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Abstract

The Ewaso Narok wetland, a floodplain intensively used for grazing, drinking, and agriculture, is
part of Kenya’s largest drainage basin. This study lies within the water and food security scope,
in affiliation with the ‘GlobE project’ of reconciling future food production with environmental
protection. The primary objective is to quantitatively evaluate the surface water-groundwater
interactions in the Ewaso Narok wetland in terms of water recharge/discharge and water flux.
This is done by developing a comprehensive interdisciplinary approach to understanding the
aquifer’s structure, water dynamics, and water composition and modeling this scarce data
wetland.

The field data were collected using surveys, water, soil, and rock measurements. It was
processed and analyzed while combined with secondary data. The survey results show that
people rely on the wetland for most of their daily livelihoods, including drinking. However, there
is a lack of responsibility and awareness of the wetland’s pollution and well-being, seen in the
direct conscious disposal of fertilizers, manure, and plastic containers in the Ewaso Narok
wetland. The survey further provided potential input points of water and pollution into the
wetland for sampling and then modeling the Ewaso Narok wetland.

The field and laboratory results show that the dominant process controlling groundwater
chemistry is silicate weathering expressed in low electric conductivity and high content of HCOs’
and Si0O,, with the topsoil layers experiencing more weathering. The chemical index of alteration
ranges between 65 and 91 %, depending on soil type, depth, and use of the area. The western
part of the wetland is more weathered compared to the eastern side. The weathered profile
consists of illite/muscovite, kaolinite, goethite, and small proportions of quartz and calcite. Two
aquifer systems exist. The regional confined aquifer is recharged from high altitudes reaching
the Ewaso Narok wetland by the lateral flow of groundwater and the local semi-confined aquifer
that occurs in the weathered basement rock system. Recharge is small in the Ewaso Narok area
and occurs by direct infiltration of rainwater along with fractures within the rocks and in the
weathered zones of the metamorphic rocks and by indirect infiltration of the run-off along the
river courses. The surface water is a mixture of rainwater and groundwater. There are perched
aquifers underneath both the wetland and the river. Additionally, the weathering profile acts as
storage for groundwater. The groundwater is discharged to the ephemeral streams, the main
river, and the wetland. In addition, flash floods contribute to the water balance of this wetland.
These results provide the hydrogeological and hydrochemical database for characterizing the
Ewaso Narok wetland. They further set a conceptual framework building a base for the
mathematical model to run. As data and information regarding the physical hydrogeology of the
basin and the wetland are rare, the Mixing Cell Model (MCM) is used to identify and quantify
the active sources of recharge and their contribution to the total water balance at the wetland
and catchment scale.

The results of the statistical cluster analysis and the subsequent single and multi-cell modeling,
indicate clear hydraulic connectivity between the wetland’s surface water and groundwater,
with 17 to 84 % of the inflow originating from groundwater. The groundwater feeding the
wetland is evident upstream of the wetland and even more vivid downstream. The downstream
part of the Ewaso Narok wetland is the main contributor to the total amount of water in the
whole system. However, the middle part of the wetland does not show any contribution from
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groundwater. In this middle part, the impermeable clay layer separates the wetland from
groundwater, and faults and fractures act as hydraulic barriers. The river courses show
advanced weathering profiles, allowing groundwater discharge and thus suggesting
permeability. The model results show a high negative error indicating one or several additional
missing sources contributing to the calculated mass balance. Regardless, the MCM provides
meaningful results with the limited information available. These results are used to develop a
conceptualized model summarizing the Ewaso Narok aquifer system.

The study also compares the water quality to human drinking standards and irrigation
guidelines. Regarding surface water quality, levels of iron, aluminum, and copper exceeded
those recommended in the guidelines. Nitrate values of surface water samples were higher
during the flash floods than during dry periods. Regarding groundwater values of fluoride and
arsenic, higher amounts were observed than recommended in the guidelines. The results did
not clearly distinguish between the groundwater in the confined and semi-confined aquifers in
terms of quality and isotopes.

Regarding surface water, the recommended guidelines for irrigation were exceeded for
manganese, fluoride, ammonium ion, potassium, and bicarbonate. The groundwater sampled
exceeded recommended irrigation limits for chlorine, calcium, potassium, sulfate, manganese,
nitrate, ammonium ion, fluoride, and bicarbonate.

As the groundwater is a feeding source to the Ewaso Narok wetland, precaution is required
regarding any exceeded measurement values for any polluting element or compounds.
Determining the source of these pollutants and possibly finding other drinking water sources is
vital. Furthermore, awareness campaigns are important and should focus on proper sanitation
practices, hygiene, and good agricultural practices. Applying fewer fertilizers would be more
cost-effective and easier to realize than wetland restoration measures. In addition, there is a
need to construct sewage infrastructure, car wash, and toilets.

Ewaso Narok wetland is the backbone of people’s local livelihoods; however, it is a diminishing
resource. More attention is needed for it to maintain this role. A holistic approach is
recommended to manage the basin and the Ewaso Narok wetland in particular. The study’s
unique results of quantitatively assessing the groundwater and surface-water interactions,
despite scarce hydrological information, can be used to develop such an approach. They clearly
demonstrate the need for management approaches that consider both surface water and
groundwater alike to ensure the wetland’s long-term sustainability of the wetland.
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Zusammenfassung

Das Feuchtgebiet Ewaso Narok, ein als Weideland, fiir die Trinkwasserversorgung und
Landwirtschaft intensiv  genutztes Uberschwemmungsgebiet, ist Teil des gréRten
Flusseinzugsgebietes in Kenia. Die vorliegende Arbeit hat die Wasser- und Erndhrungssicherheit
zum Gegenstand und wurde im Rahmen des "GlobE" Projektes verfasst, welches zukiinftige
Nahrungsmittelproduktion und Umweltschutz in Einklang bringen soll. Ihr vorrangiges Ziel ist die
quantitative Bewertung der Interaktion zwischen Oberflichen- und Grundwasser im
Feuchtgebiet Ewaso Narok in Bezug auf Grundwasserneubildung und -abfluss sowie
Oberflachenabfluss. Diese Bewertung wird durch die Entwicklung eines umfassenden,
interdisziplindren Ansatzes vorgenommen, der hilft die Struktur des Grundwasserleiters, die
Wasserdynamik und die Wasserzusammensetzung zu verstehen und das Feuchtgebiet trotz
Datenknappheit zu modellieren.

Die vor Ort gesammelten Daten wurden aus Umfragen in der Bevolkerung, sowie Wasser-,
Boden- und Festgesteinsmessungen gewonnen. Diese wurden verarbeitet und analysiert und
anschliefend mit Sekundardaten kombiniert. Die Umfrageergebnisse zeigen, dass die Menschen
fir den grofRten Teil ihres taglichen Lebensunterhalts, einschlielich der Gewinnung von
Trinkwasser, auf das Feuchtgebiet angewiesen sind. Es mangelt jedoch an Verantwortung und
Bewusstsein fir die Verschmutzung und Intaktheit des Feuchtgebiets, was sich in der direkten
und bewussten Entsorgung von Diingemitteln, Giille und Plastikbehdltern im Ewaso-Narok-
Feuchtgebiet zeigt. Die Umfrage ermittelte Eintragsquellen von Wasser und Verschmutzung in
das Feuchtgebiet, welche in der folgenden Probennahme und der Modellierung des Ewaso-
Narok-Feuchtgebietes berlicksichtigt werden sollten.

Die Feld- und Laborergebnisse zeigen, dass Silikatverwitterungsprozesse die
Grundwasserchemie hauptsachlich steuern. Dies driickt sich in niedrigen EC-Werten und hohem
HCOj sowie SiO, Gehalt im Boden aus, wobei die Oberbdden starker verwittern. Der chemische
Verwitterungsindex liegt zwischen 65 und 91 % in Abhéangigkeit von Bodentyp, Tiefe und
Nutzung. Der westliche Teil des Feuchtgebietes ist im Vergleich zum Ostlichen Teil starker
verwittert. Das Verwitterungsprofil besteht aus lllit/Moskuvit, Kaolinit, Goethit und geringen
Anteilen von Quarz und Kalzit. Es gibt zwei Aquifersysteme: Den regional begrenzten Aquifer,
der sich vom Gebirge aus bis zum Ewaso Narok Feuchtgebiet durch laterale
Grundwasserstromung speist, und den lokalen, halbbegrenzten Aquifer, der im verwitterten
Grundgebirge liegt. Die Grundwasserneubildung im Ewaso Narok Feuchtgebiet ist gering und
erfolgt durch direkte Infiltration von Regenwasser entlang von Kliiften, Rissen und verwitterten
Zonen metamorphe Gesteine, oder durch indirekte Infiltration des Abflusses entlang der
Flusslaufe. Das Oberflaichenwasser ist eine Mischung aus Niederschlags- und Grundwasser.
Sowohl unter dem Feuchtgebiet, als auch unter dem Fluss befinden sich schwebende
Grundwasserleiter, ebenfalls dient das Verwitterungsprofil als Grundwasserspeicher.
Grundwasser wird in die ephemeren Flisse, in den Hauptfluss und in das Feuchtgebiet
entwassert, Sturzfluten tragen zusatzlich zum Wasserhaushalt des Feuchtgebietes bei.

Diese Ergebnisse bilden die hydrogeologische und hydrochemische "Datenbank" fiir das Ewaso
Narok Feuchtgebiet, und stellen den konzeptionellen Rahmen fir die Anwendung eines
mathematischen Bilanzmodells dar. Da Daten und Informationen Uber die physikalische
Hydrogeologie des Einzugsgebiets und des Feuchtgebietes kaum verfligbar sind, wird das Mixing
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Cell Model (MCM) verwendet, um aktive Quellen der Grundwasserneubildung und ihren Beitrag
zur Gesamtwasserbilanz des Feuchtgebietes und des Einzugsgebietes zu identifizieren und zu
quantifizieren.

Die Ergebnisse der statistischen Clusteranalyse und der darauf folgenden Einzel- und
Multizellmodellen, zeigen eine klare hydraulische Verbindung zwischen dem Oberflachenwasser
des Feuchtgebietes und dem darunter liegenden Grundwasser, aus dem 17 bis 84 % des
Zuflusses stammen. Das speisende Grundwasser ist im stromaufwarts gelegenen Teil des
Feuchtgebietes klar erkennbar, im stromabwarts gelegenen Bereich des Ewaso Narok
Feuchtgebiets jedoch, wird der grolite Teil der Gesamtwassermenge generiert. Der mittlere Teil
des Feuchtgebietes weist hingegen keine Interaktion zwischen Grundwasser und dem
Oberflachenwasser auf. Hier trennt eine undurchldssige Tonschicht das Feuchtgebiet vom
Grundwasserkorper, zusatzlich zu den Verwerfungen, die als hydraulische Barrieren wirken. Die
Flusslaufe weisen fortgeschrittene Verwitterungsprofile auf, was einen Grundwasserabfluss
ermoglicht und auf hohere hydraulische Durchldssigkeit schliefen lasst. Die Modellergebnisse
zeigen einen stark negativen Fehler, der auf eine oder mehrere zusatzliche Wasserquellen
hindeutet, die zur Massenbilanz beitragen und in den Berechnungen fehlen. Unabhangig davon
liefert das MCM mit den begrenzten verfligbaren Informationen gute Ergebnisse. Diese wurden
verwendet, um ein konzeptionelles Modell zu entwickeln, welches das Aquifersystem von
Ewaso Narok zusammenfasst.

Ebenfalls wurde in der Untersuchung die Wasserqualitdt mit Trinkwasserstandards und
Bewadsserungsrichtlinien verglichen. Die im Oberflaichenwasser gemessene Werte fiir Eisen,
Aluminium und Kupfer lagen ({ber den empfohlenen Richtwerten. Nitratwerte in
Oberflachenwasserproben waren wahrend Sturzfluten hoher als in Trockenzeiten. Die im
Grundwasser gemessenen Werte fir Fluorid und Arsen, waren ebenfalls hoher als in den
Richtlinien empfohlen. Die Ergebnisse fiir Isotopenwerte und Wasserqualitat lassen keine klare
Unterscheidung zwischen dem Grundwasser aus begrenzten und halbbegrenzten
Grundwasserleitern zu.

Beim Oberflachenwasser wurden die empfohlenen Richtwerte fiir Bewasserung fir Mangan,
Fluorid, Ammoniumionen, Kalium und Bikarbonat Uberschritten. Das beprobte Grundwasser
Uberschritt die empfohlenen Grenzwerte fir Chlor, Kalzium, Kalium, Sulfat, Mangan, Nitrat,
Ammonium-lon, Fluorid und Bikarbonat.

Da das Grundwasser eine Quelle fiur das Ewaso-Narok-Feuchtgebiet darstellt, ist Vorsicht in
Bezug auf die erhohten Messwerte aller belastenden Elemente oder Verbindungen geboten. Die
Ermittlung der Schadstoffquellen und die Suche nach anderen Trinkwasserquellen ist hierbei
unerlasslich. Darlber hinaus sind Aufklarungskampagnen wichtig und sollten sich auf
angemessene sanitdre Praktiken, Hygiene sowie nachhaltige landwirtschaftliche Praktiken
konzentrieren. Weniger Diingereintrag ware kosteneffizienter und einfacher durchfiihrbar als
Okosystemrestauration. Es besteht dariiber hinaus die Notwendigkeit fir den Bau von
Abwasserkanalen, Autowaschanlagen und Toiletten.

Das Ewaso Narok Feuchtgebiet bildet das Riickgrat der Daseinsfiirsorger der lokalen
Bevolkerung, ist aber eine schwindende Ressource. Mehr Aufmerksamkeit ist notwendig, dass
es diese wichtige Rolle weiterhin ausfiihren kann. Ein holistischer Ansatz wird empfohlen um
das Einzugsgebiet, und das Feuchtgebiet im Besonderen, zu managen. Die Ergebnisse der Studie



mit ihrer quantitativen Bestimmung der Grund- und Oberflachenwasserverbindung sind trotz
der Knappheit hydrologischer Daten und kénnen die Grundlage fiir einen solchen Ansatz bilden.
Sie zeigen deutlich, dass Managementansatze notwendig sind, die sowohl Oberflachenwasser,
als auch Grundwasser beriicksichtigen um die langfristige Nachhaltigkeit des Feuchtgebietes zu
sichern.
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Introduction - 1

1. Introduction

In the last ten years, the agriculture industry has seen advancements in efficient irrigation
technologies, weed management, crop variety, genetic modification, and post-harvest practices,
to name a few (Saiz-Rubio & Rovira-Mas, 2020). Despite this, more than 820 million people do
not have enough to eat (FAO, 2019a).

Kenya, as part of East Africa, is no exception: 46 % of the population live on less than 1 USD a
day, 36.5 % of the people are food insecure (FAO, 2019b), and only 57 % of its population have
sustainable access to improved drinking water sources (WHO, 2015). 35 % of children under five
are stunted and chronically malnourished (FAO, 2019b).

Over-exploitation of water resources continues to be the most significant constraint on
sustainable agricultural development (Mutiga et al., 2010). Populations and economies heavily
depend on natural resources, including freshwater. Water is key to food security, as 70 % of all
water withdrawals globally are for agriculture (FAO, 2017; WB, 2017). The agricultural sector in
Kenya accounts for 65 % of the export earnings and provides livelihoods (employment, income,
and food security) for more than 80 % of the population (FAO, 2019b).

Kenya’s Arid and Semi-Arid Lands (ASALs) constitute 89 % of the country, making it a water-
scarce country (UNDP, 2018). People living in arid and semi-arid areas rely heavily on
groundwater (Paron et al.,, 2013). This is the case for Kenya, besides its freshwater being
supplied from surface water and wetlands (Paron et al., 2013). Droughts are becoming endemic
in some areas of Kenya, especially in the poor, vulnerable ASALs, and the coping mechanisms
are becoming ineffective (UNESCO-WWAP, 2006).

The “water towers” in Kenya, “a term for a mountain area that supplies disproportional runoff
as compared to the adjacent lowland area” (Viviroli et al., 2007), are under serious threat from
population increase, poor agricultural deforestation, and lack of implementation of policy
decisions (Paron et al., 2013). Kenya currently has an estimated 52.21 Mio population, which
ranks 27" globally (KNBS, 2019; UN, 2019). Based on the United Nations (UN) World Population
estimates and projections (UN, 2019), Kenya’s population is expected to double by 2065 to
107.17 Mio, which would bring it to the 19" rank in population.

Wetlands play a significant role in conserving biological diversity, supporting human life, and
economic activities in Africa drylands (Finlayson et al., 2001). Amongst other functions,
wetlands provide a solution to food security by delivering fertile land, groundwater recharge,
and discharge, and absorbing large quantities of rainwater, water purification, pollutant
removal, removal of aquatic pathogens, sediment trapping, nutrient cycling, and adsorption of
heavy metals (Paron et al., 2013; Sakané et al., 2011). Besides, wetlands act as water storage
and assist in flood reduction, maintenance of aquifers, and storm protection (MEMR, 2012).
Wetlands also provide socio-economic value in that they provide papyrus for collection, trees
for building, and sand and soil for making pottery and building bricks (Paron et al., 2013).

In Kenya, wetlands occur in small but distributed patches, covering 2.5 % of the country’s total
surface area of 583,645 km” (Finlayson et al., 2001). However, their area has declined by
approximately 7 % per annum due to drainage for agriculture (Finlayson et al., 2001; Gichuki et
al., 2001). The use of wetlands has also changed over the past years from having a very low
impact to incidents of fire hazards, clearing and draining the wetlands, and building settlements
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and agricultural areas. Achieving food security is of utmost importance for Kenya, especially in
the ASALs. Technical and infrastructural developments during the 20" century enabled the
intensification of agriculture in wetlands, among other places, and fertilizers applications.
Excessive water abstractions and consumption influence and put pressure on wetlands (Gleick,
1994; Maltby & Barker, 2009; Ward, 2003). Wetlands are further at risk from industrial,
municipal, and local disposals of waste material (Sciortino et al., 1999). Furthermore, migrants,
international agribusiness companies, and export companies scramble for valuable resources
(Dixon & Wood, 2003) in wetlands.

In the scope of these problems, the Ewaso Narok wetland, the study area of this study, is similar
to many other wetlands, threatened by human encroachment, excessive de-vegetation,
collection of construction material, a heavy abstraction of water (MoEF, 2019; Thenya et al.,
2011), and disposal of waste material and dumping (Gichuki, 2002; Paron et al., 2013). Ewaso
Narok wetland, a floodplain within a weathered basement aquifer and part of the largest
drainage basin in Kenya (Ewaso Ngiro) is an example that applies to many other wetlands in
Kenya. It is a wetland that was intensively used for grazing and agricultural use to meet the
growing increase in demand for food and water (Adams, 1993; Richards, 1985; Wood, 1985).
The wetland, a significant source of people’s livelihoods (Boy, 2011), does not only guarantee
agricultural production and food security, but local communities depend on it for domestic
water, livestock grazing, and other diverse uses. Natural wetlands are threatened by intensive
development initiatives that include intensification and drainage as they have available soil
moisture even in dry times (Dixon & Wood, 2003; Wood et al., 2013). According to the Ministry
of Environment and Forestry (MoEF) (2019), human activities recently threatened the Ewaso
Narok wetland with extinction (MoEF, 2019).

Further challenges associated with relying on the Ewaso Narok river for livelihood - other than
the fluctuation in the flow and the unreliable rainfall - include significant water quality concerns
and the necessity to co-manage the resource with all the different users (Ransom et al., 2012).

The water quality concerns in the Ewaso Narok wetland arise from the fact that 80 % of the
households in the area live inside the wetland, in addition to car washing, domestic laundry,
bathing in water sources, chemically spraying livestock close to water sources, poor disposal of
chemical discharge from agricultural activities, and the lack of sewage facilities in highly
populated urban areas upstream namely Nyahururu, and Rumuruti (Gichuki, 2002; Kibson
Consult, n.d.; Wachira, 2014; WRMA & LWF, 2013). However, little effort has been made to
protect water quality and quantity (WRMA & LWF, 2013). Given these quality concerns,
boreholes and groundwater pans are the most reliable water sources. Groundwater is thus filled
in tanks and used for pipe systems (ESGHS, 2012). Wells’s abstraction of water is high inside the
wetland and around it.

Coupled with the factors mentioned above, water resources’ vulnerability is increased by
poverty, lack of water control, law enforcement, and inadequate maintenance that ends in
conflicts over land and water. Food producers experience greater competition for land, water,
and energy. The need to curb the many adverse effects of food production on the environment
is becoming increasingly clear (e.g., Godfray et al., 2010).
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1.1. GlobE project — Wetlands in East Africa

Within the water and food security scope, the BMBF funded the GlobE project — Wetlands in
East Africa, with the overall aim of reconciling future food production with environmental
protection by providing science-based guidelines and tools to facilitate this process.

Wetlands have year-round water availability with generally high resource base quality and
present potential production hotspots. Wetlands in Sub-Saharan Africa (SSA) consist mainly of
inland valleys and alluvial floodplains that make up more than 80 % of East Africa’s total
wetland area and cover some 18 Mio hectares in Kenya, Rwanda, Uganda, and Tanzania (GlobE-
Wetlands, 2014; Leemhuis et al., 2016). Their accelerated conversion into production sites has
been largely responsible for the recent increases in per-capita food production and the decline
in the number of undernourished people in the region (GlobE- Wetlands, 2014). It has further
generated food for urban communities and income for thousands of families (FAO, 2012). On
the other hand, this land conversion is also responsible for a loss in biodiversity, and a severe
reduction in the provision of diverse ecosystem services, particularly when associated with
large-scale drainage measures (Dixon & Wood, 2003; Russi et al., 2013; Verhoeven et al., 2006;
Wood et al., 2013; WRI, 2005).

The GlobE’s agreed definition of wetlands is land areas that are permanently or occasionally
water-logged with fresh, saline, brackish, or marine waters, including both natural and human-
made areas that support characteristic plants and animals (MEMR, 2012).

With the GlobE-Project Wetlands in East Africa, four wetlands were selected in Kenya, Rwanda,
Tanzania, and Uganda. Two study sites, Ifakara (Tanzania) and Namulonge (Uganda), were
declared as super test sites. The wetlands selected represent the two main wetlands types of
East Africa in terms of national priority, floodplains and inland valley wetlands (Leemhuis et al.,
2016). The approaches used in this project involve cross-scale interdisciplinary research,
combining field experiments and surveys with modeling approaches, and assessing regional and
global change scenarios.

The research activities are divided into five clusters (Fig. 1.1). The scope of this thesis falls within
two clusters, first A5 Water and matter fluxes (functioning of wetland with the aims of
guantitatively assessing: (i) the dynamics of resource availability, (ii) the dynamics of
groundwater, (iii) water quality, and public health, and (iv) water balance on wetland and
catchment scale), and to B2B Effect of management options on water quality and public health.
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Fig. 1.1: Conceptual linkages between the work clusters and the different discipline areas of the GlobE
project (Source: www.wetlands-africa.de).
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1.2.

Work of other GlobE students in Ewaso Narok

This section presents the work of different GlobE students in Ewaso Narok (Tab. 1.1) who
sampled and worked before the political instability of 2016, with the most relevant findings.

Tab.1.1: Work of GlobE students in Ewaso Narok.

Name

Topic/ paper/ thesis

Important related findings

Heinichen (2015)

"Water use-related conflicts and resource management
around a small wetland in Ewaso Narok".

Understanding the social and economic backgrounds of
wetland users, exploring their management systems, and
investigating possible water use-related conflicts and
challenges.

Problems related to water included:
1. Lack of water harvesting.

2. Water scarcity.

3. Poor irrigation methods.

4. Water pollution.

5. Weak management.

6. Wetland degradation.

Ngolo (2018)

Application of pesticides by small-scale farmers for
vegetable management in Ewaso Narok wetland.

The practices among farmers are poor and
might impact humans and the environment
negatively. Leaching of pesticides into the
groundwater and surface runoffs is evident.

Muriuki (2016)

Evaluating the effects of agricultural activities on the
groundwater-surface water interactions in the wetland
during the dry and wet seasons.

Need to investigate the relationship between
the wetland’s unconfined aquifer and the
confined aquifer in the surrounding areas.

communication,
2016)

Bours (2016) Estimate crop and irrigation water requirements of There is not much water generated in the
agricultural sites along the Ewaso Narok wetland and their | Ewaso Narok area itself, so water users have
impact on available water resources. to rely on the few perennial streams entering

the wetland area from the south.

Kyalo Willy The socio-economic group organized a survey in March The types of fertilizers used.

(personal 2015 with 350 respondents (households).

Anthonj et al.

"Water, sanitation, and hygiene in wetlands. A case study

The wetland is the most important water

(2016) from the Ewaso Narok Wetland, Kenya". source for many people living around Ewaso
Narok Wetland. Unsafe water sources and
limited water hygiene were perceived to be
associated with several diseases.

1.3. Problem statement

Floodplain wetlands are among the world’s most endangered ecosystems due to the impacts of
river regulation and its impact on hydrological regimes (Tockner & Stanford, 2002). The Ewaso
Narok wetland, a 20 km in length floodplain along the Ewaso Narok river, is the study site for
this research. Located in the Ewaso Narok’s subbasin in the semi-arid highlands of the Laikipia
plateau (1,645 — 1,900 m.a.s.l. (meters above sea level)), it drains the Aberdares mountain
ranges and the western part of the Laikipia Plateau (Notter, 2003). Laikipia’s crystalline
basement is dominated by Precambrian metamorphic rocks (gneisses, schists, quartzites, and
patches of granite) that are covered by Miocene volcanic rocks (basalts and phonolites). The
Ewaso Narok wetland’s water supply is critical, causing conflicts between various land users,
wildlife, and intensive irrigation (Ashley et al., 2004; Mungai et al., 2004). In general, and
compared to other countries, Kenya lacks an adequate base of data on its natural resources and
easy access to them (Paron et al., 2013). Management, even in protected areas like Mount
Kenya and Aberdares mountain ranges, is lacking and has led to conflicts over land and water
(Paron et al., 2013). The study site is data-scarce in terms of geology, hydrology, and water
quality. The lack of data for most East African regions impedes general conclusions about
wetland hydrogeology and management (e.g., Burghof, 2017). No attempts have been made to
assess the surface water-groundwater interactions in the Ewaso Narok wetland in terms of
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water recharge and discharge and water flux or to manage this scarce water resource. As for
any effective and integrated management of a water resource, there is a need for proper
aquifer characterization, as well as for an understanding of groundwater flow direction,
recharge, and discharge mechanisms, water flux, and chemicals from and to groundwater, and
the water chemistry processes.

Groundwater plays a significant role in the water balance of wetlands, yet it is hard to estimate
the groundwater’s water contribution. It is, therefore, often omitted from calculations (e.g.,
Gilvear et al., 1993). Also, little information exists on the vulnerability of weathered basement
aquifers to contamination from agricultural cultivation practices. Basement aquifers may be
more vulnerable to pollution from anthropogenic activities as the vadose zone is often thin, and
preferential flow through regolith fracturing can occur (Chilton & Foster, 1994). According to
UNESCO-WWAP (2006), nitrate contamination has been detected in the Laikipia plateau,
located on the Equator in the former Rift Valley Province, Kenya, due to livestock waste
accumulation at watering points. In addition, fluoride levels in the Ewaso Narok wetland are
quite high, as seen in well drilling records (ESGHS, 2012; Geolink Associates, 2010; Groundwater
Survey, 1988). A comprehensive water quality analysis in Laikipia country is nonexistent, except
for a few specific investigations or projects (Ministry of Agriculture, 1983).

Regarding the surface water quality in Laikipia, sampling is usually done at irregular intervals
when an appointee from the Ministry’s Water Quality and Pollution Control division visits or
requests a quality investigation (Republic of Kenya, 1987). Groundwater quality is only checked
upon drilling a new well and remains in possession of the owner. No record of checks is carried
out during the wells’ subsequent history (Republic of Kenya, 1987).

This research gap motivated the current interest and assessment of the aquifer, its suitability, its
water quantity, and quality within a scarce data environment. The factors contributing to data
scarcity include but are not only limited to political instability and lack of security. Security is a
major threat to development in the Ewaso Narok area and is brought about by cattle rustling
activities and highway robberies (WRMA & LWF, 2013).

1.4. Aim and research approach

The study aims to quantitatively assess the surface water-groundwater interactions in the
Ewaso Narok wetland in terms of water recharge and discharge and water flux. As the area is
data-scarce, an interdisciplinary approach to studying the wetland is developed, and a survey is
prepared. Scientifically, the hydrogeological investigation approach (Kovalevsky et al., 2004) is
used to understand the aquifer structure, water dynamics, and water composition.

The main aim is accomplished by setting specific objectives related to water and matter fluxes
and quantitatively assessing the dynamics of resource availability (surface water and
groundwater) and water balance on a wetland scale.

1. To develop a hydrogeological and hydrochemical database to characterize the
wetland, its setting, and processes. This is performed and used to delineate possible
groundwater flow paths and understand the aquifer system. Furthermore, this
helps improve the knowledge basis for decisions in an area where water is naturally
scarce.
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2. To define possible chemical indicators for groundwater admixture. Surface water
and groundwater are interlinked; water carrying contaminants and materials is
interchanged, and the development or contamination of one affects the other.
Thus, a proper understanding of the interactions is essential for managing water
resources (Winter, 1999). The environmental impacts of intensification and
diversification on resource base quality (surface water and groundwater) in terms of
hydrological and hydrogeological processes and water quality were thus
investigated.

3. To identify and quantify the active sources of recharge or pollution in this data-
scarce environment and its contribution to the total "water balance" of the wetland
and catchment scale through modeling (Adar, 1996; Adar & Neuman, 1988; Adar et
al., 1992). A quantitative assessment of groundwater dynamics and its availability
versus the tributaries’ contribution to the surface water in the wetland and the
running stream using the mathematical Mixing Cell Model (MCM) model is
performed. The MCM that incorporates the spatial distribution of hydrochemistry
and environmental isotopes is adopted to account for the hydrological deficiencies.

4. To evaluate the status quo of water compared to human drinking standards and
irrigation and to give recommendations to sustain the wetland’s short- and long-
term functioning. The water quality along its flow paths and along the used gradient
is determined, and the water quality with respect to both human consumption and
food production is evaluated. Hydrological recommendations on how to sustain the
wetland are developed and addressed to policymakers, local inhabitants, and
researchers to sustain the wetland’s short and long-term functioning.
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2. Study area

The selected site, Ewaso Narok wetland, is a floodplain located in Rumuruti Division in the
Ewaso Narok subbasin in Laikipia County, Kenya (Fig. 2.1) between latitudes 0° 15 and 0° 17 N
and between 36° 34 and 36° 41 E along the Ewaso Narok river, which is a major tributary of
Ewaso Ngiro. Ewaso Narok wetland area ranges between 14 km? and 20 km? depending on the
season (Thenya, 2001). The following chapter describes in detail the geographic setting of the
study area, the geology of East Africa in general, and the Laikipia plateau and Ewaso Narok
wetland in specific.

The area considered for this hydrogeological study is the Ewaso Narok subbasin in general and
the Ewaso Narok wetland (floodplain) in specific (Fig. 2.1).
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Fig. 2.1: Topographic map of East Africa, showing the location of the study area and Ewaso Narok
floodplain. Data sources: earthexplorer.usgs.gov (STRM, digital elevation), subbasin (WRMA).

2.1. Geographic setting

The area is characterized by three major physiographic zones; the Gregory Rift Valley, the
Laikipia Plateau, and the Basement Upland. The Laikipia Plateau corresponds essentially with a
broad outcrop of Miocene phonolitic extrusive, bounded to the West by a series of faulted
escarpments overlooking the Rift valley (Hackman, 1988).
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The plateau surface is found on Miocene flood “Phonolites” and is monotonous with a slope of
about 2 to 4 degrees for over 50 km to the north (Hackman, 1988). The Rift valley to the West is
complex (Groundwater Survey, 1988). The escarpment complex's echelon reflects the
interference of two sets of normal high-angle faults trending NNE and NW (Hackman, 1988).
The faulting on the West controls the troughs on the plateau (Groundwater Survey, 1988). The
Laikipia plateau is bounded by the volcanic edifices of the Aberdares mountains ranges and
Mount Kenya to the SE and SW (Republic of Kenya, 1987) (Fig. 2.2).

The Laikipia plateau has a very diverse topography resulting from tectonic and volcanic events
(cp. Section 2.2). Altitudes range between 1,780 and 1,900 m.a.s.l. (Aqua Well, 2013;
Groundwater Survey, 1988; Hackman, 1988) (Fig. 2.2). The main area is characterized by wide-
open valleys, slopes, and wetland depressions (Hackman, 1988; Kibson Consult, 2014).
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Fig. 2.2: Topographic map of the Ewaso Narok subbasin and river network. Data sources:
earthexplorer.usgs.gov (STRM, digital elevation), CETRAD, and WRI (streams), wetland
delineation (Beuel et al., 2016, personal communication E. Amler (2016)), subbasin (WRMA).

The Laikipia plateau is bounded to the West by faulted escarpments overlooking the Rift Valley
(Groundwater Survey, 1988; Hackman, 1988). The West’s boundary is called Laikipia Escarpment
and is made of two sets of normal high-angle faults trending NNE and NW. To the east, the
Laikipia Plateau drops gradually down to an elevation of 1,645 m a.s.l. (Hackman, 1988).
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The Laikipia plateau covers an area of 10,000 km? (Rovero & Jones, 2012), and is divided into
three subbasins (Fig. 2.3), the Ewaso Narok subbasin, the Ewaso Ngiro-Mt. Kenya subbasin, and
the Ewaso Ngiro Lowland Subbasin (Gichuki, 2002). The work’s focus is mainly on the Ewaso
Narok subbasin (1,840 km?), which drains the Aberdares mountain ranges and the Western part
of the Laikipia Plateau (Evanson et al., 2014; Notter, 2003). The upper part of the catchment is
characterized by relatively steep terrain. The lower reaches are ridge to gently undulating and
level topography (Kibson Consult, n.d.). The altitude of the Aberdare Forest and Lake Ol
Bolossat, the main sources of the perennial rivers of Ewaso Narok, are 3,300 and 2,349 m.a.s.l.
consecutively.
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Fig. 2.3: Map depicting towns and the three subbasins in the Laikipia plateau (Gichuki, 2002).

The wetland map was delineated as the borders of the wetland ecosystem (Beuel et al., 2016).
The criteria used for delineation are according to the occurrence of depressions in the landscape
(Bwangoy et al., 2010) and vegetation that differs from the surrounding uplands (Beuel et al.,
2016; Semeniuk & Semeniuk, 1995). The delineation of the Ewaso Narok wetland was improved
using high-resolution satellite image composites provided on Google Earth® (Beuel et al., 2016)
(personal communication E. Amler, 2016).
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2.2. Climate

The climate of Laikipia’s semi-arid plateau is affected by the inter-tropical convergence zone
(ITCZ) (Kibson Consult, 2014). Additionally, Mount Kenya (5,199 m.a.s.l.) and the Aberdare
mountain ranges (4,403 m.a.s.l.) cause orographic effects as the humid air is lifted and falls as
rainfall.

There are four seasons in the Laikipia plateau (Berger, 1989; Gichuki et al., 2001). The season of
“long rains” is from March to June, when ITCZ is crossing the Equator resulting in high reaching
convection that causes heavy rains. The second wet season (November to December) is the
“short rains” that penetrate the plateau from the dryer northern region and contribute to 50 —
60 % of the annual precipitation of the arid areas (Gichuki, 2002). The “continental rains” are
from July to September when the ITCZ is located north of the Equator, pulling winds from the
Indian Ocean (Berger, 1989; Gichuki et al., 2001; Groundwater Survey, 1988). This precipitation
is mainly restricted to the western part of the plateau (Gichuki, 2002). The mean annual rainfall
ranges between 600 and 800 mm (Groundwater Survey, 1988). The last season is the dry
season. The annual precipitation in the Ewaso Narok wetland is around 500 mm, and the mean
monthly temperature range between 16 and 20 °C (Thenya, 2001). Temperatures and
evapotranspiration (ET) rates in the basin decrease with increasing altitude. For the Ewaso
Narok wetland, two automated meteorological climate stations exist, one at the Rumuruti
Water Resource Management Authority (WRMA, 2016) office and the other at Evans farm (part
of the GlobE-Project) (Fig. 2.4).
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Fig. 2.4: Precipitation [mm] and temperature [°C] per month (average values for 1965 to 2016 of two
stations) in Ewaso Narok wetland.

From a larger perspective, four different rainfall stations exist in the Ewaso Narok area; Ol
Maisor Farm, north of the wetland, Rumuruti, south of Ewaso Narok, Ndaragwa Forest station,
south of the wetland, and Nyahruru, south of the wetland (Fig. 2.5 and App. 4 for the values).

High ET characterizes the subbasin with a maximum of ca. 3.300 mm in the northern lowlands.
Rainfall exceeds annual ET, causing water excess to occur only in areas above 2,200 m.a.s.l.
(approx. 1% of the basin) does rainfall exceed annual ET (Gichuki, 2002). In the Ewaso Narok
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wetland, there is a water deficit as ET rates are 1,600 - 1,800 mm annually, outstripping
precipitation amounts. Particularly, December to March represents a prolonged dry period with
maximum evapotranspiration values and minimum rainfall (Fig. 2.4 and Fig. 2.5). These values
were taken from the Climate Forecast System Reanalysis (CFSR) GP3 (Bours, 2016).

180

160

140

[mm]

&
40
20
0
\;oc\ O’b(‘\ @@5‘ \*'Q& @5\ \\)QQ' \§\ o‘?‘} (50@" 60@‘ & &
& & + o & & & &
« R *F
= Precipitation at Ol Maisor (1965- 2016) = Precipitation at Rumuruti (1964- 2016)
Precipitation at Ndaragwa (1973- 2013) —— Precipitation at Nyahruru (1965- 2016)

— ET at CFSR GP3 (1979- 2013)

Fig. 2.5: Monthly average precipitation measured at four stations across Ewaso Narok wetland.
Source: WRMA and average monthly evapotranspiration at CFSR GP3 (1979-2013).

2.3. Geological framework

2.3.1.  Africa’s crystalline basement

Evidence for major crust-forming events that date to 3.8 Ga is preserved in the African
continent. The main orogenic episodes that occurred in Africa are summarized in Table 2.1
(Choubert and Faure-Muret, 1990; Dirks et al., 2009).

Africa’s crystalline basement is composed of metasedimentary, meta-igneous, and igneous
rocks ranging in age from Archaean to Cenozoic (Gubanov & Mooney, 2009; Hinsbergen et al.,
2011; Key, 1992; Schliiter, 1997) (Fig. 2.6). This heterogeneous basement is concealed beneath
un-metamorphosed sedimentary and extrusive rocks of variable thickness and weathering
products (Key, 1992). Archaean cratons and the mobile belts developed during orogenic
Precambrian cycles are the main and oldest parts of East Africa’s crystalline basement (Key,
1992; Schliiter, 1997). They are composed of granitic-gneissic greenstone belts and are
generated in two sequences (Key, 1992; Schliiter, 1997). They hold the key to the evolutionary
history of the early Earth (Anhaeusser, 2014), making the use of the term “greenstone belt”
wide. The Archaean granite-greenstone has a distinctive geotectonic style that introduced the
idea of “gregarious batholiths” (Anhaeusser, 2014), explaining the structure of the craton and
the greenstone belts occurring as elongate slivers of sedimentary volcano rocks as given in the
Tanzanian Craton (Westerhof et al. 2014) or in the northeast cratons (Borg & Shackleton, 1997).
The greenstone belts of the Tanzanian Craton can be subdivided into granitoid terrains and the
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schist belts of the Dodoman, Nyanyian, and Kavirondian System (Key, 1992). Mobile belts, and a
new crust, were formed around the Tanzanian Craton during the Proterozoic times (Condie,
1998). This mobile belts can be subdivided into two belts: the ENE-striking Usagaran Belt to the
east and the NW-trending Ubendian Belt to the S and SW (Fritz et al., 2013).

Tab. 2.1: Main orogenic episodes in Africa (after Choubert and Faure-Muret, 1990).

Orogeny Age (Ga) Main outcome

Alpine 0.12-0 | Subduction of African plate under Eurasia and formation of the Atlas mountains

Hercynian 0.45 - 0.25 | Limited collision and tectonic activity along the NW and S margins of the African
plate

Pan-African 0.85-0.50 | Merging of all cratonic fragments to form the Gondwana supercontinent to

which Africa is central

Kibaran 1.40- 0.85 | Merging of Southern and Central Africa cratons as part of the Rodinia
supercontinent

Eburnian 2.20-1.80 | Growth of the West Africa Craton along an active accretionary margin (Birrimian).
Merging of the Congo and Tanzania cratons in the Central Africa Craton. Passive
margin development and orogenesis along the W margin of Central and Southern
Africa cratons

Neoarchean 2.75- 2.55 | Stabilization of Kaapvaal, Zimbabwe, Congo, Tanzania cratons and the Man and
Reguibat shields; merging of Kaapvaal and Zimbabwe cratons as Southern Africa
Craton

Mesoarchean 3.15-2.75 | Accretionary growth of Kaapvaal, Zimbabwe, Congo, Tanzania cratons and the

Man and Reguibat shields

Paleoarchean 3.55-3.15 | Formation of early Archean cratonic cores (Kaapvaal, Tokwe)

During the Paleoproterozoic, the Eburnean orogenic cycle happened (Westerhof et al., 2014),
laying down the Ubendian and Usagaran belts in Tanzania and the Buganda-Toro System in
Uganda (Schliter, 1997); both are lithologically similar to the Archaean greenstone belts (Key,
1992). In the Mesoproterozoic, the second supercontinent cycle occurred, resulting in the
Rodinia Supercontinent (Westerhof et al., 2014). Orogenic activities in East Africa were less
pronounced during the Paleoproterozoic (Key, 1992). The last orogeny of the Proterozoic age
influencing Central and East Africa is the Pan-African Orogeny (650 - 400 Ma) that brought
together old continental kernels (Hinsbergen et al., 2011; Thorpe & Smith, 1974). This resulted
in the formation of the Bukoban System and the Mozambique Belt (Kroner, 1977; Petters, 1991,
Schliter & Trauth, 2006). Mobile belts generally bear the imprint of the Pan-African
tectonothermal event (Thorpe & Smith, 1974).
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Fig. 2.6: Age of African crustal basement (Hinsbergen et al., 2011 after Gubanov and Mooney, 2009).

2.3.2. The evolution of Kenya’'s Rift

Since its development in the early Miocene till today, the East African Rift System (EARS) (Fig.
2.7) has had a very important role in East Africa’s geodynamical evolution. As a succession of rift
valleys, its eastern branch, the Gregory Rift, compromises the Ethiopian and Kenyan Rifts,
whereas its western branch runs from northern Uganda along the western borders of Uganda
and Tanzania. The eastern branch developed in the Early Miocene (Omenda, 2007; Rooney,
2017). It is characterized by Cenozoic volcanism, faulting, and eruption of large volumes of mafic
and silicic lavas and pyroclastics (Omenda, 2007). The eastern branch is a continental extension
of the world’s rift system (Baker & Wohlenberg, 1971) and is dominated by basalt, trachyte, and
rhyolite. Cenozoic volcanism is mainly restricted to intracratonic areas (Thorpe & Smith, 1974).
The eastern branch The western branch, dominated by potassium alkaline, represents a typical
rift structure developed in the Late Miocene, which is deprived of its cratonic character (Thorpe
& Smith, 1974). It is dominated by faulting that has created deep basins currently filled with
lakes and sediments (Omenda, 2007). There has been some work on the association between
volcanism and penecontemporaneous domal uplift (Le Bas, 1971; Thorpe & Smith, 1974;
WoldeGabriel et al., 2016).



Study area - 14

10°00°N

Legend
o Recentvolcano

ooond

10°00°s

T .
W0E 40°00°E 50°00°E

WO0E 4000E 50°00°E

Fig. 2.7: The East African Rift System (EARS): a. The Eastern and Western Branch, b. The volcanic
provinces within the EARS (Chorowicz 2005).

The EARS evolution has been a debate among geologists and geophysicists. The most recent and
popular theory is mantle plumes (Macdonald, 2002; O’Connor et al., 2019; WoldeGabriel et al.,
2016). These mantle plumes heat the overlying crust, causing it to expand, fracture, and
become emplaced (Thorpe & Smith, 1974). The mantle sources underlying the mobile belt
comprise four-phase peridotite with small amounts of amphibole (Macdonald, 2002).

Three important phases of epeirogenic and crustal flexure happened in Kenya; periodic up-
arching of central Kenya and local down-warping of the coastal zone. The early Miocene
monoclonal up-warping of the Kenya-Uganda border area is known as the nephelinitic central
volcanism (Baker & Wohlenberg, 1971). It was accompanied by down-flexing of the Turkana
depression, which is filled with basalt, local faulting, and a crustal unwarping or a dynamic uplift
of central Kenya (Baker & Wohlenberg, 1971). This uplift is referred to as the Kenya Dome,
massive fissured phonolite eruption of about 300 m thickness in the late Miocene. The fault
pattern suggests progressive confinement to a narrow “Rift Valley” zone towards the
Quaternary (Hackman, 1988). The chemistry in the Miocene suggests that the extrusive ranged
from nepheline normative basalts to the voluminous plateau phonolites (Hackman, 1988).

The Miocene Samburu basalts (Tab. 2.2) were affected by the earliest Cenozoic faults (Carney,
1972). An unconformity exists between the Samburu basalts and the overlying Rumuruti group
(McCall, 1967). Carney (1972) observed minor faulting within the Rumuruti group. Golden
(1978) related Miocene phonolite dykes to tensional stress with an axis of mild down-warping.
The high dips in the Samburu basalts result from the post-eruptive phase of the median up-
warping (Hackman, 1988).

An uplift of 1,400 m succeeded the Kenyan Dome during the late Pliocene to mid-Pleistocene
times (Baker & Wohlenberg, 1971; Macdonald, 2002). It was in isostatic equilibrium and
supported by anomalous mantle loading within the underlying lithosphere (Macdonald, 2002). It
further coincided with the zone of volcanism, rifting, and anomalous mantle within the Rift
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Valley (Macdonald, 2002). To the west, there was evidence of regional monoclonal down
warping (Hackman, 1988). Continued plume uprise raised geothermal gradients, thus permitted
dehydration and melting of the metasomatized lithospheric mantle (Macdonald, 2002). Partial
melting occurred, and the magmas ranged in composition from nephelinitic to hy-normative
basaltic, with silica undersaturated at greater depths (Baker & Wohlenberg, 1971; Macdonald,
2002). Eruptions of the voluminous flood phonolite (Tab. 2.2) took place in the Miocene (Baker
& Wohlenberg, 1971). The primary magma underwent polybasic fractionation and contributed
to the basal crustal layer. This layer of basaltic magma could have been the source of phonolites
and trachyte through partial melting (Macdonald, 2002). The extrusives in the Pliocene and
Quaternary ranged from alkali basalts with some tholeiitic affinities to trachyphonolites,
phonolitic trachyte, and sodatrachytes (Hackman, 1988). Along the Rift, all the strongly under-
saturated phonolites are older than 7 Ma, apart from the phonolitic nephelinites. The mafic and
felsic rocks show a general decrease in silica undersaturation with time (Hackman, 1988).

The Kenyan Rift valley, where tertiary magmatism was initiated 35 Ma (Macdonald, 2002), is
part of the EARS. Its formation started early Miocene in the Turkana area (Macdonald, 2002). Its
development occurred within the Late Proterozoic basement of the Mozambique mobile belt
(400 — 800 Ma) and close to the eastern margin of the Tanzania Craton (Macdonald, 2002). The
formation of the Rift started with up doming, volcanism and was followed by faulting to form a
half-graben and extension/expansion (Omenda, 2007). The Rift's basement geology is divided
into three domains that strike approximately NW-SE (Smith & Mosley, 1993). The Rift’s major
fault pattern defines a complex graben (the Gregory Rift), which trends along the uplift’s major
axis (Baker & Wohlenberg, 1971). The faults are antithetic and downthrown eastwards (Baker &
Wohlenberg, 1971). The marginal plateau’s major uplift began after, accompanied by several
phases of graben faulting, creating the Gregory Rift (Baker & Wohlenberg, 1971). The
developing graben was partly filled by lower to middle Pleistocene flood trachyte (Baker &
Wohlenberg, 1971). Baker (1987) stressed the complexity of magmatic associations in the
Kenyan Rift, ranging from nephelinites through basanites and alkali olivine basalts to
hypersthene normative basalts. Macdonald (2002) found in the craton nephalinites in 80 % of
the samples, and alkali olivine basalts and hy-normative basalts in only 20 %.

When the first faults developed, relatively minor phonolite and trachyte volcanism existed
(Baker & Wohlenberg, 1971). In the mid-Pliocene, voluminous basalt eruptions along the trough
and the formation of the dominantly basaltic Aberdare central volcanic range happened (Baker
& Wohlenberg, 1971). In the late Pliocene times, massive eruptions of trachytic and phonolitic
ignimbrites began in the Rift’s floor (Naivasha sector) (King et al., 1972).

2.3.3. Laikipia’s basement - tectonic history and metamorphism

The geological history of Laikipia’s basement (Tab. 2.2) describes the different tectonic episodes
from the early Paleozoic until recent years. Accompanying the Samburu episode, complete
recrystallization occurred, forming the following minerals: quartz, plagioclase, biotite,
hornblende, garnet, carbonate, ore, microcline, diopside, and sillimanite (Republic of Kenya,
1987). K-Feldspar and muscovite were occasionally formed.

Both the Laikipia Plateau and the Eastern Rift Shoulder were established by faulting in a tectonic
episode around 13 - 14 Ma. Regional tectonic deformation leads to the structural history of the
Laikipia basement rock of the Kirimun area. The interaction of the different episodes has
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disrupted the metamorphic rocks on all scales to produce the following features (Hackman,
1988): 1. slicing of original lithological units, 2. several ages of bounding structures, 3. several
fold styles are related to different events, 4. regional and small scale interferences of fold
structures, 5. interlaying of migmatites and banded gneisses, 6. transported fabrics and all
planar fabrics tend to be composite, and 7. minor intrusives of several ages are emplaced along
brittle and plastic shear zones.

Evidence of folds with axes trending NW and NNW from the Baringo episode is noticed left in
the Upper Ewaso Ewaso Ng’iro subbasin (Key, 1987). Charsley (1984) recorded a synformal
structure-oriented NNW beside the Ewaso Narok river with a tendency to trend NNW. Baker
and Wohlenberg (1971), McCall (1967), and Shackleton (1978) describe in detail the evolution of
the Gregory Rift, including the history of the Baringo-Laikipia from the Miocene to the present
day. In the area of Baringo-Bagoria and the Laikipia Plateau, major trends of planar fractures
have been documented by Hackman (1988):

1. Faults trending NW: They appear on the eastern part of the Laikipia plateau, either went
through faults that caused a belt of discontinuous fractures or are probably a result of
tension features.

2. Faults trending NNE: The Laikipia Monocline area has faults defined by dip variations
and the Loroki Escarpment (Carney, 1972).

3. Faults trending N-S.

4. Lineaments trending WNW.

5. Lineaments trending ENE: They are mostly tension features of the late orogenic phase.
They manifest in the basement as well-defined, rectilinear joint swarms locally with
evidence of minor strike-slip shear. This trend transects the northern Laikipia Plateau.

Additionally, the disposition of lineaments on the Laikipia Plateau suggests that the Miocene
phonolites have been faulted (Hackman, 1988) (Fig. 2.8).

Extension to South
northeast

North

Axial rift depression

A-B Ngelesha Lobolus Changmasa fault zone
C Waseges fault

D 'Ol Legisianan Sapuko fault'

E Site of Kinsoget box-faults

F Hanington fault & depression

Fig. 2.8 Vertical and strike-slip faulting in the eastern Rift Valley shoulder. Modified after Griffiths
(1977).

The geological history of the Laikipia plateau includes metamorphism, volcanism, glaciations,
and peneplanation (ESGHS, 2012). The basement rocks are of Precambrian time and range from
differentiated gneisses to undifferentiated intrusive types, including migmatites, late granites,
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and foliated biotite leucogranite (Groundwater Survey, 1988). They are believed to belong to
the Mozambique orogenic belt (Republic of Kenya, 1987). They are composed of various
sediments that were transformed by regional metamorphism into gneisses, schists, and
quartzites, thus being compact and impervious (Republic of Kenya, 1987). Migmatites are
formed through partial melting of pre-existing rocks, which are assemblages of quartz, brown
biotite, micro-perthites, with or without modal amounts of diopside and apatile (ESGHS, 2012).
The gneisses are derived from marine deposits of more than 4,000 Mio years that were pushed
underground and exposed to heat, pressure, and chemical actions (Boy, 2011). These processes
formed hard, crystalline rocks resembling granite but containing a high proportion of quartz
(Boy, 2011).

Above the Precambrian basement, rocks are formed from extrusive ranging from alkali-basalts
to trachytes with voluminous Miocene phonolites with a thick deposit of sedimentary formation
of poorly consolidated to weakly indurated gravels and silts (Tab. 2.2) (ESGHS, 2012; Hackman,
1988). Rumuruti phonolites (discussed in detail in Section 2.3.4) form a uniform series of flows
characterized by twisted flow structure of parallel aligned feldspar with a glittering appearance
or fresh fracture. However, the finer lava is showing a matt surface (Aqua Well, 2013).

In some areas, the Rumuruti phonolites intercalate with basalts. They are overlaid by calcrete
deposits above, which are tuffs, and above it superficial deposits. The tuffs are yellow or welded
or ignimbrites porous or lapilli with gravel and sand or impermeable ignimbrites of decomposed
clayey pumice (Aqua Well, 2013; ESGHS, 2012). Recent deposits, quaternary volcanic, and
sediments further overly the basement system rocks (Geolink Associates, 2010). Sediments
cover the top area. After sedimentation, orogenic movements set in folding the sediments and
formating large mountain masses. Sediments accordingly were metamorphosed into quartz and
feldspar rich with biotite, hornblende, and garnet. Afterward, the denudation process wore
down the mountain masses to the level of peneplain (ESGHS, 2012). The area has alluvium and
colluviums compromising of a crudely stratified mixture of clay, rock fragments. This is a hill
slope deposit derived from weathered rock by sheet wash (ESGHS, 2012).

The different tectonic and volcanic disturbances of the Rift Valley and, more specifically, the
down-warped basin of the Precambrian basement, which was initially a plain, at different
periods, explain the topography of Laikipia plateau (Hackman, 1988; Kibson Consult, 2014). The
disturbances lead to the dislocation of the peneplain surfaces forming separated ridges and
troughs and piling of volcanic rocks and eruptions (Aqua Well, 2013; Groundwater Survey, 1988;
Hackman, 1988).

Ewaso Narok wetland, as part of the Laikipia Plateau, has resulted from a combination of
impermeable warping of lava at the surface and centripetal groundwater drainage, perhaps
conditioned by broad warping (Hackman, 1988). It is described as a monotonous phonolite
shallow pan (dambo) that got flooded with black cotton soil (Earth Scope, 2012; Hackman,
1988). The superficial parts in the area are of alluvium and fluvial-lacustrine deposits.
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Tab. 2.2: Geological History of Laikipia basement (after Republic of Kenya, 1987).

