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Abstract

Geophysical data modelling often yields non-unigesults and hence the interpretation of
the resulting models in terms of underlying geatadiunits and structures is not a
straightforward problem. However, if multiple dagtsare available for a region of study, an
integrated interpretation of models for each of ge®physical data may results to a more
realistic geological description. This study notyodemonstrates the strength of resistivity
analysis for geothermal fields but also the gamsnfinterpreting resistivity data together
with other geophysical data such as gravity anshsieidata. Various geothermal fields have
been examined in this study which includes Silatl #enengai geothermal fields in Kenya

and Coso geothermal field in California, USA.
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SECTION 1

Resistivity Investigation of the Geothermal Potential at the Silali Volcano,
Northern Kenya Rift, Using Electromagnetic Data.

(Paper submitted to Journal)

WAMALWA, Antony M.*?, and SERPA, Laura F.!

1. Department of Geological Sciences, University of Texas at El Paso, 500 W. University, El
Paso, TX 79968,

2. Geothermal Development Company, P.O. Box 100746, 00101, Nairobi, Kenya

1.1 Abstract

The Silali volcano is one among a number of volesnimund along the axis of the Kenya rift
system that has experienced immense volcanismaartinfy. We investigate the resistivity
distributions within the Silali volcano region inder to define the magmatic, geothermal,
and structural features of this active volcanoe @hata reveal a NE trending fault west of the
volcano in the Kapedo region, a magma chamber lieriba caldera, and a potential fluid
circulation zone within the caldera region. Thettieto the magma chamber is estimated to
be about 6 km from the surface. A low resistivaityne (less than 20 ohm.m) at shallow
depths (1-2 km) is interpreted to be a low tempeeatclay (smectite) alteration zone
resulting from fluid circulation as heat is trarséel to shallower depth. The resistivity
increases abruptly beneath the inferred alteraione and we postulate that resistivity
change is due to a change in clay mineralizaticm ¢blorite-dominated system. This change
is temperature dependent and occurs at approxiyna®fC. The inferred temperature
boundary is consistent with an active volcanic eystvith an approximately 860 magma

body at a depth of 6 km.



1.2 Introduction

An increase in resistivity with temperature hasrbebserved in most high temperature
geothermal system®.g Anarson et al., 2010; Lichoro 2009; Ooskoi et al 2005; Cumming

and Mackie, 2010, Flovenz et al., 2005) and it is often interpreted as a change in clay
mineralization from smectite to chlorite due toregmsing temperatures with depthThe
reduced resistivity in the smectite dominated reggoattributed to the electrical double layer
of the smectite molecule where surface conductesults from free mobile ions. This
process is suppressed by the strong bonding inhloeide molecule and hence restricted ion
mobility and high resistivity characterize the aftl® rich zone(Flovenz et al., 2005;

Cumming et al., 2000; Wright et al., 1985).

In many geothermal sites around the world; i.e fldria Iceland, Olkaria in Kenya, and Coso
in the United States; smectite and zeolite minefaten between AT and 228C while
chlorite and illite minerals form at temperaturdsowe 248C(e.g. Newman et al., 2008;
Cumming and Mackie, 2010; Arnason et al., 2010; Perelin et al., 1996). Hence, resistivity
methods can be used to map this transition becthesesmectite-zeolite region has low
resistivity and the chlorite-illite region has higesistivity boundaries A map of this
subsurface temperature boundéfiovenz et al., 2005; Lichoro, 2009; Newman et al., 2008;
Onacha, 2006; Oskooi et al., 2005) could provide a basis for discriminating betweéneo
material or structures such as fracture zones grmmahat have a resistivity that differs from

the clays within a given temperature region.
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Figure 1: Map showing the Kenya rift and the volcarentres and lakes. Silali (Shaded box)
is the volcanic centre in focus for this study.

In this study we examine the Silali volcano locabedhe northern part of the Kenya rift
system (Figure 1). Magnetotelluric (MT) data asedi to image the resistivity structure
around the Silali volcano and the associated gewtdeprospect. A shallow low resistivity

zone is imaged and correlated with the region ténge fracturing around the Silali caldera
3



where we infer there is high porosity and enhanfteid circulation. This low resistivity
region is an indication of the temperature dependdange in clay mineralogy due to
hydrothermal circulation. We also identified zomdshigh permeability that may comprise
the plumbing for the geothermal system. At volcanaere there has been recent eruption
activity, like Silali, magma remnants at depth atem be imaged using resistivity analysis.
Hence we imaged apparent magmatic material thafirexd in the subsurface beneath the

volcano as part of this study.

1.3 Previous studies

The East African Rift System (EARS) in Kenya (Figur) was initiated in the Miocene and
continues to be active today. As part of the riffithe region experienced crustal thinning,
up-warping of the asthenosphere, and volcan{Stmiyu and Keller, 1997, 2001; Smith
1994; Smith, 1994; Keller et al., 1994; Hay and Wendlandt, 1995). The northern section of
the Kenya rift has experienced more crustal thigrind less uplift than the central rift region
(Smiyu and Keller 1997; Mariita and Keller 2007). Several young volcanoes, including
Suswa, Longonot, Olkaria, Eburru, Menengai, Sikatigl Barrier (Figure 1), are located along
the rift valley floor and these volcanic centreg #ne target of geothermal exploration in

Kenya(Smiyu, 2010; Omenda et al., 2000).

The Kenya rift has been extensively studied asbtss for understanding the processes of
continental plate breakufe.g. Keller et al., 1994; Smiyu and Keller, 1997; Smiyu and
Keller, 2001; Khan et al., 1999; Prodehl et al., 1997; Swain 1976; Mariita and Keller, 2007).
However, detailed studies that focus on the vanalsanic centres along the rift are limited.
Studies(Smiyu 1991; Omenda, 1997; Onacha, 2006) of the Olkaria and Eburu volcanic
complexes, and the Menengai, and Longonot volcahaes resulted in the development of a
geothermal plant at the Olkaria volcanic field tengrate electricity. Due to the rugged
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terrain that limits accessibility, the Silali volea had not been studied. However, the
growing need for geothermal energy development émy@ has given incentive to the first

detailed geophysical data collection around thderal region which we present in this paper.

Previous studiesairhead, 1976; Swain, 1976; Svain et al., 1994; Smiyu and Keller, 1997;
Marrita and Keller, 2007) haveindicated that the location of the volcanic centg the
rift, including the Silali volcano, coincides with 50 km wide gravity maxima with an
amplitude about 20 mGals which is typical for mgsbthermal fields around the world
(Monstero et al., 2005). This high gravity anomaly was interpreted as ttsilteof a shallow
magma chamber and dykes along the rift axis. Theityrdata distribution however is sparse
(about 5km spacing) and hence could not adequatedge detailed structures around the

volcano.

The on-going exploration for geothermal resourdesgathe Kenya Rift provides subsurface
information through both geophysical data intergien and the subsequent drilling to
produce geothermal energy. The interpretatiorhefgeophysical data often is tested only a
short time after it is gathered because of thedraeivelopment of geothermal prospects in
Kenya at this time. Thus, we anticipate this iptetation of the geophysical data from Silali

volcano presented here will be tested by drillinthia the next 2-10 years.

1.2.1 The Silali volcano

The Silali volcano(Figures 1 and 2) is the largest of the Quaternary shield volcanoes,
measuring 30km by 25km, in the northern sectiothef Kenya Rift(Dinkley et al., 1993;
Smith et al., 1995). This volcano stands 800 m above the rift flond avas formed by
alternating episodes of faulting, subsidence anfillimg associated with pyroclastic
deposition and basaltic volcanism that createdblan7.by 5km caldera at its summit. These

processes were accompanied by fracturing and deessipn of a magma chamber and

5



regional extension and injection of dykes benedaghvblcangSmith et al., 1995; Williams et

al., 1984).
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Figure 2: A simplified geological map of the Sile¢igion. The Silali caldera is defined by the
shield trachyte. The dashed lines are the bourslafimtensely faulted regioModified
fromWilliamet al, (1984).

The geology of the Silali region can be dividedoingroups based on the times of
emplacement as: the post caldera group, the pdereabroup, the western flank group, and
the caldera wall group. The post caldera groupistsef the intra-caldera and extra-caldera
sub-groups that are mainly basalts and trachyiHse Katenmening lava and the Kapedo
tuffs are distinctive markers for the pre-calderaup and the caldera wall group, respectively
(Smith et al, 1995; Williams et al., 1984). The western flank of the caldera is covered by the
Arzett tuff and the Summit and Discoid trachy{®$acdonald et al., 1995). Fault surfaces
have exposed the different sequences. For exaegué of the volcano, basalts overlie or are

6



faulted against west-dipping Miocene trachytes basdalts, while on the west, basalts are
exposed near Kapedo and overlie trachytes and lagtaxdeposit¢Smith et al., 1995). The
numerous faults around the Silali volcano haverseg®ized north to northeast trend, with a
zone of intense faulting, approximately 10 km widdiich defines a series of en echelon
grabengFigures 2 and 3). The eastern part of the caldera is more fradtthran the western
part, and fissures within the intensely faultedaagnay have favoured the flow of material,

like lava, to the surfacgGmith et al., 1995).
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Figure 3: Tectonics of the Silali region with thines signifying the numerous faults while
the bold dark lines are fissures. Modified from 8nat al., (1995).




1.3 Magnetotelluric (MT) and Transient Electromagnetic (TEM) field survey

The MT and the TEM methods are electromagneticrigcies used to determine subsurface
resistivity distribution where rocks have been tuaed, sheared, weathered, hydrothermally
altered, or have fluids. For the MT method, ndtyaccurring, time-varying electricEx

and Ey) and magneticHx, Hy, and Hz) fields are recorded at the surface of the earth
(Vozoff, 1991; Nabighian, 1991). The MT method has an advantage over other
electromagnetic techniques because it allows ilgegin from a few tens of meters to

several hundred kilometres depth.

The TEM method requires an energy source and aysmwmarent sent through an insulated
wire loop that has been laid on the surface ofetith (Nabighian and Macnae, 1991). The

earth is energized when the current at the trateimg abruptly switched off. As a result,
currents are induced in the ground according tad&y's law. These currents spread within
the Earth and decay with time thus creating a stexynvertical decaying magnetic field that
generates a voltage change. A detector at theecehthe loop records the voltage which is

converted to apparent resistivity for interpretaiibleju, 1996).

Several stations were deployed simultaneouslyltavaior cross remote-referencing for the
computation of MT impedances. The electric and metignfields were converted to
frequency domain and the 2 x 2 impedance tensqrsyeZe estimated using the remote-
referencing method proposed by Chave and Thomg$689). The electric field of high and
low frequency electromagnetic waves correspondhtl®v and deep penetration of the

earth, respectively.



1.3.1 Data acquisition and processing

The MT and TEM data used in this study were cafléatiuring the months of March to
August, 2010. Two hundred and fifteen MT and onednaed TEM stations were acquired in
Silali by the Geothermal Development Company (GDThe MT data were collected using
Phoenix MTU-5A equipment in a period range of 0-Q000 sec. Telluric lines were 100 m
long, except where they were restricted by ruggediin. A station grid with 1km spacing
was used within the caldera and the grid spacingin@eased to 2-3km outside the caldera.
The magnetic coils and the potential electrodessvegrented in orthogonal east and north
directions. Eight to ten stations were deployeduiameously which is useful for remote and
cross referencing. Each MT sounding was pre-precef&s cross-power estimates that were
then analysed to estimate the impedance, resysavidl phas€Chave et al., 1989; Rodi and

Mackie, 2001). The TEM data were collected using a Zonge GDR&#smitter and receiver.

