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ABSTRACT

Electromagnetic (EM) geophysical methods have been a priority technology in both enhanced geothermal systems (EGS) and
hydrothermal exploration for imaging fluids, permeable pathways, and controlling structures. Natural EM field methods are the only
practical option for probing depths of 2 km or more for geothermal resources. A DOE/GTO exploration R&D priority has been to
develop an MT/EM/AFMAG airborne system capable of exploring to 2 km or more. Such a platform could cover large ground areas
with high sampling density. The ZTEM (TM) airborne platform is simply MT tipper estimation with the vertical field sensor tow ed
behind a helicopter and with the horizontal coils at a fixed ground location; it is otherwise processed and modeled similarly. Utilizing
only the magnetic field, however, ZTEM requires an assumption for the host resistivity to correctly estimate body position and
properties. Sparse M T sites in principle can help to resolve this, and the concept is largely validated in our experience. However, a
consideration is the necessity to mobilize two survey types and to develop algorithms for the joint interpretation.

1. INTRODUCTION

A research goal of DOE/GTO has been to achieve detailed electrical resistivity resolution at geothermal reservoir scales by combining
airborne natural electromagnetic (EM) field surveying (ZTEM) with ground magnetotelluric (MT) measurements to approximate an
airborne M T geophysical method (Phillips et al., 2013; Ziagos et al., 2013). MT alone is relatively expensive and may have permitting
challenges. Airborne ZTEM field data contains only the magnetic field, requires a background resistivity assumption, and has been
limited to relatively high frequencies, thus suffering non-uniqueness. Based on prototype two-dimensional (2D) simulations presented
herein, ZTEM ambiguities may be reduced through formal incorporation with sparse ground M T soundings. This is demonstrated on
donated field data sets, first for a relatively 2D mining prospect and then in 3D for the Eleven Mile Canyon geothermal prosp ect.
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Figure 1: Picture of ZTEM vertical H-field sensor (upper left), 2D inversion image produced by flown profile data over the
Athabasca Basin (upper right), schematic of unconformity uranium deposit (lower left), and fit of the inversion model
calculations to the data for two frequencies of the survey (lower right). A background resistivity of 1000 ohm-m was
assumedbased on experience in the Athabascan environment. Data for inversion provided by Geotech Inc.
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The ZTEM airborne platform (Figure 1) is simply MT tipper estimation with the vertical field sensor towed by helicopter and with the
horizontal coils at a fixed ground location (Legault et al., 2009). ZTEM is as rigorous in its basis as traditional tipper, and is processed
and modeled similarly. Utilizing only the magnetic field, however, ZTEM must assume a host resistivity to constrain body position and
properties. Sparse M T sites in principle can resolve this, as we show with synthetic and field examples.

With MT data, on the other hand, inclusion of the electric field to define the tensor M T impedance brings intrinsic depth res olution
without, in principle, external constraints on the host (Chave and Jones, 2012). We apply uniquely powerful 3D M T imaging capability
based on deformable edge finite elements (FE) handling large topographic variations accurately, incorporating precise direct solvers
throughout, and parallelized on single-box, multi-core, large-RAM workstations (HexMT code; Kordy et al., 2016a,b). Stair-step
approximations to topography inherent to finite difference algorithms (Newman and Alumbaugh, 2000; Siripunvaraporn et al., 2005;
Holtham and Oldenburg, 2010; Kelbert et al., 2014; Lee et al., 2018) are prone to E-field instabilities due to sharp cell corners. We
compute million-parameter tomography problems with a direct data-space parameter formulation, as exemplified in Kordy et al.,
2016a,b). Several additional M T field examples using this algorithm appear in Wannamaker et al. (2017, 2019, 2021).