. Sedimentation/Vulcanicity/ Igneous Year Tectonic/ Thermo-
Age Formation . . . N .
Metamorphism intrusives (Ma) tectonic episodes
. . Marigat lineament -
- Alluvium, colluvium - - h L
Recent continued seismicity
- Fluviolacustrine sediments - - -
i Korosi-Paka trachyte/basalt i i
central volcanoes
Fluviolacustrine and glaciofluvial
Pleistocene - . & - - Grid faulting
sediments
. Hannington Group Trachy-
Rif ) - - -
Gregory Rift phonolites
. Trachyte shield volcanoes and .
Pliocene - vt - 5-6 | Graben faulting
basalts
. . Box-fault's systems-
Late Miocene phonolites and Y Y
- - 9 ramps, monoclonal
trachytes .
down-warping
Rumuruti Group plateau .
Enk N
phonolites and Inner Rift Shoulder n are a{roua 13- 14 | Faulting
. microsyenite
volcanics
Miocene Laikipian Mugomul
Plateau and syenite,
Eastern Rift Samburu Basalts Cherelgat - -
Shoulder phonolites- dyke
complexes
Fluvial, terrigenous sediments i i i
(Kirimun Formation)
- - - 450 | Late Mozambiquian
Local melting-
ein phases Ol
Amphibolite Facies v l. P . 580 | Barsaloian
Doinyo Ngiro
Gabbro
Mozambique -
. . . Local melting- .
Orogenic Belt Amphibolite Facies vein phases 630 | Baragoian
Early Pal i . - - -
arly Faleozolc Amphibolite Facies G2 granites 830 | Sabachian
S . G1 ites:
Upper Amphoibolite Facies . gran.l es - Samburuan
migmatites

Sedimentation of Son Sol, Ol
Doinyo Ngiro, and Loroki
sequences

Older migmatites

Pre-Samburuan

2.3.4.

Lithostratigraphy and stratigraphy of Laikipia Plateau

The rock formation can be divided into three groups in terms of stratigraphy (Republic of Kenya,
1987) (Tab. 2.3): Metamorphic rocks of the Basement System (Precambrium), Tertiary volcanics,
and Quaternary volcanics (Fig. 2.9).

Another way of grouping includes two main groups: Late Precambrian-Early Paleozoic

Mozambique Orogenic Belt, and the Cenozoic volcanics of the Rift Valley with the adjacent

shoulder plateau (Hackman, 1988). In addition, there is sedimentation from the Late Cambrian

to the Miocene (Miocene sedimentary rocks).

The Mozambique orogenic belt's metamorphic rocks are divided into five types: Loroki Gneisses,

Ol Doinyo Ng'iro Gneisses, Don Dol Gneisses, Undifferentiated migmatites, and Ndura Complex.
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In the Ewaso Narok wetland, only the Ndura Complex, and the Don Dol Gneisses are exposed
(MEMR, 1987) (Fig. 2.9). The Ndura Complex has different rock types (flaggy gneiss, almandine
permeation gneiss, mafic permeation gneiss). The flaggy gneisses, exposed in the middle part of

the Ewaso Narok wetland, are foliated metamorphic rocks. They are massive pale, grey to white

leucocratic rocks, weathering to shades of brown (Hackman, 1988).

Tab. 2.3: Lithostratigraphy of Laikipia Plateau (Republic of Kenya, 1987).

Precambrium

Maximum
. E . Li
Period poch Formation ithology thickness [m]
Alluvium Loam, silt, clay, gravel
Upper (parasitic vents) | Basaltic pumice 60 - 100
Recent - — —
Middle (parasitic fissure | Trachytes, olivine basalts, 500
eruptions) mugearites, olivine trachytes
Quaternary Mount Kenya Nepheline syenite of the plug
Volcanic Series Lower (main eruptive Kenytes, phonolites, pyroclasts > 600
Pleistocene episode) P Phonolites and trachytes > 530
P Porphyritic phonolites 130
Unexposed volcanics 3000
. Ol Arabel Tuffs Tuffs 120
Pliocene — i
Laikipian Basalts Olivine basalts 130
Sipili Trachytes Trachytes 150
Tasiokwank and Igumiti phonolitic Phonolitic trachytes 40
trachytes
Thomsan's Falls Phonolites Phonolites 85
Rumuruti Forest Basalt Basalts
Tertiary Upper Ewaso Narok
Miocene Phonolites
Marmanet Phonolites Phonolites 750
Lower Ewaso Narok
Rumuruti Group| Phonolites
Ngelesha Phonolites
Simbara Basalt Series Basalts and agglomerates > 300
Sub Vv i
4 - olcanic Conglomerates 10
Sediments

Basement system

Granite, gneisses, schists,
quarzites
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Fig. 2.9: Geological map of Laikipia plateau. Georeferenced and modified after MEMR (1987).
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The Don Dol Gneisses (Fig. 2.9) occupy most of the southeastern part of the Precambrian
outcrop (Degree Sheet 35) and in the West, where Ewaso Narok river discloses a re-entrant in
the escarpment of the overlying Miocene phonolites. These gneisses weather more readily than
the granitic-magmatic intrusive, giving rise to the low ground (Hackman, 1988). The Don Dol
Gneisses are divided into graphitic gneiss, marbles, sillimanite gneiss, amphibolites, metamafic-
ultramafic intrusives, and chert breccia (MEMR, 1987). In the Ewaso Narok valleys, amphibolite
or mafic gneiss were mapped by Charsley (1984), consisting of biotite-gneiss hornblende-
biotite-gneiss and true amphibolite. The latter are discordant bodies indicating dykes or
dislocated tectonically. Massive quartz feldspathic gneisses, graphitic gneisses, marble, and
amphibolites are further present in the area (Hackman, 1988).

The Precambrian Intrusives include the foliated biotite leucogranite. These make-up thin
sections in the Ewaso Narok wetland and are composed of about 50 % quartz, 25 % microcline,
20 % microperthite, and 5% oligoclase, with small amounts of magnetite (Hackman, 1988).
Bands that are internally xenomorphic granular have sharp margins, indicating catalysis with a
proportion of fine-grained feldspar and quartz (Hackman, 1988).

The Miocene sedimentary rocks are situated north of the Ewaso Narok river. Small pockets of
sediment and volcanic interactions have been exposed. These rocks are exposed below the
phonolite escarpment, particularly in gallies, by runoff from the volcanic plateau. The Kirimun
sediment is 30 cm to a few meters thick and is sandwiched between the basement and
phonolites of the Rumuruti Group north of Ewaso Narok (Hackman, 1988). The lithology
includes sepiolite, white clays, marls, shales, vesicular tuffs, striped yellowish chert, laminated
grey-green siltstones, graded grits, and grey calcareous gravels.

The Cenozoic volcanic can be divided into the Samburu basalts, the Miocene Volcanic of the
inner eastern Rift shoulder, the Miocene Plateau Phonolites (The Rumuruti Group), the late
Miocene Phonolitic Trachytes and Basalts, the Pliocene basalts, the Pliocene Trachyte shield
volcanoes, Flood Trachyphonolites and Trachytes and Trachyte/Basalt Central Volcanoes
(Hackman, 1988). Each of these groups occupies a certain area. For example, the Rumuruti
Group dominates the north and central parts of the Laikipia Plateau (MEMR, 1987).

The Tertiary volcanics are overlying the metamorphic rocks of the basement system.
Subvolcanic deposits of the Lower Miocene are underneath the Phonolites. They can be erosion
products of the basement rocks and are rounded pebbles (Republic of Kenya, 1987). The
volcanic rocks in this area are products of eruptions. The lower layers are basaltic, while the
upper ones are phonolitic and trachytic with interbedded tuffs and sediments (Republic of
Kenya, 1987).

The Phonolites

The Miocene Plateau Phonolites of the Rumuruti group are named after the township of
Rumuruti and make up the faulted Phonolite plateau surface. They include Miocene plateau
phonolites, younger extrusive formations, the Thomson Falls Phonolites, and Sipili trachytes
(Groundwater Survey, 1988). The phonolites are of homogenous composition and thickness in
the Laikipian Plateau (Groundwater Survey, 1988), impermeable, and massively unjointed (Aqua
Well, 2013; ESGHS, 2012). Phonolites have an intermediate silica feldspar and quartz content
(Hem, 1985). According to Baker (1963), four geological units exist in the area; the sub-volcanic
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sediments, porphyritic basalts and tuffs, phonolites of the Rumuruti Phonolites, and porphyritic
olivine and augite basalts (Geolink Associates, 2010; Kibson Consult, n.d.).

The Ewaso Narok phonolite flows form the most common type of the Rumuruti phonolites and
is characterized by a dark green porcellaneous matrix and can be observed in roadside cuttings
(Kibson Consult, n.d.). Carney (1972) recognized three major sequences of Rumuruti Phonolites
(Upper, Middle, and Lower (Hackman, 1988), each separated by an unconformity associated
with a period of faulting (Groundwater Survey, 1988). The upper consists of Upper Ewaso Narok
phonolites and Marmanet Phonolites. The middle is the Lower Ewaso Narok Phonolites, and
the lower is the Ngelesha Phonolites (Hackman, 1988). The Rumuruti Phonolites rest in
conformity on the Samburu basalts. The variation in their thickness is a result of the distance
from the eruptive source and the irregularity of the substratum on which the flows
consolidated.

Lower Rumuruti Phonolites: Ngelesha phonolites

Ngelesha phonolites are the lowest lava in the Rumuruti phonolite sequence (Hackman, 1988).
They are exposed in different areas and overlay the Samburu basalt. They are dark greenish,
compact, and fine-textured, showing only sparse feldspar phenocrysts. They are described as
fine-grained black fissile phonolites, distinctive due to abundant vugs infilled by a white or
yellow powder in the northeast. The flow is covered by bright red soil. Alkali feldspar
phenocrysts' alignment suggests flow in the EW direction (Geolink Associates, 2010;
Groundwater Survey, 1988; Hackman, 1988). Their average thickness is around 460 m, thinning
to the West against the Samburu basalt (125 m thick at the eastern edge of the Laikipia
Plateau). Vesicles are often filled with white zeolites and are characterized by spheroidical
further north along the Ngelesh- Aruru Escarpment, and covering the plateau as the Ngelesha
Formation composed of dominantly sparsely phyric types: 1. Lower dark phonolite with tare
nepheline phenocrysts. 2. Middle biotite Phonolite. 3. Bedded yellow lapilli’s tuffs. 4. Upper
mottled arphyic Phonolites (Groundwater Survey, 1988).

Middle Rumuruti Phonolites: Lower Ewaso Narok phonolites

The Lower Ewaso Narok phonolites are mainly around the Ewaso Narok river and close to
Rumuruti road covering an extensive area of Southern Laikipia and northeast of the plateau.
They form much of the faulted eastern Rift (Groundwater Survey, 1988) and show considerable
petrographic uniformity; anorthoclase-phyric phonolite in a blue or green matrix with less
obvious biotite flakes. Phenocrysts of aegirine and nepheline are occasionally observed. They
were divided into three units: lower tuffs, middle dark biotite phonolites, and upper mottled
biotite phonolites. The lower tuffs (thickness from 15 to 180 m) are mostly friable, fine-grained
yellow tuffs, probably air fall in origin, with calcareous concentrations and mud cracks
suggesting lacustrine conditions. Carney (1972) suggests a thickness of up to 150 m for the
Lower Ewaso Narok Phonolites, a thickness of 300 m in the south Rumuruti area (according to
Charsley (1984) around 250 m), and between 100 to 150 m in the eastern extremities of the
Laikipia Plateau (Hackman, 1988).

The dark biotite phonolites are widely distributed in the outcrop, with uniform textures; black
and compact with phenocrysts of alkali feldspar, nepheline, and flakes of yellow-brown biotite.
An age determination Ewaso Narok formation's lava is of 10.3 + 0.3 Ma (Hackman, 1988). Other
studies show rocks medium to dark grey or greenish-grey in color with a local mottling. They are
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either blocky with a sharp subconchoidal fracture or fissile in the field, an indication of internal
fluxional texture. Phenocrysts consist of ubiquitous nepheline, alkali feldspar, less common
biotite, and rare pyroxene. There is an indication of E-W motion (Hackman, 1988).

Upper Rumuruti Phonolites (Hackman, 1988)

The Upper Rumuruti Phonolites (Fig. 2.9) are characterized by unusual white and dark, patchy
textures. Carney (1972) described them as highly porphyritic mottled phonolites, with biotite
and age between 10.6 £ 0.3 and 11.6 = 0.3 Ma. Their maximum thickness reaches 245 m as
infilling a graben-like depression east of the Ngelesha fault scarp. East of the plateau, they are
100 to 150 m thick. The rocks were further divided into members assuming each represented an
eruptive phase: upper biotite phonolites, Garoua phonolite (has less abundant phenocrysts), Ol
Doinyo Oiroua phonolites (contains occasional biotite), and Nygyipe Phonolites. These sub-units
are all mottled porphyritic types but contain biotite and have less abundant phenocrysts. In the
Rumuruti area, the Marmanet flows are distinguished from the underlying Lower Ewaso Narok
by having a greater abundance of large phenocrysts (Hackman, 1988).

Hackman (1986) mapped Ewaso Narok phonolites (brownish-grey mottled sparsely feldspar
phyric types) as overlying the Marmanet phonolites. The Upper Ewaso Narok phonolites
intercalated between Marmanet and Losiolo phonolites in the regional stratigraphic sequence.
Carney (1972) reported a localized flow underlying the Marmanet phonolites of Ol Doinyo
Oiroua Carney’s isopach map suggests a thickness of 100 to 150 m. The thickest part of the
sequence is a faulted complex trending NNE that corresponds with the extrusive dome or
tholoid sources. This concept is supported by the occurrence of pyroclastics, and glassy lavas in
the same area and by anomalously high easterly dips of flow boundaries. Hackman (1986)
mapped a cluster of four small domes, aligned NW, below the low escarpment of Upper Ewaos
Narok phonolites. It is suggested that they are small tholoids developed in the vents from which
the neighboring phonolites were extruded (Hackman, 1988). In the hand specimen, the
phonolites are green, and very fine-grained, with a conspicuous polka dot mottling occasioned
by kataphorite and aegirine aggregates. Phenocrysts of anorthoclase, nepheline, and biotite
may be abundant: the molted lavas may alternate with flow-banded and glassy phonolites with
well-developed stratification (Hackman, 1988).

The alluvium is part of the recent Quaternary sediments. Alluvial deposits are present in the
study area, varying in thickness and lithology according to the nature of the underlying solid
geology. On the phonolite plateau, the valleys are floored with silt or clay. Boulders are much
less abundant than in the basement gorges to the east: on the flat interfluves, an elaborate
network of ill-drained pans (dambos) is plugged by volcanoclastic silts and clays, with pebbly
gravels and impervious black cotton soil (associated with nodular calcrete) (MEMR, 1987).
Between the pans, the higher parts of the plateau are covered with lava rubble and thin dusty
soils of aeolian origin, according to Wilkinson (1983). The alluvium is only a few meters thick at
the Ewaso Narok river, where it forms a well-drained platform for a citrus plantation. The
constituent material in the area is brownish and grey clay-silt soil strewn with fragments of
basalt, trachyte, and phonolite derived from the fan’s coalescence (Hackman, 1988).
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2.3.5.  Soil

Plateau depressions are characterized by dark grey to black vertisols and planosols soil, which
are unsuitable for crop production (GoK, 1994). The Laikipia Plateau parent material is granite,
gneisses, and tertiary igneous rocks, forming Lithosols and Xerosols in the uplands and Fluvisols
from alluvial deposits in floodplains (Mwita et al., 2013). The parent material around Mount
Kenya is of volcanic origin, forming Andosols and Nitisols (Mwita et al., 2013). According to the
CETRAD map (Evanson et al., 2014) and Dijkshoorn (2007) (Fig. 2.10), the upstream area of the
wetland is characterized by moderately deep and well-drained clayey luvic Phaeozems, whereas
the downstream wetland lies in gleyic Solonchaks with extremely slow and poor drainage.
Phaezems are slightly acid soils with a thick, dark-coloured surface layer that is rich in organic
matter and well-supplied with nutrients. They are highly productive soils, provided they are not
inhibited by continuous hard rock (Jones et al., 2013).
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Fig. 2.10: Soil types in the Ewaso Narok subbasin. Modified after Evanson et al. (2014), and Dijkshoorn
(2007).

Solonchaks are strongly saline with high concentrations of soluble salts. They are associated
with arid regions where saline groundwater comes close to the surface or where
evapotranspiration rates are considerably higher than precipitation, at least during a large part
of the year. Salts dissolved in soil moisture remain behind after the evaporation of the water.
They are good for grazing (Jones et al., 2013).
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Further soil types surrounding the Ewaso Narok wetland are Calcisol and Vertisol. Calcisol is
common where the climate is dry, allowing the accumulation of calcium carbonate in the soil.
Caalcisol forms through the leaching of carbonates from the upper part of the soil, which
precipitates when the subsoil becomes oversaturated from carbonate-rich water moving
through the soil or by the evaporation of water leaching behind dissolved carbonates (Jones et
al., 2013). Precipitated calcium carbonate precipitates fill the pores, causing calcrete that is
impermeable to plant roots.

Vertisols are clay-rich soil that develops deep, wide cracks upon drilling. They exhibit cracks that
open and close periodically upon drying and wetting. This is caused by the presence of the clay
mineral montmorillonite (Jones et al., 2013).

The upper described soil types show that the Laikipia Plateau, including Ewaso Narok wetland, is
characterized by different kinds of soils ranging from black cotton soils of poor drainage (Lind et
al., 1974), dark brown humic soils, fine alluvial clay, grey volcanic loams, and murram soil.
Murram, or what is known as laterite soil, is formed from the parent rock's leaching after
intensive and long-lasting weathering in dry and wet conditions. They are rich in iron and
aluminum, giving them their red color (Aqua Well, 2013). The soil cover generally consists of
shallow yellow-brown to lateritic sandy soils (ESGHS, 2012). This yellow color is typical of
weathered terrains and has a variable thickness ranging from 8 to 15 m below the ground level.
Water-lain fluvial and lacustrine deposits are present in the top layer up to 35 mm thick in some
parts of the Ewaso Narok floodplain (Aqua Well, 2013; ESGHS, 2012; Geolink Associates, 2010).
They include conglomerates, sandstones, shales, calcareous rocks and fossiliferous limestones,
and laminated clay rocks (Aqua Well, 2013; ESGHS, 2012).

2.3.6. Hydrology

The wetland is part of a semi-arid grassland plateau with frequent drought and unreliable
rainfall (GOK, 1994; Thenya, 2001). Similar to other meanders and floodplains in the Laikipia
plateau, water in the Ewaso Narok floodplain is not transported rapidly and tends to pile up,
making the low-lying zones more liable to flooding (Paron et al., 2013). Ewaso Narok river (Fig.
2.11), a major tributary of Ewaso Ng’iro, runs in a north-by-east direction and is joined by other
tributaries before discharging into Ewaso Ng’'iro North River beyond the wetland (Kibson
Consult, n.d.). Seasonal tributaries include Pesi and Melwa, Methenga, Aiyam South, Aiyam
Noth, and Mutara (Fig. 2.2) (LWF et al., 2013; Thenya, 2001; Thenya et al., 2011). The Ewaso
Narok catchment originating in Nyandarua ranges and Ol Bolossat catchment (Thenya, 2001;
Thenya et al., 2011) drains the southeast (SE) side of the Plateau, the northwest (NW) flows to
the northeast (NE) in conformity to the direction of the fracture system (ESGHS, 2012;
Groundwater Survey, 1988; Wachira, 2014) draining towards the Indian Ocean (Hackman,
1988). The Ol Bolossat forest and the lake provide Ewaso Narok headwaters’ source, as the river
is located on both extreme northern fringes. Lake Ol Bolossat is under threat of extinction due
to degradation through encroachment by the local communities (Kibson Consult, n.d.). The
Plateau’s western part drains the Rift valley (ESGHS, 2012; Wachira, 2014).

The total length of the Ewaso Narok river is 95 km. Some parts of the Ewaso Narok river have
been structured. The river channel is highly linear and trends SE/NW. The Ewaso Narok and the
associated tributaries will tend to follow the main fracture system (Groundwater Survey, 1988).
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The discharge of the Ewaso Narok river has been continuously declining, particularly during the
dry season, but flash floods have increased (Thenya et al., 2011). It dries up during severe
droughts and leaves only a few large pools in the lower catchment (WRMA & LWF, 2013). This

stream seasonality, coupled with high evaporation rates, causes a major water deficit in this
area. The fact that it is affected by climatic patterns makes it unreliable, especially during dry
spells (Groundwater Survey, 1988). The water demand is supplied by boreholes, roof harvesting,
and dams.

Fig. 2.11: The Ewaso Ng’iro Basin in Kenya, its main rivers, and the flow of the Ewaso Ng’iro river. Data
sources: CDE, University of Bern, Switzerland.

2.3.7. Hydrogeology of Ewaso Narok catchment

Kenya's hydrogeology is categorized as unconsolidated sedimentary aquifers, consolidated
sedimentary aquifers, basement aquifers, and igneous aquifers (Tab. 2.4), with yields ranging
from very low to very high (Tab. 2.5) (BGS, 2019; O Dochartajgh & Brighid, 2019).

The Ewaso Narok subbasin aquifer is igneous with moderate yields (Fig. 2.12) (BGS, 2019; O
Dochartajgh & Brighid, 2019).

Tab. 2.4: Hydrogeology and aquifer systems of Kenya (BGS, 2019; O Dochartajgh & Brighid, 2019).

Aquifer category

Subcategory

Definition

Unconsolidated Sedimentary

Unconsolidated sedimentary aquifers with
dominantly intergranular flow

Consolidated Sedimentary

fracture

Consolidated sedimentary intergranular / | Aquifers with significant intergranular and

fracture flow

Consolidated sedimentary intergranular

Aquifers with dominantly intergranular flow

Igneous

Igneous intrusive

Intrusive igneous aquifers, often granitic

Basement

Crystalline basement aquifers with typical
weathered/ fractured aquifer properties

Tab. 2.5: Categories of aquifers and yield (BGS, 2019).

Category Attribute Code Approximate range in yield (L/s]
Very High VH >20

High H 5-20

Moderate M 2-5

Low to Moderate LM 0.5-2

Low L 0.1-0.5

Very Low VL <0.1
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Fig. 2.12: Aquifer systems of Kenya with their approximate yield (cp. Tab. 2.4 and 2.5). Data sources:
BGS (2019), O Dochartajgh & Brighid (2019), subbasin (WRMA).

The whole Laikipia plateau is mainly a recharge area with a deep groundwater table though
locally shallow groundwater and wetlands occur, associated with a perched aquifer (Republic of
Kenya, 1987).

Two aquifers discharge the area:

1. The regional confined aquifer system is composed of fractured and weathered volcanic
with interbedded old land surface deposits. This aquifer system is recharged in the high
areas with high rainfall. Part of the infiltrated water rises in springs, for example, in the
Ewaso Narok floodplain (Republic of Kenya, 1987). The springs are a permanent source
for human consumption. The regional aquifer occurs in the Miocene Rumuruti group
(Ngelesha Phonolites, Lower and Upper Ewaso Narok Phonolites) up to the Pleistocene
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Mount Kenya Volcanic Series. Due to the lack of data, the depth of the water-bearing
layers and aquifers is unknown in the Ngelesha Phonolites and the Rumuruti Forest
Basalts. Its water is tapped multiple times in drilling profiles. However, they are very
deep and accordingly cause disappointments at times as some wells rarely tap the
water level. The depth of this aquifer in the Lower Ewaso Narok Phonolites varies
between 55 and 214 m, and within the Marmanet Phonolites, between 66 to 237 m.
Boreholes drilled within the Upper Ewaso Narok Phonolites will encounter water
between 122 and 183 m, in the Lower Ewaso Narok Phonolites between 7 to 69 m, in
the Marmanet Phonolites between 23 to 76 m, and in the Upper Ewaso Narok
Phonolites between 46 to 123 m (Republic of Kenya, 1987).

2. The local aquifer is composed of fissured and weathered basement rocks. Recharge is
either by direct infiltration of rainwater along the fissures and fractures, diffuse
infiltration in weathered zones, or indirect infiltration of the runoff along with the river
courses (Republic of Kenya, 1987). The depth of the local aquifer ranges from 20 to 142
m. The piezometric water levels vary between 20 and 142 m.b.s.I.

2.3.8. Land Use

Ewaso Narok wetland was under pristine vegetation until the early 1980s (Heinichen, 2015) and
covered an area of 44.8 km” by 2013 (GoK, 1983). Part of the wetland was drained for farming
through a government ASALs program (Mathuva et al., 1997; Thenya, 2001). With time, land use
shifted mainly to extensive cattle ranching, carried out by European settlers (Heinichen, 2015;
Kohler, 1987), and from large-scale ranching to small-scale farming, thus, altering the natural
vegetation (Kibson Consult, n.d.; Thenya, 2001). Around 25 % of the Ewaso Narok subbasin is
under crops and settlements, 59 % under grass and a mixture of woodlands, 15 % under forest,
and the remaining 1 % underwater and moorland (Fig. 2.13) (Evanson et al., 2014).

The main land use in the Ewaso Narok wetland is pastoralism, horticulture, subsistence farming,
commercial cattle ranches, tourism, and fish ponds inside the wetland (WRMA & LWF, 2013).
Today, the Ewaso Narok wetland is settled by people who crop, cultivate, weave, and live off the
wetland, including herders, pastoralists, and cattle ranchers, due to its fertility and water
availability. Due to human activity, the land has been cleared for agriculture, thus reducing the
vegetation cover (WRMA & LWF, 2013). This led to a reduction in water quantity and higher soil
erosion (WRMA & LWF, 2013). Part of the wetland is still covered with semi-natural vegetation
making the wetland an important habitat for wildlife. The wetland area is dominated by Cyperus
papyrus L., wetland grass, and reed flourish (Groundwater Survey, 1988; Hackman, 1988). On
the one hand, the papyrus vegetation decreased from 37.5 to 8.25% from 2006 to 2010,
possibly due to conversion to grazing land. On the other hand, cultivated land increased from 12
to 33 % (Muriuki, 2016). The main crops grown are maize, tomatoes, kale, onions, beans,
watermelon, and cut flowers (WRMA & LWF, 2013).
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Fig. 2.13: Landcover of the Ewaso Narok subbasin (Evanson et al., 2014).



The current state of research - 30

3. The current state of research

This section gives an overview of the current state of research. The first section is about
wetlands and floodplains. Next, the hydrogeology of weathered basement aquifers and the
chemical weathering of rocks are described. The last two sections address the stable water
isotopes and water quality in wetlands.

3.1. Wetlands

Wetlands tend to form where surface and groundwater accumulate within topographic
depressions, such as along floodplains (EPA, 2008). Wetlands can be classified based on their
unique hydrologic, geomorphic, and hydrodynamic characteristics (Brinson, 1993; EPA, 2008).
To understand and manage a wetland, identifying the wetland hydrological inflow and outflow
is vital. The direction and rate of water movement into and out of wetlands are controlled by
the spatial and temporal variability of energy or a change in pressure (from zones of high
pressure to low pressure). Like any hydrological system, the water budget of wetlands is used to
account for the inputs and outputs to the wetland and helps to characterize the behavior of the
wetland system (EPA, 2008). The inputs into wetlands include precipitation, overland flow,
surface water inputs from rivers, streams, overbank flow, and groundwater sources, including
subsurface, lateral unsaturated, and saturated flow from uplands to toe-slope and flat
landscapes (EPA, 2008). Wetlands can be recharge wetlands, flowthrough wetlands, and
discharge wetlands depending on the groundwater flow (Fig. 3.1).
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Fig. 3.1: Possible flow components of wetlands fed by groundwater and surface water: a. Inflow or
outflow, b. Inflow, c. Through-flow, d. Through-flow with occasional streamflow out (Larson,
2009).

Floodplains definition ranges from “areas of low-lying land that are subject to inundation by
lateral overflow water from rivers or lakes with which they are associated” (Junk & Welcomme,
1990) to “riverine marsh or high water-tables are usually recharged from faults or springs, even
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when the land surface undergoes aridification during dry periods” (Renaut & Jones, 1997) after
Ashley et al. (2004).

Floodplains are zones of important geomorphological and hydrological processes (Jung et al.,
2004) and are among the most biologically productive and diverse ecosystems on earth
(Tockner & Stanford, 2002). Like wetlands in general, they redistribute, store, and release water
(Jung et al., 2004). Accordingly, their formation and maintenance are closely tied to fluvial
dynamics (Hughes, 1997; Ward et al., 1999).

Floodplains develop in all geographic regions and at different locations along river corridors
(Tockner & Stanford, 2002). They are sensitive to changes in river hydrology, increased
alterations of the land-water interface, and inputs of nutrients and toxicants (EPA, 2008;
Naiman & Décamps, 1997; Nilsson & Berggren, 2000; Ward et al., 1999).

3.1.1.  Flow conditions in floodplain

As areas that support interaction processes between groundwater and surface water (Butturini
et al., 2002; Hayashi & Rosenberry, 2002; Stanford & Ward, 1993), floodplain aquifers receive
water from direct precipitation, upland sources, hillslope seepage, and channels during floods or
lateral overflow and rising groundwater (Mertes, 1997; Tockner & Stanford, 2002). The
interaction between groundwater and surface water ranges from flow to transport to water and
nutrients exchange. This interaction depends in floodplains on the pressure head gradient and
the connectivity between the water bodies, such as the channel and alluvial plain (Krause et al.,
2007; Woessner, 2000). The permeability of the stream bed, its position, the permeability of the
aquifer, and the size and geometry of the contact area, further control this connectivity (Krause
et al., 2007; Woessner, 2000). The interactions between groundwater and surface water vary in
space and time (Krause et al., 2007; McCartney, 2000; Nyarko et al., 2010). These interactions
happen in the hyporheic zone (Hinkle et al., 2001; Woessner, 2000). In general, groundwater
recharge and discharges happen beneath floodplains (Maltby & Barker, 2009). The groundwater
exchange with the stream water of floodplains occurs by recharge, discharge, flow-through, and
parallel flow (Fig. 3.1) (Larson, 2009; Woessner, 2000).

The inundation of floodplains is a complex phenomenon caused by different water sources via
multiple pathways (Tockner & Stanford, 2002). Most floodplains experience large seasonal and
interannual fluctuations (Tockner & Stanford, 2002). Even small decreases in flood volumes can
result in large reductions in an area flooded, particularly in semi-arid and arid areas (Tockner &
Stanford, 2002). In arid and semi-arid regions, wetlands are likely to be recharge zones.
However, at high groundwater levels, these zones are subject to reversal, thus becoming
discharge sites (Maltby & Barker, 2009). Floodplains are usually groundwater discharge sites and
are characterized by unconfined aquifers (Maltby & Barker, 2009), particularly in arid countries.
However, some arid-floodplains become recharge sites during floods (Harrington et al., 2002),
but others do not (Akeroyd et al., 1998).

Under base flow conditions, groundwater is discharged into the river from the floodplain (Jung
et al., 2004) and downwards (Woessner, 2000). Thus, baseflow is that portion of the streamflow
that is the result of groundwater discharge (Richardson & Vepraskas, 2001). During low flow
conditions, hillslope groundwater discharges to the stream and flows into the floodplain.
Groundwater movement is accordingly lateral and, in some reaches, perpendicular to the river
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(Bates et al., 2000; Grannemann & Sharp, 1979). At the beginning and end of a flood event, the
hydraulic gradient is down-valley and cross-floodplain within the alluvial sediments.

During floods (Fig. 3.1), the domination of cross-floodplain fluxes perpendicular to the river is
common (Bates et al., 2000; Woessner, 2000), but eventually, water ends up flowing towards
the river only. This takes place when the water level in the channel rises above the water table
in the floodplain, and the hydraulic gradient is reversed, inducing flow from the channel into the
floodplain; it is referred to as over-bank flow. A groundwater ridge is formed below the
floodplain, hampering groundwater’s inflow (Jung et al., 2004). After the flood, the river level
falls, causing a stream-ward hydraulic gradient. Throughout flood times, the water table
gradient is effectively zero across most of the floodplain, with the back of the flood being an
exception (Jung et al., 2004). The hydraulic gradient change was also demonstrated by Krause et
al. (2007), who attributed it to fluctuations in surface water levels and higher water retention
capacity in some floodplain parts.

Numerous models for wetlands are available. However, few explicitly simulate the hydrological
pathways and processes occurring in wetlands (Maltby & Barker, 2009). Research on floodplains
has focused on measuring and evaluating water levels to assess interactions in floodplains (Cook
and Herczeg, 2000; Jung et al., 2004; Kaplan et al., 2010; King et al., 2014). Models are
increasingly being linked to chemistry and isotopes to better understand the hydrochemical
processes within wetlands (Koeniger & Leibundgut, 2001; Lambs, 2004; Nyarko et al., 2010).
Numerical modeling has been used to understand flow processes between streams, flooding
water, and groundwater in floodplains (Bates et al., 2000; Krause et al., 2007; Rassam et al.,
2009).

3.1.2. Sediments in Wetlands and Floodplains

Depending on the soil layer’s infiltration potential, vertical recharge might happen during
floods. Low infiltration potential limits vertical recharge (Burt et al.,, 2002; Lamontagne et al.,
2005), and a low conductive soil layer facilitates the lateral transmission of flood pulses in
alluvial aquifers. In general, most floodplains have low infiltration potential (Lamontagne et al.,
2005). The floodplain’s carried sediment is suspended load, compromised of clay- and silt-sized
debris and occasionally fine sand. A general trend is common, where more deposition of
overbank sediment occurs downstream (Nichols, 2009). The fluvial and alluvial deposits in the
floodplain are affected by the nature, type, and abundance of vegetation, by the subsidence
rate, and by the quantity of sediment. Describing the channel and overbank depositions in
fluvial succession depends on the shape and size of the sand and gravel deposited relative to
finer overbank facies. The thickness and expansion of the deposited channel lens depend on the
river’s depth and width and are governed by avulsion and lateral migration processes (Fig. 3.2).
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Fig. 3.2: The architecture of fluvial deposits determined by the rates of subsidence and frequency of
avulsion (Woessner, 2000).

3.2. Weathering profiles above crystalline rocks
3.2.1. Hydrogeology of weathered basement aquifers

Basement aquifers are distinctive in their occurrence and characteristics and are mostly a
consequence of weathering interaction processes related to recharge and groundwater
throughflow (Wright, 1992). The lithological sequence above crystalline basements depends on
the physical, chemical, and mineralogical features. As East Africa has long-term tectonic stability
and a tropical climate, large parts of its crystalline basement rocks developed deep weathering
profiles (Chilton & Foster, 1995). A general structure is observed and used in this study following
similar works (Burghof, 2017; Heiss, 2016), which adopts the zonal grouping suggested by
Chilton and Foster (1995) from bottom to top (Fig. 3.3):

1. Saprock is the weathered bedrock on top of the fresh bedrock etc. (Hebert et al., 1992;
McFarlane, 1992; Middelburg et al., 1988; Wright, 1992).

2. Saprolite (derived from in-situ weathering and has become disaggregated). Saprolite
with the collapsed zone makes the regolith.

3. Collapsed zone (stone line) or the residual zone is developed from the underlying
saprolite by further dissolution and leaching, combined with other chemicals, physical
and biological processes.



The current state of research - 34

Collapsed zone

Hydrauli Porosity

conductiyity

Saprolite Transmissivity

\!
Saprock

Spatially-variable
contribution from
fractures

Storativity
Fresh Bedrock

Fig. 3.3: Hydrogeological properties of weathering profiles above crystalline rocks in tropical Africa.
Modified after Chilton and Foster (1995).

The collapsed zone on watershed areas is generally sandy with illuviated clay, where colluvial
material with secondary clay minerals and laterites gathers there, leading to perched water
tables. At slopes, colluvial material accumulates (Wright, 1992).

Residual soil is formed by the collapse of underlying saprolite due to intensive leaching and
bioturbation (Chilton & Foster, 1995). It is sandy in general on watershed areas with illuviated
clay near the base (Wright, 1992). Colluvial material, secondary clay, and laterites may be
present, too, resulting in perched water tables (Wright, 1992). Saprolite is made of two parts,
upper and lower. In saprolite weathering, the upper part is characterized by kaolinization,
quartz, and iron minerals oxidation as it is associated with vadose zone conditions. The lower is
abundant with primary minerals (Na*, K", Mg?*, and Ca®") that are mobile and are leached from
the residual soil. Intermediate weathering products (McFarlane, 1992; Middelburg et al., 1988)
are also abundant, in addition to Mn-Fe mottles, which are associated with phreatic conditions
(McFarlane, 1992; Wright, 1992). The less mobile elements, such as Ti accumulate in the
residual soil (McFarlane, 1992). Saprolite is caused to collapse by kaolinite dissolution in
advanced weathering stages, forming a residuum dominated by silica in the form of quartz and
iron as goethite (McFarlane, 1992). Within the weathered residual overburden (the regolith)
and the fractured bedrock, the basement aquifer occurs. The thickness and lithology of the
regolith depend upon bedrock type, amount of fracturing, subsequent erosion, and climate
(Hazell et al., 1992). The bedrock includes the weathered saprock and freshly fractured rock (a
result of surface decompression, producing subhorizontal joints, or a result of tectonic forces
generating subvertical fractures) (Chilton & Foster, 1995; Wright, 1992). The fracture usually
increases because of weathering in saprock unless filled with clay minerals.

Weathering in crystalline rocks leads to changes in their hydraulic properties; hydraulic
conductivity, porosity, and specific yield (Chilton & Foster, 1995). Weathering of primary
minerals increases hydraulic conductivity and specific yield, whereas the formation of secondary
clay minerals reduces hydraulic conductivity and specific yield as they seal fractures and pores
(Wright, 1992). Weathering can further dissociate kaolinite, leading to an increase in hydraulic
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properties (Chilton & Foster, 1995). The weathered crystalline rock aquifers are usually porous
(Fass, 2004) and represent good aquifer systems.

In terms of hydraulic properties, a differentiation can be made with the upper and lower
saprolite (Fig. 3.3). The upper part is richer in secondary clay minerals compared to the lower
part and, accordingly, has a lower hydraulic conductivity (Chilton & Foster, 1995). The
underlying saprock combined with the lower saprolite make up the most permeable part of the
weathering profile. This is the most important aquifer for drinking water supply for rural
populations (Wright, 1992). Further aquifers present are in the fractured crystalline rocks.
Permeability development in crystalline rocks depends on their type. For example, coarse,
grained, quartz-rich, crystalline rocks develop weathering profiles with the highest
permeabilities. Metamorphic rocks and tectonic disturbed zones, on the other hand, have
thicker regoliths and lower permeabilities (Chilton & Foster, 1995).

3.2.2. Chemical weathering on crystalline rocks

The main processes of chemical weathering are hydrolysis, oxidation, and dissolution. Chemical
weathering is locally and temporally limited by high temperatures and water scarcity and is less
intense than in humid areas (Tardy et al., 1973). The weathering thickness and lithology depend
on complex combinations of bedrock characteristics, climate, age of the land surface, relief, and
other factors (Wright, 1992).

The weathering of silicate minerals is a slow process (Sigg & Stumm, 1996), and its mechanisms
on a catchment scale are less understood than carbonate weathering (Drever & Clow, 1995).
Silicate weathering causes the dissolution of primary minerals and precipitation of secondary
minerals (clay minerals and iron hydroxides). The most common secondary clay minerals
forming during silicate weathering are kaolinite, illite, montmorillonite, and gibbsite (Appelo &
Postma, 2005). The weathering of silicate minerals usually results in increased concentrations of
major cations (Na*, K*, Mg**, Ca**), along with silica (Si0,), and bicarbonate (HCOs) in the
solution (Appelo & Postma, 2005), making the proportion of alumina to alkalis higher in the
weathered product (Middelburg et al., 1988). In addition, iron and aluminum, the more
insoluble ions, accumulate in the weathering profile. In fresh volcanic rocks, iron is in the
reduced state of Fe®". It is, however, usually oxidized by dissolved oxygen and precipitates as
Fe®* oxides and hydroxides.

Silicate minerals weather at different rates due to their susceptibility to chemical weathering;
qguartz, muscovite, and k-feldspar are resistant to chemical weathering, whereas anorthite,
albite, and biotite show a higher weatherability (Fig. 3.4) (Appelo & Postma, 2005; Goldich,
1983). The aquifers in siliciclastic rocks are susceptible to acidification. Thus, silicate weathering
strongly influences the pH buffering system (Appelo & Postma, 2005).
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Fig. 3.4: The Goldich weathering sequence based on observations of disappearance in soils (Goldich,
1938).

The hydrolysis of feldspar to clay minerals can be described after Appelo and Postma (2005) in
equations 3.1, 3.2, 3.3, and 3.4. From these silicate minerals’ weathering equations, specific ion
ratios can be deduced. If pure albite weathers to kaolinite, 1 mol Na*, 1 mol HCO3, and 2 mols
SiO, will be released into the solution (Appelo and Postma, 2005) (Eq. 3.1). Thus, specific ion
ratios in solution are 1 for HCO;/Na* and 2 for SiO,/Na* and SiO,/HCO5".

Albite: 2Na(AlSi3)Og+ 11H,0+ 2C0,—-> Al,Si,05(OH,)+ 2Na*+ 4H,Si0, + 2HCO;~  (Eq. 3.1)

During weathering of pure anorthite, 0.5 mol Ca®*and 1 mol HCO; get into the solution, leading
to a specific ion ratio of 2 for HC03'/Ca2+(Eq. 3.2).

Anorthite: Ca(Al,Si,)Og+ 3H,0+2C0,—-> Al,Si,05(0H), + Ca?* + 2HCO;~ (Eq. 3.2)

Pure end members of plagioclase are usually not present in nature, but solid solutions occur.
The reaction equation of plagioclase, composed of anorthite (x) and albite (1-x), that weathers
to kaolinite show that the ratio of SiO,/Na* in the solution is 2, while the ratio of HCO;/
(Na*+2Ca") is 1 regardless of the exact plagioclase composition (Van der Weijden & Pacheco,
2007) (Eq. 3.3).

(1- x)Na(AlSi3)OgxCa(Al,Si,)0g + (1+ x)CO, + (5.5 - 2.5x) H,0>
0,5(1+x)Al,Si, 05 (OH), + (1- x)Na* + xCa?* + (1 + x)HCO;~ + 2(1 — x)H,Si0, (Eq. 3.3)

Alkali-feldspars’ weathering, being solid solutions of albite and orthoclase (k-feldspar), leads to
specific ion ratios of 1 for HCO;/(Na*+K") and 2 for SiO,/(Na*+K") (Eq. 3.1, 3.4) (Appelo and
Postma, 2005).

K-feldspar: 2K(AISi3)Og+ 11H,0+ 2CO, —-> Al,Si,05(0H), + 2K*+ 4H,Si0, + 2HCO3 (Eq. 3.4)

Carbonate weathering (Hem, 1985; Krauskopf, 1967; Krauskopf & Bird, 1995):
Calcite is one of the two common minerals, in addition to aragonite where calcium carbonate

occurs in nature. It is more stable and abundant. At strong acid concentration, calcite dissolves
as follows (Krauskopf, 1967; Krauskopf & Bird, 1995) (Eq. 3.5):
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CaCO;3 + 2H*-> Ca®*+ H,0+ CO, (Eq. 3.5)

At low acid concentrations, the calcite dissolves (Eq. 3.6), where H' takes CO;* away from Ca*'
to form the very weak acid HCOs'. These reactions take place in nature, for example, where acid
solutions from the weathering of pyrite encounter limestone. The reactions can be reversed by
any process that uses H'. For example, if a base is added (Eq. 3.7), presented in the reaction of
calcite with aqueous H* (Hem, 1985).

CaCO; + H*-> Ca**+ HCO3 (Eq. 3.6)
Ca?*t + HCO3 + OH™- CaCO; + H,0 (Eq. 3.7)

An equilibrium can be attained, with the H* derived from water or other source attacking the
solid to give calcium and biocarbonate (Eg. 3.6). In mass-law form, the equation for the
equilibrium constant (K) is presented (Eq. 3.8) (Hem, 1985), where the quantities in brackets
represent activities in moles per liter.

_ [ca*|[HCO3]
~ [CaCO03(c)][H*]

(Eq. 3.8)
Under natural conditions, the dissolving of calcium carbonate is somewhat more complicated
because the acids involved are usually weak. An example is when limestone dissolves in
carbonic acid (Eq.3.9) (Krauskopf, 1967; Krauskopf & Bird, 1995).

CaCO; + H,CO3-> Ca®*+ 2HCO3 (Eq. 3.9)

The solubility depends on the partial pressure of CO,, (donated as Po,) above the solution

since this pressure helps to determine the concentration of dissolved H,CO; by the reaction (Eq.
3.10). The equilibrium value of H” (i.e., pH) also varies strongly with Pco, -

H,0 (D+CO,(g) < H,CO03(aq) (Eg. 3.10)

The ion ratio Ca®": HCO; is an indicator for weathering of the calcite-rich carbonate rocks
(Kovalevsky et al., 2012) and is controlled primarily by equilibrium in the reaction. The concept
of chemical equilibrium establishes boundary conditions towards which chemical processes will
proceed and can be discussed from either a kinetic or an energetic viewpoint. Any process that
increases the amount of CO, available to the solution makes more CaCOs; dissolve; anything that
decreases the amount of CO, causes CaCOs to precipitate (Krauskopf, 1967; Krauskopf & Bird,
1995).

The solubility of calcite in pure water decrease as the temperature rises because CO, is less
soluble at higher temperatures. Carbonates are more influenced by the change in solubility of
CO, than by the temperature dependency of the solubility itself. Calcite is soluble even in water
that does not contain CO, (eq. 3.11).

CaCO;3 + H,0 < Ca®'+HCO3 + OH~ (Eq. 3.11)

This is a hydrolysis reaction, as HCO;s™ is a weak acid. Even the small amount of COs> produced
by dissolving calcite can take a little H" away from the OH™ of water. The solubility of calcite in
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nature is controlled by equilibria involving H,CO3/, CO5%, and water. This equilibrium is sensitive
to changes in the amount of dissolved CO,. Surface water and groundwater are often saturated
with calcite and as such, can either dissolve or precipitate the carbonate depending on external
conditions. Hydrolysis of insoluble carbonate is sufficient to make solution in contact with them
slightly basic (Krauskopf, 1967; Krauskopf & Bird, 1995).

Geochemical weathering indices have been used widely to describe weathering profiles and to
assess the degree of bedrock weathering (Chittleborough, 1991; Nesbitt & Young, 1982; Parker,
1970; Price & Velbel, 2003; Wilford, 2012). The Chemical Index of Alteration (CIA) (Nesbitt &
Young, 1982) is used as a quantitative indicator to estimate the degree of silicate weathering. It
measures the extent of conversion of feldspars to clays (Fedo et al., 1995; Kautz & Martin, 2007;
Maynard, 1992; Nesbitt & Young, 1989).

Higher CIA values indicate stronger chemical weathering and more leaching of Na*, K*, and Ca**
bound minerals from parent rocks relative to stable residual constituents (AlI**, Ti*") during
weathering. CIA optimum weathered value is 100, whereas the optimum fresh value is less or
equal to 50 (Nesbitt and Young (1982). As weathering intensity increases, changes occur in the
regolith’s hydrological, geochemical, and geophysical characteristics (Wilford, 2012).

Chemical weathering of the floodplain sediments may significantly change the composition of
river-borne particulate matter (Heller et al., 2001; Johnsson & Meade, 1990), causing enhanced
CIA values. As weathering increases, clays such as illite and smectite change to more stable clays
such as kaolinite. With extreme leaching, iron and silicon can be removed, leaving aluminum,
which is immobile as aluminum hydroxide (gibbsite) residuum (Eggleton, 2001; Summerfield,
1991; Wilford, 2012).

Kaolinite is the dominant secondary mineral phase in highly weathered soils (Dixon & Weed,
1989; Tardy et al., 1973). It is a stable phyllosilicate species in extreme hydrolytic weathering
environments (Meunier et al., 2013). It is often associated with goethite and/or hematite in
lateritic crusts (Meunier et al., 2013; Tardy et al., 1973). Over long periods, the infiltrated acidic
rainfall interacts with the alkaline minerals, leaching soluble and mobile components and re-
precipitating less mobile minerals to form kaolinite and Fe-Al oxides (Chilton & Foster, 1995). In
extreme cases, kaolinite dissolution occurs, leaving only quartz sand (Chilton & Foster, 1995).

3.3. Stable water isotopes

Environmental isotope hydrology allows the characterization of groundwater recharge
processes, especially when hydrogeologic information is scarce (Sklash & Mwangi, 1991).

When examining atmospheric and hydrological science,'®0 for oxygen, corresponding to the
most abundant isotope °0, and *H (Deuterium) for hydrogen, corresponding to the most
abundant isotope 'H, are the most relevant isotopes (Gat, 1971; Kazimierz et al., 2000).
Accordingly, isotope ratios are defined as the ratio of the two most abundant isotopes, i.e.,
80/0 for oxygen and *H/*H for hydrogen (Clark & Fritz, 1997).

The stable water isotopes 0 and H express the differences between the measured isotope
ratios of the sample and an international standard reference called the Vienna Standard Mean
Ocean Water (Eq. 3.12) (Clark & Fritz, 1997). Positive 60 and 8”H values signify enrichment in
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heavy isotopes of the sample compared to the standard, while negative values signify depletion
(Clark & Fritz, 1997).
18 (ii—o)sample
5% Osample = | 7Har— -1 | x 1000%0 VSMOW (Eqg. 3.12)
(—O)reference

160

80 and 8°H of rainwater from sampling sites worldwide are correlated and described by the
Global Meteoric Water Line (GMWL): 6°H = 8* §'®0 + 10 (Craig, 1961). In general, groundwater
recharged at cooler and higher elevations is usually relatively depleted in **0 and °H, whereas
groundwater recharged at warmer and lower elevations is relatively enriched in **0 and °H
(Clark & Fritz, 1997; Sklash & Mwangi, 1991). This dependency produces seasonal variations of
precipitation, where heavier isotope depletion occurs during winter precipitation compared to
summer precipitation. Isotopes in precipitation are further influenced by the latitude effect,
where high-latitude precipitation has been depleted more than low-latitude precipitation. The
altitude effect is another influencer as the heavy isotope content of precipitation decreases with
increasing altitude (Friedman et al., 1964; Moser & Stichler, 1970; Rozanski et al., 1993).
Evaporation of water leads to an enrichment of heavy isotopes in the residual water, while the
vapor becomes depleted (Clark & Fritz, 1997). Thus, the evaporated waters plot below the
GMWL and have gradients below 8 (Moser, 1998).

Isotopic fractionation is a function of reaction progress, where the relative abundance of heavy
isotopes is affected. It occurs because of different reasons that include biological activity and
exchange with other materials (Dansgaard, 1964). However, preliminary indications of the
water’s origin and flow path can be provided from the natural abundance of stable heavy
hydrogen (deuterium, H) and oxygen-18 (**0) isotopes.

In arid environments, groundwater is recharged most times from ephemeral streams; thus,
groundwater will take on the evaporated signature rather than the precipitation signature. Craig
(1961) noted that East African precipitation is already isotopically enriched, probably owing to
evaporation of the precipitation as it falls through the dry atmosphere (Sklash & Mwangi, 1991).
However, deep groundwaters are expected to retain much of the isotopic signature of
precipitation unless the recharge from evaporation is the main contributor to the hydrological
cycle (Gibson et al., 2008).

Groundwater recharge in arid environments, as suggested by Darling et al. (1987), can be
through (1) direct recharge from rainfall, (2) recharge from surface runoff via ephemeral
streams, (3) recharge from perennial streams, (4) lateral recharge from higher areas, (5) palaeo-
recharge during more humid climatic times (Sklash & Mwangi, 1991).

Surface waters, such as almost stagnant rivers and lakes, undergo significant evaporation and
develop "0 and ?H signatures that plot below the global meteoric water line (Sklash & Mwangi,
1991).

The local meteoric water line (LMWL) is used in various hydrological applications, commonly to
determine the relationship of surface or groundwater to a potential precipitation source or to
determine the degree of evaporative enrichment of the water (Clark & Fritz, 1997; Crawford et
al., 2014). LMWLs in arid environments will exhibit the same slope of 8 but plot higher in
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relation to d’H because of increased evaporation (SAHRA, 2005). The LMWL is produced by
fitting a linear regression to precipitation data.

3.4. Water quality in wetlands

Much research has been done on the purification functions of wetlands on industrial, municipal,
and agricultural wastewaters (Hammer, 1989; Whigham et al., 1988). Wetlands have been
widely used for water quality improvement, as they act as sinks for constituents or rather like
short- and long-term storage systems that purify water (Hemond & Benoit, 1988; Maltby &
Barker, 2009). Wetlands are mainly associated with the reduction of nutrient loads (Fisher &
Acreman, 2004), specifically nitrate and phosphorus from surface water (Nahlik & Mitsch, 2006;
Spieles & Mitsch, 2000). Wetland soils further serve as sink sources and transformers of
nutrients and other chemical contaminants, enabling biogeochemical processes to occur, thus
improving the water chemistry and ecosystem productivity (Hemond & Benoit, 1988; Mitsch &
Gosselink, 2000; Reddy & Delaune, 2008). High sedimentation rates, biodegradation of organic
compounds, filtration, elemental cycling, atmospheric exchange, processing capacity, microbial
interaction, plant nutrients’ uptake, and reducing eutrophication in adjacent water bodies are
further important processes being controlled by the unique conditions found in the wetland
environment (Fisher & Acreman, 2004; Hemond & Benoit, 1988; Johnston, 1991; Reddy &
Delaune, 2008).

Wetlands maintain the widest range of oxidation-reductio reactions of any ecosystem on the
landscape, allowing them to transform nutrients and metals (Guntenspergen et al., 2002).
Flooding, lasting from several hours to a few days, is frequent in wetlands and results in
isolation of the soil system from oxygen, thus activating biological and chemical processes and
changing the system from aerobic and oxidizing to anaerobic and reducing (Guntenspergen et
al., 2002; Mitsch & Gosselink, 2000). Accordingly, several elements become reduced with lower
redox potentials.

As water quality deteriorated in streams, combined with the population increase and intensively
farmed regions, interest in wetlands’ functions as water purification increased. Accordingly, the
restoration of wetlands and the creation of wetlands for water quality enhancement became
popular, especially in intensively agriculturally used wetlands (Verhoeven et al., 2006). A lot of
research and books (for example, Constructed Wetlands for Water Quality Improvements, 1993)
exist on constructed wetlands, how they emulate and replicate the properties of natural
wetlands in water purification, and their higher removal efficiencies of metals compared to
natural wetlands (Mays & Edwards, 2001). Further research focuses on plants’ ability to remove
trace elements (Collins et al., 2004; Williams, 2002) and heavy metals (Du Laing et al., 2009;
Sheoran & Sheoran, 2006) from wetlands.

Though often the positive aspects of water quality improvement are emphasized, research
shows that the function of wetlands in water quality has counter functions (Fisher & Acreman,
2004). If the reduction of nitrate to N, is incomplete, N,O (Machefert & Dise, 2004), a
greenhouse gas, is produced, which might happen especially in conditions of low pH or soil
moisture (Verhoeven et al., 2006).
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Besides, wetlands that reduce nutrient loading may become degraded (Fisher & Acreman,
2004), and drastic changes to the ecosystem functions and biodiversity may occur if a certain
nutrient inflow threshold is surpassed (Verhoeven et al., 2006).

Water quality in wetlands is additionally influenced by factors other than water purification,
which include the type of soil, permeability of the soil, water quality of the inflow, position in
the landscape, groundwater quality, and water and rock interactions (Hollands, 1987; Mitsch &
Gosselink, 2000; Whigham et al., 1988).

Wetlands can remove various pollutants, including heavy metals, nutrients, and organic material
(Greenway, 2005; Kadlec et al., 2008; Yeh, 2008). Furthermore, they can create reactive
substances that chemically bind incoming pollutants. For example, sulfide formation in the
wetland’s anaerobic zones can precipitate divalent metal cations and drive autotrophic
denitrification (Maltby & Barker, 2009).

The most important elements, their cycle, and their removal from the wetland are discussed
below to assess the water purification functions in the wetland (Tab. 3.1).

