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THE AQUEOUS GEOCHEMISTRY OF THE LIGHTNING DOCK KNOWN GEOTHERMAL,
RESOURCE AREA, ANIMAS VALLEY, HIDALGO COUNTY, NEW MEXICO

‘Mark J. Logsdon _
A.B, Geo]ogy, Princeton University, 1972

M.S., Geo]ogy, Un1vers1ty of New Mexico, 1981

The'Lightning Dock Known Geotherma1'Resource_Area; Tdcated apﬁroxi~
mate]y 30 km southwest of Lbhdsﬁurg, Hidalgo Cdunty, Néw-ﬁeﬁico, is on
the east szde of the lower An1mas Valley, a north-trending graben in
- the Basin and Range tecton1c province of’southwestern New Mex1co
Shallow wel]s produce 70° to 85°C water from.Quaternary p1edmont depo-
sits which are underlain by'approximately 1800 m of 0ligocene ashjflow
tuff, 400 m of Paleozoic sediments ahd Precambrian granitic basement
A 140 OOD-year old basalt flow is located 15 km southwest of the hot
we1ls _ |

The aqueous geochemistry of 55_watér sampies from shallow wé]]s
was modeled using graphical techniques énd equilibrium analytical
ca]cu1ations,.inc1udiﬁg_chemical'geothermometers, the computer program .
WATEQF and mineral stability diagrams. Fourtéen of the'éamp195 were
analyszed for oxygen and hydrégeh'isotopes.

The sample waters are mixtures of dilute sodium bicarbon&te water
Qith waters rich in caicium and sulfate and, fo a Tessef.degree, chloride.
Alkali and silica geothérmometers‘fndicate a_shai]ow reservoir temperaé

ture of approxima£e1y 165°C. The silica - enfha]ﬁy mixing wodel suggests

_ that the waters of the hot wells are mixed waters containing aboﬁt 25%
deep geothermal water of 250°C. Equilibrium ca]cuiatianslindicate

that alteration phases should include magneéian calcite, smectites,



vi

illite, zeolites, alkali feldspar, quartz, anhydrite, fluorité, and.
Fe-sulfides and -oxides. The 5180 values of the lower Animas Valley
water samples range from -8.0%, to -11.4% ; 6D vaiues range from -65%;
to ~80% . The isotopic‘vaiues indicéte that the waters are méteoric
in origin but may have been modified by evapordtion and.bofling.-
Spatial analysis of the geochemistry of the water samples suggests
. that 250°C wéter moves'up and along a.méjor northeast-trending fault
from.a deep reservoir located southwest of'the hot wells, mixing with
sha11ow, cold aquifer waters to produce the mixed waters sampled in _
the shaliow WéT}s. ‘The heat source for the geothermal systém is proQ

bably basaltic magma,
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INTRODUCTION

- The Lightning Dock Known Geothermal Resource Area (KGRA) and
“adjacent portions of the Animas Valley (Fig. 1) were seiécted for a
detailed geochemical stddy of a geothermal system in New Méxicoé The .
Lightning'Doék systemlis one of two geothermal systems (the othér'is
the Valles Caldera system) in New Mexico with indicated subsufface
temperatures above 150°C (White and Ni1)iams, 1975). Recent geo-
physical and geoﬁogicaT studies of -the Lightning Dock‘afea (Jiracek
and Smith, 1976; Smith, 1978; Elston and Deal, 1978) provide imporfant
_1nf0rmation'which can be refined and supplemented by a study of the
agueous and stable isotope geochemistry of the system. The.study has
three major dbjectives: first, eQa]uatibn of severa]\imporfant para-
meters which-charac#erize a potential geothermaT reéource area, incTuding
reservoir temperature, reservoir 1océti0n and exfent, sgurce of'geo~
thermal waterﬁ, and residence time for waters 1nithe system; second,
examination of the'chemicaI evolutian of Tow temperature (<-300°C) :
natural waters as they interact with reservoir rock, mix wifh other
waters, and undergo physical changeslof sfate; and third, delineation
of the basic chemical and physical parameters of the feservoir to.

develop a model for the gedtherma] system in the Animas Val]ey.'



Figure 1. Index map of the Animas Valley, Hidalgo County, New'MeXico

and vicinity (after Elston and Deal, 1978).
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GEOLOGIC SETTING

Attention was first drawn to the geothermal anomaly in'the'Animas
Va]]éy in 1948. Several shallow wells dri]Ted_in sec. 7, T. 25 S., R.
19 W. produced éteam and boiling water at a depth of 27 meters. The
thermal anbma]y is restricted to an area within a radius of approximately |
400 m of the hot wells. While there is no active surface expression of
hot'gfouhdwater anywheré in the Animas Valiey, there is evidence_for- |
_ numerous inactive hot springs, in the form of hot spring deposits,'oh
both sides of the valley. Hot spring déposits Qrade-into'low—témperature'
veins of fluorite, psilomelane, calcite (including travertine) and“
dpa]ine si]ica. TEe veins are localized in Basin and Range fault iones
bordering the valley (Fig. 1) {Elston and Deal, 19?8).

The Animas_Va11ey forms an elongate, north—trending graben within
the Basin and Range tectonic province of southwestern New Mexico. In
" the vicinity of the Lightning Dock KGRA, the vaIle& is about 18 km wide;
‘the hot wells are 5 km from.its eastern edge. The Animas Valley is “
bordered by the Peloncillo Mountains to the west and by the Pyramfd and
Animas Mountains to the east. Pyramid Peak, the highest point in the
‘Pyramid Mountains, has an elevation of 1830'm,‘566:m higher than the
playa floor of the adjacent valley. 7 |

Recent geologic investigations by Elston and Deal (1978) and
Deal and others (1978) show that the Pyramid Mountains aré a comp?ex'éf
mid-Tertiary volcanic rocks on which Basin and Range tectonism has |
been superimposed.. Some of the vo1canic‘rpcks'ére part of the Muir
cauldron, an Qligocene ash-flow tuff efuptivercentéf whiéh is 6n]y_

partially preserved in the Pyramid Mountains. Basin and Range‘faulting



has dropped the western half of the Muir cauldron below the sedimentary
cové.r of the Animas Valley. Wells (1978) has documented geomorphic
evidence for continued recént movements along Baéin'and Range faults
near the hot wells. The Muir.cauldron is definedrby caultdron fil] |
intruded by a composite stock, ring-fracture zones, and associated
ring-fracture domes, moat i1l and outflow sheets (Elston and Deal,
]978); Elston and Deal propose that the location of the Lightnfng:f
Dock KGRA is structurally controlled by the intersection of thé ring-
féctufe mafgin of tﬁe m{d-Tertiary cauldron with active Holocene Basin
and Range faults (Fig. 2). This interpretation, corroboraied_by '
electrical resistivity and gravity surveys (Jiracek and Smith, 1976;
Smith, 1878), may be overly simplified, as will_bé shoﬁn below. _
Elston and Dea]l(f978) suggested that the heat source for the geothermal
system was the northeast-trending basaltic volcanism:seen in Fig. 1. N
The valley contains surficial Quaternary'piedmont and'vailey-f1oor_
deposits. The piedmont deposits are'ptimar11y coaTescing Pleistocene
and Holocené alluvial fans and pediment deposits and local modern or
active sheetwash sediments. The bolson fill of the véi}ey'floor is‘ 
capped by irregularly distributed f1uviodé1taic, 1acustriné, and ﬁ]aya
sediments associated with Pleistocene Lake Animas (Reeder, 1957;
' F1eischauer,]978); The tota1 depth of the QaT]ey fill is highly |
variable, depending largely on the 1ocation.of Tertiary and Ho]dcene
faults. In the vicinity of the hot Wells, the'valley fill is only
27 m thick, while drilling of the Cockrell #1 Forést Federal oil test
well, in sec 31,' T. 24 4., R. 19 W., 3 kn to___the north of the hot wells,
penetrated 576 m of valley fil11. . :



Figure 2. Generalized structural seftingrof thé 1owér Animas.Va]]ey.-
Bé11 and‘bar.are on the downthrown.side of high angle.faults; The
hot wells are Tocated near the intersection of the ringrffaciuré
margin and the Animas Vél1ey fault (after Elston and Deal, 1978}.

The eastward-dippling high éngle fault along the Flank of the 
Peloncillo Mouhtains ié reported‘byls.'e. we]1§ tpersona}.coﬁmunica—'

tion; 1980). 2
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A shallow, one- to.two—heter temperatureiand tempefature.gradient |

survey (Kintzinger, 1956) and a hydrologic survey (Reeder, 1§57) were
: conducted‘in the Animas Valley several years'éfter the hot wells were
"drilled. The flow of groundwater in the.va11ey is from south tO'nofth,
‘with local contributions from the flanking Peloncillo and Pyramid
Mauhtains. A northerly-moving shallow f]oﬁ of 1ow—temperafure ground-
water mixés with thermal waters rising along é favorab1e'structural,zcne
near the hot We1ls to produce the norther1y~sﬁreading, fan-shﬁped anomaly
reported-by'Kintzinger'(]956). Heat flow measurements from shallow

(< 70 m) observation wells show very high température gradients at.
shallow depths; the observation weiis become isothermal-at depth |
(Del]echaie,.1977). Thus, there is geological, geophysical and-hydkmé"
logic evidence for the mixing of waters in thé area of the Lightning ”
 Dock KGRA.
Fumarolic alteration of rocks in the Pyramid Mountains is.assoéiéted
| with the pre-34 m.y. Muir cauldron, not with the modern Lightning Dackr
| geothermal activity (Elston and‘DeaI, 1978). A period of geothermal
activity younger than a 20.6 + 1.5 m.y. basalt fioﬁ’produced'the
extensive hot spring deposits and hydrothermal veins which border the
Animas Valley (E]stoh‘and others 1973). Fluid inclusion studies By
E. E. Erband T. J. Bornhorst of fluorite and ca1c1te from the near-
~ surface Vexns indicate a range of depositional temperatures from 140°C
to 350°C, which compare favorably with calculated reservoir tempera~

tureﬁ for the modern geothefma] system (Callender, 1981).



Various 1ines of evidence suggest that the moderh,geotherma1

anomaly at Lightning Dock may be a relict of a much larger, now-
~extinct hydrothermal system. The source of heat for'theléystem is nof
known: all vhyolite domes in the area are Oligocene or older. The
distribution of the Plio-Pleistocene Sin Bernardino-basa]t field in
southeastern Arizona, of basalt cones near Rodeo, New Mexico, and'of'

a Quaterhary basalt flow, dated at 140,000 years {Marvin and others,
1978), in the Animas Valley southwest of the KGRA (Eig. 1) suggests th&t
- deep-seated basalt near the liquidus may be the ultfmate heat-sourte

(Elston and Deal, 1978).
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METHODS AND PROCEDURES

Fifty-five water samples were co11ectéd from wells under the -
supervision of C. A. Swanberg as part of an initial gedthefmal investi-
gation of the Animas Valley (Landis, 19763 Callender, 1980}. The
water chemistry was analyzed at New Mexico Stéte University under the
supervision of A. L. Bristol using standard analytical procedures'
(see Ahpendix }). The physicochemical proberfies of,thé'waters were
studied using WATEQF, a FORTRAN IV computer program_that calculates
the inorganic chemical equilibrium of naturaT waters (Plummer and
others, 1978). Geothermometry was calculated using GEOTHM, a FORTRAN
computer program written specifically for this work. The computer
programs are described and critiba]?y evaluated in Appendices 2 and
3. Possible alteration phases in the gedtherma] reseryo?r were
determined by means of mineral stability dfagfams constrﬁcted after
the methods of Helgeson and others {1968); the diagrams are discussed
in Appendix 4. | |

Oxygen isotope analyses were performed on a standard 3~inch,760?-

seétor Nier-type gas ratio mass spectrometer at thé Uni?ersity of'Néw |
| Mexico. Data output was interpréted'graphically and nuﬁerica11y by
means of a digita] integrator interfaced to a minicbmputer. Oxygen--
isotope gas samp]es.pf the waters were prepared-by the'COZ—HZO
equi1ibration.method of Epstein_and Mayeda (1953). The hydrogen
~isotope analyses were performed on a similar 3-inch maés,sﬁegtrometer_
at the United States Geological Sufvey Isotope Branch Tébcraﬁoriés in
Denver, Colorado by G. P. Landis. Thé hydrogen isotope samples Were

prepared-by the reduction-of-water technique of Bigeleisen and others
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(1952). Details of the analytical procedures for both oxygen and .
hydrogen are given in Appendix 5. Precision of the oxygen analyses is
better than + 0.2 permil; the precision of the hydrogen analyses is

better than + 2 permil.



Y.

WATER CHEMISTRY

Comgo;ftfon

The water samples fromrthe Animas Valley comprise:thrée suiﬁes,
the P-series, the AN-series, and the LD-serfes. The three suites wére
collected and named by three different field assistants‘working.uhder' |
the supervision of C. A. Swanberg. Sample locations are given in
Table Al.T1 and are shown in Figures 3 and 4. ChemitaT analyses-fof
the major aqueous species in the wéter samples afe presented in Table
-1, which aiso Tists the hydrogen and oxygen'isotppic data aﬁd several
‘ca1cu1ated parameters. The resuits of the chemical analyses gré shown
graphically in the trilinear plot of Figure 5. The sampfes can be
classified as sodium bicarbonate waters with variable‘probortions of
calcium, su]faté, and chloride. The apparent scatter of values in
the diagram can be resolved by plotting the three suites of samples
separately. In Fig. 6 the Ca-Mg-Na+K and HCO3~-C1_-SO4 p]ots indicate
that the sample waters are mi%tures of dilute sodium bicarbonate water
with waters rich in calcium and sulfate and, to a lesser degfee,-
chloride. One mixing line is apparently sufficient to describe the
mixing.process in the Ca—Mg—Na#K p1ot,.but two distinct mixing Tines
are needed to describe the relations seen in the HC0,5-C1-30, p1ot.‘.

Laboratory‘experiments (E11is and Mahon, 1964, 1977; Hem]ey and
.Jones, 1964), theoretical calculations (Helgason, 1967;_1969), and 
mineralogical and field studies {Browne and E1lis, 1976; Truesdell,
19753 Mariner and Ni1]ey;.}976)'1ndicate that the concentrations of
sparingly soluble'species such as Si0,, Na,.K, Ca, Mg, Fe, HCO5, 50,

and F in geothermal reservoir waters are controlled by mineral-solution |
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Figure 3. Locations of the P-series and LD-series water samples in |
the Animas and adjacent Lordsburg and Playas valleys. Box Shows

location of Figure 4.
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Figure 4. Locations of P-series (+) and An-series {+) water samples .
in the'ldwer Animas Valley. Samples P2, P3, and P4 are from the

hot wells.
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Table 1

Chemical Bata

P4

17

PS5

Temp. °C

P-Series P P2 P 3

TDS 484 11s 1024 1608 1660

pH 8.20 7.71 816 7.8 - 8.08
Major Cations, (mg/1): ,

ca't 28.0 22.0 S 23.2 67.3 159.3
Mgt . 7.3 0.5 0.5 5.3 34.9
Na* . 68.7 333.6 338.6 493.1  231.7
'S W 23.5 21.1 27.8 9.0
Major Anions, (mg/])ﬁ _

o .0.35 12.6 12.0 7.25 - 3.55
HCO 4™ 183.1 106.8 103.7 118.9 209.3
c1 20.5 88.3 87.6 111.3 - 181.9
S0, " 79.3 4971 280.0 893.4 1956.3
{mg/1): | |

+H ' i \ :

Fe . 1.10 0.20 0.40 0.83 <.10
B - 0.08 0.48 0.50 0.42 0.25
P 0.01 0.02 0.02 0.01 0.01
510, (mg/1) 31.3 147.5 143.0 115.6 423
I 0.010 0.020 .. 0.019 0.032 0.037
Surface 23.0 85.0 81.0 71.0 22.0




Table 1 cont'd

18

8D (%) =71

- P-Series P 1 P2 P 3 P4 P5
- Molal Ratio:
B/Ng ) 2.5 3.1 3.3 ‘1.8 2.3
*10 o |
~B/Ca 10.6 80.9 79.9 23.1 5.8
S0,/F a4 7.8 7.9 24.4 '53.3
Isotopic Values, (SMOW): |
s 4y - -0.2 2105 2103 -10.5 -10.3
-78 -78 ~78 -75




Table 1 cont'd"

P14

19

Temp. °C

P-Series P10 P13 P15 P20
TDS 1708 756 668 868 632
pH 8.18 7.90 8.00 8.07 8.02
Major Cations, {mg/1):

ca** 67.9 38.3 47.9 78.6 43.2
gt 7 2.7 4.8 12,6 'R
Na* 366.2 105.5 7.0 - 152.2 97.0
K 6.3 3.1 2.7 5.9 2.3
Major Anions, (mg/1):

F- 1 7.25 3.90 0.85 2.35 2.65
HCO,™ 255.0 237.9 209.3 . 201.4  192.2
c1” 133.6 16.7  23.0 80.5 21.3
50,7 939.0  298.7 289.6  483.7 305.0
(mg/1): :

R R : . - ‘

Fe 0.53 .31 1 0.16 <10 <10
B 0.51 0.10 0.06 0.18 0.10
P 0.01 0.01 0.01 0.01 0.01
S0, (mg/1)  60.7 74.1 48.4 34.3 . 50.4
I © 0.034 0.015 - 0.014 0.021 0.014
Surface 23.0 19.0 20.0 24.0 22.0




Table 1 cont‘'d

20

- p-Series P10 P13 P14 P 20
" Molal Ratio:
_B/Ng 30 2.0 1.8 2.5 2.2
- *10 | |
B/Cg - 27.9 9.6 4.6 8.5 8.6
%10 - , _
S0 /F . 25.6 15.1 67.4 40.7 22.8
Tsotopic Values, (SMOW):
§1% (%) 1.4 9.8 9.7 -10.5 _10.2
| - 67 —67 -77 ~67

8 (%) 79



Table 1 cont'd

v

Temp. °C

P-Series P 22 P 23 P2 p 25
105 600 640 1348 604
o 7.90 8.08 7.92 8.35
Major Cations, (mg/1): _ _
ca*t 493 18.6 38.5 38.1
Mgt | 4.4 2.4 1.8 5.7
Na™* M3 120.2 321.4 - 78.8
k" 27 1.6 18.0 - 3.5
Major Aniens, (mg/1): _
o 1.20 1.15 . 9.35 '3.55
HCO,™ 192.2 250.2 - 275.8 183.1
o 38.6 29.1 - 79.8 8.9
504'“ 311.7 308.3 768.5 - 285.8
(mg/1}:
Fe'" <0 7.66 21.18 0.36
B . 0.06 0.12 0.05 0.12
P 0.0 0.01 0.01 0.01
510, (mg/1) 43,3 29.3 - 149.7 34.3
1 0.015 0.015 0.029 0.013
Surface 22.0 24.0 - 23.0




Table 1 cont'd

P22

P 23

22

D (%o) ,

“ P-Series P 24 P 25
‘1:;M01a1-Rat10:
B/Ng 1.1 2.1 3.3 3.2
x10° ' '
B/Cg 4.5 23.9 48.2 1.7
S0,/F T 51.4 53.0 16.3 15.9
Isotopic:Va}ues, {SMOW) ;
5180 (%.) ~9.6 ~9.3 -10.4 29.0
%) =67 - 74 -8 - 65




Table 1 cont'd

An 3

23

Temp. °C

24.0

An-Series An 1 An 2 A& A5
T0S 300 360 380 1372 1184
pH : 7.88 8.00 8.29 7.59 7.82
Major Cations, (mg/1): _
ca 2.2 13.0 39.7 . 797 122.0
Mgt 2.2 1.6 8.8 8.3 25.3
Na™ 54,0 115.4 66.9 353.3 178.6
K . 2.0 2.0 2.7 14.1 8.2
Major Anions, {mg/1): ' _
o 1.60 1.60 0.66 2.85 3.48
HCO,™ 151.3 151.3 207.4  228.8 172.1
c1- A 74 56 1227 144.3
S0, 42.0 42.0 64.8 492.8 351.9
(mg/1): | |
+ ' _ -
Fe <.10 14.30 14.92 <.10 .10
B | 0.12 0.17 0.02  0.59 0.18
P | 0.05 0.01 - 0.04 0.01 0.01
$i0, (mg/1) 58.5 15.5 68.5 97.5 50.5
1 "~ 0.007 0.011 0.011 0.027 0.023
Surface - 23.0 18.0 16.0 19.0




Table 1 cont'd

. An 4

24

19.4

An-Series An 1 An 27 An 3 An 57
Molal Ratio:

B/Na 4.7 3.1 0.6 3.6 2.1

*10° ' o
.B/Cg 1.7 35.1 1.9 275 5.5
*'IO R

S0,/F 5.2 9.2 3.4 20.0




Table 1 cont'd

An 9

25.

Temp. °C

An-Series An b An 7 An 8 An 10
- Tbs 1020 624 272" - 384 524
pH | 8.00 7.52 7.83 7.85 7.92
Major Cations, (mg/i):
ca’t 125.2 60.5 28.8 19.8 29.8
Mg+t 14.6 9.7 2.7 a7 8.5
Na* 161.4 1343 ' 55.6 98.2 112.2
K+ 6.6 4.3 2.3 3.1 3.5
Major Anions, {mg/1): | _
F | 1.98 2.28 1.4 0.8 0.63
HCO,™ ' 83.6 195.2  170.8 81.1 156.8
c1” - 17.0 68.1 3.5 59.2 53.9
50,7 ©369.0 167.0 51.6 . 107.3 m.7
(mg/1): | S
Fe™ ' 74.58 1.73 3.0 47.69 8.54
B '~ 0.78 0.17 0.05 0.01 0.02
P | 0.00 0.00 0.00 0.00 0.00
S0, (mg/1)  "30.0 29.5 33.5 . 0.95 37.5
I 0.023 0.015 0.015 10.009 0.011
Surface 19.0 20.0 - 18.0 - 18.0




Table 1 cont'd

- An-Series

26

An 6 An 7 An 8 An 9 An 10'f

Mo1é1 Ratios:

B/Na 10.3 2.7 1.9 0.2 0.4

* .

10

B/Cg 23.1 10.4 6.4 1.9 2.5
*10 |

S0, /F 36.9 145 9.0 25.3 35.1




Table 1 cont'd

An-Series An 11

27

Temp. °C

20.0

An 12 An 13 An 14 An 15
DS 688 384 420 340 - 240
pH o 7.68 7.73 8.26 7.75 7.93
Major Catijons, {mg/1):
ca** 81.8 34.5 25.0 26.0 18.2
Mgt | 9.1 3.0 1.8 1.8 2.5
Na* Mo.6 ~ 77.9  103.4  70.3 49.6
K | 4.3 2.7 3.9 2.3 2.0
Major Anions, (mg/1): | |
F © 2.85 2.28 3.03 3.45 0.63
HCO ™ 202.0 185.5 167.8 176.3 139.1
1 38.3 8.5 27.3 1.8 6.4
SO - 198.6 74.8 84.1 1 58.8 . 38.4
-~ (mg/1):
Fe** <10 10.31 21.85 <.10 17.93
B 0.19 0.00 0.12 0.04 0.00
P  0.00 0.01" 0.02 0.01 ©0.00
- $i0, (mg/1) 44.5 45.0 32.0 44.0 30.00
I 0.016 0.010  0.010°  0.009 0.005
surface 19.0. 2.0 26.0 24.0




Table 1 cont'd

An 11

An 12

An 13

An-Series An 14 An 15
- Molal Ratio:

B/t 3.7 - 2.5 1.2 -

B/Ca 8.6 an 17.8 . 5.7 -

*10 |

SO4/F 13.8 6.5 5.5 3.4 12.1




Table 1 cont'd

An-Series

An 17

An

29

Temp..°C

22.0

An 16 An 18 An 19 20
DS o3 504 352 675 628
pH 8.39 8.17 8.43 8.33 7.41
Major Cations, (mg/1):
ca™ 30.7 30.7 31.3 81.0 76.1
Mg't 3.0 5.7 3.2 23.5 7.2
[ U 89.9 129.2 67.8 74.5 91.7
K" | 2.7 7.0 2.7 2.7 3.5
Major Anions, (mg/1):
O 132 4.02 1.71 - 0.69
HCO,” - 178.8 237.4 157.4 181.8 187.9
1T 198 29.4 27.3 42.5 64.2
0,77 8.9  T13.3 53.8 197.0  124.9
(mg/1):
++ ' ' :
Fe | 0.29 <.10 <.10 3.63 0.68
B . 0.00 0.13 0.18 0.0 0.05
P 0.01 0.01 0.01 0.01 0.00
5i0, (mg/1)  37.0 30.0 37.5 40.0 49.5
I . 0.0100  0.013 0.009 . 0.016 0.014
 Surface 20.0 21.0 - 20.0

v



30

Table 1 cont'd

An-Series An 16 “An 17 An 18 An 19 - An 20

Molal Ratio:

B/Na

: - 2.1 56 1.1 1.2
*1Q | - I | |
B/Cg . 15.7 213 1.8 2.4
*10 - o , o
50,/F 13.0 5.6 68 - 3.8




Table 1 cont'd
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Temp. °C

~An-Series An 21 An 22 An 23
- TDS 402 396 384
oH 8.27 8.41 8.44
Major Cation, (mg/1):
ca’ 39.9 - 25.4 22.0
Mgttt 6.3 2.5 2.1
Na® 745 93.8 53.4
x* 3.5 2.3 2.0
Major Anians, {mg/1}:
o 3.8 2.16 0.93
HCO 3™ 186.7 172.1 1 148.0
1™ f 9.6 120.9 2.1
s0,”" 8.5 76.4 51.6
(mg/1):
Fe't <10 - 0.83 0.65
B 0.04 0.05  0.00
P 0.01 - 0.01 0.01
Si0, (mg/1) = 37.5  32.5 37.0
I 0.011 0.009 0.007
surface 19.0 19.0 18.0
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Table 1 cont'd

An-Series An 21 An 22 An 23

Molal Ratio:

B/Na 1.1 RS I ---

«10° -
B/Ca a7 13
*10°

S0,/F | 2.5 7.0 . 11.0
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Table 1 cont'd

LD-Series LD ] iD2 13 L4 LD 5
TDS 564 816 740 592 796

pH 8.09  7.86 7.48 7.9 - 7.82

Major Cation, (mg/1):

ca™t 7.6  28.0 117.4 " 10.2 15.6

Mg™* 1.4 2.7 18.7 1.8 1.3
Na© . 143.2 2161 98.6  159.3 - 234.5
. |

Kt . 5.9 1.7 10.2 1.5 5.5

Major Anions, (mg/1):

F - 3.66 . 6.90 0.44 2.6/ 7.1

HCO,™ 234,3  314.8 218.4  301.4  400.3
c1” 27.6 47.5 116.6  33.0  50.7
$0,”" 937 223.8 1815 104.2  154.6
{mg/1):- | _

Fe't <15 <15 <15 0.37 <15
B ~0.46 0.46 0.32 . 0.50 0.64
P 0.00 0.01 0.01 0.0t 0.00
$10, (mg/1) 33.5 ' 39.6 434 32.3 47.2
I . 0.012 0.019 0.019 0.014 0.019
Surface 25_3 " 33.0 . L -

- Temp. °C



Table 1 cont'd
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LD-Series LD 1 w2 L3 1D 4 LD 5
Molal Ratio:
B/Na 6.8 4.5 6.9 6.7 5.8
10 |
B/Cg 2244 . 60.9 10.1 18.2 15,2
x® i .
10 | o
S0,/F 51 6.4 815 - 7.7 4.3
Isotopic Values, (SMOW): |
§'%0 (%.) 1.1 11 -9.3 1.2 ~10.1




Table 1 cont'd

LD 8

35

Temp. °C

18.7

LD-Series LD 6 LD 7 D9 - LD 10
DS 208 208 184 175 156
pH | 7,92 7.82 7.57 7.39 7.3
Major Catfcns, (mg/1): N |
*t 22.0 - 40.3 26.0 21.0 17.8
Mg 7.3 4.9 2.7 3.2 3.3
Nt 276 15.2 21.1 6.2 6.9
K" | 2.0 2.0 1.2 4.5 6.2
Major Anions, (mg/1): |
F- | 0.30 0.6  1.38 0.12 011
HCO,” 147.7 156.2 109.8 65.9 - 57.3
- 3.5 2.5 2.8 0.7 1.4
150,7" 19.2 4.3 4.3° 33.6 40.3
(mg/1): | |
R . | .
Fe'h 0.62 4.70 . 6.39 <.15 0.56
B 0.12 0.12 0.06 0.04 0.04
p 0.0t 0.02 0.01 0.14 0.01
510, (mg/1)  38.1 47.6 45.2 a7.6. 39.3
I . 0.007 0.007 0.005 0.004 ©0.003
Surface e 28 4 21.2 —
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Table 1 cont'd

LD-Series LD 6 LD 7 b8 LD 9 LD 10

Moilal Ratio:

B/Na 9.2 . 16.8 6.0 13.7 12.3

*10°
B/ea 20.2 - 1.0 8.6 7.1 8.3
* : '
10 | |
SO4/F 127 . 53 06 5.4 725

Isotopic Values, {SMOW):
5180 (%) 9.2 -10.0 9.5 . 8.6  -8.8




Tabla 1 cont'd

Temp. °C

18.0

17.

