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SUMMARY
Previous magnetotelluric (MT) studies of the high-temperature Coso geothermal 

system in California identified a subvertical feature of low resistivity (2–5 Ohm 

m) and appreciable lateral extent (>1 km) in the producing zone of the East 

Flank field. However, these models could not reproduce gross 3-D effects in the 

recorded data. We perform 3-D full-tensor inversion and retrieve a resistivity 

model that out-performs previous 2-D and 3-D off-diagonal models in terms of 

its fit to the complete 3-D MT data set as well as the degree of modelling bias. 

Inclusion of secondary Zxx and Zyy data components leads to a robust east-dip 

(60†) to the previously identified conductive East Flank reservoir feature, which 

correlates strongly with recently mapped surface faults, downhole well 

temperatures, 3-D seismic reflection data, and local microseismicity. We perform

synthetic forward modelling to test the best-fit dip of this conductor using the 
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response at a nearby MT station. We interpret the dipping conductor as a 

fractured and fluidized compartment, which is structurally controlled by an 

unmapped blind East Flank fault zone.

Inverse theory, Magnetotellurics, Hydrothermal systems
Issue Section:
 Geomagnetism, rock magnetism and palaeomagnetism

1 INTRODUCTION

Our understanding of volcanic and hydrothermal processes on Earth 

is shaped by 3-D magnetotelluric (MT) surveys, and the way MT 

practitioners analyse their data (e.g. Hill et al. 2009; 

Bertrand et al. 2012; Kelbert et al. 2012; Key et al. 2013; 

Meqbel et al. 2014; Miensopust et al. 2014; Munoz 2014; 

Ogawa et al. 2014; Wannamaker et al. 2014; Comeau et al. 2015; 

Gasperikova et al. 2015; Peacock et al. 2016). Mapping electrical 

resistivity in regions with complex geology and geochemistry 

requires massive computing resources (Newman 2014); as a result, 

sometimes a choice is made to ignore part of the data—the on-

diagonal components of the MT impedance tensor, Zxx and Zyy—in 

favour of a simpler and faster inversion that uses only the so-called 

primary, off-diagonal components, Zxy and Zyx (e.g. 

Tuncer et al. 2006; Newman et al. 2008; Patro & Egbert 2011; 

Zhdanov et al. 2011). We refer to this approach as ‘off-diagonal’ to 

distinguish it from full-tensor inversion. Meanwhile, Tietze & Ritter 

(2013) state that all impedance tensor components contain 

information about the subsurface, and recent modelling studies 

show how, in some particular cases, including the on-diagonal data 

change the recovered 3-D resistivity model in significant ways (Patro

& Egbert 2011; Kiyan et al. 2014). Clearly, understanding when on-

diagonal data are important to the interpretation is still open to 

debate.
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One well-cited example of an off-diagonal approach is the study by 

Newman et al.(2008) of the East Flank of the Coso geothermal 

system in eastern California. Newman et al. (2008) imaged a 

subvertical low-resistivity (∼5 Ohm m) feature in a zone of major 

geothermal energy production, and interpreted it as a zone of high 

temperature fluids residing in open fractures consistent with drilling 

mud losses at that depth. In this case, the on-diagonal data were not

included because they significantly slowed the inversion. Other off-

diagonal inversions of the Coso data, first by Maris et al. (2012) and 

then Wamalwa et al. (2013), arrived at similar conclusions regarding

the necessary data components, and subvertical low-resistivity 

distributions in the area of the field identified in 

Newman et al. (2008). In this paper, we model the full-tensor Coso 

MT data set, and identify a robust and important difference from the 

off-diagonal models. Specifically, we find that the low-resistivity 

feature dips to the east, appearing to be controlled by normal 

faulting. Our main objective is to show how the retrieved resistivity 

distribution is modified by the inclusion of the on-diagonal data. To 

provide comparison with Newman et al. (2008), we utilize the same 

MT soundings and implement the same 3-D inversion code. The East

Flank field of Coso has been the focus of cross-cutting geological, 

geochemical, geophysical, and reservoir engineering research, the 

product of which is an integrative conceptual model that we can use

to judge the quality of our inversion results (Fournier et al. 1980; 

Sheridan et al. 2003; Unruh et al. 2006; Davatzes & Hickman 2010; 

Kaven et al. 2014). Therefore, Coso offers the MT community a 

unique opportunity to assess the benefit of 3-D full-tensor MT 

imaging.
1.1 Coso geothermal field

The Coso geothermal system at China Lake, CA operates over 100 

geothermal wells, which supply three major power plants and inject 



spent brines underground. Production temperatures are in excess of 

275 °C at depths of 3 km below sea level (kmbsl). The highest well 

temperatures (320–350 °C) are located in the East Flank field, which

is the setting for the present study (Monastero et al. 2005).

Well logs and geological evidence at Coso suggest a characteristic 

metamorphic core complex (Monastero et al. 2005). Mesozoic 

plutons and minor metamorphic rocks form a fractured basement 

unit, which is believed to have been intruded by tens of rhyolite 

domes and fewer basalt dikes, and partially covered by Late 

Cenozoic volcanics. This period of activity began ∼600 ka. Rhyolite 

eruptions are believed to emanate from below the brittle-ductile 

transition zone at ∼4 kmbsl, the youngest of which are ∼40 ka 

(Manley & Bacon 2000). Thin (∼2 cm), interbedded illite and 

smectite clay, calcite veins and other fault gouge minerals 

proliferate damage zones as a result of progressive shearing 

accompanied by hydrothermal alteration (Davatzes & 

Hickman 2010). Observed downhole fluid temperatures and fluid 

inclusions from well cuttings suggest mineralogy is in disequilibrium 

with the occupying fluid, consistent with the timing of the most 

recent heating event.

The East Flank field lies within the Walker Lane Eastern California 

Shear Zone (Fig. 1), a region of transtensional stress and right-

lateral, strike-slip motion (∼11 mm yr−1 N–S; ∼2 mm yr−1 E–W) 

between stable North America and Sierra Nevada (Roquemore 1980;

Dixon et al. 2000; McClusky et al. 2001; Unruh et al. 2003). In the 

East Flank, faulting is an echelon and exhibits horse-tail fault 

termination (Unruh et al. 2002), structural characteristics associated

with geothermal favourability (Curewitz & Karson 1997; Rowland & 

Simmons 2012; Faulds & Hinz 2015). A series of late Quaternary, 

NNE-striking, normal faults, encompassing the Coso Range, have 

been mapped at the surface (Duffield & Bacon 1981; 



Unruh et al. 2006). Pre-existing faults and fractures are believed to 

provide and maintain permeability through continued deformation, 

however larger through-going faults also form boundaries to flow 

across which compartmentalizes the reservoir (Kaven et al. 2014). 

Partially as a result of tectonic stress, the Coso geothermal system 

experiences a high rate of seismicity, although most of the 

microearthquakes in the East Flank field are temporally and spatially

correlated with injection and production activity (Kaven et al. 2014; 

Schoenball et al. 2015).
Figure 1.

View large  Download slide
MT survey map of Coso East Flank geothermal field located in the Coso Range. MT sites are 

represented by phase tensors (period = 53 s) filled by skew value (Caldwell et al. 2004), 

indicating 3-D structure at depth. Green circles represent geothermal injection and 

production wellheads. Black fault traces are from Unruh & Streig (2004). Profile A–A΄, shown 

in cross-section in Fig. 4, was selected from Unruh et al. (2006). Inset map at right shows 

transtensional tectonic environment in eastern California; red rectangle denotes survey 

location.

2 MT DATA

The MT method, summarized by Vozoff (1972) and Simpson & Bahr 

(2005), utilizes broadband electromagnetic (EM) time-series 

recorded on orthogonal electric (E) and magnetic (H) field sensors. 

Averaging in the Fourier domain results in a second rank (2 × 2) 

tensor, referred to as the MT impedance tensor ([Z]), that represents

the subsurface impedance to vertically incident planar EM wave 

propagation:  

E=[Z]HE=[Z]H

 

[Z]=(ZxxZyxZxyZyy).[Z]=(ZxxZxyZyxZyy).
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[Z] is related to electrical resistivity and can be predicted through 

numerical simulation of a resistivity model. Modelling effort is often 

dictated by the dimensionality of the data. Commonly, the off-

diagonal impedance tensor components have larger amplitudes 

than on-diagonal components. In an ideal 1-D resistivity model, the 

on-diagonals are zero and the off-diagonals are equal in magnitude. 

For valid 2-D cases, rotating [Z] into a coordinate frame aligned with

the regional geoelectric strike direction minimizes the on-diagonal 

elements. This enables inversion of the off-diagonal elements (now 

not necessarily equal in magnitude) for subsurface resistivity 

sampled by two dominant orientations of current flow (called the TE 

and TM modes). In 3-D, the on- and off-diagonal element amplitudes

can be significant at all frequencies; however, on-diagonal 

amplitudes typically approach the off-diagonal element amplitudes 

at lower frequencies, and fall off at higher frequencies.

