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A B S T R A C T   

Study region: The Nyando River basin in western Kenya. It is part of the Lake Victoria basin. 
Study focus: As a first step towards numerical modeling, complementary datasets from different 
periods have been used to develop a conceptual hydrogeological model for this geologically 
complex basin. The study focused on characterizing the physical and process structures. Data 
from geological reports and geo-electrical survey reports were used to establish aquifer extents. 
Timeline comparison and interpolation of groundwater levels and hydrochemical data analysis 
were used to define groundwater flow characteristics. 
New hydrological insights for the region: A highland and a Kano Plains groundwater system exist and 
are separated by the faults at the Nandi and Kendu escarpments. The groundwater divide between 
Nyando and Nyamasaria Rivers flowing through the Kano Plains is indistinct, suggesting that 
their lowland groundwater system is the same. Kano Plains has a shallow and deep groundwater 
system, both occurring in highly heterogeneous and aquifers; the bedrock here occurs at >250 m 
below ground level. Generally, the groundwater flow is topography driven towards Lake Victoria, 
but it is not clear whether it discharges here. Rainfall has minimal effect on long-term ground-
water variability. Because groundwater levels do not change significantly over time, steady-state 
groundwater flow occurs in the plains.   

1. Introduction 

The ever-increasing importance of groundwater for human and ecological uses is a motivation to study groundwater systems, and 
hydrogeologists use groundwater and, more recently, groundwater-surface water (GW-SW) interaction modeling. This study forms the 
basis for a GW-SW study of the Nyando River basin. Besides its importance for agriculture and domestic water uses, the river basin has 
interactive riverine, lacustrine, and wetland ecosystems (Khisa et al., 2013). 

Some past studies of the Nyando River basin have focused on surface water hydrology aspects. Khisa et al. (2013) have shown that 
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the rainfall here is bimodal and generally follows the Lake Victoria basin’s typical water year. Further, there is a positive correlation 
between rainfall and river discharge. Rongoei et al. (2013) state that basin hydrology is a significant driver of change for the Nyando 
wetland, which occurs near the river mouth at the Winam Gulf of Lake Victoria (Fig. 1). Water levels in the wetland are variable and 
may go up to 0.8 m above ground (Rongoei et al., 2014). In the seasonally flooded areas, the levels may go up to -0.2 m during the dry 
periods. The water sources for the wetland include groundwater, lake backflow during floods, direct rainfall, overland flow, and inflow 
from rivers (Raburu et al., 2012), indicating an extensive GW-SW interaction. From their study, (Olang and Fürst, 2011) have reported 
significant deforestation at the river source, which has reportedly caused a >30 % increase in peak river flows in the upper reaches and 
<20 % increase in the lower reaches of the Nyando River. The higher peaks are due to the relatively high bare land percentage up-
stream where the deforestation occurs. 

Kano Plains is an expansive flat terrain in the eastern part of the Kavirondo Rift Valley, a failed arm of the Eastern Rift Valley 
(Shackleton, 1948; Dwars, Heederik, and Verhey (DHV), 1988). It is sandwiched between the Nandi and Kendu escarpments in the 
lower reaches of the Nyando River basin. The Nyamasaria River also flows through these plains and topographical, and landuse data 
indicate a connection with the Nyando River basin. For example, the Miriu River (Fig. 1) connects the Okana-Ombeyi and Nyando 
wetlands, and the latter straddles both river basins. Some rivulets flow across the river basins at the Nyando wetland. Further, landuse 
analysis by Khisa et al. (2013) shows that the River Nyando has been migrating southwards, and at about 1950, it was flowing within 
the now Nyamasaria River basin. Further evidence for the migration is provided by Millman (1973), who has suggested that the 
Nyando and Nyamasaria Rivers were once part of the same river sharing a common outflow at Nam Thoe swamp. Despite these, most of 
the surface water hydrology and related studies have looked at the Nyando as a separate system, e.g., Ongwenyi et al. (1993); Gathenya 
et al. (2011); Olang and Fürst (2011), and Taye et al. (2011). 

