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ABSTRACT 

Atadei geothermal prospect area is situated in 

Lembata Regency, East Nusa Tenggara, Indonesia. 

Ammonia geothermometer estimation indicated 

reservoir temperature of about 221°C, with the 

upflow zone discharging thermal manifestation of 

steaming ground, fumaroles and acid sulfate springs 

in three separated locations namely Watuwawer, 

Lewo Kebingin, and Lewokeba. Such temperature 

value is a typical of the geothermal system in which 

liquid phase dominated the reservoir. During its 

earlier exploration stage, which very limited 

subsurface data, nevertheless, an interpretation of 

subsurface condition and lateral extent of the 

geothermal area have been developed by 

predecessor researchers. This includes interpretation 

of reservoir geometry, the fluid contains (i.e steam 

caps formation), fluids flow pattern and some 

structural geology that may form permeability and 

reservoir depth. Such interpretation will most likely 

encounter some difficulties due to the limited initial 

data and directly impact the accuracy of the 

interpreted model features, particularly the 

conceptual model of Atadei. Therefore, we have 

proposed updating the conceptual model of Atadei 

by using TOUGH2.0-Numerical Modelling, in 

purpose to adding significant information regarding 

the reservoir characterization to avoid. inaccurate 

interpretation during the early exploration stage. 

Based on the parameters obtained from the reservoir 

numerical modeling, a more robust model is 

successfully representing the heat and mass flow 

within the system. Eventually, the updated 

geothermal system, the play types and the reservoir 

characterization of Atadei can be better and 

confidently suggested as flat terrain geothermal 

system influenced by an active or recent magmatic 

play type with intrusive magma chamber and a 

liquid dominated reservoir with underlying steam 

caps. The last but not least, based on comprehensive 

study of integrated geoscience and reservoir 

numerical modelling, some insightful 

recommendations for further exploration campaign 

until early development stage of Atadei geothermal 

prospect area have been well proposed in this study.  

INTRODUCTION 

To meet Indonesian geothermal target by 2025 

which is 7242 MW stated by ESDM (2017), the 

Indonesian government has committed conducting 

development in geothermal prospect including the 

prospected areas in East Indonesia. One of the 

prospect areas in East Indonesia which currently 

under development is Atadei geothermal prospect 

area. Atadei is situated in Lembata Regency, East 

Nusa Tenggara, Indonesia. The location of Atadei 

geothermal field is shown in Figure 1 and the 

prospect area is considered as located in remote area. 

To reach Atadei from Jakarta would take around two 

consecutive days and this is counted as one of the 

challenges found in developing this field. 

Figure 1. Atadei Location (Google Maps, 2018)
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PT. PLN (a state-owned company), since April 2017 

has been the concession owner of this field based on 

SK-permits No. 1894 K/30/MEM/2017. Initially, 

the geological, geochemical, and geophysical 

surveys of the study area was conducted as 

preliminary surveys, followed by drilling the 

temperature gradient wells along with explorations 

well to delineate the potential extension of this 

geothermal prospect area. The location of surface 

features distribution from Atadei geothermal project 

is shown in Figure 2.  

Figure 2. Surface feature distributions of Atadei  

                 geothermal field (after PSDMBP, 2017) 

In this study, the integrated geoscience studies of 

Atadei geothermal field conducted by the 

predecessor authors is presented and reviewed as 

input data available for numerical modelling. 

Subsequently, the natural heat and mass flow model 

will serve as a significant additional information to 

propose an updated conceptual model of Atadei 

geothermal green-field area. The updating 

conceptual model is necessarily proposed because 

the model presented by Nanlohy et. al (2003) has not 

defined the geothermal system and the thermal 

fluids flow pattern with a better and detail 

illustration.  

CONCEPTUAL MODEL REVIEW 

Geoscience Reviews 

Geology review 

During May 2000, the explorations that covered 

around 100 km2 in the vicinity of Atadei geothermal 

field produced a geological map that represents the 

study area as shown in Figure 3. 

