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Cooperative joint inversion of magnetotelluric and microseismic data for
imaging The Geysers geothermal field, California, USA

Evan Schankee Um', Michael Commer’,

Roland Gritto?, Jared R. Peacock®, David L.

Alumbaugh', Steve P. Jarpe*, and Craig Hartline®

ABSTRACT

The Geysers geothermal field located in northern California,
USA, is the world’s largest electricity-generating geothermal
facility. To delineate the spatio-temporal distribution of reser-
voir steam and recharge water, we have collected microseismic
and magnetotelluric (MT) data using a dense array of stations in
2021. The microseismic and MT data have been inverted to-
gether using a 3D cooperative joint inversion workflow. The
joint inversion exploits a cross-gradient structural constraint be-
cause electrical conductivity structures observed in the geother-
mal field are strongly correlated with Vp/Vg structures. To
mitigate convergence issues associated with 3D large-scale joint
inversion, the scheme is split into small manageable inversion

subsets. By systematically performing the three inversion sub-
sets and exchanging the structural information between velocity
and conductivity models, the cooperative joint inversion mimics
the full joint inversion. The 3D joint inversion results agree well
with previous 3D microseismic and MT inversion studies. We
find that the cooperative joint inversion improves overall MT
images in terms of resolution and consistency with respect to
the Vp/Vs model. The joint inversion also further reduces the
MT data misfit. In contrast, the joint inversion does not signifi-
cantly improve microseismic images because M T inversion pro-
duces low-resolution conductivity images with respect to
microseismic images in depth of investigation (i.e., 1-5 km)
and thus does not provide sufficient structural details that are
required for improving microseismic images.

INTRODUCTION

Geothermal resources are an important renewable energy source
found in the western United States and many other areas around the
world (Blackwell et al., 2006; Tester et al., 2006; Breede et al.,
2013; Kana et al., 2015; Lu, 2018). The development of geothermal
resources is conceptually simple. Deep wells are drilled into per-
meable hydrothermal reservoirs. Hot water and steam are pumped
to the earth’s surface for generating electricity in geothermal power
plants and heating buildings and other structures through direct use
applications. Compared with other renewable energy sources, such
as wind and solar power, geothermal power plants continuously
produce electricity and have served as a baseload energy resource
(Dobson et al., 2020).

Efficiently developing and operating geothermal reservoir
fields requires monitoring and characterizing microseismic activ-
ities and the distribution of geothermal fluids and steam inside
and around hydrothermal reservoirs. Geophysical methods play an
important role in monitoring and characterization. For example,
microseismic inversion can not only be used to determine the loca-
tions of microseismic events associated with hydraulic fractures but
also can delineate P- and S-wave velocity structures (Wohlenberg
and Keppler, 1987; Zhang and Thurber, 2003; Dyer et al., 2008;
Oye et al., 2012; Lellouch et al., 2020). The ratio of Vp to Vg
can be used for mapping fluids and steam-saturated areas in a
geothermal field (Moos and Zoback, 1983; Boitnott and
Kirkpatrick, 1997; Gritto and Jarpe, 2014; Lin and Wu, 2018;
Gritto et al., 2022).
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Electromagnetic (EM) methods also are useful for monitoring the
fluid distribution in a geothermal field because EM is sensitive to
electrical conductivity contrasts between conductive water-satu-
rated areas and resistive impermeable host rock or steam-filled
areas. Borehole-based EM methods have been used for imaging
fluid flow near and around wells (Wilt et al., 2002; Borner et al.,
2015; Cuevas, 2019; Castillo-Reyes et al., 2021). The magnetotel-
luric (MT) method has been a primary EM tool for locating poten-
tial geothermal reservoirs and also has been recently applied for
monitoring fluid flow in geothermal fields (Wannamaker et al.,
2004; Newman et al., 2008; Peacock et al., 2012, 2013, 2020;
Munoz, 2014; Lindsey et al., 2016).

Microseismic and MT applications have their own uncertainties
and limitations. For example, microseismic inversion depends on
the starting velocity model, which is not exactly known a priori,
leaving uncertainties in the resulting models (Maxwell et al.,
2010). Different microseismic data processing methods applied
to the same data set also can result in different interpretations
(Hayles et al., 2011). Geothermal sites are inherently noisy due
to the continuous operations of pumps, pipelines, and power plants,
which complicate the processing of seismic waveform data
(Johnston and Shrallow, 2011). Locations of microseismic events
do not necessarily indicate currently active and open fluid pathways
(Peacock et al., 2012; Hoversten et al., 2015).

