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ABSTRACT

Southern Idaho is an area of high heat flow with significant potential geothermal resources. However, shallow cold groundwater
effectively masks thermal signatures of deep-seated geothermal systems in the area. In order to attempt to see through the shallow
groundwater, we are applying a combination of geochemical and isotopic tools relying on dissolved gas and chemical species that have
low concentrations in the dilute groundwater to prospect for high-temperature systems in the deep subsurface. For the first phase of the
project, our efforts were focused in and around the eastern Snake River Plain (ESRP). We have collected and analyzed the isotopic
compositions of more than 40 samples from thermal springs and wells from the region. Of potential isotope geothermometers, the
sulfate-water oxygen isotope geothermometer has given the most promising results, yielding calculated temperatures similar to multi-
component chemical geothermometers. Other isotopic tools that have proven useful are shifts in the isotopic compositions (8D and
5'80) of groundwater away from the local meteoric water line indicating high-temperature interaction with reservoir rocks or mixing
with a magmatically derived fluid. In addition, the 8D and 5'3C of dissolved methane in several of the samples indicate that the methane
formed in a high temperature magmatic system. Taken together with the analyses of multi-component chemical geothermometry and a
separate study of the *He/*He from the same features, the results have identified two promising areas warranting more concentrated
study in the Twin Falls area and the Camas Prairie region between the ESRP and the Idaho batholith.

1. INTRODUCTION

The western United States has been identified as an area with high potential for geothermal development (Blackwell et al., 2011) and
the eastern Snake River Plain (ESRP) in southern Idaho is one of the most promising regions. The ESRP extends from the Twin Falls
area in south-central Idaho northeast to the Yellowstone area (Figure 1). The geology of the ESRP consists of thick deposits of
Miocene-Eocene rhyolitic tuff deposits produced from a series of volcanic centers formed by migration of the Yellowstone hotspot to its
current location (Pierce and Morgan, 1992; Hughes et al., 1999). The rhyolitic rocks are overlain by Quaternary basalt flows generated
from northwest trending volcanic rifts formed from extensional activity following passage of the Yellowstone hotspot (Hughes et al.,
1999). The basalt flows and accompanying sedimentary interbeds can reach thicknesses of greater than 1 km. These highly permeable
rocks host a major aquifer carrying run-off water from the mountainous regions surrounding the ESRP (Whitehead, 1992).

The high heat flux in the ESRP (~110 mW/m?; Smith, 2004) and abundant hot springs along the margins of the plain suggest that there
should be significant, exploitable geothermal reserves in the area. The deep rhyolitic rocks are the likely host rocks for the geothermal
reservoir, with the high heat flow resulting from underlying young basaltic sill intrusions (e.g., Nielson and Shervais, 2014; Welhan,
2015; Shervais et al., 2015), but the high-volume, rapidly flowing shallow aquifer in the overlying basalts makes it difficult to use heat
flow measurements to pinpoint areas of high potential. Most water from shallow wells and springs in the ESRP are mixed waters of
multiple sources, dominated by meteoric water that may mask or significantly attenuate the thermal signal of any deep geothermal
waters (McLing et al., 2002; Welhan, 2015). However, due to the dilute nature of the meteoric water, some of the chemical signatures
of the high temperature systems may persist.

We are conducting this study to test the hypothesis that geochemical signatures of deep geothermal activity can be used to “see through”
the shallow aquifer in the ESRP. Results of related efforts to compare the results of traditional chemical geothermometry to
temperatures calculated using RTEst (Palmer et al., 2014), an advanced multi-component equilibrium geothermometer, are presented
elsewhere (Neupane et al., 2016). Briefly, where traditional geothermometry does not account for physical relationships (e.g., boiling,
mixing) or chemical equilibrium with complex mineral assemblages typical of real rock systems, RTEst does account for these
parameters. In addition, the results of a survey of helium isotope ratios in the samples collected for this project are presented in a
previous paper (Dobson et al., 2015). In this paper, the results of isotopic analyses of water (5D and 8'20), dissolved inorganic carbon
(8"C), sulfate (5*S and §'®0) and dissolved methane (8D and **C) are presented and discussed. The locations of samples collected for
this project along with those of previous sampling efforts are plotted on Figure 1 below.
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Figure 1: Map of southeastern Idaho showing the Eastern Snake River Plain and the locations of prior geothermal samples plus
those collected and analyzed for this project. Note the Camas Prairie area highlighted on the map.