 

 
Figure 3. Geological Map of Atadei (after-

PSDMBP, 2017) 

Based on volcano-stratigraphy, in general, the 

volcanic products and deposits in Atadei area are 

divided into two groups. The old volcanic crops out 

in northern and southwest part of the study area The 

young volcanic product is found in the eastern part 

of the study area. Aswin, et al. (2001), mentioned 

the cones of young volcanic were formed along with 

the main lineament which direction is almost N-S. 

The cones consist mostly of andesite pyroxene lava 

and pyroclastic (flow and fall) with two NE-SW 

(Lewo Kebingin and Mauraja) faults control the 

geothermal surface manifestation in this study area. 
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Figure 4.  The ternary plot of water types “Cl-SO4-HCO3” and ternary plot of ion alkali geothermometer “Na- 

                 K-Mg” proposed by Giggenbach (1988), after (Nanlohy at. al, 2003) 

 

Geochemistry review 

According to the previous study of geochemistry 

survey and analysis conducted by Nanlohy et. al 

(2003), most of surface thermal features are found at 

the vicinity of the three SW-NE main faults in 

Atadei geothermal prospect. Those main faults are 

Watuwawer Fault which controls the typical upflow 

features such as fumaroles and acid hot springs in 

Watuwawer and Lewokeba; Lewo Kebingin Fault 

which rules the typical mixture manifestation where 

fumaroles, acid sulfate and bicarbonate springs were 

found in just close proximities to the Lewo 

Kebingin, Wae Mata, and Wae Kowan; Mauraja 

Fault solely controlling the outflow type of 

manifestation (bicarbonate waters or dilute chloride-

bicarbonate water) in Wai Keti and Wai Tupat. The 

figure of the ternary plot of water types “Cl-SO4-

HCO3” and ternary plot of ion alkali 

geothermometer “Na-K-Mg” proposed by 

Giggenbach (1988) is shown in figure 4. 

Since there are no springs were classified as partial 

equilibrium which made the geothermometer “Na-

K-Mg” is not applicable. Thus, the reservoir 

temperature is estimated using geothermal-gases. 

Based on ammonia geothermometer calculation, the 

reservoir temperature is 221°C. 

The calculated reservoir temperature, then, to be 

used to estimate the depth of top reservoir (TOR) 

during the early stage of geothermal exploration by 

using the method proposed by Saputra et,.al (2016). 

The procedure for estimating the depth of top 

reservoir is illustrated in figure 5. Assuming that the 

temperature in the interval is conductive and is 

dominated by a clay cap, thus, the gradient is 

considered linear. 

 

Figure 5. Illustration on the determination of  

                subsurface temperature using temperature  

                from surface manifestation (Saputra    

                et,.al, 2016).  

The result of the early estimated top reservoir in 

depth is illustrated in figure 6. It states that the 

calculated temperature reservoir of 220°C present in 

the depth of -800 masl, later it is estimated as the top 

of the reservoir.  

 

Figure 6. The result of the early estimated top of  

                the reservoir using the method proposed  

                by Saputra et,.al (2016). 



 

Figure 7. Graph of gas chemistry analysis from AT-1 and AT-2 wells (Arsyadipura. S, et. al, 2005) 

 

Meanwhile, the type of fluids which dominated the 

reservoir can be predicted earlier in exploration 

stage by using analysis in water and gas chemistry.  

This approach is derived from the theory proposed 

by Nicholson, K (1993) and further elaborated by 

Glover, R.B (1991).  

As the fluid migrates to the surface, a reduction in 

the confining pressure within the geothermal system 

will cause the steam and gases- phase to separate 

from the liquid phase (i.e the fluid boils and creates 

steam formation). After boiling, the residual liquid 

is therefore depleted in gas relative to the original 

fluid composition, although portions of all gases 

(especially the more-soluble species CO2, H2S, NH3) 

will be retained in the liquid phase. Since, at given 

temperature, the gas ratios in the steam will differ 

from those in original fluid (Nicholson, K, 1993).  

