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ABSTRACT

The Elevenmile Canyon area in Nevada is a potential geo-
thermal resource. Electrical conductivity may be a diagnostic
property that is indicative of geologic structure, alteration, or
fluids, and this has motivated the collection of ZTEM data over
the area. Those data have been inverted with a 3D algorithm. The
main structural feature is a large conductor that runs through the
survey area. Analyses performed here provide confidence that the
conductor exists but some details, such as its depth and absolute
conductivity, are less well determined. These features are affected
by the choice of reference model used for the ZTEM inversion.
To help define an appropriate reference model, we use a calibra-
tion point from a DC resistivity sounding. The final output is our
best estimate for the 3D conductivity structure in the area. The
highly conductive areas are possibly connected with geothermal
fluids along faults. However, the interpretation of the conductive
zone, and other features in our 3D model, will require further
geophysical and geological work in the Elevenmile Canyon area.

Introduction

The Elevenmile Canyon, located in the Basin and Range of
Western Nevada 45 km east of Fallon, Nevada, contains a low
geothermal anomaly (Mankhemthong, 2008). The canyon lies
on the eastern flank of the Stillwater Range and extends into the
basin between Dixie and Fairview Valleys. Both these valleys
are associated with geothermal activity and particularly the Dixie
Valley has been extensively studied (e.g., Blackwell et al. (1999),
Golan and Beniot (2000), Blackwell et al (2007), Wannamaker et
al (2007), and Penfield et al. (2010)).

The Fairview Peak and Dixie Valley fault zones ruptured in
1954 (Mankhemthong et al., 2008). The orientations of the faults
and the regional structural setting have created a transition zone
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between the two valleys, bounded by the Louderback Mountains
to the east and the Stillwater Range to the west. The Elevenmile
Canyon anomaly occurs at the end of the main Dixie Valley fault
while the Fairview Valley fault steps eastward on the opposing
side of the valley.

A shallow, two-meter temperature survey, where temperature
is measured at 1 m, 1.5 m, and 2 m depths, shows a 1.5-2.5 °C
anomaly south of the area of interest and a 3-4 °C anomaly at
close-by Pirouette Mountain (Skord et al., 2011). Figure 1 shows
the temperature readings and the location of the Elevenmile Can-
yon survey area. Additionally, a thermal anomaly was confirmed
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Figure 1. Figure from Skord et al. (2011) showing temperature mea-
surements between the Dixie and Fairview Valleys. The location of the
Elevenmile Canyon survey area is outlined in black and lies just north of
the Fairview Valley Northwest anomaly.
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at the survey area (Lazaro et al., 2011). A LiDAR study in the
same general area mapped four fault zones and concluded that
the geothermal temperature anomalies are associated with these
complex fault structures (Helton et al., 2011). Figure 2 shows a
geologic map of the area (Hess and Johnson, 1997). Faults are
mapped in the alluvium near the boundary between the Stillwater
Range and the basin. All of the mapped faults trend north-south,
as do those in the Dixie Valley.

Figure 2. Cropped geology map (Hess and Johnson, 1997) with the flight
lines of the ZTEM survey. The survey consists of 20 lines, separated by
200 m. Each line is approximately 11 km long. Geologic units mapped
at the surface are Qoa (surface alluvium), Kg (granites), Tys (non-marine
sedimentary rocks), TRs (limestone), Tor (rhyolitic welded tuff), and Tv
(volcanic rocks) (Page, 1965). The pins show the locations of two wells
and a DC resistivity survey.

A ZTEM (Z-axis tipper electro-
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magnetic technique) survey was flown 3000
over this area and the flight lines are £ 2000
indicated in Figure 2. This was the first % 1000

large-scale geophysical survey over the
Elevenmile Canyon area. The objective
was to use the resultant information
about the electrical conductivity to fur-
ther understand the structural setting of £
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features of the geothermal resource 520%
since electrical conductivity can relate g1

to structure, alteration and fluid units. 0
In this paper, we invert the ZTEM data
to obtain a 3D conductivity model.
An important component of ZTEM
inversion is the choice of background
conductivity, primarily because the tipper data are most respon-
sive to relative changes in electrical conductivity and are only
weakly dependent upon the absolute value of conductivity in
3D environments. To help generate an appropriate reference
model, we use data from a DC resistivity sounding. We begin
by presenting the field data and inversion results using different
background conductivities.
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ZTEM Data

