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Abstract: Groundwater is the main source of water for both domestic and agricultural use in arid
regions. This study assessed the hydrogeochemical characteristics and suitability of groundwater for
drinking and irrigation in Kenya’s Ewaso Ng’iro-Lagh Dera Basin. A total of 129 borehole samples
were collected and analyzed for pH, electrical conductivity (EC), total hardness, and major ions. The
groundwater was found to be mostly neutral to slightly alkaline and ranged from marginal to
brackish in salinity. The dominant water type is Na-HCQO;, with the ionic order Na* > Ca? > Mg?* >
K* and HCOs™ > CI- > SO4? > NOj5™. Mineral saturation indices indicate the water is undersaturated
with gypsum and anhydrite, but saturated with calcite, dolomite, and aragonite. Groundwater
chemistry is primarily influenced by ion exchange and rock weathering processes. The Water Quality
Index (WQI) reveals that much of the groundwater is rated poor to unsuitable for drinking, largely
due to high levels of sodium, EC, and bicarbonate. Similarly, the Irrigation Water Quality Index
(IWQI) places most samples in the moderate to severe restriction category due to salinity and sodicity.
These findings highlight the need for proper treatment before use.

Keywords: hydrogeochemistry; water quality index; hydrogeochemical processes; arid area; merti
aquifer; ion exchange

1. Introduction

Ewaso Ng'iro-Lagh Dera basin is a water-stressed, arid region of Kenya where groundwater is
the primary water source. The demand for groundwater is high due to the dry climatic conditions
and limited surface water. This demand is expected to persist, especially in sub-Saharan Africa,
where the projected population is anticipated to increase drastically [1]. The combined effects of
climate change, pollution, population increase, and land use changes is causing an alarming decline
in groundwater level and quality [2—4].

Agriculture plays a significant role in Kenya's economic growth [5]. The agricultural sector is
largely carried out by small to medium-scale farmers who rely on the rainfall seasons [6]
Unfortunately, the study area lies in an arid region with low and unpredictable rainfall [7]. This leads
to farmers concentrating their activities along riverbanks [8]. It has been proposed that precision
irrigated farming is needed to expand farming activities and food production sustainably [9]. Given
that the rivers in the region are ephemeral, groundwater serves as a viable alternative to support
agricultural activities.

The study area is one of the leading livestock production zones in Kenya, where pastoralism is
the dominant practice [8]. Since the area experiences unreliable rainfall, livestock production heavily

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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relies on groundwater resources. Therefore, groundwater is a critical resource in the region,
necessitating sustainable utilization and management. One of the critical steps in the management
and sustainable utilization involves understanding the hydrogeochemical and hydrogeological
properties of the aquifer [10].

Numerous global studies highlight the critical role of understanding hydrogeochemistry in
assessing groundwater quality [11-15]. The chemistry of groundwater is generally diverse [16].
However, groundwater quality has been observed to range from brackish to saline in most arid areas
[11,17]. Therefore, assessing the hydrogeochemistry to understand the suitability of groundwater in
arid regions is very important [18,19].

Generally, as groundwater flows from recharge to discharge areas, it chemically evolves as it
interacts with aquifer materials or mixes with different groundwater bodies along the flow path [20].
The chemical evolution of the groundwater results from various processes such as dissolution, ion
exchange, evaporation, and saline water intrusion [15,21]. The interaction of rocks with groundwater
leads to the saturation of various mineral species at equilibrium conditions. Changes in the saturation
states are helpful in the identification of the different geochemical reactions that control the
groundwater and in deciphering the various stages of the hydrochemical evolution of the
groundwater [12,14]. The calculation of the Saturation Index examines the chemical equilibrium of a
specific mineral species.

Major ion chemistry determinations combined with the application of statistical methods have
been used in groundwater studies to provide insight into the hydrogeochemical processes affecting
the groundwater chemistry in an aquifer [16,22,23]. These statistical methods include bivariate
regression analysis, correlation, and the calculation of ion ratio [21,22,24-26] and multivariate
statistical methods such as Principal Component Analysis (PCA) [13,27,28]. PCA analysis is
instrumental in helping to simplify diverse and complex relationships among various observed
variables [29-32]. It is also helpful in identifying relationships and patterns in each dataset while
highlighting similarities and differences [33-35]. Statistical methods complement the classical
standard graphical methods, such as Piper and Scholler diagrams used to classify water facies and
identify factors affecting groundwater quality in an aquifer [24].

The suitability of groundwater for drinking and agricultural purposes can be determined by
applying the water quality indices (WQI). The WQI is a single, dimensionless numeric score that
reports the water quality as a single score [36]. This numeric score was first used by Horton [37]. The
calculation and the mode of deriving the WQI have been updated and applied by researchers such
as Brown [38]; Ott [39]; Boah et al., [40]; Adimalla et al., [41]etc. The water quality data is often large
and has many parameters to consider. The WQI is an important and effective tool that helps minimize
the data into a single numeric value that is easy to understand, evaluate, and monitor [ 41].

The irrigation water quality index is applied to evaluate the suitability of groundwater for
irrigation [42-45]. This tool combines various physical and chemical water quality variables into a
single value representing the water quality level [43,46].

Several studies have been conducted on groundwater resources within the Ewaso Ngiro — Lagh
Dera basin [47-56]. These studies have assessed the extent of the aquifers, established the spatial and
temporal variation of various geochemical and geophysical parameters, modeled the groundwater
flow, and investigated the groundwater recharge and discharge dynamics. Recharge in the study area
has been noted to occur during the sporadic and episodic rainfall within inundation along the
ephemeral rivers and the swamp [52,54]. The possibility of recent episodic recharge has been
established using tritium and carbon isotope analysis carried out by [49,57-59]. However, the studies
have not provided a detailed analysis of the ion chemistry necessary to interpret and identify the
various hydrogeochemical processes affecting groundwater quality. Identifying these processes can
substantially contribute to ensuring the sustainable management of groundwater resources.
Therefore, this study's main objective was to identify and characterize hydrogeochemical processes
that control groundwater chemistry and assess the groundwater's suitability for drinking and
irrigation purposes.
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2. Materials and Methods

2.1:. The Study Area

The Ewaso Ngiro-Lagh Dera basin is located in the Northeastern part of Kenya. It is bounded
by longitudes 38° 10 " E to 40° 60 " E and latitudes 0° 05 " S to 1° 45" N (Figure 1). The study area is
part of the large Ewaso Ng'iro basin (Figure 1) that covers part of Kenya, Ethiopia, and Somali. In
Kenya, the Ewaso Ngiro River that drains the basin originates from the central parts of the country
as a perennial river. It flows into the northeastern part of the country as an ephemeral river, extends
into Somalia, and drains into the Indian Ocean. Climatically, the study area is an arid region with
temperatures ranging between 22°C and 33.4°C and an average rainfall of about 250 mm per year. The
rainy seasons occur biannually, one from April to June and another from October to December, with
the latter being more significant [7]. Topographically, the area is mainly flat, with a few elevated
grounds; the altitude ranges from 45m to 1543m above the mean sea level.

