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ABSTRACT

The Geysers, in northern California, is the largest energy producing geothermal field in the world. Looking to expand capacity, the
operator Calpine Corporation developed an anomalously hot (~400 °C at 2.5 km depth) part of the field in the northwest Geysers, including
testing of an enhanced geothermal systems (EGS). Though the area is anomalously hot, geophysical methods have failed to adequately
image any inferred magmatic heat source. Gravity measurements were collected and jointly modeled with existing magnetic data along a
two-dimensional profile aligned with an existing geologic cross-section. The key feature of the potential field model is a low-density,
low-susceptibility body below the EGS at 5 km depth. Magnetotelluric (MT) measurements were collected around the northwest Geysers
and modeled in three-dimensions to characterize subsurface resistivity structure. The resistivity model images an extension of a
Quaternary granitic pluton locally known as “the felsite” under the EGS project and a possible zone of partial melt (<10%) below 7 km
in the northwestern part of the field.
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Figure 1: Map of MT and gravity stations. Profile lines A and B are thick black lines. The general outline of The Geysers
geothermal field is dotted red line. Faults are thin black lines. The Aidlin power plant is represented as magenta power plant
symbol.
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1. INTRODUCTION

In northern California resides the world’s largest energy producing geothermal field, The Geysers. Heat is provided by a series of shallow
silicic intrusions (1 Ma — 10 ka) locally known as the ‘felsite’ (Schriener and Suemnicht, 1981). Energy production at The Geysers
exploits a fracture-dominated natural steam field (235 °C) hosted mainly in a shallow (<2km) metagraywacke reservoir (McLaughlin,
1978, 1981; Thompson and Cunderson, 1992). Since the late 1990’s, treated waste water has been injected to help sustain energy
production. The hottest region of The Geysers is in the northwestern geothermal field where temperatures reach 400 °C below 2.5 km
(Figure 1). This hot dry rock reservoir (HDR) needs to be stimulated for energy production (Walters et al, 1992; Stimac et al., 2001).

Since 1976, an inadvertent enhanced geothermal system (EGS) has been developed in the northern part of The Geysers that has helped
sustain production (Stark, 2003). To test this concept in detail, in 2011 and 5 km north of the inadvertently created EGS, Prati State 31
(PS-31) and Prati State 32 (PS-32) wells were reopened and deepened for usage as a production-injection pair to stimulate the HDR in the
northwest Geysers (Garcia et al., 2012). The Northwest Geysers EGS has been stimulated, monitored (Boyle and Zoback, 2013; Vasco
et al., 2013; Jeanne et al., 2015; Tezel et al., 2016), and modeled (Jeanne et al., 2014; Rutqvist et al., 2015; Rutqvist et al., 2016) since
late 2011. The developed EGS is roughly between 2-4 km depth, is elongated in the N30E direction, and is producing steam that is 50-
75% derived from injected fluids (Jeanne et al., 2014; Jeanne et al., 2015, Rutqvist et al., 2016; Garcia et al., 2016). The hope is that with
further stimulation fluids will penetrate deeper towards the felsite and encounter hotter temperatures associated with recent granitic
intrusions (Williams et al., 1993) for thermal mining (Rutqvist et al., 2016).

Heat flow models suggest small recent intrusions under the HDR (Williams et al, 1993; Stimac et al., 2001). Petrology of core from wells
in the HDR include high-temperature veins of albite, biotite, clinopyroxene, pyrrhotite, quartz and tourmaline, and local sodium
metasomatism suggestive of connate water or magmatic hydrothermal fluids (Lutz et al., 2012). However, to date the heat source for the
HDR has not been imaged with geophysical methods. Seismicity tends to be confined to the top 5 km constraining seismic tomography
models to similar depths (Julian et al., 1996; Gritto et al., 2013; Tezel et al., 2016; Lin & Wu, 2018). Models of potential field, electrical,
and electromagnetic data have been focused mainly on regional structures and are too coarse to resolve small scale features like the
intrusions under the HDR (Stanley et al., 1973; Denlinger and Kovach, 1981; Stanley and Blakely, 1995; Stanley et al., 1998). The goal
of this study is to use newly collected magnetotelluric (MT) and gravity data to image the heat source of the HDR.