Between 2003 and 2005, a grid of 125 horizontal MT soundings was 

recorded across the East Flank field of the Coso geothermal system 

(Newman et al. 2008). A subset of 101 sites (Fig. 1) was used to 

model the geometry of a producing geothermal reservoir. The 

geothermal production facilities and the Bonneville Power Authority 

DC intertie transmission line were identified during the survey as 

sources of noise in the electric and magnetic fields. This led 

Wannamaker et al. (2004) to use two different long distance remote 

reference MT observatories at Parkfield, CA and Socorro, NM to 

retrieve the natural electromagnetic Earth response at Coso.

After data processing, ∼90 per cent of the soundings exhibit a 3-D 

trend in Zyx phase, where the data wrap out of quadrant at 

frequencies below 0.1 Hz (Fig. 2). This is consistent with 

observations of phase tensor skew (Caldwell et al. 2004) in excess of

10° at low frequencies. For the 101 station array, phase tensor skew 

exceeds 5° at all stations, and 10° at 85 per cent of stations (Fig. 1). 



Fig. 2 highlights this 3-D phase response and phase tensor skew 

feature as a function of frequency at a station (E28) located in the 

centre of profile A–A΄. It is important to note that while the wrapping

of an off-diagonal component is an obvious 3-D aspect of the MT 

impedance tensor data, the appreciable amplitudes of the on-

diagonal data at low frequencies is equally suggestive of complex 

subsurface structure.
Figure 2.

View large  Download slide
Example full-tensor data from MT site E28 with phase tensors plotted as a function of period 

and shaded by skew value. The anomalous long period out-of-quadrant Zyx phase trend, the

relatively high amplitude Zxx and Zyy components, and the skew values all indicate full-

tensor analysis may be important. Error bars represent the data weight assigned during 

inversion.

Figure 3.

View large  Download slide
Cut-away perspective view through part of the 3-D full-tensor MT resistivity model (looking 

northwest) with microearthquake relocations (grey circles). Isosurfaces relating to C1 and R1

are selected for illustration: blue is 250 Ohm m; yellow is 10 Ohm m; red-orange is 4 Ohm 

m. Fig. 4 more accurately displays the complete electrical resistivity colour scale.

Despite this observation, Newman et al. (2008), Maris et al. (2012), 

and Wamalwa et al. (2013) each proceed with off-diagonal inversion.

Newman et al. (2008) shows final 3-D inverse model datafits at 

sounding locations that do not reproduce the phase data in 

the Zyx component. This implies that the off-diagonal model misses 

important 3-D structure. In fact, in the case of Newman et al. (2008) 

the central sub-vertical low-resistivity vertical feature identified as a 

fractured production zone is actually visible in the original 2-

D Zyx model which was used to create the starting model for 3-D 

inversion. Through additional off-diagonal inverse modelling, we find
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that preconditioning 3-D model space with results from 2-D TM-

mode inversion is a necessary condition to retrieve this conductive 

structure, most likely because of non-uniqueness. In other words: we

do not retrieve a low-resistivity feature when the off-diagonal data 

are inverted in a 3-D mesh initialized from an homogeneous 3-D 

starting model of 30 Ohm m (or 100 Ohm m).

3 3-D INVERSE MODELLING

To address this shortcoming, we applied 3-D inversion to the full-

tensor data set. Aside from the added computational burden, a 

major challenge of full-tensor inversion relates to error weighting 

(Tietze & Ritter 2013). Data components are commonly weighted by 

a relative amplitude measure of 3–10 per cent (Heise et al. 2008; 

Hill et al. 2009; Xiao et al. 2010; Peacock et al. 2015). In the case of 

Coso, this approach failed to converge because 

the Zxx and Zyy amplitudes vary more dramatically than 

the Zxy and Zyx amplitudes, which results in the prioritization of 

noisy, low amplitude on-diagonal data in the inversion. To address 

this issue, we implemented an adaptive data-weighting scheme 

based on the standard deviation of the statistically determined error

estimate (Patro & Egbert 2008), in addition to a relative amplitude 

error floor of 10 per cent. Thus, when the measurement was noisy, 

the data would be down-weighted. This style of composite data-

weighting has been successful in previously 3-D full-tensor MT 

inversions (e.g. Meqbel 2009; Bertrand et al. 2012).
3.1 Numerical simulation

In order to provide an accurate comparison with the off-diagonal 3-D

modelling of Newman et al. (2008), we inverted the same 101 post-

processed transfer functions from the MT Coso survey, albeit with 

the off-diagonal data included, and executed the same 3-D finite 

difference algorithm, EMGeo (Newman & Alumbaugh 2000; Newman

& Boggs 2004). We used a comparable data bandwidth (0.004–



120 Hz), interpolated to 4 periods per decade. Some authors argue 

that We initialized the imaging process from an homogeneous 3-D 

starting model of 30 Ohm-m, but when we used 100 Ohm-m the 

inversion retrieved similar features.

We followed the sequenced workflow described in Lindsey & 

Newman (2015). First, the low frequency data (0.004–1 Hz) were 

inverted using a coarse mesh. Then all of the data were inverted on 

a fine mesh that began from a reparametrized form of the final 

coarse-grid solution. Each mesh was carefully designed with 

uniformly spaced nodes across the core of the model domain, 

defined by the survey footprint, and slow growth of node spacing 

(10–15 per cent) from just outside the model core to a far boundary 

several low-frequency skin depths away. The coarse grid model core 

sampling was 500 m laterally and 250 m vertically, which was 

reparametrized to 250 m laterally and 100 m vertically in the fine 

grid. Topography was accurately represented in both meshes using 

very fine (50 m) vertical nodes ±1000 m around the land surface. In 

total, the coarse grid used 43 × 46 × 80 nodes and the fine grid 

used 86 × 92 × 145 nodes.

To stabilize the inversion, we included a smoothing criterion or 

Tikhonov regularization operator (λ) in the objective function 

(Tikhonov & Arsenin 1977; Newman & Alumbaugh 2000). For 

additional consistency with Newman et al. (2008), we applied the 

same regularization approach. Specifically, we initialized λ from 

1.25, and made 50 per cent reductions in λ when the EMGeo 

algorithm stalled in its nonlinear-conjugate gradients line-search. λ 

was reset after model refinement (Lindsey & Newman 2015).

Full-tensor inversion was executed in parallel on ∼4000 core 

processors of Hopper Cray XE6 (1280 × 1015 flops; 217 TB memory)

located at Lawrence Berkeley National Laboratory's National Energy 



Research Scientific Computing Center (NERSC). At this scale, the 

computational runtime was on the order of 30 hr.

The sequenced 3-D full-tensor inversion was truncated after 218 

iterations with a final RMS of 3.5. The initial coarse inversion phase 

achieved an RMS of 2.7 after 93 iterations. 3-D full-tensor inversion 

required about an order of magnitude more resources than the off-

diagonal 3-D inversion carried out by Newman et al. (2008), which 

achieved approximately the same RMS but only for the off-diagonal 

data. The cost of the full tensor inversion was significantly reduced 

by adoption of the sequenced workflow, which was not implemented

in Newman et al. (2008).
3.2 3-D full-tensor inverse model

The final 3-D full-tensor model exhibits many of the same 

hydrothermal resistivity features that were revealed by earlier off-

diagonal analysis, but we focus on the differences in the East Flank 

field (Figs 3 and 4). We find a conductive (2–5 Ohm m) feature 

dipping to the southeast at approximately 60°, referred to here as 

C1. C1 extends from 0.5 to 2 km below the surface (−0.7 to 3.2 

kmbsl), and extends laterally approximately 1–1.5 km. In our model, 

the surrounding space in the East Flank field is characterized by 

sharp boundaries (∼1 km wide) with higher resistivity volumes (200–

500 Ohm m) to the northwest of C1 (i.e. R1) and also to the 

southeast, which dip at 60°. R1 extends to greater depth than C1. In

the near surface there is a ∼200 m conductive (2–5 Ohm m) veneer. 

Approximately 3 km southeast of the R1, there is additional 

conductive material from the surface to 300 mbsl (1.5 km depth).

The model achieves an acceptable-to-good level of fit at all stations,

outside of the minimum signal dead band around 1 Hz. Figs A1–

A3 show final model data plotted against the recorded data for the 

MT stations along profile A–A΄ which traverses R1 and C1 (Fig. 4). At 

periods shorter than 10 s, off-diagonal data are fit as well with the 



full-tensor model as with the off-diagonal 3-D model of 

Newman et al. (2008). Perhaps most importantly, the full-tensor 

model does a much better job fitting the long-period out-of-

quadrant Zyx phase trend, which was not fit by Newman et al.