According to Glover, R.B (1991), relatively to early-

formed steam, later-formed steam has the following 

characteristics: “the gas concentrations in steam will 

fall as more steam is formed and the (less-soluble 

gas/ more soluble gas) ratio will similarly decrease 

as the proportion of the more-soluble gas increases 

relative to the least soluble gas”. For the common 

geothermal gases, the solubility order is (least 

soluble) N2 < O2< H2<CH4<CO2< H2S<NH3 (most 

soluble). 

In the case of Atadei, AT-1 and AT-2 exploration 

well monitoring programs were carried out in 4 

stage, the 1st stage was in Juni 2005, 2nd stage in Juli 

2005, 3rd stage in October 2005 and the 4th stage in 

December 2005. The method used in this program 

comprised the water and gas chemistry analysis in 

the wells and manifestation surrounding the wells. 

The result of gas chemistry analysis in AT-1 and 

AT-2 shown that composition of geothermal gases 

can be described in figure 7. 

From the analysis of gas chemistry conducted by 

Asyadipura. S, et. al (2005) show that the proportion 

of the more-soluble gas (CO2) in the wells are higher 

relative to the least soluble gas (N2). Meanwhile the 

laboratory analysis result of gas chemistry of 

Karun/Watuwawer manifestation near the AT-1 and 

AT-2 show that H2O dominates the gas distributions 

(more than 99% mole) among the other gases, such 

as CO2, H2S dan N2 (with total concentration less 

than 0.8 mole). It is further can be suggested from 

the Glover, R.B (1991) theory explained above that 

in the area around the exploration wells AT-1 and 

AT-2 some steam caps have been further formed. 

 

Geophysics review 

The magnetotelluric survey has been notably 

indicated the low resistivity layers beneath the 

Watuwawer manifestation at the near surface of 

about 200 meters, it extends at the greater depth 

around 400 meters to the East and the West of Atadei 

geothermal prospect area. At below 1400 m depth or 

-800 masl, the contrast of higher resistivity occurred 

and thickened which is later suggested as reservoir 

rock. The exception applied for Watuwawer doming 

which is attained the contrast resistivity at relatively 

shallower depth around 1200 m depth or around -

700 masl. It is necessarily agreed with the estimated 

depth of top reservoir using method proposed by 

Saputra et,.al (2016) in the earlier exploration stage. 

Therefore, the authors have adequate confidence in 

determining the depth of top reservoir at 1400 m 

depth and 1200 m depth only for  doming/ upflow 

area to be assigned in the numerical model. The 

result of 3D MT inversion by PSDMBP (2017) is 

shown in Figure 8, followed by Figure 9 which 

illustrate the NW-SE cross-section of Atadei.
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        Figure 8. 3D MT Inversion in Atadei Geothermal Prospect Area sliced in several depths (PSDMBP, 2017)

Figure 9. NW-SE cross-section of 3D MT Inversion     

       of Atadei Geothermal Prospect Area 

The result of MT survey also shows some 

consistencies to the Direct Current Resistivity 

survey conducted earlier with varied space 

configurations AB/2 = 250, 500, 750, 1000 and 2000 

meter.  

The resistivity data showed that the low resistivity 

zone beneath the Watu-wawer caldera relatively 

occurred at the shallower depth than in any others 

locations. Being consistent with the presence of 

fumaroles in the Watuwawer caldera, it strongly 

suggests that small steam cap has developed 

naturally in that particular area.  

The sounding resistivity also indicated another small 

dooming of suggested steam caps present at Lewo 

Kebingin and Lewokeba. 

Well Data 

Two gradient temperature wells namely ATD-1 and 

ATD-2 were drilled to reach a depth of 250 meters, 

these wells were drilled with the aim to get a better 

understanding of temperature gradient especially in 

upflow zone and to delineate the extent of the 

reservoir at the boundary of the Atadei geothermal 

field. ATD-1 is situated in the Watuwawer caldera 

representing temperature gradient in upflow area, 

meanwhile, ATD-2 is situated in Mauraja nearly 

intersected with Mauraja Fault in which 

representing the temperature distribution in the 

boundary or outflow area (Soetoyo,2008). 

