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Abstract: The objective of this paper is to investigate how electrical resistivity changes as 

electromagnetic waves penetrate deep into the subsurface of Lili-Sepporaki geothermal prospect, 

using Magnetotelluric data. Lili Sepporaki is an andesitic-trachytic volcanic-rich area located in 

western Sulawesi-Indonesia. Magnetotelluric data was processed using SSMT2000 and MTEditor 

software programmes. Results show that resistivity of rocks generally increases with decreasing 

frequency, that is; less than 100 Ohm-m for frequencies greater than 100 Hertz; and fluctuates 

between 100 -1000 Ohm-m for frequency range 1- 0.1 Hertz. Resistivity also increases with depth 

of penetration of electromagnetic waves. Weathering, hydrothermal alteration, and many times fluids 

increase the conductivity of rocks. A low resistivity anomaly is seen around the hot spring, 

northwards. Presence of fluids in an intensively fractured volcanic rock lowers its resistivity. In the 

future, another Magnetotelluric sounding should be carried with much more measurement stations 

followed by a three-dimensions interpretation. 
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1. Introduction

Indonesia has an abundance of geothermal energy

sources, which are spread along a volcanic path on the 

“Ring of fire” 1-2). Increasing threat posed by global 

warming and climate change has drawn the attention of 

global researchers and decision makers to renewable 

energy, contextually geothermal energy, as potential 

remedy 3). Contrary, Indonesia heavily relies on non-

renewable energy such as oil and coal, as its key energy 

source 4). Renewable energy, the opposite of non-

renewable energy, basically refers to energy resources that 

always exist and produce no greenhouse gases such as 

Carbon dioxide 5); thus more efforts should be put in 

renewable energy utilization in Indonesia 6-7). 

Lili Sepporaki is a geothermal prospect located in 

Polewali Mandar district, Western Sulawesi-Indonesia. 

Indonesia is strategically situated at the confluence of 

three tectonic namely; Pacific, Eurasia and Indo-

Australian. The context of plate tectonism provides 

extensive but worthwhile clues about the geothermal 

prospect regions. The only thermal manifestations in this 

prospect are the hot springs and altered rocks. The hot 

springs’ have a water temperature of 97oC, Chloride water 

and neutral pH water; the reservoir temperature is 

approximated to be 190oC 8) and the geothermal system is 

allegedly driven by heat from plutonic activity.  

Electrical resistivity methods such as magnetotellurics 

have been always successfully deployed in geothermal 

exploration. Magnetotellurics (MT) techniques has been 

fruitfully used in Taupo volcanic zone (TVZ) in New 

Zealand and found a low resistivity below 600m depth 

which is linked to a fractured and intensely 

hydrothermally altered layer of rhyolite and tuffs, owing 

to the borehole in the vicinity 9). Change in electrical 

resistivity of the rock-fluid volume is the most important 

physical property change due to the presence of a 

hydrothermal system, other than elevated temperature and 

heat flow10). Ionic conduction in rocks increases with 

increased porosity, increased salinity and increased 

amounts of certain minerals such as clays. Hydrothermal 

systems, which are generally characterized by one or more 

of these features, are therefore associated with a low-

resistivity anomaly 11). Near the surface, a reduction in 

resistivity can be attributed to hydrothermal alteration of 
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rocks into smectite clays (conductive) and the existence of 

very hot, briny fluid. However, at a higher depth, an 

elevation in resistivity may be due to a decrease in 

porosity and a shift of the alteration product to less 

conductive clays such as illite and chlorite12). 

The objective of this paper is to investigate the variation 

of resistivity with frequency in andesitic-trachytic 

volcanic geothermal areas, amidst penetration of 

electromagnetic (EM) waves deep into the subsurface.  

This is done in an attempt to detect zones with reduced 

resistivity in the rather highly resistive volcanic area, and 

thus give information about the prospective geothermal 

system. 