Nitrogen is an essential nutrient for plants and animals. The N cycle in wetlands plays a
significant role in the transport, storage, and biological availability of N in the surrounding
watershed (DeBusk, 1999). The removal of particulates is through burial and settling, whereas
that of the dissolved forms is through biogeochemical reactions (Reddy & Delaune, 2008). In
denitrification, the nitrate is converted to N,O and then to N,, which is emitted by the wetland
(Hemond & Benoit, 1988; Verhoeven et al., 2006). Nitrogen transformation in wetlands is by
microbially-mediated processes (Hammer, 1989) and at redox conditions below 250 mV (Mitsch
& Gosselink, 2000) (Tab. 3.1). Nutrient uptake by the vegetation may be returned to the
solution upon plant decomposition (Hemond & Benoit, 1988) unless harvesting happens, thus
removing the nitrogen. Wetland sediments have a significant sorption capacity for ammonium
nitrogen (Maltby & Barker, 2009). The basic nitrogen transformations in terrestrial, wetland and
aquatic ecosystems are similar, yet the relative rates and storages differ in each of these
ecosystems (Reddy & Delaune, 2008).

Tab. 3.1: Oxidized and reduced forms of elements and their approximate redox potentials (Mitsch and

Gosselink, 2007). The numbers are approximate because they are pH and temperature-
dependent (Maltby & Barker, 2009)

Element Oxidized form Reduced form Redox potential [mV]
Oxygen 0, H,0 +400
Nitrogen NO; N,O, N,, NH," +250
Manganese Mn** Mn* +225

Iron Fe’ Fe** +100 -100
Sulphur S0,> s* -100 -200
Carbon Cco, CH, -200

Phosphorus is released into the environment mainly from the weathering of minerals and
inputs from fertilizers. The phosphorus cycle is dynamic and involves interaction or exchange
between biotic and abiotic pools. As wetlands are converted to agricultural use, their capacity to
retain phosphorus decreases (Reddy & Delaune, 2008). Phosphorous is removed from the
system by sedimentation, soil adsorption, plant uptake, and microbial immobilization (Havens et
al., 2004; Hogan et al., 2004; Uusi-Kamppa et al., 2000; Verhoeven et al., 2006). In P’s retention,
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the sediment’s oxygen content is important to Al and Fe binding’s capacity to P (Fisher &
Acreman, 2004). This means that P can precipitate as iron-, aluminum- or calcium-phosphate
(Hemond & Benoit, 1988). However, the solid Fe and Al compounds’ stability is contingent upon
the maintenance of high redox potential and high pH (Patrick & Khalid, 1974). Dissolved
phosphate is adsorbed by hybrid iron- and aluminum-oxides or clays by ion exchange (Hemond
& Benoit, 1988).

Sulfate is a common constituent of many wastewaters. It is highly reactive, redox-sensitive, and
microbially active (Sturman et al.,, 2008), which governs its transformation processes within
wetlands, and makes them interconnected to other products. Under oxidizing conditions,
assimilatory SO,” reduction, inorganic $> and S oxidation, and organic S’s mineralization to
inorganic SO,” occurs. Assimilate sulfate reduction (SO,°7) is reduced by plants, fungi, and
various prokaryotes to S*, which is needed for the biosynthesis of sulfur-containing amino acids
(Schiff & Fankhauser, 1981). This can happen under aerobic and anaerobic conditions. Evidence
shows that iron minerals and redox-active organic matter play a role in sulfide oxidation to
elemental sulfur or thiosulfate (Pester et al., 2012). The recycling of reduced sulfur compounds
to sulfate is the main mechanism of sulfate reduction in wetlands (Wieder & Lang, 1988). The
dissimilatory reduction on SO, requires conditions with redox potentials below -100 mV
(Mitsch & Gosselink, 2000). It occurs mainly in the reduced lower soil horizons and in saturated,
flooded subsoils (Faulkner & Richardson, 1989). However, redox conditions of wetlands’ soils
vary from aerobic to anaerobic (Faulkner & Richardson, 1989). It can also be stored in the
wetland soil matrix and then oxidized to sulfate or sulfide. Furthermore, the identity of the S0~
reducing bacteria in wetlands is largely unknown (Pester et al., 2012). Wetlands can function as
sulfate sinks, as the sulfate reduction process occurs over long periods (Pester et al., 2012).

Iron and manganese are two essential trace elements for living organisms and are key elements
involved in oxidation-reduction reactions in soils (Reddy & Delaune, 2008). Under oxidizing
conditions, the dissolved iron and manganese precipitate as iron and manganese hydroxide
(Appelo & Postma, 2005), and under reducing conditions, they will precipitate or become a
major process for organic matter decomposition by microorganisms. Ferrous iron is far less
soluble than Mn** and forms insoluble phases such as pyrite or siderite and iron monosulfides
(Burdige, 1993). The biogeochemistry of iron and manganese is complex but similar and is
regulated by various biotic and abiotic processes (Reddy & Delaune, 2008). As aeration is not
sufficient for Mn-reoxidation in confined aquifers, Mn remains reduced and migrates to wells
(Gounot, 1994). On the other hand, wetland water is aerated, and aerobic bacteria may
precipitate and oxidize soluble Mn*" (Gounot, 1994). High concentrations of dissolved Fe** and
Mn* are common features of aquifers contaminated with organic compounds (Gounot, 1994;
Lovley, 1991).

Heavy metals

In a wetland, heavy metals are accumulated and uptaken directly by the aquatic macrophytes
and plants (Khan et al., 2009). The rhizosphere is of high importance as well. Wetlands act as
sinks by adsorption on organic matter and sorption of heavy metals (Hemond & Benoit, 1988),
and the biogeochemical cycling provides storage and conversions for heavy metals (Yeh, 2008).
Furthermore, wetlands soil, with its high organic content and reduced conditions, accumulates
heavy metals (Yeh, 2008). Metal retention processes also happen in wetland soils and include
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cation exchange, complex building with organics, and precipitation as oxides, carbonates, and
sulfides. Mechanisms that are active in wetlands include sedimentation, filtration, chemical
precipitation, adsorption, and microbial interactions (Yeh, 2008). Wetland plant species differ in
their abilities to accumulate and translocate metals (Yeh, 2008). Numerous factors affect the
remediation processes of the contaminated sites, including the physiochemical water and
sediment parameters (e.g., pH), uptake from the soil, sequestration within the root, plant
growing, transpiration rates (Khan et al., 2009), the inflow water quality, the metal removal
mechanism, speciation of inflow metals, and the type of wetland system (Yeh, 2008). For
example, higher pH values and oxidizing conditions increase the sorption of heavy metals
(Hemond & Benoit, 1988). In constructed wetlands, heavy metal removal is done through
physicochemical treatment technologies such as ion exchange, precipitation, and
electrochemical and membrane processes (Khan et al., 2009).

3.5. Hydrochemical and isotopes modeling using Mixing Cell Model (MCM)
3.5.1. Introduction to MCM

Flow and transport models describe the physical groundwater-streamflow interaction processes
observed in many hydrological basins worldwide and are all based on the flow and transport
equations. Examples of widely used flow and transport models include MODFLOW-SURFACT,
SWAP, and HYDRUS. Analytical solutions are available only for straightforward flow patterns,
while, for most cases, the only solution method relies on a finite difference or a finite element
numerical solution (Bear & Verruijt, 1987; Pinder & Gray, 1977). For the latter, basic
hydrological information, such as piezometric levels, fluxes across the boundaries, or precise
hydraulic heads over the boundaries, must be determined. The process of infiltration and
percolation through heterogeneous anisotropic formations is a complex physical phenomenon.
It is even more so when studying the transport of organic pollutants. Chemical evolution across
the vadose zone involves either aerobic or anaerobic biodegradation processes, which are
difficult to assess in a quantitative manner. Neither analytical nor numerical modeling of such
processes is easy due to the scarcity of hydrological, geological, and hydrochemical information.
In such situations where it is impossible to implement any of the conventional flow and
transport modeling methods for basins, the Mixing Cell Model (MCM) approach (Adar & Long,
1987; Adar, 1995; Adar et al., 1988; Adar & Neuman, 1988) is used. Hydrochemical data and
stable water isotopes are used accordingly to account for the abovementioned hydrological
deficiencies. The MCM has been applied in several hydrological basins worldwide, from the
Kalahari Desert (Namibia), Jezreel, Bessor basins (Israel), Arava Basin (Jordan-Israel) to the lli
basin in Kazakhstan (Margolis & Chaouni, 2014).

3.5.1.1. MCM theoretical explanation

The Mixing Cell Model for Steady Flow system (MCMsf) has been developed specifically for
basins with complex hydrogeological structures where information about environmental
hydrochemistry and the stable distribution of stable isotopes is more easily accessible than
information about the aquifer’s physical hydrological parameters (Adar & Long, 1987; Adar,
1995; Adar et al., 1988; Adar & Neuman, 1988).
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3.5.1.2. Mathematical description of the MCM for steady-state flow system

The aquifer is divided into n discrete cells. A set of balance equations for the water flux and the
associated flux solute flux is written for each n cell over a given time period dt (Adar & Massoth,
2017; Adar & Sorek, 1990).

The mass balance for cell n for a simplified flow model of water with a constant density is
calculated (Eqg. 3.13). Qn denotes R different unknown sources into cell n and Qi, denotes the
unknown flux (average volumetric flow rate) from the ith upstream compartment or cell into the
nth cell. Qnjstands for the outflow from the nth cell into the jth cell. W, accounts for the withdrawal
of water from cell n, i.e., pumping. S, represents the storage capacity within cell n, and h, denotes
the hydraulic head within cell n during dt. The inflows and outflows from different sources are
iterated over the number of inflows, |, and the number of outflows, J, into each cell (Adar &
Massoth, 2017; Adar & Sorek, 1990).

R, I, J, dh
ZQm +Zqin —anj -W, =5, (Eg. 3.13)
r=1 i=1 j=1

dt

For a steady flow system or for quasi-steady flow (Eq. 3.14) over a sufficiently long time interval,
an average water balance expression is obtained. The top bars (Eq. 3.14) above each term
represent the average flux for the specific time interval.

&n is the error term and accounts for errors with the measurements or assessment of the flow
and deviations from the flux balance in cell n (Adar et al., 1988).

R, _ I, _ Ja _ -
D Qn+D.0,— 2.0y —Wa=¢, (Eq. 3.14)
r=1 i-1 =L

Due to the assumption of complete mixing within each cell, the mixing cell concept is applied,
for a quasi-steady state variation of the dissolved constituents, based on mass balance
expressions for each tracer k (k=1,2,...,K) in cell n (Eqg. 3.15) (Adar & Neuman, 1988).

R - J _ _
ZCerm +ZCinkqin —Ck anj +Wh | =€, (Eqg. 3.15)
r=1 i=1 j=1

C.Q,, denotes the average flux of the k™ constituent from source r into cell n. g,, represents

the average flux from the i" cell into the n" cell, having an average concentration C,, of solute

k. CTK denotes the concentration of the k™ constituent within cell n, and i stands for the
average outflow from the n" cell into the jth one. The average pumping from the n" cell during a

specific time interval

is expressed by Wn, and & is the error associated with the mass balance of the K" constituent
or the deviation from the solute balance in cell n.

For every cell n, there are K+1 equations: one for the water balance and K more for every k
species (k=1,2,.....,K) (Eq. 3.16).
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Equations (3.13) and (3.14) are combined into a matrix form for each cell n (Eq. 3.17).

C X,+P,=E, (Eq. 3.17)

Xy is a vector of unknowns (Adar et al., 1988). C,, (3.18) is a matrix with known concentrations in
cell n, having k+1 rows (for k species and one water balance equation) and as many columns as
there are unknown X terms (Adar et al., 1988), presented in Equations (3.19), (3.20) and (3.21),
respectively (Adar & Sorek, 1989). P, is a vector of known terms that are measured and known
quantitavily of the length k+1. E, is an unknown vector of error having a similar length.

1, 1, ALL 1, 1L, ALL -1 A
E’l]ih’ﬁ ’ Eryn’q ,A s ERM\" » Ei]n."c‘ ) Efth'f] ,A ) Ebr.l'q ' = Em’q ,A ,_Em'q
gn = Eﬁﬂﬁz 5 Erznkz ,A ” ERR"‘z ) Ei,m’cg s Eigm'cg ,1\ s E'II?P'Q - Eﬂkg ,A a_aﬂkz
M M M M M M M M
EﬁilKg Er:nK ,A N 6RﬂK, Ei|irKg Z‘ian,A N CIFIK, - EHK ,A EMK (Eq 3. 18)
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Based on Equation (Eq. 3.17) and by assembling the square error terms over all cells, a quadratic
objective function is obtained (Eq. 3.22).

N N
1=Y [ETeE, -3 [c, X, +P)o(C, X, +P)] 4. 3.22)
n=1 n=1

T denotes transpose and O represents a diagonal matrix comprised of weighting values
associated with expected estimated errors (independent of each other) for each of the terms
building the mass balance for the fluid and the constituents (Adar & Neumann, 1986; Adar &
Sorek, 1989). These compose the mass balance for the fluid and the dissolved constituents.
With a quadratic objective function, only positive values will be assigned for the calculated
fluxes for the unknown flow components. The weighting matrix @ also reflects the degree of
confidence to which the tracers are assumed conservative and/or the degree of accuracy of the
chemical and isotope analyses (Adar & Neumann, 1986; Adar & Sorek, 1990).

All identified flux components in the aquifer are then estimated by minimizing the sum of
square errors, J using the simplex method with the Wolf Mathematical Algorithm (Wolf, 1967).
As a result of the mathematical optimization, a flow rate is attributed to each active flow
component. Depending on the results obtained from the mathematical optimization, the flow
model might be changed by a modification of the proposed flow pattern and the potential
sources (Adar & Massoth, 2017; Adar & Sorek, 1990).

3.5.1.3. The MCM concept

The MCMsf enables the calculation of groundwater fluxes in a complex, steady, hydrogeological
system in which the piezometric heads and the spatial distribution of dissolved minerals do not
vary with time (Adar & Massoth, 2017). In a complex hydrogeological system, the precise
locations of boundaries and hydrological conditions along the boundaries are not sufficiently
clear or distinct, and there is a lack of hydrogeological and hydrochemical information (Adar,
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1995, 1996; Adar et al., 1992). Thus, it is difficult to construct, solve, and calibrate a hydrological
model based on the continuity approach. Therefore, the algorithm proposed in this study is
based on a more simplistic approach. The flow domain is subdivided into pseudo-homogeneous
flow cells forming a multi-compartmental flow model (Adar & Massoth, 2017). The creation of
the multi-compartmental structure is based on the spatial and temporal distributions of
dissolved ions and isotopes in a transient hydrological system (Adar & Neuman, 1988).

The MCMsf software is associated with the development of a numerical model for a steady-flow
hydrological system. The model relies on the so-called mixing cell or compartmental approach
that utilizes environmental tracers, hydrochemistry, and environmental isotopes, to elaborate
and quantify groundwater fluxes in complex basins with obscured hydrological information
(Adar & Sorek, 1989; Adar et al., 1988). The concept is based on the incorporation of
environmental isotopes and hydrochemistry in a numerical algorithm of a steady hydrological
scheme to solve for groundwater fluxes and assess the sources of groundwater recharge (Adar
& Neuman, 1988). The model is aimed at hydrological basins with vague hydrogeological
systems where common numerical models cannot be adopted due to a lack of essential data,
such as the location and hydrological properties along the boundaries (Adar, 1995; Adar et al.,
1988). Spatial variations in hydraulic heads and the hydrochemistry of groundwater are used to
assemble a set of water and mass balance equations in which fluxes, groundwater storage, and
the saturated volume of the compartment are the unknowns (Adar & Neuman, 1988).

Similar to other models, the MCM is based on assumptions. The basic assumptions for the MCM
are after Adar et al. (1992):

1. The spatial structure, geometry, size, and volume of cells remain constant throughout
the entire duration of the model run.

2. The isotopes and the dissolved minerals are inert and do not undertake any chemical
reactions within the aquifer.

3. The dissolved ions are in pseudo-equilibrium with the rocks and soil minerals. All
potential unknown fluxes (groundwater fluxes between compartments of the system and
discharge of external contributors to the compartments) have been identified in terms of
their hydrochemical and isotopic compositions.

4. Spatial variations in chemical and isotopic compositions within the aquifer are exclusively
due to a) variable mixing ratios among the recharge components and b) dilution and
mixing along the groundwater flow paths.

5. There is a complete mixing of all dissolved constituents within the designated cells.

6. No gradients of hydraulic heads or isotopic or chemical compositions are allowed within
the cells, only across the cell's boundaries.

The solver for the MCMsf model is based on a quadratic optimization scheme of water balance
and mass balance expressions of each parameter (Adar, 1996; Adar & Neuman, 1988; Adar et
al., 1992). It is solved with the Wolf algorithm, which is based on the simplex optimization
method. The MCM illuminates the active pollution sources and quantifies the relative flux of
water from each source, replenishing the water body aquifer (Adar & Sorek, 1989).
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3.5.2. MCM technical explanation

The modeled flow system is discretized or subdivided into homogenous compartments within
which all the considered parameters (e.g., hydraulic heads, isotopic compositions, and ionic
concentrations) are assumed to be constant for a specific time period (Adar and Massoth,
2017). Mixing of various sources or contributors, such as from upstream compartments and
external sources, and dilution with water already existing in the cell controls the concentration
of the characteristic parameter of each compartment. Therefore, every well-mixed or
homogenous aquifer section referred to as a cell or compartment is characterized by a unique
representative chemical parameter (Adar & Massoth, 2017).

A cell must have input fluxes, either from output flux from one source or from several sources.
Each cell must have an output flux, either into a downstream cell or cells or via withdrawal of
water (e.g., pumping or springs, or evapotranspiration). Every cell can have several sources and
contribute water as output flux to several downward cells (Adar & Massoth, 2017) (Fig. 3.5).

Fig. 3.5: A schematic flow pattern of MCM with three cells, with various input fluxes (open arrows)
and one output flow from one cell into the next cell.
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4. Data and Methods

As the area is scarce in data, a comprehensive interdisciplinary approach (Fig. 4.1) to
understand the aquifer’s structure, the water dynamics, and the water composition, and to
model the wetland was developed.

Field data
collection:
L Surveys, soil, water

!

/" Data processing
and analysis:
Laboratory work,
statistical tools,
\_maps development

Secondary data

Results
presentation
and
interpretation

Discussion and
conclusion

Model setup ]

Hydrochemical
and isotopic
modeling using
MCM

-

Fig. 4.1: Flowchart of the overall conducted approach

This integrated approach using water level measurements, hydrogeological and hydrochemical
data, water isotopes, in addition to numerical modeling, leads to the optimum use of these
techniques and a logical interpretation. This is discussed in detail in this chapter. The chapter is
divided into surveys, analysis of aquifer structure and properties, water dynamics, water
composition, statistical analysis, hydrochemical and isotopic modeling, and the database for
Ewaso Narok.

The sampled points were registered using GPS Venturex (GARMIN). The determination of the
geographic coordinates is based on the reference system WGS 84. Maps were developed with
the software Quantum GIS version (QGIS-Dufour).

4.1. Surveys

In the Ewaso Narok floodplain, a survey addressing 114 people about the wetland use, what is
disposed of in it, and the access to groundwater was done in July and August 2016.
Furthermore, the change in people’s behaviour with floods was understood. These people
belonged to one of the following groups: Farmers, pastoralists, agropastoralists, shop owners,
and business owners in Rumuruti town and the catchment area. The questions were asked in
both English and Swahili, and an interpreter was present to translate. The interviewed people
refused to sign or allow fingerprints as they requested payment in exchange. However, general
consent for questioning and reading the ethical form was accepted.

The survey was intended to better identify the wetland’s resource use (surface water and
groundwater), the policies regarding its use, the inlet of fertilizers, sewage, and their type. It
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further provided potential points of pollution input into the wetland for sampling and then
modeling of Ewaso Narok.

More particularly, the questions were:

*  What do you use the wetland for (washing, cars, cattle, agriculture, drinking)?

* What do you dispose of in the wetland (fertilizers/ sewage or cleaning material)/ their
composition and temporal and spatial distribution of these activities)? What are the
alternatives?

*  Where are the inlet points?

* Do you have access to the groundwater? Wells?

* Do you dispose of anything directly in the groundwater/ wells?

* Do you plant inside the wetland? Or around it?

*  What kinds of fertilizers are applied? Where do you dispose of the fertilizer cans?

* What kind of sewage is flowing into the wetland? Is there any other kind of waste
disposal?

* Do your activities change with floods? If yes, how?

* Are floods good or bad? Is the water cleaner or dirtier?

The survey results were exported, and some statistical analyses, and graphs, were used to
demonstrate the results.

Raw data collected by Kyalo Willy, 2015 (direct contact Kyalo) as part of the GlobE study, where
350 households were surveyed in 2015, was used as secondary data. Some questions were not
answered, making the sample number smaller, and are indicated in the results.

4.2. Analysis of aquifer structure and properties

Chemical, mineralogical, and lithological data about the aquifer is of great help during the
interpretation of groundwater quality data (Kovalevsky et al., 2004).

4.2.1. In-situ soil and rock sampling

Soil samples are taken at different points and depths using a 2m length soil hand auger.
Different soil types were recognized as they were used for various purposes, and accordingly, a
sample was selected from them. More soil was collected but not analyzed. The purpose was to
see the consistency and make-up of the soil and measure the water table’s depth. The soil
samples were transferred to the laboratory of the Institute of Geoscience in Bonn to be
analyzed.

4.2.2. Geological records — geometrical parameters of the aquifer

The geometrical parameters are derived from the study of the area’s geology and borehole
drilling reports collected from private owners in the field. At times there is a mention of a well
and its distance from a source, then it is drawn and combined with other reports trying to
conclude the name and information. In addition, WRMA provided some quality data
information and the names of wells. Other sources were the Republic of Kenya (1987), chemical
data collected by WRAP, and water quality provided by wells owners from privately paid quality
checks.



Data and Methods - 51

Field observations were used to add on and improve the existing collected geological records.
Digital maps were developed that correspond with the lithology and geological drillings.

4.3. Mineralogical and geochemical analysis of soil and rocks

Representative soil samples were weighed and afterward dried in an oven at 105 °C for 24 hours
and again weighed to calculate the water content. The soil samples were crushed into small
pieces using a mallet hammer to become fine and homogenous. Afterward, the samples were
ground using a vibratory disk mill (T250 Siebtechnik GmbH) and filled in bottles for the following
investigations (Fig. 4.2).

g N (: B
Measuring Process ] [ Method
\ J . J
2 ™\ ~
N\ [ Dryi
Organic matter ~~[ r{TC)go?(\:len g LOI
|
Mineralogical | |
content XRD
Crushed/
T e N Grinded / } Melted
Chemical Homogenized pellets
comp?osmon Using hammer Drying XRF
(Majorand —{ andvibratory |- oven Press
trace elements) disk mill 105°C powder
pellets
Content of total
nitrogen,
carbon, sulfur [ 1 ———————] CNS
\. 4 % AN J

Fig. 4.2: Flowchart of different preparation steps of mineralogical and geochemical analyzes.

The Loss on Ignition (LOI) (Eq. 4.1) was used to determine the organic matter content by
comparing the weight of a sample before and after the soil had been ignited. The LOI further
determines the captured water, Cl, COz, F, and S (Heiri et al., 2001) and is measured to calculate
the total inorganic carbon (TIC). The measurement was calculated in double determination,
where a 5 mg sample was ignited for 2 hours at 1100°C. The organic matter (OM) is then
calculated (Eq. 4.2).

LOI (%) — (mSample+crucible ~Mgsample+crucible after armealing) % 100 (Eq 41)

Mgsample+crucible™ Mcrucible

OM (%) — (Mpre—ignition ~"MPost—ignition) + 100 (Eq 42)

Mpre—ignition

Carbon, nitrogen, sulfur (CNS) analysis is then performed in double determination. The soil
samples were analyzed for the CNS to exclude geogenic nitrogen sources. For the CNS
measurements, samples are dried at 105 °C. 20 mg of tungsten oxide (WOs) and 20 mg of each
sample are weighed in tin silver boats. The boats are folded tightly to avoid the material drop
and ensure proper functioning of the ball valve. Then total carbon (TC), Total nitrogen (TN), and
total sulfur (TS) are measured and assessed using Vario El cube from the company “Elementar
Analysensysteme GmbH"”. This method is based on a purge and trap principle.
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To measure the total organic carbon (TOC), the indirect Muffle-Furnace method is used. The
samples are first dried at 105 °C. The samples are then annealed at 450 °C for 16 hours.
Accordingly, the organic substance in the sample is thermally decomposed, but carbonates
remain in the sample.

Finally, TOC (Eq. 4.3) is determined as follows:
TC — TIC = TOC (Eq. 4.3)

The samples were then analyzed for their mineralogical and chemical compositions using X-Ray
Diffraction Analysis (XRD) and X-Ray Fluorescence Analysis (XRF). Samples are dried for 24 hours
at 105 °C as the first preparation for both methods.

XRF is measured using PANalytical Axios 3KW. This method is quantitative and analyzes the
amount of major and trace elements of a bulk sample (in mg/kg). Press powder pellets with a
ratio of 5.0 g sample and 1.0 g CsgH;sN,0, (wax) were used to identify trace element
concentrations. The limits of detection are 100 ppm for Na, Mg, Al, Si, and P, 10 ppm for S, K,
Ca, Ti, Mn, Fe, and CI, and 1 ppm for Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, and Sr (Hahn-
Weinheimer et al., 1995).

XRF results, in addition to LOI, CNS, and TOC data, are used to decide which samples can be
used to produce melt tabs to avoid destroying platinum crucibles upon melting. Melted pellets
were prepared to measure major oxide concentrations. These pellets have a portion of 0.4 g
sample and 4.0 g of Li,B40; (spectroflux). For some of the main elements, melt tabs were not
used, and instead, they were measured by the program 1Q+, which identifies the elements in
the rock/soil samples. If it is not possible to produce a melt tab of a sample, the major elements
were determined by the press powder Tab. However, these results are not as reliable as the
data of the melted pellets.

XRD was carried out using a Bruker AXS D8 Advance device. The minerals are identified by their
atomic and molecular structure. As some minerals show similar structures and, therefore, highly
similar diffraction patterns, they are identified in minerals groups (e.g., micas, plagioclases, and
k-feldspars) (Cook et al., 1975). The evaluations of the diffractograms are processed using the
software MacDIFF 4.2.5. Each mineral has its distinct characteristic spectrum of interferences
with specific peak intensity and angular range of 26 ( Moore & Reynolds, 1997). The method
used is qualitative, and the range of 26 angle is used for identification. To avoid quartz’s
overestimation, the 20 % quartz peak (20.88 0) is multiplied by 5. Factorization of the results is
done according to Cook (1975). With the background noise, peaks above 100 count were only
identified with a mineral characteristic’s peak. The clay minerals are listed together.
Quantification is done with the Rietveld method (Program Profex 3.14.0).

4.3.1. Evaluation tests for soil and rocks

The chemical index of alteration (CIA) (Nesbitt & Young, 1982) is used as a quantitative indicator
to estimate the degree of silicate weathering using molecular proportions (Eq. 4.4). According to
McLennan (1993), CaO*, which represents Ca®** in the silicate fraction, can be estimated
assuming reasonable Ca**/Na’ ratios in silicate material. If the CaO molar content is less than
that of Na,0, the measured CaO content equals CaO*; if the CaO molar content is greater than
that of Na,0, CaO* it is assumed to be equivalent to Na,0 (McLennan, 1993).
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Al,0;

CIA =
Al,03(Al,03+Ca0*+ Na,0+K,0)

x 100 (Eq. 4.4)

To determine the origin of the soil and rock samples, the volcanic rocks’ geochemical
characteristics were made using the total alkali-silica (TAS) diagram (Bas et al., 1986). The
classification requires the values of Na,0 + K;0 and SiO,, and if the analysis fell in certain fields,
additional calculations such as Cross, Iddings, Pirsson, and Washington (CIPW) norms were
performed (Bas et al., 1986; Maitre et al., 2002). Care has to be taken when classifying rocks
that are weathered and altered (Sabine et al., 1986). The results provided the root name for the
different classifications, as will be seen in section 6.2.2.

4.3.2. Water dynamics

4.3.2.1. Installation of piezometers and calculation of water flow direction

According to EPA (2008), multiple piezometers can be placed at different depths at each
location to evaluate the magnitude of vertical flow. Ten piezometers (twenty pairs) were
installed in the field (Fig. 4.3). Each pair was installed following the directions of (Sprecher,
2008; WRAP, 2000) (App. 5), one of a length longer and one of a shorter length (e.g., 215 cm
and 87 cm) using PVC pipes and a hand auger. The bentonite prevents the infiltration of surface
or precipitation water along the pipes and hydraulic connections between different aquifers.
Both pipes were 34 cm above the ground. They were left for two days, and then the water level
in both rose and was measured.

Fig. 4.3: Piezometers installed in the field.

The piezometers were left covered, and the water level was measured and recorded after a day
and again after a week. The piezometers were used to assist in determining the water flow in
the area (Fig. 4.4).
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A. Stagnant B. Recharge C. Discharge
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Fig. 4.4: Determining water flow from the installation of two piezometers, modified after Sprecher
(2008). P stands for piezometer and W for water level. A. stagnant, no flow. B. Recharge, flow
downward from right to left. C. Discharge, flow upward from left to right.

4.3.2.2. Creation of piezometric maps

Piezometric maps were created based on groundwater level measurements to know the
groundwater flow direction. Hydraulic heads (piezometric levels) were calculated by subtracting
the measured groundwater levels below the surface from elevation values derived from digital
elevation models (DEMs). The maps generated show isolines of hydraulic heads above sea level
reference level.

Water table levels were measured for the period of June 2015 and January 2016 by Muriuki
Karugi (2016). Further groundwater level measurements were collected from WRMA and the
installed piezometers. Additionally, secondary data on water levels are used as supplementary
data and are taken from borehole records. This might lead to error as the span of data collected
is over a long period of years (Allen et al., 1989).

4.4. Water composition

The chemical components’ overall distribution provides information about the current flow
processes and the long-term conditions in the aquifer system (Kovalevsky et al., 2004).

4.4.1. In-situ water measurements and sampling

Water samples were taken for surface water from the wetland and its ephemeral streams.
Throughout the sampling, flash floods occurred, and thus some samples were before it, through
it, and after it. In regards to groundwater, piezometers were installed, deep wells were
accessed, shallow wells, and one spring. The groundwater samples were pumped (Tauchpumpe
ECO-PLUS 12V) (Fig. 4.5). Measurement and sampling took place after a sufficient time
(pumping threefold the volume of the well) to ensure fresh groundwater.
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Fig. 4.5: Sampling of groundwater from wells and piezometers with a hand pump linked with a
battery.

In addition to recording the name of the sampling place, its coordinates, and elevation, in-situ
measurements of water using multi-meter (WTW Multi 342) were made for: specific electrical
conductivity (EC), the temperature of water (T,,), and air (T,), pH value, redox potential (Eh), and
dissolved oxygen (DO). The sampled points were registered using GPS Venturex (GARMIN).

According to TrinkwV 2011 (Borchers, 2013), titration was conducted directly in the sampling
location with hydrochloric acid (HCI) to reach a pH of 4.3, and with sodium hydroxide solution
(NaOH) to reach a pH of 8.2. Assuming a pH value between 4.3 and 8.2, concentrations of
bicarbonate (HCOs3') and carbon dioxide (CO,) were calculated (Eq. 4.5 and Eq. 4.6) (Hutter,
1994):

CHCO—; =Vscxfx MHCO; (Eq 45)
Chcos Concentration of HCO;™ [mg/I]

\Y Volumetric amount of acid used to reach pH of 4.3 [ml]

c HCl concentration [0.02 mol/I]

f Conversion factor (for 100 ml sample f= 10) [10 mmol/mol mL]

Mucos Molar mass of HCO;™ [61.02 g/mol]

Cco, = V*cx*fx* MCOZ (Eq. 4.6)
Ceoz Concentration of CO, [mg/I]

\Y Volumetric amount of base used to reach pH of 8.2 [ml]

C NaOH concentration [0.02 mol/I]

f Conversion factor (for 100 ml sample f= 10) [10 mmol/mol mL]

Ceoz Molar mass of CO, [44.01 g/mol]

On-site water samples were filtered using filters with a pore size of 0.45 um and placed in
bottles. A total of 4 bottles from each site were taken; in one bottle, nitric acid (HNOs) was
added, and in another, sulfuric acid (H,S0,) was added (Tab. 4.1). The samples were stored in a
fridge and transported to Germany to the Institute of Geoscience laboratory, the University of
Bonn.
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4.4.2. Hydrochemical water analysis

The concentrations of phosphate (PO,>), borate (BO5*), and silica (SiO,) were determined using
photometry (Analytik Jena Specord 50 plus) (Welz, 1976). lon-Chromatography (IC) (Shimadzu
HIC-A6) was used to measure the major, minor, and trace anions (Weiss, 1995). The Atomic-
Absorption-Spectrometry (AAS) (Perkin Elmer AAnalyit 700) was used to measure the
concentrations of major, minor, and trace cations (Isaac & Kerber, 2015). A summary of the
different analytes, how they were preserved, their amount, and the method of determination is
given in Table 4.1.

Tab.4.1: Methods of determination, analytes, conservation methods, necessary volume, the limit of
detection (LOD), and limit of quantification (LOQ).

Method Analyte Conservation | Volume [ml] |LOD [mg/l] LOQ [mg/1]
lon-Chromatography | Chloride [CI] None 20 0.075 0.245
(19) Sulfate [SO,] 0.103 0.326
Nitrate [NO;] 0.093 0.292
Nitrite [NO, ] 0.109 0.341
Fluoride [F] 0.059 0.196
Bromide [Br] 0.179 0.531
Photometry Silica [SiO,] H,S0, (3 drops) 100 0.644 2.102
Phosphate [PO,*] 0.04 0.139
Borate [BO;”] 0.039 0.136
Atomic Absorption Sodium [Na'] HNO; (3 drops) 100 - 1
Spectrometry (AAS) Potassium [K'] R 05
Calcium [Ca™"] - 0.5
Magnesium [Mg*'] - 0.5
Iron [Fe®’] - 0.005
Manganese [Mn*'] - 0.005
Aluminum [A*"] - 0.005
Arsenic [As™'] - 0.005
Cadmium [Cd*"] - 0.001
Chromium [Cr**] - 0.005
Copper [Cu™] - 0.005
Nickel [Ni**] - 0.005
Lead [Pb*"] - 0.005
Zinc [Zn*] - 0.001
Strontium [Sr*"] - 0.5

4.4.3. Water quality assessment for drinking and irrigation

Groundwater is the major drinking source for the local population, in addition to the wetland
surface water in the study site. Surface water is further used for domestic and irrigation
purposes.

To check the quality of surface water and groundwater, the guidelines for drinking water quality
and acceptability aspects according to WHO (2011), the Kenyan standards (KEBS, 2015), and the
irrigation limit (FAO, 1985) were used (Tab. 4.2, Tab. 4.3, and Tab. 4.4). Furthermore, the
groundwater and surface water quality data is used to independently validate and explain the
system’s physical function and the flow paths (Kovalevsky et al., 2004).
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Tab. 4.2: Health and irrigation guideline values and acceptability threshold for selected heavy metals
(KEBS, 2015; WHO, 2011; FAO, 1985).

Guideline Kenyan Irrigation
Constituent Unit value standards limit Acceptability threshold and remarks
(WHO, 2011)| (KEBS, 2015) |(FAO, 1985)
. . Carcinogenicity in humans. Intake over long
A A 3+, A 3-,
A?f]”'c I 0.01 0.01 <0.1 |periods
causes arsenic poisoning
Cadmium [Cd™"] mg/| 0.003 0.003 <0.01
Chromium [Cr™ / Risks to health above the threshold. Health
| . . 1
cr’ me/ 0.05 0.05 <0 effects are determined by oxidation state
24 Laundry and sanitary wary stain above 1.
(e[ me/| 2 1 <02 Bitter taste and color above 5
Designated as provisional on basis of
treatment performance & analytical
Lead [Pb*"; Pb™] mg/! 0.01 0.01 <5 achievability. Lead is classified as a possible
human carcinogen. Inorganic lead
compounds are probably human carcinogen
Intake of organic mercury compounds is not
f direct risk. Methylmercury converted into
M Hg® | . .001 °
ercury [He" ] me/ 0.006 0.00 inorganic mercury is of concern, and thus the
threshold
. 2+ Toxicity value from drinking water on an
! .02 2
MIESIGIR me/! 0.07 0.0 <0 empty stomach above the threshold
Zinc [an] mg/| 3 5 <2 Taste threshold of 4

Tab.4.3: Health and irrigation guideline values and acceptability threshold for selected water
elements and compounds (KEBS, 2015; WHO, 2011; FAO, 1985).

Guideline Kenyan ..
value standards Irrigation
Constituent Unit limit Acceptability threshold and remarks
le) (KEBs (FAO, 1985)
2011) 2015) !
Aluminum [APP"] mg/I 0.9 0.2 <5 Deposition of aluminum hydroxide floc and
exacerbation of discoloration of water by iron
above 0.2
Ammonia [NHs] mg/I 0.5 Taste threshold of 35 and odor threshold of 1.5
Ammonium [NH,'] mg/I <5 Catalytic action leading to drinking water
containing nitrite
Barium [Ba’"] mg/| 0.7 0.7
Bicarbonates [HCOs] mg/I <91
Boron [boric acid] mg/I 0.5 2.4
Calcium [Ca’] mg/I 150 <60 Acceptability depends on individual’s taste
Chloride [CI'] mg/I 250 <140 Taste threshold of 250
Fluoride [F] mg/I 1.5 1.5 <1 Skeletal fluorosis and increased bone fracture risk.
Dental fluorosis if ingestion amongst young kids
Iron [Fe?*/Fe*"] mg/| 0.3 0.3 <5 Laundry stains and deposits in pipes above the
threshold. Color and turbidity may develop above
the threshold
Magnesium [Mg2+] mg/| 50 100 <25 Acceptability depends on individual’s taste
Sodium [Na‘] mg/| 50 200 <60 Average taste threshold of 200 at room
temperature
Nitrite [NO;] mg/| 3 0.003 Methaemoglobinaemia in infants above the
threshold
Nitrate [NO3] mg/| 50 45 <66 Recommendation of below 100 for bottle-fed
infants
Manganese [M nz+] mg/| 0.4 0.1 <0.2 Undesirable taste, laundry, and sanitary ware stain
above 0.1. Coating on pipes above 0.2
Postassium [K'] mg/| 50 <20
Phosphate [PO4*] mg/| 2.2
Phosphorus [P>*/ P**/P*] | mg/I <0.4
Sulfate [5042'] mg/| 500 400 <81 Taste threshold of 250
Sulfur [S] mg/| <27
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Tab.4.4: Health and irrigation guideline values and acceptability threshold for selected water
parameters (KEBS, 2015; WHO, 2011; FAO, 1985).

Guideline| Kenyan L.
value [standards Irrigation
Constituent Unit limit Acceptability threshold and remarks
(WHO, KERS (FAO, 1985)
2011) 2015) !
Electric conductivity [EC]| S/m <15
Hard water can increase soap consumption and
scale deposition in water distribution systems
Hard CaCo | 600 <60
ardness [CaCO;] me/ and reduces the efficiency of heat exchangers.
Excessively hard water has corrosion tendencies
oH [25°C] log H' 6.5-85 8.4 Recommended range 9f 6.5 - 8.'5 to avoid
corrosion of water mains and pipes
Specific absorption rate
| 1
[SAR] me/ <10
| le drinki TD 1000.
Total Dissolved Solids Unpa a?tab e d.rln .lng water-at S above 090
(TDS] mg/I 1500 Excessive scaling in water pipes, heaters, boilers,
and household appliances in high TDS
Interferes with efficiency of disinfection above
Turbidity NTU < <5 <10 the thres.h.old and negatn_lely |mp§cts consumers
acceptability of water. It is an indicator of the
possible presence of contaminants

In regards to the water quality in terms of irrigation, the modified guideline of Ayers and

Westcot (1985) is used. The guideline helps to determine the water results suitable for irrigation

based on the Degree of Restriction on Use (DRU) in terms of salinity and infiltration and was

given a value of 0, 1, 2 for none, slight to moderate, and severe (Tab. 4.5).

Tab. 4.5: Guidelines for the interpretation of water quality for irrigation based on the Degree of
Restriction on Use (DRU) in terms of salinity and infiltration modified after UCCC (1974) and

Ayers and Westcot (1985).

Potential Irrigation Problem Degree of Restriction on Use (DRU)
None (0) Slight to Moderate (1) | Severe (2)
EC [uS/cm] EC [uS/cm] EC [uS/cm]
Salinity (affects crop water availability) <700 700 - 3,000 > 3,000
Using EC or TDS TDS [mg/l] TDS [mg/l] TDS [mg/I]
<450 450 - 2,000 > 2,000
SAR EC [uS/cm] EC [uS/cm] EC [uS/cm]
. ] . . 0-3 > 700 200 - 700 <200
w;f;:ai:font(r]aeffse()c;clj infiltration rate of 36 >1.200 300—1,200 <300
Using EC and SAR together 6-12 > 1,900 500 — 1,900 <500
12-20 > 2,900 1,300 - 2,900 < 1,300
20-40 > 5,000 2,900 - 5,000 < 2,900

Additionally, water quality for irrigation can be evaluated in terms of salinity, expressed by EC or

TDS, and infiltration, expressed by salinity and sodium adsorption rate (SAR) (Eq. 4.7), (Tab. 4.5)
(Ayers and Westcot, 1985).

SAR =

SAR

Na*

2+ 2+

Ca“"+ Mg
2

Sodium adsorption ratio

Concentration of sodium [mmmol(eq)/I]
Concentration of calcium [mmmol(eq)/I]
Concentration of magnesium [mmmol(eq)/I]

(Eq. 4.7)
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4.4.4. Stable water isotopes

The analyses of the stable water isotopes *0 and ?H were performed at the Institute for
Groundwater Ecology at the Helmholtz Zentrum in Munich using a cavity ring-down
spectrometer (Picarro Isotopic Analyzer L2120-i). Every sample is measured up to nine times.
The average value and the standard deviation are taken from the latter six injections. The values
of hydrogen and oxygen isotope ratios are expressed per mil [%o] based on the international
delta scale as defined by Gonfiantini (1978). They will be referred to as 8°H and 6%0,
respectively, with an accuracy of 0.1 %o for §'20 and 0.5 %o for &°H.

There have been no studies showing the LMWL of the Ewaso Narok area. Thus Kericho’s station,
Kenya was chosen for the local meteoric water line (IAEA, 1971, 1973, 1975; Sklash & Mwangi,
1991, Rietti-Shati et al., 2000). After Rozanski et al. (1996) the LMWL can be expressed as §°H =
(7.96 + 0.35) 60 + (11.35 + 0.96) (with r’= 0.912). Darling et al. (1990) proposed for
precipitation samples in the Kenya Rift valley a different relationship (6°H = 5.56 §'°0 + 2.04
(r’=0.88)).

General assumptions and theories used in the analysis of the stable water isotopes §°H and
5'%0:

e Comparison is made against the GMWL and LMWL.

e As precipitation samples did not exist, the LMWL used in this study is taken from
Rozanski et al. (1996) as follows: §°H = (7.96% 0.35 ) §'°0 + (11.35 +0.96) r’= 0.912.

e Evaporation of water results in an enrichment of heavy isotopes in the residual water,
while the vapor becomes depleted (Clark & Fritz, 1997).

e Signatures close to the global meteoric water line indicate minimal evaporation;
signatures below the global meteoric water line indicate significant evaporation (Sklash
& Mwangi, 1991).

e Evaporated waters plot below the GMWL with slopes below 8 (Moser, 1998).

e Groundwater has signs of depleted isotopes as it does not go through evaporation or
attenuation.

e Although the isotopic content of water samples may represent mixtures of water from
different sources (e.g., different aquifers), the assumption here is that the water
samples are generally representative of the available water at that site (Sklash &
Mwangi, 1991).

4.4.5. Precipitation and temperature data measurements

Precipitation measurements, both daily and hourly resolution, were obtained from a GlobE
weather station located in two places within the study site (Fig. 4.6), Evan’s Station (8/5/2015
31/10/2016) and Rumuruti’s Station (14/4/2016 to 20/10/2016). The modeling team of GlobE
“Wetlands” filled data gaps in precipitation records. Temperature data was as well collected
from the same stations. Further data was acquired from WRMA (2016) for long-term analysis
and trends for four different stations (cp. App. 4).
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Fig. 4.6: The Evan’s weather station installed as part of the GlobE project.
4.4.6. Plausibility tests and data processing

Most of the data was processed and assessed for plausibility before interpreting the results.

A plausibility test was done to verify the water calculations results, the ion charge balance error,
and the difference between measured and calculated total dissolved solids (Freeze & Cherry,
1979; Moya et al.,, 2015). Samples with ion charge balance errors higher than 10 %
(Eq. 4.8) were discarded from further analyses (Gliler et al., 2002; Moya et al., 2015).

__ X(cations)—Y (anions) N

Ion charge balance error [%] = > (cations) 13, (anions)

100 (Eq. 4.8)

>'(cations) Sum of cations [mmol(eq)/L]
> (anions) Sum of anions [mmol(eq)/L]

Redox potentials were measured with an ORP Sentix probe were referenced (Eq. 4.9) to a
normal hydrogen probe by adding (U.s) 214, 210, 207, 203 mV simultaneously to the redox
measured on the field (Uyess) depending on the temperatures 15 C°, 20 C°, 25 C°, and 30 C°
(WTW, 2009).

Ut = Umess T Urer (Eq. 4.9)

Regarding the limit of detection (LOD) and limit of quantification (LOQ), numerical values were
applied when numerical calculations were performed. Half LOD values replaced LOD in the IC
and photometry results (Farnham et al., 2002). Values below the LOQ were replaced by the
actual measured value. In regards to LOQ, values below the LOQ were replaced by half LOQ,
whereas those above the LOQ were quantified (Farnham et al., 2002).

4.4.7. Hydro-geochemical and hydrochemical processes evaluation and presentation

The chemical composition of water is related to the soil and rock, which are being weathered.
To identify the main hydro-geochemical processes occurring in this system, the stoichiometric
relations of the dissolved ions are calculated and evaluated. Molar ratios or equivalent-
concentration ratios are used to identify hydrochemical ratios, and graphs are used to present
the results.
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In regards to the hydrochemistry of water, several methods were applied to the hydrochemical
data to gain information about the groundwater system and related processes. These methods
included calculations of characteristic values, graphical tools, and statistical analyses. The
presentation of data and information was done in graphs, statistical tables, maps, and cross-
sections following Kovalevsky et al. (2004). Piper (1944), Schoeller (1955), and Udluft (Carlé,
1975) were selected to present the hydrochemical composition of the different water sampling
points (Gller et al. 2002, Kovalevsky et al. 2004). The classification by dominant cation and
anion was used. The most abundant cation and the most abundant anion comparing
mmol(eq)/L values represent the respective water type.

More specifically, the Udluft diagram of the different sampled points is drawn with a scale of
the radii where the area of the circle represents the total ionic concentration, and the
subdivisions represent proportions of the different ions (half of the circle is the ions and the rest
cations). This means that the overall graph’s size is related to the overall mineralization of the
sample (Langguth & Voigt, 2004). In the middle of the diagram, the proportion of carbon dioxide
is given.

4.5. Statistical Analysis

Multivariable Statistical Analysis (MSA) allows for samples to be grouped by similar chemical
properties but does not immediately identify the trends and processes important in controlling
groundwater (Blake et al., 2016; Giiler et al., 2002). MSA includes the Principal Component
Analysis (PCA) and Hierarchical Cluster Analysis (HCA).

4.5.1. Principal Component Analysis (PCA)

PCA is a technique that attempts to explain an underlying structure to a dataset by reducing the
number of variables in the dataset. It tries to reveal patterns by calculating principal
components (PC). It has been used to elucidate physical processes responsible for water
geochemical characteristics (Farnham et al., 2003; Guan et al., 2013; Guler et al., 2002). Two
approaches are usually considered when running the PCA; either running it on raw
hydrochemical data or on log-transformed data (Blake et al., 2016; Engle et al., 2014). The
components represent the eigenvectors of the covariance-variance matrix of the data. Each PC
represents one or more hydrogeochemical processes affecting the variation of the dataset (e.g.,
Burghof, 2017). To identify the major processing controlling and affecting the water sampled
hydrochemistry, the statistical package SPSS® factor analysis was used to run PCA on selected
hydrochemical parameters of the sampled water. Kaiser-Meyer-Olkin (KMO) and Bartlett’s Test
are performed, and the number of components is decided upon based on the eigenvalues and
the scree plot.

4.5.2.  Hierarchical Cluster Analysis (HCA)

Mixing and diluting the stream and wetland water by runoff from tributaries and upward or
downward side seeping of groundwater affects the evolution of chemical and isotopic
composition in the downstream flows. The statistical package SPSS® cluster analysis was used to
run the hierarchical cluster on the water chemistry data and isotopes to understand the water
flow and mixing. It helped in classifying the water-groups based on their hydrochemical and
isotopic characteristics.
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Statistical analysis is a powerful tool for analyzing water chemistry and testing water quality as
samples can be grouped into distinct sub-groups of significant geological, statistical (Judd, 1980;
Nadew & Tefera, 2013), or hydrochemical significance. The system is complex, with many
options, and the contribution and make-up are not known. Accordingly, cluster analysis helps to
identify and classify ‘water bodies’ or sub-aquifers units based on the similarity and hierarchy
among all water samples. This depends on the hydrochemical characteristics and isotopes of the
dissolved minerals. It suggests possible linkages to potential sources of recharge. Later on,
geographical and geological aspects are taken into account.

There are no prior constraints about which water samples belong to which cluster in the cluster
analysis. The grouping or clustering into groups or sub-groups is defined through a systematic
analysis of each of the parameters, such as ions and trace elements of the hydrochemical and
isotopes database. Ward’s method (Ward, 1963) is applied as it is distinct from all other
methods because it uses an analysis of variance (ANOVA) approach to evaluate the distances
between clusters. Ward’s method calculates the error sum of squares, which is the sum of the
distances from each individual to the center of its parent group (Judd, 1980), and forms smaller
distinct clusters than those created by other methods (StatSoft, Inc. 1995). The Euclidean
distance, the straight line distance between two points in c-dimensional space defined by ¢
variables, is used as similarity measurement, together with Ward’s method for linkage. This
produced the most distinctive groups where each member within the group is more similar to
its fellow members than to any member from outside the group (Giler et al., 2002).

This approach is commonly applied to water chemistry investigations to define groups of
samples with similar chemical and physical characteristics because rarely is a single parameter
sufficient to distinguish between different water types (Gller et al., 2002).

A hydrochemical file in Excel format is prearranged for the cluster analysis since cluster analysis
cannot be performed unless values are available for all the used parameters in every cell (no
zero values allowed). If a particular parameter’s value was missing, this parameter was omitted
from the entire water samples or replaced by another parameter by adopting this parameter
from an earlier sampling campaign if it was available.

46. MCM

Due to the hydrogeological complexity of the Ewaso Narok wetland and the limited hydrological
information, hydrological modeling based on the conventional flow and transport modeling
concept could not be used to elaborate or quantify the hydraulic connectivity between the
surface water and the aquifer. As an alternative assessment, the MCM approach (Adar & Long,
1987; Adar, 1995; Adar et al., 1988; Adar & Neuman, 1988), which incorporates a spatial
distribution of hydrochemistry and environmental isotopes, was adopted and performed to
identify and quantify the hydraulic connectivity and fluxes among water bodies (wells, streams,
springs, effluents, etc.).

The MCMsf mathematical model developed for complex hydrogeological basins (Adar &
Neuman, 1988) was used for assessing natural recharge and the flow pattern and for
qguantifying the relative contribution of the different sources. The flow domain was subdivided
into pseudo-homogeneous flow cells forming a multi-compartmental flow model (Adar &
Massoth, 2017).
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An input file of the hydrochemical and isotopic compositions was first generated, as elaborated
in the respective sections. A conceptual schematic diagram of the modeled aquifer was then
drawn. Based on the cluster analysis, an optimum number of cells or compartments was
decided upon for modeling. Possible contributors were determined and assigned. In the
beginning phase, the single-cell version of the MCMsf was applied, followed by the multiple cell
(multicell) versions. Different scenarios were performed for every cell, where certain wells and
surface water points were designated as potential recharge sources. It was verified that all the
chosen potential inflows have a hydrologic potential to flow into a specific cell-based on
piezometric potential and geological feasibility.

Single-cell MCM modeling was used to illuminate the potential contributors and the hydraulic
connectivity for every proposed compartment in the modeled system. It also aimed at
confirming possible water flow movement from groundwater into the wetland. In addition, it
provided the ability to assess both the active sources of recharge and the active sources of
pollution, if existing.

Multi-cell MCM modeling was used to establish the hydraulic connectivity and confirm the
water flow movement from groundwater to the wetland. It provided the ability to assess and
guantify the active water fluxes and recharge sources.
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5. Database for Ewaso Narok

The data used in this study is divided into primary data and secondary sources (Tab. 5.1).

Throughout the scope of this work, surface water is abbreviated and donated to SF and

groundwater to GW. Own data (sampled in 2016) is mainly used, and the sampled points are

indicated with SF or GW and a number. External data is shortened to E. and is written before SF

or GW. For proper identification of names of wells or locations (App. 11).

Tab. 5.1: Database for the Ewaso Narok wetland used in this study.

Data description Used in Primary / | Source
Secondary
Survey data Primary/ |Own survey/
Secondary | Kyalo Willy (personal communication, 2016)
Altitude/Topography | Maps Secondary | earthexplorer.usgs.gov (STRM, digital elevation)
Drilling logs Secondary | Private well-owners and reports (Aqua Well, 2013); database of
WRMA
(2007, 20133, 2013b)
Groundwater level Maps Primary / | Installed piezometers / Muriuki Karugi (2016) piezometers
Secondary |installed between June 2015 till January 2016, drillings logs
(WRMA, 2007, 2013a, 2013b, 2013c, 2016; WRA reports, 2016;
Aqua Well, 2013, Groundwater Survey, 1988, ESGHS, 2012)
Hydrochemical data | Statistical Primary / Measured data in field and Laboratory /
analysis; Secondary | Private drilling wells reports, names of wells, and quality data
model information (Aqua Well (2013), Groundwater Survey (1988),
WRMA (2007), WRMA (20134, 2013b, 2013c), ESGHS (2012),
Report book (WRA) (WRMA, 2016 / Republic of Kenya, 1987)
Local Meteoric Water | Isotopes Secondary | International Atomic Energy Agency (IAEA) / Rozanski et al.,
Line analysis 1996; Rietti-Shati et al., 2000; Darling et al. 1990
Stable water isotopes | Isotopes Primary
Analysis
Precipitation, Climate Primary/ | Automated metrological GlobE weather stations installed at the
temperature description Secondary |study (WRMA, 2016)/ (WRMA, 2013a)
Wetland delineation | Maps Secondary | (Beuel et al., 2016) (personal communication E- Amler, 2016)
Mineralogical, Soil analysis/ | Primary
geochemical data of | Hydrogeology
regolith and sediment
samples
Soil Maps Primary/ | Sampled soils / drilling logs (private landowners);
Secondary | Georeferencing CETRAD soil map (Evanson et al., 2014)
Geological and Maps Secondary | Georeferencing the Geological map of Kenya 1:250,000
lithological data Baringo-Laikipia; geological map: Africa Kartenwerk 1:1,000 000
- (2001); georeferencing the Groundwater Modelling System
(GMS) software results of Muriuki's Karugi (2016) thesis;
description of deep drilling logs provided by private
landowners, WRMA and CETRAD Kenya for some shapefiles
Discharge and Secondary | Discharge and precipitation data series of river gauging stations
precipitation data of and rainfall stations: WRMA office (WRMA, 2016), Kenya
river gauging stations Meteorological
Service (KMS)
Hydrogeological maps Secondary | Georeferencing the Hydrogeological map of Ewaso Ng’iro North
Basin Area (WRA, 2020); Hydrogeology and aquifer systems in
Kenya (BGS, 2019).
Streams and wetland Secondary | CETRAD (2016), WRI (2016), WRMA data (2013a).

sub-catchment maps

5.1.