Two years later in 2004, two exploration wells were 

drilled around the prospect areas of Watuwawer 

caldera and Bauraja crater, namely AT-1 and AT-2. 

It is aimed to get a better understanding of 

temperature distribution, particularly in upflow 

zone. AT-1 was drilled to the depth of 830.5 m and 

AT-2 was drilled to the depth of 750 m.  
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The result of well testing shows AT-1 had well head 

pressure at 7 kscg and AT-2 had well head pressure 

at 0 kscg. However, the temperature of both wells at 

the wellhead is relatively similar to the environment 

temperature, thus the pressure measured at AT-1 

wellhead is principally not come from the 

geothermal fluid. Logging temperature is applied to 

AT-1 until to the depth of 450 m and found the 

temperature was at 96.5°C (Sitorus et. al, 2005). The 

temperature profile from AT-1 well is shown in 

figure 10. 

 

Figure 10. The temperature profile of well AT-1  

                   (Sitorus et. al, 2005) 

The SE-NW oriented cross-section of this study area 

is demonstrated in Figure 11, followed by the initial 

conceptual model which is illustrated in Figure 12. 

At the initial conceptual model proposed by 

Nanlohy et. al (2003)  it appears that hot geothermal 

fluid is upwelling from the deep part of the Watu-

wawer caldera. The deep leakage of fracture 

permeability from Watuwawer Fault and fissures 

from Watuwawer-caldera rims serve as pathways in 

which the hot thermal fluids ascend through these 

given vertical permeability. Meanwhile, the depth of 

top reservoir at around -400 masl was obtained 

through Direct Current Resistivity method.   

However, the initial conceptual model has not 

comprised the fluid flow pattern and isothermal 

gradient because of lacking information in wells 

data especially at the greater depth which might lead 

to the author’s inadequate confidence in interpreting 

of such deterministic model. It is hoped that the 

result of reservoir numerical modeling would give 

significant input to better detail the conceptual 

model, especially through deterministic approach. 

 
Figure 11. NE-SW cross-sectional area of Atadei  

                   Geothermal Prospect Area 
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Figure 12. Conceptual Model of Atadei Geothermal Prospect Area proposed by Nanlohy et. al (2003) 
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NUMERICAL MODEL 

Model Description 

Gridding and layering 

The grid of the model is rotated at 127o to the East to 

accommodate the material assignment to be necessary 

in arrangement with the alignment of conceptual 

model. It is covering a total area of 6.4 km x 5 km or 

equal to 32 km2 and a total thickness of 3.45 km (i.e. 

from 950 masl to -2500 masl)-which is demonstrated 

in Figure 13. The horizontal dimension of grid blocks 

varies from the smallest 200 m x 200 m to the biggest 

500 m x 500 m, the smallest grid blocks are used near 

the reservoir area, wells, and faults to increase the 

modeling accuracy on that area. The model is divided 

into 13 layers with some of the top layers follow the 

real topographical condition.  The total number of grid 

blocks is 4862 by using rectangular grid type. This 

model used EOS1 for water and water for tracer 

because of data limitation and to simplify the 

modeling process.  

Figure 13. 3D View of Atadei gridding model 

Initial and boundary condition 

The initial condition is needed to input the initial 

temperature and pressure for each grid-block on the 

model to fasten the process in running the model. At 

the initial condition, the normal gradient is used for 

both temperature and pressure. Meanwhile, the top 

layer is set to constant at the atmospheric conditions 

with the pressure is set at 1E-05 Pa and the temperature 

is at 25O C.  

Inside the boundary, it is assumed that there are no 

flows of fluid. Hot water with constant enthalpy and 

the mass rate are injected into the Watu-wawer base 

reservoir to represent the deep heat flux to the system. 

