Proceedings, 6" African Rift Geothermal Conference
Addis Ababa, Ethiopia, 2™ — 4" November 2016

CO; IN SOIL GASES OF THE SILALI GEOTHERMAL PROSPECT
KENYA

Mulusa G. lgunza, Kipngok Jeremiah, Leakey Auko, Sylvia Malimo, Shilla Chepkemoi, *Fridah
Mwanyasi, Bett Evans, Isaac Kanda and Luigi Marini
'Geothermal Development Company
P.O. Box 17700 — 20100,
Nakuru
KENYA
gigunza@gdc.co.ke

ABSTRACT

The present study is aimed at using probability plots and the partitioning procedure of Sinclair as well
as suitable geostatistical tools (e.g., semivariograms and Kriging) in assessing the source of CO, in
the soil gases of the Silali prospect in the Kenyan Rift. Numerous manifestations occur, in form of hot
grounds and fumaroles, in the lower eastern half of the Silali caldera, on the walls of the eastern half
of the caldera, and on the eastern outer flanks of the shield volcano. The results of the soil gas survey
indicate that most CO, anomalies are situated inside the Silali caldera or close to it and there is a close
spatial correspondence between most CO, anomalies and areas of fumaroles and steaming grounds.
This correspondence corroborates the hypothesis concerning the geothermal and structural control on
the anomalous population, which is evidently attributable to uprising of deep CO,-rich geothermal
gases towards the surface.
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INTRODUCTION

Silali geothermal prospect is located in the East African Rift (Kenya), on the border of Baringo and
Turkana Districts, 50km north of Lake Baringo at 1°10’N, 36°12°E (Malimo, 2011). The prospect is
situated within a semiarid region with typical daytime air temperatures of 35-40°C. Silali is one of the
largest and spectacular volcanoes of the Kenyan Rift, being a broad shield volcano that rises 760m
from the rift floor. The most extensive and hot geothermal activity in the prospect occurs in the
eastern half of the caldera floor, where a detailed soil gas survey is needed to indicate the active
structures which are largely concealed by pumice deposits (Figure 1). Hot altered ground and
fumaroles also occur on the walls of the eastern half of the caldera as well as on the eastern outer
flanks of the shield volcano (Malimo, 2011).

The assessment of spatial distribution of soil gas anomalies at the surface can give important and
interesting information on the origin and processes involving deep and superficial gas species. Soil
gas distributions can be directly linked to the evolution of the stress regime as gases migrate
preferentially through fractured zones but only along pathways whose permeability has been
enhanced by seismic activity and/or through areas of brittle deformation.

Soil gas survey has been proven to be a reliable and simple technique to apply, at different scales, to
many geological scenarios (e.g., Annunziatellis et al., 2003; Lewicki et al., 2003; Baubron et al.,
2002; De Gregorio et al., 2002; Ciotoli et al., 1998; Ciotoli et al., 1999; Lombardi et al., 1996;
Hickman et al., 1995; Duddridge et al., 1991; Durrance and Gregory, 1988; Eremeev et al., 1973).
Soil gas distribution can be affected by surface features such as pedological, biogenic and
meteorological factors: these are supposed to have only a subordinate effect on gas leakage (Hinkle,
1994). However, it is possible to properly interpret soil gas anomalies and recognize influences of
surface features studying the association of different gases (having different origin and
physical/chemical behaviour), collecting a large number of samples during periods of stable
meteorological and soil moisture conditions (e.g., during dry season) and using appropriate statistical
and geostatistical treatment of data (e.g., experimental variograms and Kriging ).
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Figure 1: A map of Silali geothermal prospect showing location of Fumarolic discharge points

Field data show the usefulness of the soil gas method for detecting, for instance, crustal
discontinuities even when faults are buried or cut non-cohesive clastic rocks which make surface
recognition difficult using traditional field methods (Ciotoli et al., 1998; Lombardi et al., 1996;
Duddridge et al., 1991; Durrance & Gregory, 1988). These characteristics as well as the rapidity and
the low cost of the soil gas survey, make this method a powerful tool for geological investigation.