0k
20s0s

38°20'0"E 39°10'0"E 40°0'0"E 40°50'0"E

. h 1 L ! e LweE  wdwe oo §
: sudan Ethiopia H

.- -
0N : \ NN
Marsabit  \ { 3 & \/ "\ NI ;
SO T A I R e
z v \ \ ' \\\ 1z B g
:D_ ;\\ ) " ? 5 |2 Kenya 1:./
g \ s ‘ 7

Tanzania 2 J’mmw
. 0CEAN,

boss e svamE e 3

300w, 200E 487300,
o

T3

Merti
Isiolo  Bulesa

0°50'0"N
L
0°50'0"N

Garba Tula
(TN

=l
b Towns study_area
S m P

@ Boreholes swamp

Rivers County Boundaries

~

Kitui Tana River 0 50 100

1Km

Coardinate System: Geographic
Datum: WGS 1954
fret

T T T T
38°20'0"E 39°10'0'E 40°0'0"E 40°50'0'E

Figure 1. The study area map.
2.2:. Geology and Hydrogeology

Ewaso Ng'iro-Lagh Dera basin is located mainly within the Anza Basin, Kenya. Anza basin is an
inactive continental rift system formed in the Mesozoic Era. The basin stretches inland from the coast
of Kenya with a northwest-southeast trend [60-62]. Anza basin is filled with very deep (>3 Km)
sediments. In the Mesozoic era, the basin experienced a period of marine incursion followed by a
long period of uplift and erosion, which was later followed by the palaeo-Tethyan transgression of
the Trans- Eritrean trough. Later in the Cenozoic era, extensive continental erosion led to bevelling
in most parts of the study area, followed by periods of deposition in the Miocene and continued
deposition and peneplanation in the Pliocene [63].

The exposed lithologies of the Anza basin are Pliocene sediments consisting of sandstone,
conglomerates, siltstone, sand, grits, gravel, and clays. The Holocene colluvium consists of gravel,
silts, and sands, whereas the Holocene alluvium consists of clays, sand, and silts. Lithologies that do
not belong to the Anza basin are the Precambrian metamorphic and the Quaternary volcanic rocks
occurring in the western and southwestern part of the study area, respectively. The metamorphic
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rocks consist of metamorphosed components of calcareous rocks, semi-pelitic sedimentary rocks,
intrusive rocks, and psammitic sediments [64]. The Quaternary volcanic rock prevalent in the study
area is the olivine basalt of the Pleistocene Epoch (Figure 2).

Since the study area occurs within the Anza basin trough, deep-seated faults are the main structural
features [63]. Most of these faults are deep structures (> 0.8 Km below ground level) and are therefore
concealed by various superficial unconsolidated sediments and volcanic rocks of Quaternary age
[61,65]. However, the overlying formation mimics the deep structures, forming thick layers as the
sediment accumulates in the depressions. It has, therefore, been hypothesized that they impact the
occurrence and flow of groundwater in the area. In addition, there is a postulation that these
structures influence the recharge and discharge of the freshwater lens of the aquifers in the study

area [56].
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Figure 2. The geology of the study area adopted from the Geological Map, Geostructural, and Bouguer gravity
map of Kenya (National Oil Corporation Kenya (NOCK) [66]).

Hydrogeologically, the principal aquifer in the study area is the Merti aquifer. The aquifer is
comprised of fresh water along the Lagh Dera river axis. Salinity increases away from the river axis
[49]. It stretches from Habaswein to Liboi (on the Kenya - Somalia border) with an aerial geographical
extent of approximately 20,000 square Kilometers. Merti aquifer is a multilayered aquifer [48,54], with
a shallow aquifer occurring at an average depth of 20 m, constituted mainly of alluvial and colluvial
deposits. A deeper aquifer occurs at an average depth of 80 m below ground level, primarily
comprising weathered sandstone, gravel, sand, clay, and limestones [50].

2.3. Sampling and Analysis

One hundred and twenty-nine water samples were collected from the aquifer in the study area
to analyze major ion chemistry in December 2021. The samples were taken from the boreholes using
already installed pumps. After pre-rinsing the bottles with the water sample, 500 ml polyethylene
bottles were used to collect the final water samples. The water samples were collected in duplicates;
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one sample was used to analyze major anions, while the other was treated with nitric acid (HNO:s) to
a pH of less than 2 for analysis of major cations. Cations analyzed were Na*, K*, Ca?", and Mg? while
anions were HCOs, SO+, NOs, and Cl-. The pH and Electrical Conductivity (EC) were measured in
the field using a portable conductivity, salinity, and pH meter, and the location of the sample was
recorded using Garmin GPS. The collected samples were then taken to the laboratory for analysis.
The major cations were analyzed using Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) methods (ISO 2007)[67]. The major anions were analyzed using colorimetric methods
apart from HCOs which was determined using the titration method with hydrochloric acid.

The dataset used in this study had a charge balance error range of +5%, the standard limit
allowed [25,26]. The error was computed based on the analyzed ions expressed in milliequivalent per
liter (Meq/L). The analyzed ions in the groundwater were plotted on a Piper diagram [68] to
characterize the groundwater into the different water types. Interpretations were made for the
various wall rock deductions, and data was displayed using geochemical plots. Saturation Index (SI)
was calculated using PHREECQ geochemical modeling software. The saturation index (SI) indicates
the status of a mineral phase reaction, whether it is dissolving or precipitating [16]. It is, therefore,
used to determine the equilibrium state of the groundwater with respect to the mineral phase using
Eq. 1.

