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Abstract

A major campaign to quantify the magmatic carbon discharge in cold groundwaters around Mammoth
Mountain volcano in eastern California was carried out from 1996 to 1999. The total water flow from all sampled
cold springs was = 1.8 x 107 m?/yr draining an area that receives an estimated 2.5 107 m?/yr of recharge, suggesting
that sample coverage of the groundwater system was essentially complete. Some of the waters contain magmatic
helium with *He/*He ratios as high as 4.5 times the atmospheric ratio, and a magmatic component in the dissolved
inorganic carbon (DIC) can be identified in virtually every feature sampled. Many waters have a '*C of 0-5 pmC, a
8'3C near —5%o, and contain high concentrations (20-50 mmol/l) of COy(aq); but are otherwise dilute (specific
conductance = 100-300 uS/cm) with low pH values between 5 and 6. Such waters have previously escaped notice at
Mammoth Mountain, and possibly at many other volcanoes, because CO; is rapidly lost to the air as the water flows
away from the springs, leaving neutral pH waters containing only 1-3 mmol/l HCO5. The total discharge of
magmatic carbon in the cold groundwater system at Mammoth Mountain is ~20000 t/yr (as CO,), ranging
seasonally from about 30 to 90 t/day. Several types of evidence show that this high discharge of magmatic DIC arose
in part because of shallow dike intrusion in 1989, but also demonstrate that a long-term discharge possibly half this
magnitude (~ 10000 t/yr) predated that intrusion. To sustain a 10000 t/yr DIC discharge would require a magma
intrusion rate of 0.057 km?® per century, assuming complete degassing of magma with 0.65 wt% CO, and a density of
2.7 t/m3. The geochemical data also identify a small (< 1 t/day) discharge of magmatic DIC that can be traced to the
Inyo Domes area north of Mammoth Mountain and outside the associated Long Valley caldera. This research, along
with recent studies at Lassen Peak and other western USA volcanoes, suggests that the amount of magmatic carbon in
cold groundwaters is important to constraining rates of intrusion and edifice weathering at individual volcanoes and
may even represent a significant fraction of the global carbon discharge from volcanoes. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Volcanoes have long been known to sustain
sizeable emissions of gas during periods of dor-
mancy, most visibly evidenced by fumaroles and
bubbling hot springs. Recent studies of gas re-
leased diffusely through flank emissions or in
cold groundwaters suggest that these not so visible
components of magmatic gas are seriously under-
estimated, or their effects on health hazards and
water quality under appreciated, on a global basis
(e.g. Baubron et al., 1990; Allard et al., 1991;
Farrar et al., 1995; Rose and Davisson, 1996;
Giammanco et al., 1998; Chiodini et al., 1999;
Baxter et al., 1999; Werner et al., 2000; Wil-
liams-Jones et al., 2000). Mammoth Mountain,
in eastern California, provides an important case
study. This Quaternary volcano has been emitting
hundreds of tons of CO; per day through normal-
temperature soils for over a decade following a
small dike intrusion in 1989. The death of ~ 50
ha of coniferous forest on the slopes of the edifice
provided a highly visible sign of the diffuse emis-
sions (Farrar et al., 1995). Many subsequent stud-
ies have focused on identifying the source of that
gas and on quantifying the total diffuse emission
of CO, (Rahn et al., 1996; Farrar et al., 1998;
Sorey et al., 1998; Gerlach et al., 2001).

A reconnaissance sampling of groundwaters
showed that many of the cold springs and wells
lower on the flanks of Mammoth Mountain were
rich in dissolved CO;; some features were effer-
vescent. In many waters, the dissolved inorganic
carbon (DIC), comprising the CO; and resultant
HCO5, had a 8C near —5%o, similar to the
813C of the magmatic CO; in steam vents high
on the mountain and in soil CO, within the
tree-kill areas. A preliminary estimate of the total

discharge of magmatic carbon in the groundwater
system was given as 30-50 t/day (as CO,) by Sor-
ey et al. (1998). A comprehensive sampling and
stream gaging program, carried out over the past
few years, allows us to now refine this estimate.
The CO,-rich waters fall into the ‘immature-’ or
‘peripheral-water’ category of Giggenbach (1988),
but examples as dilute as these are infrequently
reported in the literature. To support our conten-
tion that magmatic carbon discharge in such di-
lute waters could be greatly overlooked at even
well-studied volcanoes, we review the evidence
that the CO, anomaly in some of these features
at Mammoth Mountain long predates the 1989
intrusion, and we discuss our recent discovery of
similar discharges of cold, CO,-rich water at Las-
sen volcano, 400 km to the northwest.

2. Study area
2.1. Geologic setting and volcanic history

The study area and sample sites are shown in
Fig. 1. Precise locations, elevations, and addition-
al geochemical data are available at (http:/
wwwrcamnl.wr.usgs.gov/volcwater). This site also
shows high-resolution topographic and geologic
maps.

The regional geology and volcanic history have
been presented by Bailey (1989). Mammoth
Mountain rises from the rim of the 760 kyr
Long Valley caldera, but also lies at the southern
end of the Inyo volcanic chain. Regional volcan-
ism over the past 40 000 yr has been focused along
this chain, with ~ 700 yr phreatic eruptions on
the north side of Mammoth Mountain preceding
the most recent Inyo chain eruptions (Sorey et al.,

Fig. 1. Long Valley caldera and groundwater sampling locations. Heavy solid line at Mammoth Mountain shows 2900-m eleva-
tion contour. Diamonds denote areas of tree kill. The major exposures of Paleozoic meta-sedimentary (Pzms), Mesozoic meta-
volcanic (Mzmv), and Cretaceous granitic (Kg) rocks are shown (from Bailey, 1989). Remaining area consists mainly of Quater-
nary and some Tertiary volcanics, with two of the larger andesite flows (Qa) and the rhyolitic Inyo Volcanic chain (Qr) shown
(from Bailey, 1989). Town of Mammoth Lakes, main ski lodge, MMF, resurgent dome, and 40 MWe geothermal power plant at

Casa Diablo are also shown.
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1998). Silicic rocks form the edifice of Mammoth
Mountain, but basalts crop out in places near the
base, and extensive basalt flows have been
encountered in boreholes within the West Moat
of the caldera. The mountain is bordered on the
west and south by granitic rocks of the Sierran
block, but Tertiary volcanics, Mesozoic meta-vol-
canics, and Paleozoic meta-sediments (including
carbonates; see White et al., 1990) are exposed
widely in the region. The deep reservoir and up-
flow zone of the large hydrothermal system in the
caldera is apparently hosted in meta-sedimentary
basement beneath the West Moat (Sorey et al.,
1991).

2.2. Hydrology

Mammoth Mountain forms part of the Sierran
crest and receives heavy snowfall. The ground
surface is highly permeable to infiltration, consist-
ing in most places of fresh pumice from the 600-yr
Inyo Craters explosions or of andesitic and dacitic
colluvium from numerous blocky outcrops of
these rocks. As a result, there is little direct run-
off, and recharge to the cold groundwater system
is plentiful. The mountain is mostly treeless above
2900 m, but heavily forested on its flanks, so
water losses to sublimation and evapotranspira-
tion are variables that can only be estimated for
the entire area (e.g. Heim, 1991). Sorey et al.
(1998) estimated that, of the 1-1.5 m of annual
precipitation, about 1 m on average recharges,
leading to a calculated groundwater flow of
2.5x 107 mi/yr for the entire 25 km? area of
Mammoth Mountain.

As is typical of many young volcanoes, peren-
nial springs are non-existent on the upper slopes.
Groundwater outflow is focused by lava flows or
other laterally extensive units into high-discharge
springs around the lower flanks of the edifice.
For example, the locations of the large springs
along Boundary Creek on the southwestern flank
of the mountain appear to be controlled in part
by the extensive andesite flow down this side
(Fig. 1).

Much of the north side of Mammoth Mountain
is covered by ski runs. The Dry Creek drainage
runs down through the ski area and ends ~20

km from the base of the mountain at the margin
of the Long Valley caldera. Dry Creek is normally
dry beyond the West Moat. Discharge from the
Dry Creek groundwater system is commonly as-
sumed to occur at Big Springs (BS). Groundwater
flow from Mammoth Mountain all the way to BS
has never been demonstrated, but using available
data on hydraulic head gradient, transmissivities,
volcanic stratigraphy, and some chemical and iso-
topic data, Heim (1991) estimated that about 10%
of the water discharge at BS could result from
precipitation on Mammoth Mountain. The large
andesite flow that terminates at the northern cal-
dera margin (Fig. 1) is representative of many
buried flows of andesite and basalt, some thought
to originate near Mammoth Mountain, that form
possible aquifers. The precipitation distribution
estimates of Heim (1991) suggest that 75% of
the discharge at BS is groundwater from the
Dry and Deadman Creek drainages (including
the Mammoth Mountain component), and 25%
is from the Glass Creek drainage.