The data collection in the Silali region was donthwhe following objectives:

(1) Image the magmatic material that remained & ghallow crust of Silali after

some was emptied in the formation of the caldera.

(2) Map zones of high fracture permeability thatidhe plumbing system of thermal

fluids in the region by identifying hydrothermateziation zones.

(3) Define a possible geothermal reservoir fromgethalteration zones and also infer

temperature distributions from resistivity anomsilie

(4) Delineate lithology, thickness of volcaniols and depth to the Precambrian

basement.



1.3.2 MT distortion analysis

Magnetotelluric soundings are often distorted bliscale heterogeneities at the recording
site. The effect is noticeable from the shift of tpparent resistivity at all frequencies and
can be corrected by using the complimentary TEM (Mgju, 1996). The TEM method does
not use electrodes that are in contact with theigcand hence the data are not affected by

these shiftgPellerin and Hohmann, 1990; Cumming and Mackie, 2010).
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Figure 4: A plot of TEM and MT data at station Mated to principal axes. The first plot is
the MT plot before static shift correction and gexond plot that includes the TEM plot is
corrected for shift of MT apparent resistivity. tigity XY (red) is in the north-south
direction while YX (blue) is the east-west orierdgat

These preliminary models could then be used talli2i) and 3D models of the subsurface.
The XY and the YX apparent resistivity and phaseespond to the north-south and east-
west directions. These plots appear to coincidehatt periods but diverge at long periods
which indicate the lateral change in resistivitylatg periods. The onset of this separation

indicated a change in geology or presence of gemsbgtructures with depth. The short
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period indicate that the geology is more 1D in ratwhile longer periods where the plots

split imply 2D or 3D geologyVolpi et al., 2003, Onacha, 2006; Oskooi et al 2005).

1.4 Data interpretation

Initial data analyses were conducted in order o ga&ormation on the general resistivity
distribution of the study region. First, skew aradap diagrams were analysed where most of
the data showed 1D characteristic at short peraoas2D and or 3D geology at medium or
long periods. One-dimensional Occam (minimum stn@)t inversions were conducted for
each MT sounding after static shifts were corre¢kgdure 5). This technique is simple but
provides useful information before completing mdetailed analyses on the data such as a
2D or 3D inversion. In some cases, the resultdoinl/ersion show a good correlation to the
3D inversion and in particular for short perig@gsy. Arnason et al., 2010; Cumming et al.,

2000).

The 1D models show that highly resistivity rockede less resistive rocks near the surface
of the earth for most soundings (Figure 5). Thalletv low resistivity zone beneath the first
layer is underlain by a more resistive block ansistevity then gradually decreases with
depth. The 1D models were used to generate ragigtmaps to analyse the lateral resistivity
distribution (Figure 6). The results (both thefpeoand maps) indicate that resistivity in the

region varies both laterally and with depth.

11
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The resistivity at 2000 m below sea level reveaisidheast trending resistivity boundary and
at 5000 m below sea level (Figure 7) the boundargnore evident west of the caldera at
Katenmening, and southeast of Kapedo signifyinga@agic boundary exists along this path
with a high resistivity region on the east side lwd resistivity region on the west side of the
boundary. The high resistivity region starts at wWestern edge of the caldera and extends
eastward past the Black Hills. The high resistivilgfer to be pre-Miocene and Miocene
volcanic flows that overly Precambrian basemenksocomposed primarily of gneisses,
schist and migmatit€Smith, 1994). Hautot et al., (2000) modelled magnetotelluricadat
collected over the Baringo region just 40 km soathSilali and imaged a deeper low
resistivity layer embedded in a high resistivitgiom which they interpreted to be a layer of
sediments that separates the underlying Precamtmc&rand the overlying basaltic lava. Our
data did not show this layer of conductive sediméhat underlay the volcanic flows. The
conductivity at depth imaged in this study mainlyedto intense faulting and fracturing
allowing fluid circulation, mineralization, or teragature or a combination of more than one

of these factors.

In contrast, the western side of our study area thaeludes the Kapedo region is
characterized by low resistivity and few mappedtsaltHowever, few major faults with a
northeast strike runs through the Kapedo regionylowing pyroclastic deposits, tuffs and
alluvium in the region might have covered other lsnfaults. The extent of this low
resistivity region westwards is not well constraingecause there is no data farther to the
west past the Kapedo region. We interpret this fesistivity zone as fault(s). The resistivity
boundary that runs through the Kapedo region cateslwell with a mapped faults running
through Kapedo and a channel of the Suguta Rives. lIkely that the flow of the Suguta

River is controlled by these fault(s) as inferrgdoor data in the Kapedo region.
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1.4.1 2D modeling of MT data

We also modelled the MT data with a 2D regularirearsion algorithn(Rodi and Mackie,
2001) that jointly minimizes data misfit and deviatiook the final model from the initial
model. Data were rotated so that one axis was pédipdar and the other parallel to the geo-
electric strike. In this way, the data are polatizeto two modes, the TE mode where the
electric field is parallel to the geo-electric kériand the TM mode where the electric field is
perpendicular to the geo-electric strike. This pssc helps to enhance anomalies and

minimize errors.

Our results, presented here, are from 2D inversidisint TE and TM modes data. In all of
our inversions, the RMS errors were 5% or lessr &tk iterations which was considered
reasonable. There was a relatively good match lestvilee observed and the calculated TM
and TE data (Figure 7) although in some casesttha$ hampered by noisy data. In order to
check the convergence of our models, three difteaéitrary resistivity half space models
were used as the initial model. The final resuttveid insignificant variation in the resistivity
structure therefore we concluded that the resultsewndependent of the selected initial

model.
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Figure 7: Plots of the calculated and original Tl &M data after 2D inversion were run.
Most of the stations showed a good fit. Some of niwdels gave better fits than others
depending on the quality of data and complexitg@dlogy and geologic structures.

Our results (Figure 8 and 9) show that resistiviyies both laterally and with depth in the
Silali region that can be attributed to temperatdnange, lithology change, presence of
fluids, fluid phase change (liquid to vapour), ancheralogy. Very shallow (top 500 m) high
resistivity (i.e the Summit region) interpreteddry, unsaturated sediments and pyroclastic
flows or unfractured basalts. Deeper (below -100Gimgh resistivity (> 100 ohm-m) is
inferred to be mainly due to unaltered volcanievbosuch as the basalt and trachyte layer that
dominate this region or the Precambrian basemeikt rbhe shallow (above -2000m) low
resistivity (< 20 ohm-m) zone that spreads latgratid covering almost the entire study area

is perceived to be a product of thermal alteratmmclays with low permeability, and water
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saturated sediments and fracture systems that mply ihigh porosity and permeability,

while the deeper low resistivity (LRZ2) is inferremlbe the magma volume (Figure 8 and 9).
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Figure 8: Two-dimensional resistivity inversion nebaf both TM and TE on a line that

connects point B to the west and point B’ to theted@he profile cuts through the Silali

caldera, the Summit and the Kapedo areas. Theted/¢niangles are the MT data stations.
HRZ = High Resistivity Zone, LRZ = Low Resistivitfone and IRZ = Intermediate

Resistivity Zone. The Solid lines are the calderl viaults while the dashed line is an
inferred fault.

The 2D resistivity models reveal four major regiong) a shallow low resistivity zone
(LRZ1) with resistivity less than 20 ohm-m, 2) ghiresistivity zone (HRZ) with resistivity
greater than 100 ohm-m, 3) a deep low resistivatiyez(LRZ2) with resistivity less than 12
ohm-m, and 4) an intermediate resistivity zone (IRZ resistivity ranging from 12 to 70

ohm-m appears to connect the LRZ1 and the LRZ2.

The shallow low resistivity zone, LRZ1, is suggestere to be a low temperature (%P
hydrothermally altered zone or clays. This shallow resistivity zone extends covers almost

the entire of the caldera floor and also extendsweads from the caldera covering the
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mapped zone of intense faulting and fracturing. g fracturing allowed thermal fluids
circulation transferring heat from deep to shalloepth and later rocks forming low
temperature clay and minerals such as smectitetl@aeolite which favour the flow of
electrical currents and hence reduce the bulktreysof rocks in this region. The region of
intermediate resistivity (IRZ) that underlies LR&Linferred to be of higher temperature as
compares to LRZ1 as temperature increase with défgth postulate that this increase in
resistivity is related to increase in temperaturd also mineralogy. We suggest that the high
temperature hydrothermal which form at temperagimeve 248C such as chlorite and illite
to be present in the IRZ zan&hese minerals are good resistors to the flowlettecal
current as compared to the smectite and zeolitenas and hence the increase in resistivity.
At this high temperatures most of the water isasapus state which could also contribute the
high resistivity we envisage this zone (IRZ) to tmgdrothermal reservoir that could be

drilled for steam.

The deeper low resistivity region, LRZ2, beneathdhldera (Figure 8 and 9) is inferred to be
magmatic material or intrusion at a depth of abb000m below sea level (bsl). This
interpretation is consistent with the interpretatiof similar anomalies found in Krafla,
Iceland and Olkaria Kenya where deep, low resistivegions have been confirmed to be
molten rocks(Onacha 2006; Lochoro, 2009; Smiyu and Keller 2000). Since the resistivity
variations in this here is believed to be relatetetmperature variation, we anticipate that the
low resistivity zone (LRZ1) to be within a tempenat range of AT - 220C, while the
underlying IRZ to have temperature range of 4@ 350C at about 3000-4000 m below
sea level where an estimated depth to the brititHeé transition zone and a temperature

about 808C at the LRZ2 (magma bodgg.g. Oskooi et at., 2005; Flovenz et al ., 2005).
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The high resistivity zone (HRZ) is interpreted asltered basalts and Precambrian basement
rocks. This high resistivity could be attributedltav porosity and permeability. The low
resistivity zone (LRZ3) is inferred to be a fautidaa shallow aquifer around the Kapedo
region. Hot springs seeps are found around the kapegion and also water wells drilled in
Kapedo confirms the presence of a shallow aquifefractured zone with water flow.

However the constraint in this region is not gooe tb insufficient data.
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Figure 9: Two-dimensional resistivity inversion nebdf both TM and TE on a line that joins
point A to the southwest and point A’ to the nodste The profile cuts through the Silali
caldera. The inverted triangles are the MT datacsts. HRZ = High Resistivity Zone, LRZ
= Low Resistivity Zone and IRZ = Intermediate Rasity Zone. The solid lines are known
faults while the dashed line is an inferred fatdini our data.

