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Abstract

A comprehensive geochemical survey of springs outside the northwest margin of the Yellowstone caldera was undertaken in
2003 and 2004. This survey was designed to detect: (1) active leakage from a huge reservoir of CO, gas recently postulated to
extend from beneath the caldera into this area; and (2) lingering evidence for subsurface flow of magmatic fluids into this area
during the 1985 seismic swarm and concomitant caldera subsidence. Spring temperatures are low (<15 °C), but two large-discharge
springs contain '*C-dead carbon that can be identified as magmatic from calculated end-member values for §' C(deady and He/
Cldeady of —4%o and 1 x 10719, respectively, similar to values for intra-caldera fumarolic and hot-spring gases. However, the
combined discharge of magmatic C is only 5.4 tonnes/day, <0.1% of the total output from Yellowstone. The two springs have
slightly elevated *He/*He ratios near 1 R, and anomalous concentrations of Cl, Li, and B, and appear to represent minor leakage of
gas-depleted, thermal waters out of the caldera. The small CO, signal detected in the springs is difficult to reconcile with a large
underlying reservoir of gas in faulted and seismically active terrain. When considered with analyses from previous decades, the
results provide no evidence to associate the ten-year period of caldera deflation that began in 1985 with expulsion of magmatic
fluids through the caldera rim in this area.
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1. Introduction previous 5 decades (Pelton and Smith, 1982). Uplift

continued for several years, but subsidence was detected

Interest in volcanic hazards at Yellowstone increased
in 1975 when geodetic surveys showed that the central
part of the caldera floor had risen ~1m during the
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in 1985 (Dzurisin et al., 1994), and 0.25m of subsidence
occurred over the next 10 years (Wicks et al., 1998;
Waite and Smith, 2002). In late 1985, a major seismic
swarm began at the northwest caldera boundary. This
swarm was unique among recorded events in that the
epicenters gradually migrated away from the caldera for
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several km to the northwest. The propagating seismicity
coupled with caldera deflation pointed to subsurface
fluid flow out of the caldera as the cause for both events
(Waite and Smith, 2002; Fournier, 2004), but questions
about the fluid and its role in the events remain.
Magmatic brines, gases, and magma itself have all been
invoked to account for Yellowstone’s cycles of
deformation and seismicity (Fournier, 1989; Dzurisin
et al., 1994; Wicks et al., 1998; Waite and Smith, 2002;
Wicks et al., 2002).

Negative anomalies in Vp and Vp/Vs recently
detected in seismic tomographic imaging led Husen et
al. (2004) to propose that a large reservoir of gas at
depths as shallow as ~4km below land surface extends
from beneath the caldera to the northwest, in the same
general area as the 1985 seismic swarm. They
hypothesize that the gas is most likely CO, released
from crystallizing magma beneath the caldera, and
imply that migration of CO,-rich fluid might explain the
propagating seismicity. Husen et al. (2004) note that
CO, from such a shallow reservoir would likely leak to
the surface and escape diffusely through soil, as
occurred at Mammoth Mountain, California (Farrar et
al., 1995).

A search for anomalous CO, emissions northwest of
the caldera was warranted, but detecting anomalous
efflux over large regions of wilderness and in the
absence of clear vegetation kills is logistically daunting.
We chose instead to search for dissolved magmatic C in
springs and streams, because CO, is fairly soluble in
cold water. High-pressure CO, has been implicated in
propagating seismic swarms at Mammoth Mountain
USA (Hill and Prejean, 2005), Colfiorito Italy (Miller et
al., 2004; Chiodini et al., 2004), and the Eger rift in
central Europe (Bréuer et al., 2003). Springs with highly
anomalous concentrations of magmatic C are long-lived
and conspicuous features in these areas (Sorey et al.,
1998; Chiodini et al., 1999; Bréuer et al., 2003). An
advantage to collecting waters is that the samples can be
analyzed for other magmatic or hydrothermal species of
interest (e.g., He, Cl); and because the study area was
included in previous regional geochemical studies, we
can evaluate whether any chemical anomalies could be
related to the 1985 seismic swarm and ensuing
subsidence.

2. Study area, sampling logistics, and methods

The study area (Fig. 1) extends to the north and west
from Terrace Spring, a sub-boiling hot spring located
near the caldera rim 14km southwest of Norris, and
covers the location of the 1985 seismic swarm, the

general region of elevated seismicity trending through
the Madison Valley, and a substantial part of the
hypothesized gas reservoir of Husen et al. (2004). The
study area includes numerous normal faults (Christian-
sen, 2001) and encompasses the discharge area for
groundwaters draining from the northwest caldera rim to
provide the best chances of detecting any Yellowstone
fluids forced out beneath this part of the rim that then
rise toward the surface.

Paleozoic and Mesozoic marine sedimentary rocks
(shaded green in Fig. 1) are exposed in the northern part
and to the west of the study area. Cenozoic volcanic
rocks, Precambrian gneisses and schists and alluvium
occupy the rest of the study area (Christiansen, 2001;
O’Neill and Christiansen, 2004). The contrasting
geology is clearly reflected in calcium and magnesium
concentrations of spring waters. The products of Yellow-
stone volcanism are predominantly rhyolites that are
exceptionally low in both elements, whereas limestone
and dolomite are common in the sedimentary rocks to the
north (Christiansen, 2001; Hildreth et al., 1991).

