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In summary, numerical modeling and inversion results
demonstrate that QL inversion can produce reasonable im-
ages of 3-D geoelectrical structures. We will discuss below the
two case histories of interpreting MT and CSAMT data using
QL inversion.
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FIG. 3. Behavior of the misfit functional during the inversion
for the synthetic data contaminated by 3% noise.
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FIG. 4. Volume image of the inversion result for the synthetic
model.

CASE STUDY IN THE MINAMIKAYABE AREA, JAPAN

The New Energy and Industrial Technology Development
Organization (NEDO) has been conducting a “Geothermal
Development Promotion Survey” in the Minamikayabe area
located in the southern part of Hokkaido, Japan (Takasugi
et al., 1992). This area is particularly interesting because of its
geothermal potential. In 1988, MT sounding and AMT sound-
ing were conducted in this area. Figure S shows the location of
the MT measurement sites. The site spacing is 100 m along and
across observational profiles (Figure 5). The frequency range
of MT datais from 1 to 130 Hz. Because the survey area at Mi-
namikayabe is located very close to Uchiura Bay on the north-
eastern side, low frequency data are strongly affected by the
“coast effect” (Takasugi et al., 1992). Since we are interested
in the shallow geological structure in this area, it is reasonable
to restrict ourselves to frequencies which are greater than 1 Hz
so that the coast effect can be neglected. We use MT data for
inversion at seven different frequencies between 1 and 100 Hz
(96, 48,24,12, 6, 3, and 1.5 Hz). In order to reasonably choose
the background model for the inversion, we first apply one-
dimensional inversion to all observed data and approximate
the background model as a three-layer model (the resistivi-
ties are 480, 6, and 150 ohm-m; the thicknesses are 30 and
450 m).

‘We use both nominal TE mode and TM mode data for a total
0f 161 MT soundings in the inversion. In this area, we expect to
find a geothermal high conductivity zone in the intrusive resis-
tive rock. This assumption is reflected in our three-layer back-
ground model. The subdivisions of the inverse area are shown
in Figure 6. It was divided into 16 x 16 cells in a horizontal
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FIG. 5. The distribution of MT sounding sites in the Mi-

namikayabe area. Stars denote the positions of MT sites.
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plane (each cell has is 100 m x 100 m size) and seven layers in
a vertical direction. This is consistent with the spacing of 100 m
between the observational points.

After 320 iterations of the QL inversion scheme we reached
the misfit of 8%. The CPU time for this computing was about
200 minutes. Figures 7 and 8 show the inverse results. Figure 7
presents the general 3-D images of the model, whereas Fig-
ure 8 shows vertical slices along three profiles. The 3-D inver-
sion is consistent with the 2-D interpretation results included
in Takasugi et al. (1992); that is, there exists a low resistivity
area (middle layer) in the intrusive resistive rock formation.
As a general tendency, the resistivity varies with depth approx-
imately as high-low-high, and also a resistive zone exXists within
the lowresistivity layer, which is in agreement with the result of
Takasugi et al. (1992). However, 3-D inversion produces much
more detailed information about the internal structure of the
inverse area.

Horizontal discretization of the inverse area
with the locations of the MT stations
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FIG. 6. The subdivision of the inverse area for Japanese MT

data (16 x 16 x 7). Top panel is plan view; bottom panel is ver-

tical cross-section. The MT stations are marked by stars on the

horizontal cross-section (top panel).
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FiG.7. 3-Dresistivity images of the inverse results obtained by
QL inversion of the MT data.
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Fi1G. 8. The vertical slices of the inverse results for the Japanese
MT data along Profiles 2, 5, and 9.
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The comparisons of original data with the predicted data
are presented in Figures 9 and 10. They show good agreement
between the observed and predicted apparent resistivity and
phase pseudosections.

3.D INVERSION OF TENSOR CSAMT DATA COLLECTED
OVER THE SULPHUR SPRINGS THERMAL AREA, VALLES
CALDERA, NEW MEXICO, US.A.