In their ’integrated flood management for Nyando River basin’ study, (Ministry of Water and Irrigation-MWI, Water Resources 
Management Authority-WRMA and Japan International Cooperation Agency-JICA, 2009) studied both rivers together and were able to 
show that their floodwaters overlap. They have described the middle reaches of the rivers as steep and occurring in narrow gorges, 
while in the lower reaches, this changes to very flat and wide river channels. Nyilitya et al. (2020) undertook a hydrogeochemical 
study focusing on nitrogen contamination covering the entire Kano Plains. The above studies show that surface water hydrology and 
related data like climate, weather, river flow, land use/land cover have been scientifically and extensively analyzed. There has, 
however, been a minimum focus on the hydrogeological aspects. 

According to (KNBS, 2019) the population of the Kano Plains density here is moderate, with an average of 550 persons/km2. 
Groundwater from springs, shallow wells, and boreholes is considered a safe and critical source for domestic water supply and accounts 
for about 40 % of all water used in the area (DHV, 1988). Proper groundwater management is therefore needed. Quite often, 
hydrogeological models are tools that guide decision-makers on safe groundwater abstraction thresholds. Developing a conceptual 
model is the first step when undertaking hydrogeological studies. It includes developing (i) the conceptual physical structure, i.e., the 
vertical and horizontal extents of the system, the hydrostratigraphic units (HSU) including their extents, and the compartmentalization 
of the groundwater, and (ii) the conceptual process structure, which includes characterization of the groundwater flow, and 

Fig. 1. Elevation (ASTER-GDEM) and drainage pattern map of the Nyando River basins. The river source is at the Tinderet and the Mau mountains. 
The Nyaidho, Awach Kano, and Asawo Rivers, which originate from Kendu escarpments, join the Nyando River at the Nyando wetland (also called 
Miruka swamp) (A). Nam Thoe (B) and Okana-Ombeyi (C) wetlands exist to the North West and North of the Nyando wetland. Other rivers flowing 
through Kano Plains are the Nyamasaria, Luanda, Ombeyi, Oroba, and Miriu Rivers. The Kano Plains are the flat region downstream with elevation 
<1300 m asl and enveloped by the Nandi, Kendu, and Mau escarpments. Also shown is the fault network and some rainfall stations. 
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time-variant boundary conditions (Anderson et al., 2015; Enemark et al., 2019). The process becomes challenging when requisite data 
is lacking and in geologically complex groundwater systems. Babad et al. (2020) have explained that these are typical challenges in 
many groundwater studies and that creative and site-specific approaches are needed to achieve reliable hydrogeological conceptual 
models. As suggested by (Bredehoeft, 2005), hydrogeologists can solve this problem by (a) collecting as much data as possible and (b) 
using complementary data collection techniques. 

Based on previous studies, the conceptualization of complex and faulted hydrogeological systems with limited data requires 
complementary approaches that combine geophysical, hydrogeochemical, environmental, and artificial tracers. For example, Burghof 
et al. (2018) developed a hydrogeological conceptual wetland model for a data scare Kilombero valley in Tanzania using a mixture of 
hydrogeological, hydrochemical, and tracer-based assessment techniques. Girmay et al. (2015) conceptualized the groundwater flow, 
including delineation of recharge and discharge zones for the complex Mekelle Paleozoic-Mesozoic sedimentary outlier in northern 
Ethiopia using environmental isotopes and dissolved ions. Walraevens et al. (2015) used a detailed hydrochemical analysis approach 
and were able to infer the sources of salinity and contamination of the coastal Quaternary aquifer in Dar-el-Salaam, Tanzania. Kebede 
et al. (2008) determined the groundwater flow dynamics of a very complex Ethiopian rift volcanic aquifers. Where these data are 
lacking, hydrogeologists can also apply a simplification of groundwater conceptual models. For example, when modeling the influence 
of water abstractions on the water levels for the data-scarce and hydrogeologically complex Lake Naivasha in Kenya, Hogeboom et al. 
(2015) simplified the conceptual model to a one-layer system. Still, they recommended using environmental isotopes and multi-models 
approach as methods that would lead to a better understanding. 