In high temperature geothermal field, fluid cirdidas within fractures transfer heat to
shallow depth and later the rocks which they irder#/ell log information (e.g. lithology

and temperature) and surface resistivity measureimave shown a good correlation that
have aided in the interpretation of resistivity ngiure up to drillable depths where
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temperature and resistivity have been observedhdcease with depth to the geothermal
reservoir (Newman et al., 2008; Anarson et al, 2010). With proofs from the numerous
resistivity studies, it is believed that the in@ean resistivity with depth to the base of the
reservoir in high temperature geothermal fieldsostrolled by a change mineralogy and
temperature where low temperature electrical cotiekieinerals like smectite and zeolite at
shallow depth while high temperature electricaigistive mineral like chlorite and illite at
greater depths in the reservoir reg{®ellerin et al., 1996; Anarson et al., 2000; Flovens et

al., 2005; Oskooi et al., 2005; Newman et el 2008). These minerals have strong electronic
bonding and hence suppress electrical currentgiome where they are four{Blovenz et al.,
2005; Cumming et al., 2000 Wright et al., 1985). The lower low resistivity in geothermal is
often interpreted to be magma material an integtiat that has been supported by micro-
earthquake studies where events do not occursirdigion due to the ductile property of the

rocks (e.g. Onacha, 2006).

Regional gravity studies covering the Silali arga Swain, (1994) and later Mariita and
Keller, (2007) indicated the presence of a highsigrbody at the Silali volcano which they
interpreted as a magmatic intrusion whose deptblugsn was poor due to data sparseness
and in this study we have imaged the depth of tagma chamber to be about 6 km deep. On
the other hand, Hautot et al (2000) imaged a deepeductive body (between 4 to 8 km
depth) which they interpreted to be a layer of sestits between the basement rocks and the
overlying volcanic piles in the Baringo region jgstuth of Silali that previous studies could
not identify. In fact, our data, even at 10km belesa level could neither show such a layer
nor indicate the boundary between the Precambaeksrand the overlying volcanic pile. In
addition, investigations such as that of the KeRyfaInternational Seismic Project (KRISP)
experiment(e.g. Keller et al., 1994) have indicated that the depth to the Precambrian

decreases from the central region (depth of abokinb northwards with the depth of the
19



basement around Baringo about 3 km. Hence the deptie Precambrian basement in the
Silali region which is about 50km north of Baringoexpected to be about 3 km or even less

but could be identified from out data.
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Figure 10: This is a generalized resistivity intetption of the Silali region of an east-west
slice through the caldera. The contact betweePteeambrian basement and the overlying
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system.

1.5 Conclusions

This study has identified resistivity anomaliesttiaae interpreted to be from permeable
fracture zones, hydrothermally altered zones, amégmatic body in the shallow crust of the
Silali region. Volcanic flows cover much of the dyuregion and are resistive to electrical
currents unless altered by fluids or fractures. bbendary between the volcaniclastics and

the Precambrian basement could not be identificthese data. A northeast-striking fault is
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imaged in our data and correlates with the SugutarRehannel west of the caldera which
runs through Kapedo. A magmatic body is inferredoéolocated about 6 km below the
surface of the volcano. We infer the magma body stedlow before the caldera formed and
much of the shallow magma was emptied during andr ahe caldera formation. The

volcanic process enhanced fracturing and formeduwitsfor fluid movement.

The shallow boundary between an upper, low regskayer (LRZ1) and the underlying
intermediate resistivity zone (IRZ) at depths aslehan 2000 m appears to mark the change
in clay mineralogy from an upper layer of smecttteration to a lower chlorite dominated
region. The boundary between these two zonesatetiche region where the temperature
has reached approximately 2@0at some time during the history of the volcaiée can use
this boundary to speculate on the events associtkdhe caldera formation and subsequent

history of the volcano.

In particular, if this temperature boundary were giroduct of uniform conductive heating
from a deep heat source, it might be expected ttet248C temperature isotherm was
relatively flat when the alteration occurred. Adtatively, if the heat source were shallow
then the 24%C isotherm should roughly mimic the shape of thet Iseurce in the subsurface
at the time of the clay alteration. In additidithie boundary were formed prior to the caldera
eruption, we might expect it to now dip toward tiegion of caldera collapse because it
would have collapsed as the magma escaped. Howteeinferred 24%C isotherm dips
away from the caldera in our data. We suggestitii€ates the isotherm is young and its
shape is related to the modern day fluid migrafi@m a relatively shallow heat source
because it approximately mimics the shape of tferned magmatic intrusion at a depth of

6000 m.
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The likely mechanism for heat transfer at Silalilisd migration based on the distribution of
the shallow low resistivity zone. We suggest thdtydrothermal reservoir lies below the
shallow conductors (LRZ1). Hot springs and fumaoteund in this region are surface
indicators of a significant hydrothermal resourc&/e consider the above interpretation
reasonable although speculative. We recommendiaagitstudies and drilling to support
our arguments. However, if this model is suppongddrilling, then it will provide an
additional tool for identifying likely sites for géhermal development based on a model of

the subsurface temperature distribution and fluigration.
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2.1 Abstract

In this paper we derive and interpret 3-D densibdeis from gravity data and 2-D resistivity

models from MT data collected in the vicinity oktl€oso geothermal field. Our data show
zones of both low resistivity and low density abab6 km depth in the Devils Kitchen and

the Coso Hot Springs areas. We interpret thesesztm indicate the presence of cooling
magmatic material that provides the heat for thatlggrmal system in these regions. A zone
marked by high resistivity and low density is irated to lie directly above the interpreted

magma body extending to within 1 km depth belowgbdace in the reservoir region where
it is capped by a low resistivity clay zone. In gigah, density models show the high density
bodies correlate with volcanic peaks or mountaihgclvmay imply a region of dense mafic

intrusions or dikes.
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2.2 Introduction

The Coso Geothermal field in southeastern Califorhas been the topic of numerous
geophysical investigations (e.g., Duffield et aBQ9Feng and Lees, 1980; Feng and Lees,
1998; Wu and Lees, 1999; Adams et al., 2000; Leels\&u, 2000; Vlahivic et al., 2002;
Wannamaker et al., 2004; Hauksson and Unruh, 28@%man et al., 2008; Unruh et al.,
2008) conducted to determine the depth to and dh&a of the heat source, and to image the
plumbing system for geothermal fluids. Recentlydsda have suggested that the Coso
geothermal field could be overlying an emerginganeirphic core complex (Monastero et
al., 2005; Unruh et al., 2008). Despite some eligned experiments that have been
conducted in this region, the depth to the heatcg@magmatic material) has remained
controversial. Gravity and seismic studies by Rlamd Isherwood (1980), Lees (2002),
Wilson et al. (2003), and Yang et al. (2011), shdweat partially molten rocks may occur at
5 km depth beneath the geothermal reservoir wiikensic studies by Hauksson and Unruh
(2007) and Unruh et al. (2008) show the magma cleamiay occur at depths greater than
10km. The three dimensional magnetotelluric (MTalgses by Newman et al. (2008)
mapped the extent of the geothermal reservoir eaxtures but could not image a magma
chamber because the model used frequencies thagefdoon the upper 4 to 5 km in the
reservoir region. The above studies show that pnégations geophysical data are non-
unique. In this paper, we review the existing gespdal data and reinterpret the gravity data
using 3D inversion methods and the MT data usihgwilable frequencies to determine
whether we can reduce the uncertainties in thepraeation based on new knowledge we
have gained by studying geothermal systems in Kentfasimilar techniques and access to

drilling results.
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In our studies of the Kenya geothermal systems see gravity, seismic, and magnetotelluric
data from active volcanoes to image magma in thswedace, map fractures and constrain
the lithology (Wamalwa et al in review). The intaion of the geophysical data sets and an
ongoing drilling program based on these studiesgyiws additional information on where our
interpretations have been particularly accurathéshallow subsurface and where we need
to revise our interpretations. Based on this @epee, we are re-examining gravity and MT
(Wannamaker et al., 2004, 2005; Newman et al., p@8a collected within the Coso
geothermal field to resolve some of the differen@esthe various interpretations by
conducting an integrated study of the gravity, nedgtelluric and seismic data similar to that

done for the Kenya geothermal fields (e.g. Wamatal., in review).

2.3 Coso Geothermal Field

The Coso geothermal field lies in a Pliocene-Pbeishe volcanic field located in south-
eastern California (Figure 1) east of the Sierravdda Range in the Basin and Range
province (Roquemore, 1980) of the western UnitedeSt The volcanic field is the source of
one of the largest geothermal fields generatingtebdity in the Basin and Range region
(Wilson et al 2003). It covers an area of appratety 400 km and is located in a releasing
bend of a dextral strike-slip fault system (Figdnealong the eastern margin of the Sierra
Nevada Range (Adams et al., 2000). The stressésah&ol the faulting within the Coso
Geothermal region are related to its location i@ tfansition zone between the Basin and
Range to the east and the San Andreas Fault tramsfdate boundary to the west
(Roquemore, 1980)Faults and fractures caused by interactions betwhese tectonic
boundaries host and allow fluid flow, particulanythe upper 3-4 km of the crust as marked
by the level of seismicity (Wu and Lees, 1999). Taalts and fractures have been targeted

for high yield hydrothermal production wells at Gogdams et al., 2000; Sheridan et al.,
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2003; Newman, et al., 2008) similar to geothermsydtems around the world like the
Iceland, Kenya and USA (e.g. Simiyu and Keller, @O®alin et al., 2005; Onacha, 2006).
The rocks in and surrounding the Coso geotherreld ire comprised of a highly fractured
basement complex of the Coso Range consisting afolt®ec plutonic and metamorphic

rocks that have been intruded by mafic and feléiesd

Pleistocene volcanic rocks that range from basalticite to rhyolite cover the regions from
Volcano Butte, through Silver Spring, and the CBsak (Figure 1). Quaternary sedimentary
rocks (the Coso formation) that comprises of allavj sandy arkosic beds, fine grained
tuffacious and lacustrine materials (Duffield et 4980) cover the west region in the Rose
Valley area and the southeast region in the CosinBarea. Additionally, rhyolitic domes
were formed along faults marked with fumarole eroiss seeping through the faults
(Duffield et al., 1980; Manley and Bacon, 2000; M&@e and Oskin, 2010). Bimodal
basaltic-rhyolitic volcanism coincided with extemrsal tectonics that began around 3 to 4 Ma
that occurs has interbedded material (tuffs, rhigoland basaltic flows) (Duffield et al.,
1980). The geothermal system could be underlaia byagma chamber that is proposed to
have been in existence for at least 1 Ma duringlwvtime it has risen from a depth of 10 km

to a depth of 5 km and has become hotter by at 8686 (Manley and Bacon, 2000).
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Figure 4: Location and geology of the Coso Ranggoutheastern California modified from
Duffield et al (1980). Shown are the faults (blastdid (mapped) and dashed (inferred)
lines).The blue dashed ellipse is the geotherntabne S. Mt the Sugarloaf Mountains, VP is
Volcanic Peak, AL is Airport Lake, LLFZ is Littledke Fault Zone, DK is Devils Kitchen,
CHS is Coso Hot Springs, VB is Volcanic Butte, GFCioso Peak, SP is Silver Peak, UCF is
Upper Cactus Flat, LCF is Lower Cactus Flat, WHNE WVild Horse Mesa Faults. The
rectangle marked by bold red dashed line, is tha aovered by gravity data: Figure 2 and 5.
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The Coso Range region is cut by a set of faultiiprobably have been active since the
early Cenozoic (Figure 1). These can be groupea timd sets of major normal faults that
strike west-northwest, and strike north-northeasii minor faults that strike from east-
northeast to east-southeast that mostly interéectrtajor faults at acute angles. The minor
faults are probably related to local doming or fugbuffield and Bacon, 1979; Duffield et

al., 1980). Young fault scarps observed in the @uatry alluvium and Pleistocene sediments
show that this region is still active (Bacon ef 4880; Duffield et al 1980). In regions around
Coso Hot Springs and the Devils Kitchen (the gewotla¢ area) fumaroles, hot water and

hydrothermally altered grounds are located alongggBacon et al., 1980).