LD-Series LD 11 LD 12 LD 13
DS 200 136 132

oH | 7.76 6.88 7.00
Major Cétions, {mg/1):

cat 16.6 15.8 8.2

Mgt 4.8 2.9 1.7

Nat . 36.8 13.8 . 15.2

K ' 5.1 3.5 2.7
Major Anions, {mg/1):

F 1.12 0.18 0.14
HCO5™ - 173.8 37.8 22.0
1 Ny 1.4 0.7 1.4
S0, 3.8 52.8 40.3
(mg/1):

Fett 5.77 <.15 <.15
B - 0.12 0.06 0.06
P 0.01 0.01 0.01

- 810, (mg/1)  32.4 35.7 39.3
1 0.007 0.003 10.002
Surface ]8;3 0




Table 1 cont'd

38

LD-Series LD 1 LD 12 b 13-
Molal Ratio:
B/ 6.9 9.2 8.4
*'IO .
B/Ca 26.8 14.1 27.1
*10 .
SQ4IF , 0.7 58.0 56;9
Isotopic Values, (SMOW):

. -10.0

6% () -9
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Figure 5. Trilinear plot of the water samples from the Animas Vailey.
_ChEmicaT analyses of water are represented'as-percentages of total

equivalents per liter.
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. Figure 6. Ca-Mg-Na+K and HCOS-CI—SO4 plots from Figure 5 with '
P-series {-), LD-series (+), and An-series {A) waters plotted

separately.
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equilibria. In contrast, the concéntrations of soluble é1ements such
as C1, B, Br, I. Li, Cs, and As 1in geotherma]'reservoir‘waters are
primarily the result of temperature dependent fock—Teaching (E11is
aﬁd-Mahon, 1964; Ellis, 1977). Naters actua11j Sampled at or neér the
',surface, whether from wells or springs, are typicé11y modjfied by a
variety of processes. Broadly speaking, bne'éan classify the possible
processes into three categories: (1) processes in which the sdlvent,
water, is added to or removed from the solution; {2) processés in which
the solution reacts with the surrounding rocks; énd (3) mixing of
solutions of different compositioné and concentrations. withfn each
of the three classes of processes, more Specffic hroceSses‘may be of
greater or lesser significance in determining thé chemical compOSition
- of a samp]ed‘ﬁaterzﬁ | | - |
" 1. Changes in the solvéntr

a. Boiling

‘b. ‘Evaporation

c. Membrane filtration
2. Mater-rock interaction

a.l'Disso]utﬁon

b. Pfecipitation

c. Ion exchange

d. Biologic activity
3. Mixing | |
Since no shale units were observed in microscopic examihation'of fhg_
Cockrell #1 o1l test well drill ﬁhipg, membrane filtration probably

is not a significant process in the Lightning Dock system. The
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chemical analyses of the water samples did net fncluée any data on
bacteria in the waters. Therefore, the effects of bio1ogic_a§ti?1ty :
on the compos1t1on of the fluids will be neglected |

Because of the complexity of the geologic, hydrolog1c and geo~
- chemical processes which affect the waters, it is typica]1y.impossib1e__
“to derive a fully quantitative ana}}sis of thé chemical evolution of
waters sampled from a geothermal system. However, by applying some-:
concepts of chemical équi]ibria to the regﬁlarities observed in.the._'
water analyses, it is possible to de?elop models which describe some of
the processes quéntitative]y and others semi-quantitatively or qualita-

tively.

‘Processes Affecting the Solvent

Isotopic analyses of hydrogen and oxygen in Table 1 are reported as

.80 or 6180 values in the convent10na] permil notation,

Rep1 = R
- sg; std 103’
“std

where RSp1 = D/H or'180/]60 ratié in_the Sample_and:Rstd‘is the
corresponding ratio in the standard. The standard for both hydrogen
and oxygen is Standard Mean Ocean Water (Craig, 1961). | |
The resﬁTts of the Animaé Valley stable isotope study are pre- k
senfed in Table 1; All groundwater_samp1es are from re]atfvely'sha1low
(< 40 m) wells. Since sampie LD1-LD5 are from.the adjacent Lordsburg
and Playas Valleys, which probably‘are_not in hydraulic continuity With'-

the Tower Animas Valley (Reeder, 1957), they will not be considered in
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this discussion. The P-series was chosen for analyses of both hydrogenf
and oxygen isotopes because the chemistry and the geologic setting of
the samples indiCated that'they.would yield the greétésf amount of
information about the geothermal System; 'Only oxygen isotopic ana1yses
“are available for the LD-series, the cool, dilute waters of the uppér
Animas Valley. | o

- The 61 0 values of groundwaters from the KGRA and. adgacent parts
of the lower Animas Va11ey range from -9.0 permil to -11.4 permil.
- Groundwaters from the upper Animas Valley range from —8.1 permil to:'
-=10.1 ﬁermi1. Summer rainwater has a 6180 value near -5 permil. &b
values for the lower valley groundwaters range from -65_permi1 to -80
permil. ~The 8D of the summer rainwater is near -21 permil. Ihterpréta-
tion of these data is complex and requires some knowIedgerﬁf.the
hydrology of‘the valley and of the mefeorology of southwestern New
Mexico. '

The isotopic data for the P—series'waters are.p1otted on_a_én; k
'8 diagram in Fig. 7; the meteoric water Iine'pf.Craig (1961) is
_plotted along with the data (see Appendix 5). Linear_reéreszon on
the.isotopic vé]ues yields an equation |

D=7.518%+33, (1)
with a correlation coefficient of 0.8. -The groundwatefs of the Animﬁs
Valley, including the KGRA, are meteoric in origin. |
| While a 50 to 60 pekcentage of the precipitation in.the Animas
Valley fa11s during the summer rains (Reeder, 1957), the'groundwaters 

do not represent. samples of the present-day summer rains. This paradox
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18

Figure 7. &D and 6“0 values for the Pusefies waters. The meteoric

- water line is from Craig (1961).
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- is not hard to resolve. Summer rainstorms are typica11y'h1gh iﬁtenéity,
short duration convective storms. Raiﬁ which fa?]s on the vaI]ey-deor i
fs unlikely to add significantly to recharge becéuse the vaTTey f1bor is
an area of net dlscharge due to h1gh rates of evapotransp1rat10n and

“Tow rates of infiltration which result from the presence of a caT1che
:hardpan in the soil (Reeder, 1957; D. B. Stevens, personal communication,
1980). Much of the rain which falls oﬁ-the steeper terrain of recharge
areas iﬁ the mountains during high intensity storms will run off to the .
playas - of the valley floor, where the watér will be Tost to evapotraunspi-
ration. The principal source of meteoric water recharge to the Animas
Va]ley'is.believed to be winter precipitation which falls in.the'
surrounding mounta1ns, as is the case in other southwestern vaT]eys
(e.g., Wells, 1977). Winter storms are typ1ca11y frontal storms of
_-reTativé]y long duration. Because_of Tower temperature of condensat10n,r
winter precipitation shou]d have more negative 8D and 6180 values tﬁan
the summer rains, énd proportionaiiy more of the precipitation'shQqu
infiltrate to the water table becausé of lower evaporation rétes. This
hypothes1s is supported by a deta11ed study of a s:m11ar vaTTey in “
southern Arizona (S1mpscn and others, 19?2). Samples P13, Pi4, and P22

are cool, dilute waters with tightly grouped 8D and §'8

0 va]ues (-67
permil and -9.6 permil) which can be taken as representative of
effeétive modern meteoric recharge water. The deuterium value agrees
very closely with the regional study of Taylor (1974).. |

- The groundwaters of the‘Animas Vélley tyﬁica]]yiare preseht in

unconfined aquifers in the poorly consdlidaté valley-filt sediments.

Locally, perched or confined conditions are engountered due to clay
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lenses in the p1aya'deposits of P1eistoCené Lake -Animas {Reeder, 1957).
Most of the wells in the upper Animas Valley supply water from sha]low;

18,

perched aquifers (Reeder, 1957). Groundwater samples which have §
values near -9.6 permil and, where available, 8D values near -67 permil
represent sampies from shallow aquifers recharged by modérn meteoric
waters. 6180_va1ue5 thch are sighifﬁbantly more.positive than -9.6
permil may represeht modern'meteoric water which has,ﬂndergone-evaporae
tion before or during infiltration. | | |
‘Waters which have 6180 and 8D values significant1y'more negative |
~than -9;6.perh11 and -67 permil, reSpective1y, present more cohp1ex
and prObTematiCa] hisfories.r Analysis of the chémiéa], isotopic and
femperatufe data indicateé that there is a negative corre}aﬁion Between
6]80 and SD values and subsurface temperature, concentration of chTofine,
~ and concentration of boron {Table 2). The deeper, high temperature |

]80 and D than the shallow aquifer

reservoir water is more depleted in
water. This is a surprising result, since higher temperature should
favor increased 180 exchange with the enclosing rock and a shift to

more positive 61

80 values with essentially constant 5D values (Craig,
1963). [Instead of the expécted "oxygen shiff"jpattern, the isotopic
data of Figure 6 may represent a mixing line between a modern meteoric
water (6180 = -9;0 permil; 8D = -65 permil), which may have undergone
some evaporation, and a deep reservoir water (6180 = -13.4 permil;

‘.6D ¥'-97 permil), with a sma11loxygen shift for the hot we]1§ which
accounts for much of the_scatter in the data; The small oxygen shift,

about 0.5 permil, is similar to that observed at Wairakei and Ldng

Valley (Marriner and Willey, 1977), and probably indicates that the
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Animas Valley geothermal system is moderately to very old and has
“isotopically well-flushed conduits. This inﬁerpretétion is'cpnsistent
w1fh the Obsefved record of-hydrotherma] activit& in the region (Elstoh
and Deal, 1978). e R
The isotopic value of the deep water is substantially toounegétive

to be locally derived meteoric-water..”There are at ]éast three
reasohabie_interpretations.for thé very negétivé.ﬁlsd and &D Watef
required by the data. First, thé reservoir water mayrbe a paleometeoric
water within the deep grévels or even within'the-ffactured voicanic '
rocks below the valiey fill. If such a water were representative'of é
colder climate than modern, it would have more negative isotopic vatues
than modern waters. Such paleowaters have been described from arid

and semiarid regions (Gat and Dansgaard, 1972; Gat and Issar, 1974) and.
have been,proposedrfor-the.geotherma] system at Yei?owstone {Truesdell
ahd others, 1977). Deep circulations fimes for mahy1ge0therma} sysfems
" have been est1mated at > 30,000 years (e.g., Craig, 1963; E?der 1976).
For a steady-state model of the Animas Valley, given_known recharge
rates and porosities based on geo]ogic and geophysical evidence, the
residence time for basin waters fs 5,000 to 50,000 years. Thereforé,
Pleistocene water is probably present in the deeﬁer portions of the
basin. However, it is not clear that paleometeoric waters in this
~portion of North America, at 1east as far back as approximately 20,000
years P.B., had isotopic values more negative than modern meteor1c
water: Although there are no data specifically from southwestern New
Mexico, studies of the &D of ce]]u]ose in trees suggest that except

very close to the margins of the Pleistocene ice sheets, average
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annual meteoric water jsotopic values were probably 1itt1e'différent
from modern values (C. J. Yapp; pérsona] communicatidn,‘1980).'
‘Palecbotanical studies of ancient packrat middens indicate tﬁat
woodland communities were present in mOSt of the Chihuahuan, Saﬁoraﬁ.
and Mojave deserts during the late Wisconsinian (22,000 to 11,000 years
B.P.) (Vah'Devender and Spaulding, ]979). On‘the_basis of fhe paleo- |
botanical evidence and model water budgets for playa lakes, Van
Devender and Spaulding (1979) propoSe that the Tate'wisébnsinian climate -
in the southwest was characterized by mild, wet.winters and cool Summers
and that the climatic pattern of predominantly‘winter'precipitatioﬁ
‘probably éontinued until about 8,000 years B.P. Therefére, a.secpnd
possible interpretation of the isotppica]]y depleted waters is that
they represent groundwater rechérge from a'c1imati; regime With a'
significantly higher percentage of winter precipitation than mmdern_
recharge. Simple mass béTanCe considerations indicate thét as ihe'
“fraction of winter precipitation in_the-tota? groundwatér recharge
approaches one, the isotopic composition of the groundwater approaches .
the Va1ue of the winter component. 'Thjs mechanism.wpu1d'prbducé older,
deeper waters with significantly more négafive'isotopic va]ues‘thanr
modern waters only if summer precipitatidn is én important part of the
‘rechargé to modern groundwater. The relative prdpcrtions of-w%nter and o
summer infiltration, not preéipitation, is the factor which will deter-
mine the weighted isﬁtopic compositioh of the Qroundwater. As discussed
above, modern groundWater is dominated by winter precipitatidﬁﬁ and a
“shift to re]afive]y more winter precipitation probably weu]d.have Tittle
effect on the isotopic composition of the water. Furthermore, cooler

summers would imply lower evaperation'rates and more infiltration of
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summer precipitétion. While such summer meteoric waters would be more
negative than modern summer raijnwater, they would be more positive than
modern winter precipitation and would tend to offset the increased pro- -
bortion of negative winter precipitation in thelmixture. A carede,
,-10ng-ferm study of the seasonal distribution of recharge and the 1sétopic
composition of the recharge is needed to quantit&tive?y test fhe hypothe-"
sis of increased winter contribution as the source of the iéotopica11y
- depleted water. | | | | o

The third possibility for the origin of thé isotopically depleted
waters is that they are associated with a recondensed vapar phasé on.the
distal edge of a boiling geothermal system in which the 1sotopic‘compési—
tion of the reservoir water is c?ose fﬁ that of moderﬁ-metéoric'water!
Hot waters originating in geothefma] reservoirs at temperatures anve
surfacé boiling must 105e'heast as they'éSCEnd; 'Tﬁe heat loss may take .
place by conduction to the surrounding rock, by.mixture with cooler
waters, or by loss of steam. Conductive‘COOTing will not_affect'the
isotopic composition of the water. With thé assumption that the initial
isotopic composition qf the reservoir water is nearly the same as that |
of modern meteoric water, mixing a]so.wilT not affect the isotopic com- |
position of the sample waters. HoWever, below 226°C, Hzo(vapér) i;'

depleted in both D and 19

| 0 relative to HZO(TiQUid} {C. J. Yapp, personal
communication, 1980}, indicating that boiling followed by recondensation

of the vapor phase is consistent.with the data. The potential isotopic

_consequences of boiling and recondensation are very_tomp]exf(TruesdeI1

~and others, 1977; C. J. Yapp, peréonal communicatien, 1980). Uncer-

tainties concerning initial conditions, mechanisms of boiling and
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recondensation, and degree of postmrecondenSation mixing make quantita-j
tive evaluation of the possibilities difficult and the drawing of
conciusions’déngerous. -However, one may consider a 1imiting case as é_'
semi-quantitative check on the consistencyrof the poténtia1 prdcess.
The treatment which follows is based on a formally identical tréatment
of the isotopic systematics of coexisting -sulfides and su1fates; bre-
sented in classwork at the University of New_México by'C}.J.'Yapp,

The observed mixéd water system can be considered to include two
coexiéting species, the modern meteroic water (6}80 = -9.6 permil;

8D = -67 permil) and'the deep reservoir water (5}

% = -13.4 permil;

il

¢ = -97 permi1). To define the 1imiting case, one must make two

crftica] and stringent assumptions. First, the isotopic compositibh of
the presumed keservofr water represents the isotopic éomposition of the
‘aggregate distillate. That is, either all the steam recondensed to'__
liquid water in one step, or step-wise recondénsation was followed by
mixing which-reestab1ished the isotobic compositioh of the bulk distil-"
late. Second, the isotopic composition of modern ﬁeteoric waier is
identical to the isotopic composition of_the-residua1 liquid« Working

18

J-with these assumptions, the 6 0 values of the two model species define

an apparent fractionation factor,

5189
1 + T——-ﬂ
app 6180 * ' _ : S
1000
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where 6]80r = 6180 value of the geothérma] reservoir fluid and &

1

18
H O
= § 80 value of modern meteoric water. If one applies the Rayleigh

" model to describe the boiling process which leads to this aapﬁ-and
18

. treats the é Or as a value which.is integrated'overrthe fréction of
water which is removed from the jnitial reserveir by boiling, it can

be shown that

- a
o fg-f1
o = .

we ol (5, - f))

_(3) .

where f] = the fraction of the original waﬁer Ieft_in thefresefvoir.
when boiling begins, f2-= the fraction of water leff in the system
when boi]ing-ends, and a = thé trué a of the boiling pfocess, assumed
td be constant for the pﬁﬁposes of the derivation_(see Appendix 5).
Assuming that there has been no significant loss of water prior to

boiling, f1'='1 and equation (3) simplifies to

app a-1 _ ’
f2 _(f2 1)

(3a)

The value of f2 can be estimated by considering the mass balance of the

mixture observed in the hot wells,

18 _ 18, . a8,
8 Ototai'_ (1-x) § Or f X6 0m’ , _ (4)
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where x is-identically equal to fz. Settfng 6180t0ta1 = -10.5 permil,

18

the approximate § 0 value of the waters coTIectéd from the hot wells

(samples P2, P3, and P4), f, = 0.76. For the gfvén,6180r‘and.6180m,

0.9962. Using these values for fz and aa' » @ graphical solu-

Sapp ~ _ pp
tion of equation (3a) yields a model a = 0.9965 {Fig. 8). Taking the
reciprocal and using the data of Bottinga in Friédman ahd 0'Neil (1977),
the modej o va]ue'cokresponds to & temperature of approximately 170°C.
Therefore, for the iimiting case represented by this mode], the hypothe-
sized boiling occured at or above abbroximately 170°C; |

The principal 1imitétion of this m0de1 is probably the assumptioh ’
* that the deep reservoir'cqmponent,trﬁ1y represents the aggregéte |
disti]]até. Unless all the vapor recondensed to give this end;point"
compohent,'the recondensed water would be more posifive fhan the
original vapor. If this Qere tr&e, quantitative evalﬁation of the
data would require some knowledge of the recondensatibn pfocesé. How-
ever, it has been shown that in the limiting césé of-the mOdeT pfesentéd
here, the réquired negative isotopic values obsérved in thé‘system could
be produced by boiling. | | | |

The relatively low salinity of the Lightniﬁg Dock area waters is
consistent with the boiling hypothesis; Since most of the so1ute§
derived from water-rock intefactiqns will be partitioned into the Tiquid
phase during boiling, the recondensed vapor phase would have an initi-
é]]y 1ow'concentra£ion‘of dissolved solids ahd-wou]d'develop significant
 salinity again over time as the recondensed liquid interacted with the
rock at e]evated‘temperature. On'the other hand; there is no geologic
evidence for recent boiling at or near‘thé surface in the Animas Valley,

except for the initial boiling of McCant's well when the locally
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Figure 8. Graphical solution for o . ¢ in equation (3a)lgiv§nj

Sapp " 0.9962 and f, = 0.76.
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confining clay layer was pierced during drilling (Summers, 1965). This
is perhaps reconcilable if the boiling system is now extinct and éTl
evidence of fumarolic alteration is buried by recent sediments or if
the fluids mixed in a deep aguifer, so thét no evidence of the vapor
.phase can be found at the surface.

In summary, the isotopic composition of hydrogen and oxygen in the
~waters of the Animas Valley 1nd1cate5'that'the groundwaters originated as
meteoric water, which may have been modified by evéporation and'miXing
While it is not poss1b1e on the basis of present geochemica] and geoTog1c
data and isotopic systemat1cs to choose unequ1v0ca1ly between the "01d
cold" water hypothesws and the boiling hypothesis, it is possible that
- boiling has played a role in modifying the isotopic and chemical com- |
position of the geothermal reservoir water;

In Figure 9 the 618

0 values for the P-series samp?eé are plotted
and ;ontoured on a sketch map of the Tower-Animas Valléﬁ. A}fhough
there are not many data points, the 6180 isopleths do outline a north-
-east-trending linear feature with an apparent dispersion pattern to the

18

north of the hot wells. Because of the relaticonship between § "0 and

8§D, a plot of 6D values would give a very similar pattérn; The signia-
ficance of the pattern will be discussed below, in the section on the

geothermal reservoir.

Water-Rock Interaction

Because water-rock interactions are typicéTiy temperature-dependent,
it is useful to estimate subsurface temperatures. Reservoir temperatures
were estimated using the silica gecthermometer, proposed by Fournijer

and Rawe (1966)'but using the recent silica solubility of Walther and =~
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Figure 9. Isopleths drawn for &

18

0 values of P-serfes sample waters.
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Helgeson (1977), and the atkali geotﬁermometers of Fournier énd. 7

Truesdell {1973) and Fburnier and Potter (1979).' A comparison of the

temperatures calculated by various methods using the ccmputer.brogram

GEOTHM is giVeh in Table 3. The last columm 1ist§ a "Best Estimate"

- reservoir temperature, which_ié a subjectiﬁé but value based on com-
parison of the values computed by the aTlkali and either alpha quariz
(L-V) or chalcedony silica models. Best estimate temperatufes from the
samples in the Tower Animas Valley in the vfcinity of‘the KGRA are
plotted and contoured on'Figufe 10. |

In Figure 10 the isopleths define a recognizable hot spot around

'the hot wells, from which the chemical femperatures indicate a northerly
thermal dispersion similar to that or1g1na]1y descr1bed by K1ntz1nger
(1956) from the temperature and temperature gradlent survey. The-
apparent thermal ridge and continued ev1denc¢ for h1gh-temperaturé watér

1o ‘the southwest of the hot wells wilebe discussed below. - |

To help evaluate water-rock 1hteract%ons, multfple Tinear regres-
sion and correlation matrix calculations were performed on seTected
physicochemical parameters of P-series and LD-series data (Table 3A and
3B). Speculation on the physical signifiéance of the observed correla-
tions provides some insight into possible intérpretations of the water
chemistry. | | |

Chlorine and boron were selected as conservative or nonreactive
elements, the concentrations of which are indicativerof sources ofr
componehts and fluids, of mixing proceisess and of dissolution of
evaporite minerals frbm the sedimentary séction-(Fournfer and Truesdell,

1974; Mariner and Willey, 1977). Boron concentration shows a very strong .



Table 2

Comparison of Calculated Reservoir Temperatures [°C]

69

_ Na-K-Ca  Na-K-Ca Alpha Quartz (BARS) - Alpha Best

Sample Na-K [F&T] [uNnM]  T-V 500 7500 2000 Cristoba. Chalced, Estimate
P-Series:

P o1 109 38 32 80 71 59 53 38 59 38

P2 163 174 169 168 152 128 118 110 137 169

P 3 164 170 165 165 150 1% 116 108 135 165

P4 153 160 156 150 13 114 105 95 122 153

P 5 129 60 53 9 84 63 63 48 70 50

P 10 85 71 65 M2 1000 83 76 63 87 64

P13 Mz 49 3 123 M w2 e 72 o7 97

b 14 128 B %2 100 %0 74 &8 5 76 76

P15 129 58 5 8 75 6 56 4l 62 60

P 20 1 3 32 102 %2 76 69 55 78 78
P2z l2 42 35 95 85 10 66 49 o 71

P23 73 4 39 77 56 B 36 56 3

29



Table 2 cont'd.