Annual precipitation in the study area averages about
1 m/year with up to 30% recharge (Kharaka et al., 2002),
feeding a voluminous groundwater flow that could
easily dilute magmatic or hydrothermal inputs to trace
concentrations. The strategy adopted to search for
anomalies was to measure the specific conductance of
streams at low elevations in their drainages, and if
conductance was abnormally high, to move upstream to
the source springs and sample those with the highest
conductance. Increased conductance can potentially
reflect chloride input from thermal waters or HCO3
generated from magmatic CO,. Many of the springs in
the study area actually consist of clusters of distinct
vents. The field conductance measurements indicated
whether all of the vents discharged similar fluids. At two
of the springs, Black Sand and Big Springs, vents
showed a significant range in temperature and conduc-
tance, and two vents that spanned the range were
sampled at each of these vent clusters.

Many springs and streams were visited but not
sampled if conductivity, temperature, or pH measure-
ments indicated no anomalies. Flow rate, determined
from visual estimates or direct gaging, and areal
distribution were also used to select sample sites.
Large-discharge springs were especially targeted be-
cause their recharge zones cover more of the study area,
and they represent a greater total flux for a given
concentration anomaly than do low-discharge springs.
Known spring areas around the alluvium-filled Madison
Valley were visited as were most streams flowing into
the valley from the north and east (Fig. 1) to provide
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coverage of the seismically active area and the drainage
from the region above the gas reservoir, an upland
recharge area where few springs emerge. Sampled
springs in the sedimentary rocks are more remote, but
some are near the inferred extension of normal faults
that trend north from the area of seismicity. Samples
were also collected from Wolf Creek hot spring and a
low-temperature spring on Horn Creek. These sites are
far to the west of the study area with no obvious
hydrologic connection to Yellowstone.

Emphasis was placed on sampling for helium,
carbon, and their isotopic ratios. For helium, samples
of water (and gas bubbles, if present) were collected in
10-cm® Cu tubes sealed at both ends with refrigeration
clamps. Samples were analyzed at the Lawrence
Berkeley National Laboratory following procedures
discussed in Kennedy et al. (1985) and Hiyagon and
Kennedy (1992). Carbon isotope analyses were per-
formed on the total dissolved inorganic carbon (DIC),
which comprises CO,, HCO3, and CO;Z. Samples of
water for DIC analysis were collected in pre-evacuated
Pyrex bottles and acidified to convert all the DIC into
CO, for later extraction.

Table 1
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Studies of carbon in groundwater focus on DIC
because some fraction of the CO, (from any source) that
is absorbed by the water is converted to HCO3and CO3 2
through water—rock interaction. In volcanic or crystal-
line rocks, this occurs through silicate hydrolysis, for
example:

2CO;, + 3H,0 + 2NaAlSi3;Og

= Al,Si;05(OH), + 2Nat + 4Si0, + 2HCO; (1)
4CO; + 2H,0 + Mg,Si0y4
= 2Mg"? + Si0, + 4HCO; (2)

Other silicate minerals contribute K and Ca®" in
similar reactions. In carbonate rocks, Ca*“and Mg”" can
be released by dissolution, for example:

CO; + H,0 + CapsMgysCO;

= 0.5Ca*™? 4+ 0.5Mg"? + 2HCO; (3)

In reaction (3), the molar DIC increases two-fold, and
the carbon isotopes reflect the mixture of carbon sources.
To help distinguish waters influenced by carbonate
dissolution, samples of water were filtered and acidified

Water chemistry and basic parameters. Site numbers correspond to map in Fig. 1. “(C)” and “(N)” signify carbonate and non-carbonate rocks in the
drainage areas. Boldface values from 2004. Analytical precision is £5% for dissolved species. “HCO5” is alkalinity as bicarbonate