2.4 Previous geophysical studies

2.4.1 Seismic

The region in and surrounding the Coso Geotherrall s characterized by a high level of
local seismicity (swarms) with event magnitudes lgsn three and occur in the upper 5 km
of the crust in the geothermal reservoir areadh siscthe Devils Kitchen, Nicol Prospect and
Coso Hot springs, and few deeper events (up torRik the surrounding regions (Feng and
Lees, 1998; Lee and Wu, 2000; Lees, 2000; Vlahevial., 2002; Lees, 2002 Julian et al.,
2009). Micro-earthquake event locations are usedetermine which faults are active and
the location of the base of the brittle/ductilensiion above the heat source. Shear wave
polarization data shows there is preferential trectorientation ranging between N10W to
N20E (Walter and Weaver, 1980; Vlahovic et al., 200/ilson et al., 2003). A low P-wave
velocity zone has been observed in the Coso Geudidrield, however, the velocity delays

here are small (~0.2 sec) compared to other geuntiesystems (Steeples and lyer, 1976).

Around the geothermal reservoir, e.g. in the DeKitshen area, low P-wave velocities have

been identified between depths of 5 to 20 km (Rdamg et al., 1980; Young and Ward,
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1980; Haukson and Unruh, 2007). Seismic wave adtgomu of teleseismic data was observed
by Young and Ward (1980) in the shallow crust befotm around the geothermal reservoir
which they implied represented the presence of gnmaachamber. A seismogenic boundary
is inferred to be at a depth of about 5 km becamsst micro-earthquake events are
concentrated above this depth in the geothermakrves region (Young and Ward, 1980,

Wu and Lees, 1996, 1999; Lees, 2002; Wilson et28l03; Unruh et al., 2008). Similarly,

Wilson et al. (2003) imaged a strong seismic wafeector at about 5 km depth that they
interpreted to be the top of the magma chamberir Tésults showed no evidence of deeper
reflector at greater depths and suggested thaematiaterial is found in the 5-10 km depth
range. This interpretation supported by a petralganalysis of Fe-Ti oxides, feldspars,
hornblende and plagioclase phase assemblages, kimdhérnblende and other mineral

barometry to estimate the age of the magma in th&o @eothermal field by Manley and

Bacon (2000). Recent studies of ambient noise toapty by Yang et al. (2011) observed a
low velocity zone in the 6-12 depth range whichytkeggested to be a zone of magmatic

material.

In contrast, teleseismic data analysis by Hauksahlnruh (2007) showed that, like other
seismic studies, a low velocity zone is preserihendepth range 5-10 km below the surface,
but this zone did not show any change in Vp/VsogmatiThey suggested that the low velocity
zone is due to the presence of brine or otherdluadher than molten rocks. At depths below
10 km they observed low P-wave velocity and highiefVs which they related to the

presence of a small volume (less than f)koh magma.

2.4.2 Gravity

Although a rich gravity database for the Coso gewtfal field area and the regions around is

available, the majority of the data have not beaerpreted or published. The complex

33



volcanic and tectonic setting of this region maitedifficult to interpret the gravity data for
upper crustal geology. This is probably due to fdet short wavelength anomalies of the
upper crustal features are suppressed by medidongpwavelength lower crust and upper
mantle features. Nevertheless, high amplitude gragiadients (Figure 2) observed from
Bouguer gravity anomaly maps have been used toyirtin@d presence of numerous faults
within the region (Plouff and Isherwood, 1980; Feigr and Goldstein, 1990). Previous
gravity studies (Plouff and Isherwood, 1980) mapaddgh gradient between -150 and -145
mGal that forms a crude horseshoe shape that esciosst of the Pleistocene rocks of the
Coso Range (Figure 2). A 5 to 50 mGal, 20 km diamgtavity high around the Sugarloaf
Mountains area (Figure 2 and 5) is interpreted rasiraderlying pluton or mantle derived,
partially molten mafic rocks that are remnants ohcfional crystallization rocks
approximately 10 km deep (Feighner and Goldste@®01 Monasteto et al.,, 2005). These
authors modelled the complete Bouguer gravity tlzh comprises all the frequencies from
deeper mantle to shallow crustal features. Inghisly we focus our analysis on the shallow
crustal features. Unlike the previous studies weassde the residual from the complete
Bouguer data to enhance shallow or crustal featies residual data were then inverted to
obtain a 3-D density distribution of the shallowsirto determine the source of the anomalies

in the residual data.
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Figure 5: Complete Bouguer gravity anomaly map h& €oso geothermal field and the
surrounding region contoured at a 5mGal intervake @ashed lines are inferred faults from
gravity gradients. The red points are locationghef gravity stations. The location of the
geothermal resource is around the Devils KitcheK)(and the Coso Hot Spring (CHS)
areas. The rectangle box enclosing DK and CHSasatha covered MT soundings shown in
Figure 3.

2.4.3 Resistivity

Resistivity methods are effective in imaging elieetity conductive subsurface features such
as fluid filled fractures, hydrothermal mineralsetadlic minerals, high temperature regions
or clays commonly formed within high temperaturethermal fields (Wannamaker, et al,
2004, 2005; Newman et al., 2008). Initial resisyivstudies in the Coso geothermal field

included Schlumberger, audio-magnetotelluric arliirie mapping (Jackson et al., 1977,
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Jackson and O’Donnel, 1980).The main finding ofsthestudies were that major low
resistivity were associated with Rose Valley ang&Basin/Wash, regions of valley fills or

alluvium, and also areas around Coso Hot sprindsavils Kitchen regions associated with
rocks hydrothermally altered by hot and saline watackson and O’Donnel, 1980). Most of
these early studies could only investigate to va@mgllow depths (less than 1 km) in the
subsurface. In order to characterize and monitergeéothermal reservoir, magnetotelluric
(MT) data were recently collected around the Casatlgermal field and also east of the main
geothermal field (Wannamaker et al., 2004; 20p&jt of which were available and used in
our analysis (Figure 3a). The region east of thenr@@so geothermal field was included in
the MT survey because it has high temperaturesu(8@YC at about 2.7 km) and appears to
be a favourable region for geothermal resourcesveyer, preliminary analysis of the MT

data indicates that the rocks appear to have loimngability (Wannamaker et al., 2004,

2005) and this factor limits drilling and exploitat of the heat source. The MT data were
interpreted by Newman et al. (2008) who perform&@bDanversion and generated a detailed
image of the upper 5 km of the crust. However, tbeyld not identify a magma chamber or
any indication of molten rocks as the source ot heginly because of the depth limit of their

models.

2.5 Magnetotelluric method and data analysis

Naturally-occurring electromagnetic fields (2 horital electric fields and 3 components (2
horizontal and vertical) of the magnetic field) aeeorded at an MT station as time series.
The horizontal electric and magnetic fields aredusederive period dependent impedance
tensors which then are converted to apparent na@8est and phases (Vozoff, 1972; 1991).
The variations of resistivity with depth can berasted from derived apparent resistivities as

shown by Park and Wernicke (2003). In this study,will use the MT data to determine the
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electrical conductivity structure of the Coso geothal field region and to investigate the

presence of inferred magmatic material in the Jh0depth range.

MT measurements are usually vulnerable to neaasennfesistivity inhomogeneities that give
rise to a frequency independent galvanic respastaéiq shift) on the MT apparent resistivity
curves (Berdichevsky and Dmitriev, 1976; Pellermd aHohmann, 1990). This shift may
result in significant errors either by over estim@t(if the shift is upward) or underestimating
(shift is downward) the true apparent resistivitglues and must be removed before

performing any type of interpretation.

The details of the MT data acquisition used in stisdy are given by Wannamaker et al.
(2004; 2005) and Newman et al. (2008). The datéectdbn was conducted in a noisy
environment where the existing geothermal powentplaas the main source of noise
(Wannamaker et al, 2004). Various efforts were midélter out the noise by applying
remote referencing methods using data simultangousllected at a distant station
(Wannamaker et al., 2004, 2005). The electromagratie series data collected were
corrected for noise and processed using robustadstf{e.g., Egbert, 1997) to their apparent
resistivities and phases and stored in standarciretec files (EDI). The data covers a
frequency range between 250-0.01 Hz and basedngpiesskin depth calculations, the data

can be used to estimate resistivity variationg teast 10 km.

Before the data were interpreted, the data werklyzedhfor noisy data by removing data with
large errors. The remaining data were smoothedyusnous polynomial orders (3 to 5). The
smoothed apparent resistivity and phase data weee in the modeling procedure. In
addition, a dimensionality analysis was performedétermine the strike of regional electric
structures (e.g., Ledo et al., 2011). The deterchiglectric strikes were used to rotate the

impedance tensors to directions parallel and pelipalar to electric strike.
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Figure 6: Dimensionality analysis (1D, 2D, 3D oderdetermined) for each MT sounding
grouped in five period bands using the method oftiMa al. (2004; 2009): (a) Elevation
data (colour) with MT stations (black dots). Thadi dashed lines are the profile lines where
2-D inverse modelling was conducted as shown imureigt. (b) band 1, T=0.01-0.1 sec; c)
band 2, T=0.1-1sec; d) band 3, T=1-10 sec; e) Hand-10-100 sec; and f) band 5, T>100

SecC.
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The smoothed, rotated data were used in the mondefirocess. There are a number of
methods for determining the dimensionality of MTadée.g., Groom and Bailey, 1989; Bahr,
1991; Weaver et al., 2000; McNeice and Jones, 2Bt et al., 2004, 2009) and each has
different limitations (see Marti et al., 2009). ldewe use the WAL rotational invariant

methods of Marti et al. (2004; 2009) to estimatdimensionality of the data and the results

are shown in Figure 3.

The dimensionality results indicate that the Cosotigermal field indicate a fairly 1-D to 2D
for periods less than one second (T<1 sec) andeatwo® hundred seconds (T>100 sec).Some
3D features as also included in this periods. Hef2ature at shorter periods (less the 1sec)
with the strike direction being dominantly northwesth some east strike direction (Figures
3b and c), and dominantly 3-D for periods 1 to $@8onds (Figure 3d and e), and Despite
there being a 3D electrical environment for parttieé data, there is a sufficient 2-D
environment to allow us to implement 2-D inversioll$e believe that our results may
include errors based on this assumption but restedtes have shown that 2-D inversions can
give a reasonable result when applied in a 3-Drenment (Wannamaker, 1999; Park and

Mackie, 2000)

The choice for the MT profile line (east-west pl®fines) was based on the local geology
and mapped faults (Adams et al., 2000); electsti@ke directions from the dimensionality

analysis (Figure 3) and the residual gravity angmadp (Figure 5). The profiles were drawn
to cross structures and target the geothermalveisereas (i.e. the Devils Kitchen and Coso
Hot Springs areas). In contrast to the previouslissuwhich focused on the upper 5 km

(Newman et al., 2008), our models were extenddd tom in depth.