Na-K~Ca  Na-K-Ca

Alpha Quartz (BARS)

- An

 An

An 11

96

Sample Na-K  [F&T]  [UWM] [V 500 1500 2000 él?gzoba. Chalced.  Bstimate
P 24 152 157 154 169 153 129 118 111 138 142
P25 137 50 43 85 75 62 56 4 62 56

An-Series: .
A1 126 39 32 10 98 82 74 62 85 62
An 2 85 58 52 53 47 39 36 17 35 52
M3 o om wm e 17 89 81 69 93 69
An 4 130 94 87 140 126 105 9 86 112 86
5 139 60 53 02 92 76 69 &5 78 54
A6 132 B2 4 B 70 5 52 3% 5 54
An 7 N7 52 46 7869 57 Bl 36 56 54
8 133 41 34 83 74 61 56 40 6l 40
Mmo9 . N7 6l 54 e e e e - 55
An 10 16 58 51 89 78 65 59 44 66 62
129 45 3B 86 71 65 50 72 A

£9



Table 2 cont'd

Alpha Quartz (BARS)

Alpha

| An

64

65

_ Na-K-Ca  Na-K-Ca : Best

- Sample Na-K [F&T] [uNM] L-V 500 1500 2000 Cristoba. Chalced. Estimate
An 12 122 45 3 97 87 72 66 50 73 47
SN IR P R 57 8 72 59 54 39 59 58
An 14 119 45 38 % 8 71 65 49 72 47
An 15 131 44 37 78 70 57 52 37 57 37
An 16 114 48 I3 88 78 64 59 44 65 a6
17 150 - 81 73 78 70 57 52 36 57 80
s 10 4 38 8 78 - 65 59 44 66 45
M19 . 125 30 23 o 81 67 62 . 46 68 . 60
An 20 128 39 % w9 75 69 5 10
An 21 141 49 52 89 78 65 59 44 6 60
An 22 03 48 4 8 73 60 55 39 60 55
An 23 127 42 35 8 78 59 44 43

49



Table 2 cont'd

Na-K-Ca Na-K-Ca  Alpha Quartz (BARS)  Alpha Best

LD

Sample Na-K [(F&T]  [UNM] [-V 500 1500 2000 Cristoba. Chalced. Estimate
LD-Series: ..- _ “._ _
b 1 133 s 139 83 74 61 5 40 61 87
b2 150 15 10 91 81 & 6 46 68 95
Lo 3 199 - 62 5 - 95 85 - 70 64 49 7N 52
L 4 58 58 52 82 72 60 54 39 60 58
5 10 95 8 99 8 - 73 6 5 75 93
D 6 M % 29 8 79 65 60 - 4 66 45
w7220 21 4 99 89 74 67 53 75 53
LD 8 REIEEERT 12 Co e 72 66 - 50 73 50
b 9 .- 45 36 9 98 74 6 53 5 45
W - s 49 9l s e 61 4 6 48
w25 70 e 14 93 77 71 8 80 60
12 289 50 42 8 76 63 88 4 64 42

L13 250 56 4 91 8 6 6 - 4 6 48

59
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* Figure 10. Isopleths drawn for best estimate shallow reéervoir
“temperatures of P-series () and An-series (%)-waters. Values are

calculated from the water chemistry and listed in Table 3.
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- Table 3A

Multiple Linear Regressioh~Corre1ation-Coefficients Lightning Dock KGRA Data

T°C . TeC

" Alkali  Silica cl B C1/B HCO,” 504; HCO47/S0,” 51800 /e
| L | (SMOW) _
P-Series and LD-Series: Multiple Correlation = (.66

T°C Meas. 0.741  0.736  0.400  0.481  0.054 -0.210 0.394  -0.171  -0.294
T°C Alk. © 0.703  0.448  0.770 -0.037  0.140  0.450  -0.278  -0.511
T°C Sil. | 0.406  0.466  0.035 -0.101  0.582  -0.081  -0.203

1 0.585  0.686 0.279  0.855  -0.353  -0.488
B © 0.016  0.557  0.457  -0.247  -0.703
C1/B S 0.218 0.611  -0.345 0,227
HCO, 0215 0113 -0.558
0,  -0.400  -0.460
HCO,/50, - -0.198

89



Table 3A cont'd

T°C T°C

Alkali  Silica €1 B C1/B HCO,™ SO, HCOST/SO0,T 8 °0°%
o _ (SMOW)
P-Serfes: [14 samples] 5 : Mu1t1p1e Correlation = 0.79

T°C meas. 0.844 0.728 0.3]2' 0.655 _0_245 -0.849 0.220 -0,399 -0.278

T°C Alk. 0.926  0.445  0.871 -0.305 -0.305  0.484  -0.523  -0.408
T°C i1, - | 0.332 -0.806 -0.344 -0.388  0.423  -0.514  -0.382
AR | - ) 0679 0.473  -0.107  0.911  -0.585  -0.699

B | _ . .0.218 -0.248 | 0.703 - -0.593 -0.700
s o 0.098 ~ 0.271  -0,095 ~ -0.118
..HCOS‘ | | o R 0,065 0.155 _0.007_
80, - - 065 0661
HCOy/S0, - B o . Y

69' 



- Table 3A cont'd

T°C T°C

Alkali Silica €I B CI/B HCOy™  SO0,”  HCO,/S0,”  §'°0°/a
| - ‘ _(sMow)
LD-Series: [13 samples] - | Multiple Correlation = 0.87
T°C meas. 0.625  -0.216  0.427 ~ 0.618  0.285 0.675  0.664  -0.136  -0.379
T°C ATk,  -0.29%  0.375  0.702  0.169  0.588  0.711  -0.391  -0.662
TCSUL. . -0.060 -0.296 0.014 -0.063 -0.247  0.622  -0.397
cl ©0.620  0.951  0.686  0.822  -0.387  -0.284
B | 0.359  0.939  0.782  -0.387  -0.729
c1/8 | 0.339  0.661  -0.308  -0.091
 Heo, © 0.698  -0.727  -0,669
0, | -0.506  -0.528
HCO4/50, -0.182

0L



Mu1tip1é Linear RegressTOn-Corre1étion CdeffiCiehtstightning‘DbCk KGRA P-Series Data

'Tab]e 3B

[Atom Ratioj

Multiple Correlation = 0.898

C1/Ca  Cl/Mg c1/g Cl/Na  CI/F  C1/S0, CI/HCO, Ca/Mg ET¥%E§§ §190° /e
T°C meas.  0.827 0.838 -0.483 -0.171 -0.314 0.324 0.755  0.776  0.901  -0.278
T°C Alk.  0.848 0.784 -0.520 -0.155 -0.39%6  0.230  0.725  0.781  0.920  -0.414
T°C 1. 0.757  0.740 -0.566 -0.242 -0.465 0.083 0586 0.819  0.821  -0.361
c1/ca 0.908 -0.19  0.005 -0.298  0.428  0.708  0.810  0.780  -0.507
CI/Mg -0.438  -0.144  -0.354  0.309  0.562  0.955  0.677 -0.251
C1/K ” . 0.667  0.510  0.277 .0.010  -0.583  -0.410  -0.335
C1/Na | 0.691  0.518  0.425  -0.281 -0.145  -0.350
ar 0.697  0.086 -0,480 -0.338  -0.129
€1/50, 0.499 0,110 0,250 - -0.518
C1/HCO, | 0.437 0,812 -0.580
Ca/lig 0.639  -0.125
ET‘ggﬁﬁﬁg 0

LL



Table 3B cont'd

B/C  B/Mg  B/K B/Na  B/F  B/SO, B/HCOy  Ca/Mg Eggtﬁg. §18g9 /o0

T°C meas.  0.809 0.824 -0.409 0.286  -0.239  0.659  0.944 0.777 _0.910  -0.28]
TeC ATk, 0.865 0.791 -0.400 0.491  -0.317  0.641  0.924  0.782  0.484  -0.408
T°C Si1.  0.807 0.753 -0.424 0.400 -0.456  0.538  0.823  0.818  0.716  -0.383
B/Ca o 0.941 °-0.149 0.636  -0.252  0.793 ~ 0.880  0.875  0.663  -0.360
B/Mg 0.319 0.513  -0.280 0,735  0.826  0.958  0.616  -0.241
B/K 0.116  -0.250 -0.088 -0.207  -0.441 -0,351 L0287
B/Na 0 .0.109 0.638  0.488  0.364  0.225  -0.309
B/F 0.285 -0.292  -0.410 -0.077 0,08
B/50, © 0.694 - 0.597  0.617  -0.365
B/HCO, 0.752  0.907  -0.483
Ca/Mg 0.559  -0.125

-Muit‘iple Correlation = 0.990

el
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corre]étion with tﬁe calculated alkali tempera&ure and-with'the sitica
temperature in P-series waters, suggesting that boron is derived
primarily from the deep, high-temperature water compoﬁeht.in the

sample (Table 3A; Fig. 11). The re?ative}y poor correlation between
'temperature and chloride concentration, which would have been expécted

| on the basis of the experimental results of Ellis and Mahon (1964); is
probab1y due te addition of chloride to the samples by the dissolution '
of évaporites in the playa sediments (Tébie 3A; Fig. 12). This hypothe-

sis is corroborated by the very strong correlation between C1~ and 5042"_

concentrations (Tab]e 3A)5 7 "

Regression of the atom ratios of chlofine and boron with other
components of the P-series waters suggests further.re1ations (Tablé 2B},
The strong positive correlations of temperature wifh B/Ca, B/Mg, Cl/Ca,
and C1/Mg may result from loss of carbon dioxide and ﬁrecipitation of
carbonate phases. The increase in Ca/Mg ratio with temperature suggests
-that magnesian calcite may be the carbonate phase which is precipit&fing;
the Ca/Mg ratio is too high for dolomite to be thE'stabTe carbonate. |

However, carbonates probably do not account for the removal of most

2 2+ 2+

of the Mg con?

* from solution. Figure 13 is a plot of Ca™ and Mg
centrations against the concentration of tbtalldisso1ved so]fds (TDSj

in the solution. While ca]éiumrand magnesiﬁm behave in a'gross1y

simf1ar fashion, there is substantjally better trend in ca1cium‘than fn
magnesium, Furthermore, the calcium coh¢entration increases mdre strongly
“than the magnesium, espetia]]y up to approximate]y‘]éeo mg/1 TDS. |

Figure 14, a plot of HC03" and 5042'7c0ncentrations against TDS, offers

2+

some insights into the Ca~ and Mg2+ trends. The sulfate and bicérbonate
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- Figure 11. Plot of boron concentration against calculated alkali
- temperatures for all water samples and for calculated geothermal

~ reservoir compositions RZ, R3, and R4,
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Figure 12. Plot of chloride concentration against calculated atkali
temperatures for all water samples and for calculated geothermal

reservoir compositions R2, R3, and R4.
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- Figure 13. Plot of concentration of calcium and magnesium against

- concentration of total dissolved solids (TDS) for all water samp]és,
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Figure 14. Plot of concentration of sulfate and bicarbonate against
~ concentration of total dissolved solids (TDS)-fcr_éI1 water

samples.
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concentrations behave quaiitatively in a similar manner, but the con-
centration of sulfate increases much more rapidly with salinity than
does the concentration of bicarbonate. The strong similarity between

the Mg2+

and the HCOs" trends 1mp1y'that magnesium is being intorporated_
in silicate hinera1s,-particu}ar]y_Mg—montmori]lonite, in”the formation
of which HCO3' is consumed (Mackenz{e and Garrels, 1966). This hypothe-
sis is supported by calculation of saturation indices and hinEPal
stability diagfamé (to be described below), by the recognition of |
- smectites and ch]drite {n alteration assemblages at numerous studied
geothermal afeas (Browne, 1978),.and by the experimental résuTts of
seawater-basalt interaction, in whith-magnesium is removed frbm sea- _.
water quantitatively by the formation of Mg-montmorillonite (MqttT and
Holland, 1978). The similarity of the Ca2+ and HC03‘ trénds suggests
“that the calcium concentrations of the solutions also may be affected
by incorperation o% Ca2+ into si1icate$, particularly zeoiﬁtes and
Ca-montmorillenites.

The inbrease in 5042' with TDS already has béen ascribed to
dissolution of:eﬁaporites in the pTﬁya.sediments, The diffitq1ty that

2+

the Ca cbncentration is much lower than that needed to balance the

2- 4 HC03') molar ratio.

sh]fate can be met by considering the-Ca/(SO4
- For all the Animas Valley water samples, the ratio is less than one.

In general, for any so]ufidn-in which the ratio is.]éss than bne, pre-
cipitation of calcium carbonate or calcium sulfate will deplete the |
so]dtion in calcium, but not fn bicarbohate or sulfate. CaTcu1atéd

saturation indices for the waters show all the samples to be saturated-

with respect to calcite but strongly undersaturated with respect to
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to gypsum and anhydrite. Dissolution of CaSO4 from evaporites adds -

2+ 2 2+

Ca” and 504 " to the solution. A portion of the Ca“ can be removed

from the soTution by reaction with HC03-,_'
42

"+ 2HCO,T = CaCOy + o, +H 0. . (&)

- As suggested above, HCOS' reaches a steady-state concentration buffered:
by silicate reactions of the general type,

. + D o
. n H-silicate + n HCO,™ + R" = R-silicate + n co,

+n 0, - (5)

where Rn+ isian arbitrary cation of charée-h.. The-farmatibn-of Mg-
mbntm0r111onite and Ca-zeolite or Ca—mdntomdri]idnite'w0ﬁ1d be examples
“of reaction (5). The potential charge imbianace due to toss of Ca’t
without equivalent loss of 5042' fs 0ffsetlby the removal from solution
of a larger molar proportion of anion than cation byrreéction (4) and
by reaction {5} when muitiply—chaﬁged cations ara involved. ﬁGypSum-and
anhydrite are the only poorly solubie sulfate minerals that can contrb?

the concentration of 5042' in natural solutions. Since calcium sulfate

is being dissolved, not precipitated;'the-30¢2' concentration in the
; )

- solution increases in proportion to the Ca

Alternatively, the 5042' could be added to the waters by oxidation

¥ and Hﬂﬂ3"'concentrations.

of deep HZS’ a process commonly observed in vapor~dominated.geothermaT
systeﬁs (White, 1957). However, there iérno indication that the modern
geothermal system has any-acid sulfate water affinitfes. In partfcﬁ1ar,'
none of the sample waters js saturated with respeci_to aluﬁite, and the
pH of the solutions seems fo have been firmly buffered by reaction (5)

at values in the neutral to slightly alkaline range. While the_1arge'_
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scale oxidation of'HZS.seems unlikely and is not reguired to explain
the chemical data, the hypothesis could be checked by a careful study
of the isotopic systematics of sulfur in the system.

2+

While a major portion of the Na® and ca®" in solution in the

sample waters appears to bérderived from fhe dissolution of evaporites,
the agreement between reservoir temperatures calculated by the Na-K,
Na-K-Ca, and 5102 geothermometers for the hot‘welis {samples P2, P3,

P4, and P24} suggests that at elevated temperatures, the Na+, K+, and

C62+ concentrations of the deep reservoir solution are controlled by
- equilibrium cation exchange reactions between ?&!dspafs and sﬁlution.
The 5102 concentration of the fluids is controlied by the so]ubiliﬁy
of a silica phase. Alpha quartz solubility giVés the best agreemeht.
of silica and alkali temperatures for temperatures greater than TOQ°¢;_
below 100°C, the ‘agreement is best for chaicedomy $o1ubiiity.(Landi§
and Logsdon, 1980). This interpretation of thé-sa1ubf1ity control of
silica is consistent with the detaited work on'lﬁw_temperature syétemﬁr
in ICe]dnd:(Arnorsson, 1975) and with the observations at numerous sites
in western North America (R. 0. Fournier,_persoﬁai communicatioﬁ, 1979).
For the waters sampled at the hot wells, Table 3 shows that quartz
solubility and the alkali chemistry oflthe sélutj@nsrrequire'the fluids
~to be ﬁear the boiling curve for water in ofdér to yield éalcu?ated
temperatures in near agreement. | 7 H-_ | 7

Fluoride ion in solution is controlled by the solubility of fluorite,
' Can. Calculated saturation indices in Table 4 indicate that Virtuaily '

all the waters of the lower Animas Valley are saturated with respect

to fluorite. Green fluorite, similar to samples from the Animas Mine
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along the eastern margin of the Animas Valley, can be seén in micro-
scopic examination of drill chips from the Cockrell #1 well. The
spatial association of the fluorite deposfts and'the_high‘F", fluorite-
saturated waters of the Lightnihg Dock ared.groundwatef samp]esfis
probably the strongest piece of evidence 11nking the modern geothermaf
system to the older, more extensive hydrothermal activity in the valley.
| If one assumes that the Animas Va11ey wafers afe at chemical
equilibrium, it is possible to apply numerical and graphicai techniques
to the chemistry of the waters to calculate mineral phéses with which
the solutions could be in equilibrium; Calculated saturation indices
for waters have already been referred to aﬁove; The saturation {ndex'
-(Si) for a mineral may be defined as the 1ogér{thm of the quotient of
the ion act1v1ty product of the appropr1ate spec1e5 in sc1ut10n d1v1ded
by the thermodynamic equ111br1um constant of the minera] At chemical
equ11ibrium the quotient is one. Therefore, a saturation index greater
than zero imp1iés'supersaturation;'a saturation index less than zero
imp1ies.undersaturation (see Appendix 2)}. The computer program MATEQF
was used to compute saturation indices for mineral phases which might -
"be controlling the chemical composition of the 1ower Animas VaITey
waters. Table 4 1ists the calculated mineral phases which would be in
~chemical equilibrium with the grodndwaters of the Animas Va]léyn
Truesdell (1976) has shown that a spati§1 analysis of'the.chemistry
of geothermal waters can produce.useful information on subsurface
structures and the direction of Flow in a geothermal system. The
strong positive correlation between boron concentratTOn and temparature o

. suggests that the boron concentration reflects the_contr1but1on of the
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7Tab1e 4
- Minerals Calculated by WATEQF to be in Equi]ibriﬁm with the Waters
of the Lower Animas Valley. A Saturatien_lndex.(SI) Greatér
than Zero Implies Supersaturation; é Saturation

Index Less than Zero Implies Undersaturation.

Saturation Index

.Minimum‘ ' o Max imum
Quartz B N W& 4119
Chalcedony 22 +0.68
Kaolinite - -1.46 . _ +7.05
Montrorillonite  -5.24 +10.69
Mlite o 4756
Chlorite | -1.72 4790
Calcite -0.07 R +0.58“‘
Siderite . 273 0.2
-Analcime o | -10.57 o - +0.47
Mairakite 615 +3.29
Laumontite . o 71 | +7.44
Prehnite - .27 - ¥3.42
Adularia s B +3.76
Albite w270
Hematite . 4086 . 425.44
Pyrite | - +5.47 +16.34

Fluorite o ase 4078
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deep reservoir water. Boron shou1d not enter into near surface stoi- 7
chiometric reactions with gases'or'rocks,land the waters are not saturated
with respect to any borate phases. The major cations-potentia11y do
enter‘info stoichiometric reactions. As discussed above, the strong
_positive correlation between the B/Ca rafio and temperat&re.probabiﬁr

reflects loss of Ca2+ from solution due to_precipitation of calcium
carbonate at depfh. The B/Ca ratio can also change as a result of mix~
ing. The B/Na ratio shows a much weaker corre]atidn with temperature
than does the B/Ca ratio, since all the potential Na—bearihg mineral
phaseé have prograde solubility. Furthermore, tﬁere is a possible
.contribution of Na+ to the waters due torthe_disso1ution of playa
evaporites. Therefore, it seems likely that changes ih the molar ratio

of B/Na occﬁr primarily by miXing'and dilptiOﬂ; ,SimiTarTy; the statié-
tical treatment_suggests that f]uorine can be used to characterize the
contribution of high temperaturé reservoir fluids but that sulfate
.characterizeé lTow temperature waters_of‘fhe-sha]iow aquifers.‘ The
5042"/F" ratio can be used as a qualitative index of therﬁmount'df
reservoir fluid in a sample: low ratfcs indicate relatively more
reservoir fluid; high ratios indicate relatively more sha1low‘f1uid.

B/Ca (Fig. 15), B/Na (Fig. 16), and SOAIF (Fig. 17) molar ratios

are plotted and contoured in the same manner a5'5180 values jn Figure 9
and temperatufe va]ues‘in Figure 10. Figures 9, 10, and 15 to 17 |
illustrate comson features:‘,(T) mixing and dilution of deep reservoir
water by shallow aquifer water; (2) dispersion of deep.reseryéir com-
ponents by the shallow flow regime-to the north of the hot'welfs; and. '

(3) leakage of deep reservoir compbnents-into the shaTTow aquifer in
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Figure 15. Isopleths drawn for boron/calcium.molar ratjos (x 103) in -

P-series {+) and An-serieé (+) waters. -
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Figure 16. -Isopleths drawn for boron/sodium molar ratios (X 103) in

P-series (-) and An-series (+) waters.
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‘Figure 17. Isopleths drawn fof-su]féte/f]uoride molar ratios in

P-series (-) and An-series (+) waters.
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an area southwest of the hot we11s The persistence of the linear trend
in the 1sop1eths constructed on the basis of maJor and minor chem1ca1
components and 1sotop1c data is strong ev1dence that the trend is real

and related to subsurface structure. The geotherma1 reservoir fluid is

thermally evident only where it reaches the surface as a maJor percentage .

of the water mixture which is sampled in a we11 Southwest of the hot
wells, geotherma1 reservoir fluid that is leakinrg into‘fhe near surface
aquifers can be documented only:by the_chemica1 signature préserved fn'
the mixture, High tempekatures aré indicated éhemic&lly, but thermal
evidence is abseﬁt because of the extreme dilution of thé deep reservoir
water by shallow groundwater. The nature of the subsurface structure
which controls the leakage of deep reservoir cémponents fntb the shallow
aquifers will be discussed below in the'sectibn on the ﬁatureldf the

reservoir.

~ Mixing Mode1

" The discussion of Figures 5 to'lO'and'15 to 17 hés‘already pointed
out that mixing of so1ﬁtions has been important in deveiéping the physico=':
chemical nature of the grbundwaters of the Animas Valley. - The chemistry
of the waters from the hot wells meets all the standard tests forjmixed |
'~ water in a geothermal systém: vafiations in temperature, Variatians in
| content of re]ative?y.nbnreactive components, variatibns in fhe ratios

of nonreactive to reactive compohents, and significant deviatfcn of
chem1ca11y caTcu]ated temperatures from measured temperatures (Fourn1er

and Truesde11 1974 ; Fourn1er and others, 1974)
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To determine the degree of mixing and to charatterize the water
chemistry of the high temperature.geothermal reseryoir, a mixing'mode1
described by Truesdell and Fournier (1977) was,app]ied.‘ Data on agueous _
silica so]ubi]ity_controT]ed'by alpha gquartz (Fournier and Rowe, 1966)
and by other silica forms-and at various fluid pressures (Walther and |
Helgeson, 1977) were used (Tab]e-S).” The model is'iimited by fhree
basic assumptions?- (1) the concentration of silica does not‘change by

dissolution or prec1p1tat1on during or after mixing; (2) no heat is

lost from the total fluid system by conduct1on, i.e., there is ad1abat1c _"

| cooling at constant'entha]py; and (3) a steam phase, if'formed,-does not

separate (Fournier and others, 1974}. Using these assumptions, the
concen{ration_of dfésolved silica and all femperature Chénges.are con-
tro11ed solely by. m1x1ng | | | |
F1gure 18, after Truesdell and Fournier (1977), 1]Tustrates the
application of the miXxing model. The waters of the hot wells, P2, P3,'
and P4, are_assumed-to represenf a two~-component mixturé, consistihg
of aico]d, shallow aquifer component, représented by sample Pl, and a
high-temperature gecothermal reservoir component. Pl was chosenlas a
géogréphical]y close, low-temperature sample which is located up
rhydrologic gradient from the hot'wells,-and which can be considered'
representative of thé dilute shallow groundwater component. The silica
conéentration for each sample is given in milligrams per kilogram (ppm).
Because the system is assumed to be isenthalpie; silica so1ubi1ity is’
plotted as a function of enﬁha1py of Tiquid water; rather than of
.témperature. When the éntha1py of Tiquid water 1is calculated in

International Tab]é calories per grém, the numerical va]ue of the .



Table 5

Aqueous Silica Solubility

Temperature-Enthalpy

Saturated SiOZ(aq) at L-V P, 4

ok - . - 2 ‘ Quartz
Temperature Enthalpy Alpha = Alpha Beta _ ~ Amorphous - 0.5 1.0

- °C Cal/gm IT Quartz Cristobalite . Chalcedony Silica ~ kbar kbar
0 0.02 1.89 7.72 25.52 3.74 60.93 1.97 1.99

5 5.1 2.46 9.77 131,70 4,82 70.76 --- -

10 10.1 3.15 12.13 - 37.22 6.09 81.06 --- ---
25 25.1 6.02  21.37 59.40 11.24 116.09 7.13 8.20
50 50.0  14.18 - 44,75 108.59 25,22 187.41  17.49 21.03
75 ~ 75.0 27.78 79.40 173.30 47,51 ' 274.66 34,74 42 .54
100 100. 48,28  126.7 253.40 - 79.58 378,27 60.65  74.61
125 125.4 76,88 187.41  348.98 122,69 497.51' 96,56  118.80
150 151,0 115.03  262.30 460.05  ﬁ 178.16 632,12 157,50  176.52
75 1770 163.98  353.02 5.2 247.06 777.68 208,08 249,92
200 203.6 224,80 458,99 72013 330.22 934,98 278.49  343.40
225 230.9 . - 297.72° 580,50 886.75 1093.46  367.96  447.5]

427,37

96
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" Table 5 cont'd

- Saturated 510,(aq) at L-V PHZO.

| S ox o ‘ S Quartz
Temperature .  Enthalpy Alpha Alpha Beta _ Amorphous - 0.5 1.0
°C Cal/gm IT Quartz  Cristobalite €halcedony Silica kbar kbar
250 - 289.2 384.72 717.47 - 1058,77 536.79 - 1252.57 472.94 576.50
275 289.0 481.73  864.57  1241.09  667.36 .  1395.73 -  594.02  725.78

300 321.0 585.87 1013.45  1418.41  779.48 1516.36  729.13  894.96

“Data on Walther and Helgeson (1977) in Mg/l

*x .
International Calories

6
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Figure 18. - Plot of dissolved si]fca versus enthalpy Qsed to eétiméte
thé temperature and fraction of hot-water component.in a mixed k
water. SampTe; PZ, P3, and P4 are mixed waters from the hot We11s§
P1 is a geographically c]bse, lTow-temperature Watef.(after Truesdeli

and Fournier, 1977).
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enthalpy is nearly identical to the temperature in degfees Celsius up
“to 250°C (see Table 5). Above 250°C, the Steam Tables can be used to
convert rapidly between enfha]py'and temperature. Projecfing a line
from P1 thfough'a mixed-watef point to therquartz solubility curve
gives the silica concentration and the enthalpyh(témperature) of the
high-temperature Compnnent, called R, in the mixtufe. ‘Further,_the
lever rule can be applied to determiﬁe the percéntage of Pl and'R fn_
the mixture. | |

The graphical mixing technique yields a deep_reservoir component a
of about 25 percent ﬁn the waters of the hot wells. A numerical mass
balance ca]cu]ationjon the mixing trend of the isotopic data of Fig. 7,

18

using a modern meteoric water of § 0 = -9.6 permil, a deep component

of 6]80 = -13.4 permil, and a mixed-water va]ue.of-ﬁ]go = -10.5 permil |
(sample P2), = - | |
10.5% = x(~13.4% ) + (1-x)(9.6% ), | (6)

yié]ds a deep reservoir contribution of 24 pérceﬁi. The close agree-
ment between the two independent computatﬁqns strongly supports the
validity of the mixing model. | | 7

| TabTe.G presents mixing percentages, deep reservoif temperatufes

and calculated resérvoir chemistries based on the application of the:

- mixing mode]. The mixed wéters of the hot wells contain about 25

percent deep geothermal reservdif water cdmpdnent which has a temperature
of abproximate]y 250°C. The reservoir fluid chémistry is calculated |
usihg the appropfiate:hot water fractioh.for each well and the analyzed

chemistry of told well P] and the hot well of interest. From the
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Mixing Estimates and Calculated

Table 6

Reservoir Chemistry (ppm)

RSQ

(P4

P P2 R2Q R2C P 3 - R3C “RaQ RAC
e 250 232 262 238 241 221
Reservoir :

X 0.27  0.30 0.2 0.27 0.23  0.24
ToC 32 | 169 246 241 |[165 260 . 237 |56 2 2l
Mkali - - ;
™ | 8.0 | 22.0 5.8 8.0 | 232 | 80 102 {673 | 1989 191.8
g™ | 73| 05 | <174 0.8 | -15.4 | 231 <168 | 5.3 | <14 -1.0

* | 667 | 3336 |1049.8 9517 | 318.6 | 1110.0  994.3 [493.1 |1913.9 18370
" | t.e | 235 | 89 739 | 211 | 8ls 739 |27.8 | 1145 109.8
Heo,” | 183.1 | 106.8 | -99.5 <712 | 103.7 | -147.7 -110.0 [118.9 | -%.0  -B4.4
(" | 205 | 88.3 | 271.6 246.5 | 87.6 | 300.1 269,0 |111.3 | 415.3  398.8

50,7 | 79.3 | 497.1 | 1626.7 ~ 1476.0 | 480.0 | 1748.9 1563.4 [893.4 | 3618.9 3471.4
s&o2 31.3 | 147.5 | 461.7  418.6 | 143.0 | 496.7  445.0 [115.6 | 397.8  382.6
B 0.08| 0.8 156 1.4t 0.5 | 1.8 l.64| 0.82| 1.5 1.50
F- 0.35| 12.6 | 457 4.2 | 12.0| 48.9 - 43.5 | 7.3 | 30.6  29.3

tol
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caiculated deep reservoir chemisﬁry, temperatdre is determfned by:the
Na-K-Ca geothermometer. TFor R2 and R3 the alkali temperéture agrees
very closely with the indepehdentTy determined silica-enthalpy mixing
model temperature. However, for R4 the agreement is not satisfactory.
‘Comparison of the chemistry of samﬁ]e P4 with that of samples P2 1
and P3 suggests that components may have been added to P4 after mix{ng.

‘The large increases in Ca2+, M92+ 2-

s Na+,‘5_04 , and C1~ suggests that

the additional components are due to dissoTutioh'of evaporité minefafs;rl
By considering an average of the compositions of P% and P3 fo repreﬁent
the composition of P4 prior to.the.post—mixingﬂadditibn of dissé]veq |
so}ids, the amount of material added to P4 can be_determjned. TabTe 7
presents the calculation and shows that a compérison of total Ca{ion. -
equivalence to total anion equivalence supports tﬁe.interpratation.

