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APPLICATION OF THE 3¢CL ISOTOPIC SYSTEM TO THE TRACING OF HYDROTHER-

MAL FLUIDS AT VALLES CALDERA, NEW MEXICO

USHA RAO', UDO FEHN!, RAY TENG' and FRASER GOFF?

'Department of Earth and Environmental Sciences, University of Rochester, Rochester, NY 14627; ?Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract—Valles caldera hosts a high-temperature geothermal system (220-300°C), which has surface expression
in hot springs, fumaroles and other features in the area. In order to trace the sources of solutes in the hydrothermal
fluids, we analyzed springs and well waters in the region for **Cl and chloride. The fluids sampled are of two types,
one characterized by relative high **Cl/Cl ratios and low Cl concentrations, and the other with low **Cl/CI ratios
and high Cl concentrations, The results for the first group (Cl <10 mg/L; **CI/C1 of 300-1000 x 10'"%) are typical of
rainwater, whereas the second group of samples (Cl, 800 to 9400 mg/L; *Cl/Cl, 11-26 x 10°'%) are geothermal
brines reflecting longer residence times in the subsurface, with associated leaching of solutes from subsurface
sources. The history of the first group of samples is fairly uncomplicated, reflecting the recent meteoric nature of
the waters with perhaps some anthropogenic addition, but the second group must derive its salts from non-meteoric
sources which are assessed here. We calculated **CI/Cl ratios in the major formations in the region, based on
estimated subsurface neutron fluxes for these formations. A comparison of calculated *Cl/Cl ratios with measured
3CI/Cl ratios in the hydrothermal brines eliminates the Quaternary volcanic rocks that the waters currently reside
in as a likely source for chloride in the waters. More likely sources are formations at depth, such as the Precambrian
basement and Paleozoic rocks, especially the Madera and Abo Formations. A likely scenario is that meteoric
waters penetrate to depths of 2-3 km, and leach solutes from rocks there before coming to reside in near-surface

volcanics (residence time <0.1 Ma) after convective upwelling.

INTRODUCTION

Valles caldera is the location of hot springs that result from the inter-
action between recent volcanic activity and groundwater. As such, this
hydrothermal system has attracted considerable interest (e.g., Goff and
Grigsby, 1982; Goff etal., 1988) as an active example of such interaction
and as a potential source for geothermal power. Although stable isotope
studies have shown convincingly that waters in the system are predomi-
nately of meteoric origin (Vuataz and Goff, 1986), fluids collected from
wells and hot springs within the region are often characterized by high
solute content, indicating non-meteoric sources for salts in the hydro-
thermal fluids. Here we describe the use of the long-lived radioisotope
of chlorine, *CI(T,,, = 0.3 Ma) as an isotopic tool to constrain sources of
chloride within the hydrothermal system, and thus expand understand-
ing of fluid pathways and fluid/rock interaction within the system. This
paper summarizes results reported in greater detail elsewhere (Rao et al.,
in press), and describes the application of the **Cl system to an active
hydrothermal system.

THE VALLES HYDROTHERMAL SYSTEM
AND SAMPLE COLLECTION

The medium-sized hydrothermal system associated with Valles caldera
has been a focus of recent interest (Nielson and Hulen, 1984; Goff et al.,
1988). The high temperatures beneath the caldera are manifested at the
surface in hot springs such as Soda Dam, Jemez Hot Springs, and Sul-
phur Springs that discharge in and around the caldera. Recharge to the
hydrothermal system is primarily by meteoric waters (Vuataz and Goff,
1986). Thermal investigations suggest that relatively recent meteoric
waters penetrate to depths of 2 to 3 km in the caldera, are heated, and
reach temperatures of 200-300°C. These hot fluids take part in convec-
tive upflow along faults and fractures to reach depths of 500-600 m,
where they flow laterally toward the southwest wall of the caldera (Goff
and Grigsby, 1982; Swanberg, 1983). At the caldera wall, the waters flow
along the Jemez fault zone, which serves as a lateral conduit for waters
discharging from the caldera. Outflow along the Jemez fault zone has
produced hot springs and other manifestations of derivative hydrother-
mal fluids outside the caldera. Although some discharge of hydrother-
mal waters from the caldera occurs through lateral flow in Paleozoic
strata, much of the discharge is confined to the Jemez fault zone at Soda
Dam and Jemez Springs, in San Diego Canyon along the Jemez River
(Trainer, 1974; Goff and Grigsby, 1982; Goff et al., 1988).

