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ABSTRACT: Gunung Endut, which is located in Banten Province, Indonesia, holds considerable geothermal 
energy potential. Besides the existence of the Cikawah (CKW) and Handeuleum (HDL) hot springs, alteration 
mineral revealed on the surface as a result of contact with heat source are scattered in a relatively wide area to 
the west of the peak of the volcanic mountain. A geoelectrical method is an essential tool for mapping low 
resistivity distributions that infers the distribution of mineral alteration. Such an investigation had been 
conducted in 2006, however, the interpretation of the DC resistivity method was only based on its apparent 
results which could not precisely image the actual subsurface situation. In this study, we perform audio-
magnetotelluric (AMT) technique to obtain resistivity variations at deeper depths. Based on the interpretation 
results of all the geoelectrical methods, the distribution of impermeable zone with low resistivity is detected in 
the eastern part of the study area, approximately 3 km to the west of Gunung Endut’s peak and 2 km east of 
the CKW hot spring. The discovery of alteration minerals in these regions supports the interpretation results. 
The existence of this strong alteration is likely to be controlled by a trending NW-SE fault structure, estimated 
from the striking analysis and is augmented with both geochemistry analysis and relative gravity study carried 
out previously. These facts lead to the conclusion that the existence of a geothermal reservoir is estimated 
between the manifestations of the CKW hot spring and peak of Gunung Endut. 
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1. INTRODUCTION 
 

Gunung Endut Geothermal Prospect Area 
(GPA) has no significant development to date. 
Despite having the vast potential of geothermal 
energy as announced by the Geological Agency, 
further utilization of this 80 MW of thermal energy 
will not be happening in the near future. One of the 
problems faced is the clarity of the geothermal 
system in Endut whether it is dominantly controlled 
by tectonic activity or by volcanic activity. The 
signs of the recent Gunung Endut eruption are also 
less visible on the surface even though the 
morphology resembles that of a higher mountain 
than the surrounding area. 

Geological Agency Indonesia completed a 
preliminary survey in 2008 [1]. A follow-up and 
more detail survey were then conducted by 
researchers from Universitas Indonesia, including 
geological, geochemical and geophysical surveys 
which lasted from 2014 to 2018 [2][3]. Throughout 
2018, surface alteration and mineralogy researches 
were carried out to complete the sparse geological 
information in Gunung Endut. 

Various research in resistivity methods has been 
performed over the years to gain a deeper and more 

precise image of a geothermal system [4][5]. The 
aim of resistivity study is to obtain the information 
on fluid circulation in the subsurface in the form of 
subsurface alteration [6]. Altered rocks appear to 
have lower resistivity values compared to unaltered 
rocks. The resistivity model can then lead to the 
determination of the lithologies and permeability 
properties of the geothermal area [7]. 

This study is only focused on utilizing the 
geoelectric method in the Gunung Endut 
geothermal prospect area to determine resistivity 
variation with respect to depth. The geoelectric 
method used is DC-resistivity with Schlumberger 
configuration to map resistivity variations from 
surface to shallow depth, and the audio-
magnetotelluric (AMT) method to map resistivity 
variations at deeper depths, as successfully applied 
in [8][9]. 

 
2. GEOLOGICAL CONDITIONS 
 

Gunung Endut GPA is situated in Banten; 70 km 
SW from Jakarta in the Island of Java, Indonesia. 
The research area is located within 9261000-
9274000 N and 639000-652000 E, Zone 48S in the 
UTM coordinate. Based on field observation, 
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Gunung Endut GPA is controlled by the volcanic 
and tectonic process. Previous geological mapping 
in 2008 suggested that the research area consist 
mainly of Quaternary rock (Qpv) lithology 
originating from the nearest active volcano of 
Gunung Endut. To the south of Gunung Endut, 
there are possibilities of Tertiary diorite (Tpg) and 
granodiorite intrusions [1]. The apparent 
granodiorite intrusions are elongated upwards to 
Badui Sedimentary formation consisting mainly of 
sandstone and limestone. All geological units that 
exist within the area of interest are shown in Fig. 1. 