In general, MT data can effectively delineate electrically conduc-
tive structures on a large scale but are mostly insensitive to thin re-
sistive structures, which can be associated with dry steam regions. As
a passive geophysical method, MT also is vulnerable to environmen-
tal noise due to powerlines commonly found at geothermal electric-
energy generating facilities (Bedrosian et al., 2003; Newman et al.,
2008; Peacock et al., 2012, 2020). Because high-frequency EM
waves attenuate more rapidly within the earth, the resolution of MT
decreases with increasing depth of investigation (Chave and Jones,
2012), leaving uncertainties in interpreting deep geothermal struc-
tures in detail.

In this case study, we concurrently acquire microseismic and MT
data using arrays of seismic and MT instruments at The Geysers geo-
thermal field located in northern California. We invert the microseis-
mic and MT data together using a 3D cooperative joint inversion
method (Um et al., 2014). This cooperative joint inversion workflow
was originally developed for inverting large-scale marine seismic and
controlled-source EM (CSEM) data together for subsalt imaging. In
this paper, we test the workflow using real microseismic and MT data
acquired at The Geysers geothermal field and examine if the joint
inversion can improve the overall resolution and consistency of
the geophysical models to more accurately characterize the distribu-
tion of geothermal fluid and steam. Our paper is organized as follows.
First, we briefly introduce the 3D cooperative joint inversion work-
flow used in this study. Second, we describe microseismic and MT
data acquisition at The Geysers. Third, we perform 3D standalone
microseismic and MT inversion, compare the standalone inversion
models to 3D joint inversion models, and evaluate the values of
the joint microseismic-MT inversion for monitoring geothermal fluid.

COOPERATIVE JOINT INVERSION FOR
MICROSEISMIC AND MT DATA

The joint inversion aims to find a set of more consistent earth
property models (e.g., velocity and conductivity) by simultaneously
fitting multiple sets of geophysical data to the models. Commonly

used joint inversions can be grouped into two approaches. One ap-
proach uses petrophysical relationships to link multiple geophysical
attributes (e.g., Harris and MacGregor, 2006; Hoversten et al., 2006).
The other approach is based on the structural similarity among differ-
ent geophysical property models (Haber and Oldenburg, 1997;
Gallardo and Meju, 2003; Gallardo and Meju, 2007). The joint in-
version approach used in this work uses the latter, i.e., structural sim-
ilarity. In this study, the structural similarity is achieved in the course
of inversion by adding a cross-gradient (CG) constraint term to an
objective function as outlined by Gallardo and Meju (2003). The role
of this CG term can be explained as follows. If the spatial gradients of
structures in two geophysical models are aligned in parallel, then the
CG term becomes zero. If a nonvanishing CG term (i.e., a nonzero
angle between the two spatial gradient vectors) exists at a given
position, structures in these models are forced to change to minimize
the CG term. If the gradient vector vanishes in one model, the term
reduces to zero, allowing independent boundaries to exist in the
other model.

The CG-based joint inversion is well suited to imaging geother-
mal fluids and steam at The Geysers because seismic velocity and
electrical conductivity models are expected to have structural simi-
larities. For example, at The Geysers, areas of high fluid saturation
typically correlate with a high ratio of Vp to Vg (Boitnott and
Kirkpatrick, 1997; Gritto et al., 2013, 2022) and are likely more
conductive than steam-filled areas. Similarly, low Vp/Vg ratios are
typically observed in dry steam-dominated areas. Such areas show
relatively low electrical conductivity values. Accordingly, using the
CG constraint, the joint inversion can find a set of velocity and con-
ductivity models that are consistent with each other.

In general, the objective function () for the joint seismic-MT
inversion with the CG constraint can be written as

— MT seismic conductivity
D= a¢data +ﬁ¢dala + '?'MT¢m0del

velocity

+ /’Lseismic ¢m0del +/1€g¢09
_ a(DMT(@NT— gNT))T(DMT(@MT — gMT))

obs obs

+ﬂ(Dseismic (dseismic _ dseismic ) ) T (Dseismic (d(s)ebi:mic _ d‘;?iesmic ) )

obs pre

+ lMT ( WmcondUCtth)’ ) T ( Wmconductivity )
4 Aeismic (Wmvelocity)T(Wmvelocity)

locit ductivity\T locit uctivit
“V‘lcg(vmVe OCIty ¢ \/ yppconductivi y) (vae ocity v \/ ppconductivi y),

6]

where a, f, A, Ascismic> and A, are trade-off parameters that adjust
the influence of each term in equation 1; DMT and D*¢s™¢ are MT
and seismic data weighting matrices, respectively; dyp, and d,,. are
vectors of observed data and predicted data, respectively; W is a
regularization matrix that approximates the Laplacian operator;
meoNueivity and mYelodity are vectors of electrical conductivity and
velocity model, respectively; and superscript 7 represents the trans-
pose operator.