The Z-axis tipper electromagnetic technique (ZTEM) is a
natural source geophysical method. It is similar to the magnetotel-
luric method (MT) but only the magnetic fields are measured (Lo
and Zang, 2008). The vertical component of the magnetic field is
recorded along flight lines while the horizontal field components
are measured at a fixed reference station on the surface. Transfer
functions relate the vertical components to the horizontal com-
ponent as shown in Equation (1).

(1)

Eﬁ(r) Tg(anfﬁ(%)+7;(anf£(%)

Each tipper function has an in-phase and a quadrature com-
ponent.

Geotech Ltd. collected the data in 2011 using a helicopter
based ZTEM and aeromagnetic system. Two hundred line kilo-
meters of data with 200 m spacing were collected over a 39 km?
area about 45 km east of Fallon, Nevada. There are approximately
20,000 data locations. The flight lines are shown in Figure 2.
The in-phase and quadrature components of the tipper transfer
functions are calculated from raw field data for six frequencies
ranging from 30 to 720 Hz. Preliminary processing such as spike
removal, attitude corrections, and filtering were applied to the
data by Geotech.

Field Data

Data were collected for six frequencies: 30, 45, 90, 180, 360,
and 720 Hz. When comparing data maps between frequencies, the
images are similar although details change. We note that geologic
interpretations cannot be made from these figures. Figure 3 shows
the in-phase (real) and quadrature (imaginary) components of 7,
and 7, -y for the 30 Hz frequency, in a local grid.
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Figure 3. The four components of the lowest (30 Hz) frequency data are shown in (a)-(d).

To understand the first-order conductivity structures in the
data, we calculate the divergence of the tippers using horizontal
derivatives for each in-phase and quadrature component per fre-
quency (Lo and Zang, 2008):

oT
pr=v.r=%=, %
ox  dy



where T'is defined as . Effectively, the divergence gen-
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erates maxima and minima over anomalies that are easier to
interpret compared to peak-and-trough signatures in the data.
This method provides a first look at the geometries and locations
of structures of interest. Warm colors correspond to regions of
higher conductivity and cool colors correspond to regions of
lower conductivity. Figure 4 shows the DT plot using the in-
phase and quadrature components of the 30 Hz data, which has
the greatest depth of penetration.

The in-phase DT plot shows a high conductivity structure ex-
tending from the local origin of coordinates to (x,)) = (5000, 3500).
The region for x > 6000 m shows little signal (Figure 4), meaning
that only small variations in conductivity exist. The quadrature DT
plot shows similar features with smaller amplitudes. Noteworthy
signatures are the large minima on the left-hand side and the large
maxima in the same location as in the in-phase plot. From these
plots, we deduce that the majority of structure, including a large
conductor, is on the left side of the survey grid.
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Figure 4. Tipper divergence plot using (a) in-phase and (b) quadrature
components of 30 Hz data. Warm colors are associated with higher con-
ductivities and cool colors are associated with lower conductivities.

Inversion

We follow the inversion approach by Holtham and Oldenburg
(2010) stated as

ming =g, +/3(om,

where @ is the data misfit and ¢,, is the model objective func-
tion. The regularization parameter /5 is the trade-off value between
reproducing the observed data and measure of structure in the
model. The model objective function is given as
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where m is the model and m, is the reference model or back-
ground conductivity. The first integral quantifies the influence of
the reference model. The remaining terms measure the smoothness
of the model in the three principal directions. The coefficients give
the flexibility to drive the solution either towards one of the three
spatial directions (&,, &, or &) or the reference model ().
The data misfit is defined as

2
N obs _ gpred
— 2 di di
q)d - £ ’

i=1 i

2

where N is the total number of data. Data are collected for 6
frequencies, and there is an in-phase and quadrature component
for each transfer function. Thus, we have 24 individual data maps
and a total of ~480,000 values. We first assigned uncertainties
(percentage error and a floor) to the data and separately inverted
data for the individual frequencies. The assigned uncertainties
were then adjusted so that all data maps could be fit equally
well. The full data set, with new assigned uncertainties, was then
inverted. This procedure eliminates over-fitting of certain maps
while under-fitting others.