2. FIELD AND LABORATORY METHODS

2.1 Sampling Methods

Samples for this investigation were collected from both groundwater thermal wells and hot springs. Samples from groundwater wells
were collected as near the outlet as possible following purging of at least 3 times the volume of water in the well casing. Spring samples
were taken as close to the outlet as possible, determined by the hottest point within the features. At each sampling site, 3 types of
samples were collected. For 8D and 80 of water and 5*3C of total dissolved inorganic carbon (DIC), a sample of water was collected
directly into a 60 ml syringe rinsed once with water from the source. The sample was then passed through a 0.2 um filter and injected
into a 40 ml amber vial filled to the top and immediately capped. The sample was then stored at 4 °C until it could be analyzed. For
analyses of the §**S and &80 of dissolved sulfate, a 40 ml centrifuge tube was filled with water and HCI added to drop the pH down to
~2 to preserve the sample and drive off any dissolved inorganic carbon in the sample. For dissolved gas samples, filtered water was
injected into 60 or 160 ml evacuated vials capped with thick, blue butyl rubber stoppers until the bottle was filled. The sample was
stored at 4 °C until it could be analyzed.

2.2 Isotope Analyses
2.2.1 Water Isotope Measurements

The hydrogen and oxygen isotopic compositions of the water samples were analyzed separately at the Center for Stable Isotope
Biogeochemistry (CSIB) at the University of California, Berkeley. 8D values of water are analyzed using a hot chromium reactor unit
(H/Device™) interfaced with a Thermo Delta Plus XL mass spectrometer. The 8'®0 in water is analyzed by continuous flow using a
Thermo Gas Bench Il interfaced to a Thermo Delta Plus XL mass spectrometer. The precision of these analyses determined by repeated
analysis of internal standards is +£0.8%o (1) for 8D and +0.12%o (1c) for 3*%0. Results are presented relative to \V-SMOW.

2.2.2 Dissolved Sulfate Isotope Analyses

Following delivery of the acidified samples in the lab, ~1 ml of 1N BaCl, solution was added to each sample resulting in the
precipitation of BaSO,. After waiting >1 day for the precipitates to settle, the supernatant solution is decanted off and de-ionized water
added to container and the sample re-suspended. The resulting sample is then centrifuged, the supernatant removed and the sample
dried for >1 day. The sulfur and oxygen isotopic composition of the BaSQO, is then analyzed. The sulfur isotope compositions of the
samples were analyzed at the Center for Isotope Geochemistry (CIG) at Lawrence Berkeley National Laboratory by combustion in a
Costech Elemental Analyzer with the 8**S values of the resulting SO, analyzed on a Thermo Delta V Plus mass spectrometer. The
precision of those measurements is £0.2%o (15). The 520 values of the BaSO, precipitates were analyzed at CSIB using an Elementar
PYRO Cube interfaced to a Thermo Delta VV mass spectrometer. The precision of those measurements is £0.5%o (1c). Sulfur isotope
analyses of H,S in the samples were also attempted, but the concentrations in the samples were too low.

2.2.3 Dissolved Inorganic Carbon (DIC) Isotope Analyses

The DIC in the samples were analyzed by addition of 0.1 to 1.0 ml of sample to a He-purged vial containing 1 ml of 70% H3PO,. The
83C values of the resulting CO, were then analyzed by injection into a Micromass Trace Gas pre-concentration system interfaced to a

2




Conrad et al.

Micromass JA series isotope ratio mass spectrometer at CIG. The precision of those measurements is +0.3%o (15). Concentrations of
DIC in the samples were also determined from these analyses by comparison with standards of known concentrations. These

measurements are good to approximately £10% of the measured value (1c).

2.2.4 Dissolved Methane Isotopic Analyses

The dissolved gas samples were prepared for analysis by creating a headspace in the sample followed by addition of He gas to the
headspace. For isotopic analyses, samples of the headspace gas were flushed through a sample loop on a 6-port Valco Vici valve and
then injected into the column of a Thermo Trace Gas Ultra connected to the Delta V Plus mass spectrometer. For §'3C analyses, the
methane was separated chromatographically, and combusted to CO,, which was then analyzed in the mass spectrometer (1o precision =
+0.2%o0). 8D analyses were done by pyrolysing the CH, to H, gas, which was then analyzed in the mass spectrometer (1c precision =
+5%o). Concentrations of CHy in the headspace were calculated by comparing the total peak areas of the samples to those of known
standards. Those concentrations were then converted to dissolved concentrations using Henry’s law. Hydrogen isotope analyses of H,
in the samples were also attempted, but the concentrations were too low.