Compared to standalone 3D MT or seismic inversion that in-
cludes only one data and one regularization term, equation 1 in-
cludes multiple data and regularization terms along with the CG
constraint term. As more terms are added to the objective function,
the 3D joint inversion becomes increasingly nonlinear and often
converges to a local minimum (Um et al., 2014). Therefore, a
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successful inversion often relies on multiple inversion runs in a trial-
and-error fashion. The trade-off parameters inside the objective
function also should be carefully chosen and tested to determine
their impact on inversion outcomes (Mackie et al., 2007; Commer
and Newman, 2008). In general, it is a challenging task to choose a
proper set of the six trade-off parameters. Furthermore, joint inver-
sion often requires integrating two or more standalone 3D inversion
modules into one. If the modules are based on different data struc-
tures or written in different computer languages, it can be time-
consuming to integrate them into one joint inversion algorithm.
To mitigate the difficulties associated with the 3D joint inversion,
we use a cooperative joint inversion scheme proposed by Um et al.
(2014). First, we split equation 1 into three parts as follows:

MT _ pMT conductivity
) - d)dala + ’?‘MT(/)mOdel s (2)
seismic _ pseismic velocity
% - ¢data + lseismic¢model s (3)

&9 — ( \V} mvelocity xV mconductivity ) T ( \V} mVelocily xV mconduclivity)

“

Equations 2—4 represent an objective function for MT, seismic
data, and CG inversion, respectively. Note that equations 2 and
3 are only a standard objective function for standalone 3D MT
and seismic inversion. In other words, we use existing MT and
microseismic inversion tools in this cooperative joint inversion
without any modification. We use the modular

WwB47

olution can vary, depending on sensor spacing and distribution, and
data quantity and quality. Due to the differences in the physics of the
two imaging techniques, MT inversion can image much deeper than
microseismic inversion as long as quality low-frequency MT data
can be collected. The high-frequency MT data can have high res-
olution in the near surface. However, from 1 km to 5 km in depth at
The Geysers where the number of earthquakes occurred is highest,
microseismic inversion coupled with the high spatial sensor cover-
age produces higher resolution for imaging the geothermal reservoir
than MT inversion (Gritto et al., 2022; Peacock et al., 2022).

Accordingly, it is reasonable to first infuse structural information
from the microseismic inversion model to the MT inversion model.
This is realized through the CG inversion (i.e., minimizing equa-
tion 4) in which the velocity model (i.e., Vp/Vy) is fixed as a refer-
ence model and the conductivity model is free to change. The
resulting conductivity model resembles the Vp/Vg model but likely
shows a large data misfit because the CG inversion does not include
the data portion. To reduce the data misfit, the resulting conductivity
model is used as a new starting model for a subsequent standalone
MT inversion. We call this step the refinement process. The role of
the refinement process is to precondition an MT starting model with
structural information from the microseismic inversion model. The
refinement process and subsequent MT inversion are stopped when
the MT data misfit no longer decreases.

Next, we infuse the structural information from the refined con-
ductivity model to the velocity model. Again, we perform the CG
inversion in which the conductivity model is fixed as a reference
model and the velocity model is free to change. More specifically,
the Vg model is free to change, but the Vp model is fixed because
Vp/Vy is inversely correlated with Vg, but not correlated with Vp

system for electromagnetics (ModEM) (Kelbert
et al., 2014) for the MT inversion and finite-dif-

‘ Starting velocity model: Vg:g

‘ | Starting EM model:o752% |

ference double-distance tomography (tomoFDD)

} l

(Zhang and Thurber, 2006; Gritto et al., 2013) for |

Microseismic inversion | |

MT inversion |

the microseismic inversion.

l l

Equation 4 provides a structural link between

‘ Updated velocity model: V;’:lo ‘ |

Updated EM model: 67572, |

3D velocity and conductivity models. Equation 4

[ 3

is minimized using the nonlinear conjugate
gradient method with a line-search algorithm "

Cross-gradient inversion: .
VSZ(free to change) and 1 /07 (fixed)

Cross-gradient inversion:
» v
onY(free to change) and (T}’—)Z(fixed)

(Newman and Hoversten, 2000; Commer and
Newman, 2008). During the minimization, one

l l

model is fixed as a reference and the other model

Updated velocity model: V;’:p“ :

Updated EM model: g=m+1 |

is free to change. Note that equation 4 does not

]

}

include the data part. Therefore, minimizing equa-
tion 4 does not require solving computationally ex-

Microseismic inversion with new

MT inversion with new starting
model

pensive forward modeling. By splitting equation 1

I !

into equations 2—4, we reduce the nonlinearity of

starting model

‘ Updated velocity model: V;’:qﬂ ‘

| Updated EM model: 61 141 |

the three objective functions. Thus, the inversion
becomes more robust and avoids converging to
a local minimum (Um et al., 2014). For more de-
tail, the reader is referred to the papers cited here.