SI =log (IAP/Ksp(T)) (1)

Where ion activity product (IAP) is the product of the ion activity coefficient with composition
concentration, and Ksp(T) is the equilibrium constant at sample temperature T [69].

The saturation Index quantitatively indicates the sampled water's deviation from the
equilibrium [70]. If the groundwater is at equilibrium SI = 0; if the groundwater is under saturated
SI<0; and if SI>0, then the water is supersaturated with respect to the mineral facies and may represent
the precipitation phase [71].

Statistical techniques such as bivariate analysis was used to understand the relationship between
the parameters. Bivariate analysis reveals an association's existence, strength, or the presence of
differences between the two variables [72,73]. This study used bivariate regression and correlation.
The correlation (r) was used to determine the linear relationship between two physiochemical
parameters. In addition, PCA, a multivariate statistical method [29], was applied.

The suitability of the groundwater for human drinking purposes was assessed by comparing the
sample-measured parameter with the World Health Organization (WHO) 2017 guideline values [74]
and Water Services Regulatory Board of Kenya (WASREB) [75] (Table 3) . The drinking suitability for
livestock was compared with the Food and Agriculture Organization (FAO) 2016 guidelines [76].

Drinking water suitability was also anaysed using the water quality index (WQI) obtained using
the parameters assessed in this study. The tool used in this analysis was a weighted arithmetic water
quality index whose procedure involved four main steps.

1. Selections of the parameters. In this study, the parameters were EC, TDS, pH TH, Na*, Ca%,
Mgz, K, HCOs, Cl;, SO4%, and NOs-.

2. Assigning of weights of the parameters (Wi). The assigning of the weight took into
consideration the influence of the parameter on water quality and the weight rating of
studies carried out in similar settings [77,78]. The weighting ranged from 2 — 5. The highest
weight of 5 was awarded TDS, and NOs. EC, pH, and SOs* were awarded a weight of 4,
HCOs and Cl- were awarded a weight of 3, whereas Na*, Ca?, Mg?, K+, and TH were
awarded a weight of 2. Relative weights(wi) for the i parameter and n number of
parameters was then calculated using the formulae (Eq. 2).

wi
i Wi @)

wi=),

wi represents the relative weight of the parameter, and Wi is the assigned weight of each
parameter.

3. Calculation of the quality rating (Qi) of each of the parameters using the formulae (Eq. 3).

d0i:10.20944/preprints202504.0904.v1
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Qi =72 x 100 3)

Where Ci is the measured concentration of each of the parameter
Si is the permissible standard guideline value for the parameter; for this study, the WHO (2017)
(Table 3) standards were considered.
4. Calculation of the overall water quality index using the equation 4

wQI =Y, SIi (4)

Where Sli is given using the equation 5

SIi = wi x Qi (5)

The calculated WQI values ranges from 0 to values greater than 100. These values are then
categorized into five rating classes with values close to zero having excellent water quality and values
greater than 100 being the unsuitable water quality (Table 7).

The irrigation water quality index (IWQI) was used to determine the suitability of the
groundwater for irrigation. The procedure for calculating the IWQI is similar to the one used in WQI.
Here, the parameters influencing salinity, sodium hazard, and toxicity were considered: EC, Sodium
Adsorption Ratio (SAR), and Na*, CI, and HCOs concentration.

The EC helps evaluate the salinity, and The Cl-and HCOs ion concentrations help evaluate the

toxicity.
The concentration of Na*, and SAR measures the hazard of sodium. SAR can be determined
using Eq. 2
SAR = —M% ©)

[ca2t+mg2t
2

Where Na, Ca?, and Mg? are expressed in Meq/L

After identifying the parameters to consider relative weights, wi was assigned to each parameter
depending on the parameter's impact on irrigation. The weights assigned to the parameters were
according to [79] (Table 1).

Table 1. Weights for the INQI parameters according to [79].

Parameter Weight (wi)
EC 0.211
Na* 0.204
HCOs 0.202
Cl- 0.194
SAR 0.189
Total 1

The next step was to calculate the quality rating (Qi) for each parameter according to [80]. (Table
2) by applying the equation 7.

, [(xij=%inf)Xdiam,
Qi = Gimax — S Il lemp ()

Where @imq, is an upper limit of the last class of each parameter, x;; is the observed value of

Xamp

chemical parameters, x;, is the minimal limit of the class to which each parameter belongs, qgmy
is the class amplitude, and X4, is an upper limit of the last class of each parameter.

Table 2. Limiting values of qgi calculations [80,81].

.
HCOs (meq L) CI” (meq L) NaLf{‘)‘eq SALIflgﬂeq EC@Sem™) Qi

1 <HCO; <1.5 1<ClI'<4 2<Na'<3 2<SAR<3 200<EC<750 85-100
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1.5 <HCO;<4.5 4<ClI'<7 3<Na'<6 3<SAR<6 750<EC<1500 60-85
4.5 <HCO;3;<8.5 7<CI'<10 6<Na'<9 6<SAR<12 1500 <EC<3000 35-60
HCO; <1 or HCO3~ Na*<2or EC>200 or

>85 I<ClI">10 Na*>9 2<SAR>12 EC > 3000 0-35

The irrigation water quality index is calculated using equation 8

IWQI = Y™, Qi Xwi 8)
Where Qi represents the parameter’s quality measurement, ith is the number between 1 and 100
representing the concentration of the parameter, and wi is the normalized weight of the ith
parameter. Results of IWQI are values ranging from 0- 100 and are categorized into five categories
(Table 9)

3. Results

3.1. Evaluation of Geochemistry

The pH level of the water samples analyzed ranges between 7.1 and 8.9, indicating that the
groundwater is neutral to slightly alkaline. The electrical conductivity (EC) of the groundwater
ranges from 419.8 to 18000.0 uS/cm (Table 3). The average EC of the collected samples in the study
area is 1937.0 uS/cm. Based on the EC values, the groundwater system can be classified into three
groups: freshwater (<1500 uS/cm), brackish water (1500-3000 uS/cm), and saline water (> 3000) [82].
Of 129 samples analyzed, 62.0% are freshwater, 25.6% are brackish water, and 12.4% are saline water.
Therefore, the groundwater in the study area is largely fresh and brackish. The Total Dissolved Solids
(TDS) range from 313.8 to 8366.0 mg/L with an average of 1422.9 mg/L (Table 3).