Despite recent volcanism and intrusion, there is
only one hot spring on Mammoth Mountain, the
47°C Reds Meadow tub (RMT), located at the
western base. Just 1-2 km off the western base
are two high-TDS soda springs (USC and DPP
in Fig. 1).

3. Methods
3.1. Gases

Dissolved [O,] (where [i] indicates ‘concentra-
tion(s) of i) was measured on-site with a standard
DO meter and probe. If the springs produced free
gas bubbles, these were trapped in an inverted
funnel and collected into pre-evacuated Pyrex
tubes. Gas samples were analyzed for bulk com-
position by gas chromatography and for §3C-
CO, by mass spectrometry using methods pub-
lished previously (Evans et al., 1981). For noble
gas measurements, bubbles were collected from an
inverted funnel directly into 10-cm® Cu tubes that
were then sealed at both ends with refrigeration
clamps. The same 10-cm® Cu tubes were used at
non-bubbling springs, but were completely filled
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with water before sealing. Analytical procedures
are those of Kennedy et al. (1985) and Hiyagon
and Kennedy (1992).

3.2. pH, alkalinity, [CO:] and DIC

Many methods of determining the carbonate
speciation in natural waters exist. Most investiga-
tors measure alkalinity combined with either pH
(e.g. Presser and Barnes, 1974), pCO, (e.g. Pear-
son et al., 1978), or DIC (e.g. Kroopnick, 1974).
Because CO, and DIC were the key parameters of
interest in this study, several techniques were
used. The pH measurement was made on-site us-
ing double-buffer calibration at the temperature
of the spring or well. Frequently, two or three
meter-and-electrode combinations were used si-
multaneously to reduce the possibility of errone-
ous readings. Agreement to within 0.03 pH units
was sought and generally obtained. Water for al-
kalinity was collected in tightly sealed glass bot-
tles. Alkalinities were determined by H,SOy titra-
tion at the end of each day of sample collection.

At many sites, samples were collected for direct
measurement of DIC. A syringe was used to with-
draw 5-50 cm?® of water from as deep as possible
in the spring vent. The water was injected through
a septum into a pre-evacuated, pre-weighed 250
cm?® Pyrex ‘DIC tube’ equipped with a vacuum
stopcock. Immediately, 0.5 ml of 6 M HCI was
injected into the sample, converting all the DIC to
CO; and preserving the sample for storage. In the
laboratory, the CO, was extracted into a liquid-
nitrogen trap on a high-vacuum line. Each DIC
tube was repeatedly shaken and extracted until all
(>99%) the CO; in the sample was collected in
the trap. The trap was allowed to thaw, releasing
any CO; trapped in the ice, before the CO, was
dried and quantified using a calibrated electronic
transducer or a Hg manometer. The DIC value
was calculated from the quantity of CO, and the
weight of water in the DIC tube.

In a few cases, [CO,] was determined by collect-
ing a sample of water directly into an evacuated
Pyrex tube. After equilibration at 25°C, the head-
space pressure of each gas species was determined
by gas chromatography. Dissolved gas concentra-
tions were then calculated from the gas/water ra-

tio in the sample tube (methods discussed in
Evans et al., 1988).

3.3. O, H, and C isotopes

Samples of water for oxygen and hydrogen iso-
topic analysis were collected in tightly sealed glass
bottles. The 8'3C-CO; in the bubble gases was
measured on purified aliquots of the CO,. The
813C-DIC and '*C were determined in most cases
using purified CO; extracted from the DIC tubes.
In those cases where no DIC sample was col-
lected, a separate sample of water was immedi-
ately preserved in a glass bottle with ammoniacal
strontium chloride. Pure, dry CO, was obtained
from the strontium carbonate precipitate and an-
alyzed following the long-used method described
by Gleason et al. (1969). The §'%0, §'3C, and D
analyses were run on Finnigan MAT 251 and
delta E mass spectrometers; '“C analyses were
run at the CAMS facility at Lawrence Livermore
National Laboratory.

3.4. Stream flows and water chemistry

Spring flows were gaged using a pygmy meter
following standard USGS procedures (Buchanan
and Somers, 1969). At many sites, gaging was
repeated in different seasons and years. At some
sites, pH was determined at selected locations
downstream from the vents and used in conjunc-
tion with the gaging to calculate how much CO,
was being lost to the atmosphere at each stretch
of the stream. Filtered (0.45 um) water samples
were collected at many sites for anion analysis by
ion chromatography, with a split acidified with
HNO; for cation analysis by inductively coupled
argon plasma spectrophotometry.

4. Results

Some of the analytical results shown in Tables
1-3 have been presented in Sorey et al. (1998;
1999) and Evans et al. (1998), but are repeated
here for completeness. Analyses of the gas from
bubbling springs are given in Table 1. While CO,
is a major constituent, the air gases N,, O,, and
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Table 1

Composition of bubbling gases

Site Date He H2 Ar 02 Nz CH4 COZ
[ON® Sep-99 0.0002 0.0003 0.0056 0.0305 0.282 0.0005 100.1
DPP Sep-99 0.0522 < 0.0002 0.185 0.0376 20.9 0.0023 78.3
SLS Sep-99 0.0031 0.0006 0.890 14.3 67.0 0.0001 17.2
SJITAT Aug-97 0.0016 0.0014 0.440 8.33 38.5 0.0005 52.6
LBCN Aug-98 0.0016 <0.0002 0.396 8.58 35.2 < 0.0002 55.1
LBCS Aug-98 0.0016 < 0.0002 0.387 8.40 34.1 < 0.0002 56.4
CHI12S Aug-98 0.0040 < 0.0002 0.247 5.37 24.8 0.0006 69.7
VSS Aug-97 0.0035 0.0116 0.536 9.81 48.1 < 0.0002 40.6

Values are vol%. Analytical uncertainties are the greater of 1% or 2 ppm. C;Hg <0.0002; H,S <0.0005; and CO <0.001 in all

samples.

Ar also make up a large fraction of the gas at
most sites. Measured values of temperature, spe-
cific conductance, dissolved [O-], pH, and alkalin-
ity (as HCO5) are shown in Table 2. The range in
temperature of the cold springs reflects in part the
large range of discharge elevations, from 2750 m
for CHI2S to 2200 m for BS, but SLS, located
near the RMT hot spring, does have an identifi-
able thermal component. Well discharges are
slightly warmer than the springs. Apart from
USC and DPP, which have the very high alkalin-
ities generally associated with soda springs, all of
the cold waters are dilute (<750 uS/cm) and most
contain substantial dissolved O, (~30-70% of
saturation).

The dissolved [CO,] values were calculated
from the pH and alkalinity using the computer
code SOLMINEQS88 (Kharaka et al.,, 1988),
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Fig. 2. Comparison of [DIC] calculated from pH and alkalin-
ity with [DIC] values measured in concurrently collected
samples.

which calculates speciation and mineral saturation
states. For all these features, [CO3?] is very low,
and alkalinity is nearly equal to [HCO5], so the
molar [DIC] is generally the sum of alkalinity plus
[CO,]. For comparison, the measured [DIC] val-
ues obtained from the DIC tubes are also shown
in Table 2. The last column in Table 2 gives the
pCO; calculated from the alkalinity and either the
measured [DIC] (whenever possible) or the pH.

The calculated and measured [DIC] values are
in good agreement (Fig. 2), showing that non-car-
bonate alkalinity from unidentified sources, such
as organic acid anions, is negligible. The mea-
sured [DIC] values are preferred in most cases.
For example, RMT hot spring forms a pool
where CO;, gas can be lost to the air. Steady
CO; loss results in a higher pH near the surface,
where the pH was measured, than at the sub-
merged inflow point, where the DIC sample was
collected. The DIC tube thus gives a higher [DIC]
value that more accurately characterizes the fluid.
At sites with low [DIC] (< 5 mmol/l), the amount
of CO, extracted from the DIC tube was too
small for accurate manometry, and the calculated
[DIC] values should be used. This problem was
overcome by collecting a larger aliquot of water
in the 1999 sampling of BS.