The Valles Caldera, New Mexico, U.S.A. is one of the
Quaternary rhyolite systems of North America. To examine
its volcanic history an extensive CSAMT survey was carried
out over the Sulphur Springs geothermal area in the caldera
(Wannamaker, 1997a, b). The detailed geology of the measured
area and the receiver system is shown in Figure 11. Two inde-
pendent electric bipoles were used as a transmitter at 13-km
distance from the measured area. Frequency soundings were
carried out along four profiles at 45 receiver points marked
in Figure 11 (N1, N2, S1, and E1). The frequency range was
4-4096 Hz.

The tensor CSAMT methodology was based, according to
Wannamaker (1997a, b), on measuring five EM field compo-
vents (E,, Ey, Hy, Hy, H,) for two independent polarizations
of source current bipoles. Plane-wave impedances and H, ten-
sor elements were obtained at each frequency. For example,

Observed p!™ along profile 5

2 o
o &
v

&

Frequency [Hz]

-200 0 200 400
Predicted p™ along profile 5

z
5

4

Frequency [Hz)
[+

H

-600 -400 -200 O
Y position [m]

Observed @ along profile 5

ek

"2

Frequency [Hz]

4
-600 =400 -200 0

Predicted ®¥* along profile 5

4

-
@

o
|

-
2

Frequency [Hz]

200 200 400 600 degree
b posltlon [m]

2
:

FIG. 9. Comparison of apparent resistivity and phase (TM
mode) pseudosections between the observed and predicted
data along profile 5.

the off-diagonal impedance elements were computed by the
formulas:

Ex2 Hxl - Exl Hx2

Zyy =
" HaHy — HoHy,'

(30)

and
EyHy — EyHy
HuHy — HoHy'

where subscripts 1 and 2 refer to the source bipole number.
Apparent resistivities (p,y and py,) and impedance phases (¢xy
and ¢,,) were calculated in the usual manner. The quantities
Pxy and ¢y, were assigned to the nominal TE mode, whereas py,
and ¢,, were assigned to the nominal TM mode. Wannamaker
(19974, b) noted that while this 2-D terminology was only ap-
proximate, it still was consistent with the strike directions of
the major geological structures beneath the observational lines
(Figure 11).

For our 3-D quasi-linear inversion, we were able to use
only these quantities, apparent resistivities (o.y and py,) and
impedance phases (¢xy and ¢y, ), because the original EM field
components data were not available. At the same time, numer-
ical analysis conducted by Wannamaker (1997a, b) and our
own numerical results have demonstrated that nonplane-wave
effects associated with the resistive crystalline basement are

Zy; = (31)
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FIG. 10. Comparison of apparent resistivity and ghase (TM
mode) pseudosections between the observed and predicted
data along profile 9.
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observed in the CSAMT data at 8 Hz and lower frequencies. In
other words, theoretical CSAMT sounding curves, computed
using formulas (30) and (31) practically coincide with the the-
oretical MT soundings curves for the geoelectrical structures
typical in the caldera. To demonstrate this fact, we present the
results of forward modeling for three 1-D models which can be
considered as typical in the caldera.

Models A and B are three-layer models with 12-8-500
ohm-m resistivities and 250-750 m thicknesses, and model C

represents a five-layer model with 458-165-7-500-20 ohm-m
resistivities and 32-200-750-10 0000 m thicknesses. We calcu-
lated theoretical MT and CSAMT apparent resistivity and
phase curves versus frequency for these models. Figure 12
presents the ratio of these curves. One can see that down to
[ =8Hz, the ratios of the corresponding MT and CSAMT ap-
parentresistivities and phases are equal to one. So, we can state
that the observed CSAMT data can be treated as plane-wave
data. That is why it was reasonable to interpret this data on the
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FiG. 11. Detailed geological map of the Sulphur Springs area in the Valles Caldera (after Wannamaker, 1997a) with the receiver
profiles and the border of the area used for the inversion shown by thick black lines.
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basis of conventional MT formulas in a similar way, as was done
for the MT survey in the previous case history. We used for in-
version the CSAMT data along three profiles N1, N2, and S1
(Figure 11). Observed frequency sounding TE- and TM-mode
CSAMT apparent resistivity and phase pseudosections along
the central line (N1) are shown in Figures 13 and 14.