Na* is the most abundant cation in the groundwater, and the sequence of the relative abundance
of the cations is Na* > Ca? > Mg?* > K*. The most abundant anion is HCOs- and the sequence of the
relative abundance of the anions in the basin is HCOs > CI- > SO+ > NOs. Na* concentration ranges
between 10.4 - 3410.0 mg/L with a median of 221.0 mg/L. The concentration of Ca* in the
groundwater varies from 2.8 to 233.0 mg/L, with a median of 20.0 mg/L. The Mg?" concentrations
ranged from 1.0 to 151.0 mg/L, and the median concentration of 11.1 mg/L. The K* concentration in
the groundwater ranges from 2.0 to 83.0 mg/L, with a median of 11.0 mg/L. The concentration of
HCOs ranges from 109.2 to 4779.2 mg/L, with a median of 560.5 mg/L. Cl-ion concentration ranges
from 2.0 to 4300.0 mg/L, with a median of 60.0 mg/L. SOsconcentration varies from 3.0 to 1230.0
mg/L, and a median of 35.3 mg/L. NOs concentration in the study area varies from 0.0 to 129.9 mg/L,
with a median of 1.1 mg/L (Table 3).

The major ions were illustrated graphically using the Piper diagram [68] (Figure 3). The diagram
shows that the alkaline earth elements dominate, i.e.; Na*+ K* > Ca? + Mg?" and weak acidic anions
exceed strong acidic anions, i.e.; HCOs> Cl- + SO4. Most of the groundwater samples are Na* + K*
and bicarbonate types. Therefore, the dominant water facies are Na-HCOs, which accounts for 45.74
% of the collected samples. Other facies present are Na-HCOs-Cl, Na-Mg-HCOs, Na-Ca-HCOs, Na-
CI-HCOs, Na-Cl, Na-HCOs5-SOs, Na-Mg-Cl-HCOs;, Na-Ca-Mg-HCO:-Cl, Na-Ca-HCO:-Cl, Na-Mg-
HCO:s-Cl, with percentage abundance of 17.83%, 11.63 %, 3.88%, 3.88%, 2.33%, 2.33%, 2.33%, 1.55%,
1.55%, and 1.55%, respectively. Ca-Na-HCOs3-NOs, Na-Ca-Cl-HCOs, Ca-Na-HCOs, Ca-K-HCOs, Na-
Ca-Mg-HCOs, Mg-Na-Ca-HCOs-Cl and Mg-Na-HCOs were all represented by 0.78%

Table 3. Summary statistics of the measured parameters in the study area.

. Percentage
. Maximum

Maximum Number of
allowable

allowable limit samples

Units Min Max Median Average limit above
(WASREB-

(WHO (WHO)

2017) KENYA tabl

acceptable

2016) P

limit
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PH - 71 89 77 7.9 85 85 133
EC  uS/om 4198 180000 12322 ..~ 1500 1500 36.0
TDS Mg/l 3138 83660 9120 14229 1000 1500 254
HCOs Mg/l 1092 49792 5605 7677 300 500 853
ClI Mgl 20 43000 600  217.1 600 250 53
SO# Mg/l 30 12300 353 895 400 400 53
NOs Mgl 0 1299 1.1 55 50 10 14
Na- Mg/l 104 34100 2210 4169 200 200 493
K Mgl 20 830 1L0 127 20 20 10.7
Ca» Mg/l 28 2330 200 265 200 250 2.7
Mg* Mgl 10 1510 111 182 150 100 2.7
TH Mg/l 116 11254 116 1207 500 500 14
Slcaae Mg/l 04 16 04 0.4 N/A N/A N/A

SLaomc Mg/l 10 32 09 0.9 N/A N/A N/A

SLuegontc Mg/l 05 14 03 03 N/A N/A N/A
S Mg 89 18 29 29 N/A N/A N/A
Anhydrite

Slgpem Mg/l 37 16 27 27 N/A N/A N/A
Slwmie Mg/l 88 44 69 69 N/A N/A N/A
Na/Cl 10 3066 56 227 N/A N/A N/A
ratio
CAI1 3067 -001 49 222  N/A N/A N/A
CAI2 11 001 07 07 N/A N/A N/A

Alkaline earth exceeding alkalies

Alkalies exceeding alkaline earth

Weak acid exceeding strong acids

Strong acids exceeding weak acids
Carbonate hardness exceed 50%

Non carbonate hardness exceed 50%
Alkalies and strong acid predominated
Alkaline earth and weak acids predominated
Mixed type

VENONEWN .

Calcium type

No dominant type
Magnesium type

Sodium and potassium type
Bicarbonate type

Sulphate type

Chrolide type

0

GMmMoOO®>

Ca Na+K HCO3+CO3 Cl

Figure 3. A Piper diagram illustrating the geochemical classification of the groundwater water in the study area.

The arrows in the bottom triangle indicate increasing NaHCOs dominance. 1 represents alkaline earths
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exceeding alkalies, 2 represents alkalies exceeding alkaline earths, and 3: Weak acids exceed strong acids. and 4:

strong acid exceeds weak acids [68].

3.2. Processes Controlling the Groundwater Chemistry

Chemical changes occur to groundwater as it moves within/through the aquifers. These changes
occur because of various processes such as rock interactions, groundwater residence time in the
aquifer, seawater intrusions, and ion exchange processes. The processes usually lead to solute
acquisition by the groundwater, which generally reflects an increase in the TDS and EC. A pxp
correlation matrix of the 11 analyzed parameters was carried out (Table 4) to decipher and identify
the various processes. The good correlation between TDS with Sodium (r= 0.93), sulphate, (r = 0.83),
bicarbonate (r= 0.77), and chloride (r= 0.66), indicates that these ions contribute to groundwater
mineralization. The low correlation between TDS with potassium r = 0.14), calcium (r = -0.08),
magnesium (r = -0.06), and nitrate (r = -0.06) indicates that the ions do not have a very high impact
on groundwater mineralization.