The onset of the hydrothermal system (1 Ma; Goff and Shevenell,
1987) rapidly succeeded the eruptions that produced the Bandelier Tuff
and created Valles caldera (1.2 Ma; Gardner et al., 1986). Waters en-

countered during drilling into the caldera generally reach temperatures
of 200-300°C and chloride concentrations of several thousand mg/L.
Stable isotope analyses of these fluids (Vuataz and Goff, 1986) show a
characteristic 80 shift, reflecting the hydrothermal alteration of these
fluids since meteoric recharge. In contrast, fluids from hot and cold springs
in the western moat zone of the caldera have temperatures of 42°C and
much lower chloride concentrations, generally 2 to 7 mg/L. These are
relatively recent meteoric waters, some of which have been heated by
shallow circulation in the ring fracture zone of the caldera (Goff and
Grigsby, 1982).

We measured *CV/Cl ratios and chloride concentrations in 15 samples
from 13 different locations, of meteoric waters,thermal waters from drill-
holes and springs within the caldera, and springs issuing outside the
caldera (Fig. 1). Samples from two. hot springs (Spence and San Antonio
springs), one cold spring (Sino spring), and six high-temperature well
samples collected from four drill-holes (VC-1, VC2A, VC-2B and HDR)
were made available to us for **Cl analysis. In addition, four samples
(Jemez spring, Soda Dam spring, Travertine Mound and Hidden warm
springs) were collected from the Jemez fault zone, and are thought to be
related to fluids within the caldera. Two samples (Zia Hot Well and Near
“C” spring) from the Nacimiento fault zone southwest of the caldera are
probably not related to the Valles hydrothermal system. The samples we
measured could be divided into two groups based on their chloride and
%Cl1 concentrations. One group has low chloride concentrations (2-7 mg/
L) and high **CI/Cl ratios (307-1013 x 10°%), whereas the second group
has high chloride concentrations (910-9440 mg/L) and low *CI/CI ra-
tios (11-26 x 10'%). This grouping is consistent with stable isotopic data
(Vuataz and Goff, 1986).

THE *CL ISOTOPIC SYSTEM

Chlorine has two stable isotopes, **Cl and *'Cl, and one long-lived
radioisotope, **Cl, with a half-life of 0.3 Ma. Concentrations of **Cl are
expressed relative to total chloride. **Cl has cosmogenic, fissiogenic and
anthropogenic modes of production.

Cosmogenic production of **C] primarily occurs by cosmic ray spalla-
tion of argon atoms in the atmosphere, or by spallation of calcium and
potassium atoms and neutron activation of **Cl atoms at the surface of
the earth. Secular equilibrium ratios for surface rocks vary largely, de-
pending on rock type (Fabryka-Martin, 1988). Fissiogenic production
occurs in the subsurface from the thermal neutron activation of *CI at-
oms in the rock and in groundwater. The neutrons result both from the
direct fission of 2*U and from the reaction of o-particles (released from
the decay of uranium- and thorium-group elements) on light elements.
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%CI/Cl ratios at secular equilibrium are therefore a product of the pres-
ence of uranium and thorium, and of neutron producing and absorbing
light elements in the subsurface. Recent additions of *Cl to the environ-
ment have resulted mainly from nuclear weapons testing with minor re-
leases from nuclear reprocessing facilities such as INEL, Idaho (Beasley
et al., 1993). Atmospheric nuclear tests during the 1950s and 60s ini-
tially raised *CI/Cl levels in the atmosphere by two to three orders of
magnitude (Elmore et al., 1982; Bentley et al., 1982), but these levels
have since returned to pre-nuclear values (Suter et al., 1987). Releases
from nuclear fuel reprocessing facilities are generally minor and local-
ized. A major factor responsible for the dilution of anthropogenic *Cl in
the environment is the presence of large amounts of stable chlorine, in
the form of chloride, in the atmosphere.