There are several numbers of hot springs as the 
surface geothermal manifestations found around the 
location which are possibly flowing up due to 
complex subsurface fault systems. These hot 
springs are situated mainly in the NW direction of 
Gunung Endut within 6 to 8 km from its highest 
point as also shown in Fig. 1. As shown in Table 1, 
the temperature of the hot springs was recorded 
from 53 - 76 ºC with pH of 6.8 - 7.8 Cl/B ratio 
obtained from the water analysis from Cikawah 
(CKW), Handeuleum (HDL) and Gajrug (GJG) 
revealed that there are two possible reservoirs 
underneath. These reservoirs have the estimated 
temperatures of 100 - 127 ºC based on Silica 
geothermometer. 
 
Table 1. Temperature and other geochemical 
parameters from each water sample [10]. 
 

Spring Temp 
(°C) 

IB
% 

pH Na/K Cl/B 

CKW-1 73 -4.0 6.78 163.8 50 
CKW-2 76 -1.0 7.29 33.1 40 

HDL 55 1.0 7.59 29.1 31.2 
GJG-1 53 1.0 7.65 72.7 83.3 

GJG-3 56 -1.0 7.82 48.1 80 
Geoindicator calculation of Gunung Endut 

water chemistry indicates outflow zone surrounding 
the surface manifestations, as the Na/K ratios are 
more than 15 [11]. Another detailed geochemical 
study from the same area and samples had been 
elaborated in [3]. 

The study of minerals in altered rock have also 
been conducted recently. Rock samples were 
collected and sorted based on the intensity of 
alteration. Rock samples surrounding the 
manifestation had a high intensity of alteration [12]. 
Petrography analysis revealed that the rocks have 
protolith andesitic composition with several clay 
minerals as an alteration product. Diffraction 
analysis confirmed the presence of montmorillonite, 
kaolinite, and dickite [12]. 

 
3. FIELD MEASUREMENTS 
 

Apparent resistivity is a paramount parameter to 
be analyzed when describing a geothermal system 
as the components of the system have great 
contrasts in resistivity value. Resistivity value is 
affected by physical and chemical properties related 
to the existing geothermal system such as the 
salinity of the fluid, alteration, porosity or 
permeability, and temperature [13]. Ion agitation 
increases with temperature whereas the viscosity of 
the fluid decreases, resulting in the lowering of 
electrical resistivity as the temperature increases 
[14]. In many cases, high-temperature zones of 
geothermal reservoirs are located in regions of 
“anomalously” low value of resistivity. Therefore, 
the resistivity anomaly is highly useful as an 
indicator of a geothermal target [6]. 

 
 

 
Fig.1 Surface geological condition in Endut geothermal area overlaid by DC resistivity (triangle) and AMT 

(circle) survey stations and profiles. 
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There are many mechanisms on the sub-surface 
that can be responsible for a decreasing of the 
resistivity value of the surrounding lithology. In the 
aspect of a geothermal system, where thermal 
manifestation such as hot spring and fumarole are 
found, low resistivity can be explicitly caused by 
the presence of hot water with dissolved minerals in 
a porous medium. Generally, rocks are poor 
conductors of electricity and exhibit high resistivity, 
but when an electrolyte fills the pore spaces, the 
average resistivity is reduced. Hydrothermally 
altered rocks that form clay material are better 
conductors when compared to its protolith. 
Whenever low resistivity zones are encountered 
below volcanic active regions, a high-temperature 
hydrothermal reservoir may be present [15]. 

In order to get a distinct image of resistivity 
distribution in both shallow and deep subsurface, 
two geophysical methods were performed. For the 
former purpose, an active DC resistivity method 
was used while the latter was solved by using the 
audio-magnetotelluric method. 
 