Data for the aquifer structure and properties

Five soil samples were taken from the alluvial year-rounded flooded wetland and referred to as

S (sediments). Fourteen soil samples and three rock samples, both taken from the regolith
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profile, are labeled as R (regolith) (Fig. 5.1, Tab. 5.2). The areas where the samples were taken

were categorized according to their land use: seasonally cultivated, grazing, papyrus, and

continuously cultivated.

36.5°E

Soil sampled
@ Regolith

@ Sediment
River network

— Tributaries
= Main river

Fig. 5.1: Sampling points for soil and rock, drawn on the geological map (cp. Fig. 2.9, p.19).

Tab. 5.2: Soil and rock sampling points (R = Regolith, S = Soil) with depth, setting, and land use.

ID Depth [cm] | Setting Land use Additional notes
R1 70-80 Regolith Continously cultivated Agricultural land

R2 100- 110 Regolith Continously cultivated Agricultural land

R3 30-65 Regolith Grazing Next to fish ponds
R4 100 - 116 Regolith Grazing Next to fish ponds
R5 140 Regolith Grazing Next to fish ponds
R6 170-178 Regolith Grazing Next to fish ponds
R7 120 Regolith Grazing Outlet of the swamp, phonolite
R8 76 Regolith Grazing River course

R9 31 Regolith Seasonally cultivated River course

R10 60 Regolith Seasonally cultivated River course

R11 90 Regolith Seasonally cultivated River course

S1 89 Flooded wetland | Papyrus Slash and burn area
S2 128 Flooded wetland | Papyrus Slash and burn area
R12 130 Regolith Grazing River course

S3 40 Flooded wetland | Papyrus Flooded fields

S4 120 Flooded wetland | Papyrus Flooded fields

S5 50 Flooded wetland | Papyrus Flooded fields

R13 100 Regolith Grazing River course

R14 160 Regolith Grazing River course

R15 0 Hard rock Road cutting Murram rock samples
R16 0 Hard rock Road cutting Rocks

R17 0 Hard rock Road cutting Rocks
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5.2. Hydrochemical and isotopic data

The sampled surface and groundwater points are shown in Figure 5.2.

The surface water points were divided into groups as follows:
e Main River: SF43, SF42, SF29, SF20, SF22, SF16, SF13, SF 48
e Tributary river (Melwa): SF2, SF3
e Tributary river (Pesi): SF6, SF25, SF26
e Dam:SF51, SF53
o  Wetland dry: SF36, SF28, SF12, SF8, SF33, SF34
e Wetland flooded: SF35, SF40, SF39, SF37, SF38, SF15
o Effluent (from the stone cutting): SF21

The groundwater points were divided into four different clusters:
e Installed Piezometers: GW14, GW31
e Shallow hand-dug wells: GW32 and GW5
e Deep wells: GW19, GW30, GW9, GW10, GW27, GW7, GW45, GW49, GW50, GW44,
GW52, GW47, GW46, GW18, GW17, GW23, GW24, GW41, GW1, GW4
e Spring: GW11

36.45°E 36.60°E 36.60°E 36.65°E
T e T
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Fig. 5.2:

Legend
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Sampling points for water (GW = groundwater, SF = surface water) in Ewaso Narok, drawn on

River network
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the geological map (cp. Fig. 2.9, p.19).
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6. Results and Discussion

6.1. Survey results

The survey was intended to better identify the wetland’s resource use, surface water, and
groundwater. It further provided potential points of pollution input, from fertilizers to sewage,
into the wetland for sampling and then modeling of the Ewaso Narok wetland. The results of the
114 random persons selected for this study are presented. Secondary raw data results collected
by Kyalo Willy (personal communication, 2016), when used, are specifically labeled with KW
results.

Ewaso Narok wetland is the primary source for people with water supply for drinking, washing
clothes, domestic use, agriculture (irrigation and cropping), livestock drinking, and dipping
(Fig. 6.1). The questioned people could mark more than one category of their use of the
wetland. 85 % of the sampled people use the wetland for agriculture, and 83 % drink from the
wetland directly. 75 % of the sampled people use the wetland to wash their clothes and dishes
or shower, whereas 57 % use the wetland to provide their cattle with drinking water and 56 %
to dip their cattle.

100+
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Livestock Livestock Agriculture Drinking Washing
drinking dipping

Fig. 6.1: Different uses of the Ewaso Narok wetland (114 participants in the survey 2016).

This comes in terms with KW results showing that 60 % of the 300 interviewed people utilized
the wetland for drinking and bathing purposes.

People were then asked if they disposed of anything directly into the wetland. Hesitation to
answering questions was noticed. People understand that some practices are problematic, yet
they still do them. The categories included fertilizer remains, plastic containers of fertilizers,
cans of food, etc., soap or cleaning material when directly washing on the wetland, cattle
manure (if they leave their animals long on the wetland), and if they chemically spray their
cattle directly in the wetland. More than 50 % of the participants disposed of plastic, soap and
cleaning material, and fertilizers directly in the wetland (Fig. 6.2). 30 % of the sampled people
chemically sprayed their cattle inside the wetland area.

To understand possible pollutants or point source contributors, if they exist, the people were
asked how they dispose of the remains of their fertilizers or cans (Tab. 6.1). 26 % of those
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people burn the remains, thus polluting the air but not the wetland, but at times the ashes fly
into the wetland, and 33 % bury them in holes. There was no specification of whether these
holes were in the flooded part of the wetland or not. 29 % of the participants have a hole for
disposing of things in the wetland area.
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Participants [%)]

containers material

Fig. 6.2: Conscious disposal in the Ewaso Narok wetland. 2016 sampling campaign of 114 participants.

Tab. 6.1: Methods of disposal in the wetland.

Method of disposal in the wetland Participants [%]
Burn 26
Bury in holes 33
Hole on site 29

Regarding agricultural practices, 54 % of the participants plant and farm inside the wetland as it
is fertile, 28 % outside the wetland, and 18 % in both (Fig. 6.3). From the secondary data of KW,
out of 339 participants, the reason for growing the crop is the high productivity, followed by the
land not being suitable for other crops.

300 —

200 —]

Number of people

100 —

High Plot not Safe Traditional Higher price Nutritious Food diet Economic

productivity suitable for crop & demand reasons
other crops

Fig. 6.3: Reasons for Ewaso Narok residents to grow crops. Source: secondary data of 339 participants
(Kyalo Willy, 2015).

Though it is uncommon to use fertilizers in wetlands as they are fertile, people in Ewaso Narok

still reported using them (Ngolo et al., 2018). Of the participants, 65 % used chemical fertilizers,

and 35 % used manure. A remark is that people could be using both. Other reported fertilizers,
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according to the participants, included diammonium phosphate (DAP), nitrogen phosphorus,
and potassium (NPK), urea, and foliar feeds.

With respect to their drinking water, 87 % of the 114 participants relied on wells for drinking.
Other alternatives involved pipes and water from the wetland. According to the participants,
the associated problems with the wells in the area of Ewaso Narok included them being very
salty, far forcing mainly women to walk miles to fetch water, owned by the rich and business
people, dried up, and rarely maintained or fixed.

Taking the seasonality of water flow in the floodplain into account, the participants were asked
about their experience with floods in the last years. 79 % of the participants believe that the
wetland water becomes dirtier when floods are present. The participants back the argument by
observed phenomena such as a change of color, the material carried, vegetation, dead animals,
plastic, sewage, domestic things, clothes, fertilizers, unclear water, and water-born disease
manifestation. Despite the observations mentioned above, people still drink the water due to a
lack of alternatives. The attribution of ‘bad’ to floods was related to destruction by erosion.

Participants associating floods to ‘good’ explained it by less need to irrigate as large amounts of
water are available. This, accordingly, provided the people with security and protection for the
time being and the dry season. Furthermore, dirt and waste are pushed away and removed by
the floods.

Throughout floods, participants leave their homes for a while, avoid the electric-fenced area of
the wetland, and do not take their cattle to the wetland. Furthermore, pit latrines flood,
fertilization use, and costs increase, and planting is stopped.

To conclude, people rely on the wetland for most of their daily livelihoods, including drinking.
However, there is a lack of responsibility and awareness of the wetland’s pollution and well-
being, seen in the direct conscious disposal of fertilizers, manure, and plastic containers in the
Ewaso Narok wetland. This accordingly points to the importance of water quality sampling and
assessment.

The survey provided potential input points of water and pollution into the wetland for sampling
and then modeling of the Ewaso Narok wetland. Obvious sources into the wetland are
tributaries and the main river, while identifying and quantifying hidden contributions from
groundwater, springs, or human-induced pollutants will be the purpose of the Mixing Cell Model
(MCM) purpose, seen in the following chapters.

6.2. Characterization of the aquifer

This chapter describes the different characteristics of the aquifer. Analysis and interpretation of
the aquifer conditions and classification of the geological units are based on the available
geological information, including existing geological maps, lithological drilling logs, results of
resistivity profiling methods, and own field data. The first chapter looks at the system from a
larger perspective, whereas the second addresses the mineralogy and weathering of the topsaoil
layers.



Results and Discussion - 70

6.2.1.  Aquifer structure and properties

The basement is made of gneisses, schists, and quartzites that are overlaid by Tertiary volcanic
rocks (MEMR, 1987; Republic of Kenya, 1987). The area of investigation is dominated by the
Miocene Rumuruti phonolites and trachytes, which are fractured and weathered (Hackman,
1988; Republic of Kenya, 1987). The crystalline rocks’ exposure is vivid in outcrops on top of
hills, steep slopes, in river beds, and on the side roads (Fig. 6.4). More intense weathering is
noticed along with fractures in saprock, as described in the wells drilling logs in the area.

Fig. 6.4: Full exposure of the crystalline rocks (a, b, c) and regolith (d, e) on the roadsides of Ewaso
Narok.

The rocks show varying degrees of weathering, from fresh phonolites to highly weathered ones.
The depth of the weathering zones varies from around 0 to 150 m.b.s.l. (Fig. 6.5). Different
weathered layers are noticed in between the phonolites, which include clay, tuff, or sand. The
clay and sand are products of the Ewaso Narok wetland which was dammed by lava flows at
various times. This might explain the fresh layers and the weathered ones that were on top then
got covered, and then again, the top layers became weathered. The huge parts of the
weathered profile can as well be affected by tectonic movements. The different water levels
rising up and down from the stream or swamp affect the weathered and fresh phonolites. The
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boreholes of the Shiva well, the Catholic Mission well, and Sosian well show more intensive
weathering (Fig. 6.5). This might be related to their position as both wells lie within the wetland
area that is flooded throughout the years. In addition, these wells all lie on the west side of the
wetland, hinting at weathering being more intense on the west side. The Catholic Mission well is
situated inside the delineated wetland flooded area. It consists mainly of weathered phonolites
and taps the aquifer at around 85 m.b.s.l. compared to the rest of the wells tapping the aquifer
at a level between 100 to 180 m. This is because the water level is higher, closer to the wetland.
Furthermore, these wells lie in the lowest topographic areas explaining the weathering. Though
Ol Maisor’s topography is low, it is situated further away from the wetland water making it less
vulnerable to water variations. Ol Maisor well lies 30 km northeast of the beginning of Ewaso
Narok wetland. It is 178 m deep and consists mainly of phonolites. The aquifer is encountered at
157 m.b.s.l. There are some layers of tuffs and clay, but not much weathering is seen (Fig. 6.5).
In addition, fractures are encountered. Shiva well lies around 8 km from Rumuruti town and is
158 m depth with the aquifer encountered at 140 m.b.s.l. It is made of weathered and fractured
phonolites overlaid by weathered tuffs, clay, and volcanic rocks. Kifuku well lies in the upstream
southeast of Ewaso Narok wetland. Itis 152 m deep, and the main aquifer is encountered at 114
m.b.s.l. Kifuku area is underlain by superficial deposits overlying tuff calcrete deposits which
further overly the Rumurti phonolites (Aqua Well, 2013). The drilling logs show mainly fresh
phonolites and layers of agglomerates. Sosian well is 150 m depth and is situated north of
Ewaso Narok wetland. The aquifer is encountered at 132 m.b.s.l. in the fresh phonolites. The
geological formation (Fig. 6.5) shows that the main layers are weathered phonolites, with some
layers of fresh phonolites. The top layers of all wells show illuviated clay, sand, and volcanic
soils, typical residual soil formed from leaching and bioturbation. The perched aquifers are
present around colluvial material, secondary clay, and laterites.
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Fig. 6.5: The lithology and geology of selected wells in Ewaso Narok subbasin: a. The transect of the
wells, b. The altitude of the wells, c. The lithology of the wells. Source: Drilling logs and
earthexplorer.usgs.gov.

Porosities and permeabilities

The fresh rock of the crystalline basement in the Ewaso Narok wetland is made of granite and
gneiss. Crystalline rocks are usually characterized by negligible porosity and permeability in
terms of groundwater exploitability (Tab. 6.2). Granite, as part of the plutonic rocks, belongs to
an aquifuge (Todd, 1959), a formation that has no interconnected openings. It, accordingly,
does not enable absorption or water transmission. Its porosity ranges between 10 — 1% (The
Open University, 2006). Gneiss, as part of the metamorphic rocks, has completely obliterated
the original porosity and permeability of the original rock (Lachassagne et al., 2021). The total
porosity and drainage porosity of rocks decrease with age.

However, with fracturing and weathering, the igneous rocks and the weathered crystalline rock
become more permeable and connected (Fass, 2004). Alteration processes can increase the
rocks’ fracture permeability and total porosity (Tab. 6.2). It further induces substantial changes
in the mineralogical composition and properties of the aquifer system and has important
implications for hydraulic properties (Briski et al., 2020; Walter et al., 2018). Weathered granite
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and its regolith, the upper part of the basement in Ewaso Narok, possess higher permeability
due to the leaching of clay minerals, iron, and calcium (Alexander, 1983; Chen et al., 2019; Rossi
& Graham, 2010). Gneisses weathered profiles are characterized by strong clay and iron oxide
and hydroxide enrichment, with higher porosities, median pore throat size, and a decrease of
bulk density (Walter et al., 2018). In highly fractured regions, granite tends to be more pervious
than gneiss (Stober & Bucher, 2007).

Tab. 6.2: Representative values of porosity and specific yield of selected geological formations (after
Hamill & Bell, 2014; Morris & Johnson, 1967).

Geological formation Porostiy [%] Specific yield [%]
Dense crystalline rock 0-5 0-3
Fractured crystalline rock 5-10 2-5
Weathered crystalline rock 20-40 10-20

Different factors govern the water movement in weathered rocks. In granite, for example, it is
the thickness and disposition of weathered materials and the nature of the unconsolidated-solid
interface, along with joints, fissures, and vein systems (Alexander, 1983).

Weathering on higher grounds in Ewaso Narok’s Basement System seems to be different from in
the floodplain (Wachira, 2014; WRMA, 2013c). On high grounds, the depth of weathering is
shallow, and the degree of decomposition of rocks is sufficiently limited that succeeding
formations of different kinds have widely differing permeability. Gneisses in Ewaso Narok
floodplain weather more easily than the more massive granites and migmatites in higher
grounds (Ministry of Agriculture, 1983). The gneisses in the interfluves and in the high ground
are less permeable, and their connecting fracture zones provide aquifers. In the floodplain of
Ewaso Narok, the deep and advanced sub-surface decay of the saprolite has produced a thick
zone of permeable material. This was observed in the exposed roadsides on the field (Fig. 6.4)
and came in terms with the literature description (ESGHS, 2012).

In some parts of the Ewaso Narok wetland, the saprock is purely made of the weathered
gneisses above the fresh crystalline basement. On other parts of the Ewaso Narok wetland,
igneous and metamorphic rocks (mainly phonolites) are situated above the fresh crystalline
basement. These igneous and metamorphic rocks have low primary porosity if they are
unweathered and unfractured. Their permeability is very small to negligible (Davis & Turk,
1964), ranging from 0.01 to 20 m/day (Tab.6.3). Their porosity, accordingly, comes in the form
of secondary porosity in fractures (Paron et al., 2013). They accordingly can hold water only in
networks of fractures and faults (Paron et al., 2013) or interflow layers (Kulkarni et al., 2000).
Water will then move through vertical fissures and horizontal interflow layers.

Phonolites, with their dense, thick flow and massively unjointed nature, are the most spread
rock in the Ewaso Narok wetland. They have a total porosity of 2 — 4% (Tab.6.3), with
permeabilities ranging between 0.1 — 20 m/day. Faults in the weathered phonolites and fresh
rock in Ewaso Narok can act as aquifer and channel flow conducting the water along the fault’s
axis. This is the case in the Ewaso Narok river and the streams around it where faults act as
trough-like depression of the water table along the length allowing the water to only feed the
aquifer through these zones (Aqua Well, 2013; Aquatreat, 2013). As the water moves through
these faults, it reaches the flat-lying aquifers and moves mainly northwards (Aqua Well, 2013;
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Aquatreat, 2013). At other times, faults impede flow due to hydraulic discontinuities. When
faults are filled with clay and laterites, they act as barriers to the lateral flow (Wachira, 2014).

Tab.6.3: Material with its porosity, permeability, and transmissivity (The Open University, 2006).

Material Total Drainable Comments Permeability | Tranmissivity
porosity [%]| porosity [%] [m/day] [m?*/day]
Alluvium Poorly sortgd deprived 1-10 2-200
from volcanics
Volcanic soils 40-60 <1-5 Variable
Conglomerates 2-25 1-4 Mostly basaltic 0.01-0.5 3-50
Th lly al
“Core’ basalts 2-5 <01-4 |hermallyaltered and 0.001-0.05 | 0.1-100
dykeintruded
Basalt sheets (traps) 4-10 <1-2 Several flows, no
moderately old pyroclasts,
Basaltic formations and Increases with content of
5-40 2-8 scoria, several flows with 0.01-20 2-100
pyroclasts .
pyroclastics
Basaltic interflows of a 20 - 50 5_15 Breccia at the top and
lava flow bottom
Basalt flows 0.8-20 0.1-8 Dense to highly vacuolar 10” - 10 2-100
Pumices 50 - 85 <01-1 |Nom connected pores,
unfractured
Phonolitic ignimbrites | 20— 60 05-8 tDuef?se to poorly welded 10°-0.01 0.1-10
Phonolites 2-4 1-6 Dense flows 0.1-20 20 - 1500

Other rocks in the study area are laterites, clay, and tuffs. Tuffs in Ewaso Narok floodplain owe
their impermeability to the preponderance of ignimbrites and decomposed clayey pumice tuffs
(Aquatreat, 2013). Ewaso Narok floodplain is a riverine wetland with permanent inundation and
periodic soil saturation (Finlayson et al., 2001). The delineated part of the wetland is made from
alluvial sediments. Laterites and clay clog the fractures in the weathered phonolite rocks,
leading to low permeability in the area (ESGHS, 2012). When degraded and exposed to air, they
form a hard crust hindering the water infiltration, thus causing more runoff. The Kinangop tuffs
in the Ewaso Narok area are impermeable. They owe their impermeability to the
preponderance of ignimbrites and decomposed clayey pumice tuffs.

Aquifers

As described, two principal confined aquifers, the regional and the local, are reported in the
area of Ewaso Narok wetland in addition to the perched aquifer (Section 2.3.7). However,
according to a map from WRA (2020), there seem to be several aquifer systems in the area. All
groundwater samples belong to the Mount Kenya, and Aberdare volcanic aquifer, except for
GW1, belonging to the Olobolossant plain aquifer system (Fig. 6.6). There is no available
information about these other aquifers, the difference in their transmissivity, or in their
characteristics.

The aquifers in the Laikipia plateau are no exception to aquifers in crystalline rocks and,
accordingly, are heterogeneous and have irregular configurations with variable hydraulic
characteristics over short distances (Bannerman & Ayibotele, 1984). The aquifers in the Ewaso
Narok wetland do not occur as a continuous system, but the nature of the basement profile
dictates their occurrence. Drilling wells combined with maps show that two aquifers, the
regional and the local, exist (Aqua Well, 2013, Groundwater Survey, 1988, MEMR, 1987,
Republic of Kenya, 1987).
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The Ngelesh phonolites, or regional confined aquifer, was described by Sikes (1934) as the main
aquifer in the Laikipia plateau. It is normally encountered within the weathered altered
phonolites and the welded tuffs (Aqua Well, 2013), more precisely between Middle and Lower
Rumuruti Phonolites. The aquifer further occurs in old land surface deposits, composed of
sediment clasts and gravel in the clayey matrix (Groundwater Survey, 1988), and is developed
between the saprolite and saprock of the various lava flows. The water is struck within the
fractured zones of the phonolites. Accordingly, it gives rise to the local springs (Republic of
Kenya, 1987).

The regional aquifer discharges to major joint swarms trending ENE (Aqua Well, 2013; MEMR,
1988) and to Ewaso Narok wetland. The aquifer’s confinement (Kibson Consult, 2014; Republic
of Kenya, 1987) is indicated by the difference between varying water levels (Fig. 6.5). The
confinement is due to silicate weathering into clay material, which forms an impermeable layer
above the aquifer (Hackman, 1988).

Weathering profile aquifers generally show confined to semi-confined conditions (Wright,
1992). They act as a storage layer for the infiltrating water, which eventually percolates into the
underlying fractured rock aquifer, or as a reservoir for underground storage. Data of five wells
from WRAP (Republic of Kenya, 1987) and further drilling wells gathered from owners show a
big variation of transmissivities. The transmissivity closer to Ewaso Narok wetland (wells EGW53
and EGW32) varies between 14.8 to 30.7 mz/day.

The second aquifer is the weathered crystalline basement rock (uppermost aquifer), referred to
as the local aquifer. It occurs at times above the regional confined aquifer in the Ewaso Narok
area. Just as the name suggested, this aquifer occurs in the weathered and fractured exposed
gneisses basement (ESGHS, 2012; Kibson Consult, n.d.). Most of the groundwater is found in the
thin layers of dark biotite schists. The only example of a well drilled in this aquifer is Kifuku well
(Fig. 6.5). The transmissivity is 5.2 m*/day (Republic of Kenya, 1987).

Both of the aquifers mentioned above are the exploitable groundwater resource in the Ewaso
Narok area. Most of the yield to successful boreholes is the regolith with the deep-weathered
bedrock (saprock) (Chilton & Foster, 1995; Chilton & Smith-Carington, 1984). The difference
between the two aquifers’ transmissivity values indicates that the regional aquifer could feed
the local aquifer.

The perched aquifers in the area, seen in drilling wells, mainly occur in the decomposed
weathered phonolites flow due to chemical weathering or by stream moving (Aqua Well, 2013;
Geolink Associates, 2010; Groundwater Survey, 1988). They occur, in addition, in tuffs and in
their contact with phonolites (Aqua Well, 2013). For example, the porous tuffs and Lapilli tuffs
are well-developed aquifers and behave similarly to gravels and sand aquifers widespread in the
area (Aqua Well, 2013). Further perched aquifers are formed in the lateritic zones, in the
murram mantling high ground and lower depressions (ESGHS, 2012), and in the sediments of
the alluvial system (Notter, 2003) along the main drainage channel (Paron et al., 2013).
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Fig. 6.6: Aquifers around the Ewaso Narok wetland. Georeferenced and modified after WRA (2020).

Recharge

There are two recharge mechanisms, direct and indirect, according to Allison et al. (1994),
Allison (1988), and Foster (1988). Direct recharge is added to the aquifer through the
unsaturated zone by direct percolation of rainfall, which can happen in the wetland. But, the
percolating water may be used to fill soil moisture deficits and maybe be evapotranspirated
before reaching the groundwater reservoir. Indirect recharge includes surface water, flood
water entering the wetland through its beds, and water stored in fractured zones, which flows
laterally.

Soils in Ewaso Narok wetland are made of Phaeozems and Solonchaks, thus allowing small
amounts of water, if at all, to pass through (Aqua Well, 2013). The wetland lies in compact
middle Rumuruti phonolites (Ewaso Narok Phonolites), making direct percolation of rainwater
or recharge not possible unless it is through fissures, as weathered and fissured metamorphic
rocks may contain isolated groundwater reserves. Schotterer and Miller (1985) emphasized
that only a limited groundwater recharge occurs (Republic of Kenya, 1987) in volcanic slope
regions in recharge areas. Ewaso Narok wetland lies on lower slopes where the groundwater
usually emerges (Republic of Kenya, 1987).

Ewaso Narok river’s side beds contain in addition clay, sand, and gravel (iron-stained quartz
sand), which enable more water to flow through them. On the lower, steeper courses of the
river courses, volcanic gravel is noticed. This means that runoff along the river courses is
possible.
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A further indication of the groundwater recharge status is that most of the tributaries rising on
the Upper and Middle Volcanic Slopes are perennial, while tributaries rising on the volcanic of
Laikipda Plateau are ephemeral (Samoka, 2010). This comes in terms with the calculated
transmissivity values reported by Republic of Kenya (1987) discussed above.

6.2.2. Weathering and mineralogy

To understand the weathering processes in the Ewaso Narok wetland, 22 sampled soil and rocks
(Tab. 5.2) were analyzed for their mineralogical content, major and trace elements, and content
of carbon, nitrogen, and sulfur using XRD, XRF, and CNS (App. 7, App. 8, and App.9).

Samples taken from the same location are interpreted together, and a comparison of all the
different locations is summarized in the end. Different layers of the river course soils (Fig. 6.7)
and the exposed saprolite (Fig. 6.8) were observed on the field.

Fig. 6.7: Cross-section exposure of river course soils in the middle of Ewaso Narok: a. zoomed in
profile, b. zoomed out profile.

Fig. 6.8: Different layers (separated by a white line) and their weathering observed on the river
courses in Ewaso Narok: a. the riverside, b. flooded wetland.

Continuously cultivated agricultural land
The continuously cultivated agricultural area, situated in the wet floodplain, is characterized by
black and dark brown silt and clay mixed with murram. The two regolith samples are taken from
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the same location but at different depths (R1: 70- 80 cm b.g.l, R2: 100- 110 cm b.g.l) (Fig. 5.1).
The content of organic material is higher on the top layers, as vegetables are planted there. In
both samples, illite/muscovite forms the main component, followed by K-feldspar, then calcite,
then plagioclase, goethite, and a small percentage of quartz (Fig. 6.9). The elemental
composition is similar in both samples, with an average of 45 % of SiO,, 19.5 % of Al,O; with 8 %
of Fe,03, and 7.5 % of CaO. The CIA index displayed an average of 64 %.
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Fig. 6.9: Mineralogical composition of the samples R1 and R2 taken in the continuously cultivated
agricultural land.

Fish ponds (grazing)

The fish ponds area is situated in the wet floodplain next to the furrow, where grazing takes
place. It is characterized by brown, blackish, and murram soil. The four samples from this area
are taken from the same grazing location (Fig. 5.1) but different depths (R3: 30- 65 cm b.g.l; R4:
100- 116 cm b.g.l; R5: 140 cm b.g.l; R6: 170- 178 cm b.g.l). The main component is K-feldspar
followed by illite/muscovite. Other minerals composing these samples include goethite, quartz,
kaolinite, and plagioclase (Fig. 6.10). Quartz is only present in the top layer and calcite in the
deeper ones. Kaolinite is only present in the middle depth samples (R4 and R5).

Regarding the elemental composition, SiO, drops from 52 to 43 % with depth. The sample’s
elemental composition further constitutes of Al,0; (average of 21 % for R3, R4, R5, and R6),
then by Fe,0; (average of 11.1 %). K,O makes up an average of 3.1 %, and the rest of the oxides
make up less than 1.5 %, except for CaO in deeper levels constituting 3 %, then 8 %. The CIA
index drops from 84 to 60 % with depth. This again hints at higher weathering rates in the upper
parts. The content of organic material increases with depth from 9 to 13.6 %.
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Fig. 6.10: Mineralogical composition of the samples R3, R4, R5, and R6 taken in the fish ponds
(grazing).

River regolith (grazing)

This grazing area is in the flooded part of the wetland, surrounded by exposed phonolites, and is
characterized by hard dark brown clay. The two samples are taken from different locations (Fig.
5.1) from the river regolith and at different depths (R7: 120 cm b.g.l.; R8: 76 cm b.g.l.). In both
samples, illite/ muscovite form the main component, followed by K-feldspar, then plagioclase,
quartz, and goethite (Fig. 6.11). The content of organic material is 7-8 %.

The CIA of R7 and R8 is 75 % and 79 %, respectively. Regarding the elemental composition, SiO,
makes up 56.5 % in R6 and 55.6 % in R7. Al,O; shows an average of 18.5 %, followed by Fe,0s,
making up 9.5 %, K,0 around 3 %, and Na,O with around 2 %, followed by TiO, of 1 %. The rest
of the oxides contribute to less than 1 %.
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Fig. 6.11: Mineralogical composition of the samples R7 and R8 taken in the river regolith (grazing).

River regolith (seasonally cultivated)

River regolith samples R9, R10, and R11 (Fig. 5.1), are situated in the wet floodplain, in a
seasonally cultivated area, characterized by dark brownish colours, that broke easily, was very
soft, and well sorted. The samples are taken from the same location from different depths (R9:
31 cm, 60 cm and 90 cm b.g.l.). The content of organic material increases with depth. lllite/
muscovite forms the main component, followed by K-feldspar (6.12). Minor percentages of
goethite, quartz, and plagioclase are present. R9 is the only sample from all the samples with a
quartz percentage of more than 10 %. Plagioclase is only detected in the upper layers, whereas
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calcite is in the deeper ones. Higher weathering rates in the upper layers are seen as K-feldspar
increases with depth and goethite decreases with depth.

The CIA index decreases from 78 to 62 % with depth, again hinting at weathering being more
dominant at the top layers. The element composition, both of R9 and R10, show similar results,
of Si0, making up almost 53 %, Al,O; making up 19 %, Fe,03; making up 10.5 %, K,O making up
2.9 %, and MgO, Ca0, and Na,0 making up between 1 to 3 %.

Sample R11, however, shows slightly lower values of SiO, with 47 %, Fe,0; making up 9 %, and
Ca0 making up to 6.7 %. All the rest of the oxides make up less than 3 %.
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Fig. 6.12: Mineralogical composition of the samples R9, R10, and R11 taken in the river regolith
(seasonally cultivated).

River courses (grazing)

R13 and R14 are sampled outside the wet flooded, yet on the stream in a grazing area (Fig. 5.1).
The two samples are taken from the same location from different depths (R13: 100 cm b.g.l,
R14: 160 cm b.g.l). lllite/ muscovite form the main component (6.13). In the upper part,
plagioclase prevails, while in the deeper layers, K-feldspar prevails. Calcite is detected in the
deeper sample. K-feldspar increases with depth, confirming more weathering in the upper
layers. Sample R12 is sampled from an adjacent location at a depth of 130 cm b.g.l. It has a
similar composition to both R13 and R14, with a small percentage of kaolinite. The content of
organic material is 7.8 % in R12 and 8.6 %, and 9.5 % for R13 and R14.

The CIA drops from 81 to 76 % with depth. The elemental composition of the three samples
shows similar compositions. SiO, is the highest of all samples, with an average of 52.2 %. Al,O;
shows an average of 21 %, followed by Fe,0; of around 10 %, K,0 around 3 %, and all the other
oxides less than 2 % except for R14 with CaO of 2.6 %.
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Fig. 6.13: Mineralogical composition of the samples R12, R13, and R14 taken in the river courses
(grazing).

Papyrus area (slash and burn)

The papyrus area within the wet floodplain is characterized by dark-colored soils. The two
sediment samples from this area are taken in indifferent depths (S1: 89 cm b.g.l.; S2: 128 cm
b.g.l.). The content of organic material increases with depth from 9 to 14.5 %. In the upper part
(51), illite/ muscovite form the main component, while K-feldspar prevails in the deeper one
(Fig. 6.14). Kaolinite is only detected in the upper layer and calcite in the deeper one. Additional
proof for higher weathering rates in the upper part gives the increase in the percentage of
goethite, quartz, and plagioclase with depth. But, the presence of goethite and plagioclase in
both samples hints that weathering occurs at both depths.

The CIA drops from 83.8 to 60.4 % with depth. Regarding the elemental composition, SiO; also
drops from 54 to 43 %, indicating silicate weathering on the top layers. Al,03 drops from 22.5 to
19 %. CaO increases from 0.6 to 9 %. The occurrence of the other elements shows no variation

with depth.
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Fig. 6.14: Mineralogical composition of the sediment samples in the papyrus area (slash and burn)
taken from a profile at different depths (S1: 89 cm b.g.l.; S2: 128 cm b.g.l.).

Papyrus flooded area (continuously cultivated)
The flooded Papyrus area is characterized by dark black, fertile, and sandy alluvial soil. The three
sediments are taken from different locations and depths (S3: 40 cm b.g.l.; S4: 120cm b.g.l.; S5:

50cm b.g.l.). The mineral composition of the three samples is very similar, with illite/muscovite
being the main component. A smaller percentage of kaolinite and k-feldspar further prevail
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(Fig. 6.15). Intense weathering is indicated as no plagioclase, and little K-feldspar exists. The
content of organic material varies between 14.6, 15.2, and 18.7 % for S4, S3, and S5,
consecutively. Their elemental composition is similar, with around 49 % SiO, , followed by Al,O;
(19 %) and Fe,03 (10.5 %). With the exception of K,0 (1.1 %) and TiO, (1.2 %), the other oxides
make less than 1 %. Compared to all the samples taken K,O is the lowest and P,0s the highest
value in those three samples. The three samples are organic-rich, with high levels of total
nitrogen and total carbon. An average CIA index of 89 % for the three samples proves intense
weathering in the flooded area.
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Fig. 6.15: Mineralogical composition of the samples S3, $4, and S5 taken from the papyrus flooded area
(continuously cultivated).

Rocks
The rocks (samples R15, R16 and R17) were collected from different locations from the exposed

fractured rock in the Ewaso Narok floodplain: laterite / murram (Fig. 6.16) and two basalts (Fig.
6.17 and 6.18).

Fig. 6.17: Field samples of basalt (R16): a. The whole rocks, b. Parts of the rock.
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Fig. 6.18: Field samples of basalt (R17): a. The whole rock, b. Parts of the rock.

Half of the mineral composition of the laterite (R15) is K-feldspar, followed by kaolinite (25 %)
and goethite (9 %), both of which are a result of weathering. lllite/muscovite constitutes around
8 % and plagioclase less than 6 % and 1 % quartz (Fig. 6.19). The laterite (R15), locally called
murram (Fig. 6.16), is formed by leaching after intensive and long-lasting weathering in dry and
wet conditions. They are rich in iron, and aluminum giving them the red color (Aqua Well, 2013;
WRMA, 2013b). The elemental composition shows SiO, (41 %), Al,Os3 (9 %), and Fe,0s (22 %) as
main components. Other oxides higher than 1 % included MnO (3 %), Na,0 (1.1 %), and K,0 (4
%). The CIA is 77 %. The lateritic weathering leaches silica and magnesia and leaves a residue
mainly of iron hydroxides. Lateritic deposits form an impermeable lateritic soil which usually is
less than 7m thick (Bell, 2013). The LOI result of R15 were 8.38%.

The two basaltic rocks differ in their mineralogical composition. R16 is mainly composed of K-
feldspar (56 %) with contributions of lllite/muscovite (21 %), kaolinite (18 %), and a small
percentage of plagioclase and goethite (Fig. 6.19). The elemental composition shows SiO,
prevailing (53 %), with Al,O; (24 %) and Fe,0s (6.5 %). Na,O makes 2.7 %, K,O of 6 %, and all
other oxides less than 1 %. The CIA is 73 %. R17 has a higher content of K-feldspar (76 %),
followed by kaolinite (18 %), illite/ muscovite (10 %), and goethite (5 %) (Fig. 6.19). Its elemental
composition was similar to sample R15 (App. 7) . The CIA is 75 %. The percentage of K,0 in
samples R15, R16, and R17 are higher than in other samples (App. 8). The LOI results of samples
R16 and R17 are 6.14 % and 7.81 %, respectively.
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Fig. 6.19: Mineralogical composition results of Laterite R15, Phonolite R16, and R17.
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Comparison of samples

In most of the samples illite/muscovite prevail (Fig. 6.20). lllite results from the weathering of
silicates, mainly feldspar, and muscovite. K-feldspar is the second dominant mineral and makes
most of the solid rocks. If the samples were totally weathered, all feldspar would have been
decomposed into clay minerals. The K-feldspar increases with depth, confirming more
weathering on top. The weathering profile is further composed of kaolinite, goethite, and small
proportions of quartz and calcite. Goethite is formed from the weathering of magnetite and
demonstrates extreme leaching. The sequence of weathering products, going from
montmorillonite over kaolinite to gibbsite, reflects the increasing leaching intensity. It removes
silica and cations from the rock (Appelo & Postma, 2005). Kaolinite, the weathered form of
plagioclase feldspar, is present in the three rock alluvial sediments samples and two of the
regolith samples. Al,O; can be correlated with feldspars and clay minerals (e.g., kaolinite).
However, the percentage amount of Al,0; does not change even though those of kaolinite and
feldspar do.

In the form of goethite, iron-hydroxide is present from the weathering of iron-rich minerals and
indicates prolonged ferralitic weathering (Appelo & Postma, 2005). Its presence is visible in
most of the samples except for the sediments (Fig. 6.20).

Calcite exists in some samples and is usually deposited by either groundwater solutions or
hydrothermal solutions and most commonly has a biogenic origin (Nichols, 2009). The calcite
source is the calcrete deposits and calcareous sediments in the area originating from the
Miocene sedimentary rocks and the Samburu episode (Aquatreat, 2013; ESGHS, 2012;
Hackman, 1988; Kibson Consult, n.d.; Republic of Kenya, 1987). Calcite is found at a depth of
around 90 to 140 cm from the ground surface. Ca®* variation is noticed as water goes up and
down in the sampling when flooding occurs.

The muscovite’s weathering sequence is muscovite - muscovite/ montmorillonite -
montmorillonite - kaolinite (Gour et al., 2014; Stoch & Sikora, 1976). This weathering from
muscovite to kaolinite is seen in Equation 6.1.

2KAIl,(Si3AlO40)(OH), + 2H*+ 3H,0—-> 1.5A|4(Si4010)(OH)8+2K+ (Eqg. 6.1)

All samples had muscovite, and some had kaolinite in addition. Thus they were either not
weathered or totally weathered, or the kaolinite is from another source. Another explanation is
that the main weathering product was illite and not muscovite. But, it is impossible to
differentiate both in the XRD. However, the literature shows that illite is widespread in the area
and that muscovite is less common yet was produced during the Samburu episode.

Illite occurs as an altered form of muscovite and feldspar in weathering. lllite is similar to
muscovite but has lower K,0 content and higher H,0 content than muscovite (Fanning et al.,
1989; Srodon & Eberl, 1984). lllite is a product of mica’s weathering or collapse of the high-
charge smectite layer around K-ions (Thompson & Ukrainczyk, 2002).
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Fig. 6.20: Samples taken from the alluvial year-round flooded wetland sediments (S) and the saprolite’s
regolith (R): a. The mineralogical composition and CIA values, b. Location of the samples,
drawn on the geological map (cp. Fig. 2.9, p.19).

To sum up, silicate weathering is dominant in the Ewaso Narok wetland, with the top areas
being more weathered, as seen in LOI results and feldspar content in the soil. The CIA ranged
between 65 and 91 % depending on the kind of soil, the depth, the area’s use, and its
weathering. The highest CIA is seen in the sediment samples (organic layer) in the floodplain,
followed by the solid rocks (bedrock) and top layers, indicating high weathering in the upper
layers. High values of LOI are in the sediments confirming organic content. The weathering
profile mainly compromises of K-feldspar and illite/muscovite with mixed proportions of
plagioclase, kaolinite, calcite at times, and small amounts of quartz and goethite. Laterites soil is
encountered, displaying an average of 41 % of SiO,, with Al,O; as 19 % and Fe,0; as 22 % with
the remaining percentages for MnO, MgO, Ca0, K,0, Na,0, P,05, TiO,, and SOs.

The top layers are dominated by kaolinite and with Fe®" in the form of goethite. Although
parents’ rocks are variable, progressive leaching of the more mobile elements Na*, K*, Mg?*, is
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evident in the saprolite. As iron and aluminum are the least mobile elements, they are found in
the upper parts of the weathering profiles as hydroxides or as residual minerals. As these layers
are destroyed by erosion, they move by mechanical processes, more precisely colluvial on
slopes and river water suspension.

Al, O3 varies between 17 and 24 % and tends to be concentrated in the residual weathering
products because of its low solubility (Ceryan, 2012). FeO remains relatively constant even
though it might change from ferric to ferrous (Ceryan, 2012). There was a big range in the
samples as the saprolite samples showed Fe,0; of 23 %, whereas others did not exceed 7 %.

The amount of MgO is below 1.5 % in all the samples. MgO is leached and removed in the early
stages of the chemical weathering, but a certain amount is retained in the clay’s mineral
structure, where it is adsorbed (Ceryan, 2012).

As expected, all sediment, regolith, and rock samples can be traced back to the Miocene
Cenozoic volcanic rocks of the Laikipia plateau described in Chapter 2.3.2 and 2.3.4 (Tab. 2.3 and
Tab. 2.4). The sediments (S1 to S 5) indicate basalt, basanite, and basaltic andesite as the rock
source (Fig. 6.21). The hard rock indicates basaltic trachyandesite and tephrite andesite as the
rock sources (Fig. 6.21). The regolith indicates basalt, basaltic andesite, trachybasalt, and
tephrite basanite as the rock source. The layers above the crystalline basement in the Ewaso
Narok area range from alkali-basalts to trachytes and phonolites (Republic of Kenya, 1987). As
the weathering of basalt leads to the formation of kaolinite and iron oxide goethite (Asio &
Jahn, 2007), the results come in terms with the mineralogical results presented above.
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Fig. 6.21: Total alkali-silica (TAS) diagram of the samples (after Maitre et al., 2002).

A detailed description of the results shows that R1, S2, R6, R15, and R17 are weathering
products of tephrite basanite. Samples R2, R3, R4, R11, R14, S3, S4, and S5 are a weathering
product basalt. R5 is weathered from trachybasalt, and more precisely, potassium-trachybasalt
according to the relative amounts of Na,0 and K,0 as Na,0 minus two is less than K,0. R7, RS,
R9, R10, R12, R13, and S1 are weathering products of basaltic andesite. R16 is a weathering
product of basaltic trachyandesite, and more precisely, shoshonite as Na,0 — 2 < K,0.
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6.2.3. Water dynamics
6.2.3.1. Piezometer installations and water flow

Ten piezometers (twenty pairs) were placed at different depths and locations to evaluate the
magnitude of vertical flow (Fig. 6.22). GW31, installed next to another piezometer, shows
stagnant water as no head gradient exists between both piezometers. GW14, installed next to
another piezometer, shows that the water flows vertically downward to recharge the
groundwater. The shallow piezometer intercepts a higher hydraulic head than the deeper one.
The eight other piezometer pairs installed for water flow measurements show that on the wet
floodplain, no change is noticed after floods, and the water gradient is zero. Regarding the area
outside the wetland after floods, a recharge is noticed in two piezometers, indicating direct local
recharge and infiltration. In the rest of the piezometers in the floodplain and river courses,
discharge is noticed at all times, indicating that groundwater feeds the surface water, as seen
further with the springs.

Stream Wetland

Zero exchange or losing
Zero exchange

Gaining

Groundwater flow

Fig. 6.22: Cross-section showing the piezometer results. The vertical lines indicate the position of open-
ended piezometers, and the horizontal bars show the water level in them.

6.2.3.2. Creation of piezometric maps

Using the measured water levels collected by Muriuki Karugi (2016) and calibrated water table
in addition to the piezometers installed and data acquired from WRMA, the groundwater flow
direction was calculated. Data sets were integrated from different sources. They were
compared with the data available from the literature, and it was found that they interplace each
other feasibility. A map is generated (Fig. 6.23).

The water tables rise and fall with time. However, the general groundwater flow is
northeastward in the Middle and Lower Phonolite series of the Plateau series, both inside the
wetland and surrounding area. An exception occurs in a small part of the lower basin in the
wetland (Fig. 6.24), especially during the summer. In this part, groundwater flows from both the
north and south part, as seen from the installed piezometers results. It is important to
remember that along with the Ewaso Narok River, there is high fracturing intensity, and
accordingly, the hydraulic gradient is expected to be high.
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Fig. 6.23: Groundwater flow and piezometric levels. Sources: WRMA/ drilling logs/ Paron et al. (2013).

Wells from secondary sources were additionally used to add to the available data. In addition,
their positions, depths, and SWL were recorded, which accounts for the water level in this case
(the elevation or level of the water table in a well when the pump is not operating). It is
important to keep in mind that the static groundwater levels at different points were not
measured simultaneously, thus might lead to uncertainties. Further uncertainties in hydraulic
heads may arise from the DEM elevation data.
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Fig. 6.24: Water levels inside the wetland. Sources: Field measurement and Muriuki (2016).
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6.3. Water composition

The following section discusses groundwater and surface water composition. It starts with in-
situ water parameters (App. 1), followed by hydrochemical water analysis (App. 2). The water
quality results are discussed afterward, followed by the stable water isotopes (App. 3) and the
hydro-geochemical processes occurring in this system.

Surface water points are divided into the tributary streams leading to the wetland, the main
river inside the wetland, the wetland when flooded, the wetland dry, the effluent, and the
dams.

Groundwater is divided into shallow groundwater, deep groundwater, and the spring. The
shallow groundwater is sampled at wells and piezometers up to 3 m depth. The deep
groundwater is sampled at pumping wells between 10 and 200 m depth.

6.3.1. In-situ parameters

The specific electric conductivities (EC) representing surface water’s mineralization ranged
between 94 and 1,697 uS/cm (Fig. 6.25 and Fig. 6.26). The median was 189 uS/cm, and most of
the samples were between a narrow range of 133 and 224 uS/cm. The outliers were the effluent
[1697 uS/cm], SF51 [395uS/cm], SF26 [570 pS/cm]. The EC values of groundwater ranged
between 272 and 4,470 puS/cm with a median of 1,342 uS/cm, and most of the samples ranged
between 934 and 1,594 pS/cm. The pH values of surface water showed both basic and acidic
water, whereas the groundwater had a bigger range of basic and acidic samples. The outlier to
the surface water is the effluent [pH = 9.2] (Fig. 6.25). Oxygen content (O,) varied both in
surface water and groundwater. However, most of the samples had a concentration between 85
and 103 mg/| for surface water and 44 and 90 mg/| for groundwater. Outliers are GW11 [161.7
mg/l] and GW41 [174.4], SF33 [20.1], and SF34 [52.6] (Fig. 6.25). The redox potential was higher
for surface water than for groundwater samples. The outlier is the effluent [81.7 mV], SF39
[754.7 mV], and GWS5 [-152.8 mV] (Fig. 6.25).
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Fig. 6.25: Boxplot of in-situ measured parameters for surface water and groundwater: a. Electric
conductivities, b. Redox potential, c. pH values, d. Oxygen content.
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Fig. 6.26: Specific electric conductivity (EC) of the sampled water points, drawn on the geological map
(cp. Fig. 2.9, p.19).
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6.3.2.  Hydrochemical water analysis

The results of the water sampling are seen in App. 2. For graphical representation, Udluft and
Piper diagrams were chosen to display the composition of anions and cations (Gller et al.,
2002). Certain selected determinant values are presented in the following (Tab. 6.4). Calcium,
magnesium, chloride, silica, and sulfate were higher values were higher for groundwater than
surface water. Samples whose ion charge balance errors were higher than |10 %|were
discarded from any further analyses.

Tab. 6.4: Selected parameters’ range values in surface and groundwater.

Source and value

Determinant Surface Water Groundwater
pH 6.7-9.2 5.6-9.5
Calcium [mg/I] 0.9-24 1.8-121
Magnesium [mg/I] 1.2-43 0.3-42.9
Chloride [mg/I] 49-123.2 7.4-253
Silica (SiO,) [mg/I] 12.3-34.5 5.2-66.4
Sulfate (SO,) [mg/I] 2.4-39.1 4.1-128.8

The water type in both surface water and groundwater is mainly classified as Na*-K*-HCO; -type,
as sodium plus potassium and bicarbonate, is the predominant cation and anion, respectively
(Fig. 6.27). This is typical water influenced by ion exchange. The shallow dug wells, and the
water of the dam had water of sodium chloride type, whereas the installed piezometers, some
deep wells, and the spring had sodium chloride water type.

€ Main River X Wetland Flooded W Deep wells
¥ Tributary Melwa B Wetland Dry A Installed piezometers
v Tributary Pesi = Effluent [J Shallow dug wells

A Dam X Spring

Fig. 6.27: Piper diagram for the surface water and the groundwater sample points.
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The above for-mentioned results were compared with the Piper classification diagram for anion
and cation facies after (Back, 1966; Morgan & Winner, 1962) in terms of major-ion percentages.

Sodium bicarbonate is a result of the weathering of silicate minerals in igneous rocks. As the
aquifer and rocks contain silicate minerals, this might be another indication for its weathering
leading to higher silica values between 12.3 and 34.5 mg/l in surface water and between 5.2 and
66.4 mg/l in groundwater. Silica released by weathering is transported underground and along
river water. Part of it remains in the weathering zone, as it precipitates in the joints and
fractures of the rocks as silica. Bicarbonate tends to predominate in water in areas where
vegetation is grown profusely (Hem, 1985), which might be the reason for the surface water as
the wetland is heavily dense with vegetation.

The groundwater results (Fig. 6.28) follow similar hydrochemical trends, showing similar lines
with slight yet moderate differences, given the subgroup’s spatial variabilities. Silica differs
between all the subgroups, nitrate is higher in deep wells, and sulfate is lower in shallow wells.
A noticeable difference exists between the deep and shallow wells. The piezometer results lie
between the deep and shallow wells emphasizing the fact that it taps the groundwater. The
spring shows similar results to the groundwater in general, emphasizing that some groundwater
feeds the surface water. No clear distinction between the water in both the confined aquifers in
terms of quality is observed.
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Fig. 6.28: Schoeller diagrams based on the average values of a. Groundwater and b. Surface water.

The surface water samples (Fig. 6.28) have similar hydrochemistry and follow the same trends
except for the effluent. Silica, however, differs and is highest in the tributary Melwa, upstream
of the wetland, and very low in the dry wetland. The effect of silicate weathering on water
chemistry is primarily the addition of cations and silica. Accordingly, HCO;™ and SiO, were used
as indicators of silicate weathering (Appelo & Postma, 2005). The tributary Pesi, again upstream
of the wetland, has a higher sulfate content compared to the rest of the surface water samples.
The surface water samples taken in the dry period in the wetland have lower nitrate. The

composition of the river in the wetland is comparable to the composition of his tributary
streams, Pesi and Melwa.
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TDS of the sampled points

Total dissolved solids (TDS) comprise dissolved inorganic salts and organic matter in water. TDS
originates mainly from natural sources, sewage, agricultural and industrial runoff, and
wastewater. The TDS is high in the groundwater samples, except for samples GW24 and GW41.
In addition, GW1, GW32, GW31, and GW11 are in the middle range. In regards to surface water,
all are in the same range except for the effluent SF21 (Fig. 6.29). The EC results (Fig. 6.26) are
similar to TDS results. The groundwater points with low EC are GW11, GW24, GW41, GW31,
GW1, and GW32. GW32 and GW31 are shallow wells, and GW11 is the spring. Samples GW24
and GW41 seem to be recharged from a different aquifer, or there might be faults allowing rain
to reach them in the area. GW1 seems to be recharged from a shallower aquifer (will be
elaborated upon in section 6.3.4).
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Fig. 6.29: Udluft diagram of the sampled water points, drawn on the geological map (cp. Fig. 2.9, p.19).

6.3.3.  Water quality

Surface water from the stream and the wetland are used not only for drinking but for irrigation.
Irrigation is widespread in the flooded parts of the wetland and the outside parts, where water
is pumped directly from the wetland. The groundwater is mainly used for drinking and the
ranching industry. The water quality of the sampled groundwater and surface water is discussed
in this section. The detailed description starts with nitrogen compounds, fluoride, and
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phosphate. The rest of the elements/constituents are compared to the health guidelines of
WHO (2011) and KEBS (2015), and irrigation guidelines FAO (1985).

6.3.3.1. Nitrogen compounds

Wetlands usually help in the removal of nitrate (Gersberg et al., 1983; Van Oostrom & Russell,
1994; Zhu & Sikora, 1995) through two available mechanisms; the plant uptake and
denitrification (Ingersoll & Baker, 1998; Lin et al., 2002; Van Oostrom & Russell, 1994; Xue et al.,
1999; Zhu & Sikora, 1995). However, if the carbon source is not sufficient (Wu et al., 2014), at
times, the enhancement of denitrification is required by planting the wetland (Lin et al., 2002).
This is especially the case if the source is nitrate-rich agricultural runoff and polluted
groundwater. Many studies focus on denitrification, but not many address the effect of the
denitrification process on groundwater systems’ hydrochemistry and on measuring
denitrification in aquifer sediments (Smith et al., 1991).

Ewaso Narok wetland is known for the use of ammonia and nitrogen compounds as fertilizers
(Kyalo Willy, 2016; own survey, 2016; UNESCO-WWAP, 2006). Nitrite and nitrogen compounds
are indicators of pollution, usually from the disposal of sewage or organic waste. Nitrate is a
result of domestic, agricultural, and industrial practices. In Ewaso Narok wetland, nitrate is
attributed to excessive agriculture, the application of inorganic nitrogenous fertilizers and
manure, animal or human sewage (oxidation of nitrogenous waste products in human and
animal excreta) (WHO, 2016). High nitrate in shallow groundwater can be a result of leaching
from livestock by rainfall. The impact of leached fertilizer nitrogen on groundwater is slow to
develop because the transport of solutes through the unsaturated zone between the land
surface and groundwater table is slow (Hem, 1985).

Fertilizers containing inorganic nitrogen and waste containing organic nitrogen are decomposed
to ammonia, which is oxidized to nitrite and nitrate in the soil. Nitrate is used by plants and its
surplus moves to groundwater. Once the nitrate reaches the aquifer, it will contaminate it for
decades, even if nitrate loading on the surface is reduced (WHO, 2016).

The WHO (2011) sets a limit of 50 mg/| for nitrate in drinking water, whereas that of Kenya
(KEBS, 2015) stands by 45 mg/l (Tab.4.2, Tab. 4.3). The surface water samples in general
(Fig. 6.30) show less than 5 mg/| of nitrate, indicating that most of the NO3™ has been denitrified
into NO, " in the wetland. In specific, the sampled points during the dry period show a very low
amount of nitrate. The tributary Melwa has relatively higher nitrate levels (0.9 mg/l and 2.1
mg/l), whereas only at one point in Pesi is the nitrate level higher (1.7 mg/l). The river water has
a medium range as its water combines the water of both Melwa and Pesi tributaries (not
detectable to 2.2 mg/l). The flooded wetland samples have higher nitrate values. This can be
explained by the runoff of agricultural fields. However, this does not come to terms with
Hemond and Benoit (1988), where flash floods show that the NO3;™ concentrations are usually
lower, suggesting denitrification and nutrient removal or simple dilution.