The ultimate source of atmospheric **Cl is the oceans, where *C1/Cl
ratios are below the detection limit of accelerator mass spectrometry
(AMS), the method of choice for the measurement of this isotope. An-
other important effect of sea-spray derived chlorine in the atmosphere is
that meteoric 3*CI/Cl ratios reflect elevation as well as distance from the
coasts, being highest inland and lowest near the coasts. Bentley et al.
(1986) predicted ratios of between 100-1000 x 10°'S for the continental
USA, which are in good agreement with measured values. The expected
ratio for our study region is about 700 x 10''%, which agrees well with a
*CI/Cl ratio of 704 x 10'* measured for soil water near Socorro, New
Mexico (Phillips et al., 1984).

ANALYTICAL METHODS

Samples were prepared for**Cl analysis by standard procedure (Conard
et al., 1986). As little as 25-40 mL of water were used to prepare samples
in which chloride concentrations were relatively high, as was the case
for the hydrothermal waters. In meteoric water samples (Sino spring,
San Antonio hot spring and Spence hot spring), low levels of chloride
(<7 mg/L) necessitated the use of larger volumes of starting material.
Large samples were concentrated by vacuum distillation using a
Brinkmann rotary evaporator.

Sample preparation essentially involves the precipitation of chlorine
in the form of silver chloride and removal of any sulfur present, to avoid
isobaric interference from *S during measurement. Samples were pre-
pared by filtering through 0.2 pM Millipore filters and silver nitrate was
added to each sample to precipitate out chlorine in the form of silver
chloride. The precipitate was subsequently dissolved in 30% NH,OH,
which precipitates out sulfur compounds and any impurities present,which
were filtered out of the solution. Addition of BaSO, with heating of the
sample for an hour further caused the settling out of sulfur compounds.
At the time, AgCl was reprecipitated with the addition of nitric acid. The
steps of precipitating AgCl and sulfo-compounds alternately were re-
peated until no more sulfur precipitated out of solution. Silver chloride
samples finally obtained were washed with ultrapure deionized water
and dried under a heat lamp. Sample size obtained for measurement var-
ied between 2 and 10 mg of silver chloride, depending on volume and
chloride content of sample.

CI/C] ratios in the silver chloride samples were measured by accel-
erator mass spectrometry (AMS) at the Nuclear Structure Research Labo-
ratory of the University of Rochester (see Kubik et al., 1987, for a de-
scription of the AMS system at Rochester). The detection limit of the
AMS system at Rochester is <5 x 10", which is below ratios measured
in the samples. Measured ratios were normalized to a known standard,
and blank corrections were made by comparison to Weeks Island halite
with a *CV/Cl ratio of <5 x 10°'%, following the usual procedure. Chloride
concentrations in the water samples were detected by ion chromatogra-
phy at Los Alamos National Laboratory, with errors of +5%.

RESULTS

Measured *CI/Cl ratios, chloride and **Cl concentrations for the water
samples are shown in Table 1. On the basis of their CI content and *C1l/C1
ratios, samples can be separated into two groups, which were previously
identified as meteoric and thermal waters on the basis of stable isotope
data (Vuataz and Goff, 1986) and major ion chemistry (Shevenell et al.,
1987). Water samples known to be of meteoric origin have low chloride
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concentrations of <3 mg/L and high **CI/Cl ratios (>300 x 10'%). *Cl
concentrations in the first group of samples are low, 36-37 atoms/uL,
even though*CI/Cl are high, reflecting low concentrations of stable chlo-
ride in these meteoric waters. The 8D and 8'®0 compositions of these
samples plot along the Jemez Mountains meteoric water line of Vuataz
and Goff (1986).

Samples previously classified as hydrothermal waters, based on their
8'*0-shift (Vuataz and Goff, 1986) have chloride concentrations ranging
from 910 to 5150 mg/L, with one drill-hole sample reaching a concen-
tration of 9440 mg/L. Samples in this group have **CI/Cl ratios of 11.8—
25.8 x 10, and **Cl concentrations ranging from 180 to 2085 atoms/
ML. The observed high concentrations of chloride in these waters, along
with low *CI/Cl ratios, suggest that sources of chloride and other salts
are non-meteoric.