2. BASIS FOR COMBINING AIRBORNE ZTEM WITH SPARSE GROUND MT

Two-dimensional computer simulation and inversion of coincident field data suggests that adding even very sparse M T soundings to a
ZTEM survey will go far in resolving non-uniqueness and in approaching an airborne M T surveying technique. Figure 2 demonstrates
this in 2D for both synthetic and field data models using our finite element inversion code (e.g., Wannamaker et al., 2008) augmented
from that described by Legault et al. (2009). On the left in the figure, synthetic ZTEM data were at 7 frequencies from 720 Hz to 30 Hz.
MT data were at 13 frequencies from 1000 Hz to 1 Hz. Field ZTEM and MT data were donated by Denison Mines Corp from the
eastern Athabasca basin of Saskatchewan, Canada (Legault et al., 2009). With no MT included, an erroneous background assumption
can yield images at the wrong depth. For both synthetic cases and real field data, adding just a few M T stations corrects both body
position and background value from those initially resulting from incorrect back-ground assumptions. Inclusion of ZTEM H-field also
may have improved lateral extent of conductive material at Johnston Lake. In the case with only 3 M T sites, the number of ZTEM data
exceeded the M T by a factor of ~30. With some trial and error, we found that upweighting the M T data by about a factor of 4 y ielded
comparable misfits for the ZTEM and MT data, similar to Lee et al (2018). Nevertheless, the potential of joint sparse inversion to
greatly improve resolution is clear, and should only be better in full 3D with topography as we have pursued here.

Hill-Vall 2000 2D ZTEM 2D Johnston Lake
IS TUTT P SURUET AT IR TETRPE IY ST YUY IY TURTIS PUTETY L SR U PUIT Ohm-m 0 Ohm-m
0 3 3
15 — 15
i E'
2 T < 7
£ z
a3 W 492 390
1975 1975
e 10000 2 10000
W — e w— — E E
0 1 2 3 4 km
ZTEM 400 2D
° NN NN AN NN NN NN NN NN Ohmm o Ohm-m
3 3
= 15 15
5 g1
< 72 i
7 £
o ‘W 8, 380
2 LI 1875
10000 3 10000
W E W E
0 1 2 3 4 Skm
JNT ZTEM 2D JNT ZTEM 2D Johnston Lake
o \ 0"’;‘"’ o Ll Loblobutll bl L Ohm-m
2
_ 15 15
£ g1
U moo2 7
2 ]
£ 350
2 1675 1875
10000 3 10000
w — e — — E w E
a 1 2 3 4 km 0 1 2 a 4 5km
JNT ZTEM-3MT 2D ¢ 2 3 JNT ZTEM-3MT 2D ; B 5 Johnston Lake
0 TR T TR FE TP FETTIUTE TE U PRTRTC S TATE FURET PR IUT PRIRU TN 0"’;—’" Lttt et Lt L L L Ohm-m
3
~ 15 15
£ 1
= =
Rl 7 2 ”
g s
L E -] 390
2 = 1975
10000 3 10000

mi

1] 1 2 3 4 km 0

1 2 3 4 5km

Figure 2: Joint MT/ZTEM 2D inversion examples. Left: 50 ohm-m bricks ~400 m deep in 2000 ohm-m host under hill and
valley. Gray region is air with a draped bird flight height of 90 m. Second left panel is ZTEM-only inversion assuming
400 ohm-m host. Third panel left is joint MT-ZTEM inversion using all 9 MT sites (red ticks). Bottom left panel is
inversion with only three MT sites. Right: Johnston Lake ZTEM profile of 198 sites with ZTEM-only inversion (top), TM
mode MT array inversion only (second right), and ZTEM plus all MT sites (third right, TM mode), and only 3 MT sites
for inversion (bottom right). Modified from Wannamaker and Legault (2014).
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The algorithm next was exercised against a simple 3D synthetic structure (prism) to test image recovery (Figure 3). Gaussian error of
0.01 was added to the real and imaginary parts of the ZTEM response over five frequencies from 30 to 360 Hz at 3575 sites. An MT
impedance error floor of 0.1*[|Zxy-Zyx|/2] was applied to synthetic data at quarter decade intervals from 1 Hz to 1000 Hz at 143 sites.
The MT data were upweighted by a factor of 3 to balance influence. One sees that data fit convergence is rapid to just above unity and
that the joint data image of the prismis definitely resolved better when both data sets are used.
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Figure 4: Google Earth view of MT and ZTEM data set coverage over the Eleven Mile Canyon geothermal area, Nevada. Light
blue rectangle denotes the ZTEM footprint. Figure from MT contractor report provided by U.S. Navy (A. Sabin, PoC).