Fig 1: Regional geological map of Sulawesi Showing Lili-

Sepporaki Prospect (red square)13) 

Lili geothermal prospect is dominated by andesitic to 

trachytic volcanic rocks (Fig.1). Volcanic activity is 

believed to have commenced during the Tertiary era and 

its products underwent intensive fracturing, to which the 

permeability worthy to allow passage of hydrothermal 

fluid, is attributed. Tectonism that occurred during 

Miocene-Pliocene time allegedly formed the North West-

South East (NW-SW) trending faults that serve as conduit 

for geothermal fluid to the surface 14). The prospect area 

has 12 stratigraphic units: 15) Walimbong volcanics (Tvw), 

Buttu Pakkedong Trachytic lava (Tlp), Inseparable 

volcanics (Tvt), Buttu Dambu Andesitic lava (Tld), Buttu 

Talaya Andesitic lava (Tlt), Buttu Sawergading (Tls), and 

Buttu Kamande Andesitic lava (Tlk) are exposed at the 

surface and a big chunk of the top layer is weathered, apart 

from Tvt13). Tvt is silicified and composed of spread out 

structures that are fractured. Formations at near surface 

such as Porphyry Andesite (Tp), and Tvw hydrothermally 

altered to form clays such as smectite 16-17). Formations 

such as Tlt and Tvw underwent alteration at higher depth 

to form chlorite minerals 16). Fractured formations include 

Tvw, Tp, Tvt, and Feldspathoidal andesite (Tf) while there 

are structural patterns, some of which contribute to the hot 

spring discharge 16). The basement is of metamorphic 

origin. Geochemical analysis on the hotspring water found 

out that: the geothermal water has chloride chemistry, 

using the Cl-SO4-HCO3 trilinear diagram; hot water 

interacts with the rocks it passes through, to the surface; 

and hot water interacted with the geothermal system at 

depth, with reference to both the Na-K-Mg and Cl-Li-B 

trilinear diagrams 14). 

Recent geophysical surveys concluded that the study 

area is dominated by low magnetic and gravity anomalies 

in the North, which points to the hydrothermal alteration 

and weathering of rocks and high gravity and magnetic 

anomalies in the south 17-20). 2.5D modelling results from 

Bouguer anomaly data provide for Tvt as the cap rock, 

while Tp as the reservoir rock 19). 

Temperature gradient drilling data pointed to 

montmorillonite and palygorskite as the main clay 

minerals, up to a drilled depth of 700 m 20) 

Conductivity, the inverse of resistivity, is a transport 

property that defines ability of a material to carry an 

electric current. Conduction in the Earth ensues through 

the transport of several charge carriers namely: electrons, 

ions or electron vacancies. Metallic bodies such as 

chalcopyrite and pyrite are some of the conductors and 

these are formed through hydrothermal processes at mid-

ocean ridges and in continental crust 12). When subsurface 

rocks are subjected to compaction, consolidation or 

diagenesis, their porosity is reduced and thus complicating 

electrical conduction. Electrical resistivity of rocks is 

considerably impacted by the shutting down of conduction 

paths through precipitation and compaction 12). Several 

researches attribute the loss of connectivity largely to 

compaction 21). 

For aqueous fluids, resistivity of crustal fluids is mainly 

determined by concentration of chloride and bicarbonate 

salt and temperature and fluid density 22). Crustal fluids 

particularly hydrothermal brines in volcanic settings at a 

depth of 8 km or shallower, could have resistivity to a tune 

of 0.01 Ω m 22-23). The electrical conductivity of chloride-

rich solutions increases almost linearly with temperature, 

for conductivity values less than 30 S/m 24). Saline waters 

can exist at a depth of about 9km with Bavaria- Germany 
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as an example 25). Increasing water saturation decreases 

the resistivity of rocks 26). 

Deformed metamorphic rocks usually have strong 

foliation and this is the reason for the high degrees of 

electrical anisotropy, more so when carbon is present. 