Table 4. Correlation matrix between various parameters in groundwater.

Variables EC TDS Cl- SO+ NOs HCOs Na* K+ Ca» Mg» pH
EC 1 096 076 0.78 -0.05 0.0 093 014 -0.05 -0.02 0.14
TDS 096 1 066 0.83 -0.06 0.77 093 0143 -0.08 -0.06 0.19
Cl- 076 066 1 080 033 015 086 020 0.31 0.26 -0.01
SO+ 0.78 0.83 0.80 1 017 051 090 022 0.11 0.08  0.09
NOs -005 -006 033 017 1 -011 017 012 0.56 042 -0.03
HCOs 0.0 0.77 015 051 -011 1 0.63 0.05 -013 -013 0.31
Na* 093 093 0.86 090 0.17 0.63 1 013 0.098 0.06 0.17
K+ 014 014 020 022 012 005 0.13 1 0.41 0.61 -0.20
Caz -0.05 -0.08 0.31 0.11 056 -0.13 0.10 041 1 0.66 -0.25
Mg -0.02 -0.06 0.26 0.08 042 -0.13 006 0.61 0.66 1 -0.19
pH 0.14 0.20 -0.01 0.09 -0.03 0.31 017 -020 -0.25 -0.19 1
Values in bold are different from 0 with a significance level of alpha=0.05

3.2.1. Water-Rock Interaction and Origin of Groundwater Mineralization

The interaction of water in an aquifer with host rocks is one of the essential processes that cause
groundwater solute acquisition. In most arid areas, the dissolution and deposition of

reactive minerals such as calcite, dolomite, and halite are prevalent [26].

Sodium (Na*) was identified as the dominant cation in the study area, primarily attributed to
silicate weathering as its geogenic source. The higher abundance of sodium compared to chloride
ions in the groundwater (Table 3) supports this hypothesis [26,83]. The Na*/Cl- ion ratio is a useful
indicator of the silicate weathering process. A ratio greater than one suggests that sodium in the
groundwater originates from silicate minerals.

The analyzed groundwater samples exhibited Na*/Cl- ratios ranging from 1.0 to 306.6, with an
average of 22.7 (Table 3). Notably, all of the samples had a ratio exceeding one, strongly indicating
silicate weathering as a significant process. Additionally, the reaction of feldspar minerals with
carbonic acid in the presence of water releases bicarbonate (HCOs") [21], implying that HCO;™ should
be the dominant anion [84]. Consistent with this, the groundwater in the study area is indeed
dominated by HCO5™ anions.

Thus, silicate weathering plays a significant role in contributing sodium to the groundwater.
While halite dissolution could also introduce Na* and Cl-ions, no halite deposits have been identified
in the study area, making this an unlikely source.

Carbonate dissolution and precipitation play a significant role in influencing the groundwater
chemistry of the study area. The dissolution of carbonate minerals such as calcite, dolomite, and
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aragonite occur when rainwater comes into contact with carbonate rocks. A few water samples align
with the calcite and dolomite dissolution trend (Figure 4). Furthermore, the region contains abundant
limestone and dolomite formations [47], making carbonate dissolution a likely source of Ca?, Mg?*,
and HCO;™ ions in the groundwater. Several groundwater samples exhibited negative saturation
indices (Figure 5(a)), indicating the potential for active dissolution processes. The chemical reactions
shown in equations 9 and 10 can describe these processes.

Calcite dissolution. CaCOs + H20 + CO2 — Ca? + 2HCOs- )

Dolomite dissolution --CaMg (COs)2 + 2H20 + 2CO2 — Ca? + Mg + 4HCOs~ (10)

Positive saturation indices in most samples (Figure 5(a)) indicate supersaturation, suggesting
that excess carbonates are likely precipitating. This further indicates that the groundwater has
significantly interacted with the carbonates and reached a mature geochemical state. The widespread
occurrence of calcrete in the study area [47] supports the hypothesis that the groundwater system
favors carbonate precipitation processes.

The gypsum dissolution could be interpreted as the source of SO4%, which has a high correlation
with the TDS (0.83; Table 4). However, the low correlation between Ca?* and SO4? ions (r2 = 0.11)
(Table 4) suggests that there are minimal dissolution processes of anhydrite and gypsum in the
groundwater system. Further, the bivariate plot of Ca?* versus SO,>- (Figure 6) indicates that some
samples align with the gypsum dissolution line (1:1 equiline). The negative saturation indices for
gypsum and anhydrite (Figure 5 (b)) indicate that these minerals are under-saturated, making
dissolution likely if gypsum is present. Substantial gypsum deposits have been documented near the
study area [85]. It was, therefore, interpreted that even though there is the likelihood of the
dissolution of gypsum and anhydrite, it may not be the primary contributing geochemical process to
the enrichment of the SO4 ions. Other processes, such as the mixing of the groundwater with saline
water, were therefore postulated.
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Figure 4. Bivariate plots of Ca? versus HCOs ions.
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Figure 6. Bivariate plots of Ca? versus S0+ ions.

Fresh-saline water mixing

The principal aquifer in the study area is the fresh-brackish Merti aquifer, bounded laterally and
vertically by saline water aquifers [47]. At greater depths, the Paleo saline aquifer, characterized by
Na-Cl water facies, may result from prolonged residence time within the aquifer [49,52]. Laterally,
the increase in salinity is attributed to the low transmissivity of the geological materials and the
gradual rise in anionic concentrations along the groundwater flow path, following the Chebotarev
sequence (eq. 11). [16,86].