The models shown in Figure 4 were obtained aftateg@tions inversion runs. Different half

space models were used with uniform resistivity20f 40 and 60 ohm-m and final results
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showed minimal/insignificant variations and dis@édythe major resistivity zones shown in
Figure 4. Our model convergence was fairly goothwow RMS error that ranging 4% to
7%. Our results (Figure 4) are comparable to thaise@ined from the 3D inversion of
Newman et al (2008) and the 2-D transverse magnatidel of Newman et al. (2008) and

Wannamaker et al. (2004).

The 2-D inversion algorithm by Rodi and Makie (2DQvas used to construct final MT
models along profiles (a) and (b) (Figure 3). Befdine inversion process the data were
rotated to their principal axis and smoothed toimirpe errors due random data scattering.
The smoothed data were used for the 2-D modellixgHx Ey andHy data for frequency
ranging from 0.01 Hz to 250 Hz were included fordmking. No other data were available to
correct for static shift and hence the models prteskhere are not corrected for static shift.
The transverse electric (electric field parallettie strike) and transverse magnetic (magnetic
field parallel to the strike) mode smoothed apparesistivities and phases were used in the

inversion process.
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Figure 7: Two-dimensional magnetotelluric modelat thcross the Coso Hot Spring (a) and
the Devils Kitchen (b) areas constructed by inwgrtthe TE and TM mode apparent
resistivities and phases. The inverted trianglesthe MT stations. The lines drawn on the
models mark the major resistivity boundaries. Tégions marked R1, R2, R3, and R4 are
the major resistivity zones. CSH is Coso Hot Siagd DK is Devils Kitchen.
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The upper 5 km sections of the 2-D models showatiash low resistivity zone marked R1.
This layer spreads laterally across the length ath bmodels (Figures 4a, b). This layer
represents mainly illite and smectite clays as showdrill hole data in the Devils Kitchen
area (Lutz et al., 1996). Two high resistivity ze®3 and R4) and a low resistivity zone
(R2) are located below the low resistivity zone Rbne R3 connects the shallow low
resistivity R1 and the deeper low resistivity (R&ne. R2 is less resistive than zone R4
which extends to the east and west of our modébme R3 is interpreted as faults correlating
with a region marked by high seismicity (Lees, 2082uksson and Unruh, 2007) and, in the
Devils Kitchen area, this zone has been targetegruction wells. These fracture systems
are favourable for the flow of fluids within the ajeermal reservoir whose resistivity is
believed to be controlled by illite, chlorite, eptd and wairakite minerals (Lutz et al., 1996;
Newman et al., 2008) within a fluid environmentheThigh resistivity zone R4 is interpreted
to be caused by unfractured, low saturation rockihvcould imply that this is a zone with
minimal porosity or no permeability. The most imjamt discovery of both models is the
position of the low resistivity zone (R2). The topthe R2 low resistivity zone is about 6 km
deep. We interpret this zone to define the locatiba cooling magma body that is the source
of heat for the geothermal system. Previous regigtstudies did not image this zone due to
the depth limitation of their methods, althoughritle-ductile transition zone was inferred at

about 5km depth near the Devils Kitchen area (Nemwatal., 2008).

2.6 Gravity data analysis

The main focus of this study is on the shallow thug the complete Bouguer anomaly map
shown on Figure 2 contains anomalies that appdae foom geological features that are both
local/shallow and regional/deeper and, in partiGudeall-scale or local geology appears to
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be supressed by large/regional geology due to ikeatch between the Complete Bouguer
map (Figure 2) with the geologic map (Figure 1)eTRouguer map (Figure 2) shows
prominent minima that are associated with the Ré@dley and the Coso Basin and probably
the Pleistocene rhyolite field. The gravity gradi@ould indicate major fault zones that
bound the sedimentary basins. The long wavelengiyity maxima in the southwest and east
regions of the map coincide with regions of basaitd metamorphic rocks. It is likely that
the high gravity anomaly represents a deeper niaifiasion. To interpret anomalies caused
by shallow or crustal density variations that coaldo be related to the geology shown in
Figure 1, we separate these anomalies by remotiag from longer wavelength regional
density variations. There are a variety of methimdattempt the so-called regional-residual
anomaly separation, including upward and downwarttiouation, wavelength filtering, and
polynomial trend-surfaces. Although none of thessthmds is superior over the other, we
used a fourth-order polynomial surface to fit regibgravity anomaly and subtracted it from
the Bouguer gravity anomalies to produce a resigrality anomaly map (Figure 5). A quick
comparison of the residual gravity anomaly map {Fegb) to the geology map shows more
correlations than the comparison of Figure 1 tauFég2. The residual gravity map shows
high amplitude maxima in the Volcanic Peak, VolcaButte, Coso Peak, Silver Peak, Pinon
Peak, Cactus Peak and the Sugarloaf Mountain-Co$&pring regions. The anomalies are
interpreted to result from dense mafic flows oredikin the crust. Gravity minima are
observed within the Rose Valley to the rest of@oso Range, the Coso Basin to the south of
Coso Range, and the areas between the Sugarloaftdosiand Pinon Peak, Silver Peak and
Volcanic Butte. These gravity low anomalies areated to sedimentary rocks (Coso
formation) and rhyolite domes as also observed ftoengeology of the region (Figure 1).
The boundaries between the high and low gravityrales are inferred to be faults (Figure

5) which agrees with mapped faults from previouslagical studies (Duffield et al., 1980).
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Thus we believe that the gravity anomalies showrFigure 5 represent local geologic

features or crustal features.
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Figure 8: Residual gravity anomaly map derived fr@moving a fourth-order polynomial
surface from the Bouguer gravity anomalies of tlisdCregion (Figure 3). The dashed lines
are inferred faults. The two solid east-west lihésand L2 are the locations of cross-sections
used to display the 3-D density model. The geothémesource is found around the Devils
Kitchen (DK) area and Coso Hot Spring (CHS) aremtGur interval is 5 mGal.

To estimate the depth and geometry of the sourtéseaesidual gravity anomalies (Figure
5), a 3-D inversion (Li and Oldenburg, 1998) of tlesidual gravity anomaly data was

performed. Different inversion parameters (e.g.igivéng of the data, data errors, choice of
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objective function, starting model and size of nlaakesh) were considered and varied in
some cases to test the consistency of our moddls g@ology. Poor choices for these
parameters could lead to results that have nooekdtip to the actual geology despite a low
RMS error (Li and Oldenburg, 1998). The inversioglps estimate the densities of the
subsurface from the residual gravity anomalies thieg represent a density contrast model
rather than actual densities. The mean density ursetthis model was 2.7 g/émThe
inversion space domain was made of a block of 210@EW) by 19750 m (NS) by 32500 m
(depth) that was then divided into cubes of différgzes, with 391524 small cubes of 250 m
length on the top, and 33180 medium size cube®@ib length in the middle, and119 large
size cubes of 2500 m length in the below (bottormhe data was assigned a 5% Gaussian
error. The densities were allowed to vary from &dbr basalt to 2.4 g/cc for sediments or
rhyolites. Several inversions were performed toeols the effect of the different weighting
and objective function on the final results. Theutes show in Figure 6 was obtained after 70

iterations and had a RMS error of 0.9 mGal thabissider low than acceptable.

Comparisons of the residual gravity anomaly map #red 3-D model with the surface
geology of the area show a good match. The model@tsities could be related to the
Mesozoic granite and metamorphic rocks, mafic rolks gabbro, Quaternary rhyolites,
Tertiary-Quaternary sediments and volcanic depd@aittams et al., 2002). For example, the
high gravity/density zones correlate with volcapeaks or mountains like Coso Peak, Silver
Peak, Sugarloaf Mountain, and Ball Mountain, wtliile low density regions correlate with

basin fill/ alluvium, rhyolitic domes, molten rocksr faults and fractures.

45



West 10km East

L2

(w) yadag

West 10k East

500m L1
o
! ("]
-7320m T
=
3

0.3 0.2 0.1 0 -0.1 -0.2 -0.3

g/cc
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To simplify our interpretation, we divided the mbdiensities into two groups: low density
zones ranging between 2.4 gfcamd 2.7 g/crhto represent the felsic rocks, volcaniclastics
and sediments/sedimentary rocks, low density rtgglior fractured rocks such as those
within the geothermal reservoir, and the high dgr=ones between 2.7 g/érand 3.0 g/crh
that represent the mafic lithology e.g., gabbra hasalts and the mixture of mafic (gabbro)
and felsic (lucogranite) rocks that have been ifledtin this region whose density vary
between 2.75 g/ctnand 2.95 g/cthdepending on the compositional mixture (Whitmarsh,
1998). The high density regions associated withcarmk peaks or mountains such as
Sugarloaf Mountain and Ball Mountain extend frora Hurface to a depth of 7.3 km and are
underlain by low density rocks. The high densiones are associated with high seismic
velocities (Hauksson and Unruh, 2007; Yang et a011) and are interpreted to be
unfractured, dense rocks or cold plutons. The uyiderlow density zones are interpreted as
partially molten rocks. We believe that from thextiary and through the Quaternary (Adams
et al., 2002; Manley and Bacon, 2000) volumes oltemorocks/magma were forced into the
shallow crust and some were extruded to the suMdmke others remained within the crust.
With time, the top and outer part cooled to fornmsbs rocks near the surface but hot rocks

still exist beneath those cooled rocks (Figure 6).

Previous studies have suggested that there arenagma chambers in the region, a shallow
and a deeper chamber (Manley and Bacon, 2000). Hawether geophysical studies have
indicated the existence of a single chamber syststead (Wilson et al., 2003). Our analysis
also indicates a single magma chamber whose tapdst 6 km deep. Its lower limit could

not be resolved using the gravity or MT data. Ggalows are observed in places where
extension tectonic processes formed basins thanawe filled with sediments and loose

volcanic deposits like Rose Valley and Haiwee Ridgeother places, rising magma has

forced the rocks above to fracture and those frastare now the host and channel for
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hydrothermal fluids like in the Devils Kitchen aréigure 5 and 6). A similar scenario,
where magma upwelling has caused intense fractambghigh density dikes above a low
density magmatic material, was observed at the Wgaegeothermal field in Kenya

(Wamalwa et al., 2012)

2.7 Conclusions

Geophysical methods can help understand the nafuree subsurface, but overdependence
on a single method can be misleading, and henceotftebution of several techniques over a
particular target is preferable. In the presentgtwe used a gravity and MT data analysis to
show that a correlated low resistivity and low dgnsone may be partially melted material
that provides the heat for the Coso geothermadl.fiEhe low density/resistivity region lies
below a seismogenic boundary (Haukson and Unru@7)28nd corresponds to a region of
little to no seismicity which is inferred to be esult of the presence of ductile rocks. The
upper region of high seismicity is characterisecebythquake swarms that may indicate on-
going fracturing or thermal expansion and/or cariioa related to an underlying inferred
magmatic material. From our analysis and the previstudies it is evident that a major
thermal boundary exists at 5-6 km depth. This i®raperature boundary that marks the
brittle-ductile transition zone that could be estied to be about 300 to 4@ The main
guestion lies on what underlies this boundary. \Wggest a magmatic material based on the
other MT studies around the world and our Menestjagdy that shows a zone of restricted
seismicity. This however cannot rule out the pabsilof a high pressure zone containing

brine as it will still give a low resistivity sighare.

