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Abstract

Forward modelling of gravity and magnetic data was done simultaneously to
show the correlation between gravity and magnetic anomalies on a measured
heat flux region. The results were used to characterize the heat source struc-
tures in Eburru area. Modelling was done using Oasis montaj geosoft soft-
ware which is an iteration process where the gravity and magnetic anomalies
were calculated and compared to the observed residual anomaly until there
was a fit. The start model was constructed based on depths from Euler de-
convolution and models constrained using stratigraphy data from the existing
wells in the study area. Forward modelling of gravity and magnetic data re-
vealed intrusions within the Earth’s subsurface with depth to the top of the
sources ranging from 739 m to 5811 m. The density of the sources ranges
between 3.0 g/cm® and 3.2 g/cm?® while their magnetic susceptibility was zero.
This implies that intrusions from the mantle with a magnetic susceptibility of
zero have temperatures exceeding the curie temperature of rocks. The density
of the intrusions modelled was higher than 2.67 g/cm’, the average crustal
density, hence it explains the observed positive gravity anomaly. The results
also revealed that areas with high heat flux have shallow heat sources and if
the heat sources are deep, then there must be a good heat transfer mechanism
to the surface.
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1. Introduction

Eburru area is in Kenya’s Rift Valley, approximately 123 km West of Nairobi city
as shown in Figure 1. It is a volcanic complex South of Lake Elementeita. The
presence of a lake indicates enough water sipping down to the hot masses
through the fractures and faults for geothermal heat production. There is evi-
dence of lava flow near Lake Elementeita to the North and to the South of the
study area. This shows that there was a volcanic activity which erupted to the
surface in the form of lava flow, hence the possibility of a near-surface heat
source. There is a depression at Oldoinyo, Opuru to the South of the study area
and near Lake Elementaita to the North. This depression could be the opening of
volcanic activity where materials came out of the surface or could be a lopolith
where the volume of magma reduced due to decreased pressure and the overly-
ing rocks collapsed inwards. The study area has an elevated geothermal gradient
as evidenced by high heat flux values showing a possible underlying geothermal
heat source.

Geothermal energy is the natural heat from the Earth’s interior in form of magma

which can be used as a source of renewable energy (World Energy Council, 2013).
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Figure 1. Map showing location of the study area.
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Magma is a hot molten material from the Earth’s mantle. Because of the temper-
ature gradient, there is a continuous heat flow from the Earth’s interior which is
hot towards the crust which is cooler. The Earth’s crust is made up of tectonic
plates with faults and fractures, which allow magma to penetrate to the Earth’s
surface in the form of lava flow. The large part of magma does not reach the
surface and is trapped within the Earth’s subsurface in the form of laccolith, ba-
tholith, dykes or sills. This forms geothermal heat sources. When meteorite wa-
ter that seeps down through the faults and fractured rocks comes into contact
with the hot magma and nearby heated hot rocks, it then gets heated and can
come out to the surface as a hot spring or fumarole if in gaseous form. However,
when this hot water flows under a layer of impermeable rock, it gets trapped
underground and creates a geothermal reservoir with high steam pressure. The
high steam pressure can be tapped to generate geothermal energy (Manzella,
2017).

The study area is characterized by faults which influence the flow of geother-
mal fluids within the Earth’s subsurface. There are several fumaroles, dykes and
volcanic craters an indication of various activities from the Earth’s mantle to-
wards the subsurface which is usually observed in geothermal energy areas.
Geothermal grass that normally grows on a hot region is observed in this area
which can be used to trace the hot graben within the subsurface. Also, there is
presence of hot springs in the area indicating that there is a heat source under-
ground where water gets heated and then flow out to the surface through the
faults in form of hot springs. Therefore, this study conducted simultaneous
modelling of gravity and magnetic data over a measured heat flux area to locate
and characterize geothermal heat structures in the area. It included the location
depth of the heat structures, their size and shape, density and magnetic suscepti-
bility. The study was also taken to explain the correlation between heat flux,
gravity and magnetic anomalies, density and magnetic susceptibility of the geo-

thermal heat structures.