By minimizing equations 2—4 and exchanging

iofit? _misfit?”
mlsﬁtq —mlsﬁtq_

1
1

|<e

the structural information between the 3D veloc- |

Final velocity model

L _____ 4‘—{ Final EM model |

ity and conductivity models as shown in Figure 1,
the cooperative joint inversion mimics the full
joint inversion as described next. First, stand-
alone 3D microseismic and MT inversions are
completed. Microseismic and MT inversion res-

Figure 1. The cooperative joint inversion workflow (Um et al., 2014). Minimization of
equations 2—4 represents the MT inversion, the microseismic inversion, and the CG in-
version, respectively. Here, V and ¢ are seismic and conductivity models, respectively.
Their superscript and subscript represent the number of CG inversion and standalone
inversion performed during the cooperative inversion process.
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(Gritto et al., 2013). The resulting velocity model is used as a new
starting model for the subsequent 3D microseismic inversion. The
refinement process continues until the microseismic data misfit no
longer decreases. This completes one full refinement cycle. When
necessary, one can start another full refinement cycle (the broken
line in Figure 1) by using the final velocity model for refining
the conductivity model.

MICROSEISMIC AND MT DATA ACQUISITION AT
THE GEYSERS GEOTHERMAL FIELD

The Geysers geothermal field (Figure 2) is located approximately
70 miles north of San Francisco, California, and is currently the larg-
est producing geothermal field in the world (Goyal and Conant, 2010;
Dobson et al., 2020). It reached peak production in 1987. Since this
time, the steam production has been in gradual decline (Dobson et al.,
2020). To increase the production and extend the life of the geother-
mal resource, wastewater from nearby communities has been treated
and injected into the reservoir (Sanyal and Enedy, 2011). Since the
injection program started, the number of small earthquakes ranging
from magnitudes 0.5 and 2.0 has substantially increased, enabling us
to use microseismic techniques to image velocity structures and infer
the distribution of geothermal fluid in the area.

In 2018, the 48-station permanent Berkeley Geysers (BG)
seismic network was supplemented by the 92-station temporary
California Energy Commission (CEC) seismic network. Although
the stations of the BG network are distributed throughout and be-
yond the active steam reservoir, the 92 stations of the CEC network
were densely deployed in the northwest Geysers to support the

124'W 123'W 122°'W 121'W 120'W
40°N R 40'N
39'N 39'N
38'N 38'N
37'N 37'N
36'N . - - —8 36'N
124°W 123'W 122'W 121'W 120'W

Figure 2. Map of Northern California with the location of The Gey-
sers geothermal field and nearby major cities (from Gritto and Jarpe,
2014). The black lines indicate the surface traces of major faults.

Um et al.

development of geothermal operations with an average interstation
distance of 500 m distributed over a 5 km X 5 km area. Figure 3
shows the locations of the two seismic networks within the reservoir
boundaries denoted by the red polygon, whereas surface traces of
the known faults are indicated by black lines. The locations of the
92 temporary CEC-network stations and of the 48 permanent
BG-network stations are shown, respectively, by the red and green
triangles. The permanently deployed BG network has been in
operation for several decades and has been expanded and upgraded
multiple times. At present, it comprises 48 surface and shallow
borehole stations with 4.5 Hz and 2 Hz 3C sensors. Data from
the BG stations are telemetered to a local computer at a local
facility, where the seismic data are preprocessed for event detection
and waveforms are formatted. The data are subsequently transmit-
ted to a processing center for further analysis. The CEC stations are
comprised of 4.5 Hz 3C geophones. The seismic data are recorded
locally on SD cards and collected on a quarterly basis.
Combining seismic data from the two networks improves the spa-
tial coverage of the network and the resolution of the tomographic
inversions. Processing of the combined seismic network data is con-
ducted to determine P- and S-wave phase arrival times for tomo-
graphic seismic imaging of the reservoir heterogeneity. Seismic data
processing was based on the software packages PhaseNet (Zhu and
Beroza, 2019), a deep-neural-network-based seismic arrival-time
picking method. PhaseNet uses 3C seismic waveform data as input
and generates probability distributions of P and S arrivals as output,
based on thousands of analyst picks of California earthquake network
data. The maxima in the probability distributions provide accurate
arrival times for P and S waves. The picks of the seismic phase arriv-
als were weighted by the square of the probability resulting from
data processing with PhaseNet and used as DM inside ¢Scismic
in equation 3. This processing step is followed by event association
and the location provided by Gamma (Zhu et al., 2022), an algorithm
that uses an earthquake phase association based on a Bayesian Gaus-
sian mixture model. The final seismic data set for the microseismic