Table 2 shows that the composition of many of
the sites that were sampled on numerous dates did
not change much with time. Because of this, the
isotopic values from different sampling dates are
combined for each site in Table 3. The 6D and
8'80 values fit the previously identified regional
pattern (Sorey et al., 1993; White et al., 1990).
All of the cold waters on Mammoth Mountain
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Table 2
Field measurements and DIC speciation
Site Date T Conductance [02] pH  Alkalinity  [CO2](calc) [DIC](cate) [DICl(measy  PCO2
(°C) (uS/cm) (mg/1) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (atm)
Hot and mineralized waters
RMT Sep-99 47.0 860 0.3 6.67 8.47 3.17 11.6 13.8 0.251
uUsC Sep-99 7.8 2420 0.2 6.11 21.8 452 66.9 67.1 0.757
DPP Sep-99 13.7 2370 0.0 6.08 17.5 34.1 51.6 52.6 0.719
Cold, dilute waters
RMCS Aug-96 7.5 227 n.a. 5.48 2.56 25.0 27.6 n.a. 0.418
Aug-98 7.4 248 4.2 5.41 2.49 28.7 31.2 31.8 0.489
Jun-99 7.1 246 4.1 5.43 2.51 27.6 30.1 29.4 0.448
Sep-99 73 244 3.7 5.40 2.46 28.9 31.4 32.6 0.503
SLS Sep-96 18.0 256 n.a. 6.02 2.84 6.30 9.13 n.a. 0.151
Sep-99 17.7 276 5.2 6.04 2.79 5.99 8.78 8.77 0.139
SJITAT Aug-97 7.1 272 n.a. 5.56 2.88 23.2 26.1 n.a. 0.388
LBCN Aug-98 6.8 253 4.6 5.49 2.61 25.4 28.0 29.1 0.427
LBC Aug-97 7.2 222 n.a. 5.41 2.26 26.0 28.3 n.a. 0.434
Aug-98 7.0 208 44 5.34 2.08 28.1 30.2 28.9 0.447
Jun-99 7.0 214 4.5 5.37 2.10 26.5 28.6 27.1 0.417
LBCS Jun-97 6.9 n.a. n.a. 5.42 2.41 27.8 30.2 n.a. 0.447
Aug-97 7.8 225 n.a. 5.41 2.28 26.2 28.5 n.a. 0.437
Aug-98 7.2 224 4.0 5.43 2.34 25.8 28.1 28.0 0.429
Jun-99 7.0 222 4.5 5.49 2.23 21.3 23.6 25.7 0.392
ASS Aug-97 6.9 200 n.a. 5.37 2.03 26.3 28.3 n.a. 0.423
Aug-98 6.2 199 4.6 5.48 2.02 20.2 22.3 26.2 0.389
Jun-99 7.1 182 4.9 5.44 1.92 20.6 22.5 23.8 0.364
Sep-99 6.8 201 4.2 5.43 2.06 23.3 253 26.0 0.386
CCS Oct-98 6.8 102 3.0 5.81 1.08 5.16 6.24 n.a. 0.083
MINS Aug-96 4.1 229 n.a. 7.08 2.29 0.61 291 n.a. 0.009
CHI2S Sep-96 2.4 171 n.a. 5.20 1.98 42.6 44.6 n.a. 0.591
Jun-97 2.4 108 n.a. 5.21 1.44 30.6 32.0 n.a. 0.424
Aug-97 2.6 206 n.a. 5.17 2.18 49.9 52.1 n.a. 0.692
Aug-98 2.4 147 3.2 5.07 1.49 433 44.8 42.5 0.568
CHI2W Sep-99 3.0 164 2.7 5.06 1.57 454 47.0 44.7 0.621
MLS Aug-96* 2.8 284 n.a. 5.59 1.64 14.6 n.a. 16.2 0.196
MMSAI1 Aug-96° 5.3 229 7.3 5.43 1.79 19.9 21.7 n.a. 0.309
MMSA2B Aug-96° 10.1 372 0.0 5.79 3.44 15.1 18.5 n.a. 0.280
MMSA3 Aug-96 7.3 73 5.4 6.02 0.54 1.56 2.10 n.a. 0.026
DCWELL2 Oct-98 7.8 710 1.8 6.09 7.29 16.8 24.0 23.9 0.277
DCWELL6 Oct-98 7.1 731 5.6 6.41 7.92 8.69 16.6 16.5 0.144
CTRAW Jun-97 13.0 n.a. n.a. 7.22 2.15 0.33 2.48 n.a. 0.007
Aug-98 13.8 246 7.0 n.a. 2.51 n.a. n.a. n.a. n.a.
CTW-2 Aug-98 17.6¢ 148 4.0 8.46 1.21 0.01 1.23 0.96 0.000
BS Aug-96 11.8 196 n.a. 7.23 1.90 0.30 2.20 n.a. 0.006
Aug-98 12.3 225 7.3 7.21 2.11 0.34 2.46 1.74 0.007
Sep-99 124 234 7.7 7.14 2.16 0.41 2.58 2.53 0.007
VSS Aug-97 6.7 278 n.a. 5.44 2.51 27.3 29.8 n.a. 0.440
PDS Aug-97 11.2 363 n.a. 7.98 3.85 0.11 3.97 n.a. 0.002
TLS Jul-96 5.3 42 n.a. 6.68 0.43 0.29 0.71 n.a. 0.004
LB-1 Jul-96 5.0 189 n.a. 6.97 1.97 0.66 2.62 n.a. 0.010
CHI5S Sep-96 7.7 381 n.a. 5.94 4.18 13.8 18.0 n.a. 0.231
PSBBC Oct-98 5.0 294 n.a. 6.70 3.20 1.97 5.16 4.44 0.019
TWIN-In Sep-97 14.3 38 n.a. 7.83 0.31 0.01 0.32 n.a. 0.000
TWIN-Out Sep-97 12.8 106 n.a. 7.10 1.02 0.22 1.23 n.a. 0.004

n.a., not measured or not calculable.
2 DIC measurement based on weight of SrCO; precipitate; pH calculated from DIC and alkalinity.
b [0,] and [CO,] from headspace gas chromatography; pH calculated from [CO,] and alkalinity.
¢ Elevated temperature probably due to solar heating of the discharge pipe.
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Table 3
Isotopic data
Site 3D 5180 T 33C-DIC 313C-CO, e SHe/*He
(%o0) (%o ) (TU) (%0) %o (pmC) (R/RH)
Warm and mineralized waters
RMT —108.6° —15.15*  na. —5.39 n.a. 8.8° 2.2k
usc —111.0 n.a. n.a. —3.32 —5.98 n.a. n.a.
DPP’ n.a. n.a. n.a. —4.79 —17.57 n.a. 0.48%
Cold, dilute waters
RMCS —107.38 —14.888 10.8° —4.83¢, —5.001 n.a. 1.3° 3.8¢
SLS —104.3¢ —14.82¢ 9.9 —5.71 —8.44¢ 10.8¢ 3.3
SITAT® —104.2 —14.74 n.a. —6.65 —5.41 3.0 n.a.
LBCNe® —104.7 —14.71 n.a. —4.59 —4.94 0.6 1.8
LBC —104.82  —14.83¢  na. —4.86, —4.86/, —5.05¢ n.a. n.a. 3.8
LBCS —105.2¢8 —14.72¢8 n.a. —4.798, —4.921 —4.84¢8 1.84 4.0t
ASS —106.1°¢ —14.69¢ 13.18 —4.851, —4.86/, —5.00° n.a. 4.3¢ 1.88
CCsh —105.1 n.a. n.a. n.a. n.a. n.a. n.a.
MINSP —105.5 —14.93 n.a. —11.6 n.a. 44 n.a.
CHI12S —105.24 —14.764 9.2¢ —5.07¢8, —5.53¢ —4.88°, —4.90° 2.1¢ 5.08
CHI2WS n.a. n.a. n.a. —5.31 —4.79 n.a. 3.8
MLSP —105.2 —14.68 n.a. —5.05 n.a. 2.2 n.a.
MMSA1P —105.6 —14.86 10.1 —5.87 n.a. 3.8 4.5
MMSA2BP —109.1 —15.12 14.3 —7.05 n.a. 5.1 4.2
MMSA3P —110.0 —15.14 n.a. —22.5 n.a. 112 n.a.
DCWELL2" —108.6 n.a. 16.7 —5.36 n.a. 2.2 n.a.
DCWELLG" —108.4 n.a. 15.1 —5.37 n.a. 4.7 4.2
CTRAW —111.88 —15.728 12.3¢8 —7.944 n.a. 36.5¢ 0.2¢
CTW-2¢ —122.9 —16.60 1.4 —13.81 n.a. 70.8 2.7
BS —115.38 —15.768 9.6 —7.331, —7.39¢ n.a. 41.5b 2.3¢8
VSS —106.6° —14.95¢ 17.8° —5.90° —5.57¢ 2.0¢ 3.8¢
PDS* —107.9 —14.70 n.a. —0.35 n.a. 23.4 n.a.
TLS? —106.8 —14.44 6.5 —15.9 n.a. 102 n.a.
LB-12 —107.2 —14.90 11.6 —9.2 n.a. 38 n.a.
CH158¢ —107.5 —15.16 n.a. —9.87 n.a. 11.3 n.a.
PSBBCh —107.7 n.a. n.a. —6.95 n.a. n.a. n.a.
TWIN-Inf —106.8 n.a. n.a. —6.39 n.a. 104 n.a.
TWIN-Out® —104.1 n.a. n.a. +1.08 n.a. 23.6 n.a.

