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ABSTRACT 
 
Dependency of three-dimensional (3-D) 
inversion of magnetotelluric (MT) data on the 
observation error and the station interval was 
examined. The 3-D inversion technique, which 
was used in this work, utilizes the finite 
difference method for the forward modeling and 
the least-squares method for the inversion part. 
The inversion incorporates the observation error 
as the weight in the Jacobian matrix. 
Experiments with the MT data obtained in the 
Northern Negros geothermal field, central 
Philippines, with different weight settings 
indicated that an accurate estimate of the 
observation error in the field measurement and 
an appropriate setting of the weights for the 
Jacobian matrix in the inversion are important to 
obtain reliable 3-D models. 
 
The interval of MT stations is a difficult decision 
in the field design. The effect of the station 
interval on 3-D inverted models was examined 
using a large volume MT dataset obtained in the 
Ogiri geothermal area, Japan. The average 
station interval of the Ogiri MT survey was 
approximately 250 m. 3-D inversions were 
conducted using several subsets of the data. 
When the station interval is around 1 km, the 
resultant 3-D model is lacking a resolution for 
delineating the reservoir structure. This suggests 
that the station interval should be less than 
several hundreds meters, when we seek for 
detailed imaging of geothermal reservoirs at a 
depth range of 500 – 2000 m. 
 
 
1.0 INTRODUCTION 
 
The MT method is one of the essential tools for 
investigating geological structure in geothermal 
exploration. It is mainly because of its capability 
to delineate low-resistivity anomalies associated 
with the reservoir structure. Experiences of 2-D 
inversion of MT data in geothermal fields by 
many geophysicists in the past decade have 

revealed the effectiveness of the MT method in 
investigating geothermal reservoirs. In addition, 
it has been recognized that sophisticated 3-D 
interpretation techniques are also demanded for 
precise delineation of reservoir structure in a 
complex geologic environment. Although the 3-D 
interpretation of MT data is still very costly and 
time consuming, it has become practical in these 
few years owing to newly developed inversion 
techniques (e.g., Sasaki, 1999; Zhdanov et al., 
2000; Mackie et al., 2001).  
 
Sasaki (1999) developed a 3-D MT inversion 
technique and tested it with several synthetic 
datasets. Sasaki (2001) proposed to estimate 
static shifts simultaneously by the inversion. 
Uchida et al. (2002) and Uchida and Sasaki 
(2003) applied the method to the MT data 
obtained in geothermal fields in Indonesia and 
Japan, showing that the 3-D inversion code can 
be applied to almost any field dataset that has 
an irregular station arrangement or is 
contaminated by artificial and natural noises. 
 
In this paper, I examined effects of the station 
interval of the MT stations on the final 3-D 
models. It is to provide an appropriate guideline 
on the site arrangement of an MT survey for 
geothermal exploration, because the site design 
is very crucial at the beginning of an MT survey. 
I also tested the effects of the weight setting 
when we construct a Jacobian matrix in the 
inversion. Since the observation errors obtained 
in the field measurements are often ambiguous, 
we need to set the weight for each data 
adequately. 
 
 
2.0 INVERSION METHOD 
 
The 3-D inversion scheme used in this work is 
based on the linearized iterative least-squares 
method with smoothness regularization (Sasaki, 
1999). The forward modeling for a given 
arbitrary 3-D earth is by the finite difference 
method. For a finite difference with a staggered 
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tions over the Ogiri and Shiramizugoe geothermal fields, southwestern Japan. Dots are MT
, small open circles are pilot drillings, the large open circle with the letters PP is the Ogiri power

arge ovals indicate centers of two geothermal fields, dashed lines are estimated faults, and thin
es are local roads. Letters A-H indicate names of the NW-SE survey lines. Lines A and B are

with thick solid lines. The large inclined rectangle indicates the region of 3-D interpretation. 
3.0 STATION INTERVAL  region, including both air and 
ized into rectangular cells. The 
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 of a 3-D model, static shifts are 
 unknowns in the inversion 