This second group of samples includes both water from within the
Valles caldera region itself, and water circulating in the Jemez and
Nacimiento fault zones. Dondanville (unpubl. report for Union Oil Co.,
1971), Trainer (1974), and Goff et al. (1988) reported that ratios of con-
servative ions, especially of B/Cl, Br/Cl and Li/Cl are similar between
the reservoir fluids and those issuing from the Jemez fault zone, reflect-
ing the chemical similarity of these groups of waters. The chemical and
isotopic similarities reflect the fact that the 20-km Jemez fault zone acts
as a conduit for waters discharging from the caldera. Because all deeply
circulating hydrothermal waters within and outside the caldera group
closely, we treat them as having a common source for **Cl, and conse-
quently a common source for chloride and possibly other salts. How-
ever, minor differences within this group may result from slightly differ-
ent residence times for each of these samples in the various source for-
mations.

DISCUSSION OF *CL RESULTS

Figure 2 shows **Cl/Cl ratios in the samples vs. 1/Cl concentrations,
along with a mixing line between pre-anthropogenic rainwater (estimated)
and the sample with the lowest measured *C1/Cl ratio, a drill-hole sample
collected within the caldera (VC-2B 93). Possible sources for observed
chloride and Cl levels in the water samples discussed below, are mete-
oric recharge (addition of cosmogenic *Cl via recharge to the system),
anthropogenic addition (added either via recent recharge, or during sam-
pling/sample handling), fissiogenic subsurface production of *Cl (from
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FIGURE 2. Plot of *Cl/CI ratio vs. 1/Cl in the waters. The solid line indicates
mixing between a rainwater endmember (calculated; 2 mg/L CL; 700 x 105 *CV/
Cl) and VC-2B 93, the deeply circulating water sample with the highest chloride
concentration (9400 mg/L Cl; 13 x 10°1* *CV/CI).
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TABLE 1: Chloride concentrations, **Cl/Cl ratios and **Cl concentrations in samples from the Valles area (Sample locations on Fig. 1).

Ii;gc;tgg Sample cr %CIICI % cl Production Formation
1 g (mg/L) 1 0-15) (atoms/mL)
Cold meteoric water (estimated) 2 700 23
METEORIC WATERS:
1 Spence hot spring 7 30725 36 Caldera Fill Rhyolite
2 Sino spring (cold) 23 967+64 37 Keres Group Volcanics
3 San Antonio hot spring. 2.1 1013107 36 Caldera Fill Rhyolite
DRILL-HOLE FLUIDS:
VC-2A VC-2A 3650 12+2 718 Bandelier Tuff
VC-2B VC-2B 109 4700 2443 1870 Bandelier Tuff and Santa Fe Grp.
VC-2B VC-2B 93 9440 13+£2 2085 Precambrian
VC-2B VC-2B 94 5150 13£1 1137 Precambrian
VC-1 VC- 1209 960 15+2 245 PA. Madera Ls.
HDR HDR 92-124, Fenton Hill 1200 2344 469 Precambrian
B-13 Baca-13 (Phillips et al., 1984) 1910 35+6 1146 Bandelier Tuff
JEMEZ FAULT ZONE HOT
SPRINGS:
4 Jemez Well/Spring 920 114 180 PA. Madera Ls.
4 Travertine Mound Spring 910 265 390 PA. Madera Ls.
5 Soda Dam spring 1500 174 413 PA. Madera Ls. & Precambrian
5 Hidden Warm spring 1250 2148 440 PA. Madera Ls.
NACIMIENTO FAULT ZONE:
off map Zia Hot Well 3000 1444 700 Triassic Chinle Fm.
off map Near “C” spring 1750 13+3 380 Triassic Chinle Fm.

*Cl present in the water or production in the rock with subsequent leach-
ing into water), and magmatic or connate sources (Rao et al., in press).