No. Name (drainage geology) T cond. pH O, Na K Ca Mg SiO, Li B Cl SO, HCO;
(°O)  (uS/em) (mg/L) (ng/L) (mg/L)
1 Black Sand Spr. east (N) 10.1 105 7.04 7.6 132 1.8 50 0.8 360 50.0 90 5.1 1.4 39
2 Black Sand Spr. west (N) 8.2 837 7.2 7.8 89 1.7 50 1.0 327 35.1 60 3.1 1.3 33
3 Pass Crk. spr. A (C) 7.1 251 792 49 1.1 07 339 79 88 1.5 <20 041 53 158
4 Pass Crk. spr. B (C) 58 292 1.1 06 437 74 107 1.1 <20 041 3.8 190
5 lower Gallatin R. spr. (C) 6.6 294 816 52 16 09 31.8 143 114 23 <20 0.63 20.8 171
6 Campanula Crk. spr. (N) 6.8 129 725 58 39 14 142 34 288 3.0 <20 1.03 20 74
7 Campanula Crk. (N) 7.7 60.6 29 1.0 57 14 151 14 <20 042 1.7 34
8 Gneiss Crk. spr. (N) 5.6 633 6.89 6.1 3. 0.8 60 13 209 1.8 <20 0.60 1.9 34
9 Gneiss Crk. (N) 12.9 94.7 5.6 1.2 9.1 1.8 16.8 1.4 <20 046 36 52
10 Basin Cabin Spr. (N) 7.0 145 732 6.0 45 1.1 148 42 209 48 <20 1.62 31 74
11 Big Spr. south (N) 134 131 6.74 73 163 3.1 46 0.7 433 737 80 4.1 28 56
12 Big Spr. north (N) 10.6 98.0 686 82 12.0 2.6 44 08 385 532 50 3.0 23 45
13 Horn Crk spr. (C) 85 284 811 87 6.0 1.5 238 146 156 7.6 <20 2.6 32 179
14 Wolf Crk. hot spr. (N) 587 534 9.81 95.1 1.5 30 04 463 737 40 21.0 49 170
15 Mt. Jackson spr. (N) 7.4 51.0 642 86 3.6 1.1 37 07 297 104 <20 1.03 1.9 21
16  Corey Spr. (C) 7.7 425 792 43 15 08 413 216 75 32 <20 0.64 83 187
17 lower Whits Lk. spr. (N) 5.1 687 7.5 94 35 1.5 58 12 216 32 <20 0.56 6.1 31
18  Grayling Crk. spr. (N) 4.1 2800 7.04 99 20 08 1.8 05 195 1.0 <20 043 1.7 13
19 Gallatin R. spr. A (C) 43 171 781 9.8 19 1.3 202 52 214 1.2 <20 0.51 1.7 105
20  Gallatin R. (C) 87 392 1.0 04 441 173 45 1.6 <20 035 86 160
21 Gallatin R. spr. B (C) 4.6 251 813 68 05 04 252 131 41 08 <20 037 8.5 154
22 upper Gallatin R. (C) 9.8 273 04 03 318 125 3.0 <03 <20 0.33 4.7 178
23 upper Gallatin R. spr. A (C) 3.6 457 808 75 07 04 509 199 39 1.7 <20 033 113 154
24 upper Gallatin R. spr. B(C) 4.6 693 782 3.6 13 <10 846 345 4.0 <9.0 <400 040 240 160
25  Gallatin R. mineral spr. (C) 74 2310 741 34 3.1 <1.0 492 343 50 <9.0 <400 0.53 1300 263
26  Tepee Crk. spr. (C) 3.6 102 7.01 89 1.8 1.1 145 1.7 20.7 09 2 033 1.7 57
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Fig. 2. Measured spring temperatures compared to mean annual air
temperatures 1999—2004 (asterisks) in and around the study area and
to the dashed regression line through 56 dilute (C1<2 mg/L), low-
temperature springs in the greater Yellowstone region (Kharaka et al.,
2002). Diamonds: springs draining carbonate rocks; squares: springs
draining non-carbonate rocks. Air temperatures from SNOTEL
stations (http://www.wcc.nres.usda.gov/snow/).

for cation analysis. Filtered water for anion analysis was
not acidified. Further details of all the sampling
procedures are described in Evans et al. (2002).

The 6"*C-DIC and '*C-DIC were determined using
purified CO, extracted from the DIC tubes. The 6'°C
analyses (and oD and 6'°0) were run at USGS
laboratories in Reston Virginia and Menlo Park
California; '*C analyses were run at the CAMS facility
at Lawrence Livermore National Laboratory.

3. Results

All but one of the features were sampled in August
2003. Several sites were revisited in September 2004 to
check for annual variability and to fill in data gaps.
Results from revisited sites showed remarkable similar-
ity to the 2003 values, within measurement uncertainty
for nearly every parameter checked.

Chemical analyses are given in Table 1. The low-
temperature springs show an inverse relation between
temperature and elevation but are warmer than mean
annual air temperatures measured at local SNOTEL
stations (Fig. 2). Most spring temperatures conform
reasonably well to the trend defined by 56 dilute
(C1<2mg/L), low-temperature springs in the greater
Yellowstone region reported by Kharaka et al. (2002).
Black Sand and Big Springs, however, have vent
temperatures that are 1-5°C higher than expected

when compared to either the regional trend or the
other springs in this study.

The pH and dissolved oxygen values are typical for
low-temperature groundwaters (Table 1). The pH values
are all in the neutral range, showing that HCO3 makes
up more than half of the DIC as a result of reactions like
those in Egs. (1)—(3). Dissolved oxygen concentrations
are between 3 and 10mg/L, corresponding to about 30—
100% of saturation with atmospheric O, at the measured
spring temperatures.
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Fig. 3. (A) Silica vs. fraction (Ca+Mg). Springs draining carbonate
(diamonds) and non-carbonate rocks (squares). (B) Cl vs. fraction (Ca+
Mg). Springs draining carbonate (diamonds) and non-carbonate rocks
(squares). (C) Dead carbon (see text) vs. fraction (Ca+Mg). Springs
draining carbonate (diamonds) and non-carbonate rocks (squares).
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Several aspects of the spring chemistry reflect
geologic setting. The springs draining areas of marine
sediments typically have specific conductances
>150uS/cm. These springs tend to be low in SiO, but
high in Ca and Mg, which constitute >80% of the
cations, reflecting the dominance of dissolution reac-
tions such as Eq. (3). Some of these springs are high in
SO, no doubt resulting from gypsum-or anhydrite-
bearing units in the carbonate rocks (Plummer et al.,
1990; Christiansen, 2001). One of the springs (#25) is
sufficiently concentrated to deposit a mineral apron
around the vent. Springs not draining marine sediments
typically are dilute, with specific conductances
<150uS/cm, but have higher SiO, concentrations and
tend to be mixed-cation waters.