122.75°'W  122.77W 122.65'W
38.9°N fg . W Wik X
S 3%

38.8°'N

38.75'N Ny 38.75'N

38.7°N 8 = x
122.95W 122.9'W 122.85’W 1228'W 122.75'W

Figure 3. Map (adapted from Gritto et al., 2022) showing the per-
manent seismic network (green triangles), the temporary seismic net-
work (red triangles), and MT stations (yellow crosses) at The Geysers
geothermal reservoir. The outline of the reservoir steam field is given
by the red polygon and the surface traces of the known faults are
indicated by the black lines. Profiles A-A’ and B-B’ denote the lo-
cations of the cross-sectional views shown in Figures 6-10.
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inversion consists of 45,904 events recorded between June 2018 and
February 2021.

The 41 MT stations used in the 2017 MT campaign (Peacock et al.,
2020, 2022) were repeated along with an additional 14 MT stations
in the southern part of The Geysers field, as shown in Figure 3. The
2021 MT data were collected in a period range of 0.002 s and 2000 s
with the same data loggers, magnetic coil receivers, and electric
dipole receivers where possible. Each MT station included two hori-
zontal orthogonal ANT-4 magnetic induction coils and two orthogo-
nal electrical dipoles with a nominal length of 50 m, dependent on
vegetation and topography. Ag-AgCl Stelth 1 Borin electrodes were
placed in a saturated canvas bag of bentonite clay to reduce the con-
tact resistance. Each channel was connected to a five-channel 32-bit
Zonge International ZEN data logger. The data were recorded on a
repeating schedule of 10 min sampling at 4096 samples/second and
5 h and 50 min sampling at 256 samples/second. The schedules were
set such that all recording instruments recorded the sampling rates
synchronously to allow for remote reference processing. MT transfer
functions were estimated using a robust remote reference bounded-
influence processing code, BIRRP (Chave and Thomson, 2004).
Coherency sorting, downweighting of leverage points, and multiple
remote references will reduce the influence of cultural noise. The
MT data can be weighted with error floors of 5% of the maximum
eigenvalue of the impedance tensor, the same weight for all tensor
components (Peacock et al., 2022). The weights are used as DMT
inside ¢MT in equation 2. These processes are critically important
in an electromagnetically noisy environment, such as The Geysers
geothermal field.

A comparison of MT responses between 2017 and 2021 data
shows that measurements are essentially repeated (Figure 4). A
few new 2021 stations show new noise sources and some other

WB49

stations with improved data quality compared with the 2017 data.
Note that the 3D MT inversion for the 2017 data is used later as
a starting model for inverting the newly acquired 2021 MT data. Be-
cause the seasonal near-surface distortions (e.g., soil moisture) can
result in a static shift in the apparent resistivity, and we are mainly
interested in deep geothermal structures, we matched the apparent
resistivity of the first two decades of the 2021 data with the 2017
data (Peacock et al., 2020). Overall, Figure 4 shows an increase in
apparent electrical resistivity between 2017 and 2021 MT campaigns.