2. MT DATA

In the summer of 2017, 41 MT stations were collected around the northwest Geysers (Figure 1). MT data were recorded with ZEN 32-
bit data loggers developed by Zonge International for an average of 20 hours with a repeating schedule of 7 hours and 50 minutes at 256
samples/second and 10 minutes at 4096 samples/second. ANT-4 induction coils from Geotell were used as magnetic sensors and Borin
Ag-AgCl Fat Cat reference electrodes placed in saturated bags of bentonite clay were used as electric sensors. Induction coils and dipoles
(50m, depending on topography and infrastructure), were set up in a T-configuration aligned with geomagnetic north. Most locations
were old or operating well pads, therefore all MT stations only include the horizontal magnetic components and no vertical magnetic data
was collected.

Data were processed with BIRRP (Chave and Thompson, 2004), where synchronous stations were used as remote references. For being
in an electrically noisy area the MT response curves were relatively smooth, except at high frequencies consistent with electrical power
transmission. Geoelectrical strike angles are random for periods smaller than 1 second and on average N45E for periods longer than 1
second, perpendicular to the Mercuryville and Collayomi Fault Zones. Phase tensor skew values range between +6 degrees, with high
skew values for periods greater than 1 second, suggesting the need for 3D modeling.

2.1 Modeling

MT data were modeled in 3D using the inversion code ModEM (Kelbert et al., 2014). The input data were interpolated onto the same 23
periods ranging from 0.02 — 1024 sec, where obvious outliers were removed using MTpy (Krieger & Peacock, 2014). The model grid
included topography and the ocean. Cell size within the station area was 200 m and exponentially increased outside the station area and
vertically downwards with a first layer of 5 m for a total model of 70 x 81 x 70 cells (350 x 350 x 250 km). The inversion was run in 2
steps to get a smooth model that fits the data. The first step was to invert the full impedance tensor with an error floor of 0.07 sqrt(Zxy *
Zyx), a covariance of 0.4 in all directions applied once, a starting lambda of 10000, and a starting half-space of 100 Ohm-m. This converged
after 83 iterations to a normalized RMS of 1.2. The second step was to use the converged model as a prior model, reduce the error floor
t0 0.03 sqrt(Zxy * Zyx), the covariance to 0.2 in all directions applied twice, and the starting lambda value to 100. This inversion converged
after 57 iterations to a normalized RMS of 1.9. Many interesting features are observed in the 3D electrical resistivity model, however
only 3 features will be discussed here. The main feature (R1) is a resistive body (>45 Ohm-m) that coincides with both the main steam
field and the felsite. R2 is a northeast extension of R1 under the EGS (Figure 3). C1 is a conductive anomaly (<30 Ohm-m) that is under
the EGS but has a possible extension towards the surface (Figure 4).

2. GRAVITY DATA

As part of the present study, 126 new gravity stations were collected in the Geysers Geothermal Area in September 2018, with a spacing
of approximately 300 meters between sites (Figure 1). These data were combined with a much larger regional dataset containing many
thousands of stations to provide regional coverage. Scintrex CG5 gravity meters were used to measure the observed gravity values along
roadways and well pads. A base station in Clear Lake was used to account for instrument drift. Data were reduced to the isostatic gravity
anomaly using the methods outlined in Blakely (1995), Godson & Plouff (1988), and Simpson et al., (1985).
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3.1 Modeling