Black Sand and Big Springs are Na-K dominated and
relatively high in SiO, (Fig. 3A). Both springs have Li,
B, and CI concentrations that are higher than the other

Table 2

W.C. Evans et al. / Journal of Volcanology and Geothermal Research 154 (2006) 169-180

low-temperature springs (Table 1). These characteristics
and the warmer temperatures all point to a small
component of thermal fluid. Excluding these two
springs, the background Cl concentration in non-thermal
groundwater within the study area seems independent of
surface geology (Fig. 3B) and averages about 0.5mg/L,
similar to the 0.7mg/L background proposed by
Ingebritsen et al. (2001) for the entire park.

The gas from the bubbling springs was dominated (98—
99%) by the air gases N, +O,+Ar, as expected for spring
waters that equilibrate with the atmosphere at recharge.
Minor amounts of CO, made up most of the balance,
although variable enrichments in He were also noted.

Isotopic results are presented in Table 2. The range in
oD and 6'®0 values is similar to that found in the
previous survey of Kharaka et al. (2002). All the waters
plot near the global meteoric water line, but neither 6D
nor 6'0 correlates with spring elevation. The lack of

Isotopic ratios and dissolved inorganic carbon (DIC). Site numbers correspond to map in Fig. 1. “(C)” and “(N)” signify carbonate and non-carbonate
rocks in the drainage areas. Boldface values from 2004. Helium isotope values in italics are from gas bubbles. Analytical precision is =1%o for 6D,
+0.1%o for 8'%0 and 6'3C, +£0.5 percent-modern carbon (pmC) for '*C, and +5% for DIC. Individual 1o uncertainties are given for *He/*He. Air

ratios (R)=3.12 for “He/**Ne and 1.40x 107¢ for *He/*He

oD o 8Bc M

DIC

Claeaty ‘He/Ne *He/'He (*He/C),® (*He/CI),®

No. Name (drainage geology) o

SMOW SMOW PDB pmC mM mM?* R/Ry, R/RA
1 Black Sand Spr. cast (N) -140 -18.8 -89 42.4 0.82 0.52 74.8;20.1 0.95,0.97 0.03;0.03 1x10°'" 4x107'
2 Black Sand Spr. west (N) -138 —18.6
3 Pass Crk. spr. A (C) -139  -18.6 -10.5 64.2 2.56 1.13
4 Pass Crk. spr. B (C) -138 —185
5  lower Gallatin R.spr. (C) —144 —192  -8.7 522 2.75 1.50 1.08  1.61 0.03 I1x10772 6x1071°
6  Campanula Crk. spr. (N) -144  -19.0 -14.6 87.1 134 033
7 Campanula Crk. (N) -136 —18.1
8  Gneiss Crk. spr. (N) -140 -18.6 —169 959 0.79 0.13 0.99 1.09 0.08 1x107%  7x1071
9 Gneiss Crk. (N) -137 —183
10 Basin Cabin Spr. (N) -140 —186 —142 852 143 037 210 1.14 0.07 1x107" 2x1071°
11 Big Spr. south (N) -136 —184  -7.0 1.38 1.01¢ 2920 1.21 0.03 1x10710 1x107°
12 Big Spr. north (N) -136  -183 =79 311 102 0.75 20.4 1.19 0.03 7x1071 §x1071"
13 Horn Crk spr. (C) -145  -190 -9.1 58.8 3.03 1.48 16.2 0.33 0.02 9x107"2 2x107"°
14 Wolf Crk. hot spr. (N) -151  -199  -55 2.36 2730 0.15 0.01
15 Mt. Jackson spr. (N) -146 —192 —147 956 039 0.07 122 1.06 0.1 2x1071 1x1071°0
16  Corey Spr. (C) —-144  -193  —68 415 3.17 2.02
17 lower Whits Lk. spr. (N) -138  —183 —134 93.6 0.60 0.11
18  Grayling Crk. spr. (N) -139  -185 —13.8 109 025 0.01
19  Gallatin R. spr. A (C) -141 -188 —124 89.1 1.87 042
20  Gallatin R. (C) -138  -—18.8
21  Gallatin R. spr. B (C) -139  -187 -7.6 525 250 136
22 upper Gallatin R. (C) -137  —185
23 upper Gallatin R. spr. A (C) —142  —19.1 -7.6 48.3 2.70 1.57 1.78  0.79 0.17 1x1072 na
24 upper Gallatin R. spr. B (C) —144 —19.2 -6.7 36.5 2.70 1.84
25  Gallatin R. mineral spr. (C) —141  —18.6 —10.7 725 4.69 1.74 141 108 0.04 7x107%  1x107°
26  Tepee Crk. spr. (C) -13.0 0.99

* Clgeaty=DIC(1-"4C/115).