The 2D inversion of MT data and 3D inversion dfideial gravity data is interpreted to as a

zone of partially molten rocks in the Coso regi@sdd on a low resistivity and low density
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zone below 6 km in depth. The presence of fracteystems that probably host the
geothermal resources in this region correlate weh the locations of the micro-earthquake
events like those observed in similar studies imyee (Wamalwa et al., in review).

Unfractured rocks are marked by intermediate td kignsity zones and high resistivities.

Geothermal exploration is usually focused on tlemidication of the source of heat (magma
chamber), fractures that can allow circulation lofds, and convective heat transfer to the
near surface where it can be tapped by wells andsfl We believe our work presents an

improved and more complete picture of the Coso lgatal fields by identifying all the

features related to the geothermal system,
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SECTION 3
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3.1 Abstract

In this study, we qualitatively analyze detailed\gty and broadband magnetotelluric data in
and surrounding the Menengai Volcano region ofEhast African rift in Kenya in order to
assess geothermal potential of the region. Threemsional density models obtained by
inverting residual gravity anomalies and 2D registimodels obtained by inverting the TE
and TM magnetotelluric modes show several commatufes. At shallow depths, 0.5 km to
1.5 km below a caldera at the summit of the Menemgkano, a low resistivity and low
density region is interpreted as a highly fractuizede that consists of clay minerals resulting
from hydrothermal alteration. A higher resistivitgne is imaged just beneath the shallow
low resistivity layer at a depth range of 1.5 t&km below the surface interpreted a high
temperature reservoir zone. The increase in régsystvith depth within the caldera region in
particular  suggests a change in mineralizatiora assult of increasing temperature. At
greater depths approximately 6-7 km another lesistivity (> 25 ohm-m) low density zone
was identified within caldera and interpretedvadten material that is the source of heat for
the geothermal system. The low resistivity regithag correlated with the low density region
within the caldera are bounded by high resistiviligh density volcanic units implying that
the dense and electrically resistive volcanic nmaltés relatively cool and lacks significant

fluid content. This result agrees well with theulesfrom previous seismic studies.
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3.2 Introduction

The Menengai volcano is located within the Kenyatipo of the East African Rift, referred
to here as the Kenya Rift (Figure 1). Since theddne, extensional tectonics accompanied
by faulting, uplift, lava flows, and volcanism hfmemed the Kenya Rift. In the Quaternary,
several volcanoes were emplaced within the riftsaf@imiyu and Keller, 1997, 2001;
Omenda, 1997, 1998; Mariita, 2003,). Previous ggsighl studies indicate that the various
volcanic centres within the rift grabens correlai¢h a 50 km wide and 20 mGal positive
gravity anomaly embedded within a broad gravity.lowhis gravity high, combined with
high seismic velocities within the crust, has beéeterpreted to be caused by magmatic
intrusions into the shallow crust (Simiyu and Kell#997, 2000, 2001; Mariita and Keller,
2007).

A recent study by Simiyu and Keller (2001) showleak &a shallow, high velocity, dense body
is located about 4 km beneath the Menengai volckhoroseismc studies (Simiyu, 2009)
imaged a body that attenuated seismic waves andnteapreted as an indication of partially
molten material at about 6-7 km depth. In this eagifaults that facilitated magma flow out
of the original chamber may now control ground wated hydrothermal fluid movement
(Leat, 1984).

Geophysical methods (e.g., Becktold, 1983; Bibbywlet1995; Arnason et al., 201Bave
been used extensively in resource exploration tagemthe geology and map subsurface
structures. The results from any geophysical dabaetling process are non-unique (e.g.,
Arnason et al., 2010; Serpa and Cook, 1984) andenthre interpretation of the data in terms
of subsurface geology is not straightforward. Heeveintegrated interpretation of models

derived from different types of geophysical dataymizzld a more realistic geological model
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of the subsurface. In this study, we focus ourréffon the Menengai volcano with a detailed
gualitative analysis of gravity and broadband mé&gpeduric (MT) data. We compliment the
previous geophysical studies (e.g. Simiyu and Ke®01; Simiyu, 2009) with new 3D
density and 2D resistivity models which will be brsad for anomalies that appear in each of
the data sets and for features that are commdémetandividual models. In doing this, we
intend to obtain a detailed image of the underlymggmatic body and the associated
geothermal reservoir. Our collective interpretatafrthese individual models is intended to
mitigate the errors and non-uniqueness in eacthefmethods leading to reasonable and

reliable conclusions about the source of the oleskgravity maxima and an aseismic zone.

3.3 Previous geophysical studiesin the Kenya Rift

Several geophysical and geological studies (e.gsdfaand Curtis, 1989; Swain, 1992;
Simiyu and Keller, 1997, 2001; Mariita and Kell€0Z; Meju and Sakkas, 2007) have been
conducted within the Kenya Rift that have focusedtlte geology at both lithospheric and
crustal scales. The results from the Kenya Riedmational Seismic Experiment (KRISP) are
probably the most important geophysical studiesabse they revealed major features of the
rift which provides a model for rift structures td Keller et al. (1994a) and Prodehl et al.
(1994) discussed the KRISP data in terms of thegases that formed the rift which lead to
the complex lithospheric structure associated witiformation. They showed that the crust
is approximately 35km thick in the central sect@nthe rift around the Menengai volcano
and thins northwards towards Lake Turkana. In amditKeller et al. (1994a) observed that
the P-wave velocity of the upper mantle was abdBiki/s with a density of 3.12 g/énear
the Menengai region but it decrease to 7.5 km/k it increase in density to 3.26 gfciio

the north near Lake Turkana (Henry et al., 1990jeKeet al., 1994; Mechei et al., 1997
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Simiyu and Keller 1997). Henry et al. (1990) aldwowed that high velocity material

underlies the Menengai region.
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By integrating seismic and gravity data, Simiyu dteller (2001) developed a detailed

picture of the southern section of the Kenya rifid anodelled the gravity data in and

surrounding the Menengai, Suswa, and Olkaria vaicéelds (Figure 2). Their analysis

formed the basis of a further investigation of sloeirce of the gravity anomalies within the

Menengai region (Simiyu and Keller, 2001). They rltetl a dense magmatic body (20 km

wide and 6 km deep) in this region which they ipteted as a cooling magmatic body. An

earthquake survey within the Menengai region shoavedicro-earthquake events happened

mainly in the upper 5 km within the caldera andpdgeto about 7 km outside the caldera

(Simiyu, 2009)Within the Menengai caldera, seismic wave atteonatbnes were identified

and interpreted as regions containing molten r¢8kmiyu, 2009).
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3.3.1 Menengai Volcano

The Menengai volcano is predominantly trachytic @docated at the intersection of the
Nyanza Rift system and the main Kenya Rift (Figllyeand a point where the Molo and the
Solai tectonic axes converge (Figure 3). The vacdarmed about 180 ka as a trachyte lava
shield volcano which collapsed at about 29ka tonfa@ caldera after a large volume of
magma was extruded from an underlying magma chaifileat, 1984; Mungania, 1999).

The caldera is within the apex of the Kenya Dom#hwan elevation about 2 km above sea
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level. The caldera has an elliptical shape withomand minor axes of 12 km and 8 km,
respectively. Its floor covers an area of aboutk8® and is made up of young lavas

emplaced 14,000 yrs ago (Leat, 1984).

The volcanic rocks found in this region (Figurer@pge from phonolite to trachyphonolites
to trachyte and minor tuffs that were emplacedhm riegion before the caldera formed and
post-caldera ignimbrites with some trachyte lawavli and minor pyroclastic material. The
older rocks are exposed on the caldera walls whieyounger rocks make up the exposed
caldera floor (Mungania, 1999Yhe faults in this region appear to have facilidatbe
eruptions of an ash-flow tuff that led to the enipgy of the magma chamber beneath
Menengai (Leat et al., 1984; Macdonald et al. 1%henda et al., 2000; Simiyu and Keller,
2001; Macdonald and Scaillet, 2006; Simiyu, 200Hlost of these faults strike north,
northwest or northeast and may control the hydmsplagd hydrothermal system in this

region.

3.4 Geophysical data analysis

3.4.1 Gravity

The Kenya Rift system has been extensively studsdg gravity and seismic data (e.qg.,

Searle, 1970; Baker and Wohlenberg, 1971; KhanSamain, 1978; Swain et al., 1981, 1994,

Swain, 1992; Simiyu and Keller, 1997, 2001). Thestimportant finding from these studies

is that the majority of the Kenya Rift is charaized by a negative Bouguer gravity anomaly
that is about 350km wide. A local positive grawatyomaly, 40-60 km wide, is superimposed
on the negative anomaly (Figure 4a). The positivenzalies are more obvious on a residual
gravity anomaly map created by bandpass filterfrigure 4b). These anomalies have been
interpreted as low density material in the uppentheaproviding the source of the negative

gravity anomaly (Fairhead, 1976; Banks and swai@81 Simiyu and Keller, 1997) while the
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gravity high is caused by an intrusion of mantleiva® material into the shallow crust
(Swain et al., 1981; Simiyu and Keller, 2001). Gravity data along the rift indicate that the
major volcanic centres, such as Menengai, Eburitigara, and Suswa are associated with

the positive anomaly (Figure 2).
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Figure 4: Bouguer gravity anomaly map of the Kerifta(a) and (b) Band-pass (5-250 km)
filtered map of the Bouguer gravity anomaly map.ilines show the fault boundaries of
the rift and the star is the location of the Merangplcano. The red colours are relative
positive gravity anomalies.

For this study, the gravity data from the Menengdcano and the surrounding area from the
gravity database of Simiyu and Keller (2001) andrikaand Keller, (2007) are analysed.
Simiyu and Keller, (2001) merged all previous datth new data collected by the KRISP
investigations and the Kenya Electricity Generattgnpany. These data were processed to

obtain complete Bouguer gravity anomalies usingleeal as a datum and 2.67 gm/cc as a
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reduction density. The resultant data were gridded contoured to produce a complete

Bouguer gravity anomaly map of the Menengai redi€igure 4a).

The data indicate a gravity low that is associatétth faults and fractures or low density
volcanic material within the Menengai volcano. Tgravity low occurs between two gravity
maxima north of the caldera in the Ol'rongai Hélsea and south of the caldera that can be
associated with dikes and intrusions as modelledSingiyu and Keller (2001). Another
gravity low is located west of the caldera in theridngai Farms and the east of the caldera
towards the Bahati region. These gravity lows ® ¢hst and west of the caldera are part of

the broad low anomaly associated with the riftrasag in Figures 4a, b.

By just analysing the complete Bouguer gravity aalynmap, one cannot interpret the depth
and geometry of the sources of the various anomalie better interpret the sources of the
anomalies, 2 or 3D modelling must be undertaken givén the 3D nature of the anomalies
on Figure5a, we chose to perform a 3D inversioorder to estimate the density distribution
that causes the observed anomalies. Because wetenested in the upper crustal features
that are related to the formation of the Menengdcano and those related to geothermal

resources, a residual anomaly map was construgtgdré 5b).
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There are numerous methods (e.g. wavelengthifigeupward continuation and polynomial
trend-surfaces) that can be used to constructegidual anomaly map. We tried the above
methods and found that they all produced similaults. Our final residual map (Figure 5b)
was based on a fourth-order polynomial surface et removed from the Bouguer gravity

anomaly data (Figure 5a).

