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ABSTRACT

Geothermal well site selection requires considenatbf a comprehensive set of factors and balanocing
multiple objectives in determining the suitabilibf a particular area for geothermal exploratiorilidg. The
selection of geothermal well sites involves a camplarray of critical multi-disciplinary factors and
characterization. Geographic Information SystenS{jGGforms an invaluable link of field sample dataseom
geologists, geophysicists, geochemists, reserai@ngsts, and environmentalist. Geothermal spatédision
making could benefit from more systematic methadhtindling multi- criteria problems while consiihey the
physical and technical suitability conditions. Titemhal decision support techniques lack the apilib
simultaneously take into account these aspectshwdrie achievable through geoprocessing and modielebu
tools in ArcGIS. GIS is the most efficient and effee modern technology used to make spatial novitéria
decisions that target potential geothermal resaurt€emprehensive geo-scientific surface exploratias done

in Menengai geothermal field prospect and multeiginary data acquired through different spataingling
techniques. The geo-scientific data from surfaceestigations was categorized into four key datasets
Geological (eruption centers, volcanic rocks, esatend faults), Geochemistry (soil gas, hot spriags acidic
hydrothermal alteration zone), Geophysical (MT anEM anomalies) and Surface heat loss (Heat loss
anomalies). GIS was used to carry out spatial aateelation of all the datasets, generation ofdreuarfaces
and integrating and weighting all the four key data in a suitability model for geothermal welesiselection

in Menengai prospect. Geoprocessing and Model duildols were used for developing the suitabilitgelo
and characterization. From the suitability modejhei(8) geothermal well sites were eventually del@dor

exploratory drilling

INTRODUCTION

Surface geothermal exploration projects entailspémt identifying, analyzing and mapping of geotharm
manifestations, such as fumaroles, altered grousad,hot springs and other scientific survey tegies to
determine prospective geothermal resources.Fornrgd decision to be made there is need to comhide a
analyze the results from multi professional sanspieey data and studies. Menengai area in theateiftrwas
targeted for the accelerated development of gewifleresource. Surface geo-scientific measurememntsiata
collection was done in order to determine the bhesa for drilling for subsequent reservoir assessnige cost
of drilling a typical geothermal well could rangeiin KShs 400 Million to KShs 600 Million. Selectisgitable
location for drilling a geothermal well will alwaysmain a critical and a major decision by resounamagers.
The decision-making process need to combine antyznghe results of a number of different surveps a
studies. GIS can be a powerful tool for minimizilmgiman errors in identifying prospective areasfor
drilling.ArcMap was used to develop a GIS Model f@othermal well drill site consisting of geoprasiag
tools and a modelbuilder. Potential drill sites velefined and prioritized by assigning a weightedrlying
selection query for geological, geophysical, geaabel, and heat loss data layers. GISwas used affegtive
tool for the integral interpretation of geo-sciéinttata to determine best sites by combining veidigital data
layers.

Tabulated below is sample input data that was freed various surface measurements and studiesdier ¢o
determine the best site location for a geothernal:w
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Data Type Derived Parameter

Geophysics Dataset

MT Anomaly Heat source, reservoir extent
TEM Anomaly Reservoir extent, permeability
Bouguer Gravity anomaly Heat Source, Intrusigdies

Geology Dataset

Eruption Centers: Heat Source
Structural setting: Vertical Permeability
Petrological analysis Geothermal Fluids/perntitéds

Geochemistry Dataset
Soil gas (CO2, Radon) Leakages, Heat source
Fluids Chemistry Recharge, permeability

Reservoir Science

Convective & Conductive Heat Loss Heat Source &argity

Boreholes Temperature Data Reservoir Temperature

Others

Civil dataset Access, source of bulk constorctnaterials
Environment dataset Environmental Impacts

M ETHODOLOGY

GIS was used for integrated data modeling for sielgdbest area for geothermal well sites for Merzéng
prospect area. Spatial Analysis, a process thahiees the locations, attributes and relationshipfeatures in
spatial data was run to produce various spatialetspduch as suitability models, from which nevoinfation
useful for geothermal resource development is @driGIS is used to carry out a various geo-proseasd
analysissince it is designed to handle large ansowft data and information. In addition, it is used
forvisualization of geo-scientific survey resultsat enhance sound decision making and allows tleetafe
management of the data.

The model builder tools in ArcGIS were used as aphical environment in which to develop a multigste
diagram of the complex geoprocessing tasks. Whemitbdel is run, the Model builder processes thatidata
in the specified order and generates output dgtada

Figure 1 displays a workflow process diagram ofioxs data input for identification of the most abie
location of geothermal well sites in Menengai pextpThe data selection is dependent on the diseigixpert

and criterion selected is based on other interpoet® For instance, the considerations that avats CO2
leakages of > 3.5% of soil gas as ‘geochemicalablét areas’ is based on the exploration Geochemist
evaluation of the whole field data. Similarly thelection areas bound by Menengai caldera collagsa a
geological suitable area is based upon the expbor&eologist’s consideration of possible proxintityshallow

hot magmatic bodies. Figure 1 below show the sehfamselected parameters used for the suitaliigel.