 
The station interval is an important factor for the 
survey design. I applied the 3-D inversion to a 
large volume MT field dataset obtained in the 
Ogiri geothermal area, southwestern Japan, in 
order to examine the effect of the station interval 
on the final resistivity model.  nction U to be minimized in the 

ed as,  
The Ogiri geothermal area is located in a 
southern part of Kyushu Island (Fig. 1). A        
30-MWe geothermal power plant has been in 
operation by Nittetsu Kagoshima Geothermal 
Co., Ltd. (NKG) since 1996. The Shiramizugoe 
field, neighboring to the Ogiri field, is estimated 
to be a promising field for future exploitation. 
The survey area is situated on a highland whose 
elevation is from 700 m to 900 m. The area is 
underlain by Quaternary volcanic rocks with a 
thickness of more than 2 km. Below this layer is 
a Mesozoic metamorphic formation that forms 
the basement layer of this region. Three faults in 
an ENE-WSW direction have been identified in 
the survey area: Sakkogawa, Ginyu and 
Shiramizugoe from north to south. The major 
production zone of the Ogiri geothermal 
reservoir is associated with the Ginyu Fault 
(Goko, 2000). A new geothermal resource is 
under exploration by targeting the Shiramizugoe 
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slice resistivity sections of a 3-D model of the Ogiri MT data using all sites. Upper-left panel shows
llowest section, and lower and right panels are deeper sections. Black dots indicate the MT sites.

direction is 150 degrees clockwise from north. Letters C and R indicate typical conductive and
e anomalies, respectively. White dashed lines on the left panels are estimated faults, and Letters
 indicate two survey lines. 
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r of MT stations used for the 3-D 
 (Fig. 1). For the 3-D inversion, 
ce was rotated to a direction of 
kwise from north. Directions of 
 are 150 and 60 degrees, 
e number of frequencies used 
is 11 (from 0.0703 Hz to 72 Hz). 
tion interval is 230 m. First, I 
 for the inversion (Whole-set); 

d the stations and made two 

subsets of the data. The number of the stations 
is 46 for Subset-1 and 18 for Subset-2. The 
average station intervals of these datasets are 
540 m for Subset-1 and 900 m for Subset-2. 
 
Figure 2 shows depth-slice sections by the 
inversion of the Whole-set data. The normalized 
RMS misfit, assuming a noise floor of 1% (see 
later section), is 10.79, and the average of the 
estimated static shifts is 0.744 in the natural 
logarithmic domain. Resistivity structure of this 
area is characterized by a three-layer model: 
resistive first layer, conductive second layer and 
resistive third layer. Resistivity distribution of the 
shallow layers (less than a depth of 300 m) has 
a clear contrast between the high-resistivity 
zone in the northern half of the survey area and 
the low-resistivity zone in the southern half. At 
the mid depth, say from 400 m to 800 m, the 
whole area shows low resistivity. Then below a 
depth of about 800 m, high-resistivity anomalies 
are recognized at the center of the area, and 
they occupy the whole area at a depth of 2 km.  
 
Figures 3 and 4 compare the inversion of three 
datasets: Whole-set, Subset-1 and Subset-2. 
Figure 3 shows three depth-sections and    
Figure 4 shows two vertical sections along             
Lines A and B. The number of the resistivity 
blocks, whose resistivity values are unknown in 
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Figure 3. Depth-slice resistivity sections of the 3-D models at three depths with different number of MT sites: (a) 
158 sites, (b) 46 sites and (c) 18 sites. Black dots indicate the MT sites. Letters C and R indicate typical 
conductive and resistive anomalies, respectively. 

 
 

 
 

Figure 4. Vertical sections from the 3-D models along Lines A and B for three different number of MT sites: (a) 158 
sites, (b) 46 sites and (c) 18 sites. 

 
 

the inversion, is 3780 for the Whole-set and   
Subset-1, while that of Subset-2 is 1008. The 
horizontal size of the blocks is 300 m for the first 
two cases (Whole-set and Subset-1) and 600 m 
for Subset-2. At a depth of 250 m, the Whole-set 
and Subset-1 were able to delineate low 
resistivity anomalies associated with the faults 
(Ginyu and Shiramizugoe Faults). However, 
Subset-2 lost a resolution and was unable to 
detect them (Fig. 3). At a depth of 700 m, the 
first two sets detected two high-resistivity 
anomalies in the center of the section, while 

Subset-2 only detected the resistive anomaly in 
the right-hand side. Shapes of high-resistivity 
zones in the center at a depth of 1350 m are 
similar between the Whole-set and Subset-1. 
 
Comparison of the vertical sections along Lines 
A and B indicated that the boundary between 
the resistive first layer and the conductive 
second layer is almost similar among three 
models (Fig. 4). However, the boundary 
between the conductive second layer and the 
resistive third layer differs among them. For the 
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estimated from the field measurement and follow 
a Gaussian distribution, it is better to use them 
directly for the weights. However, the 
observation errors are often poorly estimated 
and the data are biased. We therefore usually 
set what we call a “noise floor.” If an estimated 
error is smaller than a preset level, which is a 
noise floor, we assume that the observation 
error of the data is the value of the noise floor. It 
prevents us to assign a too large weight to a 
data that has a very small observation error but 
is biased by an unknown coherent.  
 
