tha 1 pct. levels of
significance Aare cummarized in Table I. correlation
coefficiences calculated for the gas data rhat are belovw the
critical values are considered not significant. The
correlation coefficients for the total data, the well.data,
and the svring data are summarized in Tables II, I1L, v

4 bl
respectivesy.

mable I

Critical Correlation Coecfficients at the
5 pct. and 1 pct. Levels of Significance*

Sample Type Number of Samples Correlation Coefficients
5 pct. 1. pct.

Total ' 51 0.27 0.35

Wells 31 0.36 0.46

Springs 20 0.44 0.56

* From Table XI, romano (1977)




TABLE 11 Correlation coefficients

for all data.

TOTAL
TQ Tch TNa—-K TNa—K—Ca .TNa/Li m
N» -.17 -.16 -.25 -.19 -.04 -.07
He -.03 -.02 -.02 .24 .11 .18
Ne -.16 -.16 -.03 -.13 -.20 -.32
AT -.27 -.27 -.36 -.32 -.32 -.18
Kr .03 .02 -.20 -.27 -.15 -.10
HoS -.21 -.21 .10 .28 .31 .02
o, -.29 -.29 .15 .29 .23 .01
CHy, -.25 -.25 -.18 .09 .59 .03
NHj _ -.39 -.39 .12 .05 .10 -.12
NO -.17  -.16 -.26 -.33 -.42 -.34
He/N; -.12 -.11 .05 .18 .15 -.02
He/Ke . .04 .05 .02 .25 .16 .17
- He/Ar .06 .07 -.01 .24 .17 .09
He/Kr 11 .11 .17 .31 .17 .17
€0, /N, -.30 -.29 .27 .32 .30 .05
CO,/Ne - =.07 -.06 .37 .49 .27 .24
€O, /AT ~.26 -.25 .28 A .51 .17
€0, /Rx ~.10 ~.10 .35 .50 .58 .28
CO,/CHy -.27 -.27 .07 .18 11 .08
log (CO,/CHL) .06 .06 .51 .61 .08 .38
CO,/HyS .12 .12 .37 .43 .09 .35
N /N3 .02 .04 -.01 -.07 .03 .002
€O, -He -3 -.31 .02 .17 .13 -.08
CO,/Ax+He/AT -.33 -.33 ~.01 .3 .49 .14
T, 1 1 .29 41 .02 )
Ty 1 .30 42 .01 .40
Ty 1 .68 .11 .32
Ty vca 1 .26 .49
Taa/1i 1 .24
T 1



TARLE TII Correlation coefficients for samples from springs g -

Ta Ten Tra-x Tha-x~Ca TRa/L Tn
N, -.10 .09 -2 .07 .03 .24
He -.17 -.15 -.01 .24 -.06 .04
¥e ©-.13 -.13 -.01 -.19 -.34 -.35
Ar -.19 ~.19 -.42 -.23 -.46 -.05
Kr .25 .24 -.22 -.10 -.18 -1
HyS -.36 . =.35 .16 .39 .29 -.23
o, -.51 -.5 .06 .26 .18 -.36
CHy ©o-u31 -.31 -.24 .21 .65 .09
NH3 .56 -.56 .21 .01 -.01 -.46
NO .04 . 053 -.39 -.31 A -.13
He/¥» -.25 . =.24 .06 ' .16 -.02 ~.36
He/Ye -.09 -.08 . .07 .23 -.02 -.05
He/Ar -.05 -.02 -.08 .27 .03 -.12
He/Xr -.03 -.04 -.01 .24 .07 -.19
CO,/Ng -.57 -.56 .26 .24 .24 -.28
CO,/Ne -.52 -42 .19 .39 .31 -.26
COy/AT -.59 -.59 .15 .36 .53 -.28
€Oz /Kx -.43 -.43 .19 .39 .66 -.1
CO,/CHy A -.40 .05 S.20 66 =236
log (CO,/CHL) -4 -.40 .25 43 .25 -.19
COp/H,S -.53 -.53 -.15 AN .49 .001
No/NHjz -.03 -.01 -.02 -.21 -.11 -.19
CO,-He -.43 -.45 oL .22 .05 -. 34
COy/Ar-He/AT -.56 -.57 ~.17 .32 .45 -.07
Tq 1 1 .21 .19 -.15 .15
T 1 .22 .20 -.16 .14
Thak 1 .22 .06 -.21
TkCa 1 .28 -.14
Tya/1a 1 .08
T 1