At Silali volcano, studies on CO, concentration in soil gases were carried out by Dunkley et al.
(1993), GDC in 2010 as discussed by Malimo (2011) and GDC 2014. In this paper the source of CO,
is assessed on the basis of probability plots and results correlated with the occurrence of fumaroles
and steaming grounds associated with active faults within the Silali prospect.

2. FIELD MEASUREMENTS

The survey was carried out along traverse lines running in an E-W direction (Figure 2). The CO,
concentration in soil gas was measured using an Orsat apparatus. Gas samples were obtained at a
depth of 0.7 m below the surface using a spike, which is equipped with a steel outer jacket to
penetrate the ground to the desired depth. The spike is then removed and the outer jacket left inside
the hole to allow for the sampling. A stopper with a hosepipe is fixed onto the mouth of the jacket and
by using a hand operated vacuum pump, the soil gas is driven into the analytical apparatus. The Orsat
apparatus consists of an absorption vessel, which measure about 100 cm® and contain 40% KOH
solution for absorbing the acidic CO,. The volume changes in the absorption vessel represent the
corresponding amounts of the gases in volumes given as percent of the total gas (Malimo, 2011).
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Figure 2: Location map of soil gas sampling points in Silali prospect (Malimo, 2011).

2.1 Data Analysis Methodology

Since soil CO, can come from multiple sources (e.g., organic/shallow and geothermal/deep) the
Sinclair’s (1974, 1976) method is used to separate anomalous values from background values. The
method involves the use of probability plots. The probability plot is a simple graphical tool for
evaluating the form of the cumulative distribution of a set of numeric data. Probability paper is
constructed so that the ordinate is linear or logarithmic as required (i.e., depending on whether the
concern is with normal or lognormal distributions); the abscissa is a variable scale arranged so that a
cumulative normal distribution plots as a straight line.

If the dataset comprises a unique population, with normal (or lognormal) distribution, the cumulative
data define a straight line on a probability (or log-probability) plot. If the dataset has a bimodal
distribution (i.e., it is a mixture of two normal or lognormal populations of different averages and
partly overlapping intervals), the cumulative data define two linear segments and an intermediate
sigmoidal part on a probability (or log-probability) plot. If the dataset has a trimodal distribution (i.e.,
it is a mixture of three normal or lognormal populations), the cumulative data outline three linear
segments alternating with two sigmoidal parts on these plots, and so on.

Partitioning is the procedure used to separate the polymodally-distributed cumulative data into the
component populations, based on the position of the inflection point(s), as suggested by Sinclair (1974,
1976). The identification of component populations and their statistical parameters is of utmost
importance as each individual population can be assumed to be representative of either a separate
process or a distinct geochemical source. Although statistics does not tell us anything on the nature of
these different processes and/or geochemical sources, a great step forward in data interpretation is done
recognizing that the considered dataset comprises distinct populations and extracting their statistical
parameters (e.g., Chiodini et al., 1998 and Armannsson et al. 2007).
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Thresholds between individual populations are adopted in mapping which is performed by means of
suitable geostatistical tools such as semivariograms and Kriging.

3. RESULTS AND DISCUSSIONS

The log-probability plot of CO, concentration in soil gases for the 247 stations of the Silali prospect
dataset is shown in Figure 3 (Marini et al., 2014). The cumulative distribution of CO, concentration in
soil gases has been partitioned into three individual populations.
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Figure 3: Log-probability plot of CO, concentration in soil gases for the 247 stations of the Silali
dataset. The black triangles refers to the cumulative distribution of CO, concentration, whereas the
red, violet and blue triangles identify the three component populations separated adopting the
partitioning procedure of Sinclair (1974, 1976). Computed individual populations are represented by
dashed lines of the same colors (from Marini et al., 2014).

The high-CO, population is called A, the intermediate-CO, population is called B and the low-CO,
population is called C. The threshold between populations A and B is ~10 vol%, whereas the
threshold between populations B and C is ~1.1 vol%. The main statistical parameters computed for
each component population are given in Table 1.