Gravity and aeromagnetic data (U.S. Geological Survey, 1996) were jointly modeled in 2D using Geosoft® GMSYS profile modeling
software (Figure 2). The starting model was developed from the geologic cross section from Garcia et al. (2012) and iteratively changed
to fit the data. Density, magnetic susceptibility, and magnetic remanence values were used from existing measurements (Blakely &
Stanley, 1993; Stanley & Blakely, 1995; Lutz et al., 2012) and where unknown estimated from a database of similar lithologies. The
upper 2 kilometers agree with most of the potential field data however, the long-wavelength aeromagnetic and gravity lows in the middle
of the profile are sensitive to the deeper structures. A lower density (2.65 g/m3) body below 5 km depth is needed to fit the data (the
salmon body labeled “granite (Recent)”). This is interpreted as the Recent (<10 ka) intrusion heating the HDR. Note that the model
shown in Figure 2 is very preliminary, however the key aspect of the model is that a low-density, low-susceptibility body (granite) is
needed below 5 km depth to fit the data. The geometry of this granite is not well constrained and requires further modeling.
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Figure 2: Interpreted potential field model along profile A in Figure 1, gray line is the approximate location of the EGS wells.
Note this is a very preliminary and basic model. The important aspect of the model is that a low-density, low-susceptibility body
is needed below 5 km depth to fit the potential field data. Geometry of this body is not well constrained in this model.

3. RESULTS

Comparing R1 to existing 3D geologic models of The Geysers (Hartline et al., 2016; Forson et al., 2016), R1 is a superposition of 2
structures as supported by the potential field model (Figure 2). The top of R1 is between 45-60 Ohm-m and coincides with the top of the
steam reservoir estimated from drill holes. Resistivities greater than 60 Ohm-m coincides with the known location of the felsite.

Graywacke is typically a resistive rock (Bertrand et al, 2013), and elsewhere in the Franciscan Assemblage is on the order of 100 Ohm-
m (Bedrosian et al., 2002). Petrology indicates that saline fluids, past and present (Lambert et al., 1992; Truesdell et al., 1993; Hulen et
al., 1997), whether connate or magmatic, are left as fluid inclusions in the graywacke (Lutz et al, 2012). Matrix porosity of the reservoir
is estimated to be on the order of 1% and fracture dominated porosity is 1-3% (Thompson & Gunderson, 1992; Walters et al., 1992; Lutz
etal., 2012). These observations suggest that the lower resistivity of the graywacke is related to the presence or remnants of saline fluids
in the minimal pore space and fractures. Though being a steam-dominated system, the resistivity of the graywacke is not as low as in a
fluid dominated system, like that in the Taupo geothermal field in New Zealand (Bertrand et al., 2013).

Felsite resistivity changes from less resistive on the outer parts (70 Ohm-m) to more resistive on the inner parts (>100 Ohm-m), similar
to a resistivity model by Stanley et al., (1998). The outer part is also lower than expected for granitic plutonic rocks. For a dry granite at
around 300 °C (Dalrymple et al., 1999) the expected resistivity would be on the order of 105 Ohm-m (Olhoeft, 1981). However, for a
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matrix saturated granite under similar conditions and a fluid salinity of 0.1 molar NaCl, the expected resistivity would be on the order of
10 Ohm-m (Olhoeft, 1981). Thus, the felsite is either not fully saturated or the molarity of the fluids is less than 0.1 molar to be slightly
more resistive than 10 Ohm-m. Moreover, near the center of the felsite the pores are likely to be smaller and less saturated than the outer
part of the felsite assuming temperature remains the same.

The structure of the felsite is bounded on the west side by the Mercuryville fault system. Some geologic cross-sections have the
Mercuryville Fault dip to the east (e.g. Garcia et al., 2016) and others have the fault dip to the west (e.g. Stanley et al., 1998). The 3D
resistivity model suggests that the Mercuryville Fault is a steep, west dipping fault that extends to at least 5 km depth, which is consistent
with seismicity and the 3D model of Hartline et al. (2016). The Mercuryville Fault, or parallel fault (Hulen & Norton, 1996), could have
allowed magma to intrude as a dike. As the magma reached zones of lower pressure expanded into a similar shape observed in the
resistivity model. The felsite appears to extend to the north just beyond the Aidlin Power Plant, with a dip to the north such that the depth
to the top of the felsite is 3 km. This northern extension is narrow and slightly less resistive than the rest of the felsite.