1.1. Geology of the Study Area

Eburru area has a volcanic geology with topographic rim of crater. The area has
several points of eruption centers others with completely or almost completely
buried by later pyroclastics. It is characterized by dykes, major faults and erup-
tion fissures (Woodhall & Clarke, 1988). Volcanic soil, lava flow, outcrop rocks,
depression, trachyte, tuff, rhyolite, andesite, basalt and diatomite deposits are
common in Eburru (Thompson & Dodson, 1963). Figure 2 displays and sum-
marizes the structural geology of Eburru study area case.

Eburru area has trachytes, pantellerites and pyroclastic rock types and it is as-
sociated with a basaltic field just to the North towards Elementaita basaltic area
(Beltran & Manuel, 2003). There is the presence of several faults and fissures
which are essential at controlling recharge and fluid movement within a geo-
thermal system. There is also the presence of altered grounds, hot grounds, ac-

tive fumaroles area, geothermal grass cover, and hydrothermal deposits at the
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Figure 2. Map showing the structural geology of Eburru study area (Ronoh, 2015).

Eburru area. There is hydrogen sulphide smell at active fissures indicating the
presence of intruding magma within the subsurface of the area (Kiende & Kan-
die, 2015).

1.2. Theory of forward Modelling

Forward modelling of gravity and magnetic data entails determination of size,
shape and physical parameters of the field anomaly source from the potential
field measurements (Telford, Geldart, & Sheriff, 1990). It entails an iteration
process where the anomaly generated by the constructed computer model is
compared with the measured residual anomaly (Abdelfettah et al., 2020). It is
based on a starting model that is postulated from the geology of the study area
(Aziz, Miller, Giraldo, & Carigali, 2019). This is used to construct and constrain
the computer models. The model parameters are varied and the anomaly calcu-
lation carried out. This is repeated until there is a fit between the calculated
anomaly and the observed anomaly. However, this does not provide the only
outcome as a number of models can result to the same anomaly (Kearey, Brooks,
& Hill, 2002).
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1.3. Theory of forward Modelling of Gravity Data

In a two-dimensional case, it is postulated that the causative body is infinitely
long parallel to its cross-section surface. If line elements that are parallel to the
strike are considered to replace the cross-sectional shape, then each line element
contributes to the vertical component of gravity at the source as shown in Figure
3. By summing up the effect of all these line elements, the gravity anomaly of the
causative body can be determined (Lowrie, 2007). This is an integration over the
end surface of the causative body and the gravity anomaly is given by equation 1.
Therefore, forward modelling of gravity data determines the gravitational field

produced by causative body underlying within the Earth’s crust (Hirt, 2015).
Ag, =2GAp<j> 2do (1)

0Ois the angle between x-axis and the line from the origin to the gravity anom-
aly source, g, is the vertical gravitational field, G is the universal gravitational
constant and z is the depth to the source as shown in Figure 3. The integration
over the end-surface is converted to an integration around its boundary. The
computer algorithm for the calculation of this integral is done by replacing the
original cross-sectional shape with an n-sided polygon as shown in Figure 3.
The polygon corners position (x, 2z) and density contrast are used to compute the
gravity anomaly. If the source is shifted to the next position along the profile, the
x-coordinate of the polygon corners vary. This is repeated until the computed

anomaly of the gravity model fits with the measured residual anomaly.

1.4. Theory of forward Modelling of Magnetic Data

Forward modelling of magnetic data involves construction of an initial model
based on the geology of the study area and its anomalies calculated. The calcu-
lated magnetic anomaly is compared to the observed anomaly. This is repeated
until the computed and observed anomaly fit. In two-dimensional magnetic
modelling, the cross-sectional shape of the causative mass is assumed to be of a
polygon (Kearey et al., 2002). The magnetic anomaly of the polygon is deter-
mined by summing up of the individual contributions of infinite slabs with
sloping edges corresponding to the sides of the polygon as displayed in Figure 4.
The horizontal magnetic field AH , vertical magnetic field AZ and total mag-
netic field AB anomalies in nanotesla of the slab displayed in Figure 4 are

given by Equations (2)-(4) respectively (Kearey et al., 2002).