3'3C-DIC values are from DIC-tube sample except those in italics from SrCOs3 sample; §'*C-CO, from gas bubbles. He isotopic
values are corrected for air contamination and are normalized to R, the *He/*He ratio in air. n.a., not measured.*Jul-96; ®Aug-
96; °Sep-96; 4Jun-97; *Aug-97; "Sep-97; €Aug-98; "Oct-98; Jun-99; iSep-99; XPre-1996 from Sorey et al. (1998).

show narrow ranges in both isotopes: —104 to
—110 in 8D and —14.44 to —15.16 in 8'30. Fea-
tures such as BS near the northern margin of the
caldera are lighter, reflecting a component of pre-
cipitation falling east of the Sierran crest. Of the
14 sites where tritium was measured, only CTW-2
contains some pre-1950s water; otherwise, calcu-
lated groundwater flow times range from about
1 yr for TLS up to about 30 yr for VSS (Evans
et al., 1998).

The 8'3C-DIC values obtained from the DIC
tubes show excellent reproducibility at sites

sampled more than once. For the CO,-rich waters
encountered in this study, this method is probably
superior to the SrCO3; method, which allows some
gas loss when collection bottles are being filled
and preserved.

The 8'3C-CO, values are given for those fea-
tures that discharged gas bubbles. Bubbling
springs can present a problem for '3C studies be-
cause the isotopic fractionation between the gas-
eous CO;, and the residual DIC can be substan-
tial. In the temperature range of these features,
8'13C-COy(gys) should be (at equilibrium) 1-1.2 %o
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Fig. 3. Sites where both DIC tubes and gas bubble samples
were collected. Open circles show measured §'*C-CO, in gas
bubbles, solid circles show measured §'3C-DIC, dashes show
calculated 83C values for CO, gas in equilibrium with the
measured §'3C-DIC.

heavier than 8'C-COj,q and 8-10%. lighter
than 8'*C-HCO; (Friedman and O’Neil, 1977).
Thus, 8"3C of the COy(gy) should be lighter than
the 8'*C of DIC that is characterized by a [CO,)/
[HCO5] of less than about 8; that is, when pH is
above about 5.6. Sites USC, DPP, and SLS show
this effect. The 8"°C-COygys) is slightly heavier
than 83C-DIC at some of the other features
where the [CO,[/[HCO;S] of the DIC exceeds 8,
in near agreement with equilibrium fractionation
factors (Fig. 3). For all of the features except
USC and DPP, the discharge of COy(gys) is trivial
compared to the DIC discharge, and the features
are accurately characterized by the §'3C-DIC
alone. The best that can be done for USC and
DPP without quantifying the gas and liquid dis-
charge rates is to note that their carbon has a
83C value somewhere between that of the
COy(gas) and the DIC.

The tritium values show that the cold, dilute
groundwaters are not very old, and the “C deple-
tion thus results from the addition of abiogenic
carbon. Many features also show a strong contri-
bution of magmatic helium, similar to that found
in the MMF. However, the fumarolic He/*He
ratio has not been constant over time, increasing
from 3-4 Ry to near 7 Rp just after the 1989

intrusion and then gradually declining back to
near 4 Ra over the next decade (Sorey et al.,
1998,1999).

Water chemistries are shown in Table 4. The
cold, dilute waters have high K/Na ratios, typical
of the earliest stage of rock weathering (see Hem,
1985), and their Mg/Na ratios are very high, re-
flecting the reactivity of mafic minerals in the
fresh volcanic rocks. The SiO, concentrations
are much higher than expected for Sierran cold
springs (Feth et al., 1964), with the CO,-rich fea-
tures very close to saturation with amorphous
silica. Most of these waters are oxygenated, and
so Fe and Mn are generally low. The elevated Al
in the most acidic waters and the significance of
Al mobility at low pH have been discussed by
McGee and Gerlach (1998). HCO; is the most
abundant anion at all of the features.

Water and carbon discharges of the major fea-
tures are shown in Table 5. The DIC discharges
are calculated using the [DIC] from Table 2, and
the discharges of abiogenic or magmatic DIC are
calculated using the '*C data from Table 3 (as
discussed below).

5. Individual features
5.1. Thermal and mineral springs

The combined water discharge from the ther-
mal and mineral springs RMT, USC, and DPP
(Fig. 1) is only a few 1/s, and the DIC discharge
is small compared to the total from Mammoth
Mountain. However, a long sampling history ex-
ists for these features (e.g. Barnes et al., 1981;
Farrar et al., 1987; Shevenell et al., 1987; White
et al.,, 1990; Sorey et al., 1993). None of these
springs has shown notable changes in tempera-
ture, chemistry, or isotopic values following the
intrusive event in 1989.

The source of heat and volatiles for the 47°C
RMT has been discussed by Shevenell et al.
(1987) and Sorey et al. (1993), but some uncer-
tainties remain. The water is low in [O;] and mod-
erately mineralized (Tables 2 and 4) but also con-
tains significant tritium (Shevenell et al., 1987).
It may be a relatively young groundwater that



Table 4
Water chemistry®
Site Date Na K Ca Mg SiO, Fe Mn Sr Ba Li B Al Mo V F Cl SOs NO; Br PO4
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (/) (ug/h) (ug/) (ug) (gl ugh (ug) e (g (mgl) (mgl) (mgl) (ueh (ugh (ug/h
Warm and mineralized waters
RMT® Sep-99 140 5.7 69 23 150 <3 550 na. na. 80 1700 n.a. na. na. 4.1 64 309 <10 14 <20
uUsch Sep-99 400 20 130 32 76 na. na. na. na na 4000 na. na. na 2.2 209 17.5 120 390 <100
DPP® Sep-99 485 19 43 26 78 2780 350 n.a. na. 2100 7000 n.a. na. na. 2.6 263 31.0 120 440 <100
Cold, dilute waters
RMCS Aug-96 145 79 150 150 812 <2 3 118 21 49 9 <10 <2 <2 0.07 028 6.6 <10 4 130
SLS Sep-96 32.6 32 290 38 670 6 3 298 2 182 262 <10 7 <2 .15 114 74 <10 8 <20
SITAT Aug-97 163 7.5 177 150 730 <5 3 153 34 104 25 <20 <5 3 <0.2 043 29 54 <20 138
LBCN Aug-98 145 80 171 126 745 <5 5 149 46 94 21 30 <5 3 0.09 045 238 81 1 115
LBC Aug-98 13.6 66 132 97 613 <5 3 116 9 56 19 20 <5 2 012 032 31 <10 2 100
LBCS Aug-98 144 69 149 103 662 <5 4 128 16 80 34 50 <5 2 0.12 040 32 <10 3 105
ASS Aug-98 135 62 136 84 599 5 2 132 7 54 18 20 <5 <2 0.12 027 29 <10 3 93
CCS Oct-98 114 16 80 1.7 358 <5 <2 6l <5 31 23 50 <5 <2 050 021 1.1 <10 3 <20
MINS Aug-96 n.a. n.a. na. na na na na na na na na. na. na na. <0.05 046 84 <10 3 <20
CHI12S Aug-98 43 44 192 24 352 <5 &5 112 140 10 <10 570 <5 <2 019 028 1.3 87 1 <20
CHI2W Sep-99 n.a. n.a. n.a. na. na. na na na. na. na. na. na. na. na. 027 099 6.2 104 <20 <20
MLS Aug-96 n.a. n.a. na. na na na na na na na na. na. na na. <0.05 333 1.5 4400 6 <20
MMSALl  Aug-96 159 7.7 150 109 483 <5 163 66 153 54 10 60 <2 <2 <0.05 176 43 2500 5 <20
MMSA2B Aug-96 n.a. na. n.a. na. na. na. na na. na. na. na. na. na na 0.15 57 32,6 1930 3 <20
MMSA3  Aug-96 na. na. na. na. na. na na n.a. na. na. na. na.  na.  na <0.06 34 09 1640 6 <20
DCWELL2 Oct-98 944 182 193 281 80.7 423 4 439 50 213 15 <20 <5 <2 022 42 213 1190 2 137
DCWELLG6 Oct-98 94.0 168 19.7 326 722 335 9 373 69 157 12 <20 <5 6 025 29 131 690 3 159
CTRAW  Aug98 333 52 60 98 648 <5 <2 53 18 65 149 <20 9 24 048 25 68 <10 6 420
CTW-2 Aug-98 151 27 92 38 459 26 <2 112 25 <2 155 <20 <5 8 025 42 70 <10 14 <20
BS Aug-98 289 51 62 84 608 <5 <2 o4 20 47 253 <20 7 20 044 50 6.7 133 13 390
VSS Aug-96 21.7 35 182 174 753 <2 2 65 6 106 5 <10 <2 <2 0.13 046 181 <10 5 330
PDS Aug-97 331 53 145 21.7 738 170 239 101 7 104 20 <20 <5 <2 037 023 66 <10 <20 53
TLS Jul-96 n.a. na. na. na. na na na na na na. na  na. na. na. <0.05 040 19 <10 3 <20
CHISS Sep-96 18.8 8.8 48.8 124 724 8800 3200 224 82 48 14 80 <2 <2 0.10 1.08 88 <10 9 <20
PSBBC Oct-98 193 7.0 136 193 408 <5 <2 135 14 6 15 <20 <5 6 0.09 0.69 0.2 39 <20 130
TWIN-In  Sep-97 13 04 60 02 36 19 <2 15 <5 <2 <10 <20 6 <2 <0.05 008 32 <10 2 <20
TWIN-Out Sep-97 40 1.6 120 38 7.3 131 15 46 9 7 <10 <20 <5 <2 0.18 023 34 <10 5 31