The subdivision of the inverse area in the rectangular cells
is shown in Figure 15. We divided the area into 20 by 5 cells
in a horizontal plane (see top panel in Figure 15). Each cell is
500 m long in the X direction and 200 m long in the ¥ direction,
which corresponds to the minimum distance of 200 m between
the receivers along the observation lines and the distance of
700 m between the profiles. Note also that the length of the
electric receiver bipoles is 250 m. Taking into account the spac-
ing of the observational system, it seems unreasonable toselect
the horizontal size of the inversion grid cells less than 200 m.
We used seven different depth levels of the volume grid. The
vertical sizes of the substructures increase with depth (bottom
panel in Figure 15).

After 500 iterations of the QL inversion scheme which re-
quired 150 minutes of CPU time, we reached the misfit of
7%. Figure 16 shows the results of inversion for three verti-
cal slices passing through the observational lines. Figures 13
and 14 represent also the predicted pseudosections for the TE-
and TM-mode apparent resistivity and phase along the central
line of the survey.

Note that the result of the 3-D inversion is consistent with the
previous 2-D inversion results (Wannamaker, 1997a). Figure 17
shows 2-D interpretation result obtained by Phil Wannamaker
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along the central line. One can see strong correlation between
these two results. We can clearly locate the typical geoelec-
trical layers which correspond to the known geological struc-
tures of the area. For example, we observe aresistive Bandelier
Tuff in the western part of the cross-section and a low resis-
tive Paleozoic sedimentary rocks below the tuff. Also, we can
clearly see in the results of 3-D inversion the conductive struc-
ture at the depth of about 600-1000 m which can be associated
with the Sulphur Creek fault in the western part of the cross-
section (Figure 17).

Note that the 3-D inversion results produce much more
detailed information about deep geological structures of the
caldera than the 2-D inversion. For example, similar to 2-D
results presented in Wannamaker (1997a), we observe the low
resistivities of the Bandelier Tuff southeast of Sulfur Creek
under all three profiles. However, the downdrop in the Paleo-
zoic rocks along the Redondo Border fault is expressed more
strongly in the N1 and N2 profiles, and it is not as clearly seen in
the S1 profile (Figure 16). In contrast to the 2-D interpretation,
one can clearly see the high-resistive zone in the upper 500 m in
the central part (near horizontal coordinates x = 0 and y = 0)
of the 3-D inverse image (Figure 16, middle panel; Figure 18,
bottom panel). It may possibly correspond to a vapor zone
near the well VC-2B (Figure 11) as implied from acid-sulphate
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FIG.13. Observed and predicted TE-mode apparent resistivity
and phase pseudosections along the central profile (N1) of the
CSAMT survey.
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alteration and subhydrostatic well pressures (Wannamaker,
1997a). Note that this zone was not detected by 2-D interpre-
tation of CSAMT data.

CONCLUSION

We have developed a rapid 3-D electromagnetic inversion
algorithm based on the QL approximation of the forward mod-
eling. The main advantage of the method is that we reduce the
original nonlinear inverse problem to a set of linear inverse
problems to obtain a rapid 3-D EM inversion. The QL inverse
problem is solved by a regularized conjugate gradient method
which ensures stability and rapid convergence. The inversion
of the real data indicates that 3-D quasi-linear EM inversion
is fast and stable. The inverse results provide reasonable re-
covery of the models and real geological features. The main
limitation of QL inversion is that it can work well only within
the limits of QL approximation. Practically, it means that QL
inversion can provide an accurate estimate of the geoelectrical
model with a conductivity contrast up to 100.
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FIG. 17. Result of the 2-D interpretation along the central line of the survey N1 (after Wannamaker, 1997b).

FIG. 18. 3-D resistivity images of the inverse results obtained
by QL inversion of the CSAMT data.
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