AZ =200sin H{Jx {sin Alog (:—zj-i-(pcosﬁ}-i- J, {coselog (:—2)—(03"1 0” (2)
1 1

AH = 200sin HlJX {(psin 0 —cosélog [r—zj}Jr J, {(pcos¢9+sin Alog [r—ZJHsin a (3)
I h

AB =AZsin | + AH cos | (4)

where the angles are given in radians.
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Figure 4. Quantities applied in describing magnetic anomaly of a slab with a sloping
edge.

J, =Jcosi and J, =Jsini are the horizontal and vertical components of
the magnetization J/, a is the horizontal angle between the direction of the profile

and magnetic north. 7is the inclination of the geomagnetic field.

2. Methodology

Forward modelling of gravity and magnetic data was done simultaneously using
Gm-sys in oasis montaj geosoft software. It entailed an iteration process where
the anomaly generated by the constructed computer model was compared with
the observed residual anomaly (Abdelfettah et al., 2020). The starting model was
postulated from Euler deconvolution depths and models constrained based on
the structural geology and stratigraphy data from existing wells within the
study area. The geology of Eburru study area is of volcanic origin dominated
by basalt, andesite, granite, rhyolite, trachyte, tuff, ignimbrites and pyroclastic
flow (Kiende & Kandie, 2015). This was used to construct and constrain the
density and magnetic susceptibility of computer models. The model parameters
were varied and calculations performed. This was repeated until there was a
match between the calculated anomaly and the observed anomaly. The selected
profiles for forward modelling were chosen on the basis of heat flux information
displayed in Figure 5. Figure 6 and Figure 7 show the location of the profiles on
gravity and magnetic maps respectively.
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Figure 5. Heat flux map showing selected profiles for forward modelling.
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Figure 6. Location of modelling profiles on a gravity anomaly map.
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Figure 7. Location of modelling profiles on a magnetic anomaly map.

Figure 5 shows selected profiles on a heat flux map used for forward model-
ling of gravity and magnetic data. The profiles were selected on the basis of heat
flux values within the study area. They were cutting high and low heat flux areas.
High heat flux indicates an elevated geothermal gradient because of a possible
near-surface heat source, a good heat transfer mechanism to the surface or
presence of radioactive elements (Georgsson, 2013). Low heat flux may be due to
absence of a near-surface heat source or poor heat transfer mechanism to the
surface (Mwawongo, 2013). Forward modelling of gravity and magnetic data was
done simultaneously along these profiles for correlation and to image the possi-

ble causes in the Earth’s crust of the observed heat flux values.

3. Results

Figures 8-11 display the outcome of the computed gravity and magnetic ano-
maly and its comparison with the observed residual anomaly. They also display
the determined depth, density, and magnetic susceptibility of causative bodies.
Figure 8 shows model A which is at the Central part of the study area. Model
A was constructed from profile A as shown from gravity and magnetic anomaly
maps in Figure 6 and Figure 7 respectively. The profile trend is from Northwest
to Southeast direction in the study area. It cuts across a high heat flux region at

the middle and a low heat flux region to the Southeast part of the profile as
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shown from a heat flux map in Figure 5. Gravity and magnetic data as shown in

Figure 6 and Figure 7 were modelled simultaneously to compare their outcome

and reveal the possible underlying causative sources. The model was constrained

using stratigraphy data from existing wells and the geology of the study area.

The model reveals a mafic intrusion at a distance of 6466 m - 7009 m along the

profile which was interpreted to be of basaltic rock origin at a depth range of

2248 m - 2290 m. There is a second intrusion at a distance of 474 m - 3302 m

. Model A

0=

o —Observed, _ =Calculated

4
0
1 o =Observed, _ =Calculated
_4 AAAAAAAAAAAARMLAAAALLLS Surface
Sea level
)
=
B
o
V.E.=02 Distance (km)
Scale=56935
Figure 8. Model A constructed from profile A.
Model B
E 2003
3 1003
b3t 0=
& -100- ‘e
§ 3 e =Observed, _ :Calculated'”.
g ]
B4
Z 0
2 =
5 4 e =Observed, _ =Calculated
Surface
ERAAMAAAAAAAAMMAAAAMAAAAMAAAAAAMAA
Sea level
£
=
&
a
V.E.=0.29 Distance (km)
Scale=73895
Figure 9. Model B constructed from profile B.
DOI: 10.4236/gep.2021.95005 48 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2021.95005