Groundwater (Fig. 6.31) shows higher detectable nitrate values compared to the surface water
samples. Four of the deep groundwater samples from boreholes (GW49, GW52, GW46, and
GW23) showed high concentrations of NO3  [67 mg/l, 73 mg/l, 193 mg/l, and 65 mg/I], which
exceeded values of the 50mg/l recommended guideline of the WHO (2011) and KEBS (2015).
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This might suggest that the rest were denitrified to NO, as seen in the nitrite values below. This
indicates that existing NOs” was removed by denitrification in water with lower redox potentials
(Mitsch & Gosselink, 2000). This process occurs at redox conditions below 250 mV (Mitsch &
Gosselink, 2000). Most redox potentials were below 250 mV, allowing denitrification (Mitsch &
Gosselink, 2000). The water in boreholes with the high NO; values comes most from
anthropogenic sources, and more precisely, from point pollution of sewage or agriculture as
faults are common. Accordingly, these waters are leached from agricultural fields and then
infiltrated into the groundwater without having been denitrified in an area where there were
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Fig. 6.30: Nitrate content of the surface water samples.
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Fig. 6.31: Nitrate content of the groundwater samples compared to the recommended WHO (2011)
and Kenyan standards (KEBS 2015) of 50mg/I. The y-axis is presented on a logarithmic scale
for a better presentation of the results.

In regards to spatial distribution, the sampled points with the high nitrogen compounds, higher
than the WHO (2011) guidance limit for ammonium and nitrate and higher than KEBS (2015) for
nitrite, are mainly in the delineated flooded area of the wetland (Fig. 6.32). Few samples have
high amounts of two nitrogen compounds.



Results and Discussion - 97

River network

—— Tributaries
= Main river
Nitrogen compounds with values above guidance limit

O Ammonium ion > 5 mg/I

O Nitrite > 0.003 mg/I

@ Nitrate > 50 mg/I

@ Nitrate > 50 mg/l and ammonium ion > 5 mg/I
@ nitrate > 50 mg/l and nitrite > 0.003 mg/!

Fig. 6.32: Spatial distribution of the sampled water points with elevated levels of nitrogen compounds,
drawn on the geological map (cp. Fig. 2.9, p.19).

The acceptability threshold values for nitrite differ between 0.003 mg/| (KEBS,2015) and 3 mg/I
(WHO, 2011). While none of the water samples exceed the WHO (2011) threshold, three
samples from surface water and six groundwater samples exceed the KEBS (2015) value. All
three surface water samples are located downstream of the flooded area (Fig. 6.32). They are
close to each other, ranging from Pesi inlet to the wetland (Fig. 2.2) and further on, thus
showing a distinct spatial distribution. The surface water is used for irrigation, and it is
important to take precautions as the limit of nitrite is exceeded. The groundwater points with
high nitrites, on the other hand, are in the upstream and the outlet, always close to the water
source (stream or flooded area).

In regards to ammonium, there is no place stating the drinking limit of it; however, for irrigation
standards, it should be < 5 mg/l. The ammonium ion is a waste product of animals’ metabolism
and is relatively nontoxic to humans (Ismadji et al., 2015). However, it is toxic to most crop
species if its recommended limit is exceeded. Bacteria and fungi convert organic nitrogen to
ammonium through the ammonification or mineralization process.


https://en.wikipedia.org/wiki/Metabolism
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Most of the surface water points lie around the 5 mg/I limits of ammonium, with a few samples
exceeding the limit (Fig. 6.33). The samples exceeding the limit are sampled in the dry period
and in the river itself and Pesi in addition to the dam. Another conclusion drawn from the
ammonium ion exceeding the recommended standards is that ammonia fertilizer or wastewater
is introduced in the supply system as the amount of ammonium is more than 1 mg/| (Ayers et
al., 1985).

Regarding ammonium ions in groundwater (Fig. 6.34), the spring water, the shallow wells, and
several deep wells water exceed the irrigation limit advised. Two of these deep groundwater
wells have high nitrate levels in addition to the ammonium ion. The high level of ammonium in
groundwater indicates point pollution.
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Fig. 6.33: Ammonium ion content of the surface water samples compared to the FAO recommended
irrigation limit. The y-axis is presented on a logarithmic scale for a better presentation of the
results.
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Fig. 6.34: Ammonium ion content for the groundwater samples compared to the FAO recommended
irrigation limit.
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6.3.3.2. Fluoride

With regard to groundwater, several patterns in fluoride behavior have been observed in Kenya.
Higher fluoride concentrations are obtained in discharge areas rather than in recharge areas,
with a trend of fluoride enrichment along the direction of flow (Gaciri & Davies, 1993).
Groundwater and lake water, in comparison to other water sources, show considerably higher
fluoride contents (Gaciri & Davies, 1993).

When looking at the depth of boreholes, the higher concentration was observed, the deeper the
borehole was (Mjengera et al., 1997; Nair & Maniji, 1984). However, research by Mageto (2011)
and Marieta (2007) shows that depth did not play a role, but it was the geological formation and
the mineral content that led to the differences.

The fluoride sources have been linked mainly to the volcanic activity, the composition of alkaline
volcanic rocks, their chemical weathering, and breakdown. Volcanic rocks, especially amorphous
rocks, are easily weathered, and accordingly, when washed away, they carry fluoride
components into the surface and groundwater (Mageto, 2011).

Due to volcanoes, it is not rare for fluor ions, F’, to attain concentrations well above the upper
limit permitted for drinking water, especially in soft acidic water (Hem, 1985). As rainfall
infiltrates through rocks, it gets enriched in fluorides and percolates into the groundwater
(Mageto, 2011; Marieta, 2007). Volcanic ash is rich in fluorides, and water seeping through it is
enriched. High temperatures, and geothermal activities, increase the solubility and mobility of
fluoride ions in groundwater (Mageto, 2011).

Other fluoride resources are due to the residence time of dissolved fluorides in the waters that
involve species of Ca**and F. In addition, fluorides are injected into the hydrological system by
industrial operations or through atmospheric precipitation and dissolution of salt crusts (Gaciri
& Davies, 1993).

The alkaline volcanic rocks of this work’s studied area consist of trachytes, phonolites, and
basalts. When these rocks are weathered, they dissociate into minerals such as micas
(phlogopite, adularia), carbonate salts, and hydroxide (wollastonite, brucite, dolomite, trona,
tremolite), that act as good sinks for fluoride ions (Marieta, 2007). The weathering of fluoride-
bearing minerals like muscovite, which is common in the research area, besides industrial and
agricultural sources, is another source of fluoride in groundwater (Appelo & Postma, 2005).
Most fluoride-rich groundwater is usually characterized by sodium-bicarbonate water type
(Brindha & Schneider, 2019).

Regarding fluoride, both the KEBS (2015) and the WHO (2011) agree on 1.5 mg/| as the drinking
limit. Most of the surface water points (Fig. 6.35) are below the WHO (2011) standards with
three exceptions; one part of the wetland when flooded, the effluent, and the dam.

Most groundwater samples (Fig. 6.36) have high fluoride levels above the WHO (2011) and KEBS
(2015). The two exceptions are the installed piezometer and the spring water. The geology of
the area explains the high levels of fluoride in the groundwater. The values suggest a general
increase of fluoride with depth. This could also be attributed to the different geological
formations.
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Fig. 6.35: Fluoride content of the surface water samples compared to the recommended WHO (2011)
and Kenyan standards (KEBS 2015) of 50mg/I. The y-axis is presented on a logarithmic scale
for a better presentation of the results.
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Fig. 6.36: Fluoride content of the groundwater samples compared to the recommended WHO (2011)
and Kenyan standards (KEBS 2015) of 50mg/I. The y-axis is presented on a logarithmic scale
for a better presentation of the results.

The spatial distribution of fluoride concentration shows that in the upstream flooded part of the
wetland, the amount of fluoride is higher than in the area around it (Fig. 6.37). In the wetland’s

downstream part, no wells lie in the flooded delineated part. A trend is noticed in regard to
groundwater samples showing that the further the distance from the wetland, the lower the

value of fluoride is.
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Fig. 6.37: Fluoride spatial distribution in the Ewaso Narok area, drawn on the geological map (cp. Fig.
2.9, p.19).

6.3.3.3. Phosphate

Phosphate sources are wastewater treatment plants and industrial discharges. Non-point
sources are the natural decomposition of rocks and minerals, agricultural runoff, animal input,
and wildlife. A large percentage of the phosphate in water is precipitated from the water as iron
phosphate or stored in partially decomposed organic material.
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While the WHO (2011) did not set a standard limit, the KEBS (2015) limit is 2.2 mg/l. Three
surface water points were on the edge of the Kenyan standards. Two of these points were
sampled from the Pesi River’s inlet into the wetland (SF25, SF26) and the middle part of the
wetland (SF35).

6.3.3.4. Water compared to health guidelines

The groundwater, as stated earlier, is the major drinking source for the local population. Surface
water is used both for domestic and irrigation purposes. Accordingly, the dissolved water
species were evaluated compared to the WHO (2011) and KEBS (2015) (Tab. 4.2, Tab. 4.3, and
Tab. 4.4).

As fertilizers were applied in the area, the water samples were tested for the content of
nitrogen, phosphorous (cp. sub-chapter 6.3.3.1. and 6.3.3.3), and potassium. Fertilizers further
contain CI, Ca*, and SO.>. Accordingly, NOs~, CI', Ca®*, and SO,” were set as indicators of
anthropogenic influences (Van der Weijden and Pacheco, 2003). As described in chapter 6.3.3.1,
the nitrate values were exceeded in 16 % of the groundwater samples (Fig. 6.38). High nitrogen
uptake causes problems with vitamin A shortages and is linked to colorectal cancer, thyroid
disease, and neural tube defects (Ward et al., 2018). According to the KEBS (2015), nitrite values
are 0.003 mg/l compared to the WHO (2011) of 3 mg/l and were exceeded in 11 % of the
surface water samples and in 24 % of the groundwater samples. This indicates fertilizer use and
pollution. Regarding sulfate, chlorine, and calcium, the water samples were generally of
acceptable quality. Only 8 % of the groundwater samples exceed the Ca** threshold value. The
chlorine taste threshold is 250 mg/l and was exceeded by 12 % of the groundwater samples.

Regarding the geogenic influences and contamination, fluoride and manganese were used as
indicators. Fluoride guideline levels were exceeded in 11 % of the surface water samples and 70
% of the groundwater samples (Fig. 6.38) (cp. sub-chapter 6.3.3.2.). This is striking as
groundwater is the major drinking source, and regulations should be enforced. Health problems
associated with excess fluoride include problems with bones, teeth, and neurological
development (Brazier, 2018). Manganese could be derived from the weathering of manganese-
containing silicate minerals or redox processes within the wetland. The WHO (2011) drinking
standards set the limit at 0.4 mg/| for manganese, and according to the KEBS (2015), it is 0.1
mg/l. 11 % of groundwater samples and 36 % of surface water points exceeded the WHO (2011)
limit, and 40 % of the groundwater samples and 93 % of the surface water according to the KEBS
(2015) guideline (Fig. 6.38).

The aluminum guideline value of 0.9 mg/Il, according to WHO (2011), was exceeded in 77 % of
the surface water samples and 12 % of groundwater samples. In comparison, the KEBS (2015)
sets the limit by 0.2 mg/l, meaning that all surface water points exceeded it, and 16 % of the
groundwater points. As high concentrations of fluoride exist in the wetland area, the
aluminum'’s solubility increases (Hem, 1985).

Further noticeable pollution that exceeded the recommended WHO (2011) threshold values
were given for iron, arsenic, and copper. The drinking water guideline value for iron is 0.3 mg/I
(WHO 2011). All sampled surface water points had higher levels than the guideline and 8 % of
the groundwater samples.
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Two groundwater points, GW44, situated downstream of the wetland, and GW17, situated
upstream of the wetland, had higher contents of arsenic than the drinking guideline value (0.01
mg/l). Arsenic in drinking water is considered one of the most significant environmental causes
of cancer in the world (Chung et al.,, 2014). Its source is either leaching from geological
formations or anthropogenic sources (Chung et al., 2014; Shankar et al., 2014). In this area, the
geological formations do not seem to contain arsenic; accordingly, it may derive from pesticides,
fertilizers, or other major contamination sources. Extreme precautions should be taken, and an
immediate solution is needed to prevent harm to the people drinking the water. Arsenic leads
to carcinogenicity in humans, and intake over a long period causes arsenic poisoning.

One groundwater sample (GW9) exceeded the recommended guideline of copper. Most of the
surface water points were within the recommended pH range. However, several groundwater
points failed to satisfy this recommended range. To conclude, given these high levels of iron,
manganese, and aluminum, it is highly likely that there will be laundry staining, coating, and
deposits in pipes making the water not acceptable in terms of public acceptability.
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Fig. 6.38: Stacked bar charts of the percentage of fluoride, manganese, and nitrate in surface water
and groundwater samples exceeding the WHO guidelines (2011).

In order to understand the water quality in terms of public health, the degree of health-related
water quality (DHWQ) is calculated (Fig. 6.39 and App. 6). It is calculated as the sum of the WHO
(2011) exceeded guidelines values (Burghof, 2017). The DHWQ of the samples which were
exceeded included and decided upon for this calculation the following constituents: iron,
fluoride, nitrate, manganese, arsenic, and aluminum. Zero indicated no guideline exceeded, and
three indicated three guidelines exceeded (App. 6).

Only four sample points that lie outside the delineated flooded wetland show zero guidelines
being exceeded, thirteen points show a value of one guideline exceeded and are located in the
wetland outlet, and the delineated flooded area mainly. Eight points show a value of two,
meaning two guidelines exceeded inside the wetland flooded area with seven other points
outside that area. Nine points show a very high value, six of which are in the flooded area,
meaning three guidelines exceeded, and one point shows a value of four guidelines exceeded.
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Water quality may indicate a water source, although biogeochemical processes may modify the
chemical signature (Gilvear & Bradley, 2000).
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Fig. 6.39: The calculated DHWQ value for the sampled water points compared to the recommended
WHO (2011) guidelines, drawn on the geological map (cp. Fig. 2.9, p.19).

6.3.3.5. Water quality compared to irrigation guidelines

As reported by the survey, fertilizers are frequently used in the wetland and usually supply the
plants with nitrogen, phosphorous, and potassium with secondary nutrients and sulfate. These
nutrients include iron, chlorine, copper, manganese, zinc, molybdenum, and boron. Salts are
present in irrigation water but in small amounts and originate from the dissolution or
weathering of rocks and soils (Joshi et al., 2009). Groundwater salinity in volcanic rocks results
from atmospheric inputs, climatic conditions, and rock weathering (Kovalevsky et al., 2004).
Water quality-related problems in irrigated agriculture include salinity, water infiltration rate,
and specific ion toxicity. The salinity in soil or water reduces the soil-water availability, slowing
crop growth and restricting root development, which leads to yield reduction. Infiltration and
the rate at which irrigated water enters the soil are reduced when there are high sodium and
low calcium in the soil or water. Certain ions, for example, sodium, chloride, and boron, if in
high concentrations, accumulate in the leaves, and extend elsewhere in the plant, causing
damage and yield reduction. Excessive nutrients can reduce yield and quality (Ayers & Westcot,
1985).

Following the irrigation limit of the FAO (1985) (see Chapter 4.4.3 Tab. 4.3), the guideline
threshold for irrigation for chloride was exceeded in 36 % of the groundwater samples. In
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regards to calcium, 12 % of groundwater samples exceed the irrigation limit. The potassium
limit was exceeded by 24 % of the groundwater samples, and 8 % of the surface water samples
and 24 % of the groundwater samples had higher sulfate values than the irrigation standards.

The manganese level was exceeded in 65 % of the surface water points and 12 % of the
groundwater points. 16 % of groundwater samples were above the recommended irrigation
limit of nitrate. Almost all the surface water and groundwater values of ammonium ions
exceeded the irrigation limit. The fluoride irrigation limit was exceeded in 15 % of the surface
water samples and in 80 % of the sampled groundwater samples. Finally, the HCO3s limit was
exceeded in almost all the groundwater samples and in 24 % of the surface water samples.
Accordingly, for irrigation purposes, surface water is more suitable than groundwater. However,
certain constituents, such as manganese, fluoride, and ammonium, and their values in surface
water are alarming and damaging for the crops. As the surface water is under threat,
precautions must be taken in using the groundwater as an alternative for irrigation.

In terms of salinity (Fig. 6.40), most of the groundwater samples (20 out of 25) showed a
moderate degree of restriction on use (DRU), while most of the surface water showed no
restriction on use. In terms of infiltration (Fig. 6.40) evaluation problems due to low salinity and
high SAR, most of the groundwater samples (22 out of 25) showed a moderate to severe degree
of restriction on use. In contrast, all the surface water samples showed a moderate to severe
degree of restriction on use. The groundwater samples that showed no restriction on use in
terms of infiltration showed moderate restriction on use in terms of salinity. All the ones that
showed a severe degree of restriction on use in terms of infiltration showed a moderate degree
of restriction on use in salinity. The spatial distribution regarding DRU in terms of salinity
(Fig. 6.41) shows almost all the samples in the delineated flooded part of the wetland having a
moderate degree, whereas surrounding the wetland upstream and downstream show no DRU
in terms of salinity.

Spatially, in the flooded part of the wetland, the sampled points, whether surface water or
groundwater, showed severe to moderate degree of restriction in terms of infiltration
(Fig. 6.41), in addition to the Western part next to the wetland.
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Fig. 6.40: Stacked bar charts of all samples showing percentages of a. DRU related to salinity (FAO,
1985) and b. DRU related to infiltration (FAO, 1985).
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Fig. 6.41: Spatial distribution of DRU, drawn on the geological map (cp. Fig. 2.9, p.19): a. Related to
salinity (FAO, 1985), b. Related to infiltration (FAO, 1985).

6.3.4.  Stable water isotopes

The isotopic compositions of & **0 and 6°H in the surface water and groundwater were analyzed
for the sampling campaign in July/ August 2016. The results are presented in the delta (3)
notation relative to V-SMOW (App. 3) in %eo.

The results are analyzed and presented as two groups; surface water (Fig. 6.42) and
groundwater

(Fig. 6.43), wherein both linear correlation of §H versus 620 is drawn. The approach was to
interpret the spatial distribution of selected environmental isotopes. The Global Meteoric Water
Line (GWML) is defined after Craig (1961) as 6°H = 8 §'0 + 10. The Local Meteoric Water Line
(LMWL) used is from Kericho’s station 6°H = (7.96 + 0.35 ) §'°0 + (11.35 * 0.96) (Rietti-Shati et
al., 2000) as precipitation data did not exist.

The 60 values of surface water ranged between -3.28 to 1.24 %o, while its 6°H values ranged
between -7.6 to 14.7 %o (Fig. 6.42). The non-weighted regression generated from all the
sampled surface points yields a line of 8°H = 4.9 §'®0 + 8.4. Most of the surface samples plotted
around the LMWL and the GMW.L and showed no significant effect from evaporation, with the
exceptions of samples SF12, SF29, SF51, SF20, and SF21. The main feeding source of the dam
samples (SF51 and SF53) is rainwater, as indicated by the owners, showing as expected high
values of 6°H and &6'%0.

Other exceptions deviating from the general behavior of the surface water were samples
plotting above the global and local meteoric water lines (SF34, SF35, SF40) (Fig. 6.42). These
samples could be contaminated by organic matter as they were taken in the middle of the
wetland area in agricultural fields where flooding happened and the water was turbid.
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Fig. 6.42: 5'%0 versus 8°H for surface water samples (main river samples from Ewaso Narok, and its
tributaries Pesi and Melwa), flooded, and dry wetland samples, dams, and effluent drawn
with the global meteoric water line (GWML) and the local meteoric water line (LMWL).

The beginning upstream part of the Melwa and Pesi stream samples are depleted in both §°H
and &0 values, indicating a direct release from a groundwater source without much
attenuation and evaporation. Pesi upstream (SF6) has the most depleted isotopic signature [6°H
= -3.28 %o, 8'°0 = -7.6 %o]. The stream develops progressively with more enriched §'®0- and
8°H- signatures in the downstream direction that lies below the LMWL yet above the GMWL,
thus showing almost no evaporation signs. Melwa stream is sampled at two points; the
upstream one is more depleted. Both points show no effect of evaporation.

The samples along the flow path of the Ewaso Narok river situated in the wetland show
different isotopic results depending on the tributary feeding the river (Pesi, S. Aiyam, and
Mathenga) (for geographic location check Fig. 2.2). Water sampled from the tributaries S. Aiyam
(SF29) and Mathenga (SF20) show evaporation effects, whereas water coming from Pesi
direction does not show. Due to the very slow flow velocity in the furrow next to the main river
(SF16) evaporation effects can be expected, but the isotopes’ results do not prove this
expectation. The downstream part of the Ewaso Narok river (SF43 and SF42) shows low values
of 6'®0 and &%H, yet a bit higher values than upstream (SF16, SF22, SF29). This can be attributed
to their different source and location as they originate from a different stream. The most
downstream sampled point on the Ewaso Narok river (SF48) lies on the LMWL, indicating almost
no to minimal evaporation and mixing of water. This indicates a major source that does not go
through evaporation that feeds the wetland.

To sum up, the water upstream and along the flow of the Ewaso Narok river is more depleted in
heavy isotopes than the downstream. This could be a result of the mixture of local water and
regional water. The low values of &’H and 60 suggest a possible connection to the
groundwater and that the surface water is fed by it.

The sampled points during the dry period show that one sample is influenced by evaporation
(SF12) with enriched 8H and &0 values, two sampled points lie on the GMWL, and the rest
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show depleted signatures of §’°H and &0 and no evaporation signs. One would assume that
there would be more evaporation as no rain has fallen during the last weeks before the
sampling, and some of the water remains unmoved. However, more depleted water was
noticed, again hinting at groundwater contribution. The upstream area showed negative values,
which again indicates groundwater flow contribution and discharge from higher mountains. The
different mixing of groundwater and surface water occurs as different non-evaporated sources
feeding the wetland with depleted water and probably originate from either local effluents or
springs or the tributaries. The mixing of different water is shown in SF36 as both waters from
SF28 and SF12 contribute to the water’s signature.

Water samples taken during the same period but once the flash floods started show negative
values of §'°0 yet positive ones of §’H, which can happen as both are highly dynamic, especially
during and after precipitation events (Rothfuss et al., 2015). All the samples plotted above the
GMWL and LMWL and did not show evaporation effects. This can be attributed to the high
intensity of the rainfall events, thus causing more depletion in 6°H and 60 signatures (Rietti-
Shati et al., 2000).

Few surface water samples taken during the floods show more depleted values in comparison
to samples during the dry period. However, many samples taken during the flooding are close in
signature to the samples taken during the dry time. This hints at a connection to a perched
aquifer and its fast exchange with the river water, hence evaporation effects are not vivid. In
addition, this points to the fact that the wetland groundwater water feeds the wetland and
contributes to the mass balance as the dry period has depleted results and no clear evaporation
effect.

The surface water can be clustered into different groups. The main streams that contributed to
the wetland show low values of §®0- §°H. As the streams join together to form the Ewaso
Narok river, the 6°H and 80 signature gets enriched. The water in the wetland has different
isotopic signatures, some enriched and others depleted. There is a clear indication of
groundwater flow contribution to the wetland and mixing of water. Floods further play an
important role in the making up of the signatures.

Groundwater values of 620 values ranged between -3.76 and 0.53 %o, and 8%H values between
-18.7 and 6.9 %o (Fig. 6.43). The range of '®0 signatures of the groundwater clearly indicates
that the water is not of fossil origin. Studies of fossil groundwaters in Africa show 2 %o more
depletion in *®0-values if fossil groundwater existed (Darling et al., 1987; Sklash and Mwangi,
1991; Sonntag et al., 1979).

Shallow hand-dug wells (GW5, GW32) are left open without any seal or cover. GW5 contains
enriched values of the isotopes and lies below the GMWL, showing a clear evaporation effect.
GW32 shows lower values of isotopes 6'0 and 6°H lying above the LMWL and the GMWL and is
three meters deep. As it shows no effect of evaporation even though it is not sealed from the
top, it is reasonable to assume that it is tapping the water table and containing groundwater
that has not passed through evaporation. The evaporation trend of GW5 shows similarity to
Clark's (2015) study, where he explained the low slope by strong evaporation from the soail
column, enhancing the kinetic fractionation effects.
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Fig. 6.43: 5'°0 versus &°H for groundwater samples (deep wells, shallow wells, installed piezometers,
and spring) drawn with the global meteoric water lines (GMWL) and the local meteoric water
line (LMWL).

The two installed piezometers (GW31: 1.8 m deep; and GW14: 2.4 m deep) in the wetland plot
almost on the GMWL yet below the LMWL, suggesting minimal to no evaporation effect. The
deeper piezometer (GW14) shows depleted values of §°H and 60, almost resembling those of
the deep wells, suggesting a beginning of groundwater recharge. Another explanation is that the
surface water infiltrates to the groundwater during floods. As described above, surface water
samples taken during floods carry water with the lowest signature of §°H and 6'®0. This might
happen especially on the wetland’s fringe area or in the river courses where the soil is more
than saturated. The floods lasted for hours, thus possibly replenishing the top layers close to the
surface in the semi-arid environment.

The non-weighted regression from the deep wells (40 to 180 m) is 6°H = 5,7 §'0 + 3.7. Seven of
the twenty deep wells lie below the GMWL, showing some signs of evaporation. Groundwater
may have an evaporated signal due to the evaporation of surface water prior to infiltration or
evaporation of soil moisture from the unsaturated zone (Clark, 2015). Seven of the rest of the
wells lie on or between the GMWL and LMWL, indicating minimum to no signs of evaporation.
The rest of the wells lie above the LMWL, thus suggesting no evaporation at all. There are
multiple explanations for the depleted signatures of the 6°H and 6'0. The wells might indicate
another source of recharge with not much water attenuation, suggesting that the main source
of recharge is not the wetland surface water but water that has infiltrated into the system from
a different source. This might be a source from higher altitude, cooler, and more humid climate.
The water accordingly flows laterally and recharges these wells in the Ewaso Narok catchment,
which is fairly deep. This comes in terms with previous studies, including Earth Scope (2012),
Gichuki (2002), Republic of Kenya (1987), Samoka (2010), and Sklash and Mwangi (1991),
suggesting that the main recharge occurs in Mount Kenya, Aberdare Ranges, and the Laikipia
Mountains more specifically the Nyandarua mountain ranges. Rainfall runs in the Mau
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escarpments infiltrating into the groundwater systems through the Basarlonian fractures and
shear zones into the groundwater store and then flows to feed aquifers in the nearby areas of
Ewaso Narok wetland (Earth Scope, 2012; Gichuki, 2002; Republic of Kenya, 1987; Samoka,
2010; Sklash and Mwangi, 1991).

Another explanation might be direct recharge from rainfall with evaporation effects (Republic of
Kenya, 1987; Sklash and Mwangi, 1991). Ewaso Narok wetland has a lower elevation, warmer
temperatures, and greater evaporation of falling precipitation before recharge, and a rise in
elevation leads to a more negative signature of the stable isotopes. Furthermore, Craig (1961)
suggested that the rain partially evaporates as it falls through the dry atmosphere in East
African rain.

The deep wells GW52 and GW41, positioned outside the flooded area, have a higher signature
than the rest of the wells, indicating a connection to another, maybe more local recharge area.
GW1 showed the most enriched values of 6'®0 and 8°H. It is located upstream at a depth of 10
m.b.s.l., next to a man-made open reservoir. Accordingly, water from the reservoir might be
partially recharging the water in this well.

The spring sample (GW11) plots between the GMWL and the LMWL showing the most depleted
signature of 6°H and &0 in comparison to all of the surface water samples. The spring water
has similar water to the deep wells GW52 and GWA41, thus confirming that the spring is
connected to local recharge (Fig. 6.43). GW4 shows similar results to the rest of the wells even
though it is part of the local aquifer (as discussed in Sections 6.2.1 and 6.3.1). This might suggest
a possible link between both the confined aquifers.

The spatial variation of the deep wells depicts zoning (Fig. 6.44). All wells with depleted water
lie upstream of the wetland. The wells with groundwater signatures close to the LMWL and
GMWL are inside the delineated part of the wetland. Wells with water with evaporation effects
are, with one exception, always outside the delineated part of the wetland and seem to be a bit
further away from the river distance-wise.
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Fig. 6.44: Spatial distribution of 50 and &°H signatures of groundwater samples characterized by
depleted, evaporated, or located on the MWL., drawn on the geological map (cp. Fig. 2.9,
p.19).

Comparing surface water and groundwater:

The groundwater samples have lower signatures of 6°H and 60 than the surface water,
suggesting that the majority of the surface water does not make a significant and direct
contribution to the groundwater. Due to temporal variations, some surface water might
infiltrate into the groundwater, especially during flash floods. Additionally, the groundwater is
recharged from higher altitudes, as explained beforehand (Fig. 6.45).

The depleted ephemeral streams feeding the Ewaso Narok wetland have a similar isotope
signature to the spring and installed piezometers. This suggests a possible link between the
sampled groundwater and surface water, possibly that the surface water source might be from
increased heights.

The generated non-weighted regression from all the surface and groundwater samples is 6°H =
6.8 6'0 + 8.8 (n= 53 and r’= 0.8577). The gradient of this regression line is with 6.8 less than
eight, indicating that mixing and minor evaporation effects enrich the isotopic composition
mainly along the stream and the Ewaso Narok wetland.
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Fig. 6.45: 5'%0 versus 6°H for surface water and groundwater samples with the global meteoric water
lines (GWML) and the generated non-weighted regression.

Conclusions

e There are two sources of recharge of groundwater; local and regional aquifers (cp.
Samoka 2010).

e There is an indication that the regional confined aquifer system is recharged from high
altitudes and that it reaches Ewaso Narok wetland by lateral flow of groundwater. Part of
the infiltrated water rises in springs. The local aquifer occurs in the weathered basement
rocks. Recharge is either by direct infiltration of rainwater along fissures and fractures in
the weathered zones of the rocks or by indirect infiltration of the runoff along with the
river courses.

e Surface water is a mixture of water from various sources such as tributaries, rainwater,
and groundwater.

e The spring water’s similarity to the shallow wells suggests that they have a similar mode
of recharge, which could be from the groundwater.

e The similarity of results between the dry and wet sampling of surface water shows a
clear connection to a perched aquifer, and exchange with the river happens quickly that
the evaporation effects are not vivid.

e Two perched aquifers exist (one under the ephemeral stream and the other under the
wetland).

e Flash floods contribute to the negative and low values of both the isotopes.

e Ephemeral streams bring in water with depleted isotopes signatures to the wetland.

Geographic grouping
The Ewaso Narok wetland is relatively small in size; however, an attempt at a geographic
grouping is performed with four areas: upstream, middle, downstream, and outlet (Fig. 6.46).
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Fig. 6.46: Geographic grouping of 5'%0 versus 6°H for surface water and groundwater samples.

The upstream group (Fig. 6.46 red) has different §'0 and 6”H signatures even though the main
clustering seems to be in the lower and middle of the graph, as they represent different
streams. Those streams contain more depleted isotopes due to groundwater influences. As this
type of water mixes with the stagnant wetland water, it gets enriched.

The middle part of the wetland (Fig. 6.46 blue) seems to be clustered close to each other with
depleted signatures of §'0 and &°H. Few other blue points lie between -2 and 0 %o for §'20.

The geographic grouping of samples suggests a similar mode and a recharge source in the exact
regions for the downstream samples (Fig. 6.46 black), which are clustered in the lower left part
of the graph. They represent wells in the downstream part of the wetland with similar depleted
signatures of §'20 and &°H. The other cluster of downstream samples (Fig. 6.46 black) is around
the x-axis, representing the surface water points.

The surface water downstream is more depleted than the middle part of the wetland, even
though the precipitation, as described in literature and reports, is the same all over. This hints at
the groundwater contributing to the wetland in the outlet (Fig. 6.46 purple).

Nitrate

Three of the four wells with elevated nitrate levels (cp. section 6.3.3) show evaporation impact
(Fig. 6.47). In terms of location, three wells lie in the lower basin and one in the outflow of the
wetland. All four are in the vicinity of a huge ranching industry for cows.
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Fig. 6.47: Elevated nitrate shown in the results of the isotopes.

Deuterium and Chloride

Two different exponential lines (labeled as a and b) can be derived from the relationship
between deuterium and chloride(Fig. 6.48). The R square of 0.729 (calculated using STATA SE16)
shows a significant negative correlation (strong effect size after Moore (2008)) between 6D and
chlorine (Tab. 6.5). The 95 % confidence interval for the regression shows that when the two
graphs collide, the correlation is not significant, as seen in the high chlorine.

The upper points (points that fit the b line trend) are mainly groundwater points, except for
surface points inside the flooded part of the wetland (Fig. 6. 49). The upper points seem to be
closely clustered in the upstream part of the wetland, with a few surface water points at the
outlet and middle part of the wetland. The lower points forming the a line trend in the graph
are groundwater points and surface water points at the outlet of the wetland and downstream,
and surface water points inside the wetland (Fig. 6.49).

Tab. 6.5: Correlation between deuterium and chloride.

Sum of Degree of Mean Number of 52
Source .
Squares freedom Squares observations
Model 4046.2 4 10115 R’ 0.73
Residual 1501.0 483 31.3 Adj. R 0.71
Total 5547.2 52 106.7 Root Mean >6
Squared Error
Res. Dev. 3224
Deuterium Coef. Std. Error t P>|t| [95 %] of obs
b1 -6.5 0.7 -8.9 0 -8 -5.1
b0 -8.8 1.6 -5.3 0 -12.1 -5.5
cl 15.9 2.5 6.3 0 10.9 21
c0 32.5 6.3 5.2 0 19.8 45.1
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Fig. 6.48: &°H [%o] versus chloride [mg/1] for the water sampled points with two trend lines labeled as a
and b and their confidence level.
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Fig. 6.49: &°H [%o] versus chloride [mg/1] for the sampled points, drawn on the geological map (cp. Fig.
2.9, p.19), with a and b labels (cp. Fig. 6.48).
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The chloride was plotted with depth to check for any trends (Fig. 6.50a). Two regression lines
are drawn when trying to exclude the first point from the regression and while including it as it
is an influencing point. The chloride concentrations seem to increase with depth. Different
geological layers can bear different chlorine levels. As the Ewaso Narok river, with its low
chloride water, is a gaining river, it is recharged from groundwater with higher chloride values;
the top layers show lower chlorine levels.

The EC again behaves similarly to chloride and shows a significant link to depth (Fig. 6.50b), with
no difference when including and disregarding the first point in the regression. This then relates
to higher deuterium levels and less evaporation influence.
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Fig. 6.50: Graphs for groundwater points of a. Depth versus chloride. The regression is drawn twice,
once for all the groundwater points and once while excluding one groundwater sample, b.
Depth versus electric conductivity.

Since all the surface water points have chloride levels less than 35 mg/|, only the groundwater
samples with depleted values of deuterium were drawn with chloride to see if there is a
geographical link (Fig. 6.51). The values with the highest chlorine values (>150 mg/l) and
depleted deuterium are mainly centered around the wetland outlet.

Lamontagne et al. (2005) showed that groundwater with high CI" values and depleted *H can be
recharged locally within a floodplain or originates from regional groundwater recharge. On the
other hand, large floods and bank recharge tend to have depleted signatures of both the stable
isotopes and lower chloride concentrations (Lamontagne et al., 2005; Simpson & Herczeg,
1991), which is not the case with the samples with high CI" concentrations in Ewaso Narok
wetland or river. Transpiration of groundwater deprived of floodplain recharge keeps the
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isotopic signature unchanged, but the CI" concentration increases (Brunel et al., 1995;
Lamontagne et al., 2005), and this can explain some samples. The samples with the middle
values of chloride (50 — 150 mg/l) and depleted deuterium are closest to the wetland (Fig. 6.51)
and were not sampled throughout flash floods. In addition, they show depleted values of both
isotopes, suggesting large floods might be somewhere closer to where the recharge is; higher
mountains or regional groundwater recharge.

There is a clustering of the chloride levels and deuterium depending on the geology; Upper,
Middle, and Lower phonolites. Another noticeable trend is that the piezometer further away
from the river is more depleted in 0'® and H? than those closer to it, indicating possible recharge
in the floodplain area. The trend is somewhat similar in groundwater wells too.

Due to the lack of samples from local rainwater and the large range of CI" concentration, the
evidence is not entirely conclusive. However, the trends show influence from regional
groundwater recharge, transpiration, and groundwater discharge derived from floodplain water
and local recharge.
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Fig. 6.51: Spatial distribution of chloride levels in depleted groundwater samples, drawn on the
geological map (cp. Fig. 2.9, p.19).
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To understand the indirect effect of depth on CI', structural equation modeling (mediated
regression) is performed using STATA SE16 (Fig. 6.52), and the results are presented (Tab. 6.6).

Deuterium ( :)

Depth > Chlorine 4q—®

~

EC

Fig. 6.52: Path diagram of the indirect effect of depth on chlorine. Rectangles represent variables,
circles latent variables (composite score of other variables), and straight lines the regression
or directional path between variables.

Tab. 6.6: Direct, indirect, and total effects of depth on chlorine.

Direct effect

Coef. Std. Error z P>|z| [95 % Conf. Interval]
Structural
Deuterium
Depth -0.146 0.02 -7.48 0.00 -0.184 -0.108
Chlorine
Deuterium 2.039 2.093 0.97 0.330 -2.064 6.143
EC 0.073 0.027 2.74 0.006 0.021 0.125
Depth 0.576 0.299 1.93 0.054 -0.01 1.161
EC
Depth 9.201 2.711 3.39 0.001 3.888 14.515

Indirect effect

Coef. Std. Error z P>|z| [95 % Conf. Interval]
Structural
Deuterium
Depth 0 (No path)
Chlorine
Deuterium 0 (No path)
EC 0 (No path)
Depth 0.375 0.346 1.08 0.279 -0.304 1.054
EC
Depth 0 (No path)

Total effect

Coef. Std. Error z P>|z| [95 % Conf. Interval]
Structural
Deuterium
Depth -1.460 0.02 -7.48 0.000 -0.184 -0.108
Chlorine
Deuterium 2.039 2.094 0.97 0.330 -2.064 6.143
EC 0.073 0.027 2.74 0.006 0.021 0.125
Depth 0.951 0.290 3.27 0.001 0.382 1.520
EC
Depth 9.201 2.711 3.39 0.001 3.89 14.515

Depth has a direct causal effect on deuterium and on EC. Both deuterium and EC have a direct
causal effect on chlorine. The indirect effect of depth on CI" which runs over deuterium and EC is
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0.375 (64.7 %) (Tab. 6.6) of the direct effect of the depth. However, this is insignificant and
might not be clear because it is a small sample (n < 10). To better estimate, bootstrapping is
used to get overestimating, getting influential points only, while giving the confidence interval.
The results show that with 80 % confidence, the indirect effect is at least 7 % but not more than
1.2 fold the direct effect (Tab. 6.7).

Tab. 6.7: Bootstrapping result of depth on CI' running over deuterium and EC with 80 % confidence

interval.
Relation Observed Bootstrap 2 P>z Normal- based
Coef. Std. Err. [80 % Conf. Interval]
indirect 0.375 0.451 0.83 0.406 -0.203 0.953
direct 0.576 0.386 1.49 0.135 0.082 1.070
total 0.951 0.375 2.54 0.011 0.471 1.431
g_ind_total 0.394 0.672 0.59 0.557 -0.467 1.255
g_ind_direct 0.651 0.453 1.44 0.150 0.0713 1.232
g_total_direct 1.651 0.453 3.65 0.000 1.071 2.232
diff_direct_indirect 0.201 0.751 0.27 0.789 -0.762 1.163
gle re_of_indirect_from_tot| 4 jo¢ 0.672 0.59 0.557 -0.467 1.255
perc_of_indirect_direct 0.651 0.453 1.44 0.150 0.071 1.232

6.3.5. Hydro-geochemical processes

6.3.5.1. Principal component analysis (PCA)

Multivariate statistical analysis was performed for the hydrochemical data of the samples. The
PCA was run on the following twelve variables EC, pH, Na*, K*, Mg**, Ca**, CI’, SO,%, HCO;', Fe**,
Mn?*, SiO,, F and NOj. In addition, variables with more than 15 % of values below the LOD
(Montcoudiol et al., 2015) were removed. PCA was used to identify the major processes
controlling and affecting the hydrochemistry of the water sampled (Belkhiri et al., 2010; Moya
et al., 2015). The results show that the variables are significantly correlated. It is decided to pick
three components based on the eigenvalues and the scree plot (Tab. 6.8).

Tab. 6.8: Rotated component matrix of the three components.

Rotated Component Matrix®
Component
1 2 3
Na* [mg/1] 0.931
EC [uS/cm] 0.906
cl’ [mg/l] 0.888
s0,” [mg/l] 0.887
HCO; [mg/I] 0.770
F [mg/l] 0.696
pH 0.656
Mg”* [mg/1] 0.929
ca’ [mg/l] 0.901
NO; [mg/I] 0.723
K" [mg/l] 0.697
Si [mg/l] 0.686
Mn** [mg/1] -0.823
Fe* [mg/l] -0.630
Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.
a. Rotation converged in 5 iterations.
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The three components explain 77 % of the variance. Na*, EC, CI, S0,*, HCO3, F, and pH show
positive loadings to component 1. All of these variables, with the exception of CI” and SO,* are
mainly related to silicate weathering, where cations and HCO;™ are released to water, resulting
in an increased EC. CI" and SO,” indicate an anthropogenic influence or wastewater
contamination from manure. Mg**, Ca**, NO5~ K*, and Si show positive loading to component 2,
which corresponds to the weathering of feldspar and cation exchange with the clay minerals
and precipitation of secondary clay minerals. A limited supply of oxygen in pore space due to
soil flooding leads to oxygen depletion. The Eh is reduced, followed by denitrification, and
reduction of iron, manganese, and sulfate (Pezeshki & Delaune, 2012).Fe** and Mn** show
positive loadings to component 3 and are linked to redox processes. Component 1 accounts for
46.3 % of the variance, component 2 for 22.8 %, and component 3 for 7.9 % (Tab. 6.9).

Silicate weathering expressed by PCA1 is the major process controlling the hydrochemistry of
groundwater and surface water. The hydrochemistry is further affected by anthropogenic
influences, mainly manure. To a lesser extent, the hydrochemistry is related to cation exchange
with clay minerals. Furthermore, the hydrochemistry is slightly influenced by biogeochemistry
and the reduction of manganese and iron. Influences from other processes are small and might
only occur in a few samples, as they were not detected by PCA. Drawing the two main
influencing PCA’s 1 and 2 in a PCA plot shows two distinct groups, surface water and
groundwater (Fig. 6.53). An overlap and scattering of some points away from the groups are
noticed. However, an increase in mineralization from surface water to groundwater is evident.

Tab. 6.9: Total variance explained from the PCA result.

Total Variance Explained
— Extraction Sums of Squared Rotation Sums of Squared
Initial Eigenvalues . .
Loadings Loadings
Component| Total Var;nce Cumt:AI)atlve Total Var;nce Cuml:/tliatlve Total Var;nce Cumt:AI,atlve
1 6,487 | 46.338 46.338 6.487 46.338 46.338 5.210 37.218 37.218
2 3,199 22.849 69.186 3.199 22.849 69.186 3.813 27.236 64.454
3 1,106 7.903 77.089 1.106 7.903 77.089 1.769 12.635 77.089
4 0.809 5.779 82.868
5 0.618 4.414 87.283
6 0.485 3.467 90.750
7 0.461 3.294 94.044
8 0.329 2.347 96.391
9 0.245 1.747 98.138
10 0.126 0.900 99.038
11 0.072 0.516 99.555
12 0.042 0.301 99.856
13 0.014 0.102 99.958
14 0.006 0.042 100.000

Performing the HCA using Ward’s linkages method, two clusters of surface water and
groundwater are observed, similar to the trend observed in the PCA plot. The plausibility of
clustering confirms the links between the cluster groups based on the location and type of
sampled water, piezometer versus deep wells versus shallow wells. This supplies two main
groups showing SF and GW that will be worked with in the following chapters. Sub-clustering
using all the different hydrochemical parameters and isotopes is discussed in detail in section
6.4.
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Fig. 6.53: Scatterplot of the two main principal components (PC1 and PC2) showing surface water and
groundwater samples’ distribution.

6.3.5.2. Calculation and evaluation of stoichiometric relations of dissolved ions

The chemical composition of water is related to the rock, which is being weathered. To identify
the main hydro-geochemical processes occurring in this system and strengthen the PCA finding
from the previous chapter, the stoichiometric relations of the dissolved ions are calculated and
evaluated (Hem, 1985; Liang et al., 2018; Sracek & Zeman, 2004).

Ca®*, Na* rich mineral dissolution, is the primary process responsible for their high amounts in
water. As CaO and Na,O are both soluble in water, they either stay in the water or combine with
epidote, hornblende, and plagioclase during weathering (Ceryan, 2012). As described in
subchapter 6.2, chemical weathering is high in the area. Accordingly, it is typical to find the
water enriched in Na* and Ca** (max concentrations of 412 mg/l and 121 mg/| respectively)
relative to K* (maximum concentration of 30.3 mg/l), as they are released to weathering
solutions in preference to K* (Nesbitt et al., 1980). According to the X-ray diffraction, plagioclase
feldspar (anorthite and albite) were identified. Thus, their weathering is most likely leading to
the observed enrichment of Ca** and Na* (Hem, 1985). Potassium is abundant in lower amounts
and is from k-feldspar and its weathering. K-feldspar is relatively resistant to chemical
weathering (Goldich, 1938). As large cations are preferentially retained on clay minerals
(Domenico & Schwartz, 1998; White & Brantley, 2018; Wiklander, 1964), K* is retained in
preference to Na’ in addition to many other sinks being available for K, but not for Na*
(Hounslow, 2018). Anorthite and albite are more susceptible to weathering, yielding metal
cation and silica to the solution and forming clay minerals with aluminum (Domenico &
Schwartz, 1998; White & Brantley, 2018). In addition, the hydrolysis of feldspar produces
kaolinite, which was vivid in the XRD results.

Muscovite/lllte was as well identified in the field and in the XRD results. Muscovite‘s
weathering results in kaolinite. lllite is an altered form of muscovite and feldspar weathering. It
is produced as well from plagioclase. Calcite is noticed as well and is from plagioclase or from
chemical precipitation once Ca** and HCO;™ have been dissolved.
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The system had high levels of silica concentrations, which is explained by the feldspar chemical
weathering. SiO, concentrations show a decrease with the increase in weathering. As silica has
an intermediate behavior, part of it remains fixed, forming new clay minerals, and the other
part is removed in the water (Ceryan, 2012; Tardy, 1971) during weathering. Silica released by
weathering is transported underground and along river water. Part of it might remain in the
weathering zone as it precipitates in the rocks’ joints and fractures as silica.

Feldspar dissolution’s chemical reactions can yield theoretical dissolution lines based on how
many moles of each anion and dissolved silica the feldspar releases. For the dissolution of
anorthite the Ca®": SiO, ratio has a 1:1 slope. The theoretical dissolution line for albite is Na*:
SiO, of 1:2 slope (Appelo & Postma, 2005). The theoretical dissolution line of k-feldspar is K*:
SiO, slope of 1:2. Na' surface water points plots above and below the albite’s theoretical
dissolution line, proving its (Fig. 6.54a). Regarding Na* of groundwater, a few points plot around
the 1:2 theoretical dissolution line, but most of the sampled points lie high above. The Na*
source is silicate dissolution of Na-feldspar, like albite or any other member of the plagioclase
solid solution series between albite and anorthite (Fisher & Mullican, 1997).
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Fig. 6.54: Stoichiometric relations graphs showing silicate weathering and cation exchange for surface
water and groundwater: a. Anorthite, albite, and k-feldspar weathering, b. Albite
weathering, c. Sodium ion and chloride ion, d.(Na" + K" - CI') versus (Ca2+ + Mg2+) - (HCO; +
$0,%), e. (Na* + K" - CI') versus silica.
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K* of surface water points all plot below the 1:2 theoretical dissolution line of K-feldspar. The
same applies to the groundwater samples. Ca’" in surface water lies below the anorthite
theoretical dissolution line. Some of the groundwater points lie on the anorthite line, but many
lie below it. This indicates that the main source of Ca*" is anorthite dissolution. Other sources of
Ca” in water in this area are from carbonates (Kovalevsky et al., 2004), clay, calcite of
hornblendes, also called amphiboles, and pyroxenes (Appelo & Postma, 2005). Ca** preference
of the soil is attributed to the organic phase of the soil. Stronger binding of Ca** to organic soil is
noted in the literature (Naylor & Overstreet, 1969; Van Bladel & Gheyi, 1980).

The distribution of data points indicates cation exchange between Ca®* and K* with respect to
the occurrence of clay minerals. Kaolinite, mainly as potassium in illite, is incorporated and
cannot be removed by further ion-exchange reactions (Domenico & Schwartz, 1998). Exchange
of cations on the clay happens as the floor of the wetland is of clay. Na* and Ca®" are removed
by surface runoff through the weathering zone to groundwater or streams. The relative
exchange property of the cations in the clay mineral (e.g., montmorillonites) has been stated by
Ronov (1945) as Na* < H* < K" < Mg** < Ca®*.

The graph of Na* versus SiO, with the line of slope 1:2, shows that feldspar weathering is the
dominant source of Na* (Appelo & Postma, 2005) in surface water points (Fig. 6.54b). The
effluent sample is an outlier and accordingly is disregarded from all the following hydro-
geochemical calculations. The groundwater points show lower SiO2 to Na® ratios and are
induced by an increase of Na* during cation exchange or precipitation of clay minerals other
than kaolinite, retaining the SiO, in the solid solution (Appelo & Postma, 2005) after Burghof
(2017).

Another possible source of Na® in the surface water is NaCl, as Na*: Cl  ratio in the surface water
is around one (Fig. 6.54c). The relationship between Na* and Cl” has been used to identify the
mechanism for acquiring salinity in semiarid to arid regions and quantify the atmospheric
contributions (Sarin et al., 1989; Singh et al., 2005) after Tiwari and Singh (2014).

All the samples plotting above 1 indicate Na® released from silicate weathering reactions
(Meybeck, 1987). Most of the sampled groundwater show Na’: CI” above one, indicating albite
as the source of Na’. The surface water samples show similar results, indicating albite
weathering. However, they lie closer to the 1:1 line that indicates NaCl as a possible source for
Na® (Hounslow, 2018). The high values show that there is no contribution from atmospheric
precipitation and that the high levels of major ions are derived from weathering of silicate rock
minerals or anthropogenic sources (Tiwari & Singh, 2014). The lower molar ratio (Na™: Cl" less
than 1) suggests ion exchange of Na* for Ca** and Mg*" in clay.

In order to check if ion exchange occurs, (Na*+ K*- CI') is plotted against (Ca**+ Mg**) - (HCO5+
S0,”) (Fig. 6.54d). The slope value of -1 indicates the ion exchange between Na*, Ca**, and Mg**
(McLean et al., 2000). Both surface water, as well as groundwater indicate ion exchange with
slopes close to the theoretical value of -1 (-0.9175 and -0.9505, respectively).

The SiO, versus non-halite sodium (Na® + K* - CI') value is calculated (Fig. 6.54e). Fifteen
groundwater samples are impacted by cation exchange, five samples contain a considerable
amount of ferromagnesian minerals, and five are clearly influenced by albite dissolution. In
regards to surface water samples, twenty-five samples have a considerable amount of
ferromagnesian minerals, two are from albite source, one is influenced by cation exchange.
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The spatial distribution based on weathering impact shows that Na® derives from albite
dissolution occurring outside the flooded area of the wetland (Fig. 6.55). Most of the
ferromagnesium minerals and their weathering, indicating that sodium is from plagioclase
occurred in the wetland flooded area with a few exceptions. The rest of the samples in the
flooded area show that sodium excess results from the cation exchange.

36.50°E
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i___1 Ewaso Narok wetland The source of sodium

River network ©  Albite
— Tributaries ® (Cation exchange
=== EWaso Narok ® Ferromagnesium

Fig. 6.55: Spatial distribution of the weathering impact as depicted in the water composition of the
various sampling points, drawn on the geological map (c.p Fig. 2.9, p.19).

Schoeller (1977) proposed chloro-alkaline indices (CAl) to give insight to the base-exchange
reaction between groundwater and its host environment:

- + Kt

cAIl = St (Eq. 6.2)
- +o K+

CAIIl = — G *+(Na"+KT) (Eq. 6.3)

SO02~+HCO3 +CO3~+NO3

All groundwater samples, with the exception of the spring, have negative values for both CAls,
indicating chloro-alkaline disequilibrium. This means that the reaction is a cation-anion
exchange reaction, where Ca** or Mg”" in groundwater is exchanged with Na* or K" in the host
rocks. This confirms the SiO, versus (Na* + K* - CI") analysis.
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Further proof of feldspar weathering is the positioning of the surface water samples below or
almost on the 1:1 line of (Na" + K') versus total cations (Fig. 6.56a). The samples which show
lower (Na* + K*) concentrations seem to result from Ca** versus Na" exchange reaction. Less than
half of the groundwater points lie on the 1:1 line, but the rest are under it.
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Fig. 6.56: Stoichiometric relation graphs for sampled surface water and groundwater points: a. Na* + K"
versus total cations, b. ca® + Mgz+ versus total cation, c. Bicarbonate versus silica, d. HCO;’
versus EC. e. (Na' + 2Ca’") versus HCOs, f. K'/Na* versus EC , g.(HCO; + SO,”) versus (Ca’'+
Mg*"), h. HCO; versus (Ca*'+ Mg?").
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The (Ca®* + Mg®") versus total cations plot (Fig. 6.56b) shows that all samples lie below the 1:1
aquiline. (Ca®* + Mg?") accordingly contribute highly to the total cations indicating silicate
weathering. In general, if bicarbonate is less than or equal to silica (Fig. 6.56c), then albite is
weathered. As silicate weathering is the main process happening, silica is released in the
solution, as discussed before.

EC versus HCO; (Fig. 6.56d) further confirms silicate weathering as one of the major
mineralization sources. Most of the surface water samples show lower mineralization compared
to groundwater samples, except for a few.

While surface water shows ratios of HCO; / (Na* + 2 Ca*) around 1 (Fig. 6.56e), suggesting
plagioclase weathering (Van der Weijden & Pacheco, 2003), groundwater samples lie below the
1:1 line suggesting another source of mineralization. Surface water had higher K’/Na" ratios
than groundwater points with the exception of four wells (Fig. 6.56f), indicating either contact
with vegetation and soil (King et al., 2014) or high rates of k-feldspar weathering (Burghof,
2017).

Samples lying on the 1:1 line (Fig. 6.56g) suggest that these ions resulted from the weathering of
carbonates or sulfate minerals (Cerling et al., 1989; Datta and Tyagi, 1996). The surface water
was scattered below yet close to the 1:1 line. Few lie to the left side, indicating that an excess of
(Ca®* and Mg?*) in surface water may be due to calcite’s dissolution. Samples shifted to the right
(excess of (SO,° + HCO3) over (Ca®* and Mg”")) indicate after Cerling et al. (1989) and Fisher &
Mullican (1997) a contribution from a non-carbon source, and thus to a contribution from
silicate weathering. This applies to both the surface water points and the groundwater points
being affected by cation exchange with clay minerals, as the wetland floor is made of clay. If
(Ca** and Mg**) originate solely from carbonate and silicate weathering, they will be balanced by
alkalinity alone, which is not the case, especially in groundwater (Fig. 6.56g). This is additionally
proved by the (Ca** + Mg?*) to HCO5'-ratio (Fig. 6.56h). Only a few samples from surface water
and even fewer from groundwater plot close to the 1:1 ratio indicating weathering of carbonate
rocks.

A value of bicarbonate/silica > 10 indicates carbonate weathering, and a value < 5 indicates
silicate weathering (Hounslow, 2018). The results show that all of the samples have a
bicarbonate/silica value of less than five, with three exceptions of groundwater (GW45: 8.3,
GW49: 7.3, and GW17: 6.7).