NO; reported as N;

PO, reported as P. n.a., not measured.

4 Analytical uncertainties are generally 5%, but precision and detection limits vary from sample to sample according to specific analytical conditions.

b Cations, SiO,, and B from Farrar et al. (1985).
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has been steam-heated, or may have circulated
through a shallow region where the rock retains
some heat from previous intrusions. The &§'3C-
DIC value of —6.0% and *He/*He of 2.6 Ry
(Table 3) demonstrate a magmatic gas compo-
nent.

Soda springs USC and DPP discharge small
amounts of mineralized, Fe-rich fluid at the edge
of the San Joaquin River and are seasonally
underwater. The recharge area for these springs
is unclear as they discharge through older rocks
off the Mammoth Mountain edifice. The gas in
these springs could be sourced beneath Mammoth
Mountain, but the *He/*He at DPP is low, 0.48
Ra, and similar high-TDS soda springs are scat-
tered throughout the Sierra Nevadan batholith
with no clear tie to volcanics.

Barnes et al. (1981) argued that the high Mg?*,
Cl~, Br—, I" concentrations and 37Sr/%¢Sr ratios
in the suite of Sierran soda springs reflected reac-
tion with ultramafic and meta-sedimentary rocks
deep beneath the Sierran granite. The global cor-
relation between this type of CO,-rich spring and
areas of seismic activity established by Barnes and
his colleagues (e.g. Barnes et al., 1984) strongly
supports the concept of deep circulation along
faults. Such fluids all tap some deep source of
CO, that is then substantially neutralized by
water-rock interactions, increasing the TDS of
the fluid. In individual cases, the question of
whether this CO, source is the mantle, magmatic
degassing, or thermal metamorphism of carbonate
rocks (e.g. in basement or roof pendants) is as
unsettled as it was in the time of Barnes’ studies.

5.2. Cold, dilute springs and wells

Some of the cold, dilute waters on Mammoth
Mountain have been sampled in previous studies,
but the major role that these groundwaters play in
magmatic carbon transport was not realized until
several years after the forest die-off, when our
sampling focused on [CO;] and DIC.

5.2.1. Reds Creek area

The RMCS spring group forms the headwaters
of the perennial part of Reds Creek, and the out-
flow stream passes within 2 m of the hot spring

RMT. Despite the fact that the DIC discharge
from RMCS dwarfs that from the hot spring,
our sampling of the RMCS spring vent in 1996
was the first revelation of the huge DIC compo-
nent in the Mammoth Mountain cold springs.
The SLS spring group produces weakly thermal
water that may contain a component of RMT-
type fluid to account for its low K/Na and Mg/
Na ratios and the high [F] and [B] relative to the
other springs. SITAT is representative of several
low-flow, widely spaced springs between Reds
Creek and Boundary Creek, all of which issue
near the 2500-m elevation contour.

5.2.2. Boundary Creek area

LBCN, LBC, LBCS, and ASS are all high-flow
features that issue in close proximity. CCS is a
low-flow seep with a slightly elevated [DIC] that
marks the southernmost extent of the DIC anom-
aly. It is chemically distinct from the nearby LBC
and ASS springs in having low K/Na, Mg/Na,
and [PO;?], and elevated [F~], and probably con-
sists mainly of groundwater draining the granitic
ridge to the southeast of Mammoth Mountain

(Fig. 1).

5.2.3. Dry Creek area

The low-discharge MINS is only slightly en-
riched in DIC but contains some abiogenic car-
bon (Table 3). Less than 1 km to the SE, the high-
discharge CHI12S spring issues in close proximity
to the CH12 tree-kill area (Sorey et al., 1998), and
a well (CH12W) drilled nearby in 1999 encoun-
tered similar DIC-rich water at ~ 30 m depth.

MLS is a small ephemeral spring that flows
only for a short period following snow melt and
issues a few meters away from the main ski lodge.
MMSAT (37 m deep) and MMSA2B (100 m deep)
are pumped wells, and MMSA3 is either a shal-
low artesian well or spring that fills a concrete
tank. The wells supply water that is used for
snow-making at the ski area. These DIC-rich fea-
tures all show a clear signature of the NaCl and
NH4NOj; salts that are spread onto the snow in
large quantities to improve skiing (Table 4).
Snowmelt from the ski area contributes a CI™
and NOj anomaly to the groundwater.

DCWELL2 and DCWELL6 are water-supply
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wells drilled in the late 1980s but currently un-
used. CTRAW, 2 km up-gradient from BS, is a
100-m-deep well that supplies water to a roadside
rest area. CTW-2 is a 100-m-deep well tapping
groundwater from the northwest rim of the cal-
dera in the Glass Creek drainage. BS forms the
headwaters of the Owens River, discharging
through many orifices spread over hundreds of
meters of channel.

5.2.4. Lakes basin and Mammoth Creek area
VSS is the only high-flow spring in this area.

PDS, on the south side of Mammoth Creek, may

not contain any water from Mammoth Mountain.

Table 5

TLS, a dilute spring with a slightly heavy §'30,
may contain subsurface leakage from one of the
lakes up-gradient. LB-1 is a small water-supply
well for local cabins. CHI15S is one of the few
dilute springs that is anoxic and iron-rich.
PSBBC flows from a driven pipe in an area of
groundwater seepage near the shore and beneath
the surface of Twin Lakes. The total seepage here
is sufficient to alter the chemical and isotopic
characteristics of the lake water, as can be seen
by comparing the inlet (TWIN-In) and outlet
(TWIN-Out) values (Tables 2-4). TWIN-In has
a water chemistry reflecting the granitic rock in
the catchment, for example, a low [Mg]/[Na] and

Flow data (DIC in t/day as CO;; italicized values are approximated using an inferred [DIC])

Site Date Water flow Total DIC flow Magmatic® DIC flow
(I/s) (t/day) (t/day)
LBCP Aug-97 48 5.16 5.11
LBCP Aug-98 282 31.0 30.7
LBCP Jun-99 132 13.6 13.5
LBC? Jul-99 205 21.8 21.6
LBCP Sep-99 42 4.47 4.43
LBCS Aug-97 54 5.85 5.76
LBCS Aug-98 124 13.2 13.0
LBCS TJun-99 79 7.72 7.60
LBCS TJul-99 104 10.7 10.5
LBCS Sep-99 49 5.03 4.95
ASS Aug-97 41 4.41 4.23
ASS Aug-98 107 10.7 10.2
ASS Jun-99 65 5.88 5.65
ASS Jul-99 66 6.52 6.26
ASS Sep-99 33 3.26 3.13
RMCS Aug-97 75 8.72 8.38
RMCS Aug-98 161 19.5 19.3
RMCS Jun-99 83 9.28 9.18
RMCS Jul-99 109 12.7 12.6
RMCS Sep-99 54 6.28 6.22
CHI2S Aug-97 37 7.33 7.18
CHI2S Aug-98 30° 4.85 4.75
CHI2S Jul-99 22 3.96 3.88
SLS Sep-99 29 0.97 0.88
BS Sep-99 10509 10.1 6.51
SITAT Aug-97 15 1.49 1.44
VSS Aug-97 10° 1.13 1.10
TWIN-Out Sep-97 203f 0.95 0.76

2 Actually, abiogenic DIC flow (see text).
Includes flow from LBCN.
Visually estimated flows.

b
c
d
¢ Total estimated flow of several springs.
r

Total discharge, 10% of which is thought to be from Mammoth Mountain (see text).