Meteoric recharge

Using the pre-anthropogenic *Cl/Cl ratio of 700 x 10"° (Bentley et
al., 1986) and a typical rainwater chloride concentration of 2 mg/L, we
calculated **Cl concentrations in rain in the region to be 24 atoms/pL.
Spence hot spring, San Antonio hot spring and Sino spring (diamonds,
on Fig. 2) have concentrations of 36-37 atoms/pL, which are slightly
higher than this value. This indicates that these waters are primarily me-
teoric in origin, with some anthropogenic **Cl addition (<30%). This is
reflected also in the fact that all three spring waters plot just slightly
above the mixing line (Fig. 2), and also supports an anthropogenic com-
ponent in these waters. Although **C1 concentrations in these springs are
almost identical, a closer examination of **Cl/Cl ratios and chloride
concentrations reveals differences in the history of these samples. While
Sino spring and San Antonio hot spring reflect simply a meteoric origin
with some anthropogenic addition, Spence hot spring appears to have
had a more complicated history. A **CI/Cl ratio lower than that for esti-
mated pre-anthropogenic rain in the region suggests that this sample has
a small component derived from deep chloride fluids. However, the sample
plots above the mixing line between deep chloride samples and pre-an-
thropogenic rainwater in Figure 2, indicating that some anthropogenic
addition of **Cl is also present, in addition to mixing with deep chloride
fluids. Because meteoric sources with some anthropogenic *Cl addition
are clearly responsible for observed **Cl/Cl ratios in the three meteoric
water samples, these sample will not be discussed further.

Hydrothermal fluids, both within and outside the caldera, have chlo-
ride concentrations 500-2500 times those found in meteoric waters,and

%Cl levels that are one to two orders of magnitude higher than estimated
levels for unaltered meteoric waters. Clearly, while meteoric sources may
contribute some chloride to the hydrothermal fluids, a large component
of the salts must be non-meteoric.

Anthropogenic addition

While anthropogenic addition is clearly a factor in the meteoric samples
it does not appear to influence chloride in the deep hydrothermal fluids.
Although *Cl concentrations from anthropogenic sources are generally
100 to 1000 atoms/mL, chloride concentrations in such sources are typi-
cally low, about 1-2 mg/L. on average. Hence, such additions cannot
account for significantly higher chloride concentrations (910-9440 mg/
L) or *Cl concentrations (180-2085 atoms/uL) in the deep hydrother-
mal waters. The fact that anthropogenic addition is insignificant in deeply
circulating hydrothermal fluids is supported by tritium data that shows
low T.U. levels, indicating that post-nuclear waters do not form a signifi-
cant component of recharge to the hydrothermal system (Shevenell and
Goff, 1995; Shevenell and Goff, this volume).

Since meteoric and anthropogenic sources do not appear to be respon-
sible for much of the **Cl and chloride in the system, fissiogenic sources
and magmatic input are the most likely sources for chloride present in
the deeply circulating waters.

Subsurface fissiogenic production

*Cl has a large thermal neutron capture cross-section (44 barn), mak-
ing the production of *Cl by this mechanism in the subsurface a fairly
efficient process. Due to high levels of chloride present in most deep
waters, production is equally viable in the water as in the rock. At secular
equilibrium, reached at about 1.5 Ma, *CI/Cl ratios are a factor of host
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rock composition, reflecting primarily U and Th concentrations as well
as light neutron producing and absorbing elements in the rock. Since
production of *Cl at secular equilibrium is primarily dependent on neu-
tron flux, which in turn depends on the presence of uranium and thorium
series elements, ratios are independent of production in the rock or in the
water. In both cases, subsurface production is described by the equation
N,, = 0®N, (1-exp(-A,))/A,., where N, and N,, refer to the concentra-
tions of **Cl and **Cl respectively, G is the thermal neutron capture cross-
section of *Cl (44 barn), @ the subsurface neutron flux, A,, the decay
constant for *Cl (2.3 x 10 a) and t the time of exposure to neutrons
(Andrews et al., 1986). Since subsurface neutrons result from o-particles
(from the decay of U-Th series elements) impinging on light elements in
the rocks, subsurface neutron fluxes can be estimated if concentrations
of uranium, thorium and neutron producing and absorbing elements are
known. These can be calculated if the exact chemical composition of the
rock is known, or estimated based on typical chemical composition of
various rock types using the approach given by Fabryka-Martin (1988)
and Andrews et al. (1989). Estimated ratios for subsurface formations in .
the Valles area are expected to range from 40006600 neutrons cm™ sec”
!in fresh volcanics such as the Bandelier Tuff, to 200-2000 neutrons cm
?sec’! in Paleozoic strata such as the Pennsylvanian Madera and Permian
Abo Formations. Secular equilibrium ratios for potential formations were
calculated using the equation above on the basis of these estimated neu-
tron fluxes (Table 2; Fig. 3).