E. R. Nyakundi et al.

Model C
200
=) 3
7 03 o
g E
k5 -200-—=
5 400
s 4 o =Observed, _ =Calculated
E 0
2z ] Scoses
5 64 _ _
& E R Observed, _ =Calculated
_"vvvv'vv'vvvv""v""vvvvvvvvvvvvvvvvvvvnvvvbgmn Surface
Sea level
)
L=
|53
a
0 2 4 6 8
V.E.=031 Distance (km)
Scale=53301
Figure 10. Model C constructed from profile C.
Model D
o
£
2
g 3003 | —Observed, _ =Calculated
= 04
z E
Z 23
5 ] o =Observed, _ =Calculated
43
E Surface
Sea level

Depth (km)

0 1 2 3 4 5
V.E.=0.12 Distance (km)
Scale=35130

Figure 11. Model D constructed from profile D.

along the profile occurring at a depth range of 3556 m - 5187 m deep with a peak
intrusion of 3556 m deep occurring at 1905 m along the profile. These intrusions
are covered by a layer of less dense andesitic origin rock at a depth of 2145 m.
There are anomaly sources at the top interpreted to be of trachyte, rhyolite, tuff,
ignimbrites, and pyroclastic volcanic rocks origin as displayed in Figure 8. The

intrusions have a density of 3.2 g/cm® and magnetic susceptibility of 0. Magnetic
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susceptibility of zero implies high temperature at this depth that is capable of
destroying magnetism of the host rock completely (Telford et al., 1990). Consi-
dering magnetite which is the most abundant magnetic rock within the Earth’s
crust, temperature at this depth could be greater than 578°C (Reynolds, 1998).
The intrusions are interpreted to be of rhyolite origin where the upwelling
magma released heat to the crustal rocks resulting to their melting. This gene-
rates new crustal magma that is possibly rich in silica and low iron content re-
sulting to zero magnetic susceptibility. The volcanic deposits to near surface are
showing magnetic susceptibility ranging from 0.008 cgs - 0.03 cgs implying
temperatures are lower than the curie point temperature. The variation of den-
sity and magnetic susceptibility images the Earth’s subsurface faults and frac-
tures that influence the movement of geothermal fluids. These intrusions were
interpreted to be originating possibly from a basement batholith and then in-
trude up in the form of dykes.

Figure 9 shows model B which was constructed from profile B displayed in
gravity and magnetic anomaly maps in Figure 6 and Figure 7 respectively. Pro-
file B runs from Northwest to Southeast direction of the study area cutting
through Eburru settlement scheme to the Eburru forest. The geothermal gradi-
ent increases from low at Northwest part of the profile and becomes very high to
the Southeast part along profile B as shown from heat flux map in Figure 5.
Model B reveals basaltic magmatic intrusion as shown in Figure 9. The first in-
trusion occurs at a distance range of 207 m - 2412 m along the profile with the
depth to the top of the intrusion ranging between 2527 m - 3160 m. The second
intrusion occurs at a distance of 2412 m - 3970 m along the profile with the
depth to the top ranging between 1714 m - 3160 m as shown in Figure 9. The
intrusion appears to be caused by rising of hot magma from the mantle resulting
to basaltic magma rich in garnetiferous and peridotitic minerals. The third in-
trusion is imaged at a distance of 3970 m - 5177 m along the profile with depth
to top of the source ranging between 1714 m - 2543 m as displayed in Figure 9.
The fourth intrusion occurs at 9105 m - 10,400 m along profile B having a depth
to top of the source ranging between 1596 m - 3521 m. The fifth intrusion occurs
at a distance of 10,400 m - 12,144 m along the profile with the depth to the top of
sources ranging between 1595 m - 2211 m. The model in Figure 9 images shal-
low magma sources, an indication of rhyolite magma due to basaltic andesite
magma releasing heat to the crustal rocks causing their melting. This causes a
reduction in magnetic susceptibility. The density of the sources was modelled to
be 3.2 g/cm’ which is higher than 2.67 g/cm’, the average density of the crustal
rocks (Hinze, 2003) explaining the observed gravity high. This shows that possi-
bly the masses causing the gravity anomaly came from the mantle resulting to
basaltic magma. The magnetic susceptibility of the intrusions was modelled to be
zero. This implies the intrusions have higher temperatures that cannot support
magnetism of rocks. The model shows the basaltic sources intruding between the
andesitic rocks. The top layer was modelled to be a trachyte rock of density 2.67
g/cm? overlying the basalt intrusions and andesite. Trachyte is covered with a se-
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ries of rhyolite, tuff and pyroclastic volcanic materials with a density of 2.67
g/cm’. The volcanic rocks at the top show magnetic susceptibility ranging be-
tween 0.001 - 0.009 c.g.s units suggesting temperatures have dropped to the level
of supporting magnetism.