® End-member thermal water component calculated as: 3He in excess of the amount in 5 °C ASW divided by C(dead)-
© End-member thermal water component calculated as: *He in excess of the amount in 5 °C ASW divided by the Cl in Table 1-less 0.5 mg/L

background.
4 Assumes same '*C as Big Springs north.



W.C. Evans et al. / Journal of Volcanology and Geothermal Research 154 (2006) 169—180 175

correlation has been noted previously and probably
stems from complexities in storm tracks and topography
(Kharaka et al., 2002) and a marked difference in
recharge season between low and high elevations
(Despain, 1987). The isotopes of the DIC show a large
range of values in both 8'*C (—16.9%o to —6.7%o0) and
C (31-109pmC), reflecting both biogenic and abio-
genic contributions. *He/*He ratios show a relatively
narrow range with a cluster of values near 1 R, (where
“RA” means “ratio in air” of two isotopes).

4. Discussion
4.1. Carbon sources

Young (<50 years old) groundwaters that contain
only C dissolved at recharge from biogenic sources such
as soil respiration or from the atmosphere should have
'4C values > 100 percent modern carbon (pmC) due to
the bomb effect. One of our sampled springs (#18)
shows this enrichment (Table 2), but all other springs
show some depletion in '*C, due to addition of “dead” C
from carbonate minerals or magmatic sources. To
calculate the concentration of dead DIC (Cgeaq in
Table 2), we assume that the biogenic DIC contains
115pmC, the average "*C value in the atmosphere 1-2
decades ago, which allows a reasonable circulation time
for the groundwater (see James et al., 1999; Evans et al.,
2004). The probable error in this assumption is small
compared to the uncertainties inherent in distinguishing
marine carbonate from magmatic sources of the dead
carbon.

The mixed-cation waters (40-80% Ca+Mg) drain-
ing non-carbonate terrains contain very little Cgeaq)
from any source (Fig. 3C). Although some or all of this
Cl(dead) could be magmatic, the slight increase in Cgead)
with increasing Ca+Mg suggests that some form of
carbonate (e.g., glacially redistributed marine rocks, soil
carbonates, etc.) may have dissolved in the water.
Waters with >80% Ca+Mg have substantially more
Cldead)> as expected from reaction with the local marine
carbonate rocks. Black Sand and Big Springs contain
C(deaq) that is not likely derived from marine carbonates
given that these springs are rich in Na+K and issue from
non-carbonate terrains. A magmatic origin for this
Cldead) 1s plausible.

Marine and magmatic carbon sources can be
distinguished in principle using 6'*C values. Magmatic
C at Yellowstone should be characterized by the §'°C
values of the CO, released from hot springs and
fumaroles within the caldera, which range from
—2.5%0 to —4.9%o in recent analyses from Werner and

Brantley (2003). The §'*C values of marine carbonate
rocks in the northern Yellowstone area are higher and
range from —2.3%o to +3.3%o (Friedman, 1970). The
mixture of atmospheric and biogenic CO, that dissolves
into waters at recharge can vary over a wide range of
0'3C values, depending on vegetation type and other
factors in the recharge areas, but is certain to be
substantially lighter than either marine or magmatic
carbon. Amundson and Davidson (1990) suggest a
maximum 6'">C value of ~—9%o for this component.

Fig. 4 shows §'°C plotted against '*C for all the low-
temperature springs where '*C was analyzed. The
general trend of increasing §'°C with decreasing '*C
is clear, but it also appears that the springs in carbonate
and non-carbonate rocks follow slightly different trends.
A trend line through the springs in carbonate terrains is
consistent with an end-member 6'>C value of — 1% for
the C(geaq), Within the range of local carbonate rocks.
This well-defined trend greatly strengthens the evidence
for magmatic carbon in Black Sand and Big Springs,
which plot on a trend line indicating a 6'*C value of
—4%o for the Cyeaq). Because of the large variability in
the 6'*C value of the biogenic end member, the source
of C(geaa) in springs that show slight 4C depletion (80—
100pmC) is poorly constrained by this plot.

4.2. Helium isotopes

Infiltrating water absorbs atmospheric He, but the
low concentration of He in air (0.0005%) and its low
aqueous solubility lead to a small initial concentration in
groundwater. Addition of He from any other source can
be easily recognized by an increase in the ratio of “He to
*’Ne, an isotope almost wholly derived from the
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Fig. 4. 8"C vs. "*C of the DIC. Springs draining carbonate (diamonds)
and non-carbonate rocks (squares) with trend lines. 813C of local
carbonate rocks from Friedman (1970); Yellowstone CO, from
(Werner and Brantley, 2003).
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atmosphere (Kennedy et al., 1985). The ratio of *He/
*?Ne in air-saturated water (ASW) at 5°C is 0.78 R due
to the slightly greater solubility of Ne relative to He.
Spring waters with He from any non-atmospheric source
should have “He/**Ne values >0.78R,. Magmatic He
input to groundwater will also increase the *He/*He
ratio. *He/*He ratios reach 7-8 R 5 in many Yellowstone
thermal areas, and a few values as high as 16—17R4
have also been recorded (Kennedy et al., 1985; Werner
and Brantley, 2003).