The gravity anomalies show low “negative” gravitalwes within the caldera that are
associated with fractured zones or low density amuilc material. High “positive” gravity

anomalies appearing at the centre of the calderassociated with post caldera lava flows
that cover most of the inside of the caldera. Thlelara is bounded by positive gravity
anomalies which we relate to cold magmatic matenialikes, while the negative anomalies
outside the caldera may be related to either famltew density volcanic material that covers

most of the region around the Menengai volcano ((éumma 1999).

To determine the upper crustal density structurehef Menengai region we used a 3D
inversion routine (Li and Oldenburg, 1998) where ttalculated gravity anomalies are
determined using the gravity station elevatioBscause the inversion problem for density
using gravity data is non-unique, various inverspamameters (e.g., weighting of the data,
data errors, choice of objective function, startimgdel and size of model mesh) were

considered and in some cases varied.

The modeling space domain was designed to coveretiien shown on the residual gravity
data and measured 12750 m (NS), 10750 m (EW) aBO®én (depth). This space was
divided in 3 horizontal layers containing cubesliferent sizes. The top 8000 m thick layer
was divided into 250 m length cubes, the middle000& thick layer was divided into 500 m
length cubes, while the third bottom 8000 m thiaielr was divided into cubes of 2000 m

length. Different weights and objective functioneres used in different runs in order to
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obtain a reasonable model that is comparable tondyeped local geology. Since there were
no data we assigned a 5% Gaussian error to the dht choice of wrong inversion
parameters can lead to results that have no resdtip to the actual density structure despite
a low RMS misfit between the observed and calcdlaata (Li and Oldenburg, 1998). In
order to minimize these factors, we performed nawumeinversions to explore the effects of
these parameters on the final model. The resusiepted here in Figure 6 was obtained after

36 iterations giving a reasonably low RMS errorfingf 0.73 mGals on average.
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Figure 6: Three-dimensional density model of thenbtegai region (b). Figure (a) is a model
that shows the inside of the caldera when slicetheeast-west (AA’) direction along a
northing (9975800) while (c) shows a section @&f thldera when sliced in north-south (BB’)
and east-west (AB) directions through the centeghefcaldera. The region D represents high
density body, F a low denstity zone while M a zohéntermediate denssity. The color scale
is relative to 2.7 g/cc.
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3.4.2 Gravity data inter pretation

The density model (Figure 6) obtained from the isi@ indicates that the greatest
variations, producing both high and low gravity arabes, are focused along the caldera
boundary. In particular, the gravity lows were mitete as low density zones (zones F on
Figure 6) with a density range between 2.4-2.6 d/along the boundary of the caldera and
extending to a depth of about 6 km. These low diessare interpreted to be highly fractured
zones that probably formed during the caldera @npHigh density zones (zones D) are
also modelled around the caldera margin and halensity range of 2.9-3 g/ciiThese high
density zones also extend to a depth of about 6 dimiJar to the low density boundary
material. We interpret the high density zones tocbkl, mafic magmatic material filling

some of the fractures that formed during caldetapse.

Away from the caldera rim, the modelled densityiatawns and the gravity anomalies (Figure
5 and 6) around the Menengai caldera are relatisebdued compared to the low density
zones (Zone F) that are related to the fracturim) magma intrusion along the caldera rim.
The surface of the region is covered with recettardc flows and there is geologic evidence
for intense fracturing in much of the area (Mungarii999). Because the inner rim of the
caldera shows very low densities, we infer thabegitthe rim is much more fractured and
intruded than elsewhere in the area or that thezesame other density variations in the
subsurface that counters the shallow fracturingw ®odels suggest that the caldera may be
underlain by lower density molten rocks below th&né base of the caldera and that may
contribute to the lower densities found within tteddera. The gravity model implies that
there are fewer fractures and mafic intrusions iwithe shallow caldera, and when combined
with the presence of a large low density intrusbemeath the caldera, produces the low

amplitude gravity anomaly that characterizes thenrpart of the caldera. To further test this
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idea, we examined the MT data within and surrougdie caldera to identify more fluid rich

regions and fractures, and to evaluate the posgédadthermal potential of the area.

3.4.3 Magnetotellurics

The MT method involves recording time-varying natly-occurring magnetic and electric
fields on the Earth’s surface. These time-varyireddé are used to infer the lateral and
vertical electrical resistivity structure of theres interior. These electromagnetic fields are
recorded as time series and then a period depeimdeetiance tensor between the source
magnetic field and induced electric field is consted (Vozoff, 1972, 1991). These tensors
are then decomposed into two principal orthogomalctions namely: the transverse electric
(TE) where the electric fields are oriented pataibethe electric strike and the transverse
magnetic (TM) where the field is oriented perpenticto the electric strike for an assumed
2D subsurface (Vozoff, 1991). The decompositiorthaf tensor into a TM and TE mode is
only strictly valid for 2-D electrical structuresné the validity of using 2-D modelling
routines will be discussed below. To interpret MAtaj the magnitude and phase of principal
impedance modes are converted to apparent regsegtiwhich vary according to period. The
conversion of the apparent resistivities to depthat simple (Park and Wernicke, 2003) and
usually involves some type of inversion processweler unlike the gravity and magnetic
fields, MT has the ability to resolve depth infotioa based on the variation of depth of
penetration with signal frequency (Jones et al0320In this study, we will use the MT data
to determine the electrical conductivity structwk the Menengai volcano region will
specifically aid in determining the depth and getynef the geothermal reservoir and the

magma chamber.

Local near surface inhomogeneities may cause apramed galvanic response on MT

apparent resistivity curves independent of frequeniis is commonly known as static shift
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due to the fact that an electric field is genatdtem boundary charges from a near surface
resistivity body that will persist through the eatMT recording range (Berdichevsky and
Dmitriev, 1976; Pellerin and Hohmann, 1990). Thuscalled static shift causes the apparent
resistivity curve to be shifted up or down paraltethe actual resistivity. There are several
techniques proposed for correcting static shifivbindata but no single technique is unique
(Beamish and Travassos, 1992). In this study wd tisee domain electromagnetic (TDM)
and transient electromagnetic (TEM) data colleetteor near a MT sounding location to

determine the near surface resistivity values depto correct any static shifts in MT data.

3.4.4 Data collection and processing

Broadband (0.0025-400 seconds) MT measurementsmade using a Phoenix Geophysics
MTU-5A bit data acquisition unit. The electric fisl were obtained using 100 m long
orthogonal dipoles (oriented north-south and eastwwhile the magnetic field was

measured using solenoids (coils) buried in the igdior thermal and mechanical stability. A
total of 98 stations were randomly collected arotimel Menengai volcano by the Kenya
Electricity Generating Company (KenGen) and the t@emnal Development Company

(GDC) as shown in Figure 7. Each station recoraedpproximately 20 hours. One station
was held fixed at a location 30km away from the Bfegai volcano and was used for remote
referencing processing. The roaming instrumentsthadstationary one were synchronized
by a satellite Global Positioning System (GPS). T™ata were processed using robust
processing codes that incorporated remote refergr{€gbert, 1997). The resulting principal

impedance tensors which were used to estimatepparent resistivity and the impedance
phase. Although some data contained noise thatmsgad by smoothing, some station that

were very noisy were not included in the modelling.
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Figure 7: Electrical resistivity variations at 200®elow sea level (mbsl) as determined from
a one-dimensional Occam inversion of each. The Miians are shown as black circles. The
solid lines are faults and the dashed line is #ldera boundary. Two-dimensional modelling
was run along lines connecting points AA’, BB’, aB@’ and are shown in Figure 9 and 10.

To investigate the shallow resistivity distributiohthe study region, a one-dimensional (1D)
inversion using Occam’s method (Constable et &87) for each sounding was performed
and then used to generate a map of resistivityatian at a depth of 2000m below sea level
(Figure 7). Such a model gives a rough idea of riastivity variations at depths. The
resistivity map indicates low resistivity regionsrtihwest of the caldera in the Ol'rongai Hills

area, within the caldera and south of the caldEnase regions correlate with faults in these
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regions and along the Molo tectono-volcanic axee (Bigure 3). We infer this low resistivity
zone to be related to the presence of fluids atouy along the faults and fractures or
hydrothermally altered rocks. High resistivity zermver the regions west of the Menengai
volcano around Menengai Farms and to the northnanithwest in the Bahati area. The high
resistivity is inferred to be the result of eitess fractured or faulted zones, dry sediments or

volcaniclastics, or the absence of hydrothermatait grounds.

3.4.5 Data interpretation

Before an MT model is created and interpreted n@edsionality analysis must be performed
to determine the electrical strike of regional stiwes and the regional impedance tensors
(e.g., Ledo et al., 2011). These values will bedusedetermine whether the data suggest that
the structures beneath a station is 1D, 2D or 3®which modelling method can thus be
used in the data interpretation. There are numermethods for determining the
dimensionality of MT data (e.g., Groom and Bail&989; Bahr, 1991; Weaver et al., 2000;
McNeice and Jones, 2001; Marti et al., 2004, 2088)yever the majority of the methods
(e.g., Groom and Bailey, 1989; Bahr, 1991; McNeoel Jones, 2001) have some sort of
limitations as explained by Marti et al. (2009). dwercome the limitations of the above
methods, Marti et al. (2004; 2009) modified the moet of determining the rotational
invariants of Weaver et al. (2000) to determine dimensionality of the MT data. The
method (called WAL rotational invariants) providestimates of dimensionality over bands of
frequencies at each station and the amount of gighdistortion which is determine using the
methods of Groom and Bailey (1989) and McNeice domks (2001). We will use the WAL

rotational invariants in our analysis.

Traditionally, MT data analysis has used the meshofdSwift (1967) in order to determine

the electrical strike directions and dimensionatifythe data. One value, called skew, can be
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used as a quick check for dimensionality and owalyans found that the skew values were
below 0.2 which indicates the data were taken @itdver 1D or 2D structures, particularly
for the short periods, but for skew values gretitan 0.2 this may imply the data are located

over 2D or 3D structures for longer periods (Ramyaki, 1984).