Figure 10 shows model C which was constructed from profile C as shown
from gravity and magnetic anomaly maps in Figure 6 and Figure 7 respectively.
The profile cuts across a high heat flux region through Opuru in the East-West
direction of the study area as displayed from heat flux map in Figure 5. There is
a low heat flux region to the West, high heat flux region at the middle, and fi-
nally a low heat flux region to the East along profile C. The model was con-
strained using stratigraphy data from the existing wells and geology of the study
area. Model C in Figure 10 reveals a quiet zone within the subsurface with few
intrusions’ sources. The first intrusion occurs at a distance of 0 m - 951 m along
profile C having a depth of 1984 m to the top of the anomaly source. This source
occurs at a relatively low heat flux region. The second intrusion occurs at a dis-
tance of 5834 m - 7284 m along the profile with a depth range of 739 m - 1211 m
to the top of the anomaly source. The peak is imaged at a distance of 6531m
along the profile with a depth of 739 m to the top of the intrusion source. The
density of the intrusions ranges between 3.0 g/cm® and 3.2 g/cm® indicating a
gravity high. This implies the anomaly source emanated from upwelling of
magma materials from the mantle, thus resulting into a denser basaltic intrusion
than crustal rocks. The magnetic susceptibility of the intrusions was modelled to
be zero, indicating higher temperatures than the curie temperature. There is a
series of rhyolite, tuff, pyroclastic and ignimbrites volcanic deposits at depth
range of 0 m - 1211 m. The magnetic susceptibility ranges between —0.005 cgs
and 0.015 cgs indicating low temperatures that can support magnetism of rocks.

Figure 11 shows model D which was plotted along profile D to the Northern
part of the study area near Lake Elementaita as displayed from gravity and mag-
netic anomaly maps in Figure 6 and Figure 7 respectively. It runs from the
Southwest to the Northeast of the study area and cuts along a high heat flux re-
gion as shown from a heat flux map in Figure 5. Model D was done to image the
possible causes of high heat flux values and presence of lava flows along profile
D. The model was constrained using stratigraphy data from the existing wells
and the geology of the study area. Model D reveals two mafic intrusions within
volcanic rocks as in Figure 11. The first intrusion occurs at a distance of 328 m
to 2324 m along the profile and the depth to the top of the anomaly source
ranges between 4000 m to 5801 m. The peak of the anomaly source is imaged at
1326 m along the profile with a depth of 4000 m. This is a deep source and was
interpreted to be a rhyolite magma lying on top of a basaltic magma. This is be-
cause probably the melting temperature of rocks was lowered by the sipping
down of water from lake Elementaita. The hot underlying basaltic magma trans-
fers heat to the rocks causing them to melt. The melt rises up, transferring heat
energy to the top rocks causing their melting. This results into a rhyolite magma