Travel along flow path---------- +

HCOs = HCOs + SO# = SO - + HCOs = SO« + C1- >C1-+ SO > C1- (11)

Increasing age--------- +

Luedeling et al., [87] postulated that the groundwaters in the study area continually become
saline through fresh-saline water mixing. This study evaluated the extent of salinization using the CI-
/ HCOsratio. The ratio classifies the water into five classes: good quality (<0.5), slightly contaminated
(0.5 - 1.3), moderately contaminated (1.3 - 2.8), highly contaminated (2.8 — 6.6), and extremely
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contaminated (6.6 — 15.5) [88,89]. This ratio was considered because the chloride ion is stable and a
good proxy for TDS [90]. The results show that 81.4 % of the groundwater is of good quality, with a
ratio of less than 0.5. 11.6 %, 5.4 %, 0.7 %, and 0.9% represent slightly, moderately, highly, and
extremely contaminated groundwater, respectively (Table 5). The extremely contaminated reflects
the Na-Cl facies located at the saline zones.

Table 5. Classification of groundwater using Cl-/ HCOs ion ratio.

Classification scheme | Categories Ranges Percent of
samples
Cl/ HCOs good quality <05 814
slightly contaminated 05-13 11.6
moderately contaminated 1.3-238 5.4
highly contaminated 2.8-6.6 0.7
extremely contaminated 6.6 -15.5 0.9

Ion exchange

Ion exchange is another important process that controls the relative concentration of ions in the
groundwater [70]. If Na*+ K* replaces Ca? + Mg?, the ion exchange process is referred to as cation
ion exchange, and if Ca?" + Mg?* replaces Na* + K*, the process is referred to as reverse ion exchange
[91].

A major indicator of ion exchange is the Chloralkaline indices, as described by Schoeller [92].
The Chloralkaline indices 1 and 2 (CAI 1 and 2) help to understand the ion exchange process between
the groundwater and the host environment. These indices are calculated using Equations 12 and 13,
and the results are as in Table 3:

CAI1= Ccl=—(Na*+k™)

- (12)
CAI2=

(13)

Cl™ = (Nat+k™)
SOZ™+HCO3 +CO3™ +NO3

(These indices are expressed or are calculated in Meq/L). The CAI1 and CAI2 are negative when
cation ion exchange occurs. In such cases, the Ca?* / Mg?* in the water is exchanged with Na*/ K* in
the host environment, creating a chloro-alkaline disequilibrium [70]. Conversely, a positive index
indicates a reverse ion exchange between Na* or K* with Mg?* or Ca? in the groundwater [13,32,69,93].
All the samples have negative CAI 1 and CAI 2 indices (Figures 7 and 8 respectively), implying that
cation ion exchange is the dominant process.
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Figure 7. Chloro-Alkaline Indices (CAI 1) for the analyzed groundwater samples.
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Figure 8. Chloro-Alkaline Indices (CAI 2) for the analyzed groundwater samples.

The bivariate plot of (Ca* + Mg?) — (HCOs + S04*) as a function of (Na* + K* — CI') provide
evidence of the cation exchange. Data would be plotted at the origin if the ion exchange was not a
significant process in the aquifer system. In cases where the cation exchange is a major controlling
process, the two parameters plot linearly with a slope of -1 [32,69]. Figure 9 shows that the analyzed
samples have a linear relationship with a slope of — 0.94. Therefore, an increase in Na* + K* is related
to a decrease in Ca?* + Mg?* or an increase in HCOs + SO4?. Hence, Ca?", Mg?, and Na* participate in
the cation exchange [94].
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Figure 9. Chloro-Alkaline Indices (CAI) for the analyzed groundwater samples: (a) CAI 1 and (b) CAI 2 and (c)

Bivariate plots indicating the dominance of cation ion exchange process.

3.2.2. Principal Component Analysis (PCA)

In analyzing the groundwater of a large basin, one is faced with the complexity associated with
many measured variables. Therefore, in this study, PCA was used to recognize the pattern that
explains the variance in the intercorrelated variables. PCA helps to show an association between
variables, thus reducing the dimensionality of the data set. This analysis, therefore, reduced the
measured parameters into four factors. Among these factors, two factors with eigenvalues >1 were
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extracted. These two factors accounted for 68.44% of the total variance of the dataset. Factors F1
(44.06%) and F2 (24.38%) account for most of the total variance in the original dataset (Table 6).

The results indicate that Factor 1 (F1) accounts for the highest variance, at 44.06% (Table 6). This
variance is primarily influenced by electrical conductivity (EC), total dissolved solids (TDS), and the
concentrations of Na*, HCO;, Cl, and SO, suggesting a strong interrelationship among these
variables. This implies that EC and TDS correlate highly with Na*, HCO3-, SO42, and Cl-. Therefore,
F1 is primarily governed by geogenic processes, including cation exchange, silicate weathering, and
carbonate dissolution. Additionally, the interaction between freshwater and saline water, along with
the prolonged residence time of groundwater within the aquifer, contributes to the elevated ion
concentrations. Furthermore, the dissolution and precipitation of calcite and dolomite mineral phases
play a significant role in regulating the concentrations of HCOs™.

Factor 2 (F2) accounts for 24.38% of the total variance and is primarily influenced by the
concentration of Ca?*, Mg?, K*, and NOs (Table 6). In this factor, calcium, potassium, and magnesium
could be attributed mainly to the weathering of silicate minerals in the aquifer. The high factor
loading of Ca?, Mg?", K*, and NOs could also indicate contamination of the aquifer through
agricultural practices.

Additionally, it was noted that the pH influences occur in factor (F4), which also has moderate
factor loadings of HCOs", suggesting that the geogenic buffering characteristics of the carbonate
aquifer strongly influence F2. In carbonate aquifers, the carbonate equilibrium system provides
significant pH buffering capacity. When acidic water infiltrates an aquifer rich in calcite minerals, the
calcite dissolves, releasing carbonate ions into the groundwater. If the pH drops below 10.3, the
carbonate ions react with hydrogen ions, effectively neutralizing acidity and stabilizing the pH.
Conversely, an increase in carbonate ion concentration can lead to calcite precipitation, reducing the
carbonate ion levels. In response, some bicarbonate ions (HCO;") may deprotonate, counteracting
further pH increases and maintaining chemical equilibrium.

This buffering process is represented by the equation 14.

COyyy + H0 = HyCO3 — HyCO3 = H* + HCO3 > HyCO3 = H* + €032 (14)

Therefore, the analysis indicates that Factor 2 is primarily governed by the interplay of silicate
weathering and carbonate equilibrium processes within the aquifer, highlighting their crucial role in
maintaining groundwater chemical stability.