3. RESULTS AND DISCUSSION

3.1 Sulfate-Water Oxygen Isotope Geothermometer

The difference between the oxygen isotopic compositions of sulfate and water can be used to calculate the temperature of formation of
the sulfate (McKenzie and Truesdell, 1977; Fowler et al., 2013). There are, however, several secondary factors that can change the
isotopic composition of one or the other of these two phases after the sulfate has formed. For sulfate, mixing with another source of
sulfate along the pathway to the surface (e.g., gypsum/anhydrite in evaporite beds) can shift the oxygen isotopic composition of the
dissolved sulfate. This can sometimes be inferred based on knowledge of the subsurface geology and/or the sulfur isotope composition
of the sulfate. Sulfur in igneous/magmatic systems generally has much lower sulfur isotopic composition than sedimentary gypsum.
Microbial reduction of sulfate can also shift the isotopic composition of the residual sulfate, but requires highly anaerobic conditions
and will also shift the isotopic composition of the sulfur. The oxygen isotopic composition of the sulfate can also re-equilibrate with the
water at lower temperatures, but this is a relatively slow process and is likely only an issue where the thermal waters have a long
residence time in a shallower, cooler reservoir. For the water, the biggest issue is mixing with another source of water with a different
oxygen isotope composition than the reservoir water. In the ESRP, the isotopic compositions of waters are similar between deep
reservoirs and the shallow groundwater. The 50 of the water can also be shifted by boiling and/or significant water-rock interaction
after formation of the sulfate, but these effects can often be seen by comparison with the hydrogen isotopic composition of the water.

For our temperature calculations, we used the revised sulfate-water oxygen isotope geothermometer formulated by Fowler et al. (2013).
To test the applicability of this geothermometer, we collected and analyzed the oxygen isotopic compositions of sulfate and water in
fluids injected during a fracture stimulation experiment conducted at the Newberry Volcano in the Oregon Cascades (Cladouhos et al.,
2015). About 2.5 million gallons of water were injected under pressure into a subsurface zone at the site and allowed to equilibrate with
the rock for 3 weeks. At that point the water was allowed to flow back out of the well and samples were collected for chemical and
isotopic analyses. The calculated temperatures using the sulfate-water oxygen isotope geothermometer are plotted on Figure 2 with an
average down-hole temperature calculated using GeoT, a multi-component chemical geothermometer (Spycher et al., 2014). The
isotope geothermometry values are a bit lower, possibly due to background sulfate, but in general the temperatures appear to be

approaching equilibrium for the final samples.
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Figure 2: Temperatures calculated for flow-back samples from the Newberry Volcano EGS stimulation test.
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Figure 3: Comparison between temperatures calculated using the sulfate-water oxygen isotope geothermometer versus
temperatures calculated using the RTEst. The solid line represents a 1:1 comparison and the dashed lines indicate
the range of temperatures within £25°C of each other.

Temperatures calculated using the sulfate-water oxygen isotope geothermometer for samples collected for this project that contained
sufficient sulfate for isotopic analyses are given in Table 1. Also included are RTEst temperatures calculated for the same samples.
Given all of the uncertainties associated with both techniques, there is a remarkable correlation between the two geothermometers with
most being with +25°C of each other (Figure 3). In some cases such as Green Canyon Hot Springs and Heise Hot Springs, the sulfate
concentrations were high, likely representing interaction with sedimentary evaporite interbeds in the basalts which would result in low
calculated temperatures for the sulfate-water oxygen isotope geothermometer. Otherwise, there are no clear explanations for some of the
samples with much higher sulfate-water temperatures, suggesting that they might represent deep, hot geothermal systems.

Results calculated with both geothermometers indicate two areas with widespread high temperature geothermal fluids at depth.
Temperatures calculated with the sulfate-water oxygen isotope geothermometer for the Twin Falls region average 137°C which is
essentially identical to the average temperature calculated with RTEst of 138°C. These values are higher than those reported by Mariner
et al. (1997) (90-106°C) for the same region using the sulfate-water oxygen isotope geothermometer. Although these temperatures are
on the low side, especially for electricity generation, they come from several features spread across a large area, suggesting there may be
hotspots within the region that might be suitable for power generation. The Camas Prairie is the other highly encouraging area with
sulfate-water temperatures exceeding 200°C and RTEst temperatures approaching that level. This area was also identified as a
geothermal prospect through geothermal play fairway analysis (Shervais et al., 2015).