Flow of Mammoth Creek containing some groundwater from Mammoth Mountain (see text).
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[CIT]. TWIN-Out is enriched in [Mg])/[Na] and
heavily depleted in '“C. In both these surface
waters, [SiO;] is reduced due to diatom growth.
The in-seepage of high-DIC fluid causes the pCO,
of the lake water (e.g. TWIN-Out) to be greater
than in air. Loss of CO, from the lake surface
therefore causes our estimate of the magmatic
DIC discharge from seepage (Table 5) to be some-
what low.

6. Discussion
6.1. CO; and weathering

Some fraction of the CO, gas absorbed by
groundwater is involved in water—rock interaction
or weathering. These processes are complex, but
can be viewed in simplest terms as a mechanism
of neutralizing fluid acidity and converting dis-
solved CO; to HCO; (and CO5?). The most im-
portant types of reactions to consider in volcanic
terranes are silicate hydrolysis reactions; for ex-
ample,

2CO; + 3H,0 + 2NaAlSi;Og = AL Si,Os(OH )4+
2Na* + 4Si0, + 2HCO; (1)

4CO; + 2H,0 + Mg;Si04 = 2Mg*" + SiO,+
4HCO; 2)

with other silicate minerals contributing K* and
Cat in similar fashion. In the initial stage of
CO,-weathering, the major cations are released
to solution in ratios similar to those of the rock
(see e.g. Giggenbach, 1988). In these reactions,
molar DIC and 8'3C-DIC are conserved as CO,
converts to HCO;. However, the rising pH can
eventually create enough CO;? to form mineral
precipitates with Ca’", Mg>*, and Fe?*, thus re-
ducing the DIC of the water. Most of the Mam-
moth Mountain waters are still acidic and oxic
(Table 2), and likely have not deposited much
carbonate. None show saturation with siderite,
and only RMT is at saturation with calcite.
Marine carbonate rocks are not present within

the volcanic edifice, but flow through underlying
meta-sedimentary rocks that contain carbonate
minerals may impact some of the distal features.
Carbonate minerals contribute to the HCOj3
through:

CO; + H,0 + CaCO; = Ca’" + 2HCO; (3)

The molar DIC increases two-fold in this reac-
tion, and the 8'3C-DIC value reflects a mixture of
the carbon sources. Natural waters can have
many sources of acidity other than CO,, all of
which can release HCO; from carbonate miner-
als.

In complex situations involving many different
sources and sinks for carbon, geochemical and
flow-path modeling can frequently identify the
most important processes that influence a given
suite of groundwaters (for a recent example, see
(Chiodini et al., 2000). In any case, while soil-gas
studies focus on CO, flux, groundwater studies
must consider DIC.

6.2. Gas sources

In the model recently proposed by Sorey et al.
(1998), a large reservoir of high-pressure gas is
trapped beneath a low-permeability seal within
Mammoth Mountain. The 1989 intrusion served
both to provide a fresh pulse of magmatic gas and
to breach the low-permeability seal, releasing the
trapped gas. Some of the trapped CO, could ac-
tually derive from thermal destruction of deeply
buried carbonate rocks but will be referred to here
as ‘magmatic’. In any case, the 83C value in
steam vent Mammoth Mountain fumarole
(MMF) changed <1%o following the intrusion
and has remained at —5%0.5%0 over the entire
period of record (1982 to the present). The §'3C
values in soil gas in all the tree-kill areas are also
close to —5 %o . This constancy in 8'3C means that
groundwaters highly enriched in magmatic CO,
should have a 8"*C-DIC near —5%o regardless
of the year or precise location of recharge.

All groundwaters acquire some biogenic CO,,
particularly during infiltration through vegetated
soils. Biogenic CO; is produced by several pro-
cesses, and the 8°C and !#C values are not as
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Fig. 4. The 83C and '“C vs. the [DIC] on same date of col-
lection (after Chiodini et al., 2000).

tightly constrained as for the magmatic end mem-
ber. Plant-root respiration, probably the major
contributor in these soils, produces CO, with a
14C content near that of atmospheric CO, (110
pmC in 1999). Several soil-gas samples have indi-
cated that the biogenic CO; in the forest soils has
a 83C near —20%o (Sorey et al., 1998). This
seems reasonable for root respiration because bio-
genic soil CO; is typically 4-5 %o heavier than the
plant biomass (Cerling et al., 1991), and the car-
bon in wood samples from the local trees averages
about —25%o0 (Cook et al., 2001).

In a study of large aquifers in central Italy,
Chiodini et al. (2000) used plots of [DIC] vs.
813C to trace the addition of deep carbon to
groundwaters containing biogenic carbon from in-
filtration. The Mammoth Mountain data is pre-
sented in an analogous plot in Fig. 4. These plots
clearly show the dependence of the isotopic evo-

lution on the initial concentration of biogenic car-
bon. Groundwaters only slightly enriched in mag-
matic carbon can show a wide range of isotopic
values, but at higher [DIC], the isotopic composi-
tion of the magmatic end member is clearly indi-
cated.

The BC-'%C plot in Fig. 5 eliminates concen-
tration and compares the data to a mixing line. Of
the plotted sites, CTW-2 in the Glass Creek drain-
age receives no water from Mammoth Mountain.
PDS is thought to receive some flow from areas of
carbonate rocks (Fig. 1), a possibility supported
by its heavy 8'*C value. The Twin Lake samples
are obviously influenced by open-system CO, ex-
change with the atmosphere, which fractionates
the 8'3C values. Other samples plot on a fairly
linear trend, and a regression line through these
points gives the magmatic end member a §'3C
value of —5.0 %0 at 0 pmC, identical to the values
of the fumarolic CO, at MMF. The line is not
well-constrained at high '4C values, but passes
near the composition assigned to present-day bio-
genic soil CO,. If we take —20%o as the best
estimate of the 8'*C value of biogenic DIC ex-
pected in infiltrating groundwaters, then the re-
gression line gives a '*C of 117 pmC. It is reason-
able for the biogenic DIC in groundwaters
recharged between 1 and 30 yr ago to contain
slightly more '“C than the present-day soil gas
CO, (110 pmC), because the “C content of atmo-

® TWIN-Out
of ® pps

813C-DIC (%o)

-25

0 20 40 60 80 100 120
4c-DIC (pmC)

Fig. 5. The 8"°C vs. '4C in the DIC. Filled symbols indicate
points not used in calculating the regression line shown.
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ration.

spheric CO, has changed from 155 to 110 pmC
during that time (see Cook et al., 2001).

Assuming 117 pmC to represent the biogenic
end member for all the dilute waters, then the
ratio of the '“C values in Table 3 to 117 gives
the biogenic fraction of the DIC for each individ-
ual feature. Multiplying this by the [DIC] in Table
2 gives the concentration of biogenic carbon,
which for all the sites, falls in the narrow range
of 0.15-2.0 mmol/l, as shown in Fig. 6. These
biogenic DIC concentrations are consistent with
groundwater recharge as snowmelt through soils
containing ~ 0.3-3% biogenic CO,, similar to the
range found in gas samples from the healthy for-
est soils (Evans et al., 1998). The remainder of the
[DIC] is abiogenic and varies greatly among the
sites, from 0 to 51 mmol/l. There is no significant
inverse correlation between biogenic and abiogen-
ic DIC, as would be expected if waters that had
acquired large amounts of abiogenic CO, then
lost a substantial amount of CO, prior to dis-
charge. This, and the linear trend in Fig. 5, argues
for closed-system behavior during flow. The
groundwaters retain any CO, they acquire until
depressurization at the vent allows bubbles to be-
gin to form.