The amount of the deep up-flow discharge obtained 

from the initial state calibration with the rate of 26 kg/s 

and the enthalpy of 1500 kJ/kg. The lateral boundaries 

are assigned to be impermeable. 

Rock properties (assign material) 

During the numerical modelling, determining 

permeability structure is the most essential step to be 

iteratively adjusted until the natural state condition 

was achieved. The iterative process is done by several 

trial and errors. The permeability structure used in the 

final modelling is shown in table 1 and its distribution 

to the grid model also shown in figure 14.  

 

Table 1. Material properties 

Material Kxy 

(mD) 

Kz 

 (mD) 

Color 

ATM 10 10  

GW 0.002 0.002  

  CAPR  0.00001 0.00001  

BOUND 0.00005 0.00001  

HEAT 100 100  

RES1 60 30  

RES2 40 30  

RES3 15 15  

RES4 10 10  

RES5 100 200  

RESMT 60 30  

FAULT 50 50  

BASE 3 1  

FAUL1 30 20  

TRNS 90 50  

 

Figure 14. Material assignment to the gridding model 

 

Numerical Modelling Result  

Initial state calibration 

During the initial state calibration, also called natural 

state modeling, the computer model was run until 

natural steady state conditions were reached. The 
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results were then compared against actual wells 

temperatures and reservoir temperature estimation 

obtain from geothermometer. To obtain a good fit 

between model results and field observation data, the 

permeability structures was adjusted in an iterative 

process. 

There is only one observation well available to match 

the model, it is obtained from AT-1. The dummy wells 

in Atadei area were also used to match the reservoir 

temperature by comparing with the temperature 

estimation obtained from the ammonia 

geothermometer, considering well AT-1 was not 

reached the depth of reservoir.  

The modeling process was carried out by using a pre- 

and post-processor of TOUGH2. Figure 15 indicates 

the temperature matching of AT-01. It shows a very 

good match between the actual and the modeled 

temperature. The temperature distribution in top of 

reservoir is also shown in figure 16, it is necessarily 

agreed with the temperature estimation from 

geothermometer.  

 

 

        Figure 15. AT-1 temperature matching 

Figure 16. Temperature distribution of the model in  

                  the top reservoir 

Reservoir characterization  

The dummy wells AGP-1 which have been applied to 

the model is in close proximity with the AT-1 which 

its temperature and pressure response is shown in 

figure 17. The temperature and pressure profile 

indicates steam cap is formed in between 1200 – 1400 

m depth.  

 

  

 Figure 17. AGP-1 temperature and pressure profile 

As suggested earlier during the integrated geoscience 

study, especially from data MT- DC Resistivity and 

fluid chemistry show that there are 3 small doming of 

suggested steam caps present at Watuwawer, Lewo 

Kebingin and Lewokeba. In figure 18 shows 

temperature and pressure profile of dummy well AGP-

2 in which representing Lewokeba steam cap doming 

and figure 19 shows profile of dummy well AGP-3 

representing Lewo Kebingin formed steam cap. 
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Figure 18. AGP-2 temperature and pressure profile 

 

  
Figure 19. AGP-3 temperature and pressure profile 

Meanwhile, the distribution of gas saturation in the 

reservoir which indicated as steam caps is found 

relatively further steam formation in Watuwawer and 

most likely thin steam cap present in Lewo Kebingin 

and Lewo Keba as illustrated in figure 20.  

Figure 20. Steam cap distribution of numerical  

                     model 

One of key driver outcomes of the reservoir numerical 

modelling is simulation of heat and mass flow within 

the system, as illustrated in figure 21. It concludes the 

whole fluid flow process from the upwelling 

geothermal heat flow beneath the Watuwawer caldera 

in which the hot fluids ascends directly  through the 

given vertical fracture permeability later emerge as 

upflow manifestation in Watuwawer, Lewo Keba and 

Lewo Kebingin. The residual fluids circulate within 

permeable zones as the hot fluid with lighter in density 

ascends until it reach the impermeable layers where 

heat losses occurs resulting some cooling fluids 

descending back to the reservoir and some other flow 

laterally until it emerge as outflow manifestation in the 

surface in Mauraja and Lewo Kebingin.  