ELEVEN MILE CANYON 3D ZTEM AND MT DATA SET

Subsequently, the algorithm was applied to ZTEM and M T field data acquired over the Eleven Mile Canyon geothermal area in western
Nevada (Lazaro et al., 2011) (Figure 4). MT and ZTEM data for the prospect was obtained from the respective contractors (Quantec
Inc., Geotech Inc.) with approval of the U.S. Navy client. A 3D model of solely the ZTEM data was published by Devriese et al (2012).
A single profile of MT data lies within the ZTEM coverage, extending to the ESE outside the ZTEM survey coverage (Figure 4).
Although the profile form of the sparse MT coverage is not ideal, and would more desirably be as a scattered shotgun pattern, it serves
to demonstrate the potential of the joint data set.
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Figure 5: Example profile plots of ZTEM responses at five frequencies over the Eleven Mile Canyon geothermal area, Nevada.
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Figure 6: Google Earth view of MT and ZTEM data set coverage over the Eleven Mile Canyon geothermal area, Nevada. The
lightblue rectangle denotes the ZTEM footprint. Figure from MT contractor report provided by U.S. Navy.

Quality of ZTEM data delivered by the contractor appears good (Figure 5). For the inversion there are 2040 ZTEM stations in 20 flight
profiles with 200 m separation. Along the lines, we have taken 100 m data intervals with five frequencies from 360 Hz — 30 Hz (40800
data). The mesh is 117 (x) x 261 (y) x 40 (z) nodes with 13 air layers (Figure 6); bird heights (62 — 179 m) are included. A 25 station
MT profile onlapping from the east has 13 frequencies from 200 — 0.78 Hz (3120 data, upweighted by factor of 4). An impedance error
floor of 0.1*[|Zxy-Zyx|/2] was applied to the MT, the ZTEM data error floor was 0.01 and the starting model was 100 ohm-m.
Computations took ~5 hours/iteration on our 24 core, 0.5 TB RAM workstation.
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For ZTEM-only inversion, model convergence was rapid and normalized root-mean-square (nRMS) data-model misfit reached 0.5
despite the small error floor of 0.01. An example data fit at 45 Hz appears in Figure 7. The model shows a possible clay alteration zone
for depths just over 400 m but resolution degrades for depths much below that (Figure 8). There is a sharp transition from basement
rocks to alluvium from west to east. This model compares favorably with the 3D ZTEM model published by Devriese et al (2012).
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Figure 7: Example data model fit for data component Re(Kzx) (the non 2D component) of the ZTEM responses at 45 Hz over
the Eleven Mile Canyon geothermal area, Nevada.
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Figure 8: Resistivity inversion model for ZTEM responses at the Eleven Mile Canyon geothermal area, Nevada.

The resulting resistivity model and misfit convergence for joint ZTEM/MT inversion appears in Figure 9. One sees sharper definition
along the possible hydrothermal alteration in the west-central portion of the survey area (Lazaro et al., 2011). There also is improved
definition of the central graben and flanking resistive basement. This enhancement in imaging is interpreted to reflect better absolute
resistivities possible by using the electric field of the M T data, plus the lower frequency range that comes withthe M T.
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One curious feature of this study is how the final nRM S fell to significantly less than unity for both ZTEM -only and joint ZTEM-MT.
For the M T, this might indicate that the 10% error floor was too pessimistic. That the error floor of 0.01 on theZTEM datawas too low
seems a stretch, however, because typical error floors assumed for related M T tipper data are of order 0.03. A close reading of the
contractor report for the ZTEM survey indicated that the provided responses had been significantly smoothed laterally using a
proprietary algorithm invoking both linear and non-linear filtering as a treatment for data noise. However, such a procedure would lead
to a data set whose uncertainties very likely are not represented by a Gaussian probability distribution, which almost all inversion
algorithms including ours assume explicitly in defining the parameter step and convergence criteria. The smoothing imp osed on the
ZTEM data made it “easier” to fit in the inversion process and led to the nRMS values falling well below unity even assuming a small
error floor (0.01).
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Figure 9: Resistivity inversion model for ZTEM responses at the Eleven Mile Canyon geothermal area, Nevada.