Gneisses and granulite can exhibit such anisotropy 27-29). 

High-pressure subduction zone eclogites routinely consist 

of great volume proportions of electrically conductive Fe-

rich garnet30-31). Garnets could be highly conducting if 

they are deformed to the point where they intersect, or are 

linked through metasomatic events. 

Clay minerals have resistivity values ranging from 1 – 

50 Ohm-m, while igneous and metamorphic rocks are in 

the range of 500 - 107 Ohm-m 32). Weathered igneous have 

their resistivities reduced to 2 – 500 Ohm-m 33).  

1. Methodology

MT data was collected by the Centre for Minerals, Coal

and Geothermal resources (PSDMBP) of the Republic of 

Indonesia, in 2011 with a station spacing of 1000m to 

2000m and the frequency range for recording was 320Hz-

0.01Hz. Measurements were carried out from evening 

through morning with a time lapse between 12-18 hours. 

Time series data were obtained from the measurement of 

two components of the electric field (Ex and Ey) and 3 

components of the magnetic field (Hx, Hy and Hz) as 

shown in Fig.2, using Phoenix MTU-5A tool. 

Fig.2: Configuration of electrodes and coils during the Lili-

Sepporaki MT survey8). 

The MT method utilizes naturally occurring, broadband 

electromagnetic waves over the Earth’s surface to image 

subsurface resistivity structure, up to hundreds of 

kilometers. MT technique measures fluctuations in natural 

electric (E) and magnetic (B) fields in orthogonal 

directions at the earth’s surface 34). Solar wind and 

meteorological activities such as lightening cause natural 

fluctuations in earth’s magnetic field 34-35). 

The horizontal E and B fields are related by the 

impedance tensor 26). Being a tensor, it also contains 

information about dimensionality and direction. It is 

represented by the symbol    and expressed in Eq. 1 
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Where: Ex and Ey are the horizontal components of the 

Electric field; Bx or Hx and By or Hy are the horizontal 

components of the magnetic field; Zxx, Zxy, Zyx and Zyy are 

components of impedance tensor; µ 0 is the magnetic 

permeability of free space. Impedance is usually 

expressed in terms of apparent resistivity and phase, and 

provides information about the subsurface conductivity 

distribution. 

Apparent resistivity is one of the most frequently used 

parameters for displaying MT data. Apparent resistivity 

can be defined as the average resistivity of an equivalent 

uniform half-space of the earth 34). Apparent resistivity is 

applied instead of true resistivity for non-uniform earth 

resistivity, and it depends on the frequency or the period 
35). Impedance (Z) is a complex, being composed of both 

real and imaginary parts. Therefore, each component of Z 

has not only a magnitude, but also a phase (φ). Apparent 

resistivity is defined by Eq.2 and Phase, Eq. 3 35)
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Where E = the horizontal electric field in mv/km, H = 

the orthogonal horizontal magnetic field in gamma, ρa is 

the apparent resistivity in Ω-m and T is the period in 

seconds. For a 2D case like this one, resistivity only varies 

both with depth and along one horizontal direction, and it 

is constant along the other horizontal direction. 

Skin depth, P(T), refers to the penetration depth of 

Electromagnetic fields into the earth. Extending MT 

sounding period increases penetration depth as shown in 

( )Z
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eq.4 36-37). Frequency is the inverse of Period, T, and 

therefore inversely proportion to skin depth.  

( ) ρ
a

TTP 500≈
(4) 

SSMT2000 software programme used an input of raw 

time series files, calibration files, and site parameter files; 

thus producing Fourier coefficients intermediary; the final 

output were MT Plot files containing multiple cross-

powers for each of the frequencies analysed.  

MTEditor programme processed MT Plot files created 

by SSMT2000; and resistivity and phase curves plus 

individual cross powers were produced at intermediate 

stage. Owing to heterogeneity of topography and 

subsurface conditions, the data had noise and static 

correction was carried out to remove it. Finally, industry 

standard EDI files were the final outputs.  