According to Kovalevsky et al. (2004), the lithology of aquifers can be identified if the ratio of
(Ca”*+ Mg?*) versus (Na*+ K*) is less than 1, then there is silicate weathering, and above 1 show
carbonaceous influences. With the exceptions of the shallow hand-dug wells and the dam, most
of the surface water and groundwater points lie below 1 (Fig. 6.57a).

Sodium bicarbonate is a result of the weathering of silicate minerals in igneous rocks.
Bicarbonate tends to predominate in water in areas where vegetation grows profusely (Hem,
1985).

To further understand the other possible sources of dissolution, Ca**/Mg”* are plotted (Fig.
6.57b). If their molar ratio is greater than 2, it indicates the dissolution of silicate minerals (Katz
et al., 1997), which is almost all the surface points sampled and some groundwater points. The
rest of the groundwater points show Ca’’/Mg®* that is greater than 1 yet smaller than 2,
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indicating a more dominant calcite contribution from the rocks (Mayo & Loucks, 1995). The ratio
of Ca’’/Mg** seems to decrease with the distance from weathering; the deeper the points
sampled, the less the weathering and more fresh rock and the Ca*/Mg?" decreases. The
groundwater points are accordingly plotted as Ca**/HCO;  (Fig. 6.57c), with the suspected calcite
(attained from Fig. 6.57c and are GW4, GW10, GW7, GW45, GW52, GW47, and GW17)
dissolution marked. If the ratio is 1:2, then calcium and bicarbonate solely originated from
calcite. If it is 1:4, it is from dolomite weathering (Subramani et al., 2010). The results show that
three of the suspected samples originate from calcite weathering.

Further proof of calcite dissolution can be derived from Ca®*/SO,”- ratio (Fig. 6.57d). After Das &
Kaur (2001) indicates a ratio of 1:2, the dissolution of gypsum or anhydrite, both of which do not
exist in the study area. When the samples have excess calcium, there is an additional
geochemical process, as is the case with surface water points. In the groundwater samples,
excess sulfate over calcium indicates the removal of calcium from the system, likely by calcite
precipitation.

An increase in salinity demonstrated by CI” with a relative increase in Ca** and Mg”*, indicating
that the carbonate weathering in the aquifer was done by chloride-bearing water (Fig. 6.57e).
Chloride is usually linked to evaporation or anthropogenic influence, including potassium
fertilizers (Kresic, 2006) or micas dissolution.
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Fig. 6.57: Stoichiometric relation graphs for surface water and groundwater points showing different
influences: a. Na* + K* versus Ca®* + Mg, b. Ca>*/Mg*, c. Ca®* versus HCO; with suspected
calcite samples marked, d. Ca” versus 5042', e.Ca’'+ Mg2+versus cl.

Redox sensitive species

Soil flooding means a limited supply of oxygen in pore space. This leads to oxygen depletion and
reduced soil oxidation-reduction potential (Eh), followed by denitrification, reduction of iron,
manganese, and sulfate (Pezeshki & Delaune, 2012). These trends are observed in iron and
manganese plots (Fig. 6.58a and Fig. 6.58b). Two outlier points were disregarded from the
presentation in the following redox-sensitive species graphs.

Fe®* concentrations are observed mainly in the surface water samples, emerging from the
dissolution of abundant ferrous oxides and silicates (Frankenberger, 1994) and the reduction of
iron hydroxides. The redox potential of the samples with high Fe** was above the given
threshold of 100 mV (Mitsch & Gosselink, 2000). However, the determination of redox
potentials in the field is difficult, and values should always be regarded with caution (Appelo
and Postma 2005).
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Detectable concentrations of Mn** are observed above and below the threshold of 225 mV
(Mitsch & Gosselink, 2000). Mn*" concentrations are higher in the surface water samples and in
four groundwater samples (Fig. 6.58b) and are linked to the reduction of manganese hydroxide.

The NO; concentrations (Fig. 6.58c) were mainly detected in groundwater samples with
reducing conditions (below 250 mV). This means that these samples were not yet denitrified,
even though the redox potential is below 250 mV. Two groundwater samples with detectable
NO;™ concentrations were an exception showing oxidizing conditions (redox potential above 250
mV). This might indicate that existing NOs;” was removed by denitrification in water with lower
redox potentials (Mitsch and Gosselink 2007).
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Fig. 6.58: Plots of redox-sensitive species: a. Fe’ versus Eh, b. Mn*" versus Eh, c. NO;3 versus Eh.

Land use effect and evaporation

Sulfate and chloride (Fig. 6.59a) show a correlation in the groundwater samples, indicating
surface contamination from manure or wastewater. TDS is high because of land-use effects.
Accordingly, it cannot be reliable for Gibbs’s calculation.

The molar ratio of Na*/Cl" is used to identify evaporation processes in groundwater (Subramani
et al., 2010) to rule out the evaporation impacting the groundwater samples. The groundwater
points show more of an inclined trend with Na*/Cl" ratio decreasing with increasing salinity (EC)
(Fig. 6.59b), which again hints at the removal of sodium by ion exchange. This indicates that
evaporation is not the major geochemical process controlling groundwater chemistry, which
comes in terms with the results of the isotopes (Section 6.3.4). Chloride in groundwater
originates from natural or anthropogenic sources that include fertilizers, animal wastes, and
leakages from landfills (Appelo & Postma, 2005).
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Fig. 6.59: Plots of sampled surface water and groundwater showing: a. Cl versus S0,”, b. Na*/Cl  versus
EC.

6.4. Statistical analysis and classification

A hierarchical cluster analysis was carried out using Ward’s method, applying a squared
Euclidean distance as the distance or measure of similarity (Fig. 6.60). This analysis took the
distance of two clusters as the average of the distances between all pairs of cases with one
member of the pair from each of the clusters. This makes it possible to determine the optimum
number of sub-aquifer units or clusters that are needed to work with. In the next stage,
hierarchical cluster analysis for sub-grouping was rerun by zooming into each cluster to refine
the connectivity amongst the sub-aquifer units in view of geographical and geological aspects.

The SPSS® computer code used for the cluster analysis performed in the hydrochemical water
data analysis used the following; Tw, pH, Redox, DO, TDS, EC, all major ions (Ca®*, €I, NO3', HCO5™
, K, Mg, Na*, PO,*, SO,%), minor elements (NO5, Fe**, Mn*", AI*', Si0,, CO,, Sr*%, NH,", BO3', Br’,
F’), and trace cations (As, Cd, Cr, Cu, Ni, Pb, Zn, Sr), as well as stable water isotopes (60, 8°H).

The cluster analysis was used first to define water bodies (sections that display similar
hydrochemistry and isotopes) and then to find the hydrochemical “relationship” between
different surface water and groundwater points. Later, it helped divide the aquifer into cells or
compartments (a subdivision of the aquifer into sub-aquifer units) with similar hydrochemical
characteristics.

The dendrogram results are presented as relative distances on a scale of 0 - 25 (Fig. 6.60). These
detailed dendrograms’ results will help decide which sampled points can be combined together
as a cell in the MCMsf model with average unique hydrochemical values. The dendrogram
shows the clusters of water sources and the possible spatial correlation between them. Cluster
1 is mainly made of surface water points, whereas cluster 2 is mainly made of groundwater
points. Clusters 1 and 2 are not related at all. In order to elaborate further, the cluster analysis
was run again on cluster 1 (twice) and cluster 2 (Fig. 6.61). Cluster 1 is divided into six sub-
cluster (1.1, 1.2, 1.3, 1.4, 1.5, and 1.6). Sub-clusters 1.1 and 1.2 are related but not related to
sub-cluster 1.3. All three show a weak link to 1.4. Cluster 1.5 and cluster 1.6 are related but are
not at all related to 1.1, 1.2, 1.3, and 1.4. Cluster 2 is divided into three sub-clusters (2.1, 2.2,
and 2.3). Sub-clusters 2.2 and 2.3 are related to each other. However, they are not related to
2.1. The different clusters were given different colors and displayed on the map. Sub-cluster 1.1
is made of surface water points, including the furrow in the wetland downstream, a flooded
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sample in the wetland, two river points upstream of the wetland (next to the fish ponds), and
the inlet from Pesi and Mathera (Fig. 6.61).

Sub-cluster 1.2 comprises surface water from the end part of the wetland. These points lie on
the right side of the river and channel, even though some are flooded, and others were sampled
when dry. This sub-cluster includes the last sampled point in the river that brings all the water
together.

Sub-cluster 1.3 is (Fig. 6.61) built by flooded samples and dry samples, the river itself in the
upstream part of the wetland. Sub-cluster 1.4 is represented by one flooded sample in the
wetland. Sub-cluster 1.5 comprises surface water samples entering the wetland from the left
(Melwa’s direction), a well in the same area upstream, a piezometer in the middle part of the
wetland, the river close to it, and a dam in the end part of the wetland. Sub-cluster 1.6 is made
of two groundwater wells, one left to the wetland and another right of the wetland, the spring
upstream to the wetland, and the canal leading to the wetland from Pesi.
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Fig. 6.60: Dendrogram obtained from the SPSS® cluster analysis using Ward Linkage on the sampled
hydrochemical data. Each cluster is marked with a different color. For its location, cp. Fig.
6.61.

In regards to groundwater cluster 2, sub-cluster 2.1 consists of borehole samples mainly in the
upstream part with one exception (GW44) (Fig. 6.61). Sub-cluster 2.2 is made of the piezometer
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in the upstream part and three wells next to it, and two boreholes in the end part of the
wetland. Sub-cluster 2.3 is composed of wells at the end of the wetland, with the exception of
one in the middle part (lying very close to the wetland’s river) and the effluent. Sub-cluster 2.4 is
made of the shallow well in Pesi.
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Fig. 6.61: Clusters of the sampled water (Fig. 6.60) in the Ewaso Narok wetland, drawn on the
geological map (cp. Fig. 2.9, p.19).

6.5. Model setup

6.5.1.1. Data acquisition and processing

The first task was to create a shared hydrological and hydrochemical database based on all the
hydrological information gathered in the wetland and catchment.

The primary data used was based on the sampling campaign of July-August 2016, as it provided
comprehensive and up-to-date surface and groundwater quality data. The sampling took place
throughout dry and rainy times, including flash floods. Some more gathered data included was
provided by the Water Resource Management Authority (WRMA, 2016), and others were
published by the Ministry of Water Development and data drilling by well-owners. In case
current data was not available, the average of previous years, if it existed, was taken. For those
data, the significant error and standard deviation were calculated, and only after being
minimum were considered (App. 12 and App. 13).

A hydrochemical database (App. 14) with a unified format has been established for Ewaso Narok
hydrological basin to characterize, classify, and discretize the groundwater and surface water
basin into sub-water units. Similarly, it was also aimed at characterizing the optional sources of
recharge and/ or pollution recharging and contaminating the aquifer.
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6.5.1.2. Single-cell model

Single-cell MCM modeling was used to depict the potential contributors and the hydraulic
connectivity for every proposed compartment in the modeled system. It also aimed at
confirming possible water flow movement from groundwater into the wetland. In addition, it
provided the ability to assess both the active sources of recharge and the active sources of
pollution, if existing. However, following the limited number of constraints (mass-balance
equations), with respect to the number of unknowns for each cell (in the single-cell mode), the
optimization provides only a feasible assessment of the active sources rather than quantitative
fluxes.

As for the optimization, when applying the MCMsf to a single-cell model configuration, it was
asserted that there are more tracers than the unknown sources of recharge to obtain
meaningful results (Adar et al., 1988). Accordingly, a feasible solution is a solution given all the
above-mentioned satisfies and yields in a feasible assessment of the active sources. Initially, all
the hydrochemical elements were assigned the same weight in constructing the set of
constraints to make it 100 % conservative. Further refinement was performed using those
dissolved minerals, which were in almost hydrochemical equilibrium with the rock minerals, as
neither dissolution nor precipitation could occur. More than 50 iterations using different
parameters were performed for every cell, but only the results with relatively small water
balance differences were included used.

As accurate quantitative fluxes are not available for any of the identified flows, and since no
water pumping is reported in the modeled area, the model was performed in “percentage
mode” where the “Outflow” is assigned to 100 % while all the fluxes will be assessed relative to
the 100 % downstream outflow flux. Although the rate of evaporation and evapotranspiration
might be significant, it is not included in the water and mass balance expressions due to the lack
of evaporation data.

6.5.1.3. Multi-cell model

Based on the single-cell model, the multi-cell modeling (MCM) was applied for a comprehensive
guantitative assessment of the surface-groundwater flow pattern over the wetland. MCM
provides the ability to assess both the water fluxes from active sources of recharge and the
active sources of pollution if existing. It should depict local shallow groundwater’s relative
contribution to the global water budget of the wetland.

As for the optimization, when applying the MCMsf to a multi-cell model configuration, it was
asserted that the last cell is the output cell from the modeled flow system. The abstraction rate
for all the cells is set to zero, neglecting any water diversions (if it exists) and evaporation. Not
having any measured discharge data, we operate on relative mode using percentage, where the
last cell is assigned with an outflow rate of 100 %. This set-up ensured that the fluxes are
calculated as relative percentages of the total inflow into each cell and as percentages of the
total outflow or recharge into the entire modeled flow system, which in this case is the entire
wetland domain. Initially, all the hydrochemical elements were assigned the same weight to
provide all constituents with the same weighting capacity in the optimization scheme. However,
later in the result, the actual dissolved minerals that were in almost hydrochemical equilibrium
with small balance differences can be identified. These minerals were, therefore, almost
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conservative elements as they could not dissolve further, and no precipitation could occur.
Common tracers are a necessity for comparison in the single-cell and multiple-cell versions.

6.5.2.  Assigning potential contributors

The potential natural sources of groundwater and surface water recharge into the wetland and
into the modeled aquifer are discussed below. However, as this is cell-specific, a detailed
description is shown in each cell separately. It is verified that all chosen potential sources have a
hydrological potential to flow into a specific cell-based on topography, piezometric potential,
and geological feasibility. In addition, a point that is part of a cell cannot be a potential source
into another cell.

Potential natural groundwater recharge sources into the wetland are represented as wells,
springs, and piezometers located in the study area. Different wells surround the wetland, and as
fractures and fissures exist, groundwater may contribute to the surface flow providing the local
piezometric head reaches the surface and beyond. The source of groundwater replenishment of
these wells is in the upper hills and mountains.

Potential natural sources of surface water recharge into the wetland include streams and water
from the surrounding channels and the wetland itself. Besides the Ewaso Narok river as the
wetland’s main source, the tributaries Pesi, Melwa, and Aiyam as well as the channel parallel to
Ewaso Narok, although known as the furrow, and the effluent from the stone cutting (SF21)
contribute to the wetland.

6.5.3.  Conceptual framework

A schematic diagram of the Ewaso Narok modeled system (Fig. 6.62) is presented below after
readjustments based on the single-cell model mode’s successful runs.
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Fig. 6.62: A schematic flow pattern of MCM based on the single-cell modelings’ successful runs.

Cell 1 has input from the following sources GW1, GW14, SF3, GW23, GW17, SF13, GW12, and
GW4. Source refers to the flow component that contributes water and mass of dissolved
constituents, single boreholes, and surface water points in this case. The output flux of this cell
is into the downstream cell (cell 2) to maintain water balance in this modeled aquifer. Cell 2
accordingly has input from the previous cell (cell 1), in addition to GW1, GW41, GW23, SF12,
SF13, SF28, SF26, SF25, SF29. The output flux of this cell is into the downward cell 3, with inflow
from GW1, GW4, GW19, and GW27. The output flow of this cell is into the downstream cell 4.
Further sources to cell 4 are GW11, GW31, GW44, GW52, GW24, and GW4. A selection of
tracers (hydrochemical and isotopic constituents) are made for each cell.

6.5.4. Cell selection

Based on the cluster analysis (the hydrochemical and isotopic similarities) of the available water
sampled points (discussed in Section 6.4) and the geographic location (proximity to each other),
the aquifer in Ewaso Narok wetland was discretized into four compartments (Fig. 6.63);
upstream, middle, downstream and outlet for modeling.
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Fig. 6.63: The division of the wetland into four homogenous compartments and the sampling points’
location drawn on the geological map (cp. Fig. 2.9, p.19).

The cells were initially presented on the dendrogram to see if they belong to the same subcells
and then accordingly decide how to characterize and select them (Fig. 6.64).
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Fig. 6.64: Presenting the potential points making up the selected cells on the dendrogram with a
different symbol for each cell’s characterization.

The obvious sources into the wetlands are the side-streams tributaries and the main river, while
identifying and quantifying the hidden contributions from groundwater, springs, and or human-
induced pollutants was the goal and the purpose of the MCM. The criteria for selecting points to
belong to a cell included: the points being surface water points, the points having similar
hydrochemical traits, and isotopes traits meaning they belong to the same cluster or a very
close cluster, the points being geographically close to each other. A challenge was encountered
in regards to the surface water, as some samples were taken during flash floods. Due to the
resulting dilution compared to those sampled before the floods, less hydrochemical similarities
between the results from the dry and flood times exist.
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The first cell was selected in the upstream part of the wetland, where most of the tributaries
join to make up the main inflow. The second cell was more of stagnant water in the river, and
channel around it, in the middle part of the wetland. The selected points belong to a similar kind
of water. Cell 3 consisted of two samplings of the river. The area around these points lacked
further access. The two points selected had similar hydrochemical characteristics (cluster 1.1 in
Fig. 6.64). The last cell is the only reachable area of the river, where all the points join, and the
river becomes several meters wide.

Cell 1: Upstream wetland section

Based on geology, geographic distances, and similarity in hydrochemical values, the average
hydrochemical and isotopic composition of all of those points was assigned to characterize cell 1
(Tab. 6.10, Fig. 6.65). Different versions and names were prepared at selecting the first cell (cell
1, cell 1_1, cell 1_2). The common characteristic is that the points are all surface water in the
wetland’s upstream. It included five sampling points (2016 sampling campaign: SF8, SF20, SF22
SF15, and SF16) along the river. All points display different yet similar hydrochemical
compositions. In the cluster analysis, SF15 and SF16 belonged to sub-cluster 1.1, SF20, SF22
belonged to 1.3, whereas SF8 belonged to 1.5 (Fig. 6.64). SF20 and SF22 are from the river in the
wetland, where local farmers pump water from the canals for irrigation. SF16 is at the beginning
of the furrow. SF15 is in the wetland next to the furrow. SF8 is at the beginning of the wetland,
where papyrus fills the area. SF15 and SF20 were sampled after the flash floods occurred. In
addition, the external data points ESF1, ESF2, and ESF3 were included in the characterization of
cell 1.

Tab. 6.10: Different versions for characterizing cell 1.

Cell name and version | Cell1 [Cell1_1 | Cell1_2

SF8

SF15 SF15

SF16 SF16 SF16
The average SF20 SF20 SF20
composition of points | SF22 SF22 SF22

ESF1 ESF1

ESF2

ESF3 ESF3

Possible groundwater inflow into Cell 1 might be characterized by water from wells (GW1, GW4,
GW9, GW7, GW10, GW17, GW18, GW19, GW23, GW24), one piezometer (GW14), and the
spring (GW11). Potential natural surface water sources include water coming from the small
surrounding streams (SF2, SF3 lying exactly on the river, and SF15). Additional contributions
might be generated through surface streams characterized by river water SF12 and river water
SF13, which join the wetland from the east. The last possible source of water is a polluted
effluent, Point SF21, from the stone-cutting factory.
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Fig. 6.65: Upstream area of the wetland showing the different points used to select cell 1, drawn on
the geological map (cp. Fig. 2.9, p.19).

Cell 2: Middle part of the wetland

The second cell selected represents the middle part of the wetland. Just like the selection of cell
1, different versions of cell 2 were tested (cell 2, cell 2_1, Cell 2_NF, cell 2_2) (Tab. 6.15 6.11,
Fig. 6.66). The average of the ions and isotopes from all these below-mentioned points was used
to characterize Cell 2. The different points in cell 2 belong to sub-clusters 1.1, 1.2, 1.3, and 1.4
and are chemically and in regards to the location close to each other. It is important to note that
the same sources may contribute to more than one cell. A source that supplied cell 1 can be
included as sources feeding cell 2 provided they can flow in one streamline into cell 1 and in
addition in another streamline into cell 2; meaning it also flows directly into cell 2 but not
through cell 1 (SF12, SF13). SF12 is taken from the water in the wetland. SF13 is taken from the
river inside the wetland.

Tab. 6.11: Different versions for characterizing cell 2.

Cell name and version Cell 2 Cell2_1 Cell 2_NF Cell 2_2
SF33 SF33 SF33 SF33
SF34 SF34 SF34 SF34
SF35 SF35
The average composition SF36 SF36 SF36
of points SF37 SF37
SF38 SF38
SF39 SF39
SF40 SF40
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Fig. 6.66: Middle area of the wetland showing the different points used to select cell 2, drawn on the

geological map (cp. Fig. 2.9, p.19).

Possible inflow into cell 2 is from Cell 1 (with its variation meaning cell 1, cell 1_1, cell 1_2),

water coming from point SF6 (one of the tributaries), point SF12 and point SF13, and water from
Melwa direction from SF25, SF26, and from the West streams from SF29, and SF28. Another
possible inflow derives from the spring (GW11), and two piezometers (W14, GW31). Taking
groundwater flow direction into consideration, possible inflows might be contributed from wells
(GW 1, GW 4,GW 7, GW 9, GW 10, GW 17, GW 18, GW 19, GW 23, GW 24, GW 27, GW 30, GW

41).

Cell 3: Downstream of the wetland

The third cell selected was in the downstream part of the wetland and includes only two river
water samples (SF42 and SF43) (Tab. 6.12, Fig. 6.67). Both sampling points lie close to each
other and belong to the same cluster in the multivariable cluster analysis. The flow, as noticed

by qualitative observation, is with moderate velocity (and quantitatively, as shown by Bours

(2016) 10 m*/s in comparison to cell 2 that is slower). This might be a qualitative indication for

additional enhanced groundwater contribution downstream of the lagoons. It included SF42 and

SF43, which lie exactly on the river.
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Tab. 6.12: Characterization of cell 3.

Cell name Cell 3

The average composition SF42
of points

SF43

Possible inflow into cell 3 derives from upstream contribution from Cell 2 with its variations,
SF6, and points that are not included in the characterization of cell 2 (e.g., SF38 and SF39, when
cell 2_2 is used as a possible inflow). Additional sources are the spring GW11, the piezometers
GW14 and GW31, and several wells (GW 1, GW 4, GW 7, GW 9, GW 10, GW 17, GW 18, GW 19,
GW 23, GW 24, GW 27, GW 30, GW 41, GW 44, GW 47) (Fig. 5.2).
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Fig. 6.67: Downstream area of the wetland showing the different points used to select cell 3, drawn on
the geological map (cp. Fig. 2.9, p.19).

Cell 4: Outlet of the wetland

The fourth cell selected was at the end part of the wetland (SF48), where all the water sources
converge together. Two different versions at the selection and characterization of cell 4 were
made (Tab. 6.13, Fig. 6.68).
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Tab. 6.13: Different versions for characterizing cell 4.

Cell name and version Cell 4 Cell 4_NF
The average composition SF48 SF48
of points
ESF4

In cell 4, only SF48 is taken into account as a cell. As SF48 was sampled during flood times, a
second cell (Cell 4_NF) combines SF48 with ESF4, a data set from the Water Resource

Department in the area (App. 13).

Possible inflow into cell 4 comes from surface water from Cell 3 and groundwater from GW1,
GW 4,GW 7,GW 9, GW 10, GW 17, GW 18, GW 19, GW 23, GW 24, GW 27, GW 30, GW 41, GW
44, GW 47, GW 45, GW 46, GW 49, GW 50, and GW 52.
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Fig. 6.68: Outlet area of the wetland showing the different points used to select cell 4, drawn on the
geological map (cp. Fig. 2.9, p.19).

6.6. Hydrochemical and isotopes modeling

This part discusses the single-cell MCM modeling and the Multi-cell MCM modeling results.
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6.6.1. MCM single-cell version

The hydrochemistry and isotopes of the groundwater, stream water, channel, and flooded
wetland were used to identify possible hydraulic connectivity within the local aquifer and
between the wetland’s water and the groundwater underneath. While the multivariable cluster
analysis helped establish similarities between the various water sources, the Mixing Cells
Modeling approach was implemented to quantify the mixing rates between the active water
sources that contribute to specific surface water points, which combines ‘water cells’ in Ewaso
Narok wetland. The results of the single-cell version of MCM are presented below for each cell.
The map showing the ‘cells’ locations’ and the contributors is presented in Figure 6.69 and in
the single-cell conceptual model (Fig. 6.62). The construction of the compartmental flow pattern
in Ewaso Narok allows a better vision of the results and linkages between the different cells and
hydrological compartments.

When running the MCMsf to a single-cell model configuration, it was asserted that there are
more tracers than the unknown sources of pollution to obtain meaningful results; feasible
assessment of active sources given the limited number of constraints. Accordingly, a feasible
solution is a solution given all the above-mentioned satisfies and yields in a feasible assessment
of the active sources.
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Fig. 6.69: Location of potential contributing points (own and external data) with a different symbol
characterizing each cell, drawn on the geological map (cp. Fig. 2.9, p.19).
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6.6.1.1. Cell 1: Upstream wetland section

Four different scenarios using 19 tracers were applied to define the various sources for the
upstream wetland section (cell 1) using the single-cell model (Tab. 6.14).

Tab. 6.14: Results of supported potential sources to cell 1 using single-cell modeling.

Scenario 1 Scenario 2
Cell1 Cell1_1
Contributor portion of total inflow [%] Contributor portion of total inflow [%]
SF3 25,30 SF3 28,70
GW4 1,50 GW4 2,20
SF12 1,10 SF12 2,20
SF13 65,70 SF13 62,90
GW23 4,80 GW23 1,20
GW17 1,70 GW17 2,70
Percentage difference 16,29 Percentage difference 25,87
# of Tracers 19 # of Tracers 19
EC, Mn®*, Mg”*, Na*, k¥, Ca™, PO,>, HCO3, CI, NO3, SO,7, F, | EC, Mn™, Mg™, Na', K*, ca™, PO,>, HCOs, CI', NO5,
AP, cu®, zn®, Si0,, 60, 8°H, TDS s0,7, F, A", cu®, zn™, si0,, 5'%0, §°H, TDS
Scenario 3 Scenrio 4
Celll_2 Cell 1
Contributor portion of total inflow [%] Contributor portion of total inflow [%]
SF3 34,10 SF12 24.90
GW4 0 SF3 70.40
SF12 0 GW17 2.20
SF13 65,10 GW4 2.40
GW23 0,20
GW17 0,70
Percentage difference 18,95 Absolute water difference 0.62
# of Tracers 19 # of Tracers 18
EC, Mn®*, Mg®*, Na*, K", Ca*?, PO,>, HCO3, CI, NO5, SO,%, F, |  EC, Mn®*, Mg®*, Na*, PO, HCO5, NO5 , Fe**, A,
AP, cu®, Zn®, Si0,, 60, 8H, TDS Br, Si0,, 620, As®, SO,%, NH,", Zn**, Cr** pH,

Source SF13 is by far the most dominant contributor to Cell 1 in the first three scenarios. In
scenario 1, SF13 contributes to 65.7 % of the total inflow, followed by SF3 (25.3 %). SF12 with
1.1 %, and the groundwater contribution is 4.8 % from GW23, 1.7 % from GW17, and 1.5 % from
Gwa4,

Cell 1_1's contribution in scenario 2 is from source SF13 with 62.9 %, followed by 28.7 % from
SF3, 2.7 % from GW17, and around 7 % from groundwater (GW4, GW17, GW 23) and SF12. The
main contributors, SF13 and SF3, are both rivers feeding the wetland. Cell 1_2 in scenario 3 is
also mainly fed by SF13, making up 65.1 % of the total flow, followed by SF3 with 34.1 %. In this
scenario, GW4 and SF12 do not show any contribution to the system, and both GW23 and
GW17 contribute less than 1 %.

Scenario four seems to be the best-case scenario as it has a very small water error balance
(0.62). The result shows that the majority of the water in this upstream section of the wetland
originates from the two tributaries, Melwa (SF3), contributing to 70 % of the flow, and Pesi
(SF12), contributing to 25 % of the flow. Real flow in reality and on the field is seen as the
tributaries flow and come together, forming the wetland. Groundwater contributes to 5 % of
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the flow from sub-aquifer units characterized by the wells in the same area from well GW17 and

upstream close to Pesi (GW4).

6.6.1.2.

Cell 2: Middle part of the wetland

Five different scenarios using 19 tracers were applied to define the various sources for the

middle part of the wetland section (cell 2) using the single-cell model (Tab. 6.15).

Tab. 6.15: Results of supported potential sources to cell 2 using single-cell modeling.

Scenario 1 Scenario 2
Cell 2 Cell2_1
Contributor portion of total inflow [%] Contributor portion of total inflow [%]
Celll 11.60 SF11 0
SF28 22.20 SF12 25.20
SF13 48.20 SF13 0
SF12 16.10 GW23 0
Gw41 1.80 SF28 59.90
GW23 0.10 SF29 11.80
GW41 1.10
Celll_1 1.90
Abs?lute water 13.91 Percentage difference 24.37
difference
# of Tracers 20 # of Tracers 19

Na®, pH, 570, TDS, As™*
NH,", PO,>, Mg”", Fe

, Cr, A, 50,7, NO; , HCO;,
2 Mn%, F, Si0,, Ca®*, Cu

2+

EC, Mn”*, Mg”, Na*, K*, Ca™?, PO,”, HCO5, CI, NO3, SO, 7, F,
AP, cu?, zn®, Si0,, 60, 6°H, TDS

Scenario 3 Scenrio 4
Cell2_NF Cell2_NF
Contributor portion of total inflow [%] Contributor portion of total inflow [%]
SF11 0 SF11 0
SF12 18.30 SF12 18.90
SF13 23.40 SF13 25.50
GW23 0 GW23 0
SF28 48.40 SF28 47.10
SF29 8.00 SF29 5.60
GW41 0 GW41 0
Celll 1.90 Celll_1 3.00
Percentage difference 16.52 Percentage difference 15.18
# of Tracers 19 # of Tracers 19

EC, Mn™, Mg”*, Na*, K*, ca™, PO,”, HCO3, CI', NO5,

s0,%, F, AP, cu®

,Zn** Si0,, 80, 8°H, TDS

EC, Mn™, Mg”*, Na*, K*, ca*

,P0O,>, HCO;, CI, NO3, SO,°, F,

AP, cu®, zn*, si0,, 8'%0, 8°H, TDS

Scenario 5
Cell2_2
Contributor portion of total inflow [%]
SF12 21
SF6 20.80
SF28 37.30
SF29 0
Cell1_1 20.90
Percentage difference 26.34
# of Tracers 19

EC, Mn**, Mg®*, Na*, K*, ca™, PO,”, HCO;, CI, NO3,

2+

s0,%, F, A, cu

L Zn** Si0,, 820, 8°H, TDS

In scenario 1, groundwater constitutes a small part of the flow (2 %) in the middle part of the

wetland. Yet this is a noticeable amount given the fact that there are floods throughout this

time. The groundwater sources are east and west of the wetland. However, as more samples
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are included in the cell averaging, the flow source is the previous cell and the two new incoming
water streams (Pesi) and SF12.

The main contribution in scenario 2 is from SF28, making almost 60 % of the inflow, followed by
SF12, which contributed to 25 %, and SF29 contributing to 12 %, and GW41 contributing to
1.1 %. Cell 1 contributed to 1.9 % of the flow in cell 2.

While the first two scenarios included flooded samples, scenarios 3 and 4 show the results
without floods to ensure that only base flow is taken into account. Cell 1 and Cell 1_1 are
contributors simultaneously. The results are very close in scenarios 3 and 4. Cell 2 gets its
contribution mainly from SF28 (48.4 % and 47.1 %), followed by SF12 (around 19 %), and SF13
(around 24 %), and SF29 (around 7 %). Groundwater does not appear in the contribution list,
and cell 1 contributes in a minor amount.

In scenario 5 (cell 2_2), a higher absolute error compared to the other scenarios is noticed. This
is because no groundwater was included as a potential contributor. This is a clear hint that
groundwater could contribute to the cell’s recharge. The rest of this scenario’s contribution is
from SF28, making up 37.3 % of the flow, followed by almost equal shares of around 20 % from
the previous cell (cell1_1), SF12, and SFé6.

To conclude, under all scenarios, the middle part of the wetland represented by cell 2 shows a
very small contribution from the upper cell (Cell 1), reflecting very low fluxes along the
mainstream within the lagoon. The recharge is mainly from surface water. However, there is a
clear indication that there is a small contribution from groundwater. There was no significant
difference in the simulation results between including or removing the flooded samples from
the cell characterization.

6.6.1.3. Cell 3: Downstream of the wetland

Three scenarios using 19 tracers were applied to define the various sources for the downstream
part of the wetland section (cell 3) using the single-cell model (Tab. 6.16).

In scenario 1, Cell 3’s contribution is mainly from the previous cell, cell 2, making up to 60 % of
the inflow, followed by a high groundwater contribution (GW27) with 40 %. As the percentage
difference is relatively large, another main active water source with a unique hydrochemical
composition might exist.

In scenario 2, SF38 is included as a potential contributor as it is not part of the characterization
of the previous cell (cell2_2). The percentage difference decreases accordingly by 15 %. The
contribution from groundwater increases as GW1 (40 %) further adds to the flow in addition to
GW27 (6.1 %). Cell2_2 contributes to only 15 % of the flow, whereas SF38 contributes to the
remaining.

In scenario 3, SF6 is included as a potential source not only to cell 2 only but also to cell 3. At
first glance, this does not seem feasible, but it is as the wetland is channelized in reality. The
results show one of the possible missing sources in the previous scenarios. The contribution
from SF6 is 56.7 %, followed by SF36 contributing to 10.6 %, and the groundwater contributing
to 5% from GW27. The percentage difference immediately drops in this scenario compared
with the two previous ones.
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Tab. 6.16: Results of supported potential sources to cell 3 using single-cell modeling.

Scenario 1 Scenario 2
Cell 3 Cell 3
Contributor Portion of total inflow [%] Contributor Portion o{;c;tal inflow
GW27 40 GW27 6,10
Cell2_1 60 GW38 38,7
GW1 40
Cell2_2 15,10
Percentage difference 74,91 Percentage difference 49,44
# of Tracers 19 # of Tracers 19
EC, Mn®*, Mg”’, Na*, K*, Ca™, PO,>, HCO3,, CI, NO3, SO,7, F,| EC, Mn®*, Mg”*, Na*, K*, Ca™?, PO,>, HCO3,, CI', NO3, SO,~
AP¥*, cu®, zn”, Si0,, 6°0, 8°H, TDS ,F, AP, cu®, zn®", si0,, 6'°0, 6°H, TDS
Scenario 3
Cell 3
Contributor Portion of total inflow [%]
GW27 5
Cell2_2 1
SF6 56,7
SF36 10,6
SF38 26,6
Percentage difference 29,79
# of Tracers 19

EC, Mn®*, Mg”*, Na*, k¥, Ca™, PO,>, HCO3, CI, NO3, SO,7, F,
AP, cu®, zn®, Si0,, 60, 8°H, TDS

6.6.1.4.

Cell 4: Outlet of wetland

Two scenarios using 19 tracers were applied to define the various sources for the outlet of the
wetland (cell 4) using the single-cell model (Tab. 6.17).

Tab. 6.17: Results of supported potential sources to cell 4 using single-cell modeling.

Scenario 1 Scenario 2
Cell4 Cell4_NF
Contributor Portion of total inflow [%] Contributor Portion of total inflow [%)]
GW10 0 GW10 0
GW4 0 GW4 0
GW52 1.00 GW52 1.00
Cell3 99.00 Cell3 99.00
Percentage difference 42.07 Percentage difference 40.40
# of Tracers 19 # of Tracers 19

EC, Mn**, Mg®*, Na*, K, ca™, PO,*, HCO5', CI, NO5, SO,%,

EC, Mn**, Mg®*, Na*, K*, ca*?, PO,”, HCO;, CI, NO3, SO,7,
F, A, cu®™, Zn™, Si0,, 6'%0, 8°H, TDS

F, A", cu®, zn®, si0,, 620, 6°H, TDS

In both scenarios, the main contribution to cell 4 is from the previous cell (Cell 3), making up 99
% of the inflow. There is a minor contribution of 1 % from a well (GW52). The lack of identified
active contribution from groundwater may be attributed to scarce groundwater samples along
this part of the wetland. The percentage difference again is high in both scenarios and means
that there is a main active source that feeds cell 4, which is not accounted for in the optimum

mass balance.

6.6.1.5. Summary of single-cell modeling

In the single-cell modeling optimization scheme, the number of constraints, which is equivalent
to the number of hydrochemical parameters plus one, is only slightly bigger than the unknowns.
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Therefore, the assessed global optimum for the objective function is rather more of a ‘domain’
than a ‘sharp optimal point’. Therefore, the results indicate a range of relative flux values rather
than unique values.

The above-presented results can be combined to form a summary of the single-cell model using
the same trace elements. Different scenarios for each cell yielded potential outcomes
(Tab. 6.18).

Tab. 6.18: Summary of the single-cell model results using the same tracers.

Single-cell model
Cell name Contributor portion of Cell inflow [%] Difference in cell [%]
Cell1_1 25.87
GW1
SF3 28.7
GW4 2.2
SF12 2.2
SF13 62.9
GW14
GW23 1.2
GW17 2.7
Cell2_1 24.37
SF11
SF12 25.2
SF13
GW23
SF28 59.9
SF29 11.8
GW41 1.1
Cell3 77.54
GW27 40
SF38
SF40
Cell 4 GW10 42.07
GW4
GW52 1
from single-cell2_1 Cell1_1 1.90
from single-cell3 Cell2_1 60.00
from single-cell4 cell3 99.00

6.6.2. MCM multi-cell version

In this section, two terms are used. The best-case scenario is the one with the lowest water
balance difference. The most feasible scenario is the scenario where the tracers used resulted
in a feasible solution in all the following single-cell modeling and multi-cell modeling. This
means that the most feasible solution in the multi-cell version was used even if it was not the
best-case scenario.

6.6.2.1. Potential sources that are active contributors in single-cell

All sources found to be active contributors in the aforementioned single-cell version process are
assigned inflows as potential contributors in the multi-cell version simulations (Tab. 6.19, Tab.
6.20, Tab. 6.21, Tab. 6.22).
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Tab. 6.19: Potential contributors to cell 1.

Name Elaboration
GW4 Well
GW17 Well
GW23 Well
SF3 Surface water
SF12 Surface water
SF13 Surface water

Tab. 6.20: Potential contributors to cell 2.

Name Elaboration
Gw41 Well
SF12 Surface water
SF28 Surface water
SF29 Surface water
Cell1

Tab. 6.21: Potential contributors to cell 3.

Name Elaboration
GW27 Well
Cell 2

Tab. 6.22: Potential contributors to cell 4.

Name Elaboration
GW52 Well
Cell 3

Different scenarios were accordingly run as the real hydrochemical link and paths are not
known. These scenarios were run with different cell versions and with different potential
sources and similar tracers. It was asserted that geologically and hydrologically, that was
feasible. The model was first run, where three cells are introduced into the MCMsf system.
Three different scenarios are presented, where the first two scenarios are similar though the
first does not take flooding into account, and the second with the flooding samples considered.
The third scenario includes a source that is harder to detect because of channelization. It is
important to note that the decision to include that exact cell (cell 1 versus celll_1, for example)
was based on choosing a cell that yielded an output. Once the cells were all included in one trial,
some trials did not give a result meaning the equations leading to the optimization solution
could not be solved. The results are summarized in Tab. 6.23 and Table 6.24. All scenarios build
on hydrogeology being one criterion and the sources that were active in the single-cell model as
a second criterion.

6.6.2.2. Results of multi-cell modeling using three cells

The results in both the first and second scenarios are very similar (Tab. 6.23 and Tab. 6.24). In
both scenarios, Cell 1 contributes to less than 3 % of the system’s total inflow. The following
sources: SF3, SF12, GW23, SF13, GW17, and GW4 in both scenarios were found to be active
contributors. In scenario one, SF13 contributes to 1 % of the total inflow of the system. This
translates to SF13, making up 67.2 % of cell 1 inflow. The rest in cell 1_1 inflow is divided as 11.9
% from SF12, 10.8 % from SF3, 7.9 % from GW4, 1.7 % from GW23, and 0.4 % from GW17.

In scenario 1, Cell 2_NF shows that the percentage of total inflow is from SF28, making up 32.8
% of the whole system’s inflow, 16.6 % from SF29, and SF12 and SF13, each contributing to 25
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%. Even though GW41 was a contributor in the single-cell model, it contributed to zero percent
in this case.

Scenario 2 shows similar behavior in cell 1_1, where SF13 makes up 2.8 % of the total inflow in
the system translating to 67.2 % of the inflow in cell 1_1. SF3 contributes to 10.8 %, SF12 to 11.9
%, SF3 to 7.9 %, GW23 to 1.7 % followed by 0.4 % from GW17. Cell 2_1 shows that the percent
of total inflow to the system is from SF12 with 31.6 %, followed by 10.9 % from SF29, and 6.5 %
from SF28.

Cell 3 shows that the contribution is solely from GW27, making up 30.9 % of the total inflow in
scenario 1 and 46.8 % in scenario 2. The difference in the inflow amount is due to the cell’s
make-up and, thus, the floods. More inflow is observed going through cell 3 at the time of
floods.

The in-between real flow from cell 1 to cell 2 is 0.73 and 1.55 % of volume/time in scenario 1
and scenario 2, respectively, and that from cell 2 to cell 3is 29.12 and 17.8 % of volume/time.

The rate of inflow is calculated as the flux divided by the pumping rate of the last cell. The rate
of pumping, in this case, is non-existent and accordingly is assigned a small positive value of 0.1,
and it is not relevant to this case.

In scenario 3, the active sources in cell 1 contribute to a very small percentage of the total
inflow (SF13 to 0.1 %). This translates to SF13 contributing to 56.3 % of cell 1’s inflow, followed
by SF12 (17.6 %) and SF3 (16.5 %), and the groundwater sources GW4 contributing to 7.1 % and
GW23 with 2 % and GW17 to 5 %. Cell’s 2 main contributors are SF12, making up 79.1 %, and
SF28 with 20.9 %. This translates to 0.5 % of the total inflow of the system.

As SF6 is included as a potential active source in cell 3, the inflow percentage in the whole
system is contributed by cell 3. SF6 contributes to 57.3 % of the cell inflow, followed by SF38
(30.4 %) and two groundwater wells (GW1: 6.2 %, GW27: 5.5 %). This is the same percentage
contributed to the whole system. The percentage difference decreases dramatically from the
two previous scenarios to 17 % in this scenario. The in-between real flow is 0.11 from cell 1_1 to
cell 2_2 and 0.51 from cell 2_2 to cell 3.
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MCM 3 cells
GW1 X
SF3 0.2 10.8 0.06
GW4 0.1 7.9 0.04
SF12 0.2 11.9 0.06
Cell1_1 SF13 1.0 67.2 037
GW14 X
GW23 0.0 1.7 0.01
GW17 0.0 0.4 0.0
SF11 X
SF12 17.1 25.3 6.40
SF13 17.1 25.3 6.39
Cell2_NF GW23 X
SF28 22.2 32.8 8.30
SF29 11.2 16.6 4.19
Gw41l X
GW27 30.90 100.0 11.55
Cell3 SF38 X
SF40 X
from cell to cell Flux [% of v/t]
Celll_1 Cell2_NF 0.73
Cell2_NF Cell3 29.12
outflow from cell3 0.1 Percentage difference 42.66
GW1 X
SF3 0.5 10.8 0.13
GW4 0.3 7.9 0.09
SF12 0.5 11.9 0.14
Cell1_1 SF13 28 67.2 078
GW14 X
GW23 0.1 1.7 0.02
GW17 0.0 0.4 0.01
SF11 X
SF12 31.6 64.5 8.70
SF13
Cell2_1 GW23
SF28 6.5 13.2 1.78
SF29 10.9 22.3 3.00
Gw41 0.0 0.0 0.00
GW27 46.8 100.0 12.90
Cell3 SF38 X
SF40 X
from cell to cell Flux [% of v/t]
Celll_1 Cell2_1 1.55
Cell2_1 Cell3 17.8
Outflow from cell 3 0.1 Percentage difference 52.48
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Tab. 6.24: Results of multi-cell modeling using 3 cells (continued).

GW1 X
SF3 0 16.5 0.00
GW4 0 7.1 0.00
Celll 1 SF12 0 17.6 0.00
- SF13 0.1 56.3 0.04
GW14 X
GW23 0 2.0 0.00
GW17 0 5.0 0.00
SF28 0.1 20.9 0.08
Cell2_2 GW1 0.0 0.0 0.00
SF12 0.4 79.1 0.29
SF38 30.4 30.6 21.98
Cell3 GW27 5.5 5.5 3.96
SF6 57.3 57.6 41.39
GW1 6.2 6.3 4.51
from cell to cell Flux [% of v/t]
Celll_1 Cell2_2 0.11
Cell2_2 Cell3 0.51
Outflow from cell 3 0.1 Percentage difference 17.79
6.6.2.3. Results of multi-cell modeling using four cells

Different scenarios are executed with the four cells, and only four with relatively adequate
water balance are chosen to demonstrate the results (Tab. 6.25 and Tab. 6.26), where cell 1_1,
cell 2_1, cell 2_2, cell 3, cell 4, and cell 4_NF are chosen:



Tab. 6.25: Results of multi-cell modeling using 4 cells.
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MCM 4 cells
GW1 X
SF3 0.4 17.8 0.06
GW4 0.1 3.4 0.01
Celll 1 SF12 0.1 5.7 0.02
- SF13 1.5 69.6 0.22
GW14 X
GW23 0.1 2.9 0.01
GW17 0.0 0.6 0.00
SF11 X
SF12 21.6 50.7 3.26
SF13 X
Cell2_1 W23 X
SF28 0.0 0.0 0.00
SF29 21.0 49.3 3.16
GWwW41 0.0 0.0 0.00
GW27 47.8 100.0 7.21
Cell3 SF38 X
SF40 X
GW10 X
Cell4 GW4 X
GW52 7.60 100.0 1.14
From cell To cell
Real number [v/t]
Cell1_1 Cell2_1 0.37
Cell2_1 Cell3 8.94
Cell3 Cell 4 53.79
Outflow from cell 4 0.1
Percentage
difference 64.93

GW1 X
SF3 0.0 0.0 0.00
GW4 0.2 11.9 0.05
SF12 0.8 40.9 0.18
Cell1_1 SF13 038 422 0.19
GW14 X
GW23 0.1 1.9 0.01
GW17 0.0 3.1 0.01
SF11 X
SF12 9.2 15.3 2.11
SF13 21.8 36.1 4.98
Cell2_NF GW23 X
SF28 14.5 24.0 3.31
SF29 14.8 24.6 3.30
GW41 X
GW27 32.9 100.0 7.52
Cell3 SF38 X
SF40 X
GW10 X
Cella_NF GW4 X
GW52 4,70 100.0 1.08
From cell To cell Real number
[v/t]
Cell2_N
Cell1_1 F 0.93
Cell2_NF Cell3 16.53
Cell
Cell3 4_NF 59.7
Outflow from cell 4 0.1
Percentage
difference 57.19
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Tab. 6.26: Results of multi-cell modeling using 4 cells (continued).

GW1 X
SF3 0.7 15.9 0.16
GW4 0.2 3.8 0.04
SF12 X
SF13 33 77.7 0.78
Cell1_1 GW14 X
GW23 0.1 2.6 0.03
GW17
SF11
SF12 10.4 100.0 2.48
SF13
GW23
SF28 0.0 0.0 0.00
Cell2_2 SF6 0.0 0.0 0.00
GW1 58.6 72.3 13.91
GW27 22.4 27.7 5.32
Cell 3 GW38 0.0 0.0 0.00
GW10
GW4
Cell 4 GW52 4.3 100.0 1.02
From cell To cell Real number
[v/t]
Cell1_1 Cell2_2 1.13
Cell2_2 Cell3 4.56
Cell3 Cell 4 59.97
Outflow from cell 4 0.1
Percentage difference 56.28
| scenarioa [ | | portionoftotal inflow [%] | _portion of cellinflow [%] |  Flux[%ofv/t] |
GW1 X
SF3 0.0 0.0 0.00
GW4 0.0 0.0 0.00
SF12 X
Cell11 SF13 0.0 0.0 0.00
GW14 X
GW23 0.0 0.0 0.00
GW17 X
SF11
SF12 0.0 0.0 0.00
SF13 X
Cell2_2 GW23 X
SF28 0.0 0.0 0.00
SF6 0.0 0.0 0.00
GW1 7.6 7.8 3.07
" GW27 6.8 7.0 2.72
Cell3 SF38 28.9 296 11.59
SF6 54.2 55.6 21.75
GW10 X
Cell 4 GW4 X
GW52 2.5 100.0 1.02
From cell To cell Real number
[v/t]
Cell1_1 Cell2_2 0
Cell2_2 Cell3 0.38
Cell3 Cell4 59.47
Outflow from cell 4 0.1
Percentage difference 39.89
Scenario 1:

The dominant contributor to cell 1 (represented as celll_1) is SF13 with a 69.6 % inflow,
followed by SF3 (17.8 %), SF12 (5.7 %), and groundwater from the wells GW4 with (3.4 %), and
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GW23 with 2.9 %, and GW17 with 0.6 %. All this inflow sums up to around 2 % of the total
inflow of the system (Tab. 6.25).

Cell 2_1 gets its contribution from SF29 and SF11, each making up 50.7 % of the cell inflow,
which is 21.6 % of the system’s total inflow. Cell 3 gets its contribution from GW27, which
translates to 47.8 % of the system’s total inflow. Cell 4’s contribution is from GW52, making 7.6
% of the total inflow.

The in-between real flow is 0.37 % of volume/time from cell 1_1 to cell 2_1, 8.94 % of
volume/time from cell 2_1 to cell 3, and 53.79 % of volume/time from cell 3 to cell 4.

Scenario 2:

The dominant contributor to cell 1 (represented as celll_1) is SF13 with a 42.2 % inflow,
followed by SF12 with a 40.9 % contribution, then GW4 with a contribution of 11.9 %, GW17
with 3.1 %, and GW23 with 1.9 %. As the change is mainly in the make-up of cell 2 and cell 4, the
contribution and the percentage of total inflow in cell 1 do not change much (summing up to
around 2 %).

The whole system’s main contribution is from GW27 into cell 3 (32.9 %), followed by 21.8 %
contribution from SF13 into cell 2 and 14.8 %, 14.5 % respectively from SF29, SF28, then by SF12
making up 9.2 %. The contribution from GW52 is almost 5 %, with less than 1 % from each of
GW4, SF3, SF13, and GW23. The in-between real flow is 0.93 % of volume/time from cell 1 to
cell 2, 16.5 % of volume/time from cell 2 to cell 3 is 59.7 % of volume/time from cell 3 to cell 4.

Scenario 3:

The dominant contributor to cell 1 (represented as celll_1) is SF13 with a 77.7 % inflow,
followed by SF3 with a contribution of 15.9 %, then GW4 with a 3.8 % contribution, and GW23
with 2.6 % (Tab. 6.25). This translates to 3.3 % of the total inflow to the system. Cell 2_2 gets its
contribution from SF12, making up 10.4 % of the system’s total inflow. Cell 3 gets its recharge
mainly from GW1, making up 72.3 % of the cell inflow, which translates to 58.6 % of the
system’s total inflow. A further contribution is from GW27 of 27.7 % of the cell inflow making up
22.4 % of the total system inflow. Cell’s 4 contribution is from GW52, making 4.3 % of the total
inflow. The groundwater contribution to the whole system is more than 80 %.

The in-between real flow is 1.13 % of volume/time from cell 1_1 to cell 2_2, 4.56 % of
volume/time from cell 2_1 to cell 3, and 59.97 % of volume/time from cell 3 to cell 4.

Scenario 4:

The difference between this scenario and scenario 3 is the addition of SF6 as a potential
contributor in cell 3 (Tab. 6.26). All of the potential contributors do not contribute to any
significant inflow into cell 1 and cell 2. The main contribution is SF6, making up 54.2 % of the
total inflow meaning 55.6 % of cell 1’s inflow. SF38 contributes to 28.9 % of the total inflow,
which translates into 29.6 % of cell’s 1 inflow. Both GW27 and GW1 accordingly make the rest of
the contribution of around 7 % to the cell and to the whole system. GW52 is the only
contributor to cell 4 water, making up 2.5 % of the system’s total inflow.

The in-between real flow is 0 % of volume/time from cell 1_1 to cell 2_2, 0.38 % of volume/time
from cell 2_1to cell 3, and 59.47 % of volume/time from cell 3 to cell 4.
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Comparing scenarios 1 and 2:

The results show that the main contribution in both scenarios is provided by seeping
groundwater, as represented by GW27 (Tab. 6.25). However, the percentage of total inflow
from GW27 to cell 3 drops from 47.8 % to 32.8 % from the scenario that includes samples
obtained during the flood event versus those collected before the flood (do not include flood).
Cell 2 gets lower inflow through it in the flood season. In addition, the total in-between cell
inflow is higher in the scenario without floods.

The reasoning behind it is that during the flood, surface water dilutes the water storage in the
lagoon relative to the amount that seeps out from the shallow groundwater. In addition, during
floods, the water head in the lagoon is temporarily elevated, which decreases the hydraulic
head difference between the lake and the groundwater piezometer head. The latter causes a
decrease in the upward groundwater flux. Adding to that, a major source that contributes to the
water, which is missing, is portrayed in the absolute difference in both scenarios. GW52 is the
main contributor to cell 4 in both scenarios.

Comparing scenarios 3 and 4:

Scenario 3 and scenario 4 (Tab. 6.25) use different make-up of cell 2 (cell 2_2). This accordingly
enables SF6 to be a possible contributor to cell 2. Scenario 4 includes SF6 as a potential
contributor to cells 3 in addition. This changes the whole system’s balance. The results show
that in scenario 4, the main and almost all the contribution to the system is cell 3 through SF6,
SF38, and GW1 and GW27. The water flow through the first two cells is almost negligible and
stagnant. The main recharge in between the cells happens between cell 3 and cell 4. In scenario
3, the main contribution to the system was similar from cell 3. However, both cell 1 and cell 2
contributed to the system too. The difference as well lies in the percentage contribution of
groundwater to the whole system; in scenario 3, groundwater is the only contributor to cell 3 (in
addition to cell 2_2), which is not the case in scenario 4 (groundwater in addition to surface
water and cell 2_2’s contribution).

The in-between real flow is lower in scenario 4 between cell 1_1 to cell 2_2 and cell 2_2 to cell
3. However, it is similar to cell 3 to cell 4. Furthermore, recall that the error was around 17 %
only when running the multi-cell version on 3 cells in scenario 3 (Tab. 5.24). However, scenario 4
in this multi-cell (run of 4 cells) increases the error by at least 30 % more, meaning that there is
a main source that contributes to the water during the flood times, vividly seen in the end part
of the wetland, which is missing. GW52 is the main contributor to cell 4 in both scenarios.

6.6.2.4. Discussion of MCM results

Preferred scenarios on behalf of other scenarios

The three first scenarios present similar results (Tab. 6.25 and Tab. 6.26). Scenario 4 though
representing the smaller error, shows that the first two cells' contribution is negligible (almost 0
%). This is explained by the fact that the area where cell 1 and cell 2 are located is known for
having shallow water through them due to the high abstractions and irrigation rate. Due to the
lack of data about the exact amounts, it was not included in the modeling.

The four different scenarios represent all the various possibilities of water flow in the Ewaso
Narok wetland, depending on the time of year, the blocking of channels, the abstraction
amounts, the ephemeral streams’ drying, and the rain amount.
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The best scenario compared to other scenarios would be scenario 3 from the three cells MCM
run (Tab. 6.24) if the percentage error is the only criterion.