3.1 Resistivity Methods 
 

This exploration technique involves the 
injection of electric current to the earth and 
measurement of the potential difference generated 
afterward. From the information collected, it is then 
possible to calculate the value of apparent resistivity 
below the station point by giving the geometrical 
parameters corresponding to the layout of the 
survey. 

DC resistivity measurement using four-
electrodes (referred to as A, B, M, and N) are 
commonly used in the field. During the acquisition, 
distances between the current electrodes (A and B) 
successively increased, while the potential (M and 
N) electrodes are maintained at a fixed distance 
from each other and are progressively moved along 
a line at the surface.  

When the distance between the electrodes are 
enlarged, the depth and volume of subsurface 
investigated increase and the measurement displays 
the variation of subsurface resistivity of a certain 
depth without taking into account the horizontal 
variation [16]. The apparent electrical resistivity 
(𝜌𝜌𝑎𝑎) is then estimated from the measured potential 
difference,∆𝑉𝑉, as follows, 

 

𝜌𝜌𝑎𝑎 = 2𝜋𝜋 �
1
𝐴𝐴𝐴𝐴

−
1
𝐵𝐵𝐴𝐴

−
1
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+
1
𝐵𝐵𝐴𝐴

�
−1 ∆𝑉𝑉

𝐼𝐼
           (1) 

 
where AM, BM, AN, and BN are the distance 
between the respected electrodes, and I am the 
injected current. This equation is commonly 
simplified as 
  

𝜌𝜌𝑎𝑎 = 𝐾𝐾
∆𝑉𝑉
𝐼𝐼

                                                                 (2) 
 
where K represents the geometrical coefficient that 
is depending on the survey layout [14]. 
 
3.2 Audio-magnetotelluric Exploration 
 

Magnetotellurics (MT) is a passive geophysical 
method utilizing the time variation of the low-
frequency electromagnetic signal that originates 
from natural sources. The basic principle of MT 
technique was first introduced in [17][18], and 
briefly discussed in [19][20]. The MT signal is 
ranging from 10-5 Hz to 104 depending on its origin. 
This study focuses on the utilization of audio-
frequency magnetotelluric (AMT) method instead 
of the conventional one. AMT method, compared 
with the common MT, employs the higher 
frequency parts (above 1 Hz), and therefore has a 
higher resolution with shallower depth range (up to 
1000 m) and more suitable for detailed geothermal 
field study. 

The primary response function derived from 
AMT survey is the characteristic impedance, Z. 
This parameter is calculated as the ratio between the 
orthogonal components of electric (E) and magnetic 
field (H). These two site-specific variables are 
measured using non-polarized electrodes and 
magnetic sensors (induction coils) respectively. The 
linear relation between them can be expressed in 
matrix form as follows, 

 

�
𝐸𝐸𝑥𝑥
𝐸𝐸𝑦𝑦
� = �
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�                                         (3) 

 
where Zxx, Zxy, Zyx, and Zyy are the components of 
the impedance tensor [21]. Hence, each impedance 
tensor elements can be written as 
 

𝑍𝑍𝑖𝑖𝑖𝑖 =
𝐸𝐸𝑖𝑖
𝐻𝐻𝑖𝑖

                                                                      (4) 

 
where i and j represent the direction of either 
electric or magnetic field intensity. Thus, the 
apparent resistivity value is calculated as 
 

𝜌𝜌𝑎𝑎 =
�𝑍𝑍𝑖𝑖𝑖𝑖�

2

𝜔𝜔𝜔𝜔
                                                                 (5) 

 
where 𝜔𝜔  is the angular frequency, 𝜔𝜔  denotes the 
magnetic permeability [18]. Another analytical 
parameter in the AMT method is the impedance 
phase 𝜑𝜑,  which describes the shift between the 
orthogonal electric and magnetic field components 
and is mathematically formulated as 
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𝜑𝜑 = tan−1
�𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑍𝑍𝑖𝑖𝑖𝑖)�
�𝑅𝑅𝑅𝑅𝑖𝑖𝑅𝑅(𝑍𝑍𝑖𝑖𝑖𝑖)�

                                         (6) 

 
In homogeneous earth, the phase is always 45° 

and changes when the fields penetrate into the 
subsequent layer that has different conductivity [22]. 
Subsequently, apart from the resistivity, the 
impedance phase is a useful tool for analyzing the 
subsurface conductivity structures. 