3D STANDALONE INVERSION FOR
MICROSEISMIC AND MT DATA

Before we evaluate the 3D cooperative joint inversion for the mi-
croseismic and MT data, we perform standalone inversions of each
data type separately (the top two steps of Figure 1) and then com-
pare the imaging results. Microseismic studies and imaging have
been extensively performed over the area in the past decades (e.g.,
Boitnott and Kirkpatrick, 1997; Gritto et al., 2013; Gritto and Jarpe,
2014). Therefore, a 3D starting velocity model for the microseismic
inversion is taken from a recent microseismic study (Gritto et al.,
2013). The model is mapped onto the microseismic inversion grids
that consist of 71 X 71 X 27 grid points with a uniform grid spacing
of 305 m in the horizontal and vertical directions. The standalone
inversion is performed by minimizing the misfit between recorded
and predicted traveltimes. The regularization parameter is set to
5000 by trial and error. Figure Sa shows the misfit history as a func-
tion of inversion iterations. The misfit did not change further only
after one iteration and the subsequent misfit history of the first
standalone inversion was not plotted here. This simple convergence
is an indication that the 3D starting model is already close to a good
representation of velocity structures in the reservoir.
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Figure 4. Comparison of MT data from 2017 (blue and red) and 2021 with a static correction to match 2017 data (green and gold). (a and b) The
apparent resistivity plots, which are affected by near-surface distortions. This was corrected by matching the first decades of the 2021 data to the
2017 apparent resistivity. (¢ and d) The impedance phase. (¢) Phase tensor representations of the impedance tensor.
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In this study, we focus on examining the ratio of Vp to V5 model
rather than individual Vp and Vg models because the Vp/Vg model
can be used to deduce the spatial distribution of water and steam
saturation (Boitnott and Kirkpatrick, 1997; Gritto et al., 2013). High
and low Vp/Vg anomalies are correlated with water-saturated and
steam-filled areas, respectively. After standalone microseismic
and MT inversion, we compare Vp/Vg structures to conductivity
structures on two vertical profiles that were extracted from the
3D inversion models. The two profiles were extensively examined
in previous research (Gritto et al., 2013, 2022), and thus we also use
them here for comparison purposes. Figures 6 and 7 show Vp/Vg
and conductivity structures that were extracted along profiles
A-A’ and B-B’ from the 3D inversion models, respectively. On
profile A-A’ (Figure 6a), the shallow steam reservoir (denoted
by the black arrow) is indicated by the orange and red colors
(Vp/Vg = 1.4 — 1.6) dipping toward the southeast direction and
is connected with larger central steam structures extending beyond

10
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5 km in depth. Profile B-B’ (Figure 7a) shows that the upper steam
field is connected to the lower one. Overall, the spatial distribution
of Vp/Vg closely agrees with previous microseismic studies and
borehole observations (Gritto et al., 2022).

A starting conductivity model for the 3D MT inversion of the
data collected in 2021 is taken from an inverted conductivity model
from the MT data acquired at The Geysers geothermal field in 2017
(Peacock et al.,, 2020). The MT inversion grids consist of
70 x 80 x 70 grids points. The central part of the MT model is
discretized using 50 and 60 uniform 200 m cells in the x- and
y-directions, respectively, with the remaining horizontal cells serv-
ing as padding cells. In the vertical direction, uniform 30 m cell
spacing is used from the surface to z = 1200 m, and then the cell
size gradually increases. The standalone inversion with 2021 MT
data converged after 73 iterations, as shown in Figure 5b. The regu-
larization lambda is initially set to 10 and gradually decreases to
1078, This initial regularization lambda is an order of magnitude

smaller than one used in inversion for 2017
MT data (Peacock et al., 2020) because the start-

ing model (i.e., the final inversion model with
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2017 MT data) is already fairly smooth. Figure 5b
shows changes in the regularization parameter in
the course of inversion. The motivation behind
choosing the smaller initial lambda is to sharpen
a subsequent MT image during the refinement
process because The Geyser reservoir field is
known to be highly heterogeneous (Gritto et al.,
2022).
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Figures 6b and 7b show cross-sectional views
of the new MT inversion model along the two
profiles in Figure 3. The MT inversion result is

Figure 5. The misfit history plots. (a) The microseismic data misfit history plot. (b) The
MT data misfit history plot. The x-axis is the number of cumulative inversion iterations
including the first standalone inversion and subsequent refinement inversion processes.
The broken vertical lines divide each inversion into segments. For microseismic inver-
sion and subsequent refinement processes, the regularization parameter is set to 5000.
For each MT inversion, the regularization parameter (blue) changes from 10 to 1078, The
final misfit after each refinement process is denoted in red.

plotted in terms of electrical conductivity rather
than resistivity because the conductivity is
positively correlated with Vp/Vg. In general,
low electrical conductivity regions indicating
steam-filled or dry host rocks are roughly corre-
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Figure 6. Cross-sectional views of standalone (a) Vp/Vg estimates
and (b) MT conductivity estimates along profile A-A’ shown in Fig-
ure 3. A is on the left (O km) and A’ is on the right.

Figure 7. Cross-sectional views of standalone (a) Vp/Vg estimates
and (b) MT conductivity estimates (S/m) along profile B-B’ shown
in Figure 3. B is on the left (0 km) and B’ is on the right.
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lated with low Vp/Vg regions shown in Figures 6a and 7a. None-
theless, it is difficult to directly map low conductivity regions to low
Vp/Vg regions because of the relatively low resolution of the MT
images. For example, the shallow steam reservoir (denoted by the
black arrow in Figure 6a) would not be confidently identified on
profile A-A’ of the conductivity model (Figure 6b) without compar-
ing the model against the corresponding Vp/Vg model (Figure 6a).