m




TABLE IV  Correlation coefficients for samples from wells

Ty Ten Tga-k . ‘Na-K=Ca Tga/Li . om
X» —.22  -.23 -.36 -.45 09 -.24
He .62 .62 .61 .79 .07 74
Ne So21 2T -.06 -.11 06 -.h2
Ar -.38  -.38 -.37 - 4h 42 =25
Kr -.26  =.26 -.18 -.38 -12 -0
H,S .23 .23 .01 .21 -.49 .20
co, | .53 .53 .63 .69 .06 .63
CHy -4 -.41 -3 -.37 -.03 -.48
NH3 . -.13  -.13 .03 -.05 .02 -a13
X0 w55 -.hb -.16 ~.33 219 -.45
He /N, 60 . .60 .68 .84 -.04 .72
He/Ne .59 .59 .58 .68 .06 .72
He/AT .62 .63 .67 83 =02 .70
He /Kx .28 .28 .32 .33 .29 .33
€04 /X .54 .54 .65 .72 .05 .64
Co,/Ne .48 .49 .56 .60 .12 .58
COp/AT .54 .54 .65 .72 .05 .63
€O, /Kr ‘ .47 .48 .63 .66 .09 .57
€0, /CEy .52 .53 .67 .71 .02 .62
log (CO2/CHy) .64 .65 .70 .77 -.05 .71
COp/H2S .4b .4 49 .50 .14 .49
N, /NH3 -.01 .01 -.33 .16 46 .13
€O, -He .39 .40 .55 .55 .07 .48
CO, /hr -He AT .52 .53 .65 .70 .07 .62
Ty 1 1 41 62 .18 .61
T 1 .42 .63 .18 .62
T 1 .80 .27 .56
T eca 1 19 68
Ta/Li . ‘2

n
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APPENDIX IIX

cAS DATA FROM BACA GEOTHERMAL RESERVOIR WELLS AND SPRINGS,‘
VALLES CALDERA, NEW MEXICO
gselected gas analyses of Baca reservoir fluids,
released bY Union Geothermal (1981) , are summarized in
(Table I). The gas composition of geothermal wells waé
estimated by calculating the the mass balance between steam
and water by assuming that the gases Were partitioned totally
" into the steam phase. The results are gummarized in Table IT.
TARLE I
cas Data from Baca Geothermal Reservoir production wells and

Springs, valles Caldera, Jemez Mountalns, New Mexico

Gas aaca Well 4 maca Well & L) paca Well 213 gulfur

(pom volume) {(ppm volume) (ppn volume) Spring
(mole %)
Two analyses TWO analyses
CH4 2.5 2.9 1.7 1.4 1.3 0.%
H28 79 257 229 49 a2 0.4
co2 12,430 17,780 16,750 14,140 34,570 97.9
H2 12.5 23.3 37.6 5.7 6.0 0.03
N2 n.r. 245 70 79 122 1.0
NH3 3.3 3.1 n.r n.r n.r. n.r.
He  n.r. n.r. 0.63 0.77  0.17 n.r.
n.r. = none reported

Gas Data Released DY Union Geothermal (1981)




TABLE TII

Estimated Gas Composition of Baca Geothermal Fluids

Baca #4 Baca #11 Baca #13

(ppm volume) {ppm volume) (ppm volume)
CH4 0.h9 1.0 0.7 0.42 0.36
H2S 22 92.5 93.9 14.7 25.8
Co2 3418 400 6868 42472 9680
H2 3.4 8.4 15.4 1.7 1.7
N2 - 88.4 28.7 23.7 34.2
NH3 0.91 1.1 - - -
He - - 0.26 0.23 0.17

Stean
Fraction 0.28 0.36 0.41 0.30 0.2
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