The alkali temperature calculated from the éorrected reservoir (Réf)__r
chemistry is 248°C, in.very good agreeméﬁt with the-mixing modeT
temperaﬁure of 241°C. | | | | | _

2* and HC03' in the mass balance of the

2+ and

The negative values of Mg
reservoir composition require that the concentrations of Mg
HC03' are too low in the P-series mixed waters. The most 1ikejy explana-

tion is that Mg2'

and HCO3" were lost in chemical reactionsrwhich led
~to the formation of mineral phases after mixing. As suggested in the
section on water-rock interaqtion, formation pf Mg—montmoriTlinite.

probably controls the Mg2+ and H603“ concentration in the mfxed water

~solutions.



Table 7
Post Mixing Composition Shift of P 4

Cations ' Anions
ca’t Mgt et K" | HeOg” o S0,
P4 67 .3 53 4931 278 | 1189  111.3  893.4
P22P3) 226 0.65 326.1  22.3 | 105.3 8.0  488.6
a{ppm) 44,7 4.7  167.0 5.5 13.7 23.4  404.9
meq. 2,23 0.3 - 7.26 04| 0.22 - 0.66  8.43
£ Ion Eq. - _‘- 10.0 | 9.3
R4Q" Cokrected: : E . ) , -
4,52 . N87.8 - 90,6 = 248°C (T Alkali)

€01
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THE GEOTHERMAL RESERVOIR

- Physicochemical Envirenment
The general features of the phys1¢0chemic$1 environment of the

deap'geothermal reservoir can be modeled by assuming chemicaTeﬁui]ibfium
~in the model reservoir waters. The calculation of chemical equi?ibrium

in natural aqueous systems is descrﬁbed‘jn detail in Appendix 2. WATEQF,
which was used to model chemical.equilibrium in the 10&— to moderate~“
temperature waters which.were actua]?y‘sampled, is not applicable fo
the deep reservoir waters at_250°C or. even to'the mixed waters ét 1503-;7
170?6 because the Van't Hoff approximation cannot be applied accurafely
" over such-a wide temperature range. However, one can éppl} the principtes
of chemical equilibrium in hand calculations to determine important
parameters and use mineral stability diégrams to predict minerél ﬁhases
which would bé in équilibrium with watefs_of the ca]cuiated cdmpoSitichs.
The physicochemical data in Table 8 are used to characterize the shallow
water; mixed water, and deep reservoir wéter.r The ca1culatatiohs of the_'

water chemistry, here presehted in molality, have already been described. -
The other parameters in Table 8 aré described below.

Charge Balance. The ratio of the sum of cation equivalence”to

the sum of anion equivalence prdvides a gdod measure of the charge
balance of an aqueous solution. Sjﬁce the solution must be electrically
" neutral, the ratio is also a méasure of the compTefeheSs of the chemical
~analysis. The 7 to 9 percent excess ofucation to.anionlis withiﬁ
analytical error limits and may not be real (see Appendix 1).‘ If the
imbalance is real, it is probab1y due-to the remové] Qf bicarbﬁnaté |

ion.



Table 8

Physicochemical Parameters

Sha]1ow

- Aquifer | Mixed Water o Geothermal Reservoir

P P2 - P3 P4 R2Q . R3Q RAQ R4Q"

Water Chemistry: [molaT X 103]=

o .55 0.58  1.68 0.4 0.20 4.9 0.1

Ca’ : 0.70 0

g™t 0.30 0.02  0.03  0.22 R - - .
at 2.99 1451 13.86  21.45  45.67 48:28  83.25  61.67
<t 005 0.60 0.5 071 2.09  2.09  2.93 2.3
ret* 0.02 0.00 0.0 - 0.02 S
o | 0,02 - 0.66 ~ 0.63 0,38 _‘ 2.4 257 . 1.61  2.75
Hcog’ 300 1.75 1700 195 e e Tt T

o C058 249 247 304 7.66 8.6 11,71 8.85

507 08 518 500 930 1693 1821 37,67 19.35
WS, 0.5 245 238 .92 7.8 8.27  6.62 8.7

S0l



Table 8 cont'd

0.548

Shallow _ _ .
Aquifer Mixed Water . Geothermal Reservoir
P 1 P2  P3 P4 R2Q R3Q R4Q RAQ'
Miscellaneous: |
sCation/sAnion 9.95 .07 .06 1.08 .09 1.07 .08 1.08
T°C | 23 85 81 n 248 251 226 245
I 0.007 0.022 - 0.021  0.036 - 0.063  0.068  0.135  0.072
~Tog fpg. 7) 3.34 2.38 2.40 1.36 o 1.23 0.73  -2.80 1.62
“10) 2.74 .42 1.1 1.23 a0 -1 -2.57 -0.88
pH calc, 8.3 77 69 7. 7.4 7.1 4.7 7.4
obs. 8.2 7.7 8.2 7.8
Yo co. 1.27 - 122 122 1.23 1.34 1.34 1.28 1.33
2493 | | - | S |
AR 0.914 0.845  0.850  0.819 0.652  0.654  0.601  0.645
i 0,715 0.557  0.497 0.235 ~ 0.231  0.196  0.233

901



Table 8 cont'd

Shallow . o _ ,
Aquifer - Mixed Water _ Geothermal Reservoir
P P2 P 3 P4 R2Q R3Q RAQ RAQ"

Activitiy Co-ordinatés: '
109 ay 540, -4.18 252 -2.54  -2.63 .99 -9 - -1.93
Tog a,/a,, 3.96 4.41 3.56 3.86 4,53 4.23 --- 4.58
log ay,/a, 4.74 5.82 4.97 5.35 5.87 5.59 --- 5.92
log ac,/a; 11330 .88 10.31 112 10,32 9.87 == 10.2]

12.93 10,44 10.24 9.60 8.9  --- 9.59

o
log aMg/aH_-

9.02

01
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- Ionic Strength. The ionic strength (I} of ah.electrolyte solution

is defined to be '
1.2
I=52zym,
i

. where z is the charge and my is the molality of'the ith species,
respectively. The ionic strength of all the sample waters is given in
Table 1. A1l of the solutions, including the calculated reservoir fluids,
are weak electrolytes, for which activity coefficient§ can be Ca}éuTated

using Debye-Huckel theory.

Activity Coefficjents. The aétivity coeffiﬁient for neutral
(mo]e;u1ar) comh]exes aré based on.HZCO3 behéviof and.Henry‘s'Law_
coefficients for NaCl solutions (He]geson, 1969). Mean activity _
coefficients (y+) for ionic spepies‘are caTcu?atéd,from the Debye~Huckel

equation and the Maclnnes assumption for symmetrical solutions,

: A z%/f ,
0g v, = /",
Y o1+ Bad

where vy, is the mean activity coefficient of the ith ionic species,
rzi is f;é charge on the ith species, I is the idnic strength of the
solution and A, B, and a are constanfs (Lewis and Randall, 1923). For
- ionic strengths less than 0.1, the mean activity coefficients fdr all
singly {(or doubly) chargéd jons or complexes are nearly identical _.

{Latimer, 1952; Garrels and Christ, 1965). Values of A and B used to
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calculate activities in Table 8 are from Helgeson (1967) and Helgeson
and Kirkham (1974); the ion size, a, is from Klotz (1950).
Peo, |
can be used to compute PCO and pH values for the solutions. Table 9
2 : o

and pH_of Solution. CO, solubility and carbonate equilibria

1lists the equi]ibrium’so]ubi]ity data for the carbonate system.
Chemical equiiibrium involving water, carbon dioxide, and caTc?umrcaPQ

bonate requires that the fo1]owing'ﬁe1ationships=be‘true:

m =B P H] | (7)
COZ CO2 o
where Meg is the molal concentration of carbon dioxide .in aqueous
_ 2 . , :
solution, PCO is the partial pressure of carbon dioxide, and B is the
2 - .

“ Henry's Law constant at the temperature of interest;

oyt - ‘ . ‘ ,' .
+, _
ay cho3' : | S
| _K] = s A ' {8a)
H2C03 _ :

where K] is the first jonization constant of carbonic acid and a, is

the activity of the ith component;

-t 2- E . -
HCO,™ = H' + €O, o ; o (9)

aH+ 'aCOSZ— ‘ . . ( )
K, = 2, - . 9a
2 3o, " | | o

3

where K2 is the second jonization constant of carbonic acid;
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Table 9

Equitibrium and Solubility Constants -

T°C p KB] p'.K]2 p-KZ2 P KC3
0 111 6.58 10.62 8.340
20 1.1 638  10.38 . 8.385
25 1.6 635 1033 8.40
50 170 631 1077 8.62
60 1.78 6.32 1015 8.74
100 .97 6.45 1016 9.39
150 2.07 6.73  10.28 - 10.25
200 - 2.06 7.08  10.68 137
250 1.98  7.63. 1.43 12.72

300 1.83  8.86  13.38  14.0

Yarned and Davis (1943)

2Garrels and Christ (1965)

3Langmuir (1971)



m

and

2+ 2

CaC0, = Ca“" + €O, o (o)

KC = aC32+.aC032— B _ ‘ B . . . ' (] Oa)

where KC is the solubility product for calcite. .
Further, for the system containing oh]y‘HZG; 602, and CaCO3, the
condition of electroneutrality of the solution requfres,that
CAmegd b myt =‘WHc03‘ * 2mc032“_f MOH™ - ~an

For most natural waters ZmC 24 >5 mh+ and mHCOj— >> (2mc032— + mOH)
Equat1on (11) can then be rewritten '

Mg * = Mheo,™. | IR (1)

"Using the definition that

whefe Y; is the activity coefficient of the ith component, equation

(7), equation (11a), and rewriting equation (10a) to give Meq 2-
: 3

(Kc/mCa2+)’ one can divide equation (8a) by equation (9a) to yield

_ 3 2
K, * aca%* Yico,” o : ' '
2 BP K.y Yo 2t ' o
| 002. c _HZCOB Ca
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or . ‘

3. 2
* K2 2ca®* Yheo,” o | -
- s : (12a)
2 24 o

P = -
co
2 K] Kc B Yy

}
2003

For systems which include silicates, sulfates or carbonates other

than calcite, the condition.for e]ectroneutfality becomes

meq 2t t L2 = Moo, * §'23mj’ SRR € )

where I z.m, is the sum of the charges, z;, times the concentratiom,

m{, of all cations except CaZ+, and I zjm. is the sum of thé charges,

245 times the concentrations, M of all anions except HCO3”. Rearrang-

ing equation (13)

ZmCa2+ + (g z;m, -.? ijj) = mHC03' - ' (13a})

Now, let (& zZms - Z'zjmj) = Q. When Q = 0, equation {13a) reduces to
i J

equation (113). Using equation (13a), equation (12a) can be rewritten

'K2 aCaZ+' ] ' . 0 _
"X T B [(220,2% vyeg =) (Yea2t + Yoo - - Q17 (14}
1 ¢ © HyC0, 3T 3

P

co,

The P.y values of the fluids in Table 8 are calculated using both
equations (12a) and (14). The Ppy values calculated by WATEQF for
o . 2 : . -
" the sample waters P1 to P4 agree quite closely with the values

'calcuTated‘oh_the basis of equation (12a). However, eguation (14)
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more correctly characterizes the composition of the true water_éystem

‘and should give more nearly correct values for PCG"
_ _ 5

The pH of a water which is saturated with respect to ﬁa}cite.can_

be calculated by combining equations (9&) and (10a),
K, - _ : N ‘
ayt = R (aHCOB"a 2+)... | T (15)_
The agreement between calculated and observed pH for ﬁhe_sha?]ow aquifér
and the mixed aquifer is excellent (Tab]e 8). In samp]es'PS and P4 the
s1ightly higher observed pH is undoubtedly due to loss: of 002 from the
solution before the pH was measured in the f1e1d

Using thermodynamic data, one may construct chehica1 poteﬁtiaT br
activity diagrams which showrthe-stability fields of mineral phases in
terms of fhe ratios of activities of aqueoué specias (see*Appendix 4);
Computed activity ratios for the waters are plotted on the hinera]
stability diagrams. .Températures of 25°C, 1SO°C, and 250°C were chosen
~ to ii]ustrate relationships at near-sur?ace,_mixéﬁ water; and deép
resérvofr conditions, respectively. -- 7 .

No completely convincing studies of alterat?nn assemblages ére
pbssibTe without core samples from deep holes heér ‘the ﬁdt w911s.' The
use of saturation indices or mineral stability diagrams can only
demonstrate the reasonable mineral phases that weuld be.in.chemical
-equilibrium with the waters at the.given temperatures. Tne fact th%t'_
a water composition indicates “saturatidn" with respect to a given
mineral or plots in the stability field of a m1nera1 neither requ1res

that the m1nera1 be present nor gives any 1nd1catxﬂn of the quantity
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of the mineral that might'be present, Kinétic relationships and
components not treated in the calculations must also bé consideréﬁ.
Howeﬁer, the calculations do lead to a model ﬁhich can be tested by
later stﬁdies. | .

' F{gure 19 is a plot of (log ay+/1og aH+) and of‘(log aﬂa+/10g H;)

against log a sig, O which water compositions with different "best
4’ .

H
estimate" temp:ratures have been-plotted._ Theré is a clear trend in
the data with increasihg temperature, indiqating that the solutions
have changedICOmpositibn as a funhction of'temperature;

The mineral with which the waters are in chemical equi1ibrium are’
also temperature dependent for given compositions. Figures 20 to 22
are mineral stability diagrams'(HeTgeson and others; 1669) on whiéh
the water compositions for the appropriate temperatures ﬁéve‘beén |
plotted. Figure 20, for the systems HCi—HZO-A]203—K2Q.—ﬂa2045i02 at
25°C, indicates that the shallow, cool groundwaters are in equilibrium
“with kaolinte. Figure 21, for the system HC]-H20-ATZQ3fK20-Na2—SiOZ
at 150°C and 250°C, shows that Na—montmoriTlonite-is the expected
alteration phase in the mixed water region; butrthat the deep reser&oir,
waters would be in equilibrium with alkali fe1dspar, probably albite,
Figure 22, for the system HC];HZO-A1203—MgO-Na20—SiOZ at 150°C and
250°C, shows fhﬁt Mg-montmorillionite and Mgachlorite are 1ike1y phases
in the mixed water region, and thét‘Mg—chiorite would be the stable
phase in the deep reservoir rocks. This result is cdnsistent Wfth‘
the qualitative argument presented above for thé indicated removal of ,

2+

Mg® and HCOa' from solution. As diséussed above, all the sampled

" waters are saturated with respect to calcite. Therefore, at the higher
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Figure 19. Plots of (log aK+/1og aH+)'and (109'awa+[109 aH+) versus -
1og &, <. fOr representative water samples and for calculated
H45104 .
geothermal reservoir waters R2, R3, ahd ‘R&. Temperature groupings

are based on best estimate tempébatures Tisted in Table 3.
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Figure 20. Composition of low—temperatuke sample waters plotted on
the mineraT.stability'diagram for the syStem HCI-HZO—A1203—K20a
Na,0-510, at 25°C and ‘IogfaHfLSio4 = -4.00 = quaptz saturatioﬁ .

(phase boundaries after Helgeson and others, 1969). All P-series

values are p1dtted, but only selected An-series and LD-series

values are plotted to avoid tlutter,
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Figdre 2}. a. Compositions of hot well samples P2, P3, and P4-
‘plotted on the mineral stability diagram for the system.HCI~H20-

- A1,05-Mg0-Na,0-5i0, at 150°C and Tog aH4s1.04 = -2.67 = quartz
saturation {phase boundaries after'HeIgeson and others, 1969). -

Figure 21. b. Compdsitions of geothermé] reservoir waters R2, R3,
and R4 plotted on the mineral stability diagram for the system
HC]-HZO-A1203—MgQ-Na20-SiOZ at 250°C and log 3H45104 =-2.11 =
quartz saturation (phase boundaries after Helgeson and others,

1969).
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Figure 22 a. Compositions of hot well samples P2, P3, and P4 plotted

on the mineral stability diagram for the system;HC]~H20-A}203-K20f
Hy
(phase boundaries after Helgeson and others, 1969).

Na,0-Si0, at 150°C and log a, <:n = -2.67 = quartz saturation
2 2 : 510, - )

Figure 22. b, Cdmpositions of calculated geothermal reservoir waters
R2, R3, and R4 plotted on the mineral stability diagram for the

system‘HC]4H20-A1203-K20—Na20-3i02 at 250°C and:Tog'aH =2.11

Si0,
_ ‘ , o 4774
= quartz saturation (phase boundaries_after Helgeson and others,

(1969).
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temperature of the deep system, the waters will also be‘saturated
with respect to calcite. Since the Ca2+/Mgz+ ratio is too high to
stabilize dolomite, a mégnesian calcite 13-the,probable_carbdnate
phase. Although the low-temperature sample waters are undersatuﬁated :
with respect to anhydrite, the deep waters are saturated with,respeﬁt
 to anhydrite, because of the retrograde solubility df:the.calpiuh
sulfate phases in the temperature range of the LIghtning_DocR system..
Integrating the data of Table 4 and Figures 20 to 22, possib]é
alteration phases in thé‘Lightning'Dockrsystem inc1udé maghesian_"
calcite, montmori}]onite, illite, chlorite, zeolites, aika]i feldsgar,
quartz, chalcedony, anhydrite, fluorite, and iron oxides and sulfides.
This assemblage is similar to that at thé geothefmé] fields of the New
'lZea]and volcanic zoné, particuarly Wairakei (Browng, 1928). Figﬁre
23, after E11is and Mahon (1977), shows the ca]cu?ated‘tfend of pH
with temperature for three sa]inities. The measured valueérand
calculated ranges of pH for several explored geothermal sysféms are
shown on the diagram. At 250°C and pH = 7.2, calculated for the deep
reservoir at Lightning Dock, the diagram indicates an eXpected total
alkali concentration of 0.01 m01a1, in reasonably good-agreemeht with |
| the 0.05 value of the calculated Lightning Dock reservoir. Alternatively,
the alkali equilibrium at 250°C indicates a reservoir pH of 6.8. The
Lightning Dock reéervoir limits are plotted on Figure 23 to Emphasize
‘the chemical sihi1arity df the system to_expTcred,systems éf'the ﬁew

Zealand volcanic zone.
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Figure 23. Ca]ﬁu]ated trends of pH with témperature for waters-of :
three salinities (M,), where M_ = my + + mkéh-'ﬂpen circ?es:and.
the closed triangles show the pH of waters in several geothermal
systems; and the cdnnected arrowheads indicate the pH rangé _
caicufated for: the salinity of.the waters. ~SS: Sélton Sea; R:

 Reykjanes: K: Kawerau; B: ‘Broadlands; W: .wairakef,-OL: Olkaria;
WT: Naiotépu; OK: Orakeikorakus; LD: Lightning:UOck (after_é?Iis ‘;
and.Mahon, 1977). | B o | |
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Geometry and Hydrodynamics of the Geothermal System -

Models of the Lightning Dock KGRA consider the geothermal reservoir
to be situafed more or less directly beneath the thermal anomaly of the
hot wells (Jiracek and Smith, 1976; Smith, 1978). This 1nterpretétion
- of the geometry of the geothermal system is based on a model that.thé
5 Q-m 150p1eth_e]éctrica] resistivity mép,represents a conduft-]ike _
structure up which the geothermal fluids are ascending from the |
presumed reservoir. The conduit is presumédrto be formed'by.thé inter-
section of the.fing fracture'margin of the Muir.cau1dron with recent]yr.
-active Basin-and-Range faulting. | |
. . However, the*iinear trend in the geochemical isop1eth diagrams
of Figures 9, 10,_ahd 15 to 17 indicate that this interpretation is -
too simple. A11‘the wells southwest‘qf the hot wells are hydrologically
up gradient from the thermal anomaly. Since their waters show the
" geochemical signature of deep resérvoir watér; the main geothermal
reservo1r must be located southwest of the hot wells.

Gravity and electrical resistivity data, summarized in F1gure 24,
show anomalies which coincide very closely with the linear trend seen
in the geochemical isopleths. The structure responsible for the
northeast-trending geophysical anomalies is pfobabiy a highnang1e
fault or fau]trsystem. The trace of this fault or fault syétemr
intersects very young, perhaps even active, highwang1é'fau1ts southﬁest
of the hot wells along the western margin of the valley (S. G. Wells,
personal communication,.1980). The buried fault ih-the valley would
provide a suitable structure up which small amounts of the deep | |
reservoir fluid could Teak 1nto the shallow aquifers which are sampTed

. by the wells southwest of the hot wells. Since ‘the An1mas Valley. Fault
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Figure 24. a. Total field apparent resistivity map of the Lightning . .
Dock KGRA (after Jiracek, in Callender, 1981).

i

Figure 24. ‘b. Simple Bouguer anomaly gravity mah of the Lightning
Dock KGRA and vicinity (after Jiracek, in Callender, 1981).
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is roughly coincident with the ring fracture'zoné over a cons{derab]é
distance (Fig. 2), the hypothesized northeast-trending fauTt_a]so
explains the precise Tocationrof the thermal anomaly: the permeable
conduit outlined by the 5 Q-m isopleth is formed by thé_intersectian
| of two major fault systems with the margin of the ring fractdré zone!

The trace of the hypothetica] fault intersects the basa}t_flow '
west of the'viITage'of Animas and i§ along the trend of the basaltic
volcanism which extends from southeastern Arizona into southwéétefn'
New Mexico (Fig. 1). While thé 140,000-year-old Quaternary flow
on the ﬁest sidé of the Anfmas VaT]ey is t50'61d torbe the sourcé of
‘thé heat for the Lightning Dbck system, the coincidence of‘trends
suggests thatrthe heat source for thg deep reéefvoirrgeoihermal fluid
js deep-seated basalt on the liguidus. |

A geothermal system which consists entireiyfof meteoric water in
permeable rock must be in a state of forced éqnvection; Cold higﬁf
densiﬁy water infiltfates éTong the boundaries of the system and
circu1ates,downwardra1ong interconnected channe1s to regidns of hfgherr
temperéture at depth. Hot, lTower density water_at depfh rises through
the permeable channels in the rock, to be replaced by the cooler,
denser water entering the system, Figure 25 {llustrates a simple high—
temperatuke liquid geothermal system.' ‘. | |

The subsurface fiéw paths in the‘Lithﬁing Dgck‘geotherma1 system
must be much more complex than those shoWn in_Fig&re_ZS.' Geophysical
modeling of the electrical resistivity daia shows ihat the body of
hot water below the thermal ahoma]y is located in vdlcanic‘rocks of

- the ring fracture zone of the Muir éau]dron (Jiracek and Smith, 1976;
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Figure 25. Simple high—temperature:hotuspring'system with deeply
circu1ating meteoric water assumed to be heated entirely by |

- conduction (after White, 1968}.
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‘Smith, 1978). One-dimensional modeling of a magneto-telluric survey
indicates that there is a second, deeper reservoir (Jiracek, in |
Callender, 1981). The magneto-telluric résults.aré equally consisteﬁt
with the existence of the high-temperature reservoir to the southwest
of the hot wells at a depth that again would place the reservoir below
the va]]enyili sediments. Figure 26 is probab]y a more ?eaiistiﬁ'
cross-sectional view of the circulation system in the lower Animaﬁ‘
Valley than is Figure 25.. | |
Permeabilities of small specimens'af the volcanic h@cks in this
area are probably vefy Tow. Howeﬁer,jthe bulk permeability of the
fractufed rock may be exceptionally high.'_Measﬁred permzabilities on
fractured welded tuffs from the Nevada Test‘Site,.simi]ar in 1itho?bgy
.and tectonic setting to the Animas Valley samples, range from 5,000 -
~ to 30,000 millidarcies (Sorey and others,.1978)."Fie1d abservétions
and the hydraulic behavior of shaT]ow-we11s along the western margin
of the vaT]ey‘fndicate that, at least 1oca]1y,'aﬁén‘the shatlow boison
fi11 has significant fracture permeability (SQ G. Hells, ﬁersona]
communication, 1980). Even if the permeability of the rock decreases
- with depth, decreased density_due‘to thermal expansion of. the fiuid,
decreaéed viscosity of the hot water, and high-temperaturérdisso1ut{on
of silica tend to counterbalance the decreasing permeabilify. Although
the true intrinsic permeability of the crystalline reservoir rocks is
not known, the permeabi]ities are ﬁrobab]y sufficient to permit the
| movement of large volumes of‘water; | -
The'driving force of a geothermal system is related to two

-separate factors: (1) differences in altitude between recharge and -
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-Figure 26. Diagrammatic representationrof a thermal-spring system

largely in fractured crystalline roCks.-‘Pérméability‘decreasesr - _'

downward but is more than offset by decrease in viscosity and
increase in driving force related to thermal expansion (after_z-

White, 1968). -
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discharge areas, and (2) differenceé in:density bétween the cold,
downflowing and the hot, upf]owing:parts of the system. Groundwater
hydrology of the Animas Valley suggests.that'thefe is.reTatTvé]y Tittfé
recharge to the valley at any QTVen.point-frbm-the immedfate}y adjacent
f]ankingrranges (Reeder, 1957). ' Therefore, the maﬁimuh'e1evation |
difference which can affect the recharge in_tﬁe vfcinity of the'ﬁeo-
thermal systeh is the difference of approximately 250 m fn'e1evati6n-
between the southern end of the San.luis Valley near the Mexican Border
and the_hot‘we]ls. The true recharge is a value integrafed over the
Targe area of the valley and the extremely low downward‘flbw fequifed_
by the recharge raté of 2.5 mm/yr and thé condition.of steady flow
(Reeder, 1957). Therefore, the effective heaﬁ of C61d_water is
substantially lower. than the maximum, probably much closer ié 50 m,
equivalent to a pressure drive of 500 Pa. |
If the downward-flowing co]d water in the'system isla53umed to

have an average temperature of 45°C #nd'a density of 0.99, and the-
_ upward flowing hot water has a temperature of 250°C and a denéity of .
0.79, the pressure drive related to thefmaT expansion is.eduivaTent'
“to approximately 200 m of cold water forreach 1000 m of depth assumed
for the temperature and density dffferenCe; For a geothermal reservoir
at 1.5 km from which 250°C water rfses to a mixing level at 0.5 km and-
then continues to rise at approximately 150°C, the drfving force teﬁated
to thermalrexpansion is in the range of72000-2500 Pa. !

 These éomputations are crude, but they indicate that upwérd flow
of water {s apt to be much faster than downward flow of cold water

and that the principal driving force in the geothermal system at
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Lightning Dock is probably related to density differences hetween .
:the upward~f1owfng hot water and the doanard—flowiné cold water.
‘Modeling the true hydrodynamic system of the lower Animas- Yalley would
require detai1ed information on temperatureS'and'temperature grad{ents,
pressures, sa]inities,-proportions'of vapor-phaée in the system, 5
distribution of permeability, true rates of downflow, and a mathematicé]
| model sophisticated enough to treat the éystem accura{eiy. Such model-
ing is well beyond the scope of £h1s study. | | | |
Figure 27 is a schematic block diagram which shows a hypothetical
three-dimensional model of the gecthermal system in-the Towek,Animas

Vai]ey; The deep geothermal reservoir, containing hot water at

approxfmate1y 250°C, is located in fractured volcénic rocks at approxie‘;_"

mately 1.5 km depth about 15 km southwest of the hot wells. _The

source of the heat is basalt on or near the liquidus. The reservoft is
intersected by a northeast—trendihg high-angle fault system, &idng |
which sma11‘vo1umes of the convecting hot water rise and leak into _
shallow aq&ifers sémp1ed by irrigation and doméstic wells. Where the
‘northeast—trending fault intersects the margin of the Muir Cauldron .
ring-fracture zone and a north-trending Basin and Rangé-fau1t; a highly u
permeable conduit is formed, up which re1ativeTy'1arge vb}umes of.hot
water move to a zone of mixing at perhaps 0.5 km. In this zane 250°C
water mixes with cold groundwater in a ratio of approximately 1 part
hot water to 3 ﬁarts cold water to produce a mixed water of 150°C~
170°C. -The mixed water contfnues to rise along a struétura?ly— _
controlled high-permeability cohduit unti1 it reaches the near surface
aquifer, where it is sampled at the hot wells. 1In this shallow

aquifer more mixing occurs, dispersing heat and deep-water chemical
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ngure 27; ‘Schematic block diagram of the geothermal system in the

" lower Animas Valley. In this model the Iocatioﬁ of the hot QeT]s':j

s structurally controlled by the intersection of two major high
angjé'féuTts and the marg%n of the;ring'fracturé zone of the '

Oligocene Muir cauldron.