 
3.3 Survey Design 

 
71 resistivity mapping stations were measured 

by the Indonesian Geological Agency back in 2006. 
The aim of this investigation was to map the 
shallow distribution of resistivity contrast related to 
the alteration immensely occurred below the 
surface covering the Gunung Endut GPA 

Corresponding to the preliminary geological 
survey and thermal manifestation found in the 
location, six resistivity profiles (hereafter referred 
as Line A, Line B, Line C, Line D, Line E, and Line 
G) were placed along SW-NE direction. The 
shortest and longest profile was 3 and 4 km long, 
respectively. Each of these profiles consisted of 8 to 
10 measurement stations with the approximated 
interval of 500 m. The apparent resistivity from all 
stations was measured using the Schlumberger 

array. The current electrodes spacing (AB) is 
gradually increased from 500 to 2000 m while the 
potential electrodes are placed in the common 
center with smaller and fixed separation (MN) of 
100 m. With such configuration, it is possible to 
infer subsurface resistivity up to roughly 500 m in 
depth. 

With the intention to support the previous 
geoelectrical investigation, as much as 11 AMT 
sites were placed on two survey lines crossing the 
DC resistivity profiles (AMT Profile 1 and AMT 
profile 2) at the center of the prospect area. The 
average distance between AMT sites is 
approximately 700 m. This survey is conducted to 
image the resistivity distribution in NW-SE 
direction, perpendicular to the available cross-
section, to map the alteration as indicated by low 
resistivity value, and to understand its continuity in 
the deeper portion.  

The AMT data were collected using the tensor 
equipment, Phoenix MTU-5A systems, along with 
its designated porous pots (electrodes) and 
magnetic induction coils. The record length for each 
data acquisition process is less than 3 hours in 
average, with the minimum frequency being used is 
1 Hz, which could be effectively used to model the 
subsurface condition slightly more than 1 km, 
taking into account the penetration depth of AMT 
signal. 

 

 
Fig.2 Two-dimensional inversion result of DC resistivity data from all profiles (from upper left to lower 

right: Line A, Line B, Line C, Line D, Line E, and Line G). 
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Fig.3 Lateral resistivity mapping under DC 
Resistivity profiles in 0, 125, 250, 375, and 500 m 
depth. 
 
4. DATA PROCESSING AND RESULTS 

 
The ultimate objective for both DC resistivity and 
AMT data processing is to obtain true resistivity 
map below the surface surrounding the study area 
from the available data sets. Resistivity contrast 
plays an important role in delineating a model of the 
geothermal system, or particularly an anomalous 
resistive or conductive body in regards to the 
existing hydrothermal activity. While DC resistivity 
method can only produce limited model, AMT data, 
to some extent, can also be applicable to the 
geostructural study. The integration of DC 
resistivity and AMT data analysis becomes vital to 
confirm the final integrated conclusion. In this 
section, the data processing procedures from each 
method are separately described. 
 
4.1 DC Resistivity Data Processing 

 
For each resistivity station, there are four 

resistivity values acquired, in accordance with the 
variation of the spacing of the current electrodes 
that describes the average geoelectrical situation in 
the respected depth. However, the apparent 
resistivity data could not image the actual state of 
the subsurface resistivity distribution. In this work, 
the compiled data from Schlumberger DC 
resistivity mapping were analyzed based on 2-D 
inversion to give more reliable information of 
underground structures according to the resistivity 
distribution caused by two or three-dimensional 
complex geological systems in a volcanic area with 
several different lithologies and fluids circulation. 
The 2-D inversion scheme implemented in the 
RES2DINV software is based on the smoothness 
constrained least-squared method. The result is 
displayed in both vertical and horizontal cross-
section of the resistivity distribution model. 