(2008). On-diagonal data are well fit at all periods, demonstrating 

the successful recovery of complex 3-D structure and the success of 

our adaptive data weighting scheme.
Figure 4.

View large  Download slide
Cross-section through the 3-D full-tensor MT resistivity model along profile A–A΄, shown in 

Figs 1 and 3. Proximate MT sites are shown above the model; Figs A1–A3 show MT site data 

and the model data fit. Solid black lines represent mapped faults projected to depth; the 

dotted line represents the location of the East Flank Fault (EFF; Unruh et al. 2006; Davatzes 

& Hickman 2010). Microearthquake relocations from ±1 km off-profile are shown as small 

black dots (M ≥ 1) and larger white circles (M ≥ 1). Hatched lines at bottom indicate where 

the surfaces representing 70 per cent and 80 per cent of maximum field temperature (Tmax) 

intersect the cross-section (Navy Geothermal Program Office, 2015).

3.3 Model sensitivity

The dip of C1 was tested by forward modelling the response of 

simple 3-D test models at MT site E28, located above C1 (Fig. 5). 

The test models consisted of a 2 Ohm-m conductor of similar 

dimension, location, and geometry to C1, embedded in a 30 Ohm-m 

half-space. The dip of the conductor was varied between 40° and 

90° degrees in increments of 10°. Fig. 5(a) portrays the difference 

between two of these models in cross-section, simulating the 

synthetic comparison of the final 3-D off-diagonal model (90° dip) 

from Newman et al. (2008) and the final 3-D full-tensor model (60°). 

Synthetic data from these two cases demonstrate that the dip of C1 

strongly controls both the out-of-quadrant Zyx phase and the on-

diagonal phase and amplitude (Fig. 5b). For example, 

the Zxx and Zyy amplitudes are off by 2–4 orders of magnitude in 
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the 90° case, but are well fit in the 60° case; data fits degrade as 

the dip is increased or decreased from 60°. By isolating the forward 

response of a simplified C1 conductor with variable dip, we have 

discriminated between two hypotheses and shown how the out-of-

quadrant phase data across the MT array at least partially support 

the interpretation of a normally-dipping C1.
Figure 5.
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(a) Cartoon showing the cross-section along 3-D synthetic models used to examine the 

sensitivity of the datafit to the dip of C1 (shown in Fig. 4). Dips of 90° and 60° are shown for 

their likeness to the off-diagonal model and the full-tensor model, respectively. (b) Predicted 

data fit (lines) from synthetic forward models in (a) to the recorded data (circles) at MT site 

E28 (shown in Fig. 2). Dotted lines represent the 60° case; solid lines represent the 90° case.

4 DISCUSSION

Geophysical models should always be judged by their congruency 

with outside information, in addition to the data fit. This is especially

true of MT models, because of their high degree of non-uniqueness. 

Our ability to accurately characterize the complex electrical 

resistivity distribution at Coso using 3-D full-tensor MT inversion is 

demonstrated by how well the 3-D full-tensor resistivity model 

correlates with well temperatures, drilling evidence, mapped faults, 

seismic reflection data, and microseismic event locations.
4.1 3-D full-tensor MT modelling

Inverting the full MT impedance tensor retrieves a better fit to the 

off-diagonal data when compared with Newman et al. (2008). In 

particular, the out-of-quadrant Zyxphase data are fit at most 

stations, while they were not fit in the off-diagonal approach. The 

most reasonable explanation for the lack of fit by an off-diagonal 

modelling approach is that a significant part of the 3-D Earth 

response is buried in the on-diagonal components. Inversion settings

https://oup.silverchair-cdn.com/DownloadFile/DownloadImage.aspx?image=https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/gji/208/2/10.1093_gji_ggw408/3/ggw408fig5.jpeg?Expires=2147483647&Signature=dJBDfXgpbA14fWaR0QAcWMq6SjIlO3-PX8qPq4fTbjkr4FJIey5KSgIG-viYopSiOmYRJWvanmhkZ7uRfCZh~Wlt42y9UZY4rCT33TAaogK9RqKjNNpkgB4D2omiGOFVHV9w5gqqAcjzYhXcnMG~HdYBTRiA6Fgm7ydRuZ98mLkfPpwuTImt2WStZyO6uZRCpRGhhiGFv~QpdAtalnuvUz0mKsJuIwr9HBnhyBn4Gfqar8VDR9nbSK5~yh8u8zeaMslLMtEznNf9~BG1VnHfvmGLzoZKLaHNmRUvh2fYl0W9OzH~vmQiCeEbPF8FAwZJTgRhN8p~D3y6CjJoUoxRmA__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA&sec=50894739&ar=2420703&xsltPath=~/UI/app/XSLT&imagename=
https://academic.oup.com/view-large/figure/50894739/ggw408fig5.jpg


are another important feature in the MT modelling process 

(Miensopust et al. 2013; Tietze & Ritter 2013). Our FD algorithm, 

data-weighting scheme, parametrization, regularization approach, 

and segmented inversion workflow appear to reproduce the 

available geophysical and geological information, although this does

not imply that other inversion settings would be less effective. The 

lack of any structure in the 3-D starting model is an advantage in 

understanding which resistivity structures are demanded by the MT 

data. Hypothesis testing with simple forward models reveals how 

the MT data are strongly sensitive to the dip of C1, which was only 

introduced when the on-diagonal data were added to the inversion. 

The link between 3-D data characteristics and 3-D model structure is

often limited by non-uniqueness; however, if a robust link can be 

identified it promotes confidence in the related model structure.
4.2 Interpretation

Unlike previous inversions of the Coso MT data, we find that C1 is 

separated from more resistive zones (∼200 Ohm m) to the east and 

west by sharp east-dipping boundaries, which we interpret as major 

compartmentalizing fault zones. The most productive wells in the 

Coso geothermal system exploit these NNE-striking normal faults 

(Sheridan et al. 2003; Davatzes & Hickman 2010). A good example 

is the Coso Wash fault, whose surface trace coincides with the 

location of one such dipping resistivity boundary in the full-tensor 

model. Similarly, we interpret the west boundary of C1 as a blind 

normal fault, which we call the EFF. Although there is no evidence of 

a fault trace at the surface, the EFF was identified in seismic 

reflection surveys by Unruh et al. (2006) as a detachment fault with 

more listric character than is observed here. The EFF is visible in the

full-tensor resistivity model from 500 m depth (−1 kmbsl) near MT 

station E19 down to 3.7 km depth (2.5 kmbsl). The EFF has a 

roughly constant dip of 60° over its full extent. We find no evidence 



for west-dipping faults, hypothesized to terminate into the EFF at 

depth, perhaps because they are permeable.

The EFF zone correlates with a dense locus of microseismic events in

the East Flank field, which form an east-dipping lineament in cross-

section from 1 to 2.8 kmbsl. Kaven et al. (2014) studied single-event

(absolute) relocations for approximately ∼70 000 natural and 

induced microearthquake recordings using the local seismic network

of the Navy Geothermal Program Office. Approximately 7600 events 

with magnitudes ML ≥ 2.9 occurred in the area of the East Flank 

around the timing of the MT survey (2004–2006). By using a 3-D 

velocity model Kaven et al. (2014) found the largest seismic events 

(M > 1.5) in the area occur along the EFF lineament that extends 

into R1 in our model. Higher resistivity in R1 could result from lower 

permeability and a more conductive (as opposed to advective) 

temperature profile, which might explain the potential for higher 

stress concentrations. Throughout C1, Kaven et al. (2014) finds 

diffuse, relatively lower magnitude brittle deformation, potentially 

accommodated along intra-compartment structures. The highest 

temperature fluids in the field have been recovered from below 2–3 

kmbsl, down-dip of C1, where no microseismic events are found 

(Fig. 4). These findings are consistent with the location of brittle-

ductile transition based on seismic reflection, and the expected 

onset of plasticity for quartz, plagioclase and feldspar based on well-

field temperature records (300–450 °C).

The general location of C1 is consistent with previous 2-D and off-

diagonal 3-D inversion (Newman et al. 2008; Maris et al. 2012; 

Wamalwa et al. 2013), but the new model has a different dipping 

geometry. Typical geothermal reservoirs are commonly found to be 

more resistive (Pellerin et al. 1996), although low-resistivity 

anomalies in geothermal systems have been identified and 

explained with a small amount of partial melt (e.g. 



Didana et al. 2014; Gasperikova et al. 2015), clay (e.g. 