138

+Q.5 km

~ R

PN

A
N
N

-

A

\

s
~

e

VAT

IR RN
SN ey

A
Fa
A
,\—:,-\/_\
NI

N -

=

.
NN A
\4‘\,\ \/\f\/‘l/‘?\/

=g NN

T

Al
~
2

S
VLN N
PN e e N S SN

cai cloy and evaporite

mémory hotson filt

rYO-Qu

i

a
[~
% @
Q.e v M
- T
3 2
o

ﬁ Terti
W

rd

250°

Reservoir
I

;Deep

ficic volcanic rocks;

si
highly frochured

|
S

‘-

\ 1".

High angie fault, bail & bar on
gowmhmwn side

=
Basaltic Magma

at Depth

N\

Peloncilio
Mtns




139

constituents in the pattern seen by Kintzinger (1956} and in many of

the figures of this study.
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CONCLUSIONS

The waters of the Lightning Dack KGRA'hot'wel1s are mixed waters
containing about 25 percent deep geotherma1.f1uid af approximatefy
250°C. Though no thermal manifestation of the deep geotherma1 reserﬁoir
other than the hot wells is known, significant indications of structura?]y-
controlled seepage of chemically distinct reservo1r water 1nt0 the shallow |
'aqu1fer define a linear trend southwest of the hot wells. The deep water
moves up and-along a major northeast-trending fault or fault sysﬁem.from

‘a reservoir located southwest of the hot we11s, mixing w1th shallow,
cold aquifer waters to produce the samples analyzed for this study
The heat source for the reservoir is probany basaltTC magma .

The chemistry of the waters of the Animas Valley is produced by a-
variety of processes, including evporat1on and b0111ng, water—rock
interactions at high temperéture, and mixing of so]utfqns,‘inciud?ng
low-temperature groundwaters which have been modifﬁed‘by‘thé_dissa?ution

-of p]ayé evaporites.. The §a1cu1ated reservoir chemistry suggests that

" the alteration phases associated with the high-femperature waters could
include magnesian calcite, Na- ahd Mg—montmor11ldnite, fi]ite, Ca- |
zeolite, chlorite, alkali, feldspar, quartz, chalcedony, anhydrite,
fluorite, and iron oxides and sulfides. The modé} ﬁropaséd here can

be tested by a drilling program to study alteration mineralogy and to
fest the physical model of a high-temperature'gepthermal-reservoir _

southwest of the L%ghtning Dock KGRA.
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APPENDIX 1 . .

Chemical Analyses

Table A1.1 presents the locations of the 55 water samples from -
the Animas Valley and the adjacent Lordshurg and Pléyas-VaI]eys used in
this study. Tables Al.2-A1.5 list the ana]yzed-chemistry of the samﬁjes;
In all cases the values are-in milligrams per‘ki1dgram_of‘501ution
(parts per mi]]ion).- Table Al1.6 Tists the.gram—formu]a~wéight_valdes
used to convert mg/kg fo molality. The va1ueé; taken from_Caste1fan'
(1971) are consistent with the IUPAC.va1ues; wheﬁe meq/1 values have
been used in the thesis, the values were obtained usfng the calculated
molalities, charges 6f thg ions under consideration, and a s0Iut{on
density of 1.00. Table Al.7 presents whole rock chemical éna]jses of
representative samples from the Oliogcene Muir Cauldron complex of the

Pyramid Mountains. Values are in weight percént;

The water Chemiétry'was analyzed at the New Mexico Scilland
Water Laboratefy, Department of Agronomy, New Mexico State Uhiversity,
under the supervision of Mr. A. L.'BriSto]. Analytical procedures
and'error Timits are described in Table A1.8. The whole rock chemfstry
was analyzed in the Analytica] Geochemistry Laboratpry,-Depértment_ofﬁ
~ Geology, University of New Mexico, under the supervision of Mr. John
Hus1er: Standard spectrophotometric, volumetric, and co]orfmétric |

techniques were used.



Samp1e'Locations of P- An—'LD-_Series

Table Al.1

Latitude

SampTe No. Latitude Longitude Sampie No. Longitude
P 32° 8.7'N 108° 47.6'W .LD 15 31° 34,2 108° 52.4°
P 2 32° 8.7 108° 49,9 LD 16 310 37.3+ 108° 54.3"

P 3 32° 8.9' 108° 49,9 i 31° 44.8° 108° 48.6°
P4 32° 8.7 108° 50.4° LD 18 31° 52,9 108° 43.0"

PS5 32° 8,1 108° 50.9" An 1 32° 11,i' | 108° 52,2'
P10 32° 13.6' 108° 49.7" An 2 320 12.2" 108° 48.8"
P 13 32° 13.7° 108° 52.4' An 3 32° 10.1 108° 52.8"
P 14 32° 101" 108° 52.8' An S 32° 9.7 108° 50.7°
P15 32° 6.1 108° 50,7° An 5 320 8.1 108° 50.9'
P 20 320 4.8 108° 54.0" An 6 320 7.3 108° 51.2°
P 22 320 410 108° 52.9¢ An 7 32° 6.3 108° 50.8"
P 23 320 12,2 ©108° 48.8' An 8 32° 7.7 108° 53,2
P 24 ©32° 10,9 108° 50.7° An 9 32° 4.8 108° 52.8'
P 25 320 910 108° 52.8" A 10 320 3.5 108 53.5'

2wl



Table Al.1 cont'd

Longitude

g

Sample No, Latitude - Longitude Sample No. Latitude
Lb 1 32° 18.9' 108° 38.8" ZoAn N 32° 3.1 108° 54.6"
LD 2 32° 13.7 108° 30.7' - An 12 320 4.7 108° 54.0"
b 3 320106 108° 33.6' An 13 32° 3.1 108° 52.7"
D 4 32° 3.9' 108° 34.5' An 14 32° 2.7 108° 55.0'
5 31° 55.8' 108° 36.9' A 15 32° 4.3 108° 51.2°
D 6 31° 57.0" 108° 48.5' An 16 32° 3.6' 108° 53.3"
Lb 7 31° 48.6' 108° 46.5' ~An 17 32° 4.8 108° 52,7
b8 - 31° 50.0" 108° 52.5' ~An 18 320 5.6 108° 52,2".
9 31° 40,2" 108° 49,9" ©An 19 32° 9.1 1080 46.4°
LD 10 31° 35.8' 108° 52,2 _ An 20 32° 5,2° 108° 53,6
LD 11 31° 24,2 108° 51.8° An 21 320 7.2 108° 55.3"
LD 12 31° 23,2 - 108° 54.9" — An 22 32° 6.3 108° 5
D 13 31° 204 108° 479" _hn 23 320 9.1" 108° 52.7'
ELRTEE 310 28,0 108° 50,4 | |

£h1



Table A1.2

Analyses of Total Dissolved Solids, pH, Major Cations, and Major Anions of Samples

- mg/kg
sample  TDS pH Ca Mg Na K €0y HCO, cl1 S04
P 1 484 820 28.0 7.3 687 1.9 0 181  20.5  79.3
P2 1016 7.1 220 0.5 3336 235 0 1068  88.3 4971
P 3 1,024 8.6 23.2 0.8 318.6 21.1 103.7  87.6  480.0
P4 1,608 7.84  67.3 53 4981 2.8 0  118.9 1.3 893.4
P 5 1,660 8.08 1593 349 2317 9.0 . 0 - 209.3 181.9  956.3
P10 1,708 838  67.9 7.1 366.2 6.3 0  255.0 133.6  939.0
P37 7.9 3.3 27 1055 3.0 0 2379 169  298.7
P4 668 8.00 479 44 710 27 0 2093  23.0 . 289.6
BERT- 868 8.07  78.6 12.6 1522 5.9 0  201.4  80.5  483.7
P 20 632 8.02 4.2 41 7.0 2.3 0 1922 21,3 305,0
P22 600 7.90 49,3 44 N3 27 0 192.2 - 38.6 311.7
P23 640 8.08 186 24 1202 1.6 0  250.2  29.1  308.3
P2t 1,38 7,92 385 1.8 3214 180 0 275.8 791 7685

byl



Sample

. Table Al.2 cont'd

-TDS

o

Ca

.Mg

‘Na K

N
=

HCO3

¢

SO

LD

54,7 0.4

137.9

4
P25 604 835 381 57  78.8 3.5 0 1831 8.9  285.8
D 1 564 8.00 7.6 1.4 1432 59 0 2343  20.6  93.7
Lo 2 816 7.86  28.0 2.7 2161 1.7 0 3148 475 223.8
LD 3 740 7.8  117.4 187 9.6 10.2 0  218.4 116.6  181.5
LD 4 592 7.94  10.2 1.8 159.3 1.5 0  301.4  33.0 104.2
D 5 79 7.82  15.6 1.3 2345 55 0  400.3  50.7  154.6
LD 6 208 7.92 220 7.3 2,6 2.0 0 WL3 3.5  19.2
b 7 208 7.82 40.3 49 152 2.0 0 1562 . 25 4.3
D 8 184 7.57 26,0 2.2 211 1.2 - 0 -109.8 - 2.8 4.3
9 176 7,39 2.0 3.2 - 62 45 0 6.9 07 336
L6 10 18 7.1 178 33 6.9 62 0 5.3 1.4 403
BURE 200 7.74 165 4.8 358 51 0 173.3 1.4 3.8
LD 12 13 6.8 158 29 138 35 0 7.8 07 528
LD 13 132 7.0 82 1.7 62 27 0 2.0 14 40.3
D14 160 8.80 2.4 0.5 0 4.2 16.3

vl



Table Al.2 cont'd

o Samp1é

TDS

PH -

Ca

Na

‘ 0

HCO,

¢l

SO

AN

M

AN 11

38.3

_ 3 4
LD 15 212 8.1  27.6 3.2 163 3.1 0 1244 1.0  13.4
LD 16 164 7.9  29.4 1.7 1.5 2.3 0 117.1 0.1 5.7
LD 17 168  8.06 2.2 0.7 129 1.5 0 98.8 0.1 9.1
LD 18 320 8.5  16.4 0.6 653 1.2 0 173.3 4.2 32.7
CAN 1 300 7.88 26.2 2.2 54.0 2.0 0 151.3 7.1 42,7
o2 30  8.00  13.0 1.6 1154 2.0 0  241.0 23.7 4.0
AN 3 0 8.29  39.7 3.8 669 2.7 0  207.4 15.6  64.8
W4 1,72 7.5 797 8.3 3833 141 0 2288 1227 4928
5 1,8 7.82 1220 253 178.6 8.2 0 1721 443 3519
A6 1,00 8.00 1252 146 1614 6.6 0  83.6 117.0  369.0
7. e 7.2 605 97 133 43 0 1952 8.1  167.0
M8 272 7.82  28.8 2.7 5.6 2.3 0  170.8 3.5  51.6
AN 9 38 7.85  19.8 47 e82 31 0 8L1 . 59.2 107.3
AN 10 524 7.92 298 8.5 1122 3.5 0 1568 32.9 1117

68 7.68 8.8 - 9.0 1106 43 0 .202.0 198.6

- 9%l



‘T.ab'ie A1.2 cont'd

AN

AN

53.

148,

Semple  T0S  pH  Ca Mg Ma K €0, HCO;  CI S0,
A2 386 773 385 3.0 - 779 27 0 185.5 8.5 748
AT3 420 8.26 25,0 1.8 103.4 3.9 0  167.8  27.3 841
AN 14 30 775 26.0 1.8 70.3 . 2.3 0 176.3 1.8 58.8
AN 15 240 7.93 18, 2.5 49.6 2.0 0 1391 6.5  33.4
AN 16 384 839 30.7 3.0 8.9 2.7 0  178.8  19.8  86.9
AN 17 524 8.7 307 5.7 1292 7.0 0 - 237.4° 294 113.3
ms o 32 8.43  31.3 3.2 678 27 0  157.4 2.3 58.8
19 675 8.3  81.0 2.5 745 27 0 181.8  42.5  197.0
AN 20 626  7.41  76.1 7.2 97 35 0 187.9 64,2 __124}9
AN 21 404 827 399 63 745 35 0 1867 9.6 88,5
M22 396 8.1 254 2.5 938 2.3 0 1720 208 76.4
23 . 384 8.44 . 22.0 2.1 & 2.0 o 0 21  51.6

it



Table A1.3

148

| Ana1yses'of Iron, Fluoride, Boron, Phosphorus, and Si]ica fn Samples

LD

- LD

_ - mg/kg " _
Sample Fe F | -_B P 510,
P 1 1.10 .35 .08 .01 3.3
P 2 .20 12.6 .48 .02 147.5
P 3 .40 12,0 .50 .02 143.0
P 4 .83 7.25 4z .01 115.6
5 <.10 3.55 .25 .01 42.3
P 10 .53 7.25 I B ' 60.7
P13 1.31 13.90 d0 .0 7.1
AT 6 8 .06 0 a8
P15 <10 2.35 a8 .o 34.3
P20 <10 2.54 .10 .01 '50.4
P2z <10 .20 .06 o1 13.3
P23 7.66 1.15 12 .01 ©29.3
P2 21.18 9.35 50 .01 149.7
P 25 .36 3.55 Y .ol 3.3
LD 1 <15 3.66 .46 | 33.52
2 <15 6.90 46 .01 39.64
D 3 <15 .44 .32 .01 43.36
LD 4 .37 2.67 50 01 32.30
b 5 <.15 7.11 - .64 I YR T
LD 6 .62 30 12 o 38.08
7 4.70 16 12 .02 47.62 -
D 8. 6.39 1.3 .06 .01

45,23



Table Al.3 cgnt'd

“Sample

Fe

510

149

AN

AN

<.10

45

LD 9 <.15 Lz o 14 47.62
1D 10 .56 1 e Lo 39.28
LD 1 5.77 1.2 .12 01 52.37

LD 12 <.15 a8 .06 .01 35.68

LD 13 <.15 4 06 .01 39.28

LD 14 .56 31 Lt .01 14.23
D15 1.49 A2 08 | 01 47.62

LD 16 .22 22 .08 .0 41.65.

LD 17 1.91 .16 8 o 44.03

LD 18 .78 2.26 a2 0 42.85

1 <.10 1.60 d2 .05 . 8.5

AN 2 14.3 .95 a7 .01 15.5

3 14,92 .66 .02 .04 68.5

AN 4 <10 2.85 .59 .01 97.5

AN 5 <.10 3.48 REN .01 50.5

AN 6 74.58 1.98 .78 o | . 30.0
AV 7 1.73 2.28 .17 0 205

AN 8 3.01 Rt 05 0 B

AN 9 47.69 84 .01 0 9

AN 10 8. 54 .63 .02 0 37.5
AN 1T <.10 2.85 19 0 44.5

AN 12 10.31 2.28 | o1 45.0

AN I3 21.85 3.03 Az .02 32.0

AN 14 | 3. .04 .01

4.0



Table Al.3 cont'd

510

150

.93

Sample Fe F B P 2

AN 15 17.98 .63 0 30.0
AN 16 .29 1.32 0 .01 137.0
AN 17 <.10 4.02 .13 .01 30.0
AN 18 <.10 1.71 .18 .01 37.5
AN 19 3.63 not enough sample .04 01 40.0
AN 20 .68 .69 .05 49.5
AN 21 <10 3.8. .04 .01 37.5
AN 22 .83 216 .05 .01 32.5
AN 23 .65 0 .01 37.0



Ana]ysgs‘ of Nitrogen Specifgs, ‘N'icke]', Lead, Anti'_mony, Selenium, Strontium, and Zihc in Samples

3
i
i
]

/

/

.
\
!

Table A1.4

mg/kg

LD 12

T T

Sample N0, “NO, NP Pb Sb Se CSp Zn
P 3 66 <03 242 <.5 006 47 10
LA 4.48 <.16 005 <.5 005 .03 <.02
w2 19 <.16 .009 <5 .009 15 <.02
LD 3 12.65 - <.16 .006 <.5 .016 46 21
LD 4 '_ 15.30 <16 .006 <.5 .008 .07 .33
b 5 15.02 <.16 .008 <.5 010 .04 .05
LD 6 493 <.16 .001 <.5 <,002 .06 13
LD 7 7.12 <.16 039 <.5 <.002 .03 2.68
b 8 22.75 <16 006 <5 002 02 1.22
9 977 <.16 001 <.5 002 <.02 <.02
LD 10 .47 <16 001 <.5 <.002 .03 .20
LD 11 2.15 <.16 .004 <5  <.002 <.02 .44
0 <.16 001 <5 002 <,03 o8

LSl



Table Al.4 cont'd

+
NO3 NG,

Sh - Se

In

.025

a7

Sémp]g NY Pb Sr

LD 13 3.70 <16 001 < 002 02 .03
LD 14 3.59 <16 002 <.5 .003 2
D15 4.88° <06 002 <5 . <002 o3 73

16 7.97 <.16 001 <5 <.002 .02 21
NURY .28 <16 867.5 319 <.002 .03 .63

LD 18 7.53 <.16 <5 .002 .03 17

251



| Tab]e‘Al;S
Analyses of Cadmium, Cobalt, Chromium, Copper, Merciry, Hydrogen Sulfide, Lithium,

Ménganese,'Moiybdenum, Ammonium, Silver, Aluminum, Arsenic, Barium, and Bromine in Samples
| - - mg/kg | |

Sample Cd Co Cf . Cu Hg H,S Li Mn Mo NH, Ag;' Al As ‘Ba Br
P 3 <0l <15 <10 <10 L0006 <.1 .64 .08 <50 .30 <03 <25 .019 <.70 .56

b 1 <02 <14 <1 <0002 <1 .14 <05 <5 <.05 <.06 <1.0 .012 <.20 .53
LD 2 <02 <14 <1 <10 <.oodg <131 <05 5 <05 <06 <1.0 .01 <20

D 3 <02 <14 <1 <10 .0002 <1 .09 <.05 <5 <.05 <.06 <1.0 .008 <.20 1.52

LD 4 <02 <14 <1 <10 <.0002 <.1 .13 <05 <.5 <,05 <.06 .0 .08 <20 .56

L5 <02 <14 <14 <10 <0002 <1 .23 <.05 <5 <.05 <.06 <1.0 .017 <.20 .99

D 6 <02 <14 <1 <10 .0002 <.1 .03 <.05 <.5 <.05 <.06 <1.0 .003 <.20
D7 <02 <18 <1 .69 <0002 <1 <02 <.05 <.5 <.05 <.06 <1.0 .003 <.20 .28

LD 8 <02 <14 <1 <10 <.0002 <.1 noé <05 <.5 <.06 <.06 <1.0 .005 <.20 .32

W9 <02 <14 <1 <10 <0002 <.1 <.02 <.05 <.5 <.05 <.06 <1.0 .003 <.20
D10 <02 <14 <1 .11 <,0002 <.1 <.02 <.05 <.5 <.05 <.06 <1.0 .002 <.20
D11 <02 <14 <1 <70 <.0002 <.1 02 €.05 <.5 <.05 <.06 <1.0 .006 <.20
W2 <02 < <1 <10 <.0002 <.1 <.02 <.05 <.5 <.05 <.06 <1.0 .003 <.20

67

.35
12

€51



Table Al. 5 cont'd )

Ag

sample  Cd Co ~ Cr  Cu Hg  HS - Li M Mo Ny M As Ba Br
LD 13~ <,02 -<,14.-<,i <10 0002 2100 <.02 <05 <5 <05 <06 <1.0 .017 <.20 .16
D14 <02 <14 <1 <10 .0004 <1 <02 <05 <5 <05 <06 <1.0 .004 <.20 .41
D15 <02 <14 <1 <10 .0006 .13 <.02 <05 <5 <05 <06 <.0 .03 ~<.20 .23
D16 <.02 <.14 <. <10 L0004 <1 <02 <05 <5 <05 <06 <.0 .03 <20 .25
D17 <02 <14 <1 <10 L0009 <.1 <.02 <.05 <5 <.05 <.06 <.0 .031 <.20 - .23
D18 <02 <1h <1 < .10 0004 1 <05 <5 <05 <06 <1.0 .007 <20 .41

¥Gl




Table Al.6

Gram-Formula-Weights Used to Convert Analyzed

Concentrations to Molality

. Species | _‘ .. o Gram-Formula-Weight "
Na | | 22.9898
K 39,102
Ca 49.03

Mg 24.312
- sio, | 60.0843
HCO, - 61.0173
- 35.453
304:; 96.0616
B 10.811
Br 79.909
P 18.9984
P 30.9738
NO, 62.0049
NO, 46.0066
NH, 19.0383
Fe 55.847 -
Mn 54..9380
In 65.37
Hg 200.59
Pb 207.19
Cu - - 63.54
As 74.9216

155
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Table Al1.6 cont'd

Species | 7.5  Gram-Formula-Weight®
sbo - 121.75

Li EE 6939

Se.. - ' | 87.62
se | 78.96
HS | 34.0799

*GFN data from Castellan (1971),




Table A1.7

Whole Rock Chem]‘st_rfy of Sanip]'_es from the Pyramid Mountains
| ' weight percent '

8

0.07

W76-35' _ wre-892  wre-30°  wrg-36*  wre-24®  wre-79®  wre-317  wre-27®  wre-28°
si0,  73.59  68.87 - 59.66 58.96 . 50.77 51.78 64.40  72.59 66,97
ALO, 1275 15.25 16.38 16.00 14,25 14.50 15.80 1445  14.80
Fe,0, 1.64 2.73 3.65 321 678 7,11 3.24 1.41 2.73
FeO - 0.18 0.24 2.92 2.24 0.55  0.42 0.52  0.16 0.33
MgO 0.35- 0.47 ;-3,61 | 1.80 2.94 3.00 1.16 0.18 " 0.68
ca0 0.38 1.85 5.15 5.15 6.90 7.05 2.20 0.70 1.48
Na,0 3.70 4.25 3.93 3.72 4.12 4.10 5,50 4.08 3.49
K,0 4.74 4.70 2.62 2.36 2.05 1.98 3.96 5,10 6.49
H,0* 1.20 0.67 0.70 3.96 7.56 - 7.50 1.69 0.71 0.73
H,0” 0.67 0.22 0.36 . 0.42 0.59 0.49 0.17 0.14 0.18
Ti0, 0.28 0.57 0.9 0.90 1.20 1.15 0.75 0.30 0.50
PO 0.06 0.13 0.26 0.22 0.64 0.61  0.26 0.05 0.13
Mn 0.01 0.03 0.09 0.12 0.1 0.09 0.008 0.08

L5l
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Table Al.7 cont'd

;

1. Rhyolite tuff oflwoodhéu] Canyon,

2; _Tuff df Rattlerlwelj.

[#%)

Basaltic andesite of Rimrock Mountain Group.
Andesite of Holtcamp Canyon.‘
Andesite of Holtcamp Canyon.

"K basalt" of Lasky {1938) near Susie ane.

o

Tuff of Graham Well.
8. Rhyo]ife of Pyramid Peak (flqw member) .
9. Rhyolite tuff of Rfmrock Mountain'Group. :

uze-3s]  wre-89®  wre-30>  wre-36®  wre-24°  wre-re®  we-sn’ _wre-21®  wre-28°
S0 0,01 0.02  0.05  0.04  0.02 0.03  0.04  0.01 0.02
Total ~ 99.57 - 100.00  100.3%  99.05  98.49  99.83  99.78  99.95 98.61




Table A1,8

Summary of Analytical Techoiques'for Water Chemistry

el T

Test Procedure Reference Error Limit®
pH Glass and Ca]ome]A-o _ 1 44
' reference electrode o
| TDS. . Evaporat1on and 105 C dry1ng | 2 2%
'Hardness ) EDTA t1trat1on 2 2%
Ca 'Atomic absorpt1on Spectro- i 5%
: photometry ' .
Mg Atomic absorpt1on Spectro- 1 5%
photometry
Na Atomic absorption Spectro- 1 5%
‘ - photometry
Atomic absorption Spectro- 1 5%
photometry
€l Potentiometric titration 2 1%
HCOS, HyS0, titratioo 2 2%
C0, ' H,S0, _ti_trat-ion 2 2%
50, " Nitrochromeazo titration 5 1%

e .

6St




 Table A1.8 cont'd

s

Error Limita

ketone

- Test Procedure Reference
N, ' Cd reduction RS 5%
| NO, Diazonium color 1 5%
NH, | CoTorimetric - 1 '2%
P Molybdo-blue and persulfate 1 6%
- digestion
B Azo-methine-H 3 5% ”
$0, Molybdate ] 5%
Fo Ion selective electrode 1 W
Metals Ib 'Atom1c absorption spectro- . 1 5%
o photometry
Metals I1° Atomic absorpt10n spectro- 1 5%
photometr'y ' ‘ :
Metals IIId At0m1c absorption spectro 1 5%
: o ' ‘ photometry :
Pb Graphite furnace-AA' 6 5%7
Mo_ : N1trous ox1de methy11sobut1- 6 5%

09l
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Table A1.8 cont'd

References:

Test Procedure - Reference " Error Limit?
HZS .Ion selective electrode 3 ' 5 | N/A
Br 'Bromide+pheno1 red | S _2. - N/A
‘Notés: a) Error limits calculated from standard1zed test resu]ts as reported by A. L. Bristol
S  {written communication, ]980) R

b) Metals I -- Ag, Co, Cu, Fe, Li, Mn, Ni, Sb, Si, Sr, Zn.

c) Metals II -- Al, Ba, Cd, | | .

d) Meta]s 111 -- As, Hg, Se

1. Methods for Chemical Ana]ys1s of Water and Wastes: EPA, National EnVironmenta] |

:Research Center, Cincinnati, OH, 1974.

2. Standard Methods for the Examination of Water and Waste-Water, 14th ed.: APHA-
' AWWA-WPCF, Washington, DC, 1976.

3. The Determination of Boron in Soil Extracts, Plant Materials, Composts, Manures,
- Water, and Nutrient Solutions: Benjamin Wolf, Soil Science and Plant Analysis,
V. 2, pp 363-374, 1971. :

Operators’ Manual: Orion Research Inc., Cambridge, MA.

]N1trochromeazo Titrimetric Determination of Sulfate in Irr1gat1on and Other Saline
Waters: B. A, Rasnick and F. S. Nakayama, Communications in Soil Science and
- Plant Analysis, v. 4, pp 171-174, 1973. :

6. Al L. Bristol, written communication, 1980.

191
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APPENDIX 2

Calculating Chemical Equilibrium of Natural Waters

!