COOPERATIVE JOINT INVERSION FOR
MICROSEISMIC AND MT DATA

After the standalone microseismic and MT inversions (the first
three rows of Figure 1) are completed, we incorporate structural
information from one property model into the other. Because the
Vp/Vg model (Figures 6a and 7a) shows more structural details than
the MT conductivity model (Figures 6b and 7b), we first incorporate
the seismic structure into the conductivity model (the remaining
right part of Figure 1) using the CG inversion. To perform the
CG inversion, the two models need to be on common grids. We
choose the microseismic inversion grids as the common grid for
convenience because the grid is uniform in all three directions.
Thus, the MT inversion model is mapped onto the microseismic
inversion grid. During the CG inversion, the Vp/Vg model is fixed
as a structural reference whereas the conductivity model is free to
change. The CG inversion (equation 4) does not include any for-
ward modeling for reducing the MT data misfit. Rather, its goal
is to produce a new starting conductivity model that is close to
the structures represented in the Vp/Vg model. In other words, a
new starting model is generated without considering the data misfit.
As a result, the data misfit history (Figure 5b) shows that, during
each step of the refinement process, the initial data misfit is larger
than the final misfit of the previous MT inversion. With the new
starting model, we then repeat the MT inversion until the refinement
process no longer reduces the data misfit. In this example, the third
refinement process produces a larger final data misfit (i.e., 1.66)
than the second refinement (i.e., 1.58). We therefore choose the sec-
ond refinement results as the final MT inversion model.

Figures 8 and 9 show the final MT conductivity images along the
two profiles. Compared to the standalone MT inversion (Figures 6
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Figure 8. Cross-sectional views of the final cooperative joint inver-
sion results along profile A-A’. (a) The Vp/Vg estimates and (b) the
MT conductivity estimates.
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and 7), the cooperative joint inversion not only makes the MT
images more consistent with the microseismic images but also
introduces more detailed structures to the MT images. Now, the
shallow low-conductivity steam reservoir (denoted by the black ar-
row) is clearly identified on profile A-A’ (Figure 8b). Its dipping
trend also is consistent with that found in the microseismic image
(Figure 6a). On the right side of the profile A-A’ (Figure 8b) and the
center of the profile B-B’ (Figure 9b), the deep low-conductivity
structures closely resemble Vp/Vg structures found in the same re-
gions of the microseismic inversion (Figures 6a and 7a) in terms of
geometry and attribute magnitude.

Although the joint inversion increases the complexity of the con-
ductivity model, the MT data may not be sufficiently sensitive to
all these small-scale conductivity structures. For example, some
small-scale resistive structures at shallow depths would be more
dependent on the CG inversion. They would be mainly introduced
by the CG inversion and then remain unchanged in the course of the
MT inversion. It would be difficult to precisely determine how well
the small-scale structures truly match variations in earth conduc-
tivity without additional constraints or evidence. However, the ob-
servations that (1) the initial data misfit after each CG inversion is
smaller than the previous initial misfit and (2) the final conductivity
model from the joint inversion produces a similar/slightly smaller
data misfit than the standalone MT inversion provide some evidence
that these higher resolution conductivity structures are real.

Examining intermediate models and data in the course of the joint
inversion is useful for understanding the role of the joint inversion.
During each refinement process, the joint inversion first enforces
the structural similarity between the conductivity (free to change)
and Vp/Vy (fixed reference) models through the CG inversion. The
resulting conductivity model is used as a new starting model for the
regular MT inversion without any structural constraints. A compari-
son of the starting conductivity model with the final model at each
refinement process tells us what small-scale structures were intro-
duced by the CG inversion and what other structures were actually
recovered/refined by the MT inversion. As shown in Figure 10, the
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Figure 9. Cross-sectional views of the final cooperative joint inver-
sion results along profile B-B'. (a) The Vp/Vg estimates and (b) the
MT conductivity estimates.
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shallow resistive structures (denoted by the black broken circle)
were more dependent on the CG inversion. In other words, they
were mainly imaged during the CG inversion step. In contrast,
the deep structures (denoted by the red broken ellipsoid) were
mainly refined by the MT inversion. Figure 11 compares the ob-
served MT responses to those from the standalone and final joint
inversion conductivity model at MT stations above the shallow
and deep resistive structures. Overall, moderate improvements in
data misfits are observed, although the joint inversion makes the
final conductivity model (Figures 8b and 9b) highly complex com-
pared to the initial MT inversion (Figures 6b and 7b). In short, the
joint inversion makes the MT images comparable to the seismic im-
ages by incorporating seismic structures into the conductivity model
as well as improving the MT inversion.