The measured “He/**Ne and *He/*He ratios, each
normalized to its respective R,, are given in Table 2.
Wolf Creek hot spring shows a huge He enrichment and
alow *He/*He ratio, suggesting that the major He source
is crustal, radiogenic production during a long, deep
fluid circulation path. Horn Creek spring, located
outside of the Yellowstone area and closer to Wolf
Creek, shows considerable helium enrichment and also
has a low *He/*He ratio. Many of the low-temperature
springs in the study area show some He enrichment and
have higher *He/*He ratios near 1R,, but none
approach the magmatic range (=7R,).

In Fig. 5, the normalized “He/**Ne ratios for gas-
bubble samples have been multiplied by 0.78 to reduce
the solubility-induced bias between the two types of
samples. The inverse scale on the x-axis allows straight-
line extrapolations from ASW through the sample points
to indicate the *He/*He ratio of the added He on the y-
axis. One spring shows a small enrichment along the
“magmatic” He line, but the end-member (y-axis) values
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Fig. 5. Air-normalized *He/*He vs. “He/*’Ne (reciprocal scale at
bottom). Springs draining carbonate (diamonds) and non-carbonate
rocks (squares) with filled symbols for water samples, open symbols
for gas samples (for which *He/**Ne (R/R ) was multiplied by 0.78).
Arrows show the effects of adding magmatic (=7 R,) and crustal
(=0.01 Ry) helium to air-saturated water. Dashed lines show the
potential effects of tritium decay on air-saturated water enriched in
crustal helium.

for the rest of the low-temperature springs in the study
arca are between 0.6 and 1.3R,. These values could
reflect some mixture of magmatic and crustal He, but for
the low levels of He enrichment in most of these springs,
could also reflect addition of *He from tritium decay as
shown in Fig. 5 (see Saar et al., 2005). For groundwaters
that might have residence times of a few decades, decay
of up to 45 tritium units (TU) is possible (see: Pearson
and Truesdell, 1978). However, Black Sand and Big
Springs require a magmatic He input, as decay of
>500TU would be needed without it. Thus, both the
helium and carbon isotope data imply a magmatic
volatile input to these two springs, and allow but do not
prove, tiny magmatic inputs to some of the other
springs.

4.3. °He/C and 3He/Cl ratios

Molar ratios of *He/C and *He/Cl can provide more
information on any magmatic/hydrothermal component
in the springs if the atmospheric and biogenic inputs and
the non-thermal Cl are factored out. The total *He
dissolved in the low-temperature spring waters is
calculated as the product of the *He/*He and *He/**Ne
ratios and the assumed **Ne concentration in 5°C ASW
(the error due to temperature is small over the observed
range). Subtracting the *He acquired at recharge
(calculated for 5°C ASW) leaves the concentration of
non-atmospheric *He. Dividing the result by C(gead)
gives (*He/C),, the ratio pertinent to the deep thermal
component (but including tritiogenic 3He). The analo-
gous (*He/Cl), ratio is calculated after reducing the ClI
concentrations in Table 1 by 0.5mg/L assumed as a
background value.

Interestingly, Black Sand and Big Springs have (*He/
C), ratios of 107 '° (Table 2). This ratio is the
characteristic order of magnitude for magmatic gas
(see e.g., Hilton et al., 2002) and is near the molar *He/C
ratio of 3x 10™'% in recent gas analyses for several hot
springs and fumaroles in Yellowstone (Werner and
Brantley, 2003). The similarity in ratios suggests that the
thermal-fluid component in Black Sand and Big Springs
is leakage from the Yellowstone system. Other springs
have substantially lower values (Table 2). Those springs
in sedimentary terrains have (*He/C), values <10 '2,
consistent with derivation of >99% of the Cgeaqy from
carbonate rocks.

A characteristic *He/Cl ratio for Yellowstone cannot
be obtained from discrete samples because the presence
of both vapor-dominated (acid sulfate) and liquid-
dominated (neutral chloride) zones leads to geographic
separation of gas (*He+CO,) and salt discharges
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(Fournier, 1989). However, a *He/Cl ratio representative
of the deep, unboiled parent fluid can be calculated from
total emissions. Total *He emissions from Yellowstone
can be obtained from the *He/C ratio (3x10™'%) and
total magmatic C emissions. Werner and Brantley
(2003) estimated the total diffuse emission of CO,
from Yellowstone, within and outside the caldera, at
45,000 tonnes/day, and argue that this value should
approximate the total magmatic C flux. Ingebritsen et al.
(2001) derived a total hydrothermal C1 flux of 1740 g/s
in rivers draining from the caldera region, the Norris-
Mammoth corridor (Sorey, 1991), and the Bechler
River-Boundary Creek area (Parry and Bowman, 1990).
The molar *He/Cl ratio obtained by combining these
estimates is 7x 105,