The main goal of our study is to quantify the
magmatic CO, that is absorbed and transported

in the cold groundwater system. For all the fea-
tures listed in Table 5, except BS, the only
reasonable source of the abiogenic DIC is the
magmatic gas beneath Mammoth Mountain.
Multiplying the concentration of abiogenic DIC
in each feature by its water flow thus gives the
discharge of magmatic DIC.

6.3. The Big Springs question

While the abiogenic carbon in the springs lo-
cated on the volcano has only one obvious source,
this is not the case for BS (Fig. 1), located at a
distance and discharging water from many differ-
ent recharge areas. The carbon in BS raises ques-
tions that are not unique to Mammoth Mountain.
As more studies look at high-discharge springs in
volcanic regions, but not necessarily on volcanoes
(Rose and Davisson, 1996; James et al., 1999;
Chiodini et al., 2000), identifying carbon sources
becomes a major issue. Identifying the source(s)
of abiogenic carbon in BS is important because
the discharge is substantial (6.5 t/day) and be-
cause the '“C record in ancient aquatic vegetation
downstream in the Owens River suggests that BS
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Fig. 7. Effects of salts (NaCl and NH4NO3) from ski runs
on groundwater draining Mammoth Mountain to the north-
east down the Dry Creek drainage (NOj in ug/l). ‘Average’
values were calculated from the cold springs in Table 4 that
are not part of the Dry Creek drainage.
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Fig. 8. Major cations that suggest connection between
DCWELL?2, 6 and CTRAW, both of which show Na>K+
Ca+Mg. Vertical scale change between DCWELLS and
CTRAW indicates dilution. Mixing lines shown between
CTRAW and CTW-2 pass through BS at a 3:1 ratio.

was discharging abiogenic carbon 600 yr ago
(Reid et al., 1998).

Geochemical tracing of the flows of water and
DIC to BS is the focus of a separate report (Evans
et al., 2001), summarized here, that strongly sup-
ports the hydrologic modeling of Heim (1991).
The anion data show that ski-run salts (NaCl
and NH4NOs3), which are conspicuous in waters
on the north side of Mammoth Mountain, are
clearly detectable in the DCWELL samples (Fig.
7). High [NO3], [CI")/[Br~]>1000, and [CI"}/
[B] > 200 are inconsistent with simple rock weath-
ering and demonstrate groundwater flow from
Mammoth Mountain down the Dry Creek drain-
age. Ski-run salts are not detectable at CTRAW,
but this may reflect a long flow time to this site.
Continued monitoring for these unique tracers at
all the wells and springs along the Dry Creek
drainage is clearly warranted.

The cation data in particular suggest that
groundwater from the DCWELL area eventually
reaches CTRAW, diluted by a factor of 3 from
precipitation that infiltrates in the West Moat and
inflow from the Deadman Creek drainage (Fig.
8). ‘In addition, the 3:1 mixing of this Dry/Dead-
man Creek groundwater (CTRAW) with Glass
Creek groundwater (CTW-2), proposed by Heim
(1991) for the BS discharge is strongly sup-

ported...” by virtually every chemical and isotopic
constituent measured, apart from B and CI™ (Ta-
ble 4). The Paleozoic meta-sediments exposed
nearby (Fig. 1) are the most probable source for
the additional B and CI™ in BS (see Shevenell et
al., 1987), but these rocks are apparently not a
significant source of abiogenic carbon. A 3:1
mix of CTRAW and CTW-2 (Tables 2 and 3)
would have a “C of 41.3 pmC, very near the
41.5 pmC observed at BS (Table 3).

The elevated *He/*He ratio at BS was initially
thought to derive from Mammoth Mountain.
However, the low ratio subsequently obtained
from CTRAW and the high 3He/*He ratio and
high total [He] from CTW-2 (each well sampled
twice), show that the magmatic He in BS derives
instead from the Glass Creek area. A possible gas
source in the Inyo domes area and regional CO,
flux anomalies from soils found by Gerlach et al.
(1996) may be related. Assuming that CTW-2 flu-
id makes up 25% of the water discharge of BS, it
would contribute 0.5 t/day of the magmatic DIC
based on its '*C and [DIC] values.

Groundwaters draining Mammoth Mountain
absorb very little total He because of its low sol-
ubility and the shallow depth of the gas—water
interaction (Evans et al., 1998). For example,
the [He] in MMSA-1 and 2B is only 4-5 times
the wvalue in air-saturated water, and at
DCWELL2, [He] is low enough to preclude iso-
topic analysis. The *He/*He in groundwater flow-
ing away from the mountain should drop fairly
quickly due to the natural ingrowth of “He from
a-decay or to mixing with “He-rich groundwaters
draining older terranes, explaining the low *He/
“He ratio at CTRAW. Still, 6 t/day of magmatic
DIC in BS can be attributed to Mammoth Moun-
tain at the present time, even if the '“C depletion
600 yr ago (Reid et al., 1998) was due entirely to
Glass Creek inputs.

6.4. Seasonal and long-term variations

The DIC concentrations at individual features
show much smaller seasonal variations (Tables 2
and 3) than do the water flows (Table 5). For
features where simultaneous gaging and chemistry
have been done more than once, there is no evi-
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dence that increased water discharge results in
dilution of the DIC (Fig. 9). This makes sense
in view of the current situation where so much
gas is venting through large areas spread around
the mountain that the water itself, and not the
gas, is the limited constituent. In consequence,
the magmatic DIC discharge varies mainly with
water flow.

Water flow variations probably reflect the an-
nual snowfall and timing of snowmelt, which in
some years can peak well into summer. The
stream gaging was done in summer or fall and
may not be representative of conditions in winter,
when many of the sites are inaccessible. Some
features (e.g. BS, RMT, RMCS) are known to
maintain good flows throughout the winter. The
outflow channel from CHI12S has been dry when
observed through snow pits, but the nearby ski-
area wells are pumped at higher rates during the
early winter for snow-making, possibly offsetting
the change in spring discharge.

The average water flow measured from all the
features in Table 5 totals 570 /s, or 1.8 X 107 m?/
yr. This total includes the 10% of the BS water
discharge thought to derive from Mammoth
Mountain, but not the Twin Lakes seepage and
all the low-discharge features, which would raise
the total slightly. The total measured flow is rea-
sonably close to the estimated recharge for the
entire mountain of 2.5X 107 m3/yr (Sorey et al.,
1998), suggesting that our groundwater sampling
program was fairly complete and that our
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Fig. 9. [DIC] vs. discharge at selected sites.
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Fig. 10. Rate of CO; loss from outflow streams at ASS and
RCCS determined from downstream pH measurements in
August 1998. These data show ASS losing 3.4 t/day and
RCCS losing 15.5 t/day of mainly magmatic carbon in first
20 m of flow, near where tree cores were collected.

summer—fall water discharge may fairly represent
the annual average.

Sorey et al. (1998) reviewed the somewhat lim-
ited evidence for magmatic carbon discharge in
groundwater in the years prior to the 1989 intru-
sion. The VSS spring was gassy in the early 1950s,
and MMSAI1 and 2 have produced CO;-rich
water from the time that they were drilled in
1958 and 1982, respectively. Farrar et al. (1985,
1987), report 8'3C-DIC of —12.3%0 for MINS
and —8.8%0 for BS, indicating that these waters
contained magmatic carbon in the early 1980s.
Cook et al. (2001) recently presented compelling
evidence that two of the larger springs had sub-
stantial discharges of magmatic DIC before 1989.
Cores or sections were collected from small trees
(1-3 m tall) that overhang the outflow streams of
RMCS and ASS and analyzed for '*C in individ-
ual growth rings. These springs lose magmatic
CO, at a rate fast enough to lower the '*C con-
tent in the atmosphere around the trees (Fig. 10).
Wood produced by the trees is similarly '*C-de-
pleted, providing an annual record of magmatic
CO, discharge. The tree-ring records show 4C
depletion back in time to the birth of the trees,
in the mid-1960s at RMCS and mid-1980s at ASS,
demonstrating that these springs have been dis-
charging magmatic CO, well before the dike in-
trusion.
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Some evidence suggests that the magmatic DIC
discharge has increased following the intrusion.
The same tree-ring data indicates that the mag-
matic CO; discharge at RMCS and ASS increased
in the early 1990s, but the picture is complicated
because the increase coincides with the end of a
multi-year drought, when water flows were likely
to have changed (Cook et al.,, 2001). Excluding
the drought years, the tree-ring data suggest that
magmatic CO, output might have doubled fol-
lowing the intrusion. Heim (1991) reported partial
analyses from several features in the Dry Creek
area. At MMSA1, DCWELL2, and DCWELLS6,
our alkalinities are about 70% greater than either
the values of Heim (1991) or some 1989 values in
unpublished records of the local water district.
These increases in alkalinity most likely reflect
increased CO, in the waters after the intrusion,
leading to more HCO5 through silicate weather-
ing. These Dry Creek sites suggest that the in-
crease in magmatic DIC discharge shown by the
tree-ring data may have been mountain-wide.