Next, we examine if the cooperative joint inversion can improve
the microseismic inversion by performing the remaining left part
of the workflow (Figure 1), which consists of (1) the refinement
process in which the final MT image (Figures 8b and 9b) is fixed

Um et al.

as a structural reference and the velocity model is free to change
and (2) the subsequent standalone microseismic inversion. The
misfit history curve for the refinement processes is plotted in
Figure 5a. The misfit does not decrease anymore after the first
refinement. The Vp/Vg estimates from the final microseismic
inversion are shown in Figures 8a and 9a. The cross-sectional views
are nearly identical to those from the standalone microseismic in-
version images (Figures 6a and 7a). That is, the cooperative joint
inversion workflow fails to improve the microseismic inversion.
The ineffectiveness of the workflow can be explained by the fact
that MT inversion for this particular data acquisition scenario pro-
duces lower-resolution conductivity images compared with micro-
seismic images. As a result, the MT images (Figures 8b and 9b) do
not contain sufficient structural details to improve the microseismic
inversion.

Until now, we have demonstrated that the cooperative joint
inversion can produce mutually consistent conductivity and Vp/Vg
models. The refinement process in the joint inversion makes MT
images delineate deep geothermal structures in
detail. However, the enhanced MT images nei-

) p— \‘ o 5 g (S/né):se o) Jys— L -— N (S/n:‘;)zge ther improve the Vp/Vg images nor provide
g, e 22: g, S e ‘r 1 zz‘; new information about deep geothermal struc-
g p i B 3 i P Boo tures. Accordingly, in this particular case study,
c 4 | Mo © 4 Crmee | W it is natural to ask “what is the value of MT data

& 2 19 1 ° > Bitancefn) " in this joint inversion analysis?” We think that
€) 4 N, S d, \__ S/m one important role that the MT data play here
z 0% - ‘:\-," oo is to help us evaluate the overall quality and ac-
;f 2 i ‘; 002 Z' 2 i (/ 002 curacy of microseismic and MT results. The de-
g, g R it g, . 9. crease in MT data misfits adds extra credibility to

T — 10 15 000 0 5 16 Lo the microseismic inversion results. The mutual
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Figure 10. The evolution of electrical conductivity structures (profile A-A’) in the
course of the joint inversion. (a and ¢) A conductivity model only after the CG inversion
and (b and d) the subsequent MT inversion model. (a) The conductivity model after the
first CG inversion. (b) The conductivity model recovered from the 3D MT inversion
using (a) as a starting model. (c) The conductivity model after the second CG inversion.
(d) The conductivity model (the final joint-inversion conductivity model) recovered

from the 3D MT inversion using (c) as a starting model.

consistency between MT and microseismic
images also suggests that MT data were success-
fully collected in the noisy power-plant environ-
ment and were correctly processed and inverted.
Before this MT work, it was uncertain if MT
acquisition at The Geysers was feasible at all.
The higher resolution in the resistivity images,
though not providing a significant reduction in
data misfits over the nonconstrained images, will
provide better estimates of the spatial water sat-
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using a limited number of grounded electric dipole
sources or consider the z-axis tipper EM (ZTEM)
N method by which airborne vertical magnetic fields
5 are densely measured and correlated with sparse
N surface horizontal magnetic fields (Mackie et al.,
2007; Commer and Newman, 2008; Alumbaugh
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Figure 11. Comparison of the observed and predicted MT responses (Zxy) at (a) an MT
station above the shallow resistive structures (Figure 10, denoted by the black arrow) and
(b) an MT station above the deep resistive structures (Figure 10, denoted by the red

arrow).
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2 et al., 2016; Wannamaker et al., 2017; Velasco
et al., 2018). Then, one could invert MT and
CSEM/ZTEM data together and examine if the
joint inversion of different types of EM data can
provide enhanced resolution of conductivity
structures.



Downloaded 08/15/23 to 198.128.208.194. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/page/policies/terms

DOI:10.1190/ge02022-0521.1

Joint MT-microseismic inversion

CONCLUSION

We collected MT and microseismic data at The Geysers geother-
mal field in 2021 and inverted the data sets using a cooperative joint
inversion workflow. The joint inversion workflow exploits the fact
that the electrical conductivity structures within the geothermal field
are strongly correlated with Vp/Vg structures. Accordingly, a CG of
the conductivity and Vp/Vg models is used as a structural constraint
for the joint inversion. We facilitate the joint inversion by splitting
the full objective function into three manageable subsets and sys-
tematically minimizing each subset.

The fact that the conductivity model from the joint inversion has
slightly lower data misfits than the standalone MT inversion pro-
vides some evidence that these conductivity structures are real.
We were unable to improve deep structures in the microseismic in-
version. To improve the seismic imaging part of the joint inversion
at The Geysers geothermal field, one needs to reduce the resolution
mismatch that exists between conductivity and velocity models by
increasing the density of MT stations or supplementing the data set
with other types of EM data.
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