R2, the northeastern extension of the felsite under the HDR, is also less resistive than the rest of the felsite. R2 appears to be constrained
between 2-4 km depth, is narrow (2-3 km wide), and between 45-80 Ohm-m. Again, the upper part of this extension is likely part of the
steam-dominate reservoir, but high-temperature alteration below 2.5 km suggests that the lower part has higher temperatures than the rest
of the felsite. Assuming conditions are similar, the expected temperature would be on the order of 400 °C (Olhoeft, 1981) at 3 km depth.
This agrees with existing estimates of the HDR (Garcia et al., 2012; Garcia et al., 2016; Rutqvist et al., 2016). Being hotter than the rest
of the felsite would suggest that R2 is younger and the potential conductive heat source for the HDR.
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Figure 3: Images of R1 and R2 from the electrical resistivity model showing the iso-surface for resistivities larger than 65 Ohm-
m . a) shows a bird’s eye view with known felsite contours in green (shallow) to blue (deeper), black dots are MT stations, other
symbols are the same as Figure 1. b) shows the resistive iso-surface looking towards the southwest. The gray cylinder is the
approximate location of the EGS project. c) shows the resistive iso-surface looking to the north.

C1, isa conductive anomaly under R2 and the Caldwell Pines basalts (1.66 Ma; Donelly-Nolan et al., 1981). The shape of C1 is suggestive
of a deeper part that extends into the near the surface. The deeper part of C1, below 5 km, is between 25-30 ohm-m, and appears to be
connected to a larger, possibly magmatic (e.g. Walters et al., 1992), conductor to the east. Truesdell et al., (1993) suggest that a possible
magmatic source lies under Caldwell Pines, which could be C1. If C1 is a zone of partial melt, the percent melt can be estimated from
the resistivity (Pommier & Le-Trong, 2011). Assuming the melt has evolved to a granitic composition like the felsite with temperature
on the order of 700 °C and a water content of 1%, the melt resistivity is expected to be approximately 5 Ohm-m. Using a modified
Archie’s law with a connectivity exponent of 1.05 (Gaillard & Marziano, 2005) gives a melt percent of approximately 10% for the lower
part of C1. This is likely an upper bound because drier and cooler melts will be more resistive.

The connection between the lower part of C1 and the upper part above 5 km has been tested statistically. RMS of the data fits increase
when the connection is removed and set to background levels in the resistivity model. Interestingly, the connecting zone is aseismic,
consistent with high temperature, softened rock, and is characterized by a low Vp/V;s ratio of 1.52-1.58 (Gritto et al., 2013) relative to that
in the surrounding resistant rock (R1). It is possible that deep-to-shallow connection is a ‘paleo’ pathway marking the ascent of the
Caldwell Pines basalt from the magmatic source to the surface, resulting in quartz-rich veins lowering the V/Vs ratio.

4. SUMMARY

A 3D resistivity model developed from MT measurements has imaged the potential heat source for the HDR in the northwest Geysers.
An extension of the felsite is imaged 3 km below the HDR that is slightly less resistive than the rest of the upper portion of the felsite,
indicating warmer temperatures at depth. This is likely the thermally conductive rock responsible for heating the HDR. An electrically
conductive zone below 5 km depth could be a zone of <10% partial melt responsible for providing heat to the felsite. An electrically
conductive connection from this deeper anomaly is likely the remnant pathway of the Caldwell Pines basalts.
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Figure 3: Cross sections of the electrical resistivity model across the EGS and HDR, same color scale as Figure 2. Black dots are
earthquake hypocenters (Waldhauser & Schaff, 2008). a) Cross section along line A in Figure 1 with iso-surfaces at <30 Ohm-m
and >65 Ohm-m. b) Cross section along line B in Figure 1 with same iso-surfaces. c) Cross section along line A in Figure 1, with
faults (dotted lines), lithologic units, and top of stem and the HDR from Garcia et al., 2012. Qtb — Quaternary Basalt, Fgs —
greenstone, Fm — chert, Fgw — graywacke, Fmgw — metagraywacke, Fsp — serpentinite.
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