Table 1: Main statistical parameters for the individual populations (Marini et al., 2014)

Pop. | N % Mean | Stand. dev. | Median | Interval | Pco, interval
vol% | vol% vol% vol% bar

A 10 | 4.0 |328 |23.0 26.8 >10.0 >0.1

B 29 | 117|278 |1.47 2.46 1.1-10.0 | 0.01-0.1

C 208 | 84.2 | 0.267 | 0.52 0.122 <1.1 <0.01

Assuming that total pressure of soil gas is close to the atmospheric pressure, the CO, concentrations
of 100%, 10%, and 1% by volume correspond to CO, partial pressures of 1 bar, 0.1 bar and 0.01 bar,
respectively. Therefore, the low-CO, population C has Pco, values lower than 0.01 bar. Interestingly,
this upper threshold of the low-CO, population is lower than the worldwide maximum soil Pco,, 0.042
bar (Brook et al., 1983), suggesting that the population C is entirely attributed to decay of organic
matter and root respiration in soils. Hence, population C can also be termed background population.
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The lower limit of the high-CO, population is significantly greater than the worldwide maximum soil
Pco2, 0.042 bar, indicating that population A is representative of deep CO,. This deep CO, is most
likely released through boiling/degassing processes occurring in the upper parts of the geothermal
reservoir, evidently present at depth in the Silali area, in correspondence with deep-reaching faults
and fractures. These tectonic features act as conduits for the upflow of the deep CO,-rich gases
towards the surface.

Population B is somewhat enigmatic. Although its characteristics are intermediate between those of
populations A and C, mixing of deep (geothermal) gases and shallow (background) gases is not
expected to produce a separate population. A different process or source must be invoked, but its
identification is not obvious. Nevertheless, population B can be considered anomalous.

The standardized semivariogram of the decimal logarithm of CO, concentration in soil gases is shown
in Figure 4. The adopted spherical semivariogram model has a nugget effect of 0.20, and a range of
500 m. Therefore, no relation seems to exist between stations situated at larger distances.
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Figure 4: Standardized semivariogram of the decimal logarithm of CO, concentration (vol %) in soil
gases for the Silali caldera dataset (from Marini et al., 2014).

The continuous-surface map obtained through point Kriging (Figure 5) highlights the presence of high
CO, concentrations in soil gases, greater than 0.85 vol% and therefore relatable to populations A and
B, in the following areas (compare with Figures 1 and 2):

(i) South-eastern part of the caldera near fumaroles/steaming grounds SF-1, SF-2, and SF-3. Three
separate highs correspond to each of these fumaroles/steaming grounds but there is a partial lateral
continuity between these highs, somewhat shifted to the north. A separate W-E-trending zone of
relatively high values is found some hundreds meters further to the north. It connects two areas of
steaming grounds, SF4 in the W and another one not coded in the E.
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Figure 5: Map of the decimal logarithm of CO, concentration (vol %) in soil gases in the Silali caldera
and nearby areas (from Marini et al., 2014).

(if) In the northern sector of the caldera, where a W-E-trending zone of high values connects the
fumaroles/steaming grounds SF-5 and SF-7.

(iii) Outside the caldera, to the east of it, at distances higher than 1.0-1.5 km from the caldera rim,
where several fumaroles occur (e.g., SF-6). . These high values extend in N-S direction for at least 2
km. Moving further northward the anomaly weakens and widens.

(iv) Outside the caldera, to the south of it. This anomalous area seems to be connected, at least
partially, with the high of fumarole/steaming ground SF-2. It extends from the caldera rim for at least
2 km towards the south and for at least 1 km in E-W direction, but its western and southern limits are
undefined due to lack of stations.

CONCLUSIONS

Most CO, anomalies are situated inside the Silali caldera or close to it and there is a close spatial
correspondence between most CO, anomalies and areas of fumaroles and steaming grounds. This
correspondence confirms the geothermal control on the anomalous population A, which is evidently
attributable to uprising of deep CO,-rich geothermal gases towards the surface, and probably on
population B as well.

Assuming that the CO, degassing is largely controlled by advective transport along fractures and
faults, anomalies of CO, concentration in soil gases are expected to exhibit a limited lateral extension
from the fracture/fault zones. In agreement with this expectation, the range observed in the
semivariogram of Figure 4 is 500 m, indicating that CO, concentrations are dependent of one another
at distances lower than 500 m.
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