Explaining the error and its importance:

Running the multi-cell based on the scenarios, and running many iterations, makes it clear that
there is a substantial error, a high negative one. Many attempts were performed to decrease
the water balance error, and some yielded better results. The high negative error means that
one or several additional hidden sources contributing to the mass balance are missing or are not
identified. These might be pristine water of the wetland, water from the channel with human-
made additions, floodwater, and groundwater within the floodplain.

The wetland is full of agriculture, grazing, and floodwater, bringing water from all over. Floods
play a significant role in the characterization of the wetland. Recall that the samples in cell 2
onwards were mainly sampled during flash floods. An ending member contributing to the
storage is missing, and its water mixes with the stagnant water in the floodplain. There are not
enough sources to back up the water flow from cell 2 to cell 3 and not from cell 3 to cell 4. Cell
three is made up of two points on the river. It was attempted to change the make-up of cell 2 to
include floods and not include them. However, this did not change the fact that only two points
were sampled downstream from there. The same applies to cell 4.

It is accordingly important to remember that the percentage error is one of many other
parameters in this quantification and water flow determination, and its interpretation is of
value. Determining the missing sources in the MCMsf that resulted in the absolute difference’s
high values is vital in lowering the absolute error in future studies. This can be achieved by
sampling the wetland more often, during and without flash flood periods. In addition, drilling
wells inside the delineated flooded wetland could better characterize the aquifer and might
account for the missing sources. Locating more wells and boreholes in the area is of vital
importance.

Challenges

Several challenges were encountered while using the MCM. These included performing many
iterations as the potential sources could include any measurement with a hydrological potential
to flow into a specific cell based on topography, piezometric potential, and geological feasibility.
In addition, if a scenario does not yield a successful output, it is not possible to know which of
the sources caused the failure because it uses different sets of equations that do not cross each
other; thus, they do not lead to an optimum. Accordingly, the only way is trial and error.

Furthermore, the results presented in this work show a relative value of 100 %, as the pumpage
and evapotranspiration values were not known. Measuring the real amount of pumping and
evapotranspiration and including them in the model can help assess the real values of water
inflow and contribution from groundwater to the Ewaso Narok wetland. In addition, it is
important to try to find the missing hidden water source. This can be achieved by drilling
artesian wells in the floodplain and conducting more sampling campaigns during dry and flood
periods.
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6.6.2.5. Summary and main finding from MCM

This research analyzed the spatial distribution along the Ewaso Narok wetland and the aquifer
to assess both systems' potential links. Statistical cluster analyses, followed by single-cell
modeling and then multi-cell modeling, indicate hydraulic connectivity between the wetland’s
surface water and the groundwater underneath. The water source in the wetland is the river
and its tributary. However, there is enough evidence to show a clear link between the
groundwater and the wetland. The groundwater feeds the wetland and contributes between 17
and 84 % to the wetland water (Tab. 6.25 and Tab. 6.26). Groundwater feeding the wetland is
clear upstream of the wetland and even more vivid downstream of the wetland, as seen clearly
in Cell 3, being the main contributor to the total amount of water in the system. This clearly
shows that groundwater emerging in many perennial springs and seepages in the Ewaso Narok
river often ends in the Ewaso Narok wetland and becomes baseflow.

This leads to the next finding that groundwater rises along preferential flow paths within the
faults and fissure system to feed the wetland. This is not surprising given that the whole Ewaso
Narok basin is a recharge/ discharge area with a deep groundwater table and locally shallow
groundwater perched aquifer (Republic of Kenya, 1987). Another explanation is that the
wetland’s sides are permeable allowing groundwater discharge. The weathering profile, which is
more advanced on the wetland side, acts as a porous aquifer contributing flow. Most
groundwater flow in the upper-weathering profile is between the deep layers. When the
recharge is intense, the water infiltrates and moves between fissures and fractures.

The middle part of the wetland is the only part where groundwater is not noticed as feeding the
wetland. The main source feeding the wetland in this area is the contribution from the different
streams. This might hint at the fact that there are not many fractures in this specific part of the
wetland or that there is a clay layer that acts as a barrier preventing groundwater from feeding
the wetland’s surface water. Assuming faults, they might act as hydraulic barriers between the
different aquifers preventing water replenishment and exchange. This suggests that the middle
part of the wetland is relatively impermeable compared to the wetland’s sides.

Floods play a major role in the functioning of the wetland. Even though most of the sampling
occurred during flash floods, the groundwater percentage inflow was high. It is accordingly
feasible to assume that it might be even more vivid in drier periods.

The gap between the inflow and outflow in the modeled cells clearly hints at a hidden
undefined water source. This, coupled with the fact that there is a shallow water table, further
suggests the existence of a semi-confined aquifer (artesian and pressurized) under the wetland,
where the water leaks upwards from what was not sampled. The water from this semi-confined
aquifer mixes with the floodplain water and changes its characteristics.
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7. Summary, conclusions, and recommendations

Conflicts in the Ewaso Narok wetland area arise mainly due to the lack of water, making
collecting field data and, more importantly, controlling and managing this scarce resource more
difficult. This is further exacerbated and impeded by the lack of geological, hydrological, and
water quality data in the Ewaso Narok wetland. As for any effective and integrated management
of water resources, there is a need for proper aquifer characterization and an understanding of
groundwater flow direction, recharge and discharge mechanisms, water flux and chemicals from
and to groundwater, and the water chemistry processes. Aiming to address this data gap, this
study successfully developed a hydrogeological and hydrochemical database. Furthermore, it
guantitatively assessed the surface water - groundwater interactions, namely water recharge,
discharge, and water flux. Given climate change and population growth, competition over water
resources is expected to only intensify with time. The results of this work, mainly the
hydrogeological characterization of the Ewaso Narok system and the modeling, allow regionally
specific recommendations to be formulated, as the Ewaso Narok wetland is an example that
applies to many other wetlands in Kenya.

In section 7.1, a general summary of the work with the challenges encountered is discussed. The
characterization of the Ewaso Narok wetland, its setting, and its processes are discussed from a
wider perspective in section 7.2. Despite the data scarcity and the challenges encountered, the
results of this work allow for drawing valuable conclusions and recommendations, as seen in
section 7.3 for improved wetland management, while taking into account the various interests
of different groups.

7.1. Summary of the work

The Ewaso Narok wetland is a floodplain within a weathered basement aquifer and part of the
largest drainage basin in Kenya (Ewaso Ngiro). The wetland was and still is intensively used for
grazing and agricultural use to meet the growing increase in demand for food and water.

The hydrogeological characterization of the Ewaso Narok’s aquifer system was challenging due
to the limited data availability, incomplete datasets, and the lack of recent sampling. Therefore,
an interdisciplinary approach was developed to understand the aquifer’s structure, water
dynamics, and water composition and to model this data-scarce wetland. The field data were
collected using surveys, water, soil, and rock measurements. They were processed and analyzed
while combined with data obtained from existing reports of various agencies, making the
secondary data a backbone to fill gaps in this work. The survey results provided potential water
points for modeling the Ewaso Narok wetland, as they determined locations of input of water as
well as pollution into the wetland for sampling and then modeling the wetland.

The hydrogeological characterization of the Ewaso Narok aquifer, its setting, and processes
were merged with field data from reports, drilling logs, and the survey results to develop a
theoretical model. This was then used as the base for running the MCM mathematical modeling
based on hydrochemistry and stable water isotopes to identify the water sources feeding the
wetland. In addition, biogeochemical processes that may further modify the chemical signature
were included in the analysis. Typical challenges of hydrological assessment and mathematical
modeling were encountered (Arheimer et al., 2005; Kumar, 2014; Verhoeven et al., 2006).
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Among these was developing water table contour maps, essential for any hydrological work,
which involved combining different geo-referenced maps from reports while looking for water
levels from literature and identifying well names and drilling well logs. Data validation was
performed to correct errors, especially in the secondary recorded data. The data was assessed
for its reliability. The task was more challenging as certain gaps in the database were identified,
but there was no possibility of going back to the field due to security issues and conflicts
between ranch farmers and pastoralists that led to ranch invasions, violence, and displacements
in 2017.

Despite these challenges, this study shows that augmenting and combining the mixing-cell
modeling approach with the survey, the aquifer’s characterization, the water dynamics, and the
water composition are of great value. This was the key element in determining the spatial
hydraulic connectivity between the wetland’s surface water and sub-aquifer units in this data-
scarce area. Based on this study, it is concluded that the MCMsf is a good method to quantify
the water inflow and that it provides meaningful results when limited information is available.

7.2. Discussion and characterization of the hydrogeological setting and
processes

This section discusses the Ewaso Narok wetland as a discharge wetland in the bigger context of
other wetlands in Africa. Furthermore, a characterization of the aquifer system with a focus on
the surface water-groundwater interactions is summarized.

The geomorphology of the Ewaso Narok wetland, with its wide floodplain bounded by steep hill
slopes, is typical of many African floodplains. However, the spatial response pattern is more
site-specific, controlled by the sediments, the thick, fresh, and weathered phonolites, and
fractures. The characteristics of the groundwater-surface water interactions along the Ewaso
Narok river are not constant throughout the year as seasonal dynamics exist. However, a
general trend is observed, which is crucial for the floodplain chemistry and water balance: The
results prove the tight interaction between groundwater and floodplain water. It is evident that
the Ewaso Narok wetland is a discharge wetland for at least a part of the year (Fig. 7.1), where
groundwater plays a major role in the water balance of the wetland. This type of interaction, as
seen by the composite of water balance factors, has been suggested before but never proven
(Ministry of Agriculture, 1983). Gichuki (2002) further indicated that the Ewaso Narok
subsystem, with its high rainfall and dense ground cover in the Nyandarua mountain ranges,
provides most of the water during the dry seasons. Finally, according to Bours (2016), despite
increased abstractions, a striking increase in discharge rates over the last four years (2010-
2013) is observed at two gauge stations (5AC15 and 5AC10) in the middle and the outlet part of
the Ewaso Narok. This is explained by the groundwater’s contribution to this wetland resource’s
replenishment.

A further characteristic of discharge wetlands in arid and semi-arid regions is the presence of
springs located at or just above the base of hills (Maltby & Barker, 2009), which is the case for
the Ewaso Narok wetland. Furthermore, they do not provide proper floodwater storage but are
responsible for increased vegetation and habitat diversity (Maltby & Barker, 2009).

In terms of surface water-groundwater interactions, this study’s results confirm the spatial and
temporal variability of groundwater inflow and outflow patterns of wetlands, as has been found
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by other authors (Burghof, 2017; Hunt et al., 1996; Shedlock et al., 1993). The Ewaso Narok
river, a small river flowing in an alluvial floodplain, resembles larger streams in regards to the
interactions of groundwater and surface water being spatially diverse. Groundwater discharges
to the gaining stream in the upstream and downstream parts of the basin. It further discharges
in the tributaries, where the stream stage is greater than the adjacent and underlying
groundwater head. Furthermore, by discharging into the stream, groundwater contributes to
the flooding and thus indirectly contributes to the wetlands. Water discharge is then possible
due to the fractured and weathered profiles underneath the Ewaso Narok river, as seen in this
study.

In regards to surface water, a large flow is noticed, especially downstream of the wetland, which
is characterized in the model as cell 3. In the upstream and middle parts of the wetland, lower
inflow is observed, and the impact of abstractions and irrigation is visible. Cell 3 is the main
contributor to the total amount of water in the system. Throughout the flood season, it gets
lower groundwater contribution (from 47.8 % to 32.8 %) than during the drier periods. The
reasoning is that surface water dilutes the wetland’s water storage relative to the amount that
seeps from the shallow groundwater. In addition, during floods, the water head in the wetland
is temporarily elevated, which decreases the hydraulic head difference between the wetland
and the groundwater piezometer head. The latter causes a decrease in the upward groundwater
flux. Another explanation is that the dirt, waste, and heavy sediments that the floods carry, as
reported by the inhabitants in the survey, end up blocking and lowering the inflow.

Two conclusions can be drawn from the fact that the middle part of the wetland, characterized
as cell 2, does not show groundwater impact. The first is that the lower end of the wetland is
made of an impermeable clay layer, and the weathering profile and rate along the river courses
in this part are low, thus not allowing a large amount of water to be discharged. The second is
that the faults could act as hydraulic barriers to the lateral flow as they are filled with clay.

Regarding recharge, infiltrated water reaches the local aquifer through preferential flow paths
and fractures. This was seen in the piezometer results around the river at the beginning of the
flooding, where the hydraulic gradient is directed away from the river. Lateral riverbank
infiltration is thus induced to the floodplain groundwater. During the daytime, the hydraulic
gradient inverts again, and only small amounts of water enter the aquifer. This water reaches
the local aquifer, the perched aquifer, or is discharged back as springs. The sides of the river’s
profile show more weathering than the floodplain profile. This research could not clearly
differentiate between the different sources of flooding, be it precipitation or over-bank flow,
due to the lack of isotopes precipitation data. The isotope results for surface water in the dry
period indicate that the wetland groundwater feeds the wetland and contributes to the mass
balance. This is evident in the dry period samples that show results of depletion and no
evaporation effect. In addition, the tributaries are more depleted in both the stable water
isotopes 60 and 6°H. As the river moves downwards, the water is mixed, yet signs of depletion
are still vivid, which suggests that the groundwater feeds the wetland in the downstream part.
The isotope results indicate that groundwater from regional and local systems discharges to the
river at various places across the floodplain.

Two systems characterize the wetland (Fig. 7.1): a regional confined aquifer system underlying
the volcanic rocks and a local semi-confined aquifer system in the weathered profile of the
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crystalline basement. Both the regional and the local groundwater systems are interconnected
and thus interact and influence the wetland. There is no clear distinction between the water in
each of the confined aquifers in terms of water quality and isotopes. However, a clear
hydrochemical and isotopic difference exists between surface water and groundwater.

Local
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Crystalline
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- Clay Saprolite R Direct recharge ' Perched aquifer
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Fig. 7.1: Conceptualized diagram of the Ewaso Narok aquifer system.

The water from the springs circulates throughout the shallow system, whereas the plains’ water
passes underneath as part of the regional system. The groundwater of the regional aquifer is
discharged upwards towards the local aquifer (Fig. 7.1). Furthermore, the regional aquifer
directly discharges water to the unconfined aquifer and the wetland. The local aquifer is
connected hydraulically to the weathering profile. The Ewaso Narok wetland is fed from both
the aquifers (shallow groundwater contributes to 17 and 84 % of the wetland water) and is
located on sediments, which are derived from alluvial transported weathered material of
crystalline rocks. Within these weathered profiles, perched aquifers are present.

Chemical reactions on alluvial aquifers are usually more impacted by weathering rates and
microorganisms’ activities than by dissolution and precipitation of minerals, as the rate of water
movement is fast. The hydrochemistry in Ewaso Narok is profoundly impacted by silicate
weathering expressed in low ECs and high content of HCO;™ and SiO, (Appelo & Postma, 2005).
Secondary minerals are formed, such as clay (illite, kaolinite) and iron oxides (cp. sec.
6.2.2)(Appelo & Postma, 2005). The wetland is rich in organic compounds, as seen in the LOI
results, even though more weathered clay minerals tend to hold fewer nutrients. Further
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chemical reactions in the system are seen in the relatively high cation exchange capacity and the
amount of dissolved ions.

The results show that indirect water recharge did not happen. The EC of groundwater of wells
next to the wetland and close to the streams and Ewaso Narok river did not decrease.
Furthermore, the evaporation effect was not observed in wells lying adjacent to the streams or
in the river in the wetland's delineated flooded area. On the contrary, most wells showed a
depleted signature of both stable water isotopes inside the delineated flooded area. In addition,
during the flood event, the groundwater, which is charged in the high southern mountains, has
a higher pressure gradient and thus is discharged into the floodplain. Most of the sampling
occurred during flash floods, and despite that, the groundwater percentage inflow was high. Itis
accordingly feasible to assume that it might be even more vivid in drier periods.

7.3. Recommendations and management

People in the Ewaso Narok wetland rely on surface water for their livelihood, from drinking,
irrigation, and washing cars to farming. On the other side, groundwater is mainly filled in tanks
and buckets and taken home for drinking. As the main aim of this study was to quantitatively
evaluate the surface water-groundwater interactions in the Ewaso Narok wetland in terms of
water recharge/discharge and water flux, comparison and recommendations can be given
below in terms of water quantity. Furthermore, this study assessed the Ewaso Narok wetland’s
water quality and compared it to the human drinking standards and irrigation guidelines.
Accordingly, specific recommendations are given in terms of water quality.

This study’s results show that the nature of the wetland resource, and more specifically, its
groundwater and its quality, is not fully documented. For example, two gauging surface water
stations are in the Lower Ewaso Narok (WRMA & LWF, 2013). However, the data collected from
these gauging stations by WRMA focuses mainly on the flow quantity and lacks many important
hydrochemical and biological parameters. There are currently no groundwater monitoring
stations. This highlights the need for a proper establishment of monitoring stations both for
surface water and groundwater and regular monitoring for establishing databases and building
on the already established work of this study (appendices).

This study provides a database of the Ewaso Narok and solutions for dealing with data scarcity.
It can further be used to:

e Provide input parameters in future crop growth simulation modeling and scenario
building to assess other wetlands, catchments, and regional agricultural production
potentials.

e Communicate essential information to decision-makers or locals using the wetland’s
resources for daily consumption and growing food.

Long-term measurements are important for hydrogeological works. This necessitates training a
group of people to collect and monitor these stations. In addition, providing well owners and
users with the measured results will improve the transparency and likelihood of future
accessibility regarding research activities.
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Furthermore, like many other studies, this research shows that management problems in the
Ewaso Narok wetland include water quality degradation, catchment degradation, and water
scarcity (Kibson Consult, 2014; WRMA & LWF, 2013).

Regarding water quality, the study results show that some dissolved water compounds,
including nitrogen, manganese, and fluoride, exceeded the recommended WHO (2011) and
KEBS (2015) health guidelines. Although the Ewaso Narok wetland probably provides water
purification, applying less fertilizer is less costly and easier to realize than wetland restoration
(Arheimer et al., 2005; Verhoeven et al., 2006).

Nitrate values in surface water during the flash floods were higher than during the dry period,
probably due to washed-out agricultural fields. Groundwater shows partly high nitrate values
exceeding the recommended WHO guidelines (2011). Nitrite values exceeding the
recommended KEBS standards (2015) were noticed in both the surface water and groundwater
points. These measurements are worrying, as high nitrogen uptake causes problems with
vitamin A shortages and is linked to colorectal cancer, thyroid disease, and neural tube defects
(Ward et al., 2018). As the nitrogen compounds guidelines are exceeded in some samples,
assessing the nitrogen isotope to distinguish the artificial fertilizers from manure or nitrate
formed from the nitrification of organic material is recommended. This will assist in determining
the dominant nitrate source. In addition, a high potential of nitrate contamination is expected in
the wetland as well GW52, located in the wetland’s outlet, has more than 50 mg/I of nitrate,
contributing to 5 to 7 % of the wetland’s inflow. In the single-cell version, well GW23, located
upstream of the wetland, appears to contribute to the middle part of the wetland (cell 2), and
well GW52 appears to contribute to the wetland’s outlet part (cell 4); thus, both groundwater
wells are positive potential sources of recharge. This also applies to other elements and
compounds found in higher amounts than the recommended WHO (2011) and KEBS guidelines
(2015), especially fluoride and arsenic, as both were found mainly in groundwater samples,
which are used for drinking. They, therefore, pose a direct threat to health. Arsenic in drinking
water is considered one of the most significant environmental causes of cancer (Chung et al.,
2014). It leads to human carcinogenicity, and intake over a long period causes arsenic poisoning.
Its source is either leaching from geological formations or anthropogenic sources (Chung et al.,
2014; Shankar et al., 2014). In this area, the geological formations do not seem to contain
arsenic; accordingly, arsenic may derive from pesticides, fertilizers, or other major
contamination sources. Regarding fluoride, health problems associated with its excess include
problems with bones, teeth, and neurological development (Brazier, 2018). Extreme
precautions should be taken, and an immediate solution is needed to prevent harm to the
inhabitants drinking the water. Determining the source of pollutants and getting rid of them,
being informed about their existence in the drinking water, and possibly finding other drinking
sources or even limiting water usage of contaminated water are vital. This research indicates
geogenic influences as the source of two contaminants, fluoride, and manganese.

As the results of this research show a strong link between groundwater and surface water, it is
advised to address the water quality of both by building a technical basis for systematic
monitoring of water quality. In addition, proper management of wastewater and agricultural
runoff; subsequently, water treatment has to be promoted.
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Regarding surface water and health, iron, aluminum, iron, and copper levels exceeded the
recommended concentrations. Although these elements are less dangerous to humans, they
still impact taste and cause laundry staining, coating, and pipes’ deposits. The water is
accordingly not satisfactory in terms of public acceptability. The locals should be informed of
these impacts and advised on how to deal with them. Furthermore, to deal with the pollution
and water quality issues, awareness campaigns are advised and should address the following:

1. The pollution effects and how to control them.
2. Proper sanitation practices and hygiene.
3. Good agricultural practices.

Investment in the construction of sewage, car wash, and toilets is important. Local inhabitants
should be encouraged to use alternatives and not to chemically spray and water their livestock
directly in the wetland. Finally, a set of rules and enforcement schemes should be established to
avoid further pollution through individuals. If necessary, penalties on polluters should be
enforced (WRMA & LWF, 2013).

The surface water sampled exceeded the recommended irrigation limits, mainly for manganese.
As surface water is mainly used for irrigation, it is accordingly advised to cultivate crops that are
not impacted by high manganese concentrations. Other constituents’ content, such as fluoride,
ammonium ion, potassium, and bicarbonate, were alarmingly high and pose a threat to crops.
All the surface water samples implicated a moderate to severe degree of restriction on use.
Regarding infiltration evaluation, problems arise due to low salinity and high SAR. This is a
common problem in most wetlands of East Africa (Burghof, 2017). Similarly, most groundwater
samples (22 out of 25) showed a moderate to severe degree, suggesting a restriction on use. As
surface water is under threat from over-extraction and climate change, a precaution in using
groundwater in irrigation as an alternative is necessary, as high values of certain constituents
can damage the crops. The groundwater sampled exceeded recommended irrigation limits for
chlorine, calcium, potassium, sulfate, manganese, nitrate, ammonium ion, fluoride, and
bicarbonate. The results contradict the Republic of Kenya's (1987) findings that groundwater is
safer than surface water in terms of quality. It is accordingly advised to find other sources for
irrigation.

From the water quality results that exceeded the recommended irrigation limits, one can
conclude that agriculture in the wetland seems less harmful than outside the wetland. This can
be explained by de-nitrification in the wetland and the clay layer preventing the contaminants’
infiltration. This comes in terms with Burghof's (2017) findings. Due to constraints, a biological
analysis was not performed; accordingly, analyzing fecal bacteria and organic products is
recommended.

With regard to water scarcity, the research shows that the water storage and water treatment
infrastructure is of poor quality. The surveyed people report a reduction in the water quantity in
the dry period, exacerbated by climatic factors and the watershed’s degradation. This
necessitates ending the illegal water abstraction and metering and monitoring the water
abstraction points. This work demonstrates the direct link and the contribution of groundwater
to the wetland. Accordingly, groundwater protection and prevention of over-abstraction are
vital for the sustainable use of wetlands’ resources.
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Regarding catchment degradation, the research showed that many of the surveyed people do
not know the water quality, the impact of certain practices, and their long-term effects.
Furthermore, there is a lack of responsibility and awareness of the wetland’s pollution and well-
being seen in the direct disposal of fertilizers, manure, and plastic containers in the Ewaso
Narok wetland. Educating people and investing in awareness campaigns on the sustainable use
of water resources is important. Similarly, providing the locals with alternative water sources
(e.g., roof water harvesting) and livelihood strategies is important. Another important measure
is to provide people with equal and equitable resource access to the Ewaso Narok wetland and
to ensure better compliance with the law to prevent conflicts. This can be achieved by involving
stakeholders and enhancing capacity building. Additionally, coordination between CETRAD,
WRMA, and other government offices is important. Finally, making Ewaso Narok maps, plans,
and water quality data accessible to the public and the researchers is essential.

The Kenyan government has set policies since the 1990s for sustainable water management of
the Ewaso Narok wetland. However, a lack of political will and adequate budgetary provision for
implementing these policies and enforcing the legislation continues to allow water scarcity
(Gichuki, 2002), despite WUA's establishment of plans for water management and conflict
resolution (CETRAD, 2005) and the creation of the Lower Ewaso Narok Water Resource
Association (WRMA & LWF, 2013).

It is recommended that the government better enforces the water laws and policies, adequately
regulates pumping, and controls the illegal abstractions and pumping permits. This will not only
positively impact the livelihood of inhabitants in the floodplain but also of the downstream
water users as well. In addition, there is a need to create a platform for local and financial
resource mobilization. Investment in new technologies and water development to use the water
more efficiently, like drip irrigation and water storage, for instance, in small-scale dams, runoff,
and roof catchment, is vital. Further financial investment should be made in infrastructure
maintenance. Protecting and conserving the springs, the catchment, and the dams are
necessary. Furthermore, developing a water allocation plan and promoting storage reservoirs
would help address the water scarcity.

The Ewaso Narok wetland is the backbone of people’s local livelihoods, and given the already
growing tension around it, a holistic approach is recommended to managing it, as summarized
below. This approach necessitates addressing both groundwater and surface water alike for the
Ewaso Narok wetland’s long-term sustainability in order to put an end to the human activities
that pose a threat of extinction to it.

Recommendations to government and policymakers:

e Address the groundwater pollution as groundwater clearly contributes to the wetland.

e Protect the groundwater and surface water quality and quantity.

e Systematically monitor the quality to strengthen the technical basis for planning and
managing surface water and groundwater resources.

e Inform locals about water quality and health impacts and provide advice on how to deal
with the pollution.
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e Educate local communities and invest in awareness campaigns about the sustainable
use of water resources, pollution effects, proper sanitation practices and hygiene, and
good agricultural practices.

e Provide the locals with alternative water sources and income strategies to ensure their
livelihood.

e Encourage the locals to use alternative sources and not to chemically spray and water
their livestock with water directly abstracted from the wetland.

e Enforce penalties on polluters if necessary.

e Ensure that people have equal and equitable resource access to the Ewaso Narok
wetland and show better compliance with the law to prevent conflicts.

e Involve stakeholders and provide them with capacity building in management decisions
and discussions.

e Enforce the water laws and policies, adequately regulate pumping, and control the
illegal abstractions and pumping permits.

e Invest in new technologies and water development for more efficient water usage, like
drip irrigation and water storage (e.g., in small-scale dams, runoff, and roof catchment).

e Invest ininfrastructure maintenance and construction of sewage, car wash, and toilets.

e Invest in proper management of wastewater and agricultural runoff.

e Regularly sample, validate data, and share it via platforms.

e Establish monitoring stations both for surface water and groundwater.

e Train people to operate monitoring stations.

e Monitor and meter the water abstraction points.

e Provide the well owners with water quality data.

e Develop a water allocation plan and promote storage reservoirs.

e Coordinate work from CETRAD, WRMA, and other government offices.

e Make data, including maps, management plans, water quality, and quantity, accessible
to the scientific community and the inhabitants.

Recommendations to local inhabitants and farmers:

o Apply less fertilizer, which is less costly and easier to realize than wetland restoration.
e Manage wastewater and agricultural runoff.

e Enroll in awareness campaigns.

e Cultivate crops that are not vulnerable to high manganese concentrations.

e Find another source for irrigation and fertilization if needed.

Recommendations to researchers for future work:

e Assess the nitrogen isotope to distinguish the artificial fertilizers from manure or nitrate
formed from the nitrification of organic material.

e Analyze fecal bacteria and organic products.

e Use different modeling techniques and compare their result with this work.

e Conduct similar case studies of wetlands in different environments.

e Update and keep up-to-date hydrological data of the Ewaso Narok wetland.

e Understand the water situation in the downstream part of the wetland and the
associated impacts from the upstream.
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e Complete the missing datasets and update the data from boreholes.
e Sample the quality of the Ewaso Narok surface water and boreholes regularly and more
frequently.
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Appendices
App. 1: In-situ water sampling data (2016).
Coordinates Elevation EC Tw pH Redox Do Titration | Titration Aci(! Bast::
uiD X v [mas.L] | [us/em) | [°c] -] [mV] %] HCI NaOH capacity | capacity
[ml] [ml] [mmol/1] | [mmol/I]
GW1 (0.18692 |36.44387 1896 272 24.8 7.17 265.8 82.4 8.5 0.4 2.52 0.08
GW4 (0.18042 |36.58539 1829 934 21.9 7.65 241.9 133.6 22.2 0.6 5.41 0.12
GWS5 (0.20376 | 36.5568 1715 4470 24.4 7.21 -152.8 39.2 21 2.2 11.74 0.44
GW7 [0.26253|36.62199 1010 25.5 7.68 160.6 85.1 31.5 0.2 6.3 0.04
GW9 | 0.2563 |36.54589 1515 253 7.58 186.8 88.8 55.8 0.4 11.01 0.08
GW10 | 0.2563 |36.54589 1342 22.2 7.42 193.4 68.8 56.4 0.6 10.99 0.12
GW11 [0.25741 |36.54734 513 29 6.78 280.5 161.7 7.2 0.7 1.44 0.14
GW14 | 0.2624 |36.53628 1418 20.3 8.40 110 443 55.5 0 111 0
GW17 (0.26881 | 36.54007 1845 1583 21.5 9.14 141.2 90.1 38.5 0 7.7 0
GW18 (0.26882 | 36.54007 1835 966 25.2 9.22 125 72.7 30.5 0 6.1 0
GW19 | 0.2752 |36.54715 1229 27.5 9.32 98.8 94.1 50 0 7.38 0
GW23 (0.27125 |36.50795 1894 961 24.5 8.76 160.4 93 27.1 0 591 0
GW24 (0.26799 | 36.45367 1959 574 23.2 8.10 163.6 71.1 26.5 0.1 5.3 0.02
GW27 (0.29423 |36.60807 1212 27.8 8.04 171 56.1 42 0.1 8.4 0.02
GW30 (0.32485 |36.57368 1934 26.5 8.65 99.6 86.4 33 0 6.6 0
GW31 [0.32713 |36.58896 285 26.6 5.62 91.2 1.1 5 0 1 0
GW32 (0.32713 |36.58896 1690 365 17.4 7.25 197.1 43 6.6 0.9 1.32 0.18
GW41 | 0.3271 |36.65176 464 23.2 7.27 265.8 174.4 135 0.4 3.19 0.08
GW44 (0.40824 |36.62259 1831 1345 26.3 8.68 157.3 25.3 30 0 5.00 0
GW45 | 0.4147 |36.65713 1816 1986 27.7 9.46 99.2 61.9 59.5 0 11.9 0
GW46 (0.43124|36.68181 1744 2050 233 7.17 170.2 50.6 41.7 1.2 8.34 0.24
GW47 (0.41246 |36.74078 1594 27.8 9.35 109.7 66.6 51.1 0 8.58 0
GW49 (0.44089 | 36.6146 1842 2006 22.9 8.35 153.5 36.5 31.7 0 6.34 0
GW50 (0.51082 |36.60472 1863 22 7.61 214.8 99.6 47.8 2 11.40 0.4
GW52 [0.55529 |36.62372 1766 1447 25.9 6.97 182 29.8 44 1.7 7.16 0.34
SF2 0.21701 [36.46278 1826 290 23.3 8.14 191.7 103.4 10.4 0.2 2.08 0.04
SF3 0.22109 [36.47068 1857 121.5 19.9 7.93 188.8 100.4 5.3 0.3 1.06 0.06
SF6 0.25237 (36.59776 1750 1149 17.1 6.86 214.2 97.6 4.6 0.6 0.92 0.12
SF8 0.25626 |36.54587 288 25.4 6.93 233.6 81.7 8.6 0.6 1.72 0.12
SF12 |0.26129 |36.56282 1779 242 27.8 7.06 207.3 83.3 6.8 0.9 1.72 0.18
SF13 |0.26029 |36.56343 1746 217 20.4 7.75 167.3 105.4 6.8 0.3 1.46 0.06
SF15 0.2624 |36.53628 1680 146.1 233 7.5- 194.4 106.1 3.1 0.3 0.95 0.06
SF16 |0.26439 |36.54733 1700 123.2 21.3 7.86 178.7 99.7 5.6 0.5 1.12 0.1
SF20 0.2751 |36.54921 1694 216 18.8 6.80 192 98.2 6.9 0.8 1.38 0.16
SF21 |0.27383 |36.54768 1697 25.9 9.2 81.7 85.2 66 0 9.92 0
SF22 |0.27472 |36.55468 1769 203 19.9 7.46 195.1 91.4 6.8 0.4 1.36 0.08
SF25 |0.29701 |36.59643 1726 218 25 7.42 250 102.9 3.5 0.2 0.7 0.04
SF26 |0.29701 |36.59643 1726 570 26.5 7.47 237.1 105.4 4 0.2 1.11 0.04
SF28 0.316 [36.57698 185 22.3 7.14 180.4 68 6.3 2.5 1.26 0.5
SF29 0.3206 |36.57247 316 24.7 7.78 194.9 101.8 12.5 0.4 2.5 0.08
SF33 |0.32152 |36.61446 1741 137.1 21.6 7.55 289.9 20.1 4 0.4 1.12 0.08
SF34 |0.32239 |36.61217 1675 117.8 19.9 6.71 286.8 52.6 5 3.5 0.84 0.7
SF35 |0.32235|36.61148 94.3 19 7.26 262.1 85.6 34 0.5 0.84 0.1
SF36 |0.32953 | 36.6048 1667 196.6 204 7.72 171.5 110.3 7.9 0.2 1.58 0.04
SF37 0.3297 |36.60507 193.2 20.7 7.41 228 82.3 6.9 0.4 1.38 0.08
SF38 |0.33041 |36.60877 164 23.1 7.48 224.7 96.9 5.2 0.3 1.04 0.06
SF39 |0.33848 |36.61311 1809 203 24.8 7.33 754.7 85.3 4.7 0.4 1.27 0.08
SF40 |0.33577 |36.62542 1799 105.4 23.1 7.23 264.9 85.1 3.1 0.3 1.15 0.06
SF42 |0.35374 |36.63301 1790 165.1 224 6.85 204.2 98.2 7 1.5 1.4 0.3
SF43 0.3743 [36.65301 1687 133.1 19.2 7.08 2104 99.5 7.8 0.3 1.41 0.06
SF48 0.4342 | 36.7114 163.8 20.8 7.5 241.9 103.5 4 0.2 1.13 0.04
SF51 |0.53252|36.61396 395 21.9 7.8 213.5 87 0.1 12 1.64 2.4
SF53 |0.53064 |36.57457 128.8 23.8 7.67 248.4 107.8 0.4 0.7 1.33 0.14
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App. 2:  Hydrochemistry of water samples.

uID Fe” [ mMn™ [ mMg™ | Na’ K [ [aF [ A [cd® [ [ c®” [ s [ Ni& | Pb”™ | zn™

[mg/1] | [mg/1] | [mg/1] |[mg/1] | Img/1] | Img/1] [[mg/I]| [mg/1] | [mg/1] [Img/1]| [mg/1] | [mg/] | [mg/1] | [mg/I] | [mg/I]
GW1 | 040 | 030 | 3.00 |30.00 |14.40 | 1950 [1.00 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.01
Gw4a | 001 | 006 | 21.80 [123.00| 15.50 | 46.50 [ 0.02 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.20
GW5 | 0.10 | 2.30 | 42.90 [439.00( 30.80 [540.00|0.09 | 0.01 | 0.01 [0.01| 001 | 400 | 0.01 | 001 | 0.01
GW7 | 001 | 008 | 6.00 [185.00] 14.40 | 19.00 [0.01 | 0.01 | 0.01 |0.01 | 0.01 | 0.50 | 0.01 | 0.01 | 0.01
Gw9 | 001 | 005 | 880 [269.00| 830 [37.00 [0.02 | 0.01 | 001 [001| 090 | 050 | 0.01 | 0.01 | 1.00
GW10 | 001 | 0.06 | 16.20 |215.00| 20.10 | 44.00 | 0.02 | 0.01 | 0.01 [0.01 | 001 | 050 | 0.01 | 0.01 | 0.06
GW11 | 001 | 0.80 | 7.10 | 42.00 | 15.80 | 27.00 | 0.04 | 0.01 | 0.01 [0.01 | 001 | 050 | 0.01 | 0.01 | 0.02
GW14 | 070 | 0.07 | 630 [314.00| 10.20 | 26.50 | 1.60 | 0.01 | 0.01 [0.01 | 001 | 050 | 0.01 | 0.01 | 0.01
GW17 | 001 | 0.02 | 1.30 [310.00| 5.00 | 2.70 [ 0.03 | 0.01 | 001 [0.01] 001 | 050 | 0.01 | 0.01 | 0.01
GW18 | 001 | 0.03 | 1.20 |210.00| 5.40 | 5.40 | 0.04 | 0.01 | 001 |0.01| 001 | 050 | 0.01 | 0.01 | 0.01
GW19 | 001 | 0.05 | 030 [251.00| 4.00 | 1.80 | 0.04 | 001 | 001 001 ] 001 | 050 | 0.01 | 0.01 | 0.01
GW23 | 001 | 003 | 1.10 [210.00| 7.20 | 5.40 [ 0.01 | 0.01 | 001 |[0.01] 001 | 050 | 0.01 | 0.01 | 0.01
Gw24 | 017 | 004 | 080 [14500] 800 | 3.80 [0.03 | 0.01 | 001 [001| 001 | 050 | 0.01 | 0.01 | 0.06
GW27 | 001 | 0.07 | 090 |241.00|11.30 | 410 | 0.01 | 0.01 | 001 |0.01| 001 | 050 | 0.01 | 0.01 | 0.01
GW30 | 001 | 002 | 1.00 [364.00| 820 | 6.10 [0.03 | 0.01 | 001 [001| 001 | 050 | 0.01 | 0.01 | 0.01
GwW31 | 036 | 1.80 | 260 |[42.00 | 890 | 1330 [0.80 | 0.01 | 001 [001| 001 | 050 | 0.01 | 0.01 | 0.10
GW32 | 0.16 | 030 | 410 |21.00 |16.20 | 2540 | 1.30 | 0.01 | 001 |0.01 | 001 | 050 | 0.01 | 0.01 | 0.07
Gw41 | 003 | 005 | 500 |[57.00|22.10 1860 [0.06 | 0.01 | 001 [001| 001 | 050 | 0.01 | 0.01 | 0.08
GW44 | 001 | 001 | 090 |228.00| 5.80 | 420 | 0.01 | 0.01 | 001 |0.01| 001 | 050 | 0.01 | 0.01 | 0.01
Gw4s | 001 | 005 | 1.00 [412.00] 1460 | 280 [0.04 | 0.01 | 001 [001| 001 | 050 | 0.01 | 0.01 | 0.01
GW46 | 001 | 002 | 3350 [241.00] 18.60 | 94.00 [0.01 | 0.01 | 001 [001| 001 | 1.00 | 0.01 | 0.01 | 0.07
Gw47 | 001 | 001 | 080 [304.00] 750 | 330 [0.02 | 0.01 | 001 [001| 001 | 050 | 0.01 | 0.01 | 0.01
Gw49 | 0.10 | 0.08 | 030 [398.00]19.90 | 2.80 [0.15 | 0.01 | 0.01 [001| 001 | 050 | 0.01 | 0.01 | 0.01
GW50 | 001 | 0.08 | 23.00 [210.00] 30.30 [121.00[0.02 | 0.01 | 001 [001| 001 | 150 | 0.01 | 0.01 | 1.30
GW52 | 001 | 002 | 1820 [213.00] 22.60 | 49.00 [0.02 | 0.01 | 001 [001| 001 | 0.80 | 0.01 | 0.01 | 0.05
SF2 037 | 016 | 3.10 [38.00 | 850 [13.00 [1.00| 001 | 001 [001| 001 | 050 | 0.01 | 0.01 | 0.01
SF3 078 | 007 | 130 [1580 | 600 | 560 [060 | 001 | 001 [001| 001 | 050 | 0.01 | 0.01 | 0.01
SF6 068 | 023 | 210 [1420 | 380 | 820 [1.00 | 0.01 | 0.01 [001| 001 | 050 | 0.01 | 0.01 | 0.01
SF8 440 | 120 | 250 [33.00 [10.60 [ 11.00 [1.30 | 0.01 | 0.01 [001| 001 | 050 | 0.01 | 0.01 | 0.02
SF12 | 1.20 | 0.90 | 3.50 [30.00| 420 [1750 270 ] 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.06
SF13 | 0.80 | 0.23 | 330 [24.00| 3550 |[12.00 [1.30] 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.02
SF15 | 0.80 | 0.14 | 140 |17.40 | 1690 | 6.70 | 048 | 0.01 | 0.01 [0.01 | 0.01 | 050 | 0.01 | 0.01 | 0.02
SF16 | 050 | 0.08 | 1.20 |16.20 | 650 | 5.60 | 0.56 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.01
SF20 | 090 | 0.12 | 220 [26.70 | 1050 | 0.90 [ 090 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.01
SF21 | 040 | 055 | 270 [316.00] 20.10 | 15.00 [ 0.50 | 0.01 | 0.01 [0.01 | 0.01 | 050 | 0.01 | 0.01 | 0.01
SF22 | 092 | 043 | 210 [26.70 | 9.10 | 9.70 [0.80 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.08
SF25 | 1.30 | 0.50 | 2.30 |18.20 | 8.20 | 9.80 |1.50 | 0.01 | 0.01 |0.01| 0.01 | 0.50 | 0.01 | 0.01 | 0.10
SF26 | 090 | 030 | 2550 |15.10 | 8.60 | 10.40 [1.20 | 0.01 | 0.01 [0.01 | 0.01 | 050 | 0.01 | 0.01 | 0.01
SF28 | 1.80 | 0.14 | 170 [2330| 6.00 | 8.00 |[0.70 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.04
SF29 | 0.84 | 046 | 3.00 |42.00 21301550150 0.01 | 0.01 [0.01]| 0.01 | 050 | 0.01 | 0.01 | 0.01
SF33 | 0.85 | 0.19 | 210 |16.10 | 8.40 | 9.10 | 1.00 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.01
SF34 | 092 [ 030 | 180 | 850 | 580 | 820 [ 190 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.07
SF35 | 1.10 | 035 | 200 | 920 | 750 | 850 [1.90 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.05
SF36 | 1.40 | 0.22 | 220 [30.00 | 2040 | 970 [0.80 ] 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.02
SF37 | 1.00 | 0.40 | 250 |23.00 | 12.80 | 12.50 [ 1.40 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.05
SF38 | 1.10 | 030 | 240 |22.00|11.70|11.70 |1.30] 0.01 | 0.01 |0.01| 0.01 | 050 | 0.01 | 0.01 | 0.02
SF39 | 090 | 035 | 230 [1730 | 9.10 [11.10 [1.60 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.07
SFA0 | 1.00 | 0.40 | 220 [1430| 7.80 [ 1020|170 ] 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.10
SF42 | 130 | 0.18 | 200 |21.00| 6.20 | 840 [070] 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.01
SF43 | 1.10 | 0.10 | 200 |18.20 | 8.40 | 8.10 [0.80 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.01
SF48 | 1.10 | 0.13 | 190 | 1620 | 570 | 8.60 [ 090 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.02
SF51 | 1.90 | 0.60 | 430 |11.80 | 8.70 | 24.00 [1.60 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.12
SF53 | 070 | 1.00 | 290 |12.10 | 8.00 | 17.00 [2.50 | 0.01 | 0.01 [0.01| 0.01 | 050 | 0.01 | 0.01 | 0.02
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App. 2: Hydrohemistry of water samples (continued).

3- +

CI- NOg- 5042- NOZ- NH4+ F Br’ P04 BOg SiOz NH4 HC03'
uiD [mg/l] | [mg/l] [mg/l] | [mg/ll | [mg/ll | [mg/l] |[mg/ll | [mg/l] |[mg/ll | [mg/l] | [mg/ll | [mg/l]
GW1 7.40 1.80 4.10 0.20 3.52 0.90 0.00 0.16 0.02 23.96 3.52 153.73
GW4 76.20 34.20 45.50 0.00 5.28 1.00 0.40 0.01 0.01 40.86 5.28 329.93
GW5 695.40 0.00 380.80 0.00 19.36 1.90 2.40 0.48 0.01 25.46 19.36 716.28
GW7 107.70 9.10 54.90 0.00 1.76 1.60 0.40 0.16 0.01 33.80 1.76 384.43
GW9 139.50 21.20 72.00 0.00 3.52 1.80 0.80 0.16 0.01 34.87 3.52 671.98

GW10 91.00 23.10 53.20 0.00 5.28 1.70 0.50 0.07 0.01 41.93 5.28 670.31
GW11 82.90 6.40 26.00 0.00 6.16 0.00 0.40 0.00 0.01 22.46 6.16 87.87
GW14 32.30 2.30 79.10 0.30 0.00 15.20 0.50 0.99 0.05 27.39 0.00 677.32
GW17 144.60 0.00 49.70 0.30 0.00 19.01 0.70 0.78 0.01 6.93 0.00 469.85
GW18 72.60 0.00 32.80 0.00 0.00 4.30 0.40 0.46 0.01 9.07 0.00 372.22
GW19 80.30 0.00 27.90 0.00 0.00 7.82 0.40 0.79 0.01 6.63 0.00 450.20
GW23 48.80 65.00 17.20 0.00 0.00 1.70 0.30 0.36 0.01 21.14 0.00 360.73
GW24 18.20 10.00 7.00 0.00 0.88 1.30 0.00 0.39 0.01 13.65 0.88 323.41
GW27 80.30 3.50 27.90 0.40 0.88 2.60 0.70 1.10 0.01 34.87 0.88 512.57
GW30 223.50 2.60 98.60 0.00 0.00 9.12 1.30 0.38 0.02 9.20 0.00 402.73
GW31 24.80 0.90 41.50 0.00 0.00 0.30 0.00 0.42 0.02 9.50 0.00 61.02
GW32 43.50 1.60 7.20 0.00 7.92 13.30 0.00 0.78 0.02 9.58 7.92 80.55
GW41 11.50 19.40 6.90 0.00 3.52 0.80 0.00 0.02 0.00 66.43 3.52 194.75
GW44 163.80 21.10 76.10 0.00 0.00 8.70 1.00 0.25 0.01 21.91 0.00 305.12
GW45 192.00 7.70 83.40 0.80 0.00 10.90 1.60 0.34 0.01 8.60 0.00 726.14
GW46 248.30 193.40 98.90 0.00 10.56 1.30 1.00 0.02 0.01 28.78 10.56 508.91
GW47 137.70 0.00 65.20 0.00 0.00 10.00 0.80 0.38 0.02 9.58 0.00 523.62
GW49 253.00 67.20 128.80 0.60 0.00 3.30 2.30 0.07 0.02 5.22 0.00 386.87

GWS50 132.10 33.40 20.60 0.00 17.60 0.50 0.40 0.09 0.01 35.52 17.60 695.35

GW52 119.30 73.20 52.00 0.00 14.96 3.00 0.70 0.05 0.01 50.06 14.96 436.98

SF2 20.60 0.90 6.30 0.00 1.76 0.20 0.00 0.64 0.04 23.23 1.76 126.92
SF3 7.80 2.10 3.70 0.00 2.64 0.00 0.00 0.40 0.03 16.13 2.64 64.68
SF6 9.50 0.00 5.70 0.00 5.28 0.30 0.00 0.55 0.03 18.78 5.28 56.14
SF8 23.20 0.00 5.60 0.00 5.28 0.30 0.00 0.72 0.09 12.45 5.28 104.95
SF12 18.10 0.00 11.40 0.00 7.92 0.40 0.00 0.98 0.07 34.45 7.92 105.10
SF13 11.40 0.00 4.50 0.00 2.64 0.30 0.00 0.52 0.06 15.49 2.64 88.99
SF15 9.20 3.90 3.80 0.00 2.64 6.60 0.00 0.49 0.03 13.56 2.64 57.83
SF16 11.20 2.10 5.10 0.00 4.40 0.20 0.00 0.34 0.04 17.24 4.40 68.34
SF20 16.20 0.00 4.70 0.00 7.04 0.30 0.00 0.52 0.05 13.86 7.04 84.21
SF21 123.20 0.00 39.10 0.00 0.00 9.00 0.50 1.90 0.06 17.93 0.00 605.46
SF22 30.00 0.00 5.20 0.00 3.52 0.30 0.10 0.68 0.05 15.10 3.52 82.99
SF25 8.40 1.70 26.90 0.00 1.76 0.40 0.00 1.50 0.04 20.37 1.76 42.71
SF26 11.10 0.00 9.30 0.00 1.76 1.10 0.00 1.30 0.04 13.18 1.76 67.82
SF28 8.90 0.00 3.40 0.00 22.01 0.30 0.00 0.26 0.06 15.79 22.01 76.89
SF29 21.40 1.10 5.40 0.00 3.52 0.90 0.00 0.40 0.03 15.66 3.52 152.55
SF33 9.10 0.20 4.30 0.00 3.52 0.30 0.00 0.60 0.07 17.20 3.52 68.82
SF34 5.20 0.20 5.00 0.60 30.81 0.40 0.00 1.20 0.05 17.20 30.81 51.02
SF35 4.90 0.30 3.10 0.60 4.40 0.30 0.00 1.82 0.24 19.77 4.40 51.49
SF36 22.20 0.00 4.30 0.00 1.76 0.30 0.00 0.45 0.06 15.23 1.76 96.41
SF37 30.20 0.80 5.70 0.00 3.52 0.60 0.00 0.06 0.05 24.65 3.52 84.21
SF38 28.20 0.50 4.30 0.00 2.64 0.60 0.00 0.08 0.04 18.27 2.64 63.46
SF39 12.90 1.30 5.10 0.00 3.52 0.50 0.00 0.08 0.06 13.99 3.52 77.36
SF40 6.40 1.40 4.40 0.40 2.64 0.40 0.00 0.50 0.11 19.73 2.64 70.00
SF42 9.70 0.50 3.20 0.00 13.20 0.40 0.00 0.51 0.03 13.74 13.20 85.43
SF43 13.50 0.40 3.10 0.00 2.64 0.40 0.00 0.42 0.04 18.40 2.64 86.19
SF48 8.30 0.90 3.50 0.00 1.76 0.30 0.00 0.72 0.04 12.32 1.76 68.82
SF51 7.80 1.60 2.40 0.00 105.62 8.20 0.00 0.17 0.04 12.75 105.62 | 100.22

SF53 7.20 1.40 4.00 0.00 6.16 0.90 0.00 1.24 0.06 30.12 6.16 80.88




App. 3: Stable water isotopes of surface water and groundwater samples.
uiD "o STDEV H STDEV
[%0 VSMOW] [%0 VSMOW]
GW1 -1.67 0.35 -1.2 0.5
GW4 -2.88 0.14 -12.9 0.7
GW5 0.53 0.14 6.9 0.6
GW7 -3.37 0.21 -18.7 0.9
GW9 -2.57 0.10 -10.4 0.5
GW10 -2.50 0.21 -12.8 0.5
GW11 -2.10 0.14 -6.3 0.7
GW14 -1.67 0.12 35 0.8
GW17 3.72 0.15 -15.0 0.8
GW18 -3.76 0.19 -16.1 0.7
GW19 -3.16 0.16 -13.6 0.8
GW23 -2.82 0.19 -15.4 0.7
GW24 -3.52 0.18 -12.9 0.9
GW27 3.22 0.23 -16.2 0.9
GW30 -3.15 0.15 -15.2 0.7
GW31 -0.39 0.19 6.2 1.1
GWS32 -1.41 0.02 3.0 0.1
Gwa1 -2.05 0.21 9.0 0.3
GW44 -3.14 0.16 -14.6 0.9
GW45 -3.66 0.19 -18.1 0.6
GW46 -3.63 0.21 -15.0 0.6
GW47 -3.52 0.15 -17.3 0.8
GW49 -2.89 0.12 -16.6 0.9
GWS50 -2.48 0.12 -11.8 0.7
GWS52 -1.96 0.21 -6.6 0.9
SF2 -2.40 0.21 -4.4 0.4
SF3 -1.43 0.21 2.7 0.9
SF6 -3.28 0.13 -7.6 0.8
SF8 -0.28 0.19 8.3 0.6
SF12 0.85 0.18 11.0 0.9
SF13 -0.75 0.13 5.6 0.9
SF15 -1.53 0.10 2.0 0.6
SF16 2.22 0.19 -4.7 0.8
SF20 -0.48 0.18 3.5 0.4
SF21 -1.14 0.19 2.7 0.4
SF22 -1.08 0.16 3.6 0.7
SF25 -1.51 0.21 -1.9 0.7
SF26 -1.40 0.22 0.8 1.0
SF28 -1.80 0.12 -1.5 0.6
SF29 1.14 0.19 10.7 0.8
SF33 -1.82 0.13 0.9 0.7
SF34 -0.73 0.20 11.6 1.0
SF35 -1.25 0.16 11.6 0.9
SF36 -0.72 0.12 4.2 0.8
SF37 0.01 0.16 10.7 0.8
SF38 -0.04 0.09 10.5 0.7
SF39 -0.57 0.16 7.5 0.7
SF40 -0.83 0.17 10.7 0.5
SF42 -1.96 0.19 -0.7 0.7
SF43 -2.08 0.18 2.1 0.2
SF48 -1.37 0.15 1.2 0.5
SF51 1.24 0.15 9.7 0.4
SF53 0.89 0.20 14.7 0.7
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App. 4: Average precipitation (mm/month) at four weather stations across Ewaso Narok.

Average precipitation (mm/month)
Year/Month |Jan |Feb |Mar |Apr |May |Jun |Ju| |Aug |Sept|0ct |Nov |Dec

63717101 OL MAISOR FARM Aver (65-16) | 23.01 15.26 40.91 120.92 82.59 47.36 7159 68.67 29.46 47.44 68.20 29.03

8936064 RUMURUTI MINISTRY OF WORKAver (64-16) | 30.64 27.93 47.32 107.70 66.29 59.03 85.83 86.33 34.58 52.03 76.50 40.32|

9036134 NDARAGWA FOREST STATION |Aver (73-13) | 36.50 34.53 52.49 93.60 62.56 77.88 106.24 116.08 52.31 50.24 85.58 61.86

8903068 AMS NYAHURURU Aver (79-14) | 24.52 23.19 3841 104.88 7522 82.52 103.35 97.16 48.96 45.63 57.92 43.45

App.5: Piezometer installation (after Sprecher, 2008).

1.

vk wnN

o

Auger a hole in the ground with a bucket auger ~5 cm wider than the well stock to a depth
approximately 2 cm deeper than the bottom of the piezometer. Be sure the auger hole is
vertical.

Scarify the sides of the auger hole over the area to be screened if smeared during augering.
Place ~2 cm of clean sand at the bottom of the hole.

Insert the piezometer into the hole but not through the sand.

Pour and gently tamp more of the same sand in the annular space around the screen and 2
to 4 cm above. Be careful not to overfill with sand. The depth of tamping for each well can
be marked on the side of the tamping tool with a piece of tape.

Pour and gently tamp bentonite chips above the sand to the ground surface.

Make a mound of soil and dry bentonite around the riser at the ground surface, shaped to
prevent puddling around the base of the riser. Moisten before leaving.

Check for clogging. Reinstall and recheck if necessary.

Mark the side of the riser with paint at the top of the mounded soil/bentonite mixture and
label the well.

10. Record the height of well above the ground surface and document installation.
11. Install and calibrate any water-level recording instruments.
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App. 6: DHWAQ of the samples exceeded, how many times, and which constituent was exceeded.