3.2 Water Isotopes and Water-Rock Interaction

During high-temperature water-rock interaction, the isotopic composition of the water can be shifted to the right of the meteoric water
line (Taylor, 1974). The change in the isotopic composition of the water is mostly limited to the oxygen isotopic composition of the
water due to the fact that most igneous/volcanic rocks contain very little hydrogen compared to water but have significant oxygen.
Mixing with water derived from cooling, degassing magmas can also produce a similar effect (Giggenbach, 1992). Boiling/evaporation
will also shift the residual water off the meteoric water line, but these changes will also significantly affect the hydrogen isotopic
compositions of the water. It is important to note that mixing with shallower, non-thermal waters can dilute these signals.

The water isotope compositions of the samples collected for this project are plotted on Figure 4. Most of the samples plot close to the
meteoric water line (precipitation in this region tends to be slightly offset to the right of the global meteoric water line), but there are
several samples that have oxygen isotope composition shifted 1-3%o to the right of the meteoric water line. Four of these samples
collected from three locations are from the Camas Prairie region and are some of those with anomalously high temperatures calculated
with the sulfate-water oxygen isotope geothermometer. A water sample associated with a flow zone at 1745 m depth collected from the
MH-2 well (which encountered temperatures of 150°C; Nielson and Shervais, 2014) also exhibited a similar shift in its oxygen isotope
composition (Freeman, 2013)
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Figure 4: Hydrogen and oxygen isotopic compositions of water from ESRP samples with the global meteoric water line for
comparison. Most waters fall very close to the meteoric water line, but there a several that are significantly shifted to
the right of the meteoric water line, which is an indication of oxygen isotope exchange during high-temperature
water-rock interaction in hydrothermal systems or mixing with magmatically-derived fluids.

3.3 Methane Isotope Signatures of High-Temperature Sources

The carbon and hydrogen isotopic compositions of CH, can offer clues as to the mechanism of formation and its post-formation history.
Figure 5 is modified from Whiticar et al. (1986) and outlines the primary field of methane formed under thermogenic conditions in
hydrocarbon reservoirs and the two primary microbial mechanisms for low-temperature methanogenesis (acetoclastic versus CO,
reduction). Also shown on this plot is the general field of methane formed abiotically in high-temperature magmatic or hydrothermal
systems outlined by Welhan et al. (1988). It is also important to note that the isotopic compositions of the methane can be significantly
altered by microbial oxidation in aerobic groundwater.
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Figure 5: Carbon and hydrogen isotopic compositions of dissolved methane in samples collected from the ESRP plotted with the
ranges of values expected for methane formed by different mechanisms. Most notable are the samples outlined by the
red dashed line (all from the Camas Prairie) with isotopic compositions typical of methane formed in high-
temperature hydrothermal systems.
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The isotopic compositions of samples for which we were able to analyze both the hydrogen and carbon isotopes of CH, are plotted on
Figure 5. Of this group, there are a couple of samples (Condie Hot Springs and Lidy Hot Springs) that have clearly undergone
significant methane oxidation. This is not surprising since both sampling points were from open-air pools of water. The most interesting
thing about these samples is that despite significant oxidation, there were still high enough concentrations of methane remaining for
isotopic measurements. There are also a number of samples in the thermogenic/mixed origin areas of the plot. These are all from the
Twin Falls area and could have been formed from thermal degradation of organic matter in the subsurface. Most interestingly, the
remaining 3 samples plot in the field of high temperature hydrothermal methane. These samples are the same three from the Camas
Prairie area with the water with the strongly shifted oxygen isotope composition and also have high sulfate-water oxygen isotope
temperatures.

4. CONCLUSIONS

The results of study demonstrate the value of isotopic data for identifying areas with high potential for geothermal exploitation,
especially when combined with other tools such as multi-component chemical geothermometers. Through this work, we have identified
two very promising areas for further study.

1. Numerous intermediate temperature geothermal springs and wells characterize the Twin Falls region. These thermal features
yield calculated temperatures in the range of 140+20°C across a wide area and may be indicating the existence of higher
temperature hotspots in the region. In addition, helium isotope data collected from some of the same thermal springs and wells
(Dobson et al., 2015) indicate the presence of mantle helium that may be related to recent basaltic intrusions that may be
providing the heat driving the geothermal activity in the area.

2. Both RTEst and the sulfate-water isotope geothermometer indicate temperatures into the 200°C range at several thermal
features in the Camas Prairie. Further, shifts in the isotopic compositions of the thermal waters indicating high-temperature
water-rock interaction or mixing with magmatically-derived fluids may be occurring at depth and isotopic signatures of
hydrothermal methane also point to significant geothermal resources in the area. Finally, several of these features also had
elevated ®He/*He values indicating the potential presence of a mantle-derived heat source.
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