Introduction |
| _ The chemistry of water-rock interactions is determined in bart
by saturation of the solution with resﬁect to'solid phases or to gases
at.a certain pressure. The reaction states of ah aqueous bhase can be
'calculated Trom an equiiibrium model of the water and from the
stabilities of phases with which it may react. While an.inorganic
équilibrium_medel does not completely describe the processes in any
natural water, much less a highly dynamic system such as an active
geothermallsystem, therequi1ibrium model is a useful referéncé which
can indicate procesées whfch are impossible and suggest other processes
‘Whith may control water cohﬁoﬁitions. |
| The practica].ca1cu1ation of multicomponent, muitiphase equilibria
requires the use of modern eIectfon1C'computers, The  computation of
.most.of the-physico-chémicé?_parameters in this thesis was accomplished
by using WATEQF, a FORTRAN IV computer program that madels the thermo-
fdynamic_épeciation df-inorganic ions and compiexes:in sd]ut?on for a--
: giﬁen-water analysis (Plummer and-others, 1978). As Nordstrom and
' otheré (1979) poinf out, the adueous chemical model must be defined
separafe]y from the compdtek program which executes calculations based
on the chemical model. The remainder of this appendix will be divided
into two parts. Part‘l wf]l consider the_theoretical_cqnstructiqn
which allows one to pfedict the thermodynamic properties of natural
~waters. Part II will Consider_specific analytical approaches of

- WATEQF and_cﬁitica11y7examine;the results of those approaches,
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Part I: The Aqueous Chemiéa] Model

The discussion of the chemical model closely follows thét of
Truesde11 and Jones (1974), which, in turn, was strongly inf]uenced
by the apprdach of Garrels and Christ (1965) and Denbigh (1955). The
simplest approach for a mu]ticomponent aqueous solution is to assume
the existence of inorganic complexes whose formation is described
_by mass-action expressioné and to assume that the activity coefficients
of simple‘ionﬁ and coﬁp1ekesiis'desCribed-by equations which depend .
only on temperature and fonic strength; a function of the water composi-
tion. | |

Mass-Action Equilibrium Equations. In é.mixture[at chemical’

equilibrium, the activities of the chemical species involved in

reactions are related by a set of mass-action.equations. Consider a -

generalized reaction

ah + bB = cC + dD, ' . (A2.1)

where the Tower-case lefters are the stoichiometric coefficients

of the‘chemicai.species represented by the upper-case letters. Then, -

- there is a mass-action equation of the form;

" raeCraad
¢ - [eemd

_ -, A2.2
[A1%[B1> (h2.2)

- where K is_the;equilibriumrconstant for the reaction and the brackets

represent. activities or other appropriate concentration terms, such

as partial pressures for low-pressure gases.
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“Activity Coefficients. In real solutions with more than a few

ﬁomponents of finite concentration, one cannot assume that ionic
aétivities gpproéch ionic‘concentrations_and.that activity coefficients
appreach unity. In treating real solutions, one must use sing1e~ionr
actfvities and single-ion activity coefficients, defined by the

equation,

a; =y, - (A2.3)

~in which a;. ¥y, and m, are the activity, the activity coefficient,

and the molality of the ith ion, respectively.

- Because single-ion activities and single-ion activity, coefficients
cahnot be.exéct]y mea$ured or defined thermodynamically, WATEQF uses
two noﬁthermodynamié models, the extended Debye-~Hiickel equation and
the MacInnes assumption, to evaluate activity coeff1c1ents Thé

Debye«HuckeI equat1on descrxbes single~jon activity coeff1c1ents in

. d11ute solutions; the Maclnnes assumpt1on describes activity coeffi-

c1ents at. h1gher concentrat1ons the so- cal]ed mean salt activity

coeff1c1ents -and perm1ts fitting of the adaustab]e parameters of the

_extended Debye-Hucke] -equation.

By assum1ng that 0pp051te1y charged ions form a spher1ca1 shell
around a g1ven ion, the Debye Hucke1 theory cons1ders the effects of
e1ectr1ca1 1nteract1ons with the surrounding ions on the free -energy
of thé-given single ion. The single-ion activity coefficient can‘be-:

expressed- as
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3
i
4
E
:
;
!
E

1ogY+=-~A——‘~7‘E-‘—/I—+bI, S @y
- 1+ Ba I o
~ where A and B fer a given so1utioh are constants which depend only on
' the dielectric constant, the density, and the absolute temperature, z
is the jonic chafge, I is the ionic strength (1-2 z?mi), a is a para-
4 meter related to the hydrated ion size, and b is a parameter which

treats the effect of the decrease of the concentrat1on of the solvent

e

5 f - dn concentrated solutions (Robinson and Stokes, 1955). In NATEQF the
va]ues for a and b for major ions were ca]cu]ated from mean salt
o act1v1ty coeff1c1ent5' for minor jons, va]ues of a were taken from

'K1elland (1937) and b was set to zero.

The MacInnes assumption (MacInnes 1939), that in symmetrica1,§o1u—

' tiohs (for example, 1:1 and 2:2 e]ectre1yﬁes), Y. T Y. Yl/ . ailows

the use of experimental values of mean molal activity'coefficients,

-

: y;, of salts and one calculated sing]e-ion'activity-eoefficient to

derive all other activity coefficients in the solution:

g
i
!
.
[
i

I
Yegel T YT Yam | (R2.5)
then.

, NaCl o o

_ YNaf = Fﬁ_EE;a , . o : (A2.6)

3
| YiCaCI2 | _ , ' "( \
Yn oF = g . o A2.7
: Ca v2 K |
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yi KBy

Y- =y S  (A2.8)
Br 4% xan -

[

etc.

These calculated va1ues of single~ion actfvity'coefficiehts céh_thén
_be substituted into the extended.DebyeAHUckel equatidn to compute
values of a and b. | _

Beéausérof the results of this model are based on experiﬁenta1'
- measurements of single salt solutions, the final significant aséumption
is that at a given temperatﬁre, activity_coefficients inrsim?Te.' 
solutions are equal to those in comp]ék solutions of thersame:ionfé
strenght. 'Beéause'most of the solutions to which the model has been

~ applied in this study are <<1 motal, this assumption is believed vaiid}_

Solution of Mass Action and Masé,Ba1ance Equations. The speciation
~for a given solution is solved by the method of successive approximév
tions, first app]iéd by Gérre?s and Thompson (1962)3 using-anaiytica?
concentratioﬁs,-experimental equilibrium constants, mass balance
équations Tor catioﬁs and anions, and measured pH and temperature.
WATEQF uses the continued fraction‘method‘to'501ve nonlinear equationsl-
. relating the mass-actfon'and mass balance relations fdr:the frée ion
concentrations which are initially assumed to be equal to total con-
centrations. As an illustration, consider a hypothetica1 solition con-
taining.free Ca2+ ions, free cog' ions, and only one ion'péir, cécog.

Mass balance of the cations and theraniohs requires that

Mea(Total) = Mca™ ¥ mCaCO% | . o (m2.9)
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and

Meo, (Total) = Mco2- ¥ Mcaco? - | (A2.10)
3 3 3 ,

Assuming an ideal solution, the mass action equation for the formation
of the ion pair will yield an equilibrium constant, often called the

"association® or "stability" constant,

"caco)
" T oz T
or |
mCaCOg'= K(mca2+)(m00%')' B - | - (A2.11)

Substituting'equatioh (A2.11) into'equations (A2.9) and (A2.10},

"ca (Total) M2+ * KM, 2 co2- ) o ()
Meo. (Total) = Mo~ * Klmgg2+){meq2-). (A2.13)
3 3 . 3 |
Rearranging,
m - Mea(Total) (A2 14}
C32+ T + K{m 2.__) .
mC03(Tota1)
Mgl = (A2.15)

3 - 71 + K(mca2+)' :



168

Equations (A1.14) and (A1.15) gfve new values for tﬂe free {ennpoh-
centrations, which are then used in the_néxt iteration. Thé,use”of
single ion activity coefficients allows the treatment to be generalized
to nonideal solutions. Tteration continues until the caiCu%ated sums
~ of the weak_ac{ds, comp]éx'ioné, and free ions agrée ﬁith the analytical
values to within 0.5 percent. Wig] ey'.(]9l77) has shown that the continuad
ffaction method produces a faster convergence than does the ﬂriginai‘-
“brute for;e"'methdd of Garrels and Thompson (1962), and Nordsfvom_and-.' :
others (1979)'ihdicate that the convergence is also faster than for a
 Newtqn-Raphson 1teration; - When the speciation 1is compléte,'it is uSefu1
- to- calculate molal cdncentratioh ratios and ion activity ratios for use

with water composition and mineral stabi1ityrdiagrams.

Ton Activity Products and Solubility Products. Equatioms {A2.1)
and (AZ2.2) for a mixture at equilibrium are perfectly general. Consider
the special case of a solid phase of composition AX in the?madyﬁamic

~ equilibrium with an aqueous solution to form jons A™ and X,
+ - : _ . |
AX = AT+ X, | {A2.16)
For equation {(A2.16) there exists a characteristic constant,

a,+ a,- ' ' I o
K=-2_X | - {(A2.17)
3AX. | o -
where K is the thermodynamic equilibrium constant of seTubi}ity. If
the solid, AK, is a pure substance, then it is in its standard state,

and the activity of AX is equal to one. In this case;'the eguilibrium

constant reduces to the so1ubility product
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sp” ot A - S (A2.18)

In hydrolysis reactions, water must be treated explicitly. For

example, in the dissolution of quartz to form silicic acid,

$10, (quartz) * 220 = HyS104 S O (aea9y
the activity.of water appears in the equilibrium exéressipn. Commonliy,
the activity of water is so.élose to one that deviations can be
“ignored in practica1 applications, such as the cdmputatfon of mineraf
stabi]ity diagrams (Helgeson and others, 1969).
waterslcoI]ected at the well-head are no longer in contact with

mfneral phaées, and the subsurface phases-may not be accéésfble to
observation. The calculated activities of dissolved jons inlthersample
water can be combfned to form ion actiyity products which can be com-
pared with the thermodynamic solubility equilibrium'consfahﬁ to show
the degree of saturation for a given phase. -

The comparison is most conveniently done by censidering the ratiq_
~of the jon activity product (IAP} to-the eqﬁilibrium solubility prodﬁct f
(Ksp) and the Gibbs free energy change of the reag;ioh (AGr); _The |

quantities are related by the expression
AG,. = 2.303 RT 1og(IAP/KSﬁ)_ - S  (A2.20)

Clearly, when IAP'E‘KS , 46, = 0, and the water is saturated with

p

respect to the phase being considered. When IAP < KSp’ the water is

* undersaturated; when IAP > Ksp’ the water is supersaturated.
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‘The ﬁrincipa1 limitation on this approach is the reliability
and consistency of the eQuilibrium constanté used in thercaTcu1ations; 
Several sources of uncertainty are bbvious.'_Entﬁalpies and entropies
for most minerals have been measured.ca1orimetri¢a1ly,rand thé-freé'
enérgy of formation calculated from these.vélues is usually referred 3
to free energies of formation of the e?emehts or of thé oxides rather
than_to the free energies of formation of the ions formwed by dissolu-
Vtion of the mineral.' The use.of experiméntaT eQui?ibrium constants
is free from this inconsistency, but is sﬁﬁject to uncertainties
involving exact definitions of reactanté and products and difficu]ities..
" in demonstrating thgt.the reaction was reversed (Hﬁither and_Hé]geson, .
1977, 1979). Because of the uncertainties involved in the basic thermo-
 dynamic data, logarithms of the IAP/Ksp ratio are used to determine |
saturation, and the thesis follows the convention of Paces (1973} that
values of log (IAP/KSP), also called the saturation index, between
~0.25 and +0.25 represent séturated-soTUtions.

Effects of Temperature and Pressure. Most experimental determina-

tions of equi]ibrium constants and of free energies have been made at
25°C. Where the Titerature reports the results of experiments at
higher temperatures, the equilibrium constant is often expressed as

a power function of absolute temperature,
log K = A + BT + C/T + DlogT, - (A2.21)

in which one or more of the coefficients may be zero. WATEQF uses =
this type of analytical expression'whenever it is available from the

literature.
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In those cases for which high temperature experiment&T data is
limited to two or three temperatures:or is 1ackin§_a]1 together, the
equilibrium constant is corrected by using the Van't Hoff relation,

. Y S
}Og K = log KTY‘ “.Z-ér—R (-%—-" - T‘[F)° o . ' (A222)
in which Tr is the reference temperature (298.15 K) and the constants

A and C in equation (A1.21) are

' AHTr

tog k¥ o3y
and

AHTr

2.3R’
- respectively. -

Because the iﬁput of measured pH values esseﬁtiél]j Timité fhis.'_,
tfeatment to near surface waters, the effects of pressure on the
equilibrium constant have not been considered. Calcu]afions 5y Ellis
and Mchdden (1972) suggest that pressure effecﬁs are not,large-fbf
pressures less than a few hundred atmoépheres; ;COnééquently, the
treathent of K as a function of temperature alone is believed to be E

.adequate for the purposes of this study.

Redox Reactions. The treatment of redox reactions uses the
negative logarithm of the conventional activity ef the electron (pE) -
instead of the oxidation potential (Eh). Eh and pE are related by the

expression,
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pE = Eh/(2.303 RT/F), - - (A1:23)

in which F is the faraday and 2.303 RT/F is the Nernst slope. The
conventions associated with pE are dfscussed in depth by Truesdell
(1968). R

The principal advaﬁtége of.using the eTectrpn.aﬁtivity %s that
it s nof hecessary to consider separéte rédOX~eqUilibrium expkessions.
For éxample, the equilibrium between Fezf and Fé3+ can be'exprESSed
by an eqﬁilibrium coﬁstant, | | |

‘= %Felt %=

aFo2+ Sy | ‘ E (A].24)

where the value of K can be ca]cuiated-fréﬁ G;(Fe3+)'and G;(Fe2+)’ -
given the convention thatre;(e-) = 0. . ' ' o '
| Eh values for the waters in this'study weré‘not'measureﬁ in the
field. However, separate anaiysés.of reduced,and-oxidized:specieé
allow the cdmpﬁtation of pE, based on thefassumptian_of redox équiTi-
 brium. VWhere two such pairs are measured, it is possible to compére
 the computations és an estimate of the degree of internal redox
equilibrium. The pairs which are ava11§b1e in this studyjare'su1fide~
sulfaté and ammonia—nitrate. The su1f1de-su7fate'equi]ibrium'can be

expressed,

HyS + 4H,0 = S057 + 10H' + 87, (h2.25)
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The mass-action expression is

10 -8
35057 Pt Pen B -
K = — . ‘ {A2.26)
s 'aﬁ 0 o s
2% My

Taking common ]ogaritth'and using the pH and.pE definitions,

log K = log ag,2- -'1GpH - 8pE - log ay ¢ - 4log ay 4> (A2.27)
- 4 2 20
“which can be rearranged to solve for pE:
=log K + 1og_a502- - log ast - 4log aHzg - T0pH

The implicit assumption of redox equilibrium in the computer calcuia-
tions will be discussed‘in Part II of this appendix.

Gas_Partial Pressures. Gas pértia? preésurés‘may be calculated

from the gas solubility conétants and the water énalysié. in HATEQF'
therpartial pressures of COZ, 02, and CH4 are calculated from the
following equations,

| - log PC02 = -1og K + Tog aHCO§“+ }qg k- log g {A2.30)

2

log P, = -log k' + 2log ay o+ ApH + GpE - (A2.31)
2 : 2 |

Tog PCHﬂr = -log K" f log choé - 3log aH.20 ~ 9pH - 9pE. (A2.32) | '



174

In interpreting the chemistry of the Lightﬁing'Dock waters, equatidns 
(A1.31) and (A1.32) are rejatively unimportant; Furthek, because

the calculated va?ues for P02 and PCH4 depend on- the 555umption of
redox eguilibrium, which may not be valid, the body of,the’theSis
‘does not consider the partia] pressures'df'OZ and CHQ; " The equatibns

| used in the body of the thesis for der1v1ng pH and PCO (eqdations :

7-'1'5) are somewhat different in form from ‘equation (AI 30} but

 the results are virtually identical.

Activity of Water. While the activity of water in dilute solutions
is commonly so close to one that it may be treated as'a'tonstant
{Helgeson-and others 1969), WATEQF computes the act1v1ty of water by.
the approxamate relationship of Garrels and Chr1st (1965)

'a”zo = j - 0.017 2 m, R o ‘-(32.33)
where E m is the sum of the molalities of dissolved ions and neutral

“species. The equation is believed to be accurate for £ m; < 1.

Part IT: WATEQF

Table A2.1 summérizes the important déécriptive program featurés
of WATEGF.

in a recent review Nordstrom and others (1979) haVe d1scussed the
assumptions, strengths, and limitations of the major schools of com- 7
puterized chemical models for natural waters, including WATEQF. Using
two test cases, low ionic strength (0.0024) river water and high ioﬁic.
~ strength {0.6801) sea water, Nordstrom and'othefs {1979) examined the

results predicted by the varicus aqueous models. In a series of
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Descriptive Program Features of WATEQF

Number of Elements
Number of Aqueous Species

Number of Gases

Number of Redox Species

Number of Minera1§

Number of Organic Species

Method bf Calculating Activity -

Coefficients

Temperature Range (°C) -

Pressure Range (bar)

Iteration and Convergence Method

1
2

of the thesis.

Excluding H and O in water. |

19 1

105

101

- Extended Debyé—Huékei

Eﬁuation or Davies
_EquationZ' |
0-100
.

'Continued Fraction

Only the extended Debye-Huckel equation was used in the:computations :
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tables, they compared the calculated molalities and activity coeffi-
cients for major and minor species and the saturation_indices-far
selected minerals. The test cases -show significant areas of agreement’
and of disagreement between the varfous computer models. In genérél,
there is better agreement between computed concentrations for majo%
species than fof minor species, and there is better agréement.for‘the
river water case than for the sea watericase.‘:There resﬁ?ts.are.c0n~
sfstent‘with practical expectations: 1) thermodynamic datd-is mﬁth 7
more extensive for major species than for minor Spe;ies,.and 2) dilute
sclutions are less extensively complexed énd_yie1d more consistent_and |
reliable activity.coefficients than do more concentrated solutions.'.
For both‘test cases WATEQF yields résults thch are-generé11y'consfs-
tent with all the other computer models; in no case does.WATEQF calcu-
late an extremum value. Among the eleven programs considered, WATEQF
requires the fewest number of interactions to achieve convérgeﬁce
‘between calculated and analyzed concentrations.h The;ease'of'convergencé
is be1ie§éd to reflect the internaI consistency of both the data base
and the chemical model of WATEQF. Furthermdre, on the basis of several
years of testing,'inc1uding the comparison of'caiculated saturation
indices with observed alteration assemblages at Yellowstone, the |
U.S.G.S. gebtherma1-investigators believe that WATEQF provides a
consistent and useful model for water-rock interactions in geothermal
systems (R.O. Fournier, persoﬁal commuﬁication, 1879; L. N; E]ummer, '
Qritteh communication, 1980). | | _ |

Howéver, to observe that NATEQF'is-internai?y consistent and

useful is not to believe that it provides a complete description of
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fhe inorganic chemistry of natural waters.. Thé_discfepencies,between
the calculations of the'various.cdmputer.models suggest certain.limfta- :
.tions of the models. In critically evaTuating'the results of NATEQF,
it is wé11 to consider some of the majof 1im1tations;
Firét, any model is constrained by the assﬁmptions on which it

is based. In particu]ér, the chemical model of WATEQF is.based on the
implicit assumption of the ion association theory (Fuoss, 1935). The
reliability of the jon association approach depends on the userof non-
thermodynamic models; such as the Debye—HﬂckeTItheory, to describe
nonideal aqueous electrolytes. While the model certainly does yield
useful resu1ts, it is worth remember1ng that the model of reaT e]ectro-
lyte solutions uses semi-empirical equatlons to calculate act1v1ty '
coefficients and that the results of such a model are-on?y as good,és
‘the approximations that-are used. Fortunately, for the Animas Vé11ey
and adjacent areas, solutions are of such Tow ionic streﬁgth-that the

Debye-Hlickel equation can predict very éccuréte1y the activity coeffi-
cients of the species in solution. | |

The second principal limitation is the reliability of the thermo-

dynamic data.used in the computations. Sources of erraf_and inconsis~
‘tency have been discussed in Part I of the appendix. Even for'sﬁch a
well- stud1ed phase as ca1c1te, there is substant1a1 disagreement about
.the value of Ksp‘ (See, for examp]e, Berner, 1976, Thra11k111, 1976).
For less well-studied minerals and compTexes,‘particularTy lTow-tempera~- -
ture ﬁhases fdr which reversib]e‘equi1ibrium'is diffiéu]t*to demonstrate,
published solubility pfbduct conséants and comp?éx'stabilftylconstants

reported in the Titekature common1y vary by as much as three orders of
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magnitude. Phases particularly cpeﬁ fo_this order'of uncertainty in
WATEQF include hydroxyapatite; goethite, hematite;'andakaoTinite
(Nordstrom and others, 1879). | | |

No single compilation of the therﬁodynamic data is hompréheﬁéive
-ehough to include all the ﬁhases, fons, and complexes needed as_thé
data base fdr a model of ratural waters. However, the data base of
WATEQF has-been chosen criticai]y by Manuel Nathanson of théVU.S,G.S.
to be as internally consistent and as ﬁurrent as.pbssib]e. In ﬁartiw
VCUTaP, the data set used for the computations of this thesié during the -
summer of 1980 reflects the updated thermodynamic data for a]uminum,és
presented by Robie and others {1978) and the data on aqueods silica of
Walther and Helgeson (1977), which makes the WATEQF data cdnsistént with
the silica geothermometry of section Table 3 in the main body of ihé
thesis. | | | |

The distribution of redox species depends on which redox potential .
is aésumed'td dominate the chemica1-equi1ibrium. As discussed 1nQPar£
I, for most of the samples from the Animas Valley, the only redox pair
meaéured in the chemical analyses is H25—5042“. However, fOV sampTé P3, .
from -one of the hot wells, values above background were also found for
the redox pair N03_—NH4+. As a test of the internal consistency of
therassumption of redox equi]ibrium,.one can Calculate pE for each.bf'.
the assumed redox potentials. First,'cbnsjder the 52'/5042° potential
to dominate. Equation (A2.28), |

'-109 K+ 1og_a50 ?2- - log ay S - &%og aHZO - 10pH
: P4

4

pE‘: 8 . s
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" presents. the formula for calculating pE. ‘Since sample P3 has a measured
temperature of 81°C, it is necessary to correct the value of K using the

Van't Hoff expression,

H

= B R
tog K = Tog K.~ 75577 (7 - 17>
where log Kp,. = -40.644
_ ) 1

HTr = 65,440 cal mol |

R = 1.9872 cal titszg;"'1'r:1cﬂ_-~I

T = 354.15 K

Tr = 298.15 K.

Therefore, log K = -33.123.

For P3, log agg 2- = -2.5992
: 4
2

log a = 0.0002

pH = 8.160.

Substituting these values into equation (A2.28), pE = -5.488, or,
using equation (A2.23), Eh = -0.386 volts.
Next, consider the N03“/NH4+ potential to dominate. Equation

(A2.29),

-log K + 1og aNOB' - log aNH4+ - 3log aH20 - ]OpH.

“defines pE for this system. Again using the Van't Hoff expression with .

log KTr = -119.007

He = 187.055 cal mol ™!

r
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R = 1.9872 cal deg™! mol”!
T = 354.15 K
Tr = 298.15,

pE = 2.009, or Eh = +0.141 volts.

The implication of these ca]cu1at1ons is that redox equ111braa
are not attained in the Li ghtn1ng Dock waters, even at the relat1ye]y
elevated temperature of 81°C. Th1s,conclu51on is coroborated by the
resqus of other workers in the field {(R. O. Faufnier befsona1
commun1cat1on, 1979; L. N. Plummer, ertten commun1eat1on, 1980)

The inconsistency of pE results 1ntroduces an uncertainty in the
spéciation of the redox e]ements,-eSpeciaiiy,irOn and manganeSe. lTable-:
A2.2 summarfzed.the results of the redox célculationﬁ gfven aboﬁe and |

compares the calculated values of‘Fe2 and Fe3t

for the two 1mposed
potentials given the total concentration of iron in sample P3. The
variation of almost nine orders bf magnitudé,in the céTcuIated_conten_
L trationé-of_Fe2+ is clearly unsatisfactory, in that it imp1ies'gress'
| untertaint1e§ ﬁn the saturation indices for all the.iroh—bearing phases.
Three épproaches to this\prob?em have been considered. Thg first :
is to assume that since the total concentration -of sulfur in the system
is orders of magnitude greater than the concentraiionﬁ of any other
redox species, the redox reactions will be dominated by the 5u1¥ur
systems. This assumption may be supported by the results of Nordstrom
and others (1979) who, in exam1n1ng the assumpt1ons of redﬁx equ111br1um,
compared the variations in redox.spec1es speciation for several imposed-

redox potentials for the river water test case using WATEQZ, a progfam

related to WATEQF in assumptions, computational methods, and data base.
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Table AZ

Comparison of pE, Eh, and Calculated Concentrations of

2 3+_of Sample P3 for Imposed Redox Potentiafs.

2+ 3+

Fe’" and Fe

Concentration of Fe®" and Fe” .are Given as -log (moiality)-(pm); 

Imposed Redox Potential pE Eh(volts) - 'meez+ P 3+
s%yso, 2 5488 -0.386  5.57 22,72

LA 2.009  +0.141  14.39 5.5
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In the WATEQ2 calcu1ations, the cOncehtration,‘expressed as -log
molality (pm); of Felt using the Szf/5042' couple is 6.56,‘¢ompared to
a measured value of 6.49.'_The second approach is to assume that the
‘redox conditions in solution are not reﬁresehted-by any.impbéed
potential and to introduce several pE values to deiermine the effeéts
on calculated saturation indices for miherals. Thé third appfbéch is
to handle the speciation without régard to.redox equfiibria‘by setting _
the pE equal to 0. | _l |
Varying the pE'between -5 and +5 has relatively iittle effect
on the results of the ﬂATEQF calculations, priméri1y becaﬁse of thé Tow
concentration of total iron in.501ution. The mdsfrsignificant effeﬁts
are dbserved for siderite; goethite, hematite, amorphous Fe(OH)é,
mackinawite, amorphous FeS, and seVera] minpr Mn‘phases. Variation
between calculated supersaturation and undérsaturation with respect to |
these phases is troublesome in theory; but less so in practice. Fdr.
some of the phases, particularly siderite and rhodchrosite, it-is
unrealistic to expect'that the solutions have been ihlcontéct with the
pure phases. Almost certainly, the fron or magnaneée present in 
carbonate phases in the'Lightning Dock system'is present as a trace.
substitution for Cazf and/or Mg2+ in calcite or dolomite. ‘Fﬁrthefmore,
qgiven the uncertaiﬁties in the thermodynémic data; it is probab]y‘_
unreasonable to believe that an equil%brium modé] would adequéteTy |
describe low temperature phases such as goethite or mackinawite, wuch
. less amorphous iron oxides, oxyhydroxides, or sulfides.
Given these consideratidns and the general failure of equi11bridm

chemical modeling of natural waters to successfully describe actual
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redox- conditions {Nordstrom and others, 1979; L. N. Plummer, intten
_communication, 1980}, the third -approach, setting pE = 0, seems the
most reasonable. The calculated saturated phaséé are all reasonable,
consistent with calculated and observed assemblages at other geothermal
locales, and consistent with the X-ray examination of the drill chips
from Cockrell #1. | |

A fourth ]1mitatiqn is the way in which WATEQF handles the cone-'
centration of alumiﬁum. In the pH range of the Lightning Dock waters
{7 < pH < 9), aluminum is almost tota]1y.in301ub1e;' Therefore, the N
water analyses (Appendix 1, Tab1e.A1.5) all showIaIUmfnum below
detection Timits. If one introduces an analyzed chemistry which
includes no aluminum, then no alumincus Species-wil] Be ca?cu1afed by
WATEQF (or any other cémputer program}. In particuTaf, the cﬁ]cuiaied
'saturation indices will include no feldspars, micas, c}ays, or zeofiﬁes,
which would cofrespond to our_expecﬁatién for.phases in a_hydrotherma]ly
-altered igneous or detrital sedimentaryrréservoir. The "saturated”
phases would include such unlikely phases as'magadiﬁte, sepiolite,
.and greenalite. Two approaches are posSibIe. - First, one could assume
that since aluminum is below detection 1imits, its inpu£ value should
be zero. This is the approach taken by Dellachaie (1978}.‘ A reasonable
'intérpretationrof the computer results then requires that {hé reseacher
by cognizanf'of the aSsﬁmption and be familiar enough with Tow tempera-
ture mineralogy to'interpret sepiolite as the probable equivé]eht of
chlorite, magadiite as the prohable eqﬁiva}ent of an alkali fe1d§pér,

etc. Dellachaie (1978) seems to héVe taken the calculated “saturated”
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values as indicative of actual phases with which the water was in |
contact. Clearly, this approach is hazardous.