This result serves as significant information for 

isothermal map beneficial in updating conceptual 

model of Atadei geothermal system.  

  

Steam cap 

Steam cap 
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                                                   Figure 21. Vertical slice of numerical model 

 

 

 

Figure 22. Updated Conceptual Model 

 



Updated conceptual model 

The updated conceptual model shown in figure 22 is 

designed based on comprehensive geoscience 

reviews and numerical model approach. It appears 

that hot geothermal fluid is upwelling from the deep 

part of the Watu-wawer caldera. The deep leakage 

of fracture permeability from Watu-Wawer Fault 

and Lewo-Kebingin Fault control the flows of hot 

fluids-in which it ascends through the given vertical 

permeability-with some fluids flow laterally to the 

Southeast until rising to the surface through Mauraja 

Fault as outflow. In contrary to the initial model, 

there is a change in determining the depth of top 

reservoir as the updated model has followed the 

interpretation of Magnetotelluric data rather than 

DC-Resistivity in which Nanlohy et. al (2003) had 

followed.  It stated that in general top of reservoir of 

Atadei geothermal area is situated around the depth 

of -800 masl, the only exception applied for 

Watuwawer area in which the reservoir reached the 

depth of -700 masl.  

CONCLUSION  

Play type in the Atadei prospect area based on 

integrated geoscience study conform with heat and 

mass flow of numerical model can be categorized as 

an active or recent magmatic play type with 

intrusive magma chamber (play type classification 

by IGA in Geothermal Exploration Best Practice, 

2014). It is influenced by active faulting which 

allowing the deep rooted magmas to intrude beneath 

flat terrain with no volcanism. As a typical 

characteristic of this play type, the upflow and 

outflow zones occur in the close proximity -

provided by the topography of volcano to support 

this -in which found in the vicinity of Lewo 

Kebingin Fault.  

A liquid dominated reservoir with most likely 

underlying thin steam caps present in three area 

namely Watuwawer, Lewo Kebingin and Lewo 

Keba is attained in the depth of -800 masl, the 

exception applies to the Watuwawer doming area 

where it reaches the depth around -700 masl.  

 

Recommendations 

Based on the integrated geoscience reviews 

collected from several published scientific papers 

and field reports together with the numerical model 

attained in this study, the authors would like to give 

recommendation for the exploration stages in Atadei 

Geothermal Prospect Area. It is aimed to decrease 

the uncertainty and to increase the confidence in 

reservoir characterization, particularly regarding the 

reservoir geometry and its temperature. The 

recommendation is summarized as follow:  

1. Targeting new exploration wells at least 3 wells 

which reach the reservoir depth in three upflow 

area namely Watuwawer, Lewo Kebingin and 

Lewo Keba to obtain temperature profile in 

upflow zone and to confirm the suggested thin 

layer of steam cap in that area.  

2. Prioritizing in well targeting for early 

development stage around the Watuwawer area 

as it is identified as a center of upwelling of 

deep hot thermal water below the surface. Less 

confidence in suggesting of well targeting in the 

other two upflow zones as main production 

area, given the result of numerical modelling.   

3. More detail Magnetotelluric survey with the 

survey design covering from Watuwawer to 

Lewo Kebingin area in order to indicate the 

connection and the continuity of low resistivity 

layer between Watuwawer and Lewo Kebingin 

upflow zone.  

4. Conducting additional geophysical surveys to 

accomplish the accuracy in identifying 

geological structure which controlling the 

geothermal system including estimation of heat 

source location in Atadei. The most 

recommended survey methods is gravity survey 

combine with geomagnetic survey covering all 

prospect area.  

5. More data sampling and analysis of water and 

gas geochemistry particularly fluids inside the 

wells, to assess the quality of fluids in the 

reservoir. It is subsequently increasing 

confidence in determining the stage of steam 

formation within the reservoir which later be 

beneficial for scenario of production 

optimization.  
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