because of the crust melting. The second intrusion occurs at a distance range of
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5067 m to 5830 m along the profile as shown in Figure 11. The depth to the top
of the anomaly source ranges between 2486 m to 5811 m. The peak is imaged at
a distance of 5314 m along the profile with a depth of 2486 m to the top of the
anomaly source. This was interpreted to be a mafic intrusion in the form of a
basaltic magma from the mantle. Model D in Figure 11 shows the top layers
with andesite, trachyte, rhyolite, ignimbrites and tuff volcanic rocks. This im-
plies there was a volcanic activity in the area, hence explains the presence of lava
flows in the area. The density of the two modelled intrusions is 3.2 g/cm?® which
is a gravity high. Gravity high is an indication of denser materials than the host
rocks. This is because gravity is a function of density and as density of underly-
ing rocks increases, the gravity value also increases (Lowrie, 2007). The magnetic
susceptibility of the two modelled intrusions is zero, implying higher tempera-
ture than the curie temperature of rocks. The magnetic susceptibility of top lay-
ers ranges between 0.001 - 0.03 cgs units indicating lower temperatures than cu-

rie temperature.

4. Conclusion

Forward modelling of gravity and magnetic data for the profiles displayed in
Figures 5-7 reveals intrusions in the Earth’s crust. The depth to the top of the
intrusions range from the shallowest at 739 m to the deepest at 5811 m. Model C
which cuts across a high heat flux region in Opuru area images the shallowest
intrusion at a depth of 739 m while model D which is relatively on a low heat
flux region near Lake Elmenteita to the North of the study area images the deep-
est intrusion at a depth of 5811 m. This study reveals that regions with high heat
flux have shallow heat sources while regions with low or moderate heat flux have
deep heat sources. These intrusions were interpreted possibly to be magmatic
heat sources.

The densities of the anomaly sources range between 3.0 g/cm?® and 3.2 g/cm’
implying the intrusions are from the mantle materials or dykes extending from a
batholith rock. This indicates that intrusions from the mantle have higher den-
sity than the average density of crustal rocks. This verifies the fact that density of
rocks in the Earth increases with depth. These intrusions were interpreted to be
a basaltic magma. The magnetic susceptibility of the intrusions was modelled to
be 0, implying higher temperatures than the curie temperature of the crustal
rocks. This implies that intrusions from the mantle have higher temperatures
than the curie temperature of crustal rocks. This could be geothermal heat
sources. The study reveals that a causative body with positive gravity anomaly
and zero magnetic susceptibility could be a geothermal heat source.

Forward modelling of gravity and magnetic data simultaneously shows that
geothermal heat source has positive gravity anomaly and 0 magnetic susceptibil-
ity. Positive gravity anomaly verifies the fact that the density of rocks in the
Earth increases with depth, explaining the higher density of materials intruding
from the mantle than the density of crustal rocks. Magnetic susceptibility of 0

indicates that these bodies have higher temperature that destroys magnetism of
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constituent rocks, hence could be hot geothermal heat sources. Considering
magnetite which is the most abundant magnetic rock in the Earth, the tempera-
ture of the anomaly source could be greater than its curie temperature of 578°C.
Spectral analysis of ground magnetic data in this study area was done and re-
vealed a geothermal isotherm depth of 2150 m (Nyakundi, Githiri, K’Orowe, &
Ombati, 2019) which is within the depth range determined by this forward
modelling of gravity and magnetic data. This implies that at the geothermal iso-
therm depth of 2150 m, the temperature is greater than the curie temperature of
crustal rocks. This means that the geothermal gradient reduces with depth con-
sidering the heat flux values at the Earth’s surface. This is an indication that the
heat from the source is trapped at a particular depth within the Earth’s subsur-
face and does not flow freely to the surface. When the heat source is approached,
the temperature is high and becomes nearly constant. This could be possibly
caused by the presence of a permeable rock between the heat source beneath and
the impermeable rock on top that lowers the rate of heat transfer to the surface.
This result shows that spectral analysis of magnetic data can be used to deter-
mine the depth and estimate temperature of a geothermal heat source. The tem-
perature becomes greater than the curie temperature of crustal rocks while the
depth is the curie isotherm depth. From this study, areas with high heat flux
values on top of the intrusions should be sited for geothermal wells as they indi-
cate a shallow heat source with a reduced geothermal gradient with depth. Re-
ducing geothermal gradient implies the presence of a high temperature heat
source where temperature increases rapidly from the Earth’s surface and be-

comes nearly constant when its depth is approached.
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