Background Conductivity

ZTEM has a nonzero response only when there is a change
in conductivity, and hence the tipper data for a halfspace, or a
1D conductivity structure, are zero. This complicates the task of
choosing a reference model. To better understand the effects of
different reference models, we performed several coarse inversions
with the reference models ranging 10 to 100,000 Qm. The data
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Figure 5. Initial data misfit plotted versus uniform resistivity model. The
plot shows that the best fitting background model has a resistivity of
10,000 Om.
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were kept in a local coordinate system to minimize the number of
cells in the mesh and thus, reduce computation time.

We first compare the initial data misfit (p;m , based on Equation
(2) for each coarse inversion. This is plotted in Figure 5. The data
misfit reaches a minimum for a background model of 10,000 Qm,
meaning this is the best-fitting background. This however may not
be the best reference model to use in the inversion.

We now look closer at the models corresponding to the
background conductivities. Figure 6 shows a depth slice of the
recovered models. In models (a), (b), and (¢), plotted at ~1 skin
depth, a large conductor is seen through the center of the image.
The conductor is flanked by a high resistive area to the right and
a higher resistive area to the left. For models (d) and (e), plot-
ted at 587 m, or the same depth as (c), the structures are deeper
and smoother. The observation that the same high conductivity
structure appears in all inversions provides increased confidence
that this structure is required in order to fit the data. Comparing
these results to the divergence plot in Figure 4 we also notice the
similarities in the location and structure of the conductor as well
as the lower resistive areas on the right-hand side. The larger
resistors towards the left side of the model, separated by a small
conductor, can also be seen in the DT plot.

For each of the above inversions, the data are fitted approxi-
mately equally well and the same structures are apparent in the
models although the depths vary. Without any geologic input,
each reference model is equally valid. This shows that choos-
ing a reference model is not arbitrary and we require additional
geologic data to confidently choose the most appropriate back-
ground model.

Adding DC Resistivity Data

A small Wenner DC resistivity survey was collected in the
survey area, marked as “3” in Figure 2. The maximum electrode
spacing was 27 m (Paul Schwering, personal communication,
2012). The apparent resistivity data shows the beginning of an
asymptote at the largest spacings and this corresponds to an
apparent resistivity of ~50-100 Qm. The location of the survey
is within the Elevenmile Canyon, which runs out to an alluvial
fan in the valley. Considering that sediments from the canyon
are carried into the valley, the resistivity at marker “3” is likely
similar to those of the alluvium. Additionally, the ZTEM data and
the DT plots (Figures 3 and 4) show very low signal in the area
of the alluvium, indicating little deviation from the background
resistivity. Model (b) in Figure 6 indicates a resistivity in the
area of the alluvium that is approximately equal to that obtained
from the DC data. For this reason, we choose a background
resistivity of 80 Qm.

Results

The inversion was rerun using a finer mesh so that greater detail
in the conductivity could be obtained. The reference model for the
final fine-meshed inversion was 80 Qm. The errors are defined to
maintain equal weight of each data grid as described above. Figure
7 shows the final inverse model, in UTM coordinates, sliced to a
depth of 1037 m. The model shows a large conductor as expected,
with a large resistive area in the northwest. Resistivities are near
the background value in the eastern portion of the model, and this

indicates a lack of contrasting lithology
Qm within the alluvial fan. The boundary

6000
4000

2000

-

Local Northing (m)

-2000

* s

between this unit and the conductive

- region is indicative of the faults previ-

I ously mapped along the mountain front,
10 and shown in the geologic map in Figure

- 2 (Hess and Johnson, 1997).