Seven representative stations are to be assessed in this 

study and were chosen from each section of the study area 

with the Lili Sepporaki hot spring as the reference point. 

WinGLink software was used in the production of the 

resistivity maps that support the MT-plot results. 

WinGLink involves MT sounding editing, static shifting 

and MT two-dimensional inversion. In this program, the 

input are the Industry standard EDI files while resistivity 

maps are the outputs. 

2. Results and Discussion

A sample of seven survey stations were chosen from the

five MT lines that were made during the data 

interpretation (Fig.3). 

Fig.3: Regional geological map overlain by MT lines (green 

lines), which are nearly perpendicular to major fault structures 

(Black lines). Black dots are MT stations16) 

Resistivity versus frequency MT plots for each of the 

seven stations are analysed here, in conjunction with the 

geology of the area. 

Fig. 4: Resistivity versus frequency for Station MTLL-02. 

Rhoxy and Rhoyx are almost fused together for most of the 

displayed frequencies. 

Station MTLL-02 (located on Line 1) is located in the 

western part of the survey area (Fig. 4). Resistivity 

gradually increases from 50 Ohm-m to 100 Ohm-m 

between a frequency range of 550Hz to 1 Hz, as EM 

waves penetrate into the subsurface. This increase in 

resistivity can be attributed to the increasing depth of 

penetration of EM waves through the partially weathered 

rock fromations or the less conductive hydrothermally 

altered formations such as chlorite. Between 1 Hz and 

0.1Hz, the resistivity value  slightly goes beyond 100 

Ohm-m and this is predicted as change to hot volcanic 

rocks at depth. Resistivity in the xy direction (Rhoxy) 

decreases faster than resistivity in yx direction (Rhoyx) 

for frequencies below 0.1Hz. The reduction in resistivity 

after 0.2 Hz may be attributed to the presence of saline 

fluid at depth. 

Station MTLL-10 (located on Line 2) is found in the 

centre of the prospect area (Fig. 5), Northwest of the hot 

spring. Rhoxy is almost constant until 0.9Hz, it rises 

sharply between 0.8Hz and 0.2Hz. The rise in Rhoxy is 

attributed to a transition from highly wethered conductive 

rocks, through  hot volcanic rocks to more resistive, 

deeper metamorphic  rocks . EM waves have higher 

penetration rate in the yx direction than in the xy direction. 

Rhoyx gradually rises from 100 Ohm-m to 950 Ohm-m 

between 20Hz and 0.1Hz. This is so because EM waves 

penetrate from hot fluid filled rocks to more resistive 

metamorphic rocks. Resistivity tend to decrease towards 

0.01Hz; fractured rocks harboring saline fluids can 

increase conducitivity. Thus, resistivity decreases. 
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Fig. 5: Resistivity versus frequency for Station MTLL-10. 

Rhoxy and Rhoyx curves do not meet at all for the displayed 

frequencies.   

Station MTLL-12 (located on Line 2) is situated in the 

Northern zone of the study area (Fig. 6), north of the hot 

spring. Rhoxy and Rhoyx take the same trend and similar 

values between 950Hz and 7Hz. Resistivity decreases 

between 80 Hz and 8Hz, this is explained by the transition 

from partially weathered volcanic rocks to more 

conductive hydothermally altered rocks. The resistivity 

steadily rises from 0.7Hz to 0.1Hz, attributed to a change 

through hot fluid-filled rocks and highly resistive 

basement- geology of the area shows it is a  metamorphic 

rock. Rhoxy experience a decrease as opposed to Rhoyx 

between 0.08 Hz and 0.01Hz, possibly due to the presence 

of fluid filled fractures in that direction. The fluids ought 

to be saline and conductive, hence a decrease in resistvity. 