Sample Number of guidelines exceeded | Constituent that was exceeded
GW1 1 AP
GwW4 0
GWS5 2 F, Mn®*
GW7 1 F
GW9 1 F
GW10 1 F
GW11 1 Mn®
GW14 3 Fe”, F, A%
GW17 2 F,As
GW18 1 F
GW19 1 F
GW23 2 F,NO;
GW24 0
GW27 1 F
GW30 1 F
GWS31 2 Fe”', Mn”"
GWS32 2 F, A
Gwa41 0
Gwa44 2 F,As
GW45 1 F
GW46 1 NOs’
Gw47 1 F-
GW49 2 F,NOy
GW50 0
GW52 2 F, NO;
SF2 2 Fe’*, A
SF3 1 Fe’*
SF6 2 Fe’*, A
SF8 3 Fe’*, Mn”", A
SF12 3 Fe’*, Mn”", A
SF13 2 Fe”*, AP
SF15 2 Fe”', F
SF16 1 5
SF20 2 Fe’*, AP
SF21 3 Fe’*, F, Mn”"
SF22 2 Fe’*, Mn”*
SF25 3 Fe’*, Mn”", A
SF26 2 Fe”*, A
SF28 1 Fe’*
SF29 3 Fe’*, Mn”", A
SF33 2 Fe”*, AP
SF34 2 Fe”*, AP
SF35 2 Fe”*, AP
SF36 1 Fe’*
SF37 3 Fe’*, Mn”", AP
SF38 2 Fe”*, AP
SF39 1 AP
SF40 3 Fe”*, Mn”", AP
SF42 1 Fe’*
SF43 1 Fe’*
SF48 2 Fe”*, AP
SF51 4 Fe”*, F, Mn”", A
SF53 3 Fe”*, Mn”", AP
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App. 7:  Mineral identification and quantification of soil and rock samples.
sample Quartz Calcite K feldspar Plagioclase |lllite/Muscovite Goethite Kaolinite group
[%] [%] [%] [%] [%] [%] [%]
R1 1.81 21.03 29.19 11.22 32.16 4.59 0.00
R2 1.49 15.51 29.54 12.43 36.90 4.13 0.00
R3 8.65 0 39.23 14.77 30.76 6.59 0.00
R4 1.32 0 22.29 7.48 35.95 5.55 27.41
R5 1.73 4.55 41.49 5.61 24.58 3.46 18.58
R6 2.25 21.77 33.30 7.67 29.68 5.33 0.00
R7 7.70 0 39.20 20.89 27.55 4.66 0.00
R8 5.47 0 33.81 12.71 43.24 4.77 0.00
R9 10.64 0 31.36 16.11 37.35 4.54 0.00
R10 7.91 0.00 29.68 13.08 45.25 4.08 0.00
R11 6.86 16.32 34.20 0.00 38.00 4.62 0.00
R12 1.94 0.00 10.33 23.57 58.80 0.49 4.87
R13 2.83 0 9.08 16.29 70.76 1.04 0.00
R14 2.25 1.91 20.99 0.00 74.50 0.35 0.00
R15 1.13 0.00 51.51 5.90 7.41 8.68 25.37
R16 0.00 0 55.57 3.57 20.84 1.96 18.06
R17 0.00 0 67.34 0.00 9.47 5.41 17.78
S1 2.40 0 25.03 11.83 39.53 1.91 19.30
S2 4.98 10.08 35.97 15.67 25.88 7.42 0.00
S3 1.84 0.00 8.93 0.00 85.04 0.00 4.19
S4 1.05 0.00 10.49 0.00 82.41 0.00 6.05
S5 0.83 0.00 4.13 0.00 89.54 0.00 5.50

Note: Quantification was done with Rietveld method (Program Profex 3.14.0)

App. 8: Main elements and loss of ignition (LOI) of soil and rock samples (Total sum = sum of oxides
and LOI; MP = melted pill; 1Q+ = evaluation with powered press pills).
Total . N
Sample ST LOI Sumu,ddes SIOZ A|z°3 Fezog MnO MgO CaO Nazo Kzo TIOZ PzOs 503 Measured
1%] [%] [%] (%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] by
R1 100.51 | 1430 | 86.21 |43.92 [19.12 | 7.82 | 0.20 | 1.23 | 9.34 | 1.26 | 2.14 | 0.69 | 0.03 | 0.25 MP
R2 100.11 | 11.48 | 88.63 | 48.04 [19.89 | 843 | 0.25 | 1.26 | 5.66 | 1.53 | 2.45 | 0.74 | 0.03 | 0.14 MP
R3 100.76 | 9.24 | 91.52 |[51.62 [20.89 [ 1132 | 035 | 0.66 | 0.60 | 1.37 | 3.28 | 0.85 | 0.06 | 0.26 MP
R4 101.27 | 9.75 | 91.52 |49.40 [23.19 [ 11.82 | 0.28 | 0.90 | 0.78 | 1.31 | 2.43 | 0.83 | 0.04 | 0.28 MP
R5 101.41 | 9.03 | 92.38 |49.99 |21.08 | 10.22 | 0.33 | 1.13 | 2.58 | 1.70 | 4.12 | 0.72 | 0.04 | 0.21 MP
R6 101.22 | 13.61 | 87.61 |43.04 [18.47 [ 1111 | 0.62 | 1.11 | 811 | 1.13 | 2.86 | 0.63 | 0.03 | 0.22 MP
R7 100.70 | 6.97 | 93.73 |[56.49 | 18.02 | 10.41 | 0.48 | 0.60 | 0.84 | 2.34 | 2.87 | 1.07 | 0.06 | 0.28 MP
R8 99.28 | 7.63 | 91.65 |55.61 |19.53 | 862 | 0.27 | 0.54 | 0.70 | 1.84 | 2.84 | 1.26 | 0.05 | 0.17 MP
R9 100.56 | 10.14 | 90.42 |52.92 [18.82 | 10.26 | 0.38 | 1.22 | 1.24 | 1.28 | 2.92 | 0.81 | 0.05 | 0.28 MP
R10 | 100.44 | 10.00 | 90.44 |52.47 |19.35|10.41 | 036 | 1.28 | 1.20 | 1.23 | 2.80 | 0.83 | 0.04 | 0.22 MP
R11 99.62 |12.81 | 86.81 |47.24 |16.99 | 9.19 | 034 | 1.38 | 6.71 | 1.17 | 2.56 | 0.74 | 0.03 | 0.22 MP
R12 |100.33 | 7.80 | 92.53 |53.15|20.42 | 1053 | 017 | 0.72 | 0.85 | 1.85 | 2.22 | 1.90 | 0.14 | 0.29 MP
R13 | 100.69 | 8.63 | 92.06 |52.89 [21.91| 998 | 0.28 | 0.92 | 0.73 | 1.12 | 2.92 | 0.86 | 0.04 | 0.18 MP
R14 | 100.04 | 9.46 | 90.58 |51.27 |20.62 | 930 | 0.21 | 1.16 | 2.61 | 1.16 | 3.02 | 0.82 | 0.04 | 0.16 MP
R15 99.24 | 838 | 90.86 | 41.08 | 18.58 | 21.62 | 2.97 | 0.20 | 0.25 | 1.11 | 4.08 | 0.85 | 0.09 | 0.03 IQ+
R16 | 10037 | 6.14 | 94.23 |53.17 [23.80 | 6.49 | 0.25 | 050 | 034 | 2.72 | 5.80 | 0.77 | 0.03 | 0.16 MP
R17 99.33 | 7.81 | 91.52 |43.48 |19.26 | 19.57 | 1.83 | 0.16 | 0.29 | 1.79 | 4.21 | 0.82 | 0.09 | 0.02 IQ+
s1 101.68 | 9.19 | 92.49 |[53.99 [22.53 | 894 | 030 | 0.81 | 0.66 | 1.06 | 2.63 | 0.98 | 0.04 | 0.28 MP
s2 100.15 | 14.54 | 85.61 |[42.80 [19.12 | 867 | 035 | 1.04 | 9.05 | 1.20 | 2.29 | 0.69 | 0.04 | 0.16 MP
s3 99.31 |15.21 | 84.10 | 48.34 |19.57 | 11.09 | 0.12 | 0.46 | 0.91 | 0.38 | 1.36 | 1.50 | 0.18 | 0.19 IQ+
s4 99.69 | 14.57 | 85.12 | 49.32 |20.88 | 10.32 | 0.15 | 0.45 | 0.81 | 0.28 | 1.13 | 1.28 | 0.34 | 0.16 IQ+
S5 99.44 |18.70 | 80.74 | 49.43 |17.24 | 9.83 | 0.15 | 0.41 | 0.92 | 0.26 | 1.00 | 1.01 | 0.27 | 0.22 IQ+
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App.9: Carbon, nitrogen, and sulfur in the soil and rock samples (LOD = limit of detection).

Samples N TC 15
[%] [%] [%]
R1 <0.05 2.09 <0.10
R2 <0.05 1.25 <0.10
R3 0.09 1.03 <0.10
R4 0.05 0.58 <0.10
R5 <0.05 0.68 <0.10
R6 <0.05 1.86 <0.10
R7 0.05 0.66 <0.10
R8 <0.05 0.62 <0.10
R9 0.13 1.72 <0.10
R10 0.11 1.47 <0.10
R11 0.07 2.24 <0.10
R12 <0.05 0.57 <0.10
R13 <0.05 0.60 <0.10
R14 <0.05 0.83 <0.10
R15 <0.05 <0.23 <0.10
R16 <0.05 <0.23 <0.10
R17 <0.05 <0.23 <0.10
S1 0.07 0.90 <0.10
S2 <0.05 2.26 <0.10
S3 0.34 3.99 <0.10
S4 0.34 3.18 0.10
S5 0.56 6.34 0.12
LOD 0.05 0.23 0.10

App. 10: Trace elements in the soil and rock samples.

Sampl| Sc \' [mgikg] Mn Co Ni Cu Zn Ga As Rb Sr Y Zr
e |[mg/kgl|[mg/kgl . [mg/kg]|[mg/kg]|[mg/kg]|[mg/kg]|[mg/kg]|[mg/kg] ([mg/kg] ([mg/kg]|[mg/kg]|[mg/kg]|[mg/kg]
R1 9 44 38 1533 11 20 11 138 28 46 119 160 91 624
R2 10 44 37 1832 10 20 12 148 30 2.8 124 148 104 | 681
R3 11 66 50 | 2591 15 27 11 143 31 7.9 137 86 65 726
R4 13 64 47 | 2177 12 30 10 165 35 36 147 111 67 766
R5 9 49 24 | 2469 15 31 11 131 28 6.1 125 147 85 566
R6 8 61 31 | 4747 16 27 13 144 27 7.5 115 167 96 585
R7 11 68 51 3971 18 21 10 130 27 8.7 103 124 71 718
R8 11 70 54 | 2160 14 22 10 143 30 8 119 95 79 811
R9 12 69 54 | 2861 16 27 12 138 29 7.7 140 115 75 719
R10 | 12 67 52 2735 15 29 12 144 30 6.9 146 116 75 741
R11 | 10 64 49 2626 15 25 10 129 27 6.1 129 167 76 652
R12 | 15 98 58 1244 19 26 16 178 33 7.7 102 147 96 845
R13 | 12 58 47 | 2216 14 28 11 163 32 5.6 151 71 62 729
R14 | 10 61 45 1656 14 27 12 159 31 7.2 144 95 74 704
R15 | 10 109 46 | 19671 | 43 80 15 118 28 116 | 125 68 30 654
R16 7 24 5 1986 14 12 3 104 27 3 108 81 26 479
R17 8 80 34 |11630 | 39 53 9 97 24 9 105 76 23 502
s1 11 60 50 | 2059 12 28 12 167 32 7.3 143 64 76 790
s2 8 51 38 | 2652 13 25 10 142 27 6.6 118 165 87 591
s3 12 68 48 774 13 32 17 187 36 3.4 114 78 57 848
s4 12 64 46 719 14 37 20 196 38 5.5 118 61 50 889
S5 11 59 40 863 13 33 16 181 32 5.3 102 55 65 756
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App. 10: Trace elements in the soil and rock samples (LOD =limit of detection) (continued)

Sampl| Nb Mo Cs Ba La Ce Nd Sm Hf w Pb Th U
e |[mg/kg]|[mg/kgl|[mg/kg]|[mg/kg]|[mg/kg] |[mg/kg]|[mg/kg]|[mg/kg]|[mg/kg]|[mg/kg] |[mg/kg]|[mg/kg]|[mg/ke]
R1 | 161 1 <tob | 309 | 201 | 208 | 105 14 7 39 30 20 7.1
R2 | 177 2 4 306 | 243 | 236 | 132 21 8 33 32 21 8.2
R3 | 184 3 5 384 | 184 | 292 20 7 9 43 35 22 4.7
R4 | 190 3 4 305 | 178 | 285 95 9 16 45 34 22 6.1
R5 | 174 1 8 600 | 323 | 390 | 151 18 9 35 31 21 3.4
R6 | 160 2 7 735 | 242 | 545 | 138 14 11 35 32 18 43
R7 | 169 2 4 502 | 205 | 346 | 105 10 9 52 36 22 5.7
R8 | 207 2 7 345 | 208 | 324 | 119 16 14 47 37 26 6.2
R9 | 167 1 8 432 | 189 | 308 | 103 11 11 34 35 22 48
R10 | 172 | <LOD 4 401 | 183 | 288 97 11 11 35 34 23 3.8
R11 | 152 1 3 432 | 171 | 270 97 12 8 33 32 20 5.1
R12 | 204 2 7 419 | 283 | 379 | 153 22 11 35 37 24 6.3
R13 | 183 2 5 316 | 152 | 263 78 12 13 31 35 21 47
R14 | 183 2 4 235 | 192 | 318 | 100 11 12 31 37 22 41
R15 | 191 9 35 | 2341 | 171 | 1181 | 63 2 12 67 58 22 5.1
R16 | 186 | <LOD 2 754 | 105 116 34 3 7 26 34 20 2.2
R17 | 169 8 8 1467 | 121 | 685 44 3 6 56 51 19 42
s1 | 206 2 7 323 | 193 | 305 | 102 13 10 28 36 24 5.4
s2 | 156 1 7 351 | 197 | 251 | 101 14 10 29 32 18 53
s3 | 211 3 3 343 | 160 | 207 81 13 14 26 34 23 4.4
s4a | 219 3 2 300 | 144 | 175 71 9 15 26 33 24 53
s5 | 183 3 5 273 | 153 | 219 92 9 11 22 31 20 5.2
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App. 11: Secondary data of surface water and groundwater, location, coordinates, source, depth,
static water level, and altitude.
Depth Altitude

uiD Name and code Location X Y Source [m] SWL [m] [m]

EGW1 C38 0.39997 36.5332 WRMA 186 23 1890
R. Catholix Mission CDN

EGW2 D139 Catholic Mission 0.27 36.53694 | Well Drilling
EGW3 CA0Sosian Sosian Ranch | 0.216686 | 36.6332 WRMA 152 57 1859
EGW4 C101 0.183287 36.5167 WRMA 112 55 1935
EGWS5 C342Narok Ranch Narok Ranch 0.433271 | 36.5667 WRMA
EGW6 C515 0.116692 36.7500 WRMA
EGW7 C913Sipili 0.410765 36.3745 WRMA
EGWS8 C932 0.033294 36.7167 WRMA
EGW9 Cc876 0.116694 36.7833 WRMA
EGW10 C1143 0.08329 36.6333 WRMA
EGW11 C-1646Narok Ranch Narok Ranch 0.549968 36.6167 WRMA
EGW12 C-1663 0.549961 | 36.6000 WRMA 132 47 1853
EGW13 Dip 1819 Ol Maisor 0.44089 36.6146 Well drilling
EGW14 1008 0.116691 | 36.6333 WRMA 203 40 1920
EGW15 Cl684 0.33328 36.7167 WRMA 123 123 1795
EGW16 C1698 0.299978 | 36.6000 WRMA 76 6 1830
EGW17 C1705 0.299977 | 36.6333 WRMA 62 39 1830
EGW18 C1767 0.149993 | 36.6333 WRMA 127 24 1951
EGW19 C1792 0.19999 36.6333 WRMA 101 56 1913
EGW20 C1832 0.516665 | 36.5667 WRMA 250 31 1935
EGW21 1845 0.483267 | 36.7000 WRMA 177 50 1830
EGW22 C-1957 0.366674 | 36.7167 WRMA 136 49 1768
EGW23 2027 0.49992866| 36.76638 WRMA
EGW24 Sosian Ranch C 12677 Sosian Ranch 0.55529 | 36.62372 | Well Drilling
EGW25 C-2381 0.133293 | 36.4167 WRMA 159.4 23.8 2134
EGW26 C-1921 0.349975 | 36.5666 WRMA 220 28 1844
EGW27 C2676KirumunSosian 0.666656 | 36.8666 WRMA
EGW29 C2727Kirumun Kirumun 0.34998 36.5167 | Well Drilling 179 60 2118
EGW30 C-1663 0.549961 | 36.6000 WRMA
EGW31 2805NarokRanch Narok Ranch 0.483272 | 36.5832 WRMA
EGW32 C2858Tfalls Thomsan Falls | 0.133291 | 36.3999 WRMA 106.1 12.2 2133
EGW33 2889KifukuEstate Kifuku Estate 0.216685 | 36.56667 | Well Drilling 1829
EGW34 2895Mawe Ol Maisor 0.40824 | 36.62259 | Well Drilling | 121.9 74.2 1829
EGW35 C3054 0.199991 | 36.4000 WRMA 91.4 21 570
EGW36 C-3057 0.583264 | 36.5833 WRMA 193.6 64 1860
EGW37 C-3098 0.433272 | 36.5167 WRMA 243 56 1951
EGW38 C-3200 0.566666 | 36.6667 WRMA 138 35 1853
EGW39 C-3201 0.533268 | 36.7500 WRMA 160 45.7 1831
EGW40 C3215 0.483273 | 36.7167 WRMA 198 3then 9 1829
EGW41 C-3761 0.433276 36.5000 WRMA 247 115.2 1981
EGW42 C-9373 0.199357 37.7789 WRMA 140 48.71 2021
EGW43 C-9372 0.019411 | 37.77833 WRMA 200 43.64 2020
EGW44 ShivaBH2 Shiva Farm  [0.22991666| 36.46672 | Well Drilling
EGW45 KiharaC2895 Ol Maisor 0.40824 | 36.62259 | Well Drilling
EGW46 NyingamaOlMaisorC2280 Ol Maisor 0.51082 | 36.60472 | Well Drilling | 110.3 48.8 1856
EGW47 Kifuku 009A Kifuku Estate |0.20006472| 36.5835 Well Drilling
EGW48 C39 0.199984 36.6499 WRMA 69 56 1859
EGW49 Manhouse Ol Maisor 0.4147 36.65713 | Well Drilling
EGW50 familia Takatifu TREATED Tafitku 0.26866 36.54019 WRMA
EGW51 familia Takatifu Raw Tafitku 0.26866 | 36.54019 WRMA
EGW52 C-3098 0.433272 36.5167 Well Drilling
EGW53 Farm A (2014) report 0.221477 36.4715
EGW54 Farm A (2014) report 0.227416 36.4805
EGWS55 NAROK2805 Narok Ranch 0.483272 36.5833 WRMA 194 49 1890
EGW56 Narok Ranch1646 Narok Ranch 0.549968 |36.616677 WRMA
EGW57 1699 0.299978 36.6000 WRMA 85 7 1830
EGW58 Mpala GW-978 Mpala 0.334507 | 36.8654 | Mpala report
EGW62 296Mutara Farm Mutara Farm 0.099994 | 36.7500
EGW63 297Mutara Farm Mutara Farm 0.199984 | 36.7167
EGW66 SouthAiyamSpring 0.433272 | 36.5167
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App. 11: Secondary data of surface water or groundwater, location, coordinates, source, depth, static
water level, and altitude (continued).
uID Name and code Location X Y Source Depth [m] | SWL [m] | Altitude [m]
EGW67 MutangaSpring 0.40138888 | 36.47833
EGW68 | RumurutiParishosmosis [Rumuruti Parish| 0.43124 36.68181 | Well Drilling
EGW69 C2259Sosian Sosian Ranch 0.616659 36.8000
EGW70 UnderRAAAGrowers AAA Growers 0.18692 36.44387 | Well Drilling
EGW71 BHoleAAAG15 AAA Growers 0.18692 36.44387 Well Drilling
EGW74 C932MutaraFarm Mutara Farm 0.033294 36.7167
EGW75 HouseOlMaisor07 Ol Maisor 0.4147 36.65713 | Well Drilling
EGW76 AroundOIMaisor07 Ol Maisor 0.4147 36.65713 | Well Drilling
EGW77 C337Rumuruti 0.604007 36.6832
EGW78 C3413 0.699953 36.7500
EGW79 C20860Shiva Shiva Farm 0.227415 36.80465
EGW80 C18190IMaisor Ol Maisor 0.449973 36.6167 180 76 1905
ESF1 familia Takatifu Raw Tafitku 0.26866 | 36.54019 WRMA
ESF2 familia Takatifu Treate Tafitku 0.26866 36.54019 WRMA
ESF3 5AC15 Ewaso Narok SW 0.25853 36.53815 WRMA
ESF4 5AC10 Ewaso Narok SW 0.4375 36.7239 WRMA
ESF5 Jessel Surguroi 0.243199 36.8482
ESF6 Nyanja source 0.336211 36.8851
ESF7 RiverWaterAAA AAA Growers 0.18692 36.44387 | Well Drilling
ESF8 DamwaterAAAG13 AAA Growers 0.18692 36.44387 | Well Drilling
NYAHURURU
ESF9 5AA17 Ewaso Narok SW | NEAR HIPPO 0.26866 36.54019 WRMA

POOL




App. 12: Water quality data from secondary sources.
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2+

T

+ Mn 2+ + + 2+ 3- . NHA
Date EC pH | DO Fe’ Mg~ | Na K Ca” |PO, | SiO,
Well Name ¥ Well Code mg/|
sampling [us/em] [1 | [%] | [mg/1] (me/l] [mg/1][mg/1][mg/1][mg/I][mg/1][[mg/1] [me/1]
Sosian Rumuruti 2004 C-12677 136 | 94 01 |0103 209 8 | 1 41
Sosian Rumuruti 1996 C-12677 85 003 |0.01| 25 | 166 | 12 | 65 55
Sosian Nyeri 1999 | CDND192 | 132 | 86 04 | 01| 79 |300 107 33 25
0l Maisor 2007 House 1781 | 9.38 0.7 |0.03 0322815 0.94
0l Maisor 2007 Around 176 | 9.3 2 | 287 4 50
ol Maisor 2008 House  |1661.6] 9.6 197 | 20 3984 8.7 | 0.7
0l Maisor 2008 Around  |1805.4| 8.9 2126 | 8 4053| 59 | 1.8
Shiva Farm BH2 2013 C20860 | 420 | 7.2 0.04 097|788 | 2 | 0.8
Kifuku 2013 | Warma 0O09A | 749 | 7.19 004 | 02 |24.28(23.9 | 32 |40.04| 024 | 77
Kifuku Estate 2889 75 15 260
IAAA Growers 2012 UnderR. | 260 |7.27 078 | 143|407 | 31 |11.4 |17.8|0.03| 15 | 0.01
IAAA Growers 2015 B Hole 820 | 858 0.08 029 | 146 | 44 | 1,72 |0.13 | 9.23 | 0.01
IAAA Growers 2012 B Hole 690 | 827 0.11 034 | 174 | 5.44 | 1,87 | 0.14 | 5.01 | 0.022
IAAA Growers 2013 | Damwater | 190 |7.64 314 |0.13 |1.96 |30.2 |6.21 |7.86 | 0.01 | 19.7 | 0.01
IAAA Growers 2014 | Damwater | 210 |8.76 093 | 024 | 57 |41.7| 7.7 | 245 |0.068] 15.8 | 0.067
IAAA Growers 2015 | Damwater | 160 | 7.52 135 |0.24 |1.88 |23.6 |6.44 | 7.5 | 0.07 0.01
IAAA Growers 2012 | River Water | 160 | 8.08 1.09 |0.016]1.41 | 21.9 | 5.87 | 5.58 | 0.05 | 9.49 | 0.01
IAAA Growers 2011 | River Water | 200 |7.34 2.93 | 001 |1.77 |23.46|5.45 | 7.14 | 0.33 |23.19| 1.5
Rumuruti Mission | 2000 | CDND139 | 72 | 93 33 01 | 20831 | 13 18,1
Rumuruti Mission 1998 CDN D139 620 8,6 0.3 1.2 (223.2| 7,5 10 10
Rumuruti Parish 2014 RumI:Jrutl 158 9.1 1 268
Parish
Nyingama- Ol 1969 | Nvingama-Ol 7.8 0.1 148 | 14 | 20 40
Maisor Maisor
Kihara 1995 Kihara 7.7 0.1 3 |192 | 15 | 13 35
Sosian Armstrong Cc40
Sosian LTD C3413
CURRY B.H. 11/1/1985| ZgRsamitara 860 | 7.9 01 |o001| 22 28
Curry B.H. 11/1/1985 ngga'nwc”;ara 700 | 8.3 049 |001| 15 28
Capt. Mills 3/25/1986 C3g:';r°k 799 | 8.3 03 |002| 17 |160| 13 |0.02
Edwards W.G. 1/11/1986| © 16;:12'?0'( 560 | 8 01 |01 ]25]|130]| 17 | 5.9
Ol Mzsor C C 18190l
e umooti LR 2400 P/25/1986 o 1960 | 9 03 |001|01](370] 13 | 11
Edwards W.G. 3/26/1986| C 2259 Sosian | 747 | 8.6 1 |005]| 02 |159 | 22 | 05
Narok Estate LTD  [3/26/1986 CZSF?:nt'smk 890 | 89 02 |o001]02|180| 5 | 09
0l Myson 7/20/1986 Cf/l?i:o?' 1355 | 7.4 06 |002| 25 (200 15 | 43 40
Ol Mysor Rumuruti |before 86 2280 730 8.6 0.1 0 1.9 [ 164 | 9.2 [12.8 25
Meyler RE ESQ before 86 2858 7.3 0.7 50
Meyler RE ESQ after 86 | C2858Sironi | 235 | 7.7 07 |023| 16 | 67 |114] 25
Meyler RE ESQ after 86 | C2858 Sironi | 230 | 7,9 05 |001| 1,4 | 59 | 84 | 26
Meyler RE ESQ afterss | © Zzﬁf:en' 860 | 83 04 |001] 19 |19 |156| 4.4
Leremateso LTD before 3761 645 9 6 0 36 11 4
Co13 before €913 650 01 |01 |11 46
ICo13 Sipili after 85 | C913Sipili | 800 | 88 02 |oo1| 1 24
IC 337 Rumuruti after 85 €337 . 500 8.5 0.1 0.01 | 10.7 25
Rumuruti
. C2676
IC 2676 Kirumun after 86 : 1220 | 76 04 |001|83|170| 24 | 14
Kirumun
932 Kiboke Farm | after 85 C93an':'r:°ke 670 | 8.9 0,18 |0.01 |14.8 21
IC 2259 Sosian after 86 | C 2259 Sosian | 747 | 86 1 |005]| 02159 |22 |05
South Aiyam Spring | after 85 South {-\lyam 335 8.7 04 |0.01]| 8 0.4
Spring
Mutanga Spring after 85 200 7.2 0.5 0.01]| 3.9 5.6 ‘ ‘ ‘
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App. 12: Secondary data water quality (continued).

2+

+

30

E 1. | pH [DO| "€ | Mn? Mgz [N | K » (PO | g NH,'
Well Name . pate sameling| o oy | 3 | g S 7 e/ e/t me e/t e/ e/ |ime/n
11/18/2010 | 65 6.8 001] 0
8/23/2011 30.8 |[16.1] 8.2 10.20 1.6032| 1.4
11/16/2011 | 67.9 [21.3] 7.5 5.3 0
6/18/2012 | 1264 [19.8)8.56 05 0
Familia Takatifu || 9/11/2012 | 344 [p12[gs1
(TREATED) GW 14/11/2012 | 313 [21.4] 6.9 0.97 0.8
13/6/2013 56 |20.1] 7.0
14/11/2013 | 166 [19.2] 8.2 |43 0 0.0
11/03/14 161 [19.9] 83 |47 1.9 0
11/06/14 470 |[16.6| 9.0 0.96 0.01
11/18/2010 756 8.7 0.1 [0.001 0.01
6/20/2011 908 [17.1] 9.1 4.4 8 0.022
8/23/2011 948 [16.2] 9.2 13.60 3.2064 0.01
11/16/2011 887 [21.3]| 8.8 1.5 1.6 0.067
- _ 6/18/2012 | 890 [19.6] 8.9 1 16 0.01
::':w;";;'/‘at'f“ EGWs1| 9/11/2012 | 851 |21 |8.79 0.01
14/11/2012 | 886 |21.4|8.96 0.49 16 15
13/6/2013 | 798 |20 8.9
14/11/2013 | 828 |19.3] 87 | 5 24 16
11/03/14 | 786 [19.8] 8.2 |46 3.9
11/06/14 | 866.0 [16.4] 9.1 0.96 0
11/08/2010
3/29/2011 5.34 13.6
6/20/2011 5.832 10.42
8/23/2011 16.03 7.214
3/26/2012
Z‘:f:lf:\xa” EsF3 | 5/11/2012 4.4 4
9/11/2012
14/11/2012 1.9 10.4
14/11/2013 6.8 12.0
24/11/2013 6.3 13.6
26/02/2014 5.8 11.2
11/06/2014 1.46 10.42
T |
I::;K?r;;;(aﬂf" EGWS0| 2014 104 [16.6| 9.0 |4.7 |0.01 19 12 | 14
I:':w?ﬁkaﬂf" EGWS1| 2014 866 [16.4| 9.1 |4.8| 0.1 |0.001|3.53 2.93
Z:f;::\:’la” 2014 173 [21.7| 7.6 |5.2|0.01| 0,01 | 5.8 10.42
Z:f;? :\:’Ia” ESF4 2014 2033 |164| 7.6 34 16.83
z’:’::: :xa” 2014 2006 [20.4| 7.4 |5.1 4.665 17
Mpala GW-978 2010 1710 8.4 04 | 01 | 8 |266|7.20] 4
Jessel Surguroi 2010 1432 8.5 001|001 | 1.46 | 324 | 12 | 08
;‘:;:Z:_Ngimmad 2010 170 7.74 144|003 | 431 |17.1 [3.98 | 12.02
Nyanja source 2010 110 8.54 10.22[ 0.08 | 2.44 | 16 | 5.8 | 5.01
Nanya Dam 2012 350 6.5
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App. 12: Secondary data water quality (continued).

2+

Well Name uiD HCO;5’ o [mg/l] NOs” SO, F Br NO, AP* Cu TDS
[mg/1] [mg/l] | [mg/l] | [mg/ll | [mg/l] | [mg/l] | [mg/l] |[mg/l]| [mg/l]
Sosian Rumuruti 455 112 62 12 990
Sosian Rumuruti 33.00 18 0.8 287
Sosian Nyeri 185 61 5 628
Ol Maisor 180 0.72 69 10 1104
Ol Maisor 591 242 39 14 1229
Ol Maisor 195 13 82 10.5 0.33 109.1 4 9
Ol Maisor 309 84 158 3 1.61 12.3 4.70 624
Shiva Farm BH2 20 3 5 110
Kifuku 45.41 1,5 1.18 0.00 0.01 244
Kifuku Estate 3650 580 280 2.5 6150
AAA Growers 147 9.33 0.08 3.37 0.37 227
AAA Growers 285 73 1.35 47 1.39 5.98 565
AAA Growers 332 49 0.14 28 1.49 0.64 591
AAA Growers 97 10 0.21 1.76 0.94 160
AAA Growers 138 11 0.01 4 0.01 233
AAA Growers 91 6.75 0.09 2.69 0.38 142
AAA Growers 99 7.38 0.01 0.54 0.01 143
AAA Growers 83 6 0.15 132
Rumuruti Mission 62 31 5.08 310
Rumuruti Mission 65 70 4 374
Rumuruti Parish 679 8 956
Nyingama- Ol 330 74 2 25 2 655
Kihara 404 92 1.30 30 1 786
Sosian Armstrong 0
Sosian LTD 0
CURRY B.H. 380 76 37 1.2 516
Curry B.H. 374 48 15.7 14 420
Capt. Mills 326 38 0.07 19 21 479
Edwards W.G. 192 35 0.63 11 0.4 336
Ol Mysor C 200 324 0.07 166 36 1176
Rumuruti LR.
Edwards W.G. 258 59 0.02 20 16 418
Narok Estate LTD €2805 290 79 0.08 32 0.55 534
Narok
ol Myson c;lsgs ol 414 27 0.9 25 1.2 813
aisor
Ol Mysor 2280 314 30 125 1.5 500
Rumuruti LR.
Meyler RE ESQ 2858 13 0 02 250
Meyler RE ESQ ZIZrE;ifi% 157 12 0,02 2,3 0,29 200
Meyler RE ESQ g?rii? 154 12 0,03 1,7 0,27 200
Meyler RE ESQ, CKZISSIQ 368 53 0,08 23 26 516
Farm

Leremateso LTD 285 29 25 43 326
€913 1 397
€913 Sipili 330 11 5.6 0,4 480
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App. 12: Secondary data water quality (continued).

2+

= 5 s 5 3+
e "0 | tmg | a0 tme) (O || cmg | e | gt | g | el
€337 Rumuruti 260 18 1 1,8 300
€ 2676 Kirumun 216 95 0.1 69 0.85 732
€932 Kiboke 304 33 20 13 402
€ 2259 Sosian 258 59 0,02 20 16 448
South Aiyam 200 12 1,8 0,25 201
Spring
Mutanga Spring 94 19 9,3 0,47 120
18 3 0.95 0.09 40
13 20
6 4
24 4 82
7 34
Familia Takatifu EGWS0 4 4 20
(TREATED) GW 7 2 36
17 5 108
10 3 105
6 2 31
RUMURU 19 9.2 14.1 0.50 0.22 112
TION
AT 18 14.7 132
SOSIAN
18 10 42 468
72 1 0 589
84 7 616
66 577
Familia Takatifu 136 25 >79
(RAW) GW EGWS1 21 )
60 31 576
9 28 519
64 22 538
65 23 511
70 35 563
40 3 0.43 144
10 4 1 0.50 0.01 149
15 1 1 126
5AC15 Ewaso 19 70
Narok SW ESF3 12 128
14 2 137
6 97
18 1 158
2 6 63




App. 12: Secondary data water quality (continued).
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2+

Well Name uiD HCO;5’ o [mg/l] NO; SO, F Br NO, AP Cu TDS
[mg/I] [mg/I1] [mg/ll | [mg/l]|[mg/l] | [mg/l] |Img/l]| [mg/I] | [mg/l]
17 10 120
ESF3
5AC15 Ewaso 15 3 104
Narok SW 19 2 132
15 16 118
Familia Takatifu EGWS50 8 2.4 0.95 0.09 68
(TREATED) GW
Familia Takatifu EGW51 70 1.0 35.4 10 0.42 563
(RAW) GW
NYAHURUR
U NEAR 16 36.5 131
HIPPO
POOL
Mpala GW- 492 222 1.2 117 29 0.01 112
978
Jessel 181 235 2.5 134 18 0.01 124
Surguroi 2
Ewaso 79 6.3 0.1 3.0 0.34 0.03 72
Ngiro Road
Nyanja 54 5.2 0.0 3.0 0.11 0.01 48
source
Nanya Dam 990
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App. 13: Elaboration on the use of data.

Regarding EGW50 and EGW 51: Information of quality was available from 2010-2014, the most

recent was used. There was no significant difference with the previous read.

For 1GW, 49GW, 50GW, and 44GW, the following averages were used:

Well 1 Well 49 Well 50 Well 44
Sampled GW1 GW49 GWS50 GW44
Literature EGW70 EGW13 EGW27 EGW34
Average of both sampled and literate is IXGW A9XGW SOXGW AAXGW

used in MCM and is donated as




App. 14: Mixing cell model (MCM) input data.
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2+

2+

+

2+

T EC Fe Mn’ Mg Na* K Ca PO, Sio; NH, | Hcos cr NO;
[us/cm] | [mg/l] | [mg/] | [mg/ll |[mg/l]| [mg/ll | [mg/ll | [mg/ll | [mg/ll |[mg/l]| [mg/l] |[mg/l]| [mg/I]
GW1 272 0.4 0.3 3 30 14.4 19.5 0.16 11.2 35 153.7 | 7.4 1.8
GwWa 934 0.005 | 0.06 218 | 123 15.5 46.5 0.01 19.1 5.3 3299 | 762 | 342
GW7 1010 | 0.005 | 0.08 6 185 14.4 19 0.16 15.8 1.8 | 3844 [107.7] 91
GW9 1515 | 0.005 | 0.05 8.8 269 8.3 37 0.16 16.3 35 | 6719 |139.5| 21.2
GW10 1342 | 0.005 | 0.06 162 | 215 20.1 44 0.07 19.6 53 | 6703 91 23.1
GwW14 1418 0.7 0.07 6.3 314 10.2 26.5 0.99 12.8 0 6773 | 32.3 2.3
GW17 1583 | 0.005 | 0.02 13 310 5 2.7 0.78 32 0 469.9 | 144.6 0
GW18 966 0.005 | 0.03 1.2 210 5.4 5.4 0.46 4.2 0 3722 | 726 0
GW19 1229 | 0.005 | 0.05 0.3 251 4 1.8 0.79 3.1 0 4502 | 80.3 0
Gw23 961 0.005 | 0.03 1.1 210 7.2 5.4 0.36 9.9 0 360.7 | 48.8 65
GW24 574 0.17 0.04 0.8 145 3 3.8 0.39 6.4 09 | 3234 | 182 10
GW27 1212 | 0.005 | 0.07 0.9 241 11.3 41 1.1 16.3 09 | 5126 | 803 35
GWS30 1934 | 0.005 | 0.02 1 364 8.2 6.1 0.38 43 0 4027 |2235] 26
GW31 285 0.36 1.8 26 42 8.9 13.3 0.42 4.4 0 61.1 24.8 0.9
GW32 365 0.16 03 4.1 21 16.2 25.4 0.78 45 7.9 80.6 | 435 1.6
SF2 290 0.37 0.16 3.1 38 8.5 13 0.64 10.9 1.8 1269 | 206 0.9
SF3 121.5 078 | 0.07 1.3 15.8 6 5.6 0.4 75 2.6 64.7 7.8 2.1
SF6 114.9 0.68 | 0.23 21 14.2 3.8 8.2 0.55 8.78 53 56.1 95 0
SF8 288 4.4 1.2 25 33 10.6 11 0.72 5.82 53 1049 | 232 0
SF12 242 1.2 0.9 3.5 30 42 175 0.98 16.1 79 105.1 | 18.1 0
SF13 217 0.8 0.23 3.3 24 3.5 12 0.52 7.24 2.6 88.9 11.4 0
SF15 146.1 0.8 0.14 14 17.4 16.9 6.7 0.49 6.34 2.7 57.8 9.2 3.9
SF16 123.2 05 0.08 1.2 16.2 6.5 5.6 0.34 8.1 4.4 68.3 11.2 2.1
SF20 216 0.9 0.12 2.2 26.7 10.5 0.9 0.52 6.5 71 84.2 16.2 0
SF21 1697 0.4 0.55 2.7 316 20.1 15 1.9 8.4 0 6055 | 123.2 0
SF22 203 0.92 0.43 2.1 26.7 9.1 9.7 0.68 7.1 35 82.9 30 0
SF25 218 13 0.5 2.3 18.2 8.2 9.8 1.5 9.5 1.8 427 8.4 1.7
SF26 570 0.9 0.3 2.5 15.1 8.6 10.4 1.3 6.2 1.8 67.8 11.1 0
SF28 185 1.8 0.14 1.7 233 6 8 0.26 74 22 76.9 8.9 0
SF29 316 0.84 | 0.46 3 42 213 155 0.4 7.3 35 1526 | 214 1.1
SF33 137.1 0.85 0.19 2.1 16.1 8.4 9.1 0.6 8.1 35 68.8 9.1 0.2
SF34 117.8 0.92 0.3 1.8 8.5 5.8 8.2 1.2 8.1 308 | 51.1 5.2 0.2
SF35 943 1.1 0.35 2 9.2 7.5 8.5 1.82 9.2 4.4 51.5 49 03
SF36 196.6 1.4 0.22 2.2 30 20.4 9.7 0.45 7.1 1.8 9.4 | 222 0
SF37 193.2 1 0.4 2.5 23 12.8 125 0.06 115 35 84.2 30.2 0.8
SFS11 513 0.013 0.8 7.1 42 15.8 27 0 10.5 6.2 879 | 82.9 6.4
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App. 14: Mixing cell model (MCM) input data (continued).

P EC Fe”' Mn’ mg>" Na* K" ca”" PO, NH," | Hcos ar NO;
[us/em] | [mg/1] | [mg/l] | [mg/l] | [mg/ll | [mg/l] | [mg/l] | [mg/l] | [mg/l] | [mg/l] | [mg/l] | [mg/l]
Celll |26491| 096 0.28 2.58 24 10.72 | 6.06 0.69 458 | 7966 | 2335 2.31
Celll_1 | 160.88 | 0.52 0.16 243 | 2175 | 1075 | 5.75 0.69 440 | 7334 | 1272 3.04
celll_2 |180.73 | 0.77 0.21 1.83 232 8.7 5.4 0.51 499 | 7851 | 137 0.7
Celll 3 | 2195 | 0.96 0.42 278 | 26.85 | 6.83 10.03 0.68 528 | 9032 | 18.93 0
cel2 |151.43| 1.03 0.31 219 | 1755 | 1044 | 10.13 0.60 6.60 | 6470 | 14.89 0.59
Cell2_1 | 15143 | 1.03 031 219 | 1577 | 9.01 10.13 0.30 314 | 64.70 7.7 0.33
cell2_2 | 11365 | 097 031 2.03 12.03 | 7.38 9 1.03 1034 | 60.33 6.4 0.53
Cell2_NF | 1505 | 1.06 0.24 2.03 18.2 11.53 9 0.75 1203 | 72.08 | 1217 | 0.133
cell3 149.1 1.2 0.14 2 19.6 7.3 8.25 0.47 792 | 8581 | 11.6 0.45
cella 163.8 1.1 0.13 1.9 16.2 5.7 8.6 0.72 176 | 68.81 8.3 0.9
Celld_NF | 18355 | 1.1 0.13 2.65 16.2 5.7 12.72 0.72 1.76 | 68.81 | 13.15 0.9
EGWS50 104 0.01 1.9 1.2 1.4 8
EGW51 866 0.1 0.001 | 353 2.93 70 1
ESF3 173 0.01 0.01 5.8 10.42 19 9.2
GW41 464 0.03 0.05 5 57 221 18.6 0.02 352 | 19475 | 115 19.4
GWa4 1345 | 0.01 0.01 0.9 228 5.8 42 0.25 0 305.12 | 163.8 211
GW45 1986 | 0.005 | 0.05 1 412 14.6 2.8 0.34 0 72613 | 192 7.7
GW46 | 2050 | 0.005 | 0.02 335 241 18.6 94 0.02 10.56 | 508.91 | 2483 | 1934
GW47 1594 | 0.005 | 0.01 0.8 304 7.5 33 0.38 0 523.62 | 137.7 0
GW49 | 2006 0.1 0.08 0.3 398 19.9 2.8 0.07 0 386.87 | 253 67.2
GWS50 1863 | 0.005 | 0.08 23 210 30.3 121 0.09 17.60 | 695.35 | 132.1 33.4
GWS52 1447 | 0.007 | 0.02 18.2 213 226 49 0.05 14.96 | 436.98 | 119.3 73.2
SF38 164 1.1 0.3 2.4 22 11.7 11.7 0.08 264 | 6346 | 282 0.5
SF39 203 0.9 0.35 2.3 17.3 9.1 11.1 0.08 352 | 7735 | 12.9 13
SF40 105.4 1 0.4 2.2 143 7.8 10.2 0.5 2.64 70 6.4 1.4
SF42 165.1 13 0.18 2 21 6.2 8.4 0.51 1320 | 85.43 9.7 0.5
SF43 133.1 1.1 0.1 2 18.2 8.4 8.1 0.42 264 | 8619 | 135 0.4
SF48 163.8 1.1 0.13 1.9 16.2 57 8.6 0.72 1.76 | 68.81 8.3 0.9
SF51 395 1.9 0.6 43 11.8 8.7 24 017 | 10562 | 10022 | 7.8 16
SF53 128.8 0.7 1 2.9 12.1 8 17 1.24 6.16 | 80.88 7.2 1.4




App. 14: Mixing cell model (MCM) input data (continued).
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2+

2+

18

2

2+

3+

T S0, F AP | cu Zn Sio, | TDS (o) H Sr T | pH [Redox| As

[mg/1] | [mg/] | [mg/1] |[mg/I] | [mg/1] |[mg/l] | [mg/l] |[%o VSMOW] |[%o VSMOW]| [mg/I] | [°C] | [] | [mV] |[mg/I]
GW1 41 0.9 1 0.005 | 0.011 | 2.14 | 201.14 -1.67 -1.17 05 |24.8] 7.2 |265.8|0.005
Gwa 45.5 1 0.019 | 0.005 0.2 0.04 | 659.99 -2.88 -12.93 05 [21.9] 7.7 |241.9|0.005
GW7 54.9 1.6 | 0.008 |0.005 | 0.01 0.02 | 800.84 -3.37 -18.71 05 |255]| 7.7 |160.6 | 0.005
GW9 72 1.8 | 0.018 | 0.9 1 0.04 [1259.93 257 -10.40 05 |253] 7.6 |186.80.005
GW10 | 53.2 1.7 | 0.018 | 0.005 | 0.062 | 0.04 |1178.63 -2.50 -12.85 05 |222] 7.4 |193.4]0.005
Gw14 | 791 | 152 1.6 | 0005 | 0008 | 3.42 [1179.13 -1.67 -3.52 0.5 [203] 84 | 110 |o0.005
GW17 | 49.7 [19.01 | 0.029 [0.005| 0.005 | 0.06 [1007.72 -3.72 -15.01 05 [215] 91 [1412] 001
GW18 | 328 | 43 | 0036 | 0005 0005 | 0.08 | 709.57 -3.76 -16.10 05 |252] 9.2 | 125 [o0.005
GW19 | 279 | 7.82 | 004 [o0.005| 0008 | 0.09 |988.18 -3.16 -13.59 05 |275] 93 | 98.8 |0.007
GwW23 | 172 1.7 | 0.012 | 0.005| 0005 | 0.03 | 698.21 -2.82 -15.37 0.5 |245| 88 |160.4 | 0.005
GW24 7 13 | 003 |[0005| 0063 | 006 | 52588 -3.52 -12.95 0.5 |232] 81 |163.60.005
Gw27 | 279 | 26 | 0014 [0.005| 0005 | 0.03 | 904.13 -3.22 -16.23 05 [278] 8 171 | 0.005
GW30 | 986 | 9.12 | 0.028 | 0.005| 0005 | 0.06 |1122.38 -3.15 -15.24 05 |265| 87 | 99.6 | 0.007
GW31 | 415 | 03 0.8 | 0.005 0.1 1.71 | 202.86 -0.39 6.25 05 |26.6| 56 | 91.2 |0.005
GW32 7.2 13.3 1.3 |0005| 007 | 278 | 227.01 -1.41 2.95 05 |17.4] 7.3 |197.1|0.005
SF2 6.3 0.2 1 0.005 | 0.009 | 2.14 | 231.85 -2.40 -4.43 0.5 [233] 81 [191.7 | 0.005
SF3 3.7 0 0.6 |0.005| 001 1.28 | 118.94 -1.43 -2.66 05 [199] 7.9 |188.8|0.005
SF6 5.7 03 1 0.005 | 0.01 2.14 | 115.99 -3.28 -7.60 05 |17.1] 69 |214.2 [0.005
SF8 56 0.3 13 | 0.006 | 0.02 0.64 | 209.17 -0.28 8.34 05 |254| 6.9 |233.6]0.005
SF12 114 | 04 2.7 |o0.006| 006 | 578 |19576 0.85 10.99 05 |27.8] 7.1 |207.3[0.005
SF13 45 03 13 | 0.005| 0017 | 0.64 | 153.98 -0.75 5.62 05 |204] 7.8 |167.30.005
SF15 3.8 6.6 | 048 |0005| 0019 | 1.03 | 114.67 -1.53 1.97 05 |233] 7.5 |194.40.005
SF16 5.1 02 | 056 |0.005]| 0014 | 0.43 | 13036 2.22 -4.69 0.5 |21.3] 7.9 |178.7 | 0.005
SF20 47 03 09 |o0005| 0009 | 0.64 | 161.32 -0.48 3.49 05 |18.8] 6.8 | 192 |0.005
SF21 39.1 9 05 |0005| 0012 | 1.07 [1342.85 -1.14 -2.66 05 [259] 9.2 | 81.7 [0.005
SF22 5.2 03 08 |0005| 008 | 064 |179.35 -1.08 3.60 05 [199] 7.5 |195.1 [0.005
SF25 269 | 04 1.5 | 0.006 0.1 321 | 133.73 -1.51 -1.93 05 | 25| 75 | 250 |0.005
SF26 93 1.1 1.2 | 0.005 | 0009 | 2.57 | 117.88 -1.40 0.85 05 |265]| 7.5 |237.1]0.005
SF28 3.4 03 07 |o0007| 0.04 1.5 | 160.63 -1.80 -1.52 05 [223] 7.1 |180.4 |0.005
SF29 5.4 0.9 1.5 |[0.009 | 0.01 321 | 276.22 1.14 10.69 05 [24.7] 7.8 |194.9 [0.005
SF33 43 03 1 0.005 | 0.011 | 2.14 | 112.19 -1.82 0.87 05 |21.6| 7.6 |289.9|0.005
SF34 5 0.4 1.9 |[0.005| 007 | 4.07 | 138.54 -0.73 11.58 05 |199]| 6.7 |286.8|0.005
SF35 3.1 03 1.9 |0006| 005 | 407 | 9555 -1.25 11.55 05 | 19 | 7.3 |262.1 | 0.005
SFS11 26 0 0.035 | 0.005 | 0.017 | 0.08 | 313.45 -2.10 -6.34 05 | 29 | 6.8 |2805 |0.005
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App. 14: Mixing cell model (MCM) input data (continued).

2+

2+

18

2

2+

3+

S0~ F AP | cu Zn Sio, DS (o) H Sr T pH [Redox| As

Location| [mg/I] | [mg/I] |[mg/I]|[mg/I] | [mg/l] |[mg/l] | [mg/l] | [%c VSMOW] [[%. VSMOW]| [mg/l] | [°C] | [] | [mV] | [mg/l]
celll | 9.53 |2.39375|0.808 | 0.005 | 0.028 | 0.67 | 192.18 -1.12 2.55 0.5 | 20.425 | 7.78 |198.76| 0.005
Celll 1| 588 | 045 [0685]0005| 003 | 069 | 127.55 -1.33 3.02 0.5 [20.26667] 7.70 [190.05| 0.005
celll 2| 5 [0.266667 0.75 | 0.005 | 0.03 | 0.57 | 157.01 -1.26 3.55 0.5 20 |7.371| 188.6 | 0.005
Celll 3| 6.45 | 0325 [1.425]0.005 | 0.041 | 1.93 | 172.601 -0.36 5.93 0.5 | 21.725 | 7.27 [190.42] 0.005
Cell2 | 453 | 0425 | 1.45 [ 0.006 | 0.049 | 3.10 | 139.92 -0.74 8.45 0.5 | 21.575 | 7.34 |310.33| 0.005
cell2_1| 453 | 0.425 | 1.45 [ 0.006 | 0.049 | 3.10 | 154.01 -0.85 9.53 0.5 | 21.575 | 7.34 [246.84] 0.005
cell2 2| 42 | 035 [1.625]0.007 | 0.058 | 3.48 | 111.49 -1.16 8.66 0.5 209 |7.19 [275.92] 0.005
Cell2_NF| 453 | 033 | 1.23 [0.005 | 0.034 | 2.64 | 149.25 -1.09 5.53 0.5 [20.63333[ 7.33 | 249.4 | 0.005
cel3 | 315 | 04 | 075 [0.005| 0.008 | 1.18 | 160.83 -2.02 -1.43 0.5 208 |6.97 | 207.3 | 0.005
celld | 35 0.3 0.9 |0.005]| 0017 | 1.93 | 104.23 -1.37 1.15 0.5 208 | 7.5 | 241.9 | 0.005
Cella_NF 9.1 0.3 0.9 |0.005]| 0017 | 1.93 | 118.21 -1.37 1.15 0.5 186 | 7.55 | 241.9 | 0.005
EGWS50| 2.35 | 0.95 67.6 16.6 9

EGWS51| 3535 | 10 563 164 | 9.1

ESF3 | 141 | 05 112 217 | 7.6

GW41 | 6.9 0.8 |0.058| 001 | 0084 | 0.12 | 341.22 -2.05 -8.96 0.5 232 | 7272658 | 0.005
Gwaa | 761 | 87 [0.008]0.005]| 0.005 |18.61| 886.74 -3.14 -14.64 0.5 263 | 8681573 | 0.012
Gwas | 834 | 109 [0.038]0.005| 0.006 | 0.08 |1457.86 -3.66 -18.14 0.5 277 |9.46| 99.2 | 0.006
GW46 | 989 13 |0.014]0.005| 007 | 0.03 [1463.97 -3.63 -14.96 1 233 | 7.17 | 1702 | 0.005
GW47 | 65.2 10 | 0.02 | 0.005 | 0.005 | 0.04 | 115831 -3.52 -17.29 0.5 278 |9.35|109.7 | 0.005
Gwa9 | 1288 | 33 | 0.5 [ 0.005| 0.009 | 0.32 | 1266.28 -2.89 -16.58 0.5 229 [8.35| 1535 0.005
GWS50 | 206 | 05 |0.015]0.005]| 1.3 0.03 | 1190.54 -2.48 -11.82 1.5 22 | 7612148 0.005
GW52 | 52 3 [0.021]0005| 005 | 005 [1127.23 -1.96 -6.59 0.8 259 |6.97| 182 | 0.005
SF36 | 43 03 0.8 |0005| 002 | 1.71 | 197.022 -0.72 4.15 0.5 204 |7.72 | 1715 | 0.005
SF37 | 5.7 0.6 14 |0.005| 0.048 | 2.99 | 189.36 0.01 10.74 0.5 207 |7.41| 228 | 0.005
SF38 | 43 0.6 1.3 | 0005 | 002 | 278 | 158.06 -0.04 10.51 0.5 231 | 7.48| 2247 | 0.005
SF38 | 35 03 0.9 |0.005]| 0017 | 1.93 | 104.22 -1.37 1.15 0.5 208 | 7.5 | 2419 | 0.005
SF39 | 5.1 05 1.6 |0.005| 007 | 3.42 | 12891 -0.57 7.52 0.5 248 |7.33|754.7 | 0.005
SFA0 | 4.4 0.4 1.7 |0012| 01 3.64 | 99.70 -0.83 10.65 0.5 231 |7.23| 2649 | 0.005
SFA2 | 32 04 | 0.7 |0005]| 0008 | 1.49 | 158.97 -1.96 -0.71 0.5 224 | 6.85 2042 | 0.005
SF43 | 3.1 04 | 0.8 |0005]| 0008 | 0.86 | 162.69 -2.08 214 0.5 19.2 | 7.08 | 210.4 | 0.005
SF51 | 2.4 8.2 1.6 |0.005| 012 | 3.42 | 184.81 1.24 9.65 0.5 219 | 7.8 | 2135 | 0.005
SF53 4 0.9 2.5 | 0.005| 0022 | 535 | 82.123 0.89 14.66 0.5 238 | 7.67 | 248.4 | 0.005