Heise et al. 2008; Cumming & Mackie 2010), or upwelling, hot, 

saline brine (Heise et al. 2008; Bertrand et al. 2012), all of which 

depress electrical resistivity. We consider each of these hypotheses 

in relation to C1. First, the recent volcanic history and seismic 

reflection data support a shallow (3–4 kmbsl) brittle-ductile 

transition, and it is at least possible that some percent partial melt 

could exist there (Unruh et al. 2006). However, drilling records, well 

temperatures, and microseismic relocations all reject the hypothesis 

that partial melt extends to 1–2 kmbsl. The second hypothesis 

suggests that intra-compartment deformation and subsequent fault 

healing promotes secondary mineralization of calcite, illite and 

smectite clays across the East Flank field, depressing electrical 

resistivity. Indeed, Davatzes & Hickman (2010) showed how lost 

circulation within the East Flank field (down to 3 km depth in one 

well) was caused by intersection of the wellbore with a remarkably 

high density of fractures related to broad and intense transtensional 

shearing. However, well temperatures have been directly observed 

in the range 200–220 °C, outside of the stable thermodynamic 

regime for these minerals. We hypothesize that C1 is, in fact, a 

dense fracture network that is saturated or partially-saturated with 

hot, saline fluids. Intra-compartment deformation along mineralized 

shear surfaces would only further enhance electrical conductivity, 

which is plausible if field temperatures are not accurately or 

completely represented by well records. Based on the agreement 

between surface faulting, seismic reflection data, microseismic 

analysis, available wellfield temperatures, and the full-tensor 

resistivity model, fluids pathways related to the east-dipping C1 may

be structurally-controlled by the EFF. Structural-control of fluid 

pathways has been observed elsewhere in the Basin and Range (e.g.

Faulds et al. 2010). Advective heat transport through this dense 



fracture network may characterize a significant piece of the heat 

extraction process. Within the Coso system, compartmentalization is

known to limit reservoir fluid recharge, in which neighbouring high 

and low permeability zones are separated by a fault boundary. For 

example, drawn-down accompanying geothermal production is 

highly localized as evidenced by InSAR measurements of surface 

deformation (Fialko & Simons 2000; Wicks et al. 2001). 

Compartmentalization creates field-wide well management issues 

and poses a significant geophysical imaging challenge to guide 

citing new injection and production wells.

5 CONCLUSIONS

We presented the results of 3-D full-tensor inversion of 101 MT 

soundings, including a new 3-D resistivity model of the producing 

East Flank field at Coso. No assumptions about dimensionality, 

geoelectric strike, or geological structure were made. Improving 

upon earlier models that relied on these biasing assumptions and 

only considered the off-diagonal components of the data, the full-

tensor 3-D model achieves better data fit and better agreement with

well temperature data, seismic reflection data, mapped surface 

faults, and microseismic event relocations. In particular, it captures 

a 3-D Zyx phase response, which could not be retrieved by off-

diagonal inversion. A critical feature in the new model is an east-

dipping resistivity boundary, interpreted as the EFF, which we 

believe serves to compartmentalize a broad, high temperature, 

fluid-filled fracture reservoir zone within the East Flank field.

Acknowledgments

The authors would like to thank Kelly Blake, Andy Sabin, and the 

Navy Geothermal Program Office for access to Coso well 

temperature data. The authors are grateful to Phil Wannamaker and 

Jeffrey Unruh for technical feedback during this study, and to Jared 



Peacock and two anonymous reviewers for their constructive 

comments. 3-D visualization was done with VisIt 

(https://wci.llnl.gov/simulation/computer-codes/visit), and figures 

were made using the MTpy library 

(https://github.com/geophysics/mtpy) and the Generic Mapping Tools

(gmt.soest.hawaii.edu). Coso MT data are available upon request. 

This work was carried out at Lawrence Berkeley National Laboratory 

with funding provided by the Department of Energy Geothermal 

Program Office under contract GT-480010-19823-10, and Office of 

Basic Energy Sciences under contract DE-AC02-05CH11231.

REFERENCES
Bertrand
 
E.
et al.  
 
2012
 
Magnetotelluric imaging of upper-crustal convection plumes beneath
the Taupo volcanic zone, New Zealand
, 
Geophys. Res. Lett.
  
39
 
2
doi:10.1029/2011GL050177
Caldwell
 
T.
, 
Bibby
 
H.
, 
Brown
 

http://gmt.soest.hawaii.edu/
https://github.com/geophysics/mtpy
https://wci.llnl.gov/simulation/computer-codes/visit


C.
 
2004
 
The magnetotelluric phase tensor
, 
Geophys. J. Int.
  
158
 
2
 
457
 
469
Google Scholar
Crossref
Search ADS
 
Comeau
 
M.
, 
Unsworth
 
M.
, 
Ticona
 
F.
, 
Sunagua
 
M.
 
2015
 
Magnetotelluric images of magma distribution beneath volcán 
uturuncu, Bolivia: implications for magma dynamics
, 
Geology

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1111%2Fgji.2004.158.issue-2
http://dx.doi.org/10.1111/gji.2004.158.issue-2
https://scholar.google.com/scholar_lookup?title=The%20magnetotelluric%20phase%20tensor&author=T.%20Caldwell&author=H.%20Bibby&author=C.%20Brown&publication_year=2004&journal=Geophys.%20J.%20Int.&volume=158&pages=457-469


  
43
 
3
 
243
 
246
Google Scholar
Crossref
Search ADS
 
Cumming
 
W.
, 
Mackie
 
R.
 
2010
 
Resistivity imaging of geothermal resources using 1D, 2D and 3D MT
inversion and TDEM static shift correction illustrated by a glass 
mountain case history
, 
Proceedings World Geothermal Congress
  
Bali
 
Indonasia
Curewitz
 
D.
, 
Karson
 
J.A.
 
1997
 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1130%2FG36258.1
http://dx.doi.org/10.1130/G36258.1
https://scholar.google.com/scholar_lookup?title=Magnetotelluric%20images%20of%20magma%20distribution%20beneath%20volc%C3%A1n%20uturuncu%2C%20Bolivia%3A%20implications%20for%20magma%20dynamics&author=M.%20Comeau&author=M.%20Unsworth&author=F.%20Ticona&author=M.%20Sunagua&publication_year=2015&journal=Geology&volume=43&pages=243-246


Structural settings of hydrothermal outflow: fracture permeability 
maintained by fault propagation and interaction
, 
J. Volcanol. Geotherm. Res.
  
79
: 
149
–
168
Google Scholar
Crossref
Search ADS
 
Davatzes
 
N.
, 
Hickman
 
S.
 
2010
 
Stress, fracture, and fluid-flow analysis using acoustic and electrical 
image logs in hot fractured granites of the Coso Geothermal Field
 
California, USA
 
doi:10.1306/13181288M923134
Didana
 
Y.
, 
Thiel
 
S.
, 
Heinson
 
G.

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1016%2FS0377-0273(97)00027-9
http://dx.doi.org/10.1016/S0377-0273(97)00027-9
https://scholar.google.com/scholar_lookup?title=Structural%20settings%20of%20hydrothermal%20outflow%3A%20fracture%20permeability%20maintained%20by%20fault%20propagation%20and%20interaction&author=D.%20Curewitz&author=J.A.%20Karson&publication_year=1997&journal=J.%20Volcanol.%20Geotherm.%20Res.&volume=79&pages=149-168


 
2014
 
Magnetotelluric imaging of upper crustal partial melt at Tendaho 
graben in Afar, Ethiopia
, 
Geophys. Res. Lett.
  
41
 
9
 
3089
 
3095
Google Scholar
Crossref
Search ADS
 
Dixon
 
T.
, 
Miller
 
M.
, 
Farina
 
F.
, 
Wang
 
H.
, 
Johnson
 
D.
 
2000
 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1002%2F2014GL060000
http://dx.doi.org/10.1002/2014GL060000
https://scholar.google.com/scholar_lookup?title=Magnetotelluric%20imaging%20of%20upper%20crustal%20partial%20melt%20at%20Tendaho%20graben%20in%20Afar%2C%20Ethiopia&author=Y.%20Didana&author=S.%20Thiel&author=G.%20Heinson&publication_year=2014&journal=Geophys.%20Res.%20Lett.&volume=41&pages=3089-3095


Present-day motion of the Sierra Nevada block and some tectonic 
implications for the basin and range province, north American 
cordillera
, 
Tectonics
  
19
 
1
 
1
 
24
Google Scholar
Crossref
Search ADS
 
Duffield
 
W.
, 
Bacon
 
C.
 
1981
Geologic Map of the Coso Volcanic Field and Adjacent Areas, Inyo 
County, California
  
US Geological Survey
Faulds
 
J.
, 
Hinz
 
N.
 