We subsequently received from the contractor a version of the Eleven Mile Canyon ZTEM data set which had not been subject to lateral
filtering/smoothing. An example of the raw data at its original ~10 m sampling interval is shown for two frequencies in Figure 10
underlain by its smoothed counterpart. The character is more typical of expected unfiltered data, with a random noise aspect added to
longer distance trends plus a limited number of large spikes.

In an attempt to suppress random noise and define a data set with lateral sampling that is comparable to flight height and expected
resolving scales, the data were filtered with a “hat” function 100 m wide. The results appear in Figure 11 (middle). These show a similar
character to the smoothed results but with local randomness as expected. It also is apparent that occasional large spikes are not
sufficiently suppressed by simple lateral averaging. In an attempt at simple outlier removal, data values with magnitudes exceeding 0.5
were replaced by zeroes, which is the expected ZTEM response value in the absence of heterogeneity, and re-averaged using the hat
function. This had a positive effect on the response curves (Figure 11, bottom) and they appear as expected for good quality data with
limited statistical uncertainty.

The laterally averaged data after spike removal have been inverted using the joint algorithm described previously and the resulting
model plotted in Figure 12 at three depth levels. Now, the nRM S plots show monotonic convergence to values near unity for both M T
and ZTEM. The resolution of alteration and graben structure appear to be the best of the models so far. We consider this to be the
superior result of our efforts in this area. Methods of outlier removal more sophisticated than the simple spike removal applied here,
such as jackknifing (e.g., Thompson and Chave, 1991; Wannamaker et al., 2004). could improve the statistics of ZTEM data further. At
this point we consider that to be beyond the scope of the current project.

Fits of the 3D model to the MT profile data are shown in Figure 13. The computations appear to underfit the data to a modest extent,
presumably an effect of the smoothing regularization which is intended to produce a conservative model. However, given that the M T
component of the nRM S also falls to just below unity then the apparent underfit is not statistically significant. As seen by the relatively
high values of xy and yx impedance phase at the shorter periods (0.1 — 0.005 s, or 10-200 Hz), a prominent structure is the central
graben alluvium. Concentrated features in the west-central part of the profile denote possible flanking alteration zones as mentioned
previously (Lazaro et al., 2011).
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Figure 10: Resistivity inversion model for ZTEM responses at the Eleven Mile Canyon geothermal area, Nevada.

CONCLUSIONS

ZTEM ambiguities may be reduced through formal incorporation with possibly sparse ground MT soundings, which has been
demonstrated herein using both synthetic and field data sets. Separate and joint 3D resistivity inversion models were carried out for the
donated Eleven Mile Canyon MT-ZTEM data set to demonstrate concept. ZTEM only inversion showed two main alteration zones in
the western portion of the project area known from geological mapping. Joint inversion including an E-W profile of MT soundings
sharpened these features considerably. It also resolved in much greater detail the graben related normal faulting structure of the central
project area which lies at depths exceeding the sensitivity of ZTEM alone. The sparse number of M T datarelative to the ZTEM required
upweighting the former by a factor of several in order to achieve similar joint data misfits. However, this amount is much lower than the
ratio between number of ZTEM and M T datapoints, which typically is 25-50. Future research might pursue therelative contributions of
the data types to the inversion model update (step), which involves not just the number of data but also the relative parameter-data
sensitivities. Our final impression is that sparse M T data can improve resolution of the subsurface over that of ZTEM alone. However, if
logistically feasible, well sampled M T data may be preferred by offering the simplicity of interpreting just one data type, by possessing
potentially superior resolution capability coming with having the electric field everywhere, and from their substantial bandwidth.
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