The total hydrothermal CI flux is well constrained
(Ingebritsen et al., 2001), but an order of magnitude
error in this calculated *He/Cl might result from
uncertainties in the *He/C ratio and the total magmatic
C emissions. Still, the (*He/Cl), ratios in springs we
sampled, including Black Sand and Big Springs, are less
than the Yellowstone ratio by factors of 70—1000 (Table
2), implying that the thermal fluid leaking into the study
area is gas-poor, probably depleted in gas content
because of prior vapor loss as depicted in Fig. 6. If the
thermal fluid were enriched in magmatic gases,
diffusive loss of He from the groundwaters prior to
discharge would also produce low (*He/Cl), ratios, but
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Fig. 6. *He/C vs. *He/Cl in the low-temperature springs corrected for
biogenic and atmospheric contributions other than tritium (see text).
Springs draining carbonate (diamonds) and non-carbonate rocks
(squares). Black Sand and Big Springs can be related to Yellowstone
fluids through vapor loss with slight fractionation of He/C. Other
springs require an additional carbon source and may also contain
tritiogenic *He instead of Yellowstone fluid components.

this process does not explain why the *He/*He ratios are
much lower than typical magmatic values. Addition of
radiogenic *He can more readily lower the *He/*He ratio
in waters that are gas poor and low in total He, a fact
used previously to explain some of the *He/*He
variations between thermal features at Yellowstone
(Kennedy et al., 1987; Fournier, 1989).

4.4. Total heat and mass transport

The total flow of all the springs sampled or field-
checked within the study area is ~8—10m’/s. Using
the maximum recharge estimate by Kharaka et al.
(2002) of 0.3m/year, the minimum recharge area
required to account for this flow is 800—1000km?, at
least half the size of the 1600km? study area. Although
much of the recharge for Big Springs likely occurs
outside of the study area, our sampling coverage of the
groundwater system would seem to be reasonably
complete, given that streams were also field-checked at
base-flow conditions.

Our results on spring chemistry provide no evidence
for diffuse efflux of magmatic CO, in the study area.
The concentration of Cgeaq) €Xceeds 1 mM only in those
springs located in areas of sedimentary rocks, where
chemistry, carbon isotopes and (*He/C), all favor a
carbonate source for most of the dead carbon (Table 2;
Figs. 3C and 4). Globally, areas of diffuse degassing of
magmatic CO, also host groundwaters rich in DIC. This
occurs because the Ostwald coefficient for CO, is >1 at
temperatures below 15°C (Wilhelm et al., 1977),
causing preferential partitioning of CO, into solution.
Examples include Furnas volcano in Azores (Cruz et al.,
1999) and many locations in central Italy (Chiodini et
al., 1999), as well as at Mammoth Mountain California,
where low-temperature springs contain 20—-50mM
magmatic CO, and have elevated *He/*He ratios of 3—
5Ra (Evans et al., 2002).

Assuming that no anomalous discharges (dissolved
or diffuse) escaped detection, the total output of
magmatic carbon, hydrothermal CI, and heat in the
study area can be calculated. These totals can be derived
with little error from only the Black Sand and Big
Springs results because the Cl and magmatic C
anomalies are small in the other springs.

In wet climates, the temperature anomaly of spring
water is customarily referenced to mean annual air
temperature (see, e.g., Nathenson et al., 2003), some-
times corrected for the estimated elevation drop between
recharge and discharge (Manga, 2001). Fig. 2 shows
that mean annual air temperature is clearly not the
correct reference for the climatic conditions around
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Yellowstone, but the trend line developed from the
Kharaka et al. (2002) data can be used. Average Black
Sand water is ~2°C warmer, and average Big Springs
water ~4.5°C warmer, than the trend-line temperature
at the discharge elevation. For our measured flow at
Black Sand of 460L/s, this temperature anomaly
corresponds to a heat output of 4MW. Big Springs,
the largest spring in the region with a constant flow of
about 6000 L/s represents a heat output of 110MW. The
combined output of anomalous Cl in Black Sand and
Big Springs is ~20g/s, assuming a background
concentration of 0.5mg/L. The combined output of
magmatic C is ~5.4 tonnes/day (20 tonnes/day
expressed as CO,) based on the Cgeaq) values in Table 2.

Due to their large discharge, the heat and mass output
of these two low-temperature springs is actually greater
than that of most large hot springs. Terrace Spring, for
example, discharges 20 MW of heat, 5.8 g/s of Cl, and 3.1
tonnes/day of magmatic C (11.4 tonnes/day as CO,)
including that released as diffuse emissions from soil
around the spring (Lowenstern et al., 2005). Important to
this study, however, is that the anomalous heat and mass
output in Black Sand and Big Springs is very small in
comparison to the respective totals for Yellowstone
discussed above (6100 MW heat, 1740 g/s hydrothermal
Cl, 45,000 tonnes/day magmatic CO,).

4.5. Fluids, seismicity, and deformation

Waite and Smith (2002) discuss the problems in
modeling the 1985 seismic swarm as a magmatic
intrusion and favor seismic propagation being driven
by hydrothermal fluids. Such fluids—brines or vapors—
escaping from the caldera at seismogenic depths should
have high concentrations of magmatic gases such as
CO, and *He. Linking both the 1985 seismic swarm and
the change in deformation that same year to fluid flow
(Waite and Smith, 2002) implies that the flow rate was
sufficiently voluminous to effect caldera subsidence.
The geochemical signal expected from such an event
would be a substantial pulse of gas or gas-rich thermal
water. What our spring sampling revealed was a weak
signal of magmatic gas associated with relatively gas-
depleted thermal water, and both of insignificant
proportions compared to the total outputs of gas and
thermal water from Yellowstone.