2015
 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1029%2F1998TC001088
http://dx.doi.org/10.1029/1998TC001088
https://scholar.google.com/scholar_lookup?title=Present-day%20motion%20of%20the%20Sierra%20Nevada%20block%20and%20some%20tectonic%20implications%20for%20the%20basin%20and%20range%20province%2C%20north%20American%20cordillera&author=T.%20Dixon&author=M.%20Miller&author=F.%20Farina&author=H.%20Wang&author=D.%20Johnson&publication_year=2000&journal=Tectonics&volume=19&pages=1-24


Favorable tectonics and structural settings of geothermal systems in
the great basin region, western USA: proxies for discovering blind 
geothermal systems
, 
Proceedings of the World Geothermal Congress
  
Melbourne, Australia
Faulds
 
J.
, 
Coolbaugh
 
M.
, 
Bouchot
 
V.
, 
Moek
 
I.
, 
Oguz
 
K.
 
2010
 
Characterizing structural controls of geothermal reservoirs in the 
great basin, USA, and western Turkey: developing successful 
exploration strategies in extended terranes
, 
World Geothermal Congress 2010
  
11p
 
France
Fialko
 
Y.



, 
Simons
 
M.
 
2000
 
Deformation and seismicity in the Coso geothermal area, Inyo 
County, California: observations and modeling using satellite radar 
interferometry
, 
J. geophys. Res.
  
105
 
B9
21 781–21 793
Fournier
 
R.
, 
Thompson
 
J.
, 
Austin
 
C.
 
1980
 
Interpretation of chemical analyses of waters collected from two 
geothermal wells at Coso, California
, 
J. geophys. Res.
  
85
 
B5
 
2405



 
2410
Google Scholar
Crossref
Search ADS
 
Gasperikova
 
E.
, 
Rosenkjaer
 
G.
, 
Arnason
 
K.
, 
Newman
 
G.
, 
Lindsey
 
N.
 
2015
 
Resistivity characterization of the Krafla and Hengill geothermal 
fields through 3D MT inverse modeling
, 
Geothermics
  
57
: 
246
–
257
Google Scholar
Crossref
Search ADS

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1016%2Fj.geothermics.2015.06.015
http://dx.doi.org/10.1016/j.geothermics.2015.06.015
https://scholar.google.com/scholar_lookup?title=Resistivity%20characterization%20of%20the%20Krafla%20and%20Hengill%20geothermal%20fields%20through%203D%20MT%20inverse%20modeling&author=E.%20Gasperikova&author=G.%20Rosenkjaer&author=K.%20Arnason&author=G.%20Newman&author=N.%20Lindsey&publication_year=2015&journal=Geothermics&volume=57&pages=246-257
http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1029%2FJB085iB05p02405
http://dx.doi.org/10.1029/JB085iB05p02405
https://scholar.google.com/scholar_lookup?title=Interpretation%20of%20chemical%20analyses%20of%20waters%20collected%20from%20two%20geothermal%20wells%20at%20Coso%2C%20California&author=R.%20Fournier&author=J.%20Thompson&author=C.%20Austin&publication_year=1980&journal=J.%20geophys.%20Res.&volume=85&pages=2405-2410


 
Heise
 
W.
, 
Caldwell
 
T.
, 
Bibby
 
H.
, 
Bannister
 
S.
 
2008
 
Three-dimensional modelling of magnetotelluric data from the 
Rotokawa geothermal field, Taupo volcanic zone, New Zealand
, 
Geophys. J. Int.
  
173
: 
740
–
750
Google Scholar
Crossref
Search ADS
 
Hill
 
G.
, 
Caldwell
 
T.
, 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1111%2Fgji.2008.173.issue-2
http://dx.doi.org/10.1111/gji.2008.173.issue-2
https://scholar.google.com/scholar_lookup?title=Three-dimensional%20modelling%20of%20magnetotelluric%20data%20from%20the%20Rotokawa%20geothermal%20field%2C%20Taupo%20volcanic%20zone%2C%20New%20Zealand&author=W.%20Heise&author=T.%20Caldwell&author=H.%20Bibby&author=S.%20Bannister&publication_year=2008&journal=Geophys.%20J.%20Int.&volume=173&pages=740-750


Heise
 
W.
, 
Chertkoff
 
D.
, 
Bibby
 
H.
, 
Burgess
 
M.
, 
Cull
 
J.
, 
Cas
 
R.
 
2009
Distribution of melt beneath Mount St Helens and Mount Adams 
inferred from magnetotelluric data
, 
Nat. Geosci.
  
2
 
11
 
785
 
789
Google Scholar
Crossref
Search ADS
 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1038%2Fngeo661
http://dx.doi.org/10.1038/ngeo661
https://scholar.google.com/scholar_lookup?title=Distribution%20of%20melt%20beneath%20Mount%20St%20Helens%20and%20Mount%20Adams%20inferred%20from%20magnetotelluric%20data&author=G.%20Hill&author=T.%20Caldwell&author=W.%20Heise&author=D.%20Chertkoff&author=H.%20Bibby&author=M.%20Burgess&author=J.%20Cull&author=R.%20Cas&publication_year=2009&journal=Nat.%20Geosci.&volume=2&pages=785-789


Kaven
 
J.
, 
Hickman
 
S.
, 
Davatzes
 
N.
 
2014
 
Micro-seismicity and seismic moment release within the Coso 
geothermal field, California
, 
Proceedings to the 39th Workshop on Geothermal Reservoir 
Engineering
  
Stanford University
 
Stanford, California
Kelbert
 
A.
, 
Egbert
 
G.
, 
Groot-Hedlin
 
D.
 
2012
 
Crust and upper mantle electrical conductivity beneath the 
yellowstone hotspot track
, 
Geology



  
40
 
5
 
447
 
450
Google Scholar
Crossref
Search ADS
 
Key
 
K.
, 
Constable
 
S.
, 
Liu
 
L.
, 
Pommier
 
A.
 
2013
 
Electrical image of passive mantle upwelling beneath the northern 
east pacific rise
, 
Nature
  
495
 
7442
 
499
 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1130%2FG32655.1
http://dx.doi.org/10.1130/G32655.1
https://scholar.google.com/scholar_lookup?title=Crust%20and%20upper%20mantle%20electrical%20conductivity%20beneath%20the%20yellowstone%20hotspot%20track&author=A.%20Kelbert&author=G.%20Egbert&author=D.%20Groot-Hedlin&publication_year=2012&journal=Geology&volume=40&pages=447-450


502
Google Scholar
Crossref
Search ADS
PubMed
 
Kiyan
 
D.
, 
Jones
 
A.
, 
Vozer
 
J.
 
2014
 
The inability of magnetotelluric off-diagonal impedance tensor 
elements to sense oblique conductors in three-dimensional inversion
, 
Geophys. J. Int.
  
196
: 
1351
–
1364
Google Scholar
Crossref
Search ADS
 
Lindsey
 
N.
, 
Newman
 
G.

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1093%2Fgji%2Fggt470
http://dx.doi.org/10.1093/gji/ggt470
https://scholar.google.com/scholar_lookup?title=The%20inability%20of%20magnetotelluric%20off-diagonal%20impedance%20tensor%20elements%20to%20sense%20oblique%20conductors%20in%20three-dimensional%20inversion&author=D.%20Kiyan&author=A.%20Jones&author=J.%20Vozer&publication_year=2014&journal=Geophys.%20J.%20Int.&volume=196&pages=1351-1364
http://www.ncbi.nlm.nih.gov/pubmed/23538832
http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1038%2Fnature11932
http://dx.doi.org/10.1038/nature11932
https://scholar.google.com/scholar_lookup?title=Electrical%20image%20of%20passive%20mantle%20upwelling%20beneath%20the%20northern%20east%20pacific%20rise&author=K.%20Key&author=S.%20Constable&author=L.%20Liu&author=A.%20Pommier&publication_year=2013&journal=Nature&volume=495&pages=499-502


 
2015
 
Improved workflow for 3D inverse modeling of magnetotelluric data: 
examples from five geothermal systems
, 
Geothermics
  
53
: 
527
–
532
Google Scholar
Crossref
Search ADS
 
Manley
 
C.
, 
Bacon
 
C.
 
2000
 
Rhyolite thermobarometry and the shallowing of the magma 
reservoir, Coso volcanic field, California
, 
J. Petrol.
  
41
 
1
 
149
 
174
Google Scholar
Crossref

http://dx.doi.org/10.1093/petrology/41.1.149
https://scholar.google.com/scholar_lookup?title=Rhyolite%20thermobarometry%20and%20the%20shallowing%20of%20the%20magma%20reservoir%2C%20Coso%20volcanic%20field%2C%20California&author=C.%20Manley&author=C.%20Bacon&publication_year=2000&journal=J.%20Petrol.&volume=41&pages=149-174
http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1016%2Fj.geothermics.2014.09.004
http://dx.doi.org/10.1016/j.geothermics.2014.09.004
https://scholar.google.com/scholar_lookup?title=Improved%20workflow%20for%203D%20inverse%20modeling%20of%20magnetotelluric%20data%3A%20examples%20from%20five%20geothermal%20systems&author=N.%20Lindsey&author=G.%20Newman&publication_year=2015&journal=Geothermics&volume=53&pages=527-532


Search ADS
 
Maris
 
V.
, 
Wannamaker
 
P.
, 
Moore
 
J.
 