The inversion model result from resistivity 
profile A, B, C, D, E, and G are plotted together as 
shown in Fig.2. The horizontal resistivity maps 
were produced to give a different view for 
understanding their lateral continuity (or 
discontinuity). The resistivity value from each 
depth was extracted and interpolated using inverse 
distance gridding method. The oblique resistivity 
maps from five model depth (0, 125, 250, 375, and 
500 m) were then accurately stacked as shown in 
Fig.3. 

 
4.2 AMT Data Analysis 
 

The AMT data time series collected after the 
acquisition is then processed through several 
common processing sequences. The time series 
containing both electric and magnetic field 
amplitude is regulated with applied filter and 
manual supervision to control the unwanted noise 
signal interferences. Fourier Transformation is then 
utilized to convert the time series into frequency 
series before finally being calculated and yield the 
value electrical impedance for each frequency by 
means of Eq.3. 

4.2.1 Strike analysis 
The data recorded in the AMT survey are also 

affected by the subsurface dimensionality and 
complexity. This concept implies that the 
information about a subsurface structure such as 
strike direction could be obtained from the AMT 
data. Strike direction is where the resistivity value 
is independent of lateral change. Once the principal 
axis is determined, the impedance tensor is then 
rotated in order to increase its two-dimensionality, 
by minimizing the tensor’ diagonal components. 
The dominant strike direction was estimated using 
either impedance tensor [23] or phase tensor (PT) 
[24]. Fig.4 compares the results of the principal 
strike analysis from both methods for three different 
frequency level; high, medium, and low.  
 

 
Fig.4 Primary strike direction obtained from 
impedance tensor (upper part) and phase tensor 
azimuth (lower part) from three different frequency 
range. The numbers are CW deviation from the 
north. 
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Inferred from Fig.4, both strike angle and PT 
azimuth shows similar results which indicate the 
existing fault in the near surface in NW-SE 
direction. However, the primary strike angle in low-
frequency range shows an inconsistency between 
the values resulting from the impedance and phase 
tensor analysis. A possible explanation for this 
might be that there is a more complex structure 
encountered in the respected depth range. 

4.2.2 Two-dimensional inversion model 
In order to balance the resolution of resistivity 

of the cross-section obtained from DC resistivity 
data, the AMT data inversion was carried out using 
Occam’s 2-D inversion scheme. The idea is to 
create a smooth resistivity structure by taking the 
number of the model parameter to be at least the 
same with the structure encountered in the 
resistivity profile. As a result, the model would be 
flexible for any number of significant structure. The 
possibility of getting an over-parameterized model 
is controlled by the roughness factor. A detailed 
explanation is elaborated in [25]. 

The inversion was implemented to the filtered 
and rotated data of apparent resistivity and phase 
from the TE and TM modes. The number of 
frequency used in the process is 30 ranging from 1 
Hz to 10,000 Hz. The inversion process was 
initialized with a homogeneous half-space model 
with a resistivity of 50 Ωm, and model depth of 1 
km. The model length is the actual AMT profile 
length added with 0.5 km of additional blocks on 
both sides. Final inversion results from two AMT 
profiles are shown in Fig. 5. The model RMS 
misfits obtained after 20 iteration processes are 8.7 
and 5.5 for AMT Profile 1 and AMT Profile 2, 
respectively. 

 
5. DISCUSSIONS 
 

With respect to the results from DC resistivity 
survey shown in Fig.2 and Fig.3, it appears that the 
southern part of the study area is dominated by high 
resistivity, while less than a half portion in the 

northern part is indicated a minor appearance of low 
resistivity anomalies. These results are consistent 
with the model produced from the AMT method. 
The combined resistivity model from both 
techniques is shown in Fig.6. 