Altered and unaltered volcanics in the region have ratios in excess of
40 x 10, due to high concentrations of uranium and thorium in these
formations. Although calculations were made using the actual ages of
the volcanics rather than assuming secular equilibrium, ratios are simi-
lar to secular equilibrium values for these rocks. Since these ratios are
significantly higher than ratios in the hydrothermal waters (11-25 x 10-
'3, the volcanics cannot be a major source of chloride in the hydrother-
mal waters. Calculated residence times for fluids in the volcanic for-
mations are <0.1 Ma. A pilot study of the Valles system by Phillips et
al. (1984) detected a **CI/Cl ratio of 35 x 10" for Baca #13 drill-hole
sample, which is notably higher than samples measured as part of our
study. This higher ratio, although still lower than calculated ratios for
fresh and altered volcanics, approaches these calculated ratios for the
volcanics more closely than do the ratios for samples from the present
study. It is quite likely that the Baca #13 sample reflects a larger contri-
bution from the volcanics, and consequently a longer residence time
there, than do other deep waters. This observation is supported by the
fact that the Baca #13 drill-hole penetrates mainly a thick pile of
volcanics and to a smaller extent Paleozoic rocks at the center of the
resurgent dome of the caldera.

Since the volcanics are unlikely to be a large source of chloride in the
deep waters, other formations, such as the Paleozoic and Precambrian
formations that underlie the volcanics, must be considered. Lower ura-
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FIGURE 3. Comparison of *Cl/Cl ratios in deep waters and possible wide-spread
source formations (likely sources are indicated in italics).

nium and thorium concentrations in these formations result in lower neu-
tron fluxes and hence lower secular equilibrium**Cl/Cl ratios there. Based
on U and Th concentrations of 4 and 11 mg/kg respectively, the Precam-
brian basement and trapped connate fluids within it are calculated to
have *CV/Cl ratios of 20-30 x 10*%, which are on the higher end of ratios
measured for the water samples. The Permian Abo Formation has a ratio
of 26 x 10", whereas the Pennsylvanian Madera Formation has a ratio
of 5 x 105, Since the Madera is the only formation that has a *Cl/Cl
ratio that is not higher than the lowest ratio detected in the waters, mix-
ing between Madera-derived chloride and one or more other sources best
explains the ratios measured in the hydrothermal water samples (Rao et
al., in press). Carbon isotope data, with 8'*C values of -3.1 to -5.6 per mil
in the Madera Formation and 8C values of -3.8 to -4.8 per mil in the
hydrothermal waters (Goff et al., 1986), further supports the idea that the
Madera is one of the sources of salts in the hydrothermal fluids. Although
the data indicate that the salts in the fluids represent a mixture from vari-
ous sources, estimates of relative contributions or residence times in spe-

TABLE 2: Estimated neutron fluxes and equilibrium *¢Cl/Cl ratios in formations of the Valles area; calculations used analyses from core samples in wells VC-1, VC-2A,
and VC-2B. Neutron fluxes for major formations are calculated on the basis of average uranium and thorium concentrations and on estimated concentrations of neutron
absorbing light elements such as Na, Al, Si, and O, based on concentrations of these elements measured for other rocks in the Valles region. The calculations were made

using the approach described by Fabryka-Martin (1988) and Andrews et al. (1989).