2012
 
3-D inversion of MT data from the raft river geothermal field—
preliminary results
, 
Geotherm. Resour. Counc. Trans.
  
36
: 
939
–
942
McClusky
 
S.
, 
Bjornstad
 
S.
, 
Hager
 
B.
, 
King
 
R.

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1093%2Fpetrology%2F41.1.149


, 
Meade
 
B.
, 
Miller
 
M.
, 
Monastero
 
F.
, 
Souter
 
B.
2001
 
Present day kinematics of the eastern California shear zone from a 
geodetically constrained block model
, 
Geophys. Res. Lett.
  
28
 
17
 
3369
 
3372
Google Scholar
Crossref
Search ADS
 
Meqbel
 
N.
 
2009
 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1029%2F2001GL013091
http://dx.doi.org/10.1029/2001GL013091
https://scholar.google.com/scholar_lookup?title=Present%20day%20kinematics%20of%20the%20eastern%20California%20shear%20zone%20from%20a%20geodetically%20constrained%20block%20model&author=S.%20McClusky&author=S.%20Bjornstad&author=B.%20Hager&author=R.%20King&author=B.%20Meade&author=M.%20Miller&author=F.%20Monastero&author=B.%20Souter&publication_year=2001&journal=Geophys.%20Res.%20Lett.&volume=28&pages=3369-3372


The electrical conductivity structure of the Dead Sea Basin derived 
from 2D and 3D inversion of magnetotelluric data
, 
PhD thesis
  
Freie Universität
 
Berlin
Meqbel
 
N.
, 
Egbert
 
G.
, 
Wannamaker
 
P.
, 
Kelbert
 
A.
, 
Schultz
 
A.
 
2014
 
Deep electrical resistivity structure of the northwestern U.S. derived 
from 3-D inversion of USArray magnetotelluric data
, 
Earth planet. Sci. Lett.
  
402
: 
290
–
304
Google Scholar

https://scholar.google.com/scholar_lookup?title=Deep%20electrical%20resistivity%20structure%20of%20the%20northwestern%20U.S.%20derived%20from%203-D%20inversion%20of%20USArray%20magnetotelluric%20data&author=N.%20Meqbel&author=G.%20Egbert&author=P.%20Wannamaker&author=A.%20Kelbert&author=A.%20Schultz&publication_year=2014&journal=Earth%20planet.%20Sci.%20Lett.&volume=402&pages=290-304


Crossref
Search ADS
 
Miensopust
 
M.
, 
Queralt
 
P.
, 
Jones
 
A.
 
the 3D MT modellers
 
2013
 
Magnetotelluric 3-D inversion—a review of two successful workshops
on forward and inversion code testing and comparison
, 
Geophys. J. Int.
  
193
 
3
 
1216
 
1238
Google Scholar
Crossref
Search ADS
 
Miensopust
 
M.
, 
Jones
 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1093%2Fgji%2Fggt066
http://dx.doi.org/10.1093/gji/ggt066
https://scholar.google.com/scholar_lookup?title=Magnetotelluric%203-D%20inversion%E2%80%94a%20review%20of%20two%20successful%20workshops%20on%20forward%20and%20inversion%20code%20testing%20and%20comparison&author=M.%20Miensopust&author=P.%20Queralt&author=A.%20Jones&publication_year=2013&journal=Geophys.%20J.%20Int.&volume=193&pages=1216-1238
http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1016%2Fj.epsl.2013.12.026
http://dx.doi.org/10.1016/j.epsl.2013.12.026


A.
, 
Hersir
 
G.
, 
Vilhjálmsson
 
A.
 
2014
 
The Eyjafjallajökull volcanic system, Iceland: insights from 
electromagnetic measurements
, 
Geophys. J. Int.
  
199
 
2
1187
 
1204
Google Scholar
Crossref
Search ADS
 
Monastero
 
F.
, 
Katzenstein
 
A.
, 
Miller
 
J.
, 
Unruh
 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1093%2Fgji%2Fggu322
http://dx.doi.org/10.1093/gji/ggu322
https://scholar.google.com/scholar_lookup?title=The%20Eyjafjallaj%C3%B6kull%20volcanic%20system%2C%20Iceland%3A%20insights%20from%20electromagnetic%20measurements&author=M.%20Miensopust&author=A.%20Jones&author=G.%20Hersir&author=A.%20Vilhj%C3%A1lmsson&publication_year=2014&journal=Geophys.%20J.%20Int.&volume=199&pages=1187-1204


J.
, 
Adams
 
M.
, 
Richards-Dinger
 
K.
 
2005
 
The Coso geothermal field: a nascent metamorphic core complex
, 
Bull. geol. Soc. Am.
  
117
(11/12) 
1534
 
1553
Google Scholar
Crossref
Search ADS
 
Munoz
 
G.
 
2014
 
Exploring for geothermal resources with electromagnetic methods
, 
Surv. Geophys.
  
35
: 
101
–
122
Google Scholar

https://scholar.google.com/scholar_lookup?title=Exploring%20for%20geothermal%20resources%20with%20electromagnetic%20methods&author=G.%20Munoz&publication_year=2014&journal=Surv.%20Geophys.&volume=35&pages=101-122
http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1130%2FB25600.1
http://dx.doi.org/10.1130/B25600.1
https://scholar.google.com/scholar_lookup?title=The%20Coso%20geothermal%20field%3A%20a%20nascent%20metamorphic%20core%20complex&author=F.%20Monastero&author=A.%20Katzenstein&author=J.%20Miller&author=J.%20Unruh&author=M.%20Adams&author=K.%20Richards-Dinger&publication_year=2005&journal=Bull.%20geol.%20Soc.%20Am.&volume=117&pages=1534-1553


Crossref
Search ADS
 
Newman
 
G.
 
2014
 
A review of high-performance computational strategies for modeling
and imaging of electromagnetic induction data
, 
Surv. Geophys.
  
35
 
1
 
85
 
100
Google Scholar
Crossref
Search ADS
 
Newman
 
G.
, 
Alumbaugh
 
D.
 
2000
 
Three-dimensional magnetotelluric inversion using non-linear 
conjugate gradients
, 
Geophys. J. Int.
  
140

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1007%2Fs10712-013-9260-0
http://dx.doi.org/10.1007/s10712-013-9260-0
https://scholar.google.com/scholar_lookup?title=A%20review%20of%20high-performance%20computational%20strategies%20for%20modeling%20and%20imaging%20of%20electromagnetic%20induction%20data&author=G.%20Newman&publication_year=2014&journal=Surv.%20Geophys.&volume=35&pages=85-100
http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1007%2Fs10712-013-9236-0
http://dx.doi.org/10.1007/s10712-013-9236-0


 
2
 
410
 
424
Google Scholar
Crossref
Search ADS
 
Newman
 
G.
, 
Boggs
 
P.
 
2004
 
Solution accelerators for large-scale three-dimensional 
electromagnetic inverse problems
, 
Inverse Probl.
  
20
 
6
 
151
 
170
Google Scholar
Crossref
Search ADS
 
Newman
 
G.
, 
Gasperikova

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1088%2F0266-5611%2F20%2F6%2FS10
http://dx.doi.org/10.1088/0266-5611/20/6/S10
https://scholar.google.com/scholar_lookup?title=Solution%20accelerators%20for%20large-scale%20three-dimensional%20electromagnetic%20inverse%20problems&author=G.%20Newman&author=P.%20Boggs&publication_year=2004&journal=Inverse%20Probl.&volume=20&pages=151-170
http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1046%2Fj.1365-246x.2000.00007.x
http://dx.doi.org/10.1046/j.1365-246x.2000.00007.x
https://scholar.google.com/scholar_lookup?title=Three-dimensional%20magnetotelluric%20inversion%20using%20non-linear%20conjugate%20gradients&author=G.%20Newman&author=D.%20Alumbaugh&publication_year=2000&journal=Geophys.%20J.%20Int.&volume=140&pages=410-424


 
E.
, 
Hoversten
 
G.
, 
Wannamaker
 
P.
 