One noticeable inconsistency occurs in the 
central region of the research area, where there is a 
quite significant amount of high conductivity 
anomaly appeared in the AMT model is undetected 
in the other. This discrepancy is perhaps related to 
the inability of DC resistivity method or, in 
particular, Schlumberger array to interpret a 
complex horizontally layered structure and lateral 
variation (when the station spacing is way too wide). 
Another possible explanation of this could also be a 
high disruption in AMT responses due to artificial 
noise, which is a definite disadvantage of a passive 
electromagnetic method like AMT, as the particular 
sites are located near an urban area. However, this 
difference does not really affect the overall 
interpretation. 

Based on the resistivity contrast from 
geoelectric and AMT inverted model and strike 
analysis of AMT Data, there is a possibility of an 
existing fault in the center of survey area next to 
CKW hot springs (Fig. 6) which is unseen in the 
current geological structure map (Fig.1). This fault 
system is expected to be responsible for the 
hydrothermal fluid pathway to the surface which 
then appears as the hot spring manifestation. From 
the geochemistry study, a significant number of 
kaolinite and other related minerals are found in the 
vicinity of this deduced fault, meaning that the 
specific area could have been passed by the fluids. 
These findings are also consistent with the gravity 
study carried out previously. 

On the other hand, a massive resistive body 
found between HDL and CKW indicates that both 
hot springs originated from different reservoir 
system. This finding also accords with the earlier 
discovery resulting from the water sample analysis 
(explained in Section 2), which shows a similar 
conclusion.

 

 
Fig.5 Two-dimensional resistivity distribution model from (A) AMT Profile 1 and (B) AMT Profile 2 

resulted from AMT inversion using Occam’s 2-D inversion. 
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Fig.6 Combined image of the resistivity distribution model from DC resistivity and AMT investigation in the 
prospect area. The springs are indicated by triangles. A predicted fault system is represented by a dashed line. 
 

There is no evidence of a conductive 
impermeable layer found beneath the surface in the 
center of the survey area, which is also indicated 
that no geothermal reservoir exists below the exact 
location. The indication of that interesting feature is 
occurred in the east direction at about 3 km west 
from Gunung Endut’s summit, and 2 km east of the 
CKW hot spring. This result again matches those 
observed in geochemistry study, which stated that 
the manifestations appear in the surrounding are 
possibly come by means of the outflow mechanism. 
 Since the location of the reservoir is still could 
not be detected, it is suggested to conduct a 
magnetotelluric prospection in about the eastern 
and south-eastern part of the current study area. 
This recommendation is based on a slight 
appearance of a highly conductive anomaly found 
in the east flank of the AMT profiles which 
hypothetically spread and enlarged towards the SE 
direction. By continuing a more extensive study in 
the region, the geothermal system and potential 
reserved beneath the Gunung Endut Prospect Area 
could be more accurately understandable, in order 
to advance to the development stage 
 
6. CONCLUSION 
 
 The subsurface resistivity investigation using 
DC resistivity method and audio-frequency 
magnetotelluric survey yields a good result. Despite 
some slight differences, the resistivity model 

derived from both ways share similar outcomes and 
findings. The geochemical analysis could really 
help to understand and support the result as the 
resistivity value is closely related to the 
geochemical parameter and activity. 
 There are some interesting findings that need to 
be underlined. Firstly, a massive resistive body 
separates the HDL and CKW springs which 
suggests that both manifestations are coming from 
two different reservoirs. Secondly, a possibility an 
existing fault connected to CKW hot spring that is 
delineated from the resistivity contrast, strike 
analysis and supported by rock minerals study. 
Finally, the conductive layer anomaly indicated in 
the eastern part and not in the center part of the 
research area. This finding leads to the conclusion 
that the existence of a geothermal reservoir is 
estimated between the manifestations of the CKW 
hot spring and the peak of Gunung Endut. An 
advanced study in this specific location is highly 
suggested for a more extensive interpretation. 
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