I examined the effect of the noise floor on 3-D 
inversion results with the MT data obtained in 
the Northern Negros Geothermal field (NNGF), 
central Philippines, by PNOC Energy 
Development Corporation (Maneja et al., 2001). 
The data acquisition was done without the 
remote reference analysis. Therefore some 
parts of the data might be contaminated by local 
noises, even though overall data quality seems 
to be fine when we examine the MT sounding 
curves.  
 
Figure 6 shows the MT stations in the NNGF. 
The survey area is located on the northwestern 
flank of the Canlaon Volcano, Negros Island, 
which is an active volcano. This area is mostly 
underlain by Quaternary volcanic rocks that 
overlie Tertiary sedimentary formations. There 
are numerous surface manifestations, including 
hot springs at Saray, Pataan, Hagdan and 
Mambucal. PNOC-EDC drilled several 
exploration wells in this area, and found 
promising geothermal resources beneath the 

5 



Uchida 

 

Pataan sector (Maneja et al., 2001). For the 3-D 
inversion, the MT impedance was rotated to the 
direction of 45 degrees clockwise from north. 
Directions of x- and y-axes are 135 and 45 
degrees, respectively. The number of MT 

stations and frequencies used for the inversion 
are 92 and 11 (from 0.0703 Hz to 72 Hz), 
respectively. The average station interval is     
570 m. Total number of the observed data is 
3942; the number of the resistivity blocks is 
2912.  

 

Figure 6. Location of MT stations (dots) in the 
Northern Negros geothermal field. Thin 
dashed lines are estimated faults, open 
squares are hot springs, solid squares 
are geothermal wells, and thick dashed 
lines indicate volcano summit or crater 
rim. Large inclined rectangle indicates the 
region for 3-D interpretation, and grey 
lines with letters A – G are hypothetical 
lines for interpretation of the 3-D model. 

 

 
Uchida et al. (2003) presented a preliminary 3-D 
inversion result by setting a noise floor of 1% in 
apparent resistivity. I then continued more trials 
of inversion by using different noise floors. 
Figure 7 compares vertical sections along four 
NW-SE lines (A, B, C and D) with three different 
noise floors: 1%, 3% and 5%. The model with 
the 1% noise floor has spurious anomalies at 
shallow parts of the sections, particularly on 
Lines A and B. Models by 3% and 5% noise 
floors show smoother resistivity distribution. 
These two models are almost similar. The 
roughness of the resistivity distribution (L-2 norm 
of Cm in Equation (1)) is 675, 187 and 198 for 
the models by 1%, 3% and 5% noise floors, 
respectively. This indicates that the model of 1% 
noise-floor is suffering from ambiguous 
resistivity parameters. It may be because 
resistivities of the model were improperly 
interpreted by biased apparent resistivity data 
that have small observation errors less than 3%. 
For another comparison, I conducted more 
experiments of the noise floor with the Ogiri MT 
data and those from the Central Leyte 
geothermal field (Rigor et al., pers. comm.). 
However, they did not show large difference in 
the final 3-D models when the noise floor was 
changed from 1% to 3%. If the noise estimate of 

 

 
 

Figure 7. NW-SE vertical sections of the 3-D model of the Northern Negros MT data along four lines A - D with 
three different noise-floor settings: (a) 1%, (b) 3% and (c) 5%. 
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ice resistivity sections of the 3-D model of the Northern Negros MT data by the 3% noise-floor 
. Upper-left panel shows the shallowest section, and lower and right panels are deeper 

. Black dots indicate the MT sites. The x-direction is 135 degrees clockwise from north. Black 
the upper-left panel indicate hypothetical lines for further interpretation. 
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n the sector were drilled with a 
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ted at the boundary of the thick 

conductive second layer in the west and the 
shallow resistive third layer in the east.  
 
 
5.0 CONCLUSIONS 
 
An appropriate station interval has been 
examined by using a large volume MT dataset 
obtained in the Ogiri geothermal area. Tests with 
several re-sampled small-volume datasets have 
suggested that the station interval should be 
less than several hundred meters when we seek 
for a resistivity structure at a depth range of          
500 m – 2000 m, which is typical for a 
geothermal reservoir. If the station interval is 
about 1 km or larger, we would loose a 
resolution of the targeted structure in a 3-D 
inverted model. 
 
An appropriate estimate of observation errors is 
found to be very important in the weighted least-
squares inversion. Improper setting of the noise 
floor may result in an inappropriate 3-D model if 
the observed data contain biased errors. in the 
case of the MT data in the Northern Negros 
geothermal field, a noise floor of 3% or 5% in 
apparent resistivity was appropriate to avoid 
spurious anomalies that might be caused by 
biased noises. It is of course more important to 
avoid noises in the field measurement and to 
estimate the observation errors properly. 
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