2008
 
Three-dimensional magnetotelluric characterization of the Coso 
geothermal field
, 
Geothermics
  
37
: 
369
–
399
Google Scholar
Crossref
Search ADS
 
Ogawa
 
Y.
, 
Ichiki
 
M.
, 
Kanda
 
W.
, 
Mishina
 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1016%2Fj.geothermics.2008.02.006
http://dx.doi.org/10.1016/j.geothermics.2008.02.006
https://scholar.google.com/scholar_lookup?title=Three-dimensional%20magnetotelluric%20characterization%20of%20the%20Coso%20geothermal%20field&author=G.%20Newman&author=E.%20Gasperikova&author=G.%20Hoversten&author=P.%20Wannamaker&publication_year=2008&journal=Geothermics&volume=37&pages=369-399


M.
, 
Asamori
 
K.
 
2014
 
Three-dimensional magnetotelluric imaging of crustal fluids and 
seismicity around Naruko volcano, NE Japan
, 
Earth Planets Space
  
66
 
1
 
1
 
13
Google Scholar
Crossref
Search ADS
 
Patro
 
P.
, 
Egbert
 
G.
 
2008
 
Regional conductivity structure of cascadia: preliminary results from 
3D inversion of usarray transportable array magnetotelluric data
, 
Geophys. Res. Lett.
  
35
 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1186%2F1880-5981-66-1
http://dx.doi.org/10.1186/1880-5981-66-1
https://scholar.google.com/scholar_lookup?title=Three-dimensional%20magnetotelluric%20imaging%20of%20crustal%20fluids%20and%20seismicity%20around%20Naruko%20volcano%2C%20NE%20Japan&author=Y.%20Ogawa&author=M.%20Ichiki&author=W.%20Kanda&author=M.%20Mishina&author=K.%20Asamori&publication_year=2014&journal=Earth%20Planets%20Space&volume=66&pages=1-13


20
 
doi:10.1029/2008GL035326
Patro
 
P.
, 
Egbert
 
G.
 
2011
 
Application of 3D inversion to magnetotelluric profile data from the 
Deccan volcanic province of western India
, 
Phys. Earth planet. Inter.
  
187
 
1
 
33
 
46
Google Scholar
Crossref
Search ADS
 
Peacock
 
J.
, 
Mangan
 
M.
, 
McPhee
 
D.
, 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1016%2Fj.pepi.2011.04.005
http://dx.doi.org/10.1016/j.pepi.2011.04.005
https://scholar.google.com/scholar_lookup?title=Application%20of%203D%20inversion%20to%20magnetotelluric%20profile%20data%20from%20the%20Deccan%20volcanic%20province%20of%20western%20India&author=P.%20Patro&author=G.%20Egbert&publication_year=2011&journal=Phys.%20Earth%20planet.%20Inter.&volume=187&pages=33-46


Ponce
 
D.
 
2015
 
Imaging the magmatic system of mono basin, California with 
magnetotellurics in three-dimensions
, 
J. geophys. Res.
  
120
 
11
 
7273
7289
Google Scholar
Crossref
Search ADS
 
Peacock
 
J. R.
, 
Mangan
 
M. T.
, 
McPhee
 
D.
, 
Wannamaker
 
P. E.
 
2016
 
Three-dimensional electrical resistivity model of the hydrothermal 
system in long valley caldera, California, from magnetotellurics

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1002%2F2015JB012071
http://dx.doi.org/10.1002/2015JB012071
https://scholar.google.com/scholar_lookup?title=Imaging%20the%20magmatic%20system%20of%20mono%20basin%2C%20California%20with%20magnetotellurics%20in%20three-dimensions&author=J.%20Peacock&author=M.%20Mangan&author=D.%20McPhee&author=D.%20Ponce&publication_year=2015&journal=J.%20geophys.%20Res.&volume=120&pages=7273-7289


, 
Geophys. Res. Lett.
  
43
 
15
 
7953
 
7962
Google Scholar
Crossref
Search ADS
 
Pellerin
 
L.
, 
Johnston
 
J.
, 
Hohmann
 
G.
 
1996
 
A numerical evaluation of electromagnetic methods in geothermal 
exploration
, 
Geophysics
  
61
 
1
 
121
 
130
Google Scholar

https://scholar.google.com/scholar_lookup?title=A%20numerical%20evaluation%20of%20electromagnetic%20methods%20in%20geothermal%20exploration&author=L.%20Pellerin&author=J.%20Johnston&author=G.%20Hohmann&publication_year=1996&journal=Geophysics&volume=61&pages=121-130
http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1002%2F2016GL069263
http://dx.doi.org/10.1002/2016GL069263
https://scholar.google.com/scholar_lookup?title=Three-dimensional%20electrical%20resistivity%20model%20of%20the%20hydrothermal%20system%20in%20long%20valley%20caldera%2C%20California%2C%20from%20magnetotellurics&author=J.%20R.%20Peacock&author=M.%20T.%20Mangan&author=D.%20McPhee&author=P.%20E.%20Wannamaker&publication_year=2016&journal=Geophys.%20Res.%20Lett.&volume=43&pages=7953-7962


Crossref
Search ADS
 
Roquemore
 
G.
 
1980
 
Structure, tectonics, and stress field of the Coso range, Inyo County, 
California
, 
J. geophys. Res.
  
85
 
B5
 
2434
 
2440
Google Scholar
Crossref
Search ADS
 
Rowland
 
J.
, 
Simmons
 
S.
 
2012
 
Hydrologic, magmatic, and tectonic controls on hydrothermal flow, 
Taupo volcanic zone, New Zealand: implications for the formation of 
epithermal vein deposits
, 
Econ. Geol.
  

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1029%2FJB085iB05p02434
http://dx.doi.org/10.1029/JB085iB05p02434
https://scholar.google.com/scholar_lookup?title=Structure%2C%20tectonics%2C%20and%20stress%20field%20of%20the%20Coso%20range%2C%20Inyo%20County%2C%20California&author=G.%20Roquemore&publication_year=1980&journal=J.%20geophys.%20Res.&volume=85&pages=2434-2440
http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1190%2F1.1443931
http://dx.doi.org/10.1190/1.1443931


107
: 
427
–
457
Google Scholar
Crossref
Search ADS
 
Schoenball
 
M.
, 
Davatzes
 
N.
, 
Glen
 
J.
 
2015
 
Differentiating induced and natural seismicity using space-time-
magnitude statistics applied to the Coso geothermal field
, 
Geophys. Res. Lett.
  
42
 
15
 
6221
 
6228
Google Scholar
Crossref
Search ADS
 
Sheridan
 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1002%2F2015GL064772
http://dx.doi.org/10.1002/2015GL064772
https://scholar.google.com/scholar_lookup?title=Differentiating%20induced%20and%20natural%20seismicity%20using%20space-time-magnitude%20statistics%20applied%20to%20the%20Coso%20geothermal%20field&author=M.%20Schoenball&author=N.%20Davatzes&author=J.%20Glen&publication_year=2015&journal=Geophys.%20Res.%20Lett.&volume=42&pages=6221-6228
http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.2113%2Fecongeo.107.3.427
http://dx.doi.org/10.2113/econgeo.107.3.427
https://scholar.google.com/scholar_lookup?title=Hydrologic%2C%20magmatic%2C%20and%20tectonic%20controls%20on%20hydrothermal%20flow%2C%20Taupo%20volcanic%20zone%2C%20New%20Zealand%3A%20implications%20for%20the%20formation%20of%20epithermal%20vein%20deposits&author=J.%20Rowland&author=S.%20Simmons&publication_year=2012&journal=Econ.%20Geol.&volume=107&pages=427-457


J.
et al.  
 
2003
 
In situ stress, fracture and fluid flow analysis—east flank of the Coso 
geothermal field
, 
Proceedings of the Twenty-Eighth Workshop on Geothermal 
Reservoir Engineering
  
Stanford University
 
Stanford, CA, USA
 
34
 
49
Simpson
 
F.
, 
Bahr
 
K.
 
2005
Practical Magnetotellurics
  
Cambridge Univ. Press
Tietze
 
K.
, 
Ritter
 
O.
 
2013
 



Three-dimensional magnetotelluric inversion in practice– the 
electrical conductivity structure of the San Andreas fault in central 
California
, 
Geophys. J. Int.
  
195
: 
130
–
147
Google Scholar
Crossref
Search ADS
 
Tikhonov
 
A.
, 
Arsenin
 
V.
 
1977
 
Solutions of ill-posed problems
, 
Math. Comput.
  
32
: 
1320
–
1322
Tuncer
 
V.
, 
Unsworth
 
M.

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1093%2Fgji%2Fggt234
http://dx.doi.org/10.1093/gji/ggt234
https://scholar.google.com/scholar_lookup?title=Three-dimensional%20magnetotelluric%20inversion%20in%20practice%E2%80%93%20the%20electrical%20conductivity%20structure%20of%20the%20San%20Andreas%20fault%20in%20central%20California&author=K.%20Tietze&author=O.%20Ritter&publication_year=2013&journal=Geophys.%20J.%20Int.&volume=195&pages=130-147


, 
Siripunvaraporn
 
W.
, 
Craven
 
J.
 