The second approach 1is tb recoghize‘that clay minerals and zeo-
lites probably do not precipitate from fonic solutions. Experfﬁenta?
‘and theoretical results indicate that the hydro]y&ié of fé]dspar and
-micas producés a metastab]é amorphous:a1uminosilicate phase of varfable
"composition as an intermediate step in thé formation'of tIays and
zeolites (Helgeson, 1969; Paces, 1973). The Muif Cauldron rocks,
andesitic to rhyolitic in composition, contain-apﬁr@ximaﬁely 13.£0-16
“weight percent A1203-(Appendix 1, Tabfe A]L?); Alusrinum isrcertéin1y'
present in the Lightning Dock gedthermal system and availab]e:fbr the
formation of authigenic minerals, including feldspars, ch]orite; clay
minerals, and zeolites. Since the ovekwhe]mﬁﬁg‘hwﬁk of the Ca, ﬁa' and
K in solution. is due to water-rock reactions, part:cular?y the hydrolys1s
of feldspars, it seems Tikely that the concentratzmn of Al ava11ab]e
in some reactive state (though not as A13 1qns) should be of approxi-
mately the same order of magnitude as the concentwationﬁ of the'majbr
cations. For example, in sample P3 the analyzed:aﬂncentrations of the |

-2

major cations is in the range 1 x 10°° to 5 x 10 m01a1 and the

dissolved silica is 2 x 10"3

6

molal. fntrodu¢1ng an aluminum concen-
tfation of 4 x 107° molal (0.1 ppm) produces calculated saturafion
with respect-to at least somé mineral phases of the feldspar, mica,
clay, and zeolite groups. An order of'magnitude.increase fn aluminum
Stabi]izeé a wide range of phases of each of these groups. These' |

inputs are probably overly conservative in terms of the actual

concentration of aluminum available in the system, but since they
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produce results that"are consistent with geochemical expérience and
interpretable, they have been used in the caTculatiohs of the thesis.

The final, and probably most critical, limitation involves the
basic assumption of the chemical model: chemical équi1ibrium-between
a so1ution{and the‘phaéeswhichare preCipitating,from or dissolving
into that solution. ~The facf that a geothermal water has a satﬁration'
index greatef than or equal to zero for a given minéral does nbt .
Eequire that thelmineral be present nor gfve any,indication'ﬁf the f"
quantity of the hinera1. Kinetic factors, such as nucleation.and-'
growth'rates, must also be considered. Céftainly; indicaﬁedSéﬁuraa
tion with respect to a given phase does not reqdire that the solution
has ever interacted with a mass of that phase, as is'CTear ffom the
widespread formation of pedogenic caiiche‘in the Southwest; .Hence,
Dellachaie's conclusion that calculated saturatfon with respect to |
- calcite requires the geothermal solutions to have circulated through
the Pa]eozoic sedimentary ropks underlying the Animas Valley is with- -
- out geochemical foundation. However, misinterprétation'uf.the results
of a computer program shoqu-be considered.é limitatioh of scientists
rather than of the program. The only proper use-of a computer-modell
such as NATEQF.is to demonstrate the reasonable mineral phases that
would be in equilibrium with a given water compositibn; Interpreta-
tion of the reSu1t$ must rest on éound geo]ogié interpfetations and
must ultimately be tesfed by petrologic alteration studies of
reservoir rocks. | |

In summary, as with all modé]s, NATEQFrhag certain limitations

which grow out of the assumptions'of the chemical model on which the
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program is based. However, when the assumptions are understood, thé
Timitations can be understood and dealt with reasonably. The results
of such-alcomputef model are sufficiently {ntereSting and consistent
“to justify its use in helping to interpret the geothemistry-df nétura]

waters,
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APPENDIX 3

Computer-Modeled Geothermometty

Three computer programs felated to caTculéting geothermal
reservoir temperatures were developed dﬁring'the-early‘stages of the
'fhesis research. All programs were developed in.FORTRAN 1V for use -
on a POP 11/MNC computer (64 Kbyte) with two RLO1 (107Megabyte) disks.
A Tektronix 4025 terminal and 4662 X-Y digita1 plotter prdvided infer-
active and hardcopy graphics. A_DEeritef 111 (LA-T?O)'served és the
conso]e'tefmina1.,.The three progfamé are described in detaii.and'fully" B
documented in Landis and Logsdon (1979). Computer programs ALKALI and
ALKFIT use the chemical and.temperatufe data sets of Fournier énd .
- Truesdell (1973) to determine statistical best—fit:equatians for fhe

alkali gepthermometer. Such equatjons have the form

Y=A+BX, . | .. .(A3.1)
where Y = 1000/T -,

= Tog DAYY/K'T + Blog [caZV 2/[Na+]; :

and A, B, and B are empirically dérived constants. The differencés
between-the statistical approachéslof'the two programs.résults in )
slightly different values for the constants and slightly different
values for'the calculated reservdir temperatures. The results of
ALKALT and ALKFIT are presented and compared with the original fesuTts
of Fﬁurnier and Truesdell (1973) in Table AE,T; ; |
Computer program GEOTHM calculates Na-K, NajK~Ca, and Si-O2

temperatures for geothermal and related waters. An interactive option
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of the program is the choice of alkali fit parameters from ALKALI,
ALKFIT, or Fournier and Truesdell (1973). While the statistically
generated géothermometry‘curves are more precise, the Fournier and
. Truesdell values have bEenrused in a1l my calculations. to make the
results as compatible as possible with pubTishéd values from other geo-
thermal areas where the Fournier and'T?uesdel]'ana}ysis.has béeh-used..
The most recent_comprehénsiﬁe silica solubility data are used to\ca]ﬁu-
late Si0, temperatures (Walther and He]gescn,_lQZ?};‘ -_

| A variety of assumptions are involved ih the geothermometry models
used by GEOTHM. It is important to feview and eya1@a£e the.aésumptions..

 The_use of dissolved silica in geothermﬁ] waters as a geqthermometer'
~ was first proposed by Fournier and Rowe (1966};'?&£@nt applications;'
include Arndrsson-(]975); Truesdell (1976),'énd Smﬁﬁberg,énd Morgdn
(1978). The solubility of Sioz.in.aqueous sblutimﬁs is éséentia11y'
independent of the concentfation of disso]ved.séltﬁ eﬁcept near'the  
lower éritical end point (Krauskopf, 1956; Kitahara, 1960}. Furthermﬂre,'
for the most of the geochemically relevant range; sitica sd1ubiiity is- '
also independent of pH. This behavibr-can be und&rstood.ih terms of the
solution chemistry of silica. In aqueous solutior dissolved silica is
present as one of more monomer of fﬁe generalized ferm SiOzinHZO. For
the concentration range Seen in the Lightming Dock watersé even at ”
25°C, the silica monomer is probably an uncharged-Sﬁﬂz-ZHZG\which is
in equilibrium with silicic acid. The value pf fﬁ@ first 1onﬁzation'

constant,



NafK-Ca Alkali Geothermometer Curve Fitting Data

~ Table A3.1

Y+ A+B*Y

- (0.360)

(9,058)

_ Temperature Beta Beta
Source Boundary °C T>T T>Ty, - A(+o) B{+c) R
B ~'B — = Xy
* Fournier 100 0.333 1,333 1.3502 0.6101 -
& Truesdell . :
ALKALT 100 0.217 1.360 1.3778 0.6188 0.94
| (0.169) (0.094)
ALKFIT 100 . 0,105 -—- 1.2441 0.6812 0,95
, (0.302) (0.063)
- 0.100 3.8168 - -0.4739 -0.84

581
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2.9

H ]+[H-510,7] o |
SIS0 ) - S, (A3.2)

K= LRSI

shows that the sﬁlubi]ity does not depend significantly on pH beiow é
.,value of approximately 9 {Yariv and Cross, 1979). The uncharged nature
of the $10,-2H,0 monomer explains the lack of infiuence of fonic |
.strengtﬁ on silica solubility (Holland Malininm, 1979). | |

Two critical questions remain: 1} which'silica polymorph controls
the_concentraticn, and 2) does the concentratfon of siliéa-in solution
'change rapidly durihg flow of the aqueous phase from the high fempera— :
~ ture réservoirrto fhe ]bwer témperature collection site. It is very
difficu1t to make g_ggig[i_predittions about the minéralcgy of.thé
silica polymorph.to be expected in a given sysﬁém; 'The,SiO2 phase
which precibitates will be controlled by the degreé of supersaturation
and by‘the specific kinetics of'the.giveh system, pértiéuTarly the
availability of nucleation sites (Barnes and Rimstidt;'IBTB). lFier
-studiés indicate that at temperétures ébove approximately 100°C,
-quartz is the most common polymbrph; betﬁeen 100°-50°C, cha!cédony is
the most common po]ymorph; and below 50°C, amorphous silica becomes
increasingly important (R. 0. Fournier, persdnai'tommunicatﬁon; 1980). .'-
These température ranges are‘not absolute: cﬁéicedony has been
reported up to 160°C (R. 0. Fournier, personal ceﬁmunication, 198D)
and“authigénic qﬁartz is known from waters trapped in the Nubian
Sandstone.at less than 50°C (C. A.NSwanberg, personaT cbmmuniéation,
1979). Although authigenic cristobalité has.been reportéd from some

geothermal systems (Browne, 1978}, given the controversy which
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surrounds the validity of cristoba]ite so]ubility'measurements

(Walther and Helgeson, 1977), I have chosen to ignore cristobalite in
the silica geothermometry. As shownrin Figure AS;]? samp?es,PZ, P3,

- .and P4 lie between the saturation cruves for chalcedony and amorphous 7
silica. Therefore, one would expect ché]cedony_té be ihe 3102 préci~
pitate from these waters. The wafefs are also supersaturated with
respect to quartz. Landis and Logsdon (1979) have shown'that_a'
comparison of silica temperatures with alkali temperaturés.is most
consistent if quartz fs éssumed fo be the silica phése abdve-100°c

and chalcedony the silica phase below 1GQ°C, | -

: Thé final assumption of silica geothérmometry is that fhe sitica
concentration does not change rapidly during circulation within the
geothermal system. I have already preSented‘the equi1ibriaﬁ'arguments
forrthe stébi1ity of aqueous silica. Barnes and'Rimstidt'(1978)-have
shown that the kinetics of silica precipitation can be expressed_as‘a.-“
first order expression, | | -

3 (Si0,) A o
[_B—t—-_g_}-r: Kp (5102)(5/\!): I o (A3.3)

wﬁere (s10,) = concentration of silica; t = time; T =‘temperature;
_Kp = réte constant forrprecfpitation; and (s/v) = ratio.of surface
area of silica to the Qo]ume from which it is precipitating. The
Bafnes and ﬁimstidt experiméﬁts show -that the precipftation of an
ordered silica phase is so slow at low tembefatureé that even
moderate flow rates should préserve evidence of the reservoir silica

form.
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Figure A3.1. Silica solubility a1ong the 11qu1devapor.watér presspre )
curve for alpha quartz (A); chalcedony (B), ahd amorphous silicé |
 (C)¢_ Note thai va]ues along the abscissa are given in.terms of
- the enthalpy of liquid water in cal/gm. Points P1, P2, P3, and
P4 and the lines thrcdgh them are descfibed in the bodyféf'the_ _:
“thesis and in Figure 18. Data fﬁr the curves are from.walther and.

Helgeson (1977).
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Although the system 5i0,-Ho0 has been extensively studied,
there is still considerable controversy about the so?ubility of
quartz below 300°C and about the solubility of cristobalite and
amorphous silica in génera]. EXperimenta11y, these_systems_are non-
trivial because of the difficuity‘in-comp]ete1y characterizing-the-
Fineégrained-phéses and in completely reversing the reactions. T
have chosen the Walther énd Helgeson (1977) data because they dre;
consistent with the.thermodynamic pfoperties of aqueous silica and B
with reversed solubility measurements for quarﬁz. .It is impb?tahtl
to-note that the Walther and Helgeson data predict higher ;emperaturés-r
of equilibration than do the earlier data of Fournier;aﬁd ﬁowe (1966).

The a]ka1irtemperaturés.are funétiohs of the Na—K.and'Na—K—Ca
concehtratﬁdns of the waters, theoretica11y based on cation exchéhgé
-.equiTibria between aqueous solutions and fe1d$par. For the Na-K |

geothermometer, consider the exchange reaction

k¥ + Na-feldspar ;3 Na+ + K-feldspar, - {A3.4)
whére
K ='aNa'+ 2k-fsp
3yt '

aNa—fsp ’

Given that the activity of a solid phase is one, and assuming that

for dilute solutions activity is approximately equal to concentration,

K = Lﬂ%il i - | R (Aé.ﬁj
K] .

At equilibrium the Gibbs-Helmholtz equation holds, and for pure
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substances in the standard state,

d log. K . AH® o N |
g9 K. o - (A3.7)
dT 2,303 RT |

‘Rearranging equation (A3.7)

AR° dT

dlo0 K= 7337 2
| EORR

= e d (). - (A3.7a)
Since K =([Na*1/[K']). Tog (INa*1/[K'1) is a function of (1/T). The

function has been calibrated empirigaltyiand experimentally as

+

Tog -EE]—] = -1.2172 + (1.149 x 10°) T} (A3.8)

_ﬁmmﬁéH,IWSL'_

Fournier -and Truesdell (1973) showed that for most geolagic
systems one must also consider exchange equilibria #mvolving plagi-
oclase feldspars. Using the same logic as above and a schematic

exchange reaction,

Na® + Ca-feldspar = 172¢a™ "+ Na-feldspar,  (A3.9)

where

Vk] . Eca2+]1/2 ’

[N_a*]
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[ca?*71/2 B -

and Jog =~——=—— is also a function of temperature. Fournier and
{Na" ]

Truesdell {1973) combined both reactions to produce a temperature

function of the form

| | T sy
10%T=A+8 |log %%%51-+ & log Lgi—f%§~— - (A3.10)
| _ Ma*] | -

where A,‘B, and B are the empiricé]ly determined-values'referred to
“in the preceding discussion of cdmpﬁter programs ALKALI and ALKFIT. °
Numerous studies show that the Na-K-Ca temperature fits measﬁred
systems better than the Na-K témperature (Truesde?i,-lg?s;.Fourhfer,
- 19775 Swanberg, 1978). Hence, all references in the thésis to aTkéIi
temperatures will refer to the Na-K-Ca temperature ﬁnTess otherwise
specified. |

Mg-rich waters, including seawater, ha&e aﬁ adverse effect on
- calculated alkali temperatures (Fourhiér'and Potter, 1979){‘,A1th0u§h :
the theoretical basis for the Mg-correction is obscure, the exp]aha~
tion prohably lies in Mg-Ca.exchange in carbonates and smectites which

2+]l/2

interfere with the interpretation of [Ca /[Na+] as controlled

by feldspar equilibria. The Mg—correctibn, which is substratted from
the alkali temperature, is a complex function of the alkald temperature
~ and the ratio Mg/Mg+Ca+K.' Table A3.2 shows the corrected alkali geo- |
thermal temperature for selected samples based dn the Mg-correction |
curves of Fournier and Potter (1979). Where the Fournier and Potter

criteria indicate that it can be usefully applied, the Mg-correction

improves the agreement between the silica and the alkali geothermometers.



Table A3.2

Correction

T°C Ma Covr. = T°C Na-K-Ca - AtMg

ToC S111ca

“silica solub111ty contro]led by * = 31pha quartz,

alpha quartz at 500 bar, # = cha1cedony, :

T°C Na-K-Ca = alkali temperature, UNM.

Reéervoir Temperature After Applying Mg++
Ca Mg K Na Ry ] sty 2 TocS Toc TogS
| g/ g Mg Corr. ~ Silica Na-K-Ca
Lightning Dock: Estimate = 170°C
P2 22.0 0.5  23.5 333.6 2.36 0.0 " 169 168* 169
P3 232 08 21,1 3186 3.73 3.5 162 165+ 165
P4 673 53 27.8 © 493.1 9.68  27.3 129 - Y 156
P24 38.5 1.8  18.0 321.4 5.85 . 8.7 145 1534 154
= Mg/Mg + Ca + K) in equ1v1anet units. o
2;f_ thg = 10 66 ~ 4. 7415 R + 325, 87(1ogR)2 - 1. 032*10 (1ogR) /T = 1. 988*107(109R) /T + 1.:605%10
(1ogR)3/T% [5_R 50] -- btyg = -1.03 + 59, 971(1ogR) + 145, 05(10gR) - 36711(1ogR) /T - 167410
‘(1ogR)/T [0 5 R 5.0]. ' : T

liquid-vapor curve of water, +

-

61
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APPENDIX 4

Mineral Stability Diagrams

Mineral stabi]ﬁty‘diagrams, using the computer-caTtu]ated B
logarithms of activitijes and of ratios of activitiés, have been cal-
culated using the methods of Helgeson and others (1969). The thermo-~
dynamic data for the computation are taken from Robie and others-(1978);:

in which the G values are in J moi”|

» Standard témperature“and
pressure are 293.15 K and 1 bar,'and R, the unfvérsél‘gas.constaht, is
8.314 9 mol™! K71, | | o

Helgeson and others (1969) define a chemical sysﬁem which includes
the rock forming minerais'(phases.defined-by the oxide components
.MQO—CaonFeO-NaQO—Kzo—Al203—5102-C02-H20), natural aquéous'$o1ution$
(the oxides given above; plus HC1), and hydrothermal ofeﬁforming soiu—:
tions (the oxides and HCl, plus H,S-H,S04-Cu,S-PbS-ZnS-Ag,S-etc.). Mot
all qf the_potentfa] components are of equal interest-in-any given |
situation, and it is possible to define a,éubsystem'of.the system of
HeTgeson and others. For the Lightning Dock area there now exist foo |
1itt]evdata on the conééntratﬁons of baée and precious metal cations
in solution or on the redox sysiematits of'éulfUr and irén fo apply
minera] stability diagrams in bredigting the possible occurrenée of |
sulfide minerals. Therefore, the cheﬁica].system.defined for the purposes.
.ofrthis'thesis consists of the components MgO~CaO-Na20—K20—A1203—Si02—
CO,-H,0-HC1. * For convenience in preséntation; evén smaller subsystems
may be considered. |

Unlike WATEQF, in which all reactions aré wrftten és associations,

this approach treats mineral equilibria in terms of dissocation. Under
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most ﬁatura1rConditions, SiOé,'COZ, and Hzordo not dissociate appreci-
ably; they will occuf'as neutral moTeéu?es or as compTekes with other
jons in soIUtionr(Helgeson and others; 1969). At.temperatures be]ow -
300°C, HCl1 and the metal oxides are nearly completely &i#sociated in

aqueous solutions (Helgeson, 1970). Consider a generalized reaction,

+ z , viz : '
MO0, tvizH = veM” + ==H0, N (A4.T)
- where M = cation in the oxide component; 0 = oxygen; H =.hydr0gen;

vt = number of moles of cation in one mole of oxide; v- = number of
moles of oxygen in one mole of oxide; and z is the charge on the,cation;
.For exampTe,' |

+ . 24 12

In a manner exactly analogous to equation {A2.2), the Law of Mass

- Action for eqUation (A4.1) may be'written,

ot (r()z(i)/2) -
i Ho0 - .

Y

Ko .y =
 1(1). 2

where a; = activity of the ith species in aqueous solution ahd'K](i) =
the equilibrium constant for reaction (A4.1) involving the ith oxide

component.
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For two oxide components and aH.0'='T, it can-be shdwn'that,

- i
d log (aM(])/aH+Z( )) v(2) d log a

, 1
v+(1) d Tog a

rd

It

- (A4.3)
d log (aM(z)/aH+z(2))

| v+(2) d 10Q'f1
*.v¥I1)'d Tog f2

v+(2) d My

where fi = fugacity oflthe ith component and ui'# chemical potentia1. 
of the ith component (Helgeson, 1967). On this basis one may construct
equilibrium mineral stability diagrams normalized to pH in which slopes
of ihe mineral bbundaries are proportional to boundarieS‘of'the carre-
_ spénding log fugacity or chemical.potential diagrams.

As an example, consider the incongruentlhydrolysis of microcline
in the system KEO-A1203-5102—H20—HC] to form kaolinité, aqyeous.sinca,

and K' jon. The balanced reaction may be written,
. + PO . ot g | "
2KA151308 + 2H _+.9H20 ;ﬁ A1251205(0H)4 + 2K _+ 4H45194(aq) (A4.4)_

For reaction (A4.4) the equilibrium constant is given by,

2 4 .
5" ,sio, - N
Ky =z » ) | (M)

T
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which can be rewritten to give

cagt o K4
7T
a,+ a .

H H4S104

Taking common logarithms and rearranging, and dividing by 2 to clear

the left-hand side,

a

+  log K4 - 4 Tog ay
log (3 '

K
) = e
H+ | Z

$i0 | o

which is a Tinear equation in slope-intercept form with‘slope,= -2

and intercept = (log K4/2),

In the absence of experimental values for'K4, one may derive the

. o o : | - ’
value from AGreaction and the stan@ard re]atlon,‘

K = o-BG°/RT

Consider reaction'(A4.4) at 25°C and 1 bar-AGS

reaction = Zni
Aezformation i) = I AG?fbrmation'j)" where i indicates product

species, J represents reactant species, and n represents the stoichioQ
metric coefficient for the appropriate species. Taking the Gibbs free

free energy data from Robie and others {1978}, FQP the products,



‘Species

kaolinite
K+

' ‘H45104

and for the reactants,

. Species
"_ microciine
+ .

H

Ho0

[+
Therefore, AGreacticn

~-(AG®/RT) =

K= -.0001106.

AGf :

-3,799,464

=282,490

~1,308,000

AGf

-3,742,330
| -0

-273,141

= +22,585,

-3.11, and

o
n; 86¢

~3,799,364
-564.,980
| _5,232,000
-9,596,344

Cng 063

7,480,660
o
2,134,269

= _9,618-929
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. Therefor, log K = -3.956, and'substituting'this value into equation

(A4.86), the’]og-(aK+/aH+) intercept is -1.978.

At each temperature of'interest, one proceeds through ana1ogous

calculations for each appropriate reaction to calculate the mineral

“stability bbundaries. The other reactions to be considersd at 25°C,

include gibbsite-kaolinite, gibbsite-muscovite, kaolinite-muscovite,

kaolinite-illite, muscovite-microcliine, and iltite-microciine. The

resulting diagram for the system KZD-A1203—5102=H20-H61 is shown in

Figure 20 in the body of the thesis with calculated values of
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Tow-temperature groundwaters plotted on the diagram. Similar con-

 structions for several chemical systems at various temperatures are

shown in Figures 21 and 22. | | _
Several m1sce11aneous cons1derat1ons rema1n The diagrams are

all calculated u51ng-the conventions that a = 1 and that ay

_ | _ so]1d 20 =_1:
‘Calculations by Helgeson and others (1969} show that pressure has
1ittle effect on the positions of the.phase'boundaries up to 500 bars.
Therefore, all the*caTcu]ations have been made for a pressﬂre of 1 bar.
The'presence of an aqueous phase isrimplicit in all diagrams."That
15, the aqueous phase coexists w1th the minerals in all stability
fields, and one is to consider the aqueous phase to be saturated w1th _
respect to the minerals shown in the d1agrams (He]geson and cthers,
1969). AT] equ1}1br1um reactions are written to conserve a]um1num o
among ‘the solid phases. This treatment is consistent with the Tow
solubility of_a]umiﬁum in natural waters and with the theoretita1_
- .and exﬁerimenta1 considerations of Helgeson (1969) and Paces‘(1973)
which were discussed in Appendix 2. | |
The water samples of the Animas Valley rande in me&sured_tempera-

~ ture from 18°C to 85°C. As shown in'the body of the thesis, cﬁemical
geothermometers imply that the ﬁigher temperature waters from the. -
hot wells were Tast at chemical equilibrium in the modet system atrl
approximate}y.150°c. Mixing models suggest'that the 150°C water is-_'
a mixture of shallow ground water (23°C) and aldeep résevvoir water}
‘(m 250°C). Given the wide range of,observed'énd calculéted tempera- -
tureé, it is neither practjcab]e nor méaningfuT_tocaTculate.mineraY

stability diagrams for each temperature. Instead, I have chosen to
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use diagrams' at 25°C, 150°C, and 250°C; to represent sha]1owrground—
water, mixed water, and réservoir water temperatures, respectfvely.
As was proposed in Appendix 2, for interpreting saturation indices, -
caution must be exercised in iﬁtefpretihg the mineral stability diagrams.
The fact that a water composition falls in the stability field of a |
mineral in one of the'diagrams does noﬁ fequire thaf the>mihera] be
present, either in the original coﬁhtry rock or as an'alterétion pha5@, 
nor give any indication of the quantity'of the hineral. In pafticuTar;
for a case such as that shown by eéuatidn (A4;4), if components. other
than those shown in the equation are present, then either_kéoiinité or
miCrocline,lor both, may not:be stable with respect to other minerals
that might coexist with the aqueous'phase (Helgeson and-others, 1969).
The only appropriéte use of such diagrams is to demonstrate the
reasonable phases which would be in equilibrium with the réspective‘

water compositions.
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APPENDIX 5
Oxygen and Hydrogen Isotope Relationships in

Geothermal and Related Groundwaters

Givenrthe extremely low salinity of aTl_of the'groundwater samples
from-the Animas Va1ley, it -is clear that H,0 is the domfnant cohstftuent:
of the fluids in the sjstem, including tﬁe deep-resérvéir fluid. Theréwl
~fore, knowledge of the origin of the water in the geothefma] system is
a crucial piece of ihformatiohlin‘a study of such a system. wﬁile
variations in dissolved salts in aqueous solutions yier information
on the physicochemical history of the solution and on thé.minérals.
with which the solution interacted, fhey do not give.ény information
about the origin of the solvent, water. The origin of the water, and
some ‘aspects of its history, can be-defermined cﬁly by'examihing the
water molecules. o | o |

Both hydrogen and oxygen have stab1e isotopes ﬁhich show variable
but systematic‘abundances in natﬁra1-waters._ The pufpose'ef tﬁis,
appendixlis to discuss the p?incip1es of the isotopelgéochemistry of
hydrogen and oxygen as it.applies to using D/H and ]SO/TEG analyses
as indicators of the origin and history of H20 in the watersrof the

Animas Valley.

Isotopic Notation and Standards

Rstd

The isotdpic data are reported as §D or'6180‘in the conventional
permil/notation,
g = Repl-Rstd 043 - o (85.)
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where Rspl = D/H or 180/160 ratio in the sémp1e and Rstd is the
corresponding ratio'in-the standard. The étandard for both hydfogen -
and oxygen in water as Standard Mean Ocean Water (SMOW), first ﬁefined
by Craig {1961) as an arbitrary standard in terms of a Natidnal Bureau
of Standards water reference sample, NBS-1, and later redéfined as a
“stable water feference_samp1e, Yienna SMOW {V-SMOW), by the International .
Atomic Energy Agency (IAEA); Craig's 1961 SMOW and V—SMONfaFe not
identical (Friedman and 0'Neil, 1977), but differences between the':
two systems are smaller than the Timit of precision.of the ana]yseﬁ..
In calibrating the masé spectrometer for hydrogen and oxygen .isotopic
analyses, V-SMOW, NBS-1, NBS-]A; and SLAP (Standard Light Antﬁrctic
‘Precipitation), another IAEA standard, were used.j A1l values réported

~in the thesis‘are relative to SMOW.