GEO-C3
THIRD EAST AFRICAN RIFT GEOTHERMAL CONFERENCE
Djibouti, 22 — 25 November 2010



Surface Data Suitability for location of investigation wells in Menengai area // .
— = = u»f//"///
__——— Deriveddata————___ Suitability according to ~ Non-geoscientific
Inputdata— Selected parameters  Geoprocess ,Positive areas* geoscientificinformation————  parameters
__Geochemistry (Geprocess)

Soilgas 9
~35% i
Soilgas Radon Radon =2300
Radon-222 > 2300 ppm 41W
Soilgas Rn/Ca2 ratio Rn/Co2 ratio
Rn/iCO2ratio | 4000 +4000 Geotechnical
Geology
Vulcanological | preferable
element inside caldera
Eruption Distance = 500m Distance 500to
centres eruption centres

Distance = 1000m Distance 1000 fo
fumaroles

Distance = 200m Distance 20010
on selected faults (thermal selected faults
Temperature distribution

<15°

Caldera wall Distance > 300m

Fumorales

faults

Geophysics
Resistivity — Resistivity at TEM resistivity
TEM 1000m = 30 Ohm Smaller30 Ohm
Resistivity — Resistivity at MT resistivity
MT 1000m < 30 Ohm <30 Ohm
Resistivity —
bc
Bouguer Gravitiy Gravity between
-1400t0 ~1700gu 1400 to-1700 g u

Reservoir

Soil Temperature at Soil temperature

temperature | 100cm depth = 50° C higher 50 degree
Environment

(Geothermometer,|

Impact Assesment

Figure 1: Workflow diagram: Data processing schema

GEOPROCESSED DATA LAYERS

Geothermal well site identification was carried daiyt using available digital datasets including resi
science, geology, geochemistry and geophysicsa8matalyst tools in ArcMap were used to derive ipes’
areas from all the scientific disciplines. Derigati of intermediate suitable areas requires creatibra
geoprocessing model in ArcGIS model builder todle Tntermediate products are then integrated irgmgle
suitability map. Data integration involves use nélysis tools in ArcMap to combine all derived infation of
suitable areas. Fig 2 shows an example of a geepsoty model of some geology input data.
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Figure 2: Suitability Model integrating geoscientic ‘postiareas’

Intermediate results

Geology Suitable Areas:

Geology dataset included classifications of fairte hydrothermal active or non-active, distanaesrf fault
and fracture due to subsurface permeability distidm, eruption centers and fumarolic activitiegy(fFe 3)
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Figure 3: Showing geology data suitable areas.
Geophysics
Geophysics data used were MT and TEM anomaly mapgrated with Bouguer gravity map to derive pusiti
areas
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Bouguer Gravity Map of Menengai Caldera

Figure 4: Geophysics data suitable areas:
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Geochemistry
Geochemical parameters used include soil gas andrfiles chemistry

Legend

B ~reas with heatflow >50 Wim sq. Elevation

 Aveas with Rn:CO2 ratio above 4000 - High : 2435.57
Areas with Rn above 2000ppm

| Areas with 3.5% of CO2 in soilgas . Low : 1537.57

Figure 5: Geochemistry data and high heat flow suitablasire

DATA INTERGRATION
Integration of data involves the logical combinatiof intermediate map products into a single silitgbmap. The
procedure involves use of statistical and analysids to combine all information on the positiveeas. Normally a
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measurement from a given method may be given aehigbnfident on interpretation of a geothermal exysthan the
other. For instance, MT resistivity sounding at 2Kepth tells more on the hydrothermal activity absurface than
fumarole temperatures measured on the surfacesUitable areas derived from the model are put ghigeclassification
and weighted overlay process. Statistical weightipglied to the various data depends on the tatgpeth and type of
well. For shallow wells of less than 500m deepjwer data from some methods will have differentgiding from wells
that target 1500 m to 3000 m depth.

Geological suitable area was determined by integgtite selected areas (buffered distances) basesumtion centers,
fumarole locations and faults maps. These layerse weverlain and the selected areas werecombinettleotify
geologically suitableareas. A suitability map basedgeologicalinvestigations is shown in fig. 3.edphysical suitable
area was determined byoverlapping of the MT and TE8istivity soundings together with bouguer gnagihomaly maps
by using the analysis tools. The selected areasmanged to identify the geophysical suitable aogasiting geothermal
wells. A Geophysics positive areas map is showfigiMd. Reservoir science derived positive arep,rsowing heat flow
of > 50W/m sqg. was combined with that of geochemyistiitable areas obtained by integratingselectedsaof Radon and
CO2 ratios maps. These layers were overlainandséhected areas were combinedto produce the geochleard
reservoir science suitable area map. A suitabilityrbased on reservoir science and geochemisthpigrsin fig 5.
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Figure 6: Weighted Overlay statistical table
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Figure 6: Shows priority areas for geothermal well siteMienengai prospect
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Figure 7: Map showing proposed geothermal well drill sitedMenengai prospect.

CONCLUSION

Geothermal exploratory drilling sites in Menengeagpect were investigated and identified by usiagable geological
data (structures, eruption centers, volcanic roeks] faults), geophysical data consisting of GyaWIT and TEM
anomalies, and geochemical data such as soil ggdes, hydrothermalalteration zones, fumarolestartdprings.
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GIS was used to integrate these geo-scientific séédain a suitability model for selecting best feomal well
sites.Eightgeothermal well drill sites werefinaitientified.Observations on the final suitability d& product show that
the highest priority areas lie along zones of ggicll and tectonic significance. Since data intBgnaprocess is quite
automated, human bias is minimal and hence cagibstiically relied upon. The suitability model dynamic andcan be
enhanced even more by adding newdata layers teederdre relevant information useful for developmehgeothermal
in Menengai prospect. The final priority map woulokrmally be used by decision makers with emphasithe available
data.
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