Table 6. Factor loading of principal component analysis.

F1 F2 E3 F4
EC 0.879 0.027 0.009 0.011
TDS 0.908 0.052 0.015 0.001
Cl 0.683 0.087 0.032 0.107
S04+ 0.838 0.002 0.001 0.014
NOs 0.021 0.410 0.390 0.001
HCOs 0.434 0.130 0.018 0.187
Na+ 0.974 0.001 0.007 0.006
K+ 0.054 0.364 0.327 0.106
Ca* 0.014 0.724 0.017 0.005
Mg 0.013 0.713 0.018 0.079
pH 0.030 0.171 0.227 0.431
Eigenvalue 4.847 2.682 1.060 0.948
Variability (%) 44.062 24.380 9.634 8.617
Cumulative % 44.062 68.442 78.077 | 86.693

d0i:10.20944/preprints202504.0904.v1
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3.3. Drinking Water Quality

The suitability of the groundwater for drinking was evaluated by comparing it with the drinking
water guidelines provided by the World Health Organization (WHO) [74] and Water Services
Regulatory Board of Kenya (WASREB KENYA 2016) [75]( - Table 3). The maximum recommended
limit in the WASREB recommendations is less than or equal to that of WHO recommendations, apart
from the concentrations Cl, Mg?, and NOs-. This study, therefore, applied the WHO standard to
assess the limits of the parameters because it is universally acceptable. Only HCOs and Na
parameters had a high percentage of samples exceeding the WHO maximum allowable limit, with
85.5% and 49.3%, respectively.

Water Quality Index (WQI)

Since many parameters need to be considered while assessing suitability for drinking purposes,
drinking WQI, which is a calculated single value, was used. According to results in Table 7, only
23.26% of the samples are of good quality and suitable for drinking. Most of the samples have a poor
rating, with 20.15 % being unsuitable for drinking.

Good drinking water quality occurs mainly in the central part of the study area along the Lagh
Dera river (Figure 10). With increasing distance from the river, the water quality becomes poor to
unsuitable.

Table 7. Drinking water index rating class and percent sample representation.

WQI Rating class Percent of
samples
0-25 Excellent 0
26 -50 Good 23.26
51-75 Poor 44.19
76 - 100 Very poor 12.4
>100 Unsuitable 20.15
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Figure 10. The distribution of the drinking WQI categories in the study area.

The economic activity practiced by the residents in the study area is mainly pastoralism [7].
Therefore, it is vital to assess the suitability of the water for livestock consumption to prevent
poisoning from toxic solutes, salt imbalances, and even diseases [95]. Unlike human drinking water
standards, livestock water quality standards allow for higher salinity levels and total dissolved solids
(TDS) [96]. TDS is the main parameter considered when assessing the suitability of water for livestock
farming. Based on the FAO livestock drinking water standard, values less than 4000 mg/L and
between 4000 - and 5000 mg/L are very satisfactory and satisfactory for most livestock apart from
poultry in which values greater than 3000 mg/L are unfit [76]. The analyzed TDS values in the study
area ranged from 313.8 mg/L to 8366.0 mg/L. 93.7% of the analyzed water had values less than 4000
within the permissible range for most livestock. Only 7.8% of the analyzed samples had TDS value
greater than 3000 mg/L, therefore, deemed unfit for poultry consumption. Therefore, groundwater in
the study area is mostly suitable for livestock consumption.

3.4. Irrigation Water Quality

Groundwater is the primary source of irrigation water in arid areas. Therefore, careful
assessment of the water's suitability for irrigation projects is critical as it influences the mineral
availability to the soils and plants, soil structure, and permeability of the soils [10] suitability of
groundwater for agriculture is evaluated using the sodium adsorption ratio (SAR).

The calculated SAR values in the study area range from 0.7 to 516.4. The standard values of SAR
are according to Richards [97] (Table 8). From the analysis, only 39.54% and 17.83 % of the analyzed
groundwater samples can be used for irrigation as they fall into the excellent and good categories,
respectively. However, 9.33% and 33.33 % of the sampled groundwater cannot be applied for
irrigation as this water is categorized as doubtful and unsuitable, respectively (Table 5). The Wilcox
diagram [98] (Figure 11) shows that approximately 45 % of the samples have low to medium (S1 and
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52) SAR hazards. However, approximately more than 80% of the analyzed samples plotted in the C3
and C4 indicated high salinity (EC) hazard.
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Figure 11. Classification of the groundwater in the study area using the Wilcox salinity diagram.

Table 8. Showing the classification of groundwater in the study area using irrigation parameters.

Classification scheme Categories Ranges Percent of samples
Excellent <10 39.54
Good 10-18 17.83
SAR (Richards 1954
(Richards 1954) Doubtful 18-26 9.30
Unsuitable >26 33.33

Irrigation Water Quality Index (IWQI)

The irrigation water index was used to assess the suitability of groundwater in the study area
for irrigation purposes. The results indicate that most of the groundwater in the study area is
unsuitable for irrigation, with only 12.4% having moderate restrictions (Table 9). The rest of the
groundwater has high to severe restrictions, with 45.7% and 41.9%, respectively. Most of the
groundwater with severe restriction for irrigation are in the north-northeastern part of the study area
(Figure 12) whereas those with moderate and high restriction occurs along the Lagh Dera river. The
moderate restriction IWQI water is applicable in waters with high permeability with moderate
leaching salts [80,81]. Similarly, the high restriction water can be applied in highly permeable soils
with no compact layers. The high restriction water should not be applied to soils under normal
conditions [80].

Table 9. Irrigation water quality index characteristics [79].

Water use restrictions IWQI

No restriction (NR) 85-100 | 0

Low restriction (LR) 70-85 |0
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Moderate restriction (MR) | 55-70 | 12.4
High restriction (HR) 40-55 | 45.7
Severe restriction (SR) 0-40 41.9
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Figure 12. The distribution of the IWQI categories in the study area.