Analytical Methods =

D/H ratios were determined on Hzrgas produced from the samp1e-
waters following the general technique of Bigeleisen and_others (1952},
as adapted by Robert Rye of the U.S.G.S; Isdtope;Brahch in-Denver,.'

Co1orad0. A 25 ul aliquot of well-mixed sample water is.injected by
syringe through a latex membrane into a “co1d—finger" on the vacuum -
manifold. The water is frozen ét T1iquid nitrogen temperature'to permit
the pumping away of all noncondensible gasés.r The ice is melted and
slowly warmed to room.temperature. The water is than passed cver
uranjum metal at approximately 8OG°C to reduce the water and produce

H2 gas:

0 s ' : .
W + 21,0 —> UD, + 2H,- |  (s.2)
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HCY using distilled Tocal water, which has a &
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' Ati800°C the reaction is rapid and quantitative, producing'H2 gas

with. the same D/H ratio as was present in the sample water. Aliquots
of the H, sample are taken difect1y to the mass spectrometer and
ana}yzed within 30 minutes offextraction to minimize any possible loss
of H2 by diffusion through the stopcock grease on the sample tubes,

In addition to calibrating the mass spectrometer with recognized

standards (V-SMOH,.NBSel, NBS-LA, SLAR) at the beginning'and'énd of

‘each analytical session, internal laboratory standards were run after

each set of four sample analyses to maintain calibration. Blanks
and dup1icates were anaIyzed at irregular intervals. While the sample

pfeparations were done by persons'familiar with the samp1es, the mass

'spectrometry was done by a laboratory technician totally unfamiliar

with the Animas Valley project and my numbering system. Therefore,

~ the actual ana]yses of.D/H ratios have all the sa]ientifeatures of a

blind experiment.

: 180/160 ratios were measured On.COZ-gas preépared by'the'COZfHZO
equi]ibration'method'of Epstein and Mayeda (1953) as adapted by

Gary P Landis at the stable isotope laboratory at the University of "

: NéW'Mexico. Twenty wml of sample water at ambient temperature and-

pressure are pipetted into a 200 ml round bottom flask. Next, 0.25

ml of 6N HC1 is added to the sample to lower the pH below 6 to

ﬂ‘facilitate.equilibration. The acid is diluted from stock concentrated

18, value close to

average meteoric water in southwestern New ngico° The addition of

_approkimately‘1 percent of such water to the sample has no significant

beffect on the measured isotopic values reported in the thesis. A
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stopcock attachment is fitted to the flask and fhe assembly is tHen
fitted to the vacuum manifold. The water is frozen‘in a solid carbon
dioxide {dry ice) -~ ethylené giycol monobutyl ether bafh,.and_the air
is'pumped away. .After the water is melted to release any'trapﬁed ';
gasés, the water is refrozen and pumped again to remove a]l_femafnfng
noncondensible gases. The iﬁe is rémelted and commercial cy]inder,coé
of known isotopic composition is introduced inﬁo-the flask at a.préssurez
approxfmate1y 2 cm Hg below ambient atmospheric pressure. The flask
is_cTosed”at the stopcock, removed from»the manifo]d,'and-equilibfated )
in a water bath thermostated at 25°C for four days. -After-equilibration'
the flask is returned to the vacuum manifofd, the water ffozen,-and  |
the.CO2 transferred to sample tubes for anaiysis on ihe’mass spectro- 
meter. VSince the COZ-HZOexchangefis_octufring at equilibrium and at

a constant tempefature, one can consider a model exchange reaction

16

¢'% 16

18 18, S ‘
at 2,0 = € 02+2H2 0_ . ~(A5.3)

which can be characterized by an equilibrium fractionation factor

1+ "”80012
000
5
1+8°0
My
500

“ B .
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Rearranging equation (A5.4) yields

- 18
1+86 OCOQ |
6% o= |—% g’ ss)
e | COz—HZO , S
o . at 25°C is 1.0412 (Friedman and 0'Neil, 1977) and 6}80 is

measured in the mass spectrometer. The mass, and therefore, the number
. of moles, of the sample water is ca!cu]ated_frOm_fhe_ro1umeaod'
densfty; Treatihg Tow pressure (< 1 atm) €0, as an ideal gas,:the.
number of moles of CO, introduced can be caTcU]&tedjfrom the measured

' pressure-and iemperature.and the known volume ofithe system. T?her |
number of moles of oxygen of each species fo110ws from sto1chzometry

From the known 6180CO the measured 6180H 0’ ‘and the mass. ba?ance,

2 2

18

one can-calcu]ate the & OH 0 of the sample water.
‘ : 2 -

.The hydrogen i§0t0pe analyses were performed on o standard
3-inch 60° sector Nier-type gas ratio mass spectrometor at-the*U.SoG;S.
Isotope Branch laboratory in Denver, Co1oradofr The oxygen isotope |
analyses were performed oo-a 3<inch 60° soctor'Nfer—fyperéas ratio mass
spectrometer at tho University of New Mexico. Lh both baées data
were interpreted graphical]y'and humberica?]y by means of a'digifa1
1ntegrator interfaced to a mini- computer The precision of the &D

18

data is better than * 2% the precision of the §'°0 data is better than

+ 0.2%. The H3 correction prob1em in the hydrogen anaTyses has been
c1rcumvented at the Denver 1aborat0ry by accept1ng Craig's (¥961) 8D

values of -47.6%-and -183.3% for NBS-1 and NBS-1A, respective1y.
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Isotope Fractionatien Processes

The variability of the 0 and H isotope abundénces‘{n natural
waters is due to isotope fractionation during chemicaT'reactiohs:dndr
during‘suth bhySica] processes as changes of state aﬁd moiecqlar
diffusion. The foi]owing discussion will present some basic informa-
tion on fhe isotopes of hydfogen.and oxygen, review fractionatiohs due‘H'
to équfTibfium chémfca] reactions in some detaiiQ and then consider
'soﬁg aspécts of kinetic chemical fracticnaticns;and physical fractiona-
“tions. The'approach draws heavily from Broecker andIOVersbyq(1970},
Hoefs (1980), and peréona] coﬁmunications'from Cf J. Yapp; |

Isotobes are defihed to be atams of ah,e1emenﬁ whése nuclei
contain the same number of protons but a differeht,humber bf.neutrans;

Isotopes are conventionally denoted‘in:the form

m
n

-
- where fhe-super9cript m represénts théfméSS number:aﬁd'the subscript

n represents the atomic number of elément E. For example,'igo is

the isotope of oxygen with 8 protons and 8 neutrons in the nucleus.
Since all isotopes of a given element have the same atomic‘number,

it is convenient to drop the subscripted n from the_déﬁotation. Thus,

1 }80 or ]H and

one discusses variations in the abundances of 80 and
_2H (more commonly, H-and D,‘for protium and deuterium).'
Average natural abundances of the stable isotopes of hydrogen
are _ |
H: '99.9844 atom %

D: _ 0.0156 atom % (Hoefs, 1980},
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-and the natural terrestrial range of D/H variation is 82.6 x 10_6_5
D/H < 171.2 x 107® (. 3. Yapp, personal communication, 1980). .The

average natural abundances of the stable isotopes of oxygen are
- 16

75, 0.0375 atom 2

8. 0.1995 atom % (Hoefs, 1980),

0 99.763 atom %

~and the natural terrestrial range of 180/]60'variatibn is 1.8848 x 10'3.

5_180/160_5;2.0854 X 10'3 (C. J. Yapp, personal communication, 1980).

The average natural molecular abundances of the hydrogen isotopic

species of water are

160:

H 0.99732

2

HD16

0: 155.6 x 1078

0,'%: 0.0243 x 10765
‘anaTogous ratios can be calculated with respect to 18, (C. J. Yapp,
personal communication, 1980). In addition to providing basic-
information about the stable isdtopes of hydrogen and oxygen, these .

18

figures point .out three important cohcebts. First, b and 0 are.

present as trace constituents of natural hydrogen and oxygen and

]80/160-

their compounds. Second, the hatural variation in D/H and
is remarkably sﬁail; but is easily distihguisheﬁ with modern mass
‘spectrometry. Third, since the natural abundance of HDO 15'6400 times.
that of DZO’ HDO is the only important source of deuterium in natural

waters.
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Because all the isotopes of a given eltement are atoms of the
e1emeht,,they are usually considered to have identical electronic
structures and Qi11’form identical bonds in any given compound.
However, differences in the physicochemical propettiesrof isotopes
arise from the quantum mechanical implications of the differences in
mass. BeCause'translatfona1, rotational, and vibrational energies
- are all functions of mass, the-replacemeht of an atom in.a.molecu}é
by one of its:isotopes will resuit in a molecule Whicﬁ djffers in_
chemical and physical behavior from the original.molecg1e. _Imporﬁant
‘thermal properties which vary‘w{th'mass.as é consequence of these
considerations include internal energy, heat ﬁapatity, and ehtropy.
Consideration of the feTationship between zero-point energy aﬁd mass
for isotopes of any eiemeﬁt'in a diatomic gas indicafeé that the bonds
formed by 1ighter.isotope$ are more-easily.bfaken'than bqhds‘ofrthe

-heévier isotopes (Broecker and Overshy, 1970). These'quantum- |
| mechanical effects will be reflected also in such‘physicaT.properties
of a compound aé dénsjty, me1ting point, and vapor pressure.-'Since.
'the_ahalyticd]ldata giveﬁ in the form of S values, that is in the
form meashred.of.]BO/]BO or‘DfH,,one must be able to .develop a
mathematical expression for the ratio of the species of interest in
terms of the thermodynamics and/or statistical mechanic§ if one is'to
quant1tat1ve]y understand the processes of stable isotope fract1onat1on.
The analysis will begin with a cons1derat10n of processes under |
~equilibrium for the oxygen 1sotop1c system. |

As 2 model, consider the react1on of n1trogen gas w1th

isotopically pure oxygen gas,



~with

with

where nKe

q

]GK

18K

_ tN]SOJZ ;

18

2N 70,

_ n'80p? ;

2,1 %0,]
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(15.6)

(5.7)

(A5.8)

(A5.9)

is the equilibrium constant for the reaction of nitrogen

with oxygen of pure isdtopic composition n and the brackets indicate

-an appropriate concentration term. Reactions (A5.6) and (A5.8) can

be combined into a model equilibrium exchange veaction,

- 18

with

0

ex

16, . 16 1
g +an'® = 10, + N
¢ - {[ngo]/[§160]}2 . Keq
18 5 13
(P01, T,

80, h

‘(AS.IG)

(A5.11)

where Kex is the equilibrium constant for the exchange reaction.
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From statistical mechanics, it can be shown that all thermodynamic
functions can be written in terms of Q, the partition funétion'for‘a
chemical system, and that §Q can be written in terms of q,-the'mafecuiar

partition function (Castellan, 1970). Given the relations

A = -kTinQ
and

ua = (YA/YNa)T,V s.

where A = fhe He1mh01tz'funct10n, k = Boltzman's constaqt;'T =.ab501ufe
temperature, My = chemical potential 6f'5pecies'a in mixture, and Na =
number 'of molecules of spécies a, and the Sterling formula, which

related ¢ and q;
_ %l ' | _ | E o
CH, = -kT1n %TJ . | . o 7,(A5.T3)

‘which expresses ﬁhe chemical potential of an‘ideai gas in tefms of
the moTlecular partition function pef mo]ecﬁTe_(CastelTan, 1970).

At low pressure the gases_of.hEaction (A543G} can all be considered
as ideal diatomic gases.r Therefore, for thé exchahge reaction, the

equilibrium condition is

18 16 16

M 02 + 2uN° 70 =y !

02-+ Zul

. (85.14)

Rewriting the chemfca1 potentials in the form given by equation (A5.13)

~and dividing both sides of the equation by (-kT},
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q ‘ q _

n ’o, 1 [QN1GO 2 1 "oy i | : (A5.142)

~In - +1In | = In + In 5.14a

_ ﬂ180 16y N160 U8 e

2 2 ,
Taking exponents and rearranging, this becomeé,
| 180 /N160 . q180 fe, T T
2 2 2 - 2

 The concentration of the ith component can be expressed as
v
[i1= 5,

where V is volume in cm3; and the concentration unit is-mo1ecu]és/cm3
Mu1t1p1y1ng the left- hand side of equation (A5 14b) by [(—?-/—?a/
( )]

[N‘BOJ/[N‘GOJ} (qN‘BO/qN‘SO)

['80,1/0'%0,] g, /96
2 2 2 02

. (ssa9)

where the %atio of the concentrations'on the‘]eft-hand'side of the _
equation is the equilibrium constant for reaction (A5.10) in concen-

‘tration units of md1ecu1es/cm3. Therefore,

(18 9160)2
ex  drg /A4

(A5.16)

- -
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For an ideal diatemic gas, it .can be shown*that the molecular partition
function, q, is the product of'the'partitibn fuhctions fdr thé;transla—
tional, rotational, and vibrational degrees of freedom in thé molecule
(Caste?ian, 1970). The statistical mechanical expfessiohé'fur'qtrans,
ot ? and 9yt cén be fqund_in any standard physical chemistry text.
_anCe Yt rans and‘q-rOt are function§ of mass and témpérature and Uib
“is a function of temperature énd vibrational frequency,.then g and
Kex must also be functions.of mass, temperature, and-vibrationéi
freguency. ,' | | |
The pfobTem reduces to relating Kex'to the isotopic rafios '

actually measured in the mass spectrometer. One begins by;defin%ng
a new function, calied the isotope fractionation factor,

| Ra | S

ap g = 'RE_, S o : ‘(AS'}.]) )

where R, -is the isotopic ratio of interest in substance A and Ry is

the isotopic ratio of interest in substance B. For reaction (A5.10)

(18, ,16 . | |
W LY O %yl

. (A5.17a)

assuming that the molecules 185160 and 160180 are distinguiShab]ém.
Now let x = abundance of ]80 in NO, | o
y = abundance of ]60 in NO,
x' = abundance of %0 in 0,,
- y' = abundance of ]60-1n 02;
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Treating these abundances in the ideal gas as random variables, one
can consider the probabilities of molecu1ar.combination andratomic

ratios in terms of the four random variables. For example,

. R : e Ty
p(1%0'0) = 25 (/%0 = wrys ana (oMo, = Bl X 20),

Z(y')_z.+ 2(x'y*')

Therefore,
- Xy _xy .
M0-0, T X" 2x ¥ 2yt X'y : (A5.18) .
yhayt +2x | a
But - .
' " 2 . _ .
(x/9)° - | _
& (x4 X1y Sl
Therefpre,
_ 2
Kex = @
or | | .
2 1/2 : - o .
*No-0, ~ Kex "0 © (A5.20)

In general, for ahy two species A and B for which the isotopes of
interest are randomly distributed over all possible positioné,

. -

o =K/ | - | O (5.21)
where n is the number of atoms exchanged (Friedman and O'Neil, 1977).
Thus, one can demonstrate that at'equilibriumzthe.5tab1e isofopes
of a given element are fractionated as known functions of mass and

temperature and that the-thermodyhamics of the fractionation can be
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related -quantitatively to ratios of the isotopes which are measurable
in the mass spectrometer. o

There are some mathematical aspects of the fraCtionétion factor,
o, wWhich are-of'pradtical {mportance Combining-eqUatidns (A5. 1f

and (A5 17), it is clear that uA B is related to the & values by the

expressian
1000

For-a system at equi]ibrium, one can_ﬁonsider the variation of a with
“temperature by applying the Gibbs-Helmholtz equation in the form .
d Ing" _ H

where o = KeX' Since values of o are usually = 1. 001, In{l. 001)
0.00i, and 1000 1ni = i, the permil fractionatron. For ideal gases,
Tna vdries as 1/T at low temperature and asl—/T2 at high tempefﬁtures.
For most systems of geo]ogiﬁ_interest,'there are‘Tiheak relationships
'between 1000 Tno and 'I/T2 over‘lérge temberqturé ranges for experiment-
af1y determined values. An important excepticn to this is'thé-cése

of  hydrogen 1in water, Da for which there is a crossover

H0(1)" Zo(v)
po1nt in the 1000 1na - ]/T2 plot at approx1mabe1y 221 C (Fr1edman and

0" N1e1 1977 ..
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One can go dn to consider ffactionatfons due to kineﬁ{c_chem?ca1

- reactions and physical processes. This section-of the appendix will
'present[some of the major conéiuéfons related to ﬁoheﬁuiIibrium
fractionations. If equdtions (A5.6) and,(AS.B}'are rewritten. as
irreversible reactions, for each of‘whichlthere is a characteristic
rate constant, then, when the isotopic ratios of the products are
determined, it can be shown that: 1) the Iighf'isotbpe-genera1iy

reacts faster fhan the heavy isotope at a given temperature; 2).ear1y

in the reaction, there will be a kinetic'isotope fractionation due

o strictly to the different rate constants; and {3) if the feactions é%eﬂ.
run to comp]etion_and products are not separated during the reaction,
there is no net fréctionation of isotopes (C. J. Yapp, persoha1 | |
-CommUnication, 1980). - The third conclusion is particuarly important

in sahh]e preparaticn -- as in fhé preparation of Hz gas from H205:Where
100% conVerSion is needed to avoid experimental fractionation. The.'
physical processes of éreatest geologic.interest are chdnges of state
and moich]ar diffusion. Since HDO and H2180 have Tower vapor préssyres
than does HZ]GO, there wi]] be isotopic fractionation during evapofation‘
or condensation, with the liquid phase enriched in the heavier isoﬁopesj
As one might expect from the consfderations'of'kinetic‘reactiOns, 1ighf
isotopes move more quickly thah heavy isbtbbes in diffusive'processes,

setting up isotopic diffusion gradients.

5D and 6180 Systematics in Groundwater

From hydrologic, geologic, and geochemical evidence, there can be
no doubt that the overWhelming mass of grdundwater is meteoric in

origin. Therefore, the isotopic composition of groundwater must be
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controlled primarily by processes in the hydrologic cycle; particutarly
condensation and evaporation. water—rocklinteraction;‘mixing with |
noﬁmeteoric-water, and other fact0r§; such as.postinfiitfation changes
in state, may be superimposed, but the'origina1-meieoric signature of
_grouhdwater should be decipherable. |

Craig (1961) demonstrated‘that.thefe_is-a very systematic vari-

ation of 6D and 6]80 in meteoriciwaters,'

§0 =8 650 + 10, R o (ms.24)

which s conventidna]ly plotted bn'graphs of 6D versus &Taﬁ and
labeled as-the "meteroic water 1ine", as in ngure j in the bddy of
the thesis. The on]y'meteoric.watgrs_in Craig’s data set3fhr which
this re]ationship does not hold are samples froﬁ closed basins in'
evaporating settings'and East African rivers and_lakés, for which
evaporation is a1so an important hydrplogic condition.

Virtua11y all researchers working with stable isotd@as in
meteoric waters -have fecognized that precipitation can be-described-
in terms of the Rayleigh distillation model, in whith cdﬂdeﬁsedwater
‘forms‘in instantaneous equilibrium with water vapor and is subsequently
removed from the cloud (e.g., Craig, 1961, Dahgsgaard, 195§§-Erikssans

1965). The Rayleigh model can be expressed by the relatien

_ foc-v ; o | - | - | {(A5.25)
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where-sc is.the &D 0r\6180 value of the condensate, 660 is .the &D or

76180 value of the initial condensate, f is the fraction ef vaper

~ remaining, and a

._yo the isotope fract1onat1on.fractor_for‘HEO(V)-;:g

' HZO(I) at the temperature of interestjis considered to be constant.

Ocay

At 25°c, '°
‘Friedman and O'Nei1; 1977). Taking the natural Tégarithm of both sides

= 1.0093 and "o, = 130790 (Majzoub, 1971, in

-of equation (A5.25), using the épproximatibns that

c BRI D I
D [ U R
s, T |TTo00
T+ 0
1000

and

1000 In{1 + .00z) = z,

multiplying both sides of the modified Rayleigh e@uation by 1000, |

and taking the ratio of the resulting expressibns for-§D and 6180'-
yields,
 &D_-8D
¢ ;Q D
518 - 518 RN
c c
o
Da -1 ‘ : : o .
=T§—Eii——a~ . ' (A5.26)
o -1 _ _ -

For the 25°C o values given above, the RayTeigh model indicates that
there is an expected linear re]ationshiﬁ between &D ahd16180 in

precipitation with a sTope of 8.49, in excellent agréement'with Craig's
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‘measured values, particuiar1y‘given.thé assumptions énd the épproxi¥
mations of the model and the computations. '

Craig (]961)3propbsed-that the process df-free.evaﬁoration at
- temperatures close to the ambient'temperatures'of'the éafth's surface
was contrbl]ed by kinetic factors which cffset‘the closed basins and
thé East African waters from the meteoric water line along S]opeS-of
approximately 5. Craig, Gordon, and Horibe (1963) éxperimentally
confirmed the earljer proposal and demonstrated that for evéporatibn_ :
under conditions of natural relative humidity rangés; aD andra]ao
approach steady sta{e va1ués{ A more detailed theoretical analysis
ot Qteady-state evaporating reservoirs showé that thelﬁ,vaTue of‘thé
reservoir is a function of equilibrium and_kinefic fractionation
faétors (which are-temperature dependent), relative humfdity; the-
8§ value of ﬁhe‘atmosphere into which the reservoir is evaporating,
the § value of inlet water, if any éxists, and the fraction of water
1eft to flow out of the reservoif if there is an outlet (Eriksson,
1965; C. J. Yapp, personal communication,i]980). For natﬁra1.systemsg

the slope of the evaporation trend in a 6D - 518

0 plot will increase
from approximately 5 to appréximate]y 8.as the relative humidity
increases toward 1 (C. J.'Yapp; personal communication;'1980).
Except under- conditions of exceptionally low relative numidity,
most evapotranspiration, whfdh takes place from éépi11ary systems,
does not effectively fractiénate meteoric water (Eriksson,.1965).
Therefore, groundwater should acqu{re-the isotopic cgmpositibn of the
precipitation which is recharging'the system. Spatia].énd temporal

surveys of stable isotope variations of precipitation and other

meteoric waters can be used to distinguish seasonal recharge, to
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recognize geographic sources of recharge, and3tb identify nonmeteoric
: processeS in groundwater histories. ParticﬁTariy re]eQant to tﬁis
thesis are isotope studies related to arid regions hydrology and to
‘geothermal systems. Simpson and others (1970) used deuterium analyses
to distinguish seésonal recharge to the Tucson grouﬁdwéter basin in _'
southern Arizona. Gat and Dansgaard (1972) and Gat aﬁd Issar‘(1974)-'
- used integrated 8D - 6180 studies to identify rééhafgeraréas.andutol

- distinguish bhetween pa?eo-metéoric wateré and evaporated modern waters
in Israel. Craig (1963, 1966), ugfng integrated 6D - 8180 stﬁdieé*.
on geotherma1 waters, descfibed the sd-called "oxygen shift“;and'.
_attributed.the variable 6180 but essentially constant &D va]ués to
equilibration of oxygen in water with si1icate.and/of carboﬁate rocks
-at eYeyatedrtemperatures. Truesdell and others (1977), using both
stable isotopes and some aspects of the aquéoué geoéhemistry of the
system, described the effects of - subsurface boiling and dilution on
the isotopic composition of geothermal waters at Yellowstone. Most
of the ideas and approaches used to ﬁnterpret the isotopic data in

the body of the thesis are drawn from these studies.

Appareht~and.True Fractionation Factors for a,Mixture-Ofiwaters

Consider a two~componént.m1xture of coexisting Waters, each with.
a characteristic 6120 value, in which one of the waters is derived
from ﬁhe other by separation and recbndensétion of a steam phasé.
' Let-watér (1) be the parent watef, with isotopic Vaiue 6180(]); et
water {2) be the'condensate of boiled water (1), with'isofopic value
5]80(2). The coexistance of the two isotopically distinct waters

defines an apparent fractionation factor,
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18
1 %'(;6("2“) R
“app T T 5180 — - o (A5.27)
1000

'The process of boiling is continuous over seme time interval dur1ng
which a- fractaon of the original 11qu1d water (1) is converted to
steam and recondensed as Tiquid water (2); Therefore, the 1sot0p1c-
value of water (2) repreeents an integrate& velue dependent on {he
fractionation between Tiquid and vepor water during the boiTiﬁg"
interval. . Because isotopic equi]ibrium.between-steam and_weter ie.

~ established virtually instantaneously.(Giggenbach, 197i), fhe'fractiona-"‘
" tion that occurs during the boiling process can be represented by an

eqeilibrium, or true o value. If one treates the bofling process,es a

Rayleigh distiilation, it is-possibie to derive a simp]e'keTatfonship

A_“between the apparent o and the true @' Having der1ved the equ111br1um

&, one can use the known temperature dependence of o to estab11sh a
model temperature at which the boiling process occurred.

| -For.the given condition of Rayleigh disti]latipn, 
18

= o - (s.28)

(2),
where 18R(é) is the 180/]60 ratio in water (2}, ?SR(Z) is the

_ o ' . . o . .

]80/160 ratio of the initial water (2), f is the fraction of water (1)
remaining, and o is the equilibrium fractionation factor for

- m.h - . . . . . . '. . ,. )
H20(1) m— HZO(Z)' ‘Using the ba51c.def1n1t1on of o, equation

(A5.28) can be rewritten,
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6180(2)
. 1+ 1555 . . | -
1000 '

Algebraically rearranging {A5.29),

18 :
6§ 0 : :
18 a1 (2)o 3 | .
Opys = 0+ =g - 1L x 0%, (AS.30)
where 6180(2)f is the 6]80 value of water {2) when f'is-the'fraction"

-of water_(1)'remaining.

| Since the observed 618

0( 2) is a value integrated over therdufdtion_
of the. bo111ng process, one can cons1der an average 6] 0(2) over the

interval of boiling,

’ 5185 . o
J [fa' (1 + ]Oég)o) - 11 x 10° df
1 L
‘ J’fz d4f | . |
fl o

I8 -
§ 0 = {A5.31)
(Z)f‘isfz ) .

where f1'is the fraction of original water (1) which is left when
boiling begins and f, is the fraction of water (1) which is left when

boiling ends. Integrating equation (A5.31) can be réwritten, -

18,

o 5
| T 0(2)0
— 10°[- £ (1 + —rsl® ,
18, . P U 00 )] no o) (A5.32)
8 (2)f,,f f, - T

2 2T
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Substituting (A5.32) into equation (A5.27),

18 ' |
870(2)6 .f“ - f“

1+ [0+

app AR
0,
(1)f

(U + —5mm 4

‘Given that there exists an equilibrium a, one can rewrite §180(])-1n

terms of a andé]go(z) and substitute into equatioh (A5,33) to yield,

18 .a o
0 f f .
14 [(1 +- 10g§)°)( e A |
®app = BT J'- - -~ (A5.34)
1 ~(2)f, '

o 0t 55

But, using the Rayleigh model,

18
§ 70 : 18 ‘ o .
. : (Z)f 5 ) . L
(1 + ﬁ_mTﬁﬁﬁ-——a-f“" a+ 1083)0 . ks3a)
- Therefore,
(F - ) .  (A5.36)
aa p = fg-] (fz - f'l) , . - ’ . 7

which gives the required relationship between the'apparent isotopic -
fractionation factor defined by the samples and the'true equilibrium
factor of the boiling process. The equilibrium fractionation factor,

o, can be related to femperature by using the experimentally derived

relationship,
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10300 = +0.7.664(10517%) + 1.2081(10%7°") - 3.403

and,the graphical -solution presented in Friedmén and.O’Neil (1977).
The derivation'of:equation (A5.36),-reproduced as equation {3}

in the body of the thesis, was suggested by a discusSion.df the |

~isotopic systematics of sulfur in coexisting sulfides and.Squates.by-

C. J. Yapp (personal communication, 1980);_
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