Fig. 6: Resistivity versus frequency for Station MTLL-12 

Fig. 7: Resistivity versus frequency for Station MTLL-15A. 

Rhoyx and Rhoxy meet each other at about 60 Hz. 

Station MTLL-15A (Line 3) is hosted in the Southern 

area of the prospect (Fig. 7), South west of the hot spring. 

Resistivity in both directions increases between 550Hz 

and 9Hz, owing to the transition from partially wethered 

formation through resistive andesitic volcanic rocks, to 

the more resistive metamorphic rocks. Rhoyx increases 

further as the EM waves penetrate into more compact 

basement rocks. At about 8Hz, the trend of Rhoxy and 

Rhoyx start to change possibly due to a difference in rock 

properties in the respective directions. Resistivity 

decreases between 0.1 Hz and 0.01; the possible presence 

of interconnected fractures that contain conductive saline 

fluids can be the reason for the decrease.  

Fig. 8: Resistivity versus frequency for Station MTLL-16A. 

Rhoyx goes slightly beyong 1,000 Ohm-m. 

The hot spring and Station MTLL-16A (located on Line 

3) almost share the same spot (Fig. 8). Resistivity in both

directions has the same trend from 550Hz to 7Hz. The 

trend is gradual increase with period and this can 

accounted for by the change from highly-weathered 

conductive formations to hydrothermally altered 

formations. Rhoyx increases sharply between 5Hz and 

0.1Hz as the EM waves move through  hot fluid-filled 

volcanic rocks and resistive metamorphic rocks 

respectively. Resistivity decreases beyond 0.09 Hz and 

this explained by probably the presence of saline fluids in 

fractured metamorphic rocks at depth.   

The Far Eastern section of the prospect area harbours 

station MTLL-25 on Line 4 (Fig. 9), North East of the hot 

spring. Resisitivity in both directions increase between 

550hz and 90Hz and then reduces between 90Hz and 9Hz. 

The trend can be attributed to a transition from highly 

weathered volcanic rocks, through slightly altered rocks, 

to more conductive clay-rich formations, respectively. 

Rhoyx increases sharply after 8Hz because Em waves 

penetrate from hydrothermally altered formations, 

through hot fluid-filled volcanic rocks, to highly resistive 

basement rock. 

 Almost all the resistvity curves have shown an 

increase in resistivity beyond 500 Ohm-m as frequency 

reduces. Formations with the highest resistivity in this 

survey are the unweathered metamorphic rocks or igneous 

rocks, and literature has it that their resistivity values 

range between 500 and 107 Ohm-m32. As frequency 

reduces, MT waves penetrate deeper into more compact 

and consolidated formations- Ionic conduction reduces 

with increase in compaction and consolidation. 
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Fig. 9: Resistivity versus frequency for Station MTLL-25. 

Rhoxy and Rhoyx curves meet each other at 5 Hz. 

Fig. 10: Resistivity versus frequency for Station MTLL-31. 

Rhoxy and Rhoyx curves are separated. 

The south Eastern zone of the survey area is where 

Station MTLL-31(Line 5) is located (Fig. 10). EM waves 

are penetrating faster in the yx direction than in xy. Rhoyx 

gradually rises between 50Hz and 0.09Hz and Rhoxy is 

almost constant in this range. This increase in resistivity 

happens as EM waves penetrate from weathered 

formations through resistive andesitic rocks.  

The depth resistivity maps confirm the general increase 

in resistivity with depth. At a depth of 250 m (Fig. 11), the 

biggest portion of the map is occupied with a low 

resistivity anomaly (< 100 Ohm-m). High resistvity only 

occupies the southern parts of the survey area. At a depth 

of 750 m (Fig. 12), high resistvity distribution (100 – 250 

Ohm-m) spreads further towards the East. Low resistivity 

anomaly value increases especially in the NE. A very high 

resistivity anomaly (> 250 Ohm-m) appears for the first 

time in the South below the hot spring. At  1250 Ohm-m, 

high resistivity (> 100 Ohm-m) dominates the entire 

survey area (Fig. 13). Low resistvity (<100 Ohm-m) only 

appears  as smaller portions in the North and East. 