The results of the dimensionality analysis (Fig8jeindicate that the Menengai region is
complex with dimensionalities ranging from 1-D tD 20 3-D for the different frequency
bands, in particular, the region within the caldétawever, the results show that the regional
strike, particularly for at shorter periods (pesddss than 10seconds), is mainly 2D with a
NW direction. This strike direction is still obsexV for longer periods (> 10 seconds),
however most of the stations indicate a three dgioeral structure. The NW strike direction
is consistent with the local geology, as this dimetaligns with the Molo tectono-volcanic
axis. Even though the dimensionality analysis iat#is 3D electrical structure at depth, we
believe that our interpretation for the 2D resisyivmodel of this region is acceptable

(Wannamaker, 1999; Park and Mackie, 2000).
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2.4.6 Two-dimensional modeling

Based on the above dimensionality analysis, bo¢hTle and TM apparent resistivity and
phase and the transfer functions of the availataliécsshift corrected MT data were analyzed
using a 2D regularized inversion algorithm (Rodd &dackie, 2001) that jointly minimizes
the data misfit. This technique tries to jointly tihe observed impedance elements and the
magnetic transfer function. Although much of outadiaad very minimal noise levels, a few
stations were noisy and were excluded from therswe process. The data were smoothed
and static shift corrected using the controlledrsewelectromagnetic data before the 2D
inversion was run. We started the inversion witsimple 10 km thick layer of 500 ohm-m
resistivity. During the inversion, the data wereigi#ed by the inverse of their variance
where data with low variance were given large wisigiiRodi and Mackie, 20015everal
inversions were conducted to determine which featuvere required by the data by varying
the starting models. The final models have an dvBMS error between 2% and 5% which

we consider a reasonable fit given the observea elaors.

The resistivity data were modelled along three ifgdines (Figure 7)); two east-west lines
and one north-south line that cross four promimreststivity zones from the 1D analysis
(Figure 7). These models (Figures 9a, b and 10rabel two distinct low resistivity zones
(less than 250hm-m), LRZ1 (Figure 9b) and LRZ2 (F&3 9a, 10). They are separated by
intermediate resistivity zones (25 ohm-m to 100 ehin(IRZ). LRZ1 is shallow and spreads
laterally across the study region while LRZ2 ismhye The fourth zone is a high resistivity
zone (more than 100 ohm-m) (HRZ). This zone appearsither side of the deep low
resistivity zones (LRZ2) and the intermediate t@sty zones (IRZ) on all the cross-sections
(Figures 8 and 9) and is inferred to be the baakgpaesistivity signature of the region while
LRZ1, LRZ2, and IRZ are resistivity anomalies theftect the changes in lithology, porosity

fracture intensity, temperature or fluids relatiwehe background material.
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Most of the shallow geology around the Menengaicanb is covered by post caldera
volcanic materials, primarily ash and tuffs as dssed above. The basement rocks of the
mobile belt in this region were estimated to baladut 5 km depth (Simiyu and Keller, 2001,
1997) and are overlain by post caldera Mioceneslaral by phonolite and trachyphonolite
volcanic deposits, all of which are expected toehhigh resistivity unless altered by fluids,

temperature, or fractures.

Resistivity studies over volcanic regions such asdCin the United States (Newman et al.,
2008), and Krafla and Hengill in Iceland ((OnacB@p6; and Anarson et al., 2010) have
shown that resistivity increases with temperatiifeese studies have also related an observed
shallow low resistivity zone to hydrothermal effebiased on the correlation of drill core data
with resistivity. Based on these analyses, it asomable to assume that the shallow (about
1000m above sea level) low resistivity (LRZ1) (< @&m-m) layer of our models (Figure 6
and 7) indicates a clay-rich, low temperature, maheed zone, while the high resistivity

underlying it is probably a high temperature mifizesl zone with low porosity.
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Figure 9: Two dimensional resistivity models foe thast-west profiles: (a) AA’ and (b) BB'.
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77



The high resistivity zones (HRZ) (>100 ohm-m) shawrboth the east-west and the north-
south models are interpreted to be caused by thepacted dry volcanic materials or
crystalline basement rocks. The deeper low resiigtrone (LRZ2) is inferred to be magma
that acts as the source of heat for the geothesyséém. This interpretation is consistent with
the interpretations of Simiyu and Keller (2001) &ichiyu (2009) that indicated the presence

of magmatic material at about 6 km below Menengai.
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Figure 10:Two dimensional resistivity model for the north-Hoprofile. The shaded regions
are the various resistivity zones representingstitessurface geology of the region. LRZ1 is
low resistivity zone one, IRZ the intermediate s&sity zone, LRZ2 is low resistivity zone.
two and HRZ the high resistivity zone, respectivdlgie black squares on the surface of the
cross-section are the MT station while the bolgtig lines are the caldera boundaries.
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Figure 11: A conceptual resistivity model of a ceawwe geothermal system. Modified from
Oskooi et al., (2005) and Pellerin et al., (1996)

A proposed conceptual model (Figure 11) for a heghperature geothermal system indicates
a temperature dependent electrical resistivitycstine due to changes in mineralogy that
helps guide the interpretation of resistivity madeler geothermal fields (Pellerin et al.,
1996; Oskooi et al.,, 2005; Cumming, 2009; Spichal Manzella, 2009; Anarson et al.,
2010; Cumming and Mackie, 2010). These authors Bheavn that shallow, low resistivity
layers consist of low temperature hydrothermalratien products distinguished by the
abundance of electrically conductive smectite aedlite minerals that form the cap rock
above the reservoir (Anderson et al.,, 2000; Oslaioal., 2005; Cumming, 2009As
temperature increases with increasing depth albeggéothermal gradient, the smectite and
zeolite concentration decreases while illite anbrife minerals form in the reservoir region
(Figure 11). Flovenz et al. (2005) have shown thatresistivity change in the reservoir is

caused by the increased illite and chlorite comeginhs and low cation exchange. The
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deeper conductor in such fields is suggested tmbkken magmatic material interpreted as

the heat source for the geothermal system (Arnasah, 2010).

3.5 Integrated analysis

The primary elements of a geothermal system arééhé source, the cap rock, the fractured
reservoir, and the thermal fluids. Each of theas & geophysical signature that may be
easier to recognize in either gravity or resisyivitata, but not necessarily in both. We
observed that there are several similar featurdsoth our gravity and resistivity data sets,
although there is no direct mathematical relatigndfetween the two methods. For this
reason, we decided to combine the interpretationhe$e data to determine the optimal

subsurface model.

We combined the interpretation of our density agsistivity models with the previous micro-
seismic studies of Simiyu (2009) as show in Figle These results show features labelled
as MB and R (Figure 12). The region MB appears dé@ath below 6-7 km in the gravity,
resistivity and micro-seismic models. This zonéeasined by an intermediate density (about
2.8 g/cm), a low resistivity (less than 25 ohm-m), andl&aa region with no seismic events
as shown in Figure 12a, b and c, respectively. Three is interpreted as molten magmatic
material of mantle origin. This is an inferred reanhof the magma chamber, part of which

was emptied during the collapse of the caldera.

The region above the MB zone is marked as the R.ZDOmis zone is defined by relative low
density in the gravity model, high resistivity zenbelow a low resistivity zone in the

resistivity models and a region of high seismiaityhe seismic data (Figure 12). This region
is interpreted as a zone of high fracture density laence high porosity. The correlation of
high seismicity with low density zones favours therpretation of the low density zones as

highly fractured and faulted rather than being cosga of low density volcaniclastics or
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sediments. The change in resistivity from highesistévity below a low resistivity zone in
these inferred fractured zones resembles the pedpaesservoir in the conceptual model as
shown in Figure 11. Hence, we suggest that framjuhas allowed fluid circulation to
transfer heat to shallow depths. We suggest tiea48C isotherm is located at an elevation
of about 1km above sea level at the boundary beivlee low and high resistivity zones
Because those zones are interpreted to be twadistiineralogical zones where minerals
such as smectite, quartz and carbonates occue ingper low resistivity zone while chlorite,
illite, potassium feldspar and epidote quartz apjpetow this isotherm (e.g. Browne, 1989;
Flovenz et al., 2005; Oskooi et al., 2005; Arnasbal., 2010). We envisage that it is in this

region were most of the hydrothermal resourcedatied.

In addition the gravity data reveal the source art pf the source of the gravity high
observed around the Menengai volcano. The highityemsnes (about 2.9-3.0 g/Gmare
interpreted as magmatic material that cooled altwegfractures or vents through which the
magma reservoir beneath was emptied. These zoeelfmared to a depth of 6-7km. The
reduction in density below the high density bodgemterpreted to be a change from cold to
hot molten rocks. This interpretation is consist&ith the micro-earthquake plot that shows

the lateral extent of the seismic aseismic zonéisdrMB zones (Figure 12)
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3.6 Conclusions

We have demonstrated that an integrated analysgeabhysical data, in this case gravity,
micro-seismicity, and MT, can give reliable subaad information about faults and lithology,
as well as the distribution of various physical gmaeters such as porosity, density and
conductivity. Collectively the results indicateathan integrated analysis can improve the
characterization of the geothermal reservoir. is #tudy gravity data gave vital information
on the intensely fractured zones that could betanpi@l reservoir, while the MT data gave
better resolution of the depth to the heat sourm the clay cap rock. Micro-seismicity

information further helped to constrain both datss

Our results indicate that the Menengai region iseced by volcanic rocks with high
resistivity and relatively low density overlyingetttrystalline mobile belt basement rock that
forms the rift floor. Tectonic processes and voisanhave caused fracturing that led to
increased porosity and permeability and favoured fllow in the subsurface. Our data show
that there is highly fractured zone within the ealdthat is marked by low density and low
resistivity. This highly fractured zone is idergdi as the best target for drilling for
geothermal steam. The high gravity anomaly obseimetthis region is related to shallow,
high density material interpreted as dikes or thye @f an intrusion (e.g. Omenda, 1998;
Simiyu, 2009) that is denser than the underlyindtemomaterial, with the change in density
appearing at about 7km depth. The deep, low denstgrial correlates with a low resistivity
zone below the inferred hydrothermal reservoir.sTione appears to consist of hot, molten
material and provides the heat that drives thelgeptal system in the Menengai volcano

region.
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SECTION 4
APPENDI X

4.1 Cover Letters

November, 19, 2011

Dear the editor (s),

Please find the attached manuscrigbiht Geophysical Analysis of the Coso Geother mal
Field, south-eastern California” by Wamalwa, et al., is a case study on geothelfield
characterization at the Coso geothermal field kdain southeast California using
magnetotelluric and gravity data. All the co-authbave seen and agree with the content of
the manuscript. We verify that this is original waand is not under review at any other
publication except on a PhD thesis of Antony M Whmaa the first author on this
manuscript.

Sincerely yours
Antony Wamalwa

October, 28, 2011

Dear the editor (s),

Please find the attached manuscripBetphysical Characterization of the Menengai
Volcano, Central Kenya Rift from the Analysis of Magnetotelluric and Gravity Data.”

by Wamalwa, et al., is a case study on geotheriell tharacterization at the Menengai
geothermal field located in the central sectiorthef Kenya Rift using magnetotelluric and
gravity data. All the co-authors have seen andeawi¢h the content of the manuscript. We
verify that this is original work and is not undewview at any other publication except on a
PhD thesis of Antony M Wamalwa; the first authortbis manuscript.

Sincerely yours
Antony Wamalwa

September, 1% 2011
Dear the editor (s),

Please find the attached manuscripgtedistivity I nvestigation of the Geother mal Potential

at the Silali Volcano, Northern Kenya Rift, Using Electromagnetic Data.” by Wamalwa,

et al., is a case study on geothermal field charaeition at the Silali geothermal prospect
located in the northern section of the Kenya R#ing magnetotelluric data. All the co-

authors have seen and agree with the content ehémeiscript. We verify that this is original

work and is not under review at any other publaratexcept on a PhD thesis of Antony M
Wamalwa; the first author on this manuscript.

Sincerely yours
Antony Wamalwa
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