4. Discussion

The principal aquifer in the study area, known as the Merti Aquifer, exhibits unique
groundwater chemistry influenced by geological and hydrological processes. Groundwater in this
aquifer predominantly has a neutral to alkaline pH, consistent with findings from prior studies
[49,52,54,58,85]. Elevated electrical conductivity (EC) and total dissolved solids (TDS) levels suggest
significant mineralization, classifying the groundwater as fresh to brackish. The observed
mineralization follows the Chebotarev sequence, where dissolved solutes increase laterally from the
rivers and with depth, reflecting groundwater aging [48,52]. The aquifer's multilayered lithology
includes weathered sandstone, limestone, gypsum, sand, silt, gravel, and clay-rich materials, which
contribute to its diverse water chemistry [48,54].

The study area's groundwater chemistry is significantly influenced by rock weathering. The
dissolution of gypsum contributes SO,2~ and Ca?', while silicate weathering provides Na* and Mg?*.
Carbonate weathering further adds Ca?, Mg?, and HCO;™ ions. In addition, positive saturation
indices for calcite, dolomite, and aragonite mineral phases indicate supersaturation, supporting the
role of precipitation in regulating Ca?, Mg?*, and HCO3~ abundance [91].

Cation exchange also plays a critical role, as evidenced by the abundance of HCO;~ and the
dominance of Na-HCO; water facies in the aquifer. This process occurs when fresh recharge water
interacts with paleo-sodium-rich brine, replacing Ca?* and Mg?* with Na*[99]. This exchange explains
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the observed water chemistry in areas where recharge from the Lagh Dera River, rich in Ca-HCO;
water, freshens saline Na-Cl water in the aquifer. Shallow wells in the southwestern study area and
downstream sections of the Lagh Dera River also display Ca/Mg-HCO; water facies, indicative of
young, fresh recharge water [49,52].

It was noted that since the study area's aquifer largely contains clay, the carbonate equilibrium
and cation exchange processes provide adequate buffering capacity for pH. Additionally, the
incongruent weathering of silicate minerals can further contribute to pH buffering, leading to an
increase in sodium (Na*) and bicarbonate (HCO;") ions in the groundwater [100]. The current study
observed that Na* and HCO;™ concentrations are relatively high and strongly correlate with electrical
conductivity (EC) and total dissolved solids (TDS). In contrast, magnesium (Mg?*) and calcium (Ca?*)
exhibit a weaker correlation with EC and TDS, suggesting that precipitation and ion exchange
processes are actively influencing the groundwater system.

Overexploitation of the aquifer could lead to saline water intrusion or upconing, as noted by
Luedeling et al., [87]. Still, this phenomenon remains minimal, with only 18.6% of groundwater
samples indicating saline contamination (Table 5).

Most groundwater samples in the study area have elevated TDS, EC, Na*, and HCOs values
over the WHO guidelines (2017) maximum allowed limits. The high solute concentration of
groundwater has deemed most of the groundwater unfit for human consumption, with only 23.26%
having a good water quality index. Most of the groundwater with good WQI occurs along the river
Lagh Dera due to its proximity to the recharge area [56] and the availability of transmissive aquifer
materials [54]. The transmissivity has been observed to decrease laterally away from the Lagh Dera
river axis, and this could be a likely reason for poor water quality. Furthermore, most of the
groundwater in these zones is very old water [49], and the long residence time could be the major
source of solute acquisition and, subsequently, poor drinking water quality. Since groundwater is the
primary source of potable water, proper treatment such as desalination should be done to ensure
community health. The dwellers in the study area are nomadic pastoralists, and most groundwater
water is suitable for livestock consumption according to FAO (2016) standards. Concerning
irrigation, most of the groundwater had high salinity and alkalinity, as exemplified by the high SAR
indices, and therefore, was unsuitable for irrigation purposes. Moreover, with regard to the irrigation
water quality index, most of the groundwaters were classified into the high and severe restriction
categories. The severity pattern is similar to that of drinking water quality index with less severe
groundwater occurring along the Lagh Dera with severity increasing laterally along the river axis.
This poor quality was interpreted to be as a result of long groundwater residence time, poor
transmissivity of the aquifer materials and increasing distances to zones of groundwater recharge
[49,54,56]. Prolonged application of saline water for irrigation can cause poor soil permeability.
Furthermore, saline water may affect the osmotic activities, inhibiting crop germination and growth
[101,102]. Hence, water treatment, such as desalination, and soil treatment, such as the addition of
gypsum, are essential if irrigation is carried out. Adding gypsum may help prevent sodium from
displacing the adsorbed calcium and magnesium in the soil, which causes damage to the soil
structure [103,104].

5. Conclusions

This study successfully achieved its objectives by identifying the primary geochemical processes
influencing groundwater in the Ewaso Ngiro-Lagh Dera basin. The groundwater is predominantly
fresh to brackish, with Na-HCO; as the dominant water type. Sodium (Na*) is the most abundant
cation, while bicarbonate (HCOj5") is the most abundant anion. Groundwater chemistry in the study
area is shaped by natural processes such as ion exchange, silicate weathering, calcite, dolomite
dissolution, gypsum dissolution, and mixing fresh and saline water.

The findings of this study enhance our understanding of how hydro geochemistry affects
groundwater quality in the basin. An assessment of drinking water quality based on WHO (2017)
standards indicates that the average levels of TDS, CI-, SO, Ca?, Mg?, and total hardness (TH) are
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within permissible limits. However, elevated EC, HCO;~, and Na* values render some groundwater
to have poor to unsuitable drinking WQI rating.

Irrigation suitability, assessed using SAR, reveals moderate to high salinity and alkalinity
hazards in the groundwater. The IWQI rating of groundwater calculated using EC, SAR, Cl-, HCOs,
and Na* concentration showed that groundwater is mostly in the mostly in the moderate — severe
restrictions categories. Consequently, most groundwater samples are not suitable for irrigation
without proper management. This study recommends: (1) Careful management and treatment are
necessary to utilize groundwater for domestic and agricultural purposes safely. (2) Farming practices
should focus on crops tolerating high salinity levels. (3) Regular groundwater quality monitoring is
essential to understand spatial and temporal variations, enabling sustainable groundwater
management in the basin. We also recommend further studies investigating groundwater
salinization processes in the aquifer using advanced geochemical and isotopic techniques. This will
provide deeper insights into salinization mechanisms and support long-term groundwater
sustainability in the region.
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