B Several wells were drilled at the sur-

(@) 10 Om reference model

6000
4000

2000

Local Northing (m)

-2000

(c) 250 Om reference model 0 3000

6000

4000

(b) 80 Om reference model

6000 9000 12000

Local Easting (m)
om (d) 1000 Om reference model

‘ vey site in the early 1980s. We specifically
looked at two well logs (The Rosewood
Corporation, 1981a,b) marked as “1” and
“2” in Figure 2. In well “1”, argillite and
siltite comprised the first ~550 m, fol-
lowed by granite. A mixture of sediments,
volcanics, and argillite was found in the
first ~250 m in well “2”, followed by
10 granite. Thus, between these two wells,
the depth of the granite, considered to be
the basement unit, decreases. We expect
the granite to be resistive compared to
the overlying material. A cross-sectional
view (Figure 9) shows that depth to the
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Figure 6. Depth slices of the inverse models.
The initial and reference models were (a) 10
Qm, (b) 80 Om, (c) 250 Om, (d) 1,000 Om, and
(e) 10,000 Om. Models (a) and (b) are plotted at
depths of 1087 and 837 m, respectively. Models
(c)-(e) are plotted at 587 m.
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granite correlates with the model recov-
ered from the inversion. The depth to the
top of the granite basement is marked
with black lines underneath the location
of the wells. At well “2”, the boundary
between the overlying conductor and the
underlying resistor agrees with the top of
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Figure 7. Depth slice of final inverse model at 1037 m. Two well locations
are indicated with red stars. The line connecting the stars indicates where
the cross-section in Figure 8 is taken.

Devriese, et al.

Berardelli for supplying and permission to publish the data. We
would also like to thank Paul Schwering for collecting the DC
resistivity survey at the site.

References

Blackwell, D. D., R. P. Smith, and M. C. Richards, 2007, Exploration and de-
velopment at Dixie Valley, Nevada: Summary of DOE studies: Presented
at the Thirty-Second Workshop on Geothermal Reservoir Engineering.

Blackwell, D. D., K. W. Wisian, D. Benoit, and B. Gollan, 1999, Structure
of the Dixie Valley Geothermal System, a “typical” Basin and Range
geothermal system, from thermal and gravity data: World Geothermal
Congress, 525-531.

Golan, D. D. B. B., and D. Beniot, 2000, Thermal regime in the Dixie Valley
geothermal system: World Geothermal Congress, 991-996.

Helton, E. L., J. W. Bell, P. H. Cashman, M. Lazaro, and S. Alm, 2011, Struc-
tural analysis of Southern Dixie Valley using LIDAR and low-sun-angle
aerial photography, NAS Fallon Geothermal Exploration Project, Dixie

Om Valley, Nevada: Geothermal Resources Council
T 1600 | . q‘ | Transactions, 35, 811-815.
~ “ N ke = 2
S 1200 | * | [E'9°  Hess,R. H.,and G. L. Johnson, 1997, County digi-
T = 101 tal geologic maps of Nevada: Nevada Bureau
3 800 5 of Mines and Geology Open-File Report 97-1,
0 400 : , : : : 10° CR-ROM, 1:250,000.

0 1500 3000 4500 6000 7500 9000

Distance along line (m)

Figure 8. Cross-section of the model. The cut lies along the line between wells “1” and “2” in Figure 7
and looks east. The model is cut-off at the bottom at approximately 1 skin depth. The black lines indicate

the depth to granite in the well logs.

the granite basement. The resistor appears at close to the surface
and extends to depth in the western portion of the recovered and
thus likely represents the basement granite. The conductive unit
under above the granite basement extends deeper at well “1”,
indicating a deeper depth to basement. This agrees with the well
data. The difference in depth to basement between the two wells
is ~300 m. This difference and the deepening conductor in the 3D
model possibly relate to faulting. The high conductive zone trends
roughly north-west like the mapped faults in the Dixie Valley and
its high conductivity may indicate fluid flow or alteration.

Conclusion

We present ZTEM data and 3D inversions over the Eleven-
mile Canyon region. Inversions using different reference models
showed the same general structures but details were dependent
upon the choice of reference model. We used a DC resistivity
sounding to help choose the most appropriate reference model.
The final inversion shows structures that are supported by two
well logs. The observed conductor may provide evidence of the
fault system or fluid flow, related to geothermal activity. Future
work in this area will further address the source and structure of
the geothermal anomaly at Elevenmile Canyon.
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