Favara et al. (2001) describe a strong but short-lived
CO, anomaly following a seismic sequence in Italy. Our
survey, conducted nearly 20 years after the 1985 swarm,
would have missed any short-lived geochemical anom-
aly in the springs. However, samples of both Black Sand
and Big Springs collected in 1990 and 1991, just a few

years after the 1985 swarm and during the ensuing
10-year period of caldera subsidence, show similar
specific conductance and major-ion chemistry to what
we found (Kharaka et al., 2002). Unpublished pre-1985
data on Big Springs, the site of a former USGS gage,
includes occasional measurements of temperature and
conductance that extend back many decades. The
similarity between our data and these pre-1985 results
that include a *He/*He ratio of 1.39R, in 1983 (B.M.
Kennedy, personal communication) suggests that the
anomalies we observed are for the most part long-term
characteristics, not specifically associated with the 1985
swarm. Overall, the spring data are consistent with long-
term leakage of depressurized and boiled water out of
Yellowstone into the study area.

Large amounts of fluid are not required for seismic
swarm propagation as long as sufficient fluid is present
to pressurize the fractures (as discussed by Waite and
Smith, 2002). The spring geochemistry provides no
evidence for major leakage of high-pressure fluid along
the path of the 1985 seismic swarm, and suggests that
other causes for the 10-year period of caldera subsidence
should considered. Subsidence actually seems to have
begun prior to the seismic swarm (Dzurisin et al., 1994).
Both events may be effects of some other perturbation,
such as movement of magma beneath the caldera or the
Norris-Mammoth corridor (Wicks et al., 1998, 2002), or
major fluid leakage elsewhere, including vertical leakage
of magmatic brines and gases within the caldera.

The concept of episodic leaks of hydrothermal fluids
through breaks in a self-sealed zone of mineral
deposition was discussed by Fournier (1989), who
proposed that inside the caldera, leaks that are large
enough to cause subsidence might result only in a
change in vapor and liquid proportions within the vapor-
dominated part of the system. In this scenario, layering
of the brine beneath the vapor cap could explain why
conspicuous changes in total CI discharge in rivers have
not been observed in concert with inflation-deflation
cycles (Ingebritsen et al., 2001; Fournier, 2004).
However, due to its low solubility in water at high
temperatures, CO, would not be trapped in the liquid
phase, and breaching of the self-sealed zone should
result in large increases in gas emission rate within the
caldera. A linkage between multi-year cycles of caldera
deformation and enhanced emission of CO, has been
well documented at Phlegrean Fields caldera in Italy
(Chiodini et al., 2003).

The seeming disconnect between our geochemical
results (little CO, anomaly in groundwaters) and seismic
tomography (large quantity of free gas at shallow depths
in faulted terrain) must be discussed regardless of the
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sources of seismicity and deformation. Seismic tomog-
raphy has proven useful at imaging gas and vapor zones
elsewhere, even revealing gas migration in a study
(Foulger et al., 2003) at Mammoth Mountain volcano
where CO,-rich springs are numerous. A large,
permeable gas reservoir several km in vertical extent
(as imaged by Husen et al., 2004) implies an internal
pressure gradient much different from regional hydro-
static or lithostatic gradients, and in this area of frequent
seismicity, would be expected to leak (see Holloway et
al., 2005). The lack of significant anomalies in springs
within or near the area overlying the gas reservoir, or in
streams draining this area, could be indicative of low
permeability in that part of the reservoir that extends into
the study area (Fig. 1). However, low permeability is
difficult to reconcile with the high reservoir porosity
(~0.1) proposed by Husen et al. (2004). Low perme-
ability would also works against a scenario in which
large, rapid inflows of Yellowstone-source fluids (i.e. in
1985) could be easily stored at depth and not forced to
the surface.

5. Conclusions

Our survey of waters northwest of the Yellowstone
caldera identified two large-discharge springs that con-
tain a component of thermal fluid as shown by
magmatic He and C, elevated concentrations of Cl,
and warmer than normal temperatures. However, the
geochemical anomalies appear to be long-lived char-
acteristics without obvious relation to the 1985 seismic
swarm. In addition, the anomalies reflect gas-depleted
fluids compared to the expected deep parent fluid
composition in the Yellowstone system, and certainly
cannot be linked to a pulse of gassy fluid from the
1985 swarm. Springs and streams draining the
northwest rim of the caldera (Fig. 1) show no sign of
CO, leaking upward to the surface from the imaged
gas reservoir of Husen et al. (2004), requiring that this
part of the gas reservoir be extremely tight despite its
high imaged porosity.

Our results are compatible with the involvement of
pressurized hydrothermal fluids in the 1985 swarm, but
they suggest that if caldera subsidence resulted from
large-scale fluid leakage, the fluid mostly escaped
elsewhere. An intense but short-lived geochemical
anomaly cannot be ruled out, given the timing of
sampling surveys, but other potential fluid flow paths
that might be active during caldera subsidence at
Yellowstone need further investigation. We suggest
that intracaldera CO, efflux, which is currently
unmonitored apart from the one-time survey of Werner

and Brantley (2003), might track caldera deformation
cycles even if riverine Cl does not.
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