Production Formation Cl U Th Neutron eyt
(mg/kg) (mg/kg)  (mghkg) flux* (x 10%)
(ncms™y

Otowi Mbr, Bandelier Tuff (Quaternary) 2800 16 43 6600 91
Tshirege Mbr, Bandelier Tuff (Quaternary) 890 11 31 4000 53
Altered Volcanics (Quaternary) 80 9 20 3000 40

Abo S8 Fm. (Paleozoic) 92 4 15 1750 26
Madera Ls. Fm. (Paleozoic) 130 2 <1 200 3
Precambrian complex 110 4 11 1500 22
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cific formations are not likely to be meaningful due to the large number
of mixing scenarios possible.

Magmatic sources

Volatile magmatic components have been cited as the source of some
elements in hydrothermal settings, but as data are limited on *CI/Cl ra-
tios in magmatic sources, it is difficult to assess the contribution from
such sources to chloride in the fluids in the present study. Some prelimi-
nary work by Goff and McMurtry however suggests that *Cl/Cl ratios in
magmatic condensates from high-temperature fumaroles are generally
low (<15 x 10"%; 10 samples from 4 active volcanoes). These ratios are
within the range of some of the lower ratios measured in Valles hydro-
thermal fluids, so magmatic source contributions cannot be ruled out
entirely. However, since a sole magmatic source cannot account for ra-
tios >15 x 105, which are observed in some of the hydrothermal fluids,
rock leaching must be a factor even with a magmatic source. In any case,
high chloride concentrations in the hydrothermal fluids can easily be
explained by the relatively high chloride concentrations in the reservoir
rocks as well as brine pockets within the Precambrian rocks, and it is not
necessary to call upon a volatile magmatic component to explain the
observations, although it cannot be entirely ruled out.

CONCLUSIONS

Two groups of samples were encountered during our study of Valles
waters; meteoric waters and deeply circulating hydrothermal waters.
Meteoric waters, whose 8D and 8'*0 compositions plot along the Jemez
Mountains meteoric water line, have temperatures <40°C, chloride con-
centrations <7 mg/L, and **CI/Cl ratios >300 x 10°'5. Of the three samples
from this group, two show anthropogenic addition of **Cl (<30%), while
the third shows a more complicated history, reflecting both mixing with
deep chloride fluids and anthropogenic addition. The hydrothermal wa-
ters collected from springs and drill-holes within the caldera and springs
outside the caldera, have high temperatures (up to 300°C), high chloride
concentrations between 910 to 9440 mg/L, and relatively low *CI/Cl
ratios of 11-25 x 10, Potential source formations, assessed on the basis
of estimated neutron fluxes for the major rock units in the region, are
Precambrian and Paleozoic formations which underlie the Quaternary
volcanics that the fluids currently reside in. **C1/Cl ratios for the fresh as
well as altered volcanics that the fluids currently reside in are in excess
of 40 x 10", Ratios for the Precambrian basement and the saline porefluids
trapped there, and for the Permian Abo Formation are between 20 and 30
x 107'%, whereas ratios for the Madera Formation are <5 x 10""%. Although
all of these sources have **CI/Cl ratios consistent with ratios measured in
the hydrothermal waters, no one source of chloride best accounts for
chloride in the waters. Complex mixing of fluids from more than one
source rock for chloride is indicated. Although all the ratios for the hy-
drothermal samples group closely, differences in relative contributions
from the different formations may account for differences in **CI/Cl ra-
tios and chloride concentrations observed.

On the basis of *Cl and C1 data, the following fluid pathway, consis-
tent with thermal data, is suggested. Cold, relatively recent meteoric waters
recharge the hydrothermal system mainly in the caldera moat region,
and penetrate to depths of 2 to 3 km, where they encounter Precambrian
basement. At these greater depths, fluids are heated to temperatures of
200-300°C before flowing convectively upward to depths of 0.5-0.6 km
via fractures and faults in the strata. Once fluids reach these shallower
depths, they flow laterally southwest through permeable Paleozoic strata
toward the southwest wall of the caldera before discharging via the Jemez
fault zone (Swanberg, 1983; Goff and Grigsby, 1982). On the basis of
(] data, it is clear that hot fluids leach solutes from these deeper sources
before discharging outside the caldera. Residence time for the fluids in
the volcanics is <0.1 Ma, during which time insignificant amounts of
chloride have been leached from these surficial formations.
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