Generally high resistivity becomes more dominant with 

depth, as sounding frequency reduces. Fig. 14 shows that 

the high resistvity anomaly spreads even to the North of 

the survey area at an elevation of -2250 metres. A low 

resistivity anoamaly in the west of the survey area can be 

attributed to the presence of saline fluids in fractured 

formations. Chlorite-rich alteration products could also 

account for this anomaly. 

Fig. 11: Resistivity map of Lili-Sepporaki at a depth of 250 

m. The map is dominated by low resistivity anomaly (red

colour). 

Fig. 12: Resistivity map of Lili-Sepporaki at a depth of 750 

m. A very high resistivity anomaly (blue colour) appears below

the hot spring. 

Fig. 13: Resistivity map of Lili-Sepporaki at a depth of 1250 

m. High resistivity (yellow, green, blue) dominates the map.
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Fig. 14: Resistivity map of Lili-Sepporaki at an elevation of -

2250 m. High resistivity anomaly spreads to the North. Low 

resistivity persists in the West and SE (red). 

Geochemistry confirms the existence of a reservoir 

containing a chloride-rich fluid, as per the Cl-SO4-HCO3 

trilinear diagram14. This saline fluid (within 

interconnected pore spaces) has an impact on the bulk 

resistivity of the rocks which harbours it- the impact is a 

reduction. Addditionally, the this fluid interacts with the 

rocks through which it passes, on its way to the surface, 

thus bringing about alteration of the rocks above the 

reservoir. Usually alteration products such as clays are 

minerals are more electrically conductive than the parent 

rocks. Thus, such affected rocks experience significant 

reduction in resistvity.  

Magnetic and gravity data also support the fact that a 

big chunk of the surface and near-surface rocks are 

weathered and hydrothermally altered. Therefore such 

formations tend to have low restivity anomalies as shown 

by the MT-plots’ findings. 

Generally the survey area is under hydrothermal 

influence because the resistivity values which would be in 

the tune of 500 to 107 Ohm-m for typical igneous and 

metamorphic rocks, have fallen to less than 500 Ohm-m 

for the biggest portions of the resistivity curves and maps. 

3. Conclusion

Resistivity generally increases with decrease in

frequency, that is; less than 100 Ohm-m for frequencies 

greater than 100 Hz and fluctuates within 100-1000 Ohm-

m for frequencies between 1 and 0.1Hz. Frequency is 

inversely proportional to depth of penetration of the EM 

waves. Resistivity generally increases with depth. The 

prospect is defined into three layers depending on the 

resistivity variation with depth, that is; top-most, middle, 

and deep. The top-most layer of the prospect area around 

the hot spring northwards, is covered with weathered and 

hydrothermally altered and fractured rocks, hence low 

resistivity; Some areas of the prospect have slightly 

weathered, less conductive rocks at the surface. Such 

conductive features are characteristic of impermeable 

rocks that can work as cap rocks. In other parts the 

andesitic rocks start from the near-surface downwards. 

The middle layer is covered with unaltered volcanic rocks 

filled with hot fluid, which are relatively resistive. 

Additionally, this layer is composed of fractured or 

cracked rocks, which are interconnected, and thus the 

ability to store fluid and act as reservoir. The deep layer is 

occupied by high resistive rocks and these are mainly 

metamorphic rocks in this area according to geology; 

These rocks at depth are most likely fractured and thus 

have saline fluids. Future research should be directed 

towards carrying out another MT sounding with more 

sampling stations, followed by 3D interpretation of data, 

and exploration drilling in order to understand the 

geothermal system more, and also get the detailed 

stratigraphy of the prospect. 
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