2006
 
Exploration for unconformity-type uranium deposits with 
audiomagnetotelluric data: a case study from the McArthur River 
mine, Saskatchewan, Canada
, 
Geophysics
  
71
 
6
 
B201
 
B209
Google Scholar
Crossref
Search ADS
 
Unruh
 
J.
, 
Streig
 
A.
 
2004
Mapping and characterization of neotectonic structures in a 
releasing stepover, northern Coso range
 
Tech. rep.

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1190%2F1.2348780
http://dx.doi.org/10.1190/1.2348780
https://scholar.google.com/scholar_lookup?title=Exploration%20for%20unconformity-type%20uranium%20deposits%20with%20audiomagnetotelluric%20data%3A%20a%20case%20study%20from%20the%20McArthur%20River%20mine%2C%20Saskatchewan%2C%20Canada&author=V.%20Tuncer&author=M.%20Unsworth&author=W.%20Siripunvaraporn&author=J.%20Craven&publication_year=2006&journal=Geophysics&volume=71&pages=B201-B209


  
Eastern California: final technical report submitted to the US Navy 
Geothermal Program Office
 
China Lake Naval Air Warfare Center
 
Contract
Unruh
 
J.
, 
Hauksson
 
E.
, 
Monastero
 
F.
, 
Twiss
 
R.
, 
Lewis
 
J.
 
2002
 
Seismotectonics of the Coso Range–Indian Wells Valley region, 
California: transtensional deformation along the southeastern 
margin of the Sierran microplate
, 
Geologic Evolution of the Mojave Desert and Southwestern Basin 
and Range
  
GSA Memoir
 
195
 
277



 
294
 
Glazner
 
A.F.
, 
Walker
 
J.D.
, 
Bartley
 
J.M.
 
Geological Society of America, Boulder, CO
Unruh
 
J.
, 
Humphrey
 
J.
, 
Barron
 
A.
 
2003
 
Transtensional model for the Sierra Nevada frontal fault system, 
eastern California
, 
Geology
  
31
 
4
 
327
 



330
Google Scholar
Crossref
Search ADS
 
Unruh
 
J.
, 
Pullammanappallil
 
S.
, 
Honjas
 
W.
, 
Monastero
 
F.
 
2006
 
New seismic imaging of the Coso geothermal field, eastern California
, 
Geology
  
2
 
3
 
3
 
4
Vozoff
 
K.
 
1972
 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1130%2F0091-7613(2003)031%3C0327:TMFTSN%3E2.0.CO;2
http://dx.doi.org/10.1130/0091-7613(2003)031%3C0327:TMFTSN%3E2.0.CO;2
https://scholar.google.com/scholar_lookup?title=Transtensional%20model%20for%20the%20Sierra%20Nevada%20frontal%20fault%20system%2C%20eastern%20California&author=J.%20Unruh&author=J.%20Humphrey&author=A.%20Barron&publication_year=2003&journal=Geology&volume=31&pages=327-330


The magnetotelluric method in the exploration of sedimentary 
basins
, 
Geophysics
  
37
 
1
 
98
 
141
Google Scholar
Crossref
Search ADS
 
Wamalwa
 
A.
, 
Mickus
 
K.
, 
Serpa
 
L.
, 
Doser
 
D.
 
2013
 
A joint geophysical analysis of the Coso geothermal field, south-
eastern California
, 
Phys. Earth planet. Inter.
  
214
: 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1190%2F1.1440255
http://dx.doi.org/10.1190/1.1440255
https://scholar.google.com/scholar_lookup?title=The%20magnetotelluric%20method%20in%20the%20exploration%20of%20sedimentary%20basins&author=K.%20Vozoff&publication_year=1972&journal=Geophysics&volume=37&pages=98-141


25
–
34
Google Scholar
Crossref
Search ADS
 
Wannamaker
 
P.
, 
Rose
 
P.
, 
Doerner
 
W.
, 
Berard
 
B.
, 
McCulloch
 
J.
, 
Nurse
 
K.
 
2004
Magnetotelluric surveying and monitoring at the Coso geothermal 
area, California, in support of the enhanced geothermal systems 
concept: survey parameters and initial results
, 
Proceedings of the Twenty-Ninth Workshop on Geothermal Reservoir
Engineering
 
Stanford University,
 Stanford, CA 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1016%2Fj.pepi.2012.10.008
http://dx.doi.org/10.1016/j.pepi.2012.10.008
https://scholar.google.com/scholar_lookup?title=A%20joint%20geophysical%20analysis%20of%20the%20Coso%20geothermal%20field%2C%20south-eastern%20California&author=A.%20Wamalwa&author=K.%20Mickus&author=L.%20Serpa&author=D.%20Doser&publication_year=2013&journal=Phys.%20Earth%20planet.%20Inter.&volume=214&pages=25-34


287
 
294
Wannamaker
 
P.
, 
Evans
 
R.
, 
Bedrosian
 
P.
, 
Unsworth
 
M.
, 
Maris
 
V.
, 
McGary
 
R.
 
2014
Segmentation of plate coupling, fate of subduction fluids, and 
modes of arc magmatism in cascadia, inferred from magnetotelluric 
resistivity
, 
Geochem. Geophys. Geosyst.
  
15
 
11
4230
 
4253
Google Scholar

https://scholar.google.com/scholar_lookup?title=Segmentation%20of%20plate%20coupling%2C%20fate%20of%20subduction%20fluids%2C%20and%20modes%20of%20arc%20magmatism%20in%20cascadia%2C%20inferred%20from%20magnetotelluric%20resistivity&author=P.%20Wannamaker&author=R.%20Evans&author=P.%20Bedrosian&author=M.%20Unsworth&author=V.%20Maris&author=R.%20McGary&publication_year=2014&journal=Geochem.%20Geophys.%20Geosyst.&volume=15&pages=4230-4253


Crossref
Search ADS
 
Wicks
 
C.
, 
Thatcher
 
W.
, 
Monastero
 
F.
, 
Hasting
 
M.
 
2001
 
Steady state deformation of the Coso range, east central California, 
inferred from satellite radar interferometry
, 
J. geophys. Res.
  
106
 
B7
 
13 769
 
13 780
Google Scholar
Crossref
Search ADS
 
Xiao
 
Q.
, 

http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1029%2F2001JB000298
http://dx.doi.org/10.1029/2001JB000298
https://scholar.google.com/scholar_lookup?title=Steady%20state%20deformation%20of%20the%20Coso%20range%2C%20east%20central%20California%2C%20inferred%20from%20satellite%20radar%20interferometry&author=C.%20Wicks&author=W.%20Thatcher&author=F.%20Monastero&author=M.%20Hasting&publication_year=2001&journal=J.%20geophys.%20Res.&volume=106&pages=13%20769-13%20780
http://adsabs.harvard.edu/cgi-bin/basic_connect?qsearch=10.1002%2F2014GC005509
http://dx.doi.org/10.1002/2014GC005509


Cai
 
X.
, 
Xu
 
X.
, 
Liang
 
G.
, 
Zhang
 
B.
 
2010
 
Application of the 3D magnetotelluric inversion code in a 
geologically complex area
, 
Geophys. Prospect.
  
58
 
6
 
1177
 
1192
Zhdanov
 
M.
, 
Smith
 
R.
, 
Gribenko
 
A.



, 
Cuma
 
M.
, 
Green
 
M.
 
2011
 
Three-dimensional inversion of large-scale earthscope 
magnetotelluric data based on the integral equation method: 
geoelectrical imaging of the yellowstone conductive mantle plume
, 
Geophys. Res. Lett.
  
38
 
8
 
doi:10.1029/2011GL046953
APPENDIX A: FINAL 3-D FULL-TENSOR MODEL DATA FITS
Figure A1.

View large  Download slide
Data fit from final 3-D full-tensor model (lines) to the recorded data (circles) from MT sites 

E18, E19, E20 located along profile A–A΄. Colour indicates tensor component: Zxy = 

red; Zyx = blue; Zxx = green; Zyy = cyan.

Figure A2.

View large  Download slide
Data fit from final 3-D full-tensor model (lines) to the recorded data (circles) from MT sites 

E28, E29, E39 located along profile A-–A΄. Colour indicates tensor component: Zxy = 

red; Zyx = blue; Zxx = green; Zyy = cyan.
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Data fit from final 3-D full-tensor model (lines) to the recorded data (circles) from MT sites 

E41, E50 located along profile A–A΄. Colour indicates tensor component: Zxy = red; Zyx = 

blue; Zxx = green; Zyy= cyan.
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