6.5. Total magmatic DIC discharge

The total discharge of magmatic DIC in cold
groundwater can be estimated by summing the
values in Table 5, using 6 t/day for BS to exclude
the Glass Creek contribution. The large seasonal
variations in the stream flows complicate the cal-
culation because the features were not all gaged
on the same dates. If we use the seasonal flow
data at sites gaged many times and assume that
the flows at all other sites remain constant, the
total discharge of magmatic DIC (as CO;) ranges
from about 32 t/day in September 1999 to 88 t/
day in August 1998. The average is 55 t/day, giv-
ing an annual discharge of 20000 t/yr. All the

other springs not shown in Table 5 probably com-
bine for a few additional t/day at most.

The total discharge of magmatic DIC is several
times smaller than the combined soil efflux of
magmatic CO, from all of the tree-kill areas,
most recently estimated at 200-300 t/day (Sorey
et al., 1999; Gerlach et al., 1999), but is about
half as large as the efflux from the large, well-
studied Horseshoe Lake tree-kill area. Signifi-
cantly, it is one to two orders of magnitude larger
than the focused CO, discharge from steam vents.
MMF, by far the most vigorous vent, currently
emits 1 t/day of CO,, with vents in the other two
fumarolic areas emitting significantly less than
this (Sorey et al., 1993). Unlike the CO; released
to the atmosphere, the magmatic CO, transported
in the groundwater system is directly involved in
weathering of the Mammoth Mountain edifice.
Using the water flows (Table 5) and the cation
chemistry (Table 4) in equations like Eqgs. 1 and
2 indicates that ~ 10000 t/yr of silicate minerals
are altered during the conversion of CO; to
HCOx5.

Allowing that the DIC flux might have doubled
after the intrusion would still put an estimate of
the pre-1989 discharge at 10000 t/yr. In the long
term, such a discharge would require an intrusion
rate of 0.057 km? per century, assuming complete
degassing of magma with 0.65 wt% CO, and a
density of 2.7 t/m?. This rate is equivalent to at
least one intrusion comparable in size to the 1989
event (0.01-0.04 km?) every 100 yr.

6.6. Lassen cold springs
The findings at Mammoth Mountain raised in-

terest in Lassen volcano, 400 km to the northwest
and last active during 1914-1917. Lassen supports

Table 6

Flow and DIC data for Lassen springs

Site T pH Flow Alkalinity [DIC] 83C-DIC l4c Magmatic DIC flow
(°C) U/s) (mmol/1) (mmol/1) (pmC) (t/day)

MMEFS 4.1 5.60 79 1.95 174 —8.66 1.5 5.2

MTS 4.5 6.01 32 1.75 7.27 —10.83 n.a. 0.9%

EBMC 9.4 5.63 150 1.97 14.6 —8.61 2.7 0.8

2 Using 8"3C to estimate the magmatic fraction of the DIC as 0.8.

b Visually estimated flow.
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Fig. 11. Newly discovered CO;-rich cold springs at Lassen volcano.

a large geothermal system that discharges on the
southern flanks, but Rose et al. (1996) and Rose
and Davisson (1996) recently used '3C-!4C data
to quantify a sizeable component of magmatic
DIC (21 t/day as CO3) in the cold groundwater
system draining the north flanks of the mountain,
an area nearly devoid of thermal vents. These
studies demonstrated the importance of analyzing
cold groundwaters for magmatic CO; in locations
where the gas is apparently spread over a wide
area of diffuse up-flow.

Rose and Davisson (1996) derived the high

DIC discharge based on a few high-flow springs,
most producing > 1000 /s, with near-neutral pH,
[HCO5 ] near 1 mmol/l, and little CO,. Our recon-
naissance sampling at Lassen in 1998 uncovered
three low-pH, high-DIC cold springs (Fig. 11),
strongly resembling the features found on Mam-
moth Mountain. The water flow from all the
springs is just over 100 1/s, but they combine for
about 7 t/day of magmatic DIC, mainly in the
form of dissolved CO, (Table 6). Adding this to
the estimate of Rose and Davisson (1996) brings
the total magmatic DIC discharge to near 28
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t/day or 10000 t/yr, equal to our estimate of the
long-term (pre-1989) discharge at Mammoth
Mountain. More cold springs at Lassen remain
to be studied, and James et al. (1999) have re-
cently reported a magmatic DIC discharge of
~3X10* t/yr in cold springs draining a 75-km
section of the Cascade volcanic arc, a few hun-
dred kilometers north of Lassen.

6.7. Global implications

DIC discharges of ~ 10* t/yr would have to be
common to contribute a significant fraction of the
subaerial carbon discharge from volcanoes, a part
of the global carbon budget that controls the
weathering rates of silicate minerals. However,
Chiodini et al. (2000) have recently estimated
that cold groundwaters in the volcanic region of
central Italy transport between 10° and 107 t/yr
(as CO,) of deep, probably mantle-derived car-
bon. Furthermore, the young Mt. Etna is thought
to possibly contribute more than half of the
~8x 107 tonnes of volcanic CO, released to the
atmosphere annually (Brantley and Koepenick,
1995). During periods when no such single volca-
no predominates, dissolved discharges may be a
larger factor in the global output of magmatic
carbon.

Conceivably, more magmatic carbon may be
transported in low-temperature groundwater
than in the much more impressive hydrothermal
systems. The hot springs and wells in the Long
Valley caldera (Fig. 1) are the subject of numer-
ous studies, many focusing on magmatic degass-
ing (e.g. Hilton, 1996). The caldera geothermal
system is large, with a total discharge of 370 1/s
according to Sorey et al. (1991), and the fluid is
rich in DIC (~20 mmol/l, Farrar et al., 1985);
but these values give a total DIC discharge of
10000 t/yr, half the amount presently discharged
by the cold groundwaters on Mammoth Moun-
tain.

Compared to the widespread occurrence of
high-TDS soda springs, dilute CO;-rich waters
may be rare. Examples have been reported in a
few areas where CO, emissions are high; e.g. Ca-
meroon (Tanyileke et al., 1996) and Azores (Cruz
et al.,, 1999), and in general, they constitute an

important sign of abundant free gas in the upper
levels of a volcanic edifice accessible to shallow
groundwater. However, this type of feature is
likely to be overlooked in volcanic studies because
the main indication of anomalous [CO,] is a low
pH just at the spring vent. The CO, can be
rapidly lost in the outflow channel so that the
[DIC] downstream, in the form of HCOj, is not
particularly large. A careful search for such fea-
tures should be part of a much needed global
investigation of magmatic carbon in cold ground-
waters.

7. Conclusions

The cold groundwater system at Mammoth
Mountain currently discharges 2x10* t/yr of
magmatic DIC; that at Lassen discharges at least
1 X 10* t/yr. These large DIC discharges demon-
strate the ability of cold groundwater to absorb
and transport magmatic CO,, a so-called ‘spar-
ingly soluble gas’, at dormant volcanoes. This
may be the main reason that incidents of diffuse
soil discharge are rarely reported. Only after the
groundwater in zones of gas up-flow has been
saturated would diffuse emissions begin. The
1X10° t/yr of CO, that issues from the tree-kill
areas at Mammoth Mountain can be viewed as
the gas that exceeded the dissolving capacity of
the groundwater.

Regardless of how magmatic DIC fits into the
global rates of carbon dioxide emission, ground-
water transport of magmatic carbon can certainly
be an important factor at individual volcanoes.
Quantification of DIC discharge can help con-
strain both weathering and intrusion rates, as
was done in this report for Mammoth Mountain.
Detailed chemical and isotopic studies not only
help quantify the discharge, but also may provide
additional insight to subsurface conditions. For
example, CO;-rich groundwaters that are cold
and dilute may be a general indicator that a vol-
cano contains a pressurized gas cap. Gas or vapor
caps, which can overlie active or fossil hydrother-
mal reservoirs, must be considered in evaluating
the possible hazards during periods of volcanic
unrest.
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