The Nyando River basin has a highlands section at the river source and a lowland section at the Kano Plains (Fig. 1), and there exists 
a recharge zone at the faults located at the escarpments (DHV, 1988). As a result, researchers can study the highlands and lowland 
systems separately. The current study focuses on the hydrogeology of the Kano Plains, and the highlands groundwater flow has been 
taken as a recharge boundary at the faults. The Kano Plains has fragmented datasets of geological, hydrogeological sections, hydro-
geochemical, and groundwater levels. DHV (1988), through their geophysical surveys, were able to define hydrofacies in the Kano 
Plains but the extent of the HSU’s is still not known. Some feasible lateral extent boundaries like the impermeable rocks at the Nandi 
and Kendu escarpments (Fig. 1) are apparent. There are also faults on the floor of the Kano Plains (DHV, 1988). These should be used as 
groundwater flow boundaries with caution because, according to Bense et al. (2003); Rajabpour et al. (2016), they can have a sealing 
effect, or they can be barriers to horizontal groundwater flow. 

The occurrence of a groundwater divide below the Nyando-Nyamasaria River surface water divide is not documented. Such a 
divide would occur if the groundwater flow were topography driven, but this is also unknown. Besides, the groundwater divide 
location is affected by factors such as pumping (Grannemann et al., 2000) and should be adequately characterized. Further, 
groundwater divides for deep groundwater systems may occur away from surface water divides (Grannemann et al., 2000; De Smedt, 
2014; Funkhouser, 2014). From Millman (1973), there is a deposition of detritus in the Kano Plains by the south-flowing streams from 
the Nandi escarpment. This has caused a change in the ground elevation change, and consequently, the surface water divide. The Lake 
Victoria, Nyando, and Nyamasaria rivers and the entire stream network, Fig. 1, are other hydraulically controlled boundaries in the 
study area, and researchers should quantify their effect on the groundwater flow. These are expected to respond to hydraulic stresses 
(Anderson et al., 2015) and should be analyzed for stability and conceptualized as either steady-state or transient boundaries. 

This study aims to develop a conceptual hydrogeological model of the Kano Plains by aggregating the existing and current frag-
mented datasets. We have used remotely sensed products, historical data from geological reports, and geophysical investigation survey 
reports to characterize the topography, geology, and aquifers. Under the hydrological stresses, we have used a combination of his-
torical and recent groundwater level datasets. The effect of rainfall patterns on the groundwater levels has also been assessed where a 
combination of remotely sensed and observed rainfall measurements has been used. 

2. Materials and methods 

2.1. Study area 

The Nyando River basin (Fig. 1) is part of the eastern part of the Lake Victoria Basin in Western Kenya. The Nyando and Nyamasaria 
Rivers flow through the low-lying Kano Plains (1135− 1300 m asl) and experience floods annually. The Lake levels follow a decadal 
cyclic pattern, and the average, maximum, and minimum for 40 years from 1970 by is 1135.2, 1136.05, and 1134.17 m asl, 
respectively (Okotto-Okotto et al., 2018). Due to the uncertainty regarding the groundwater divide’s location and existence, the study 
area includes the Nyamasaria River basin. 

2.1.1. Drainage network 
The elevation data, (Fig. 1), was obtained from the 30 m resolution Advanced Spaceborne Thermal Emission and Reflection 

Radiometer (ASTER) Global Digital Elevation Model (GDEM) version 2. These data are distributed by the Land Processes Distributed 
Active Archive Center (LP DAAC), located at the U.S. Geological Survey (USGS) Centre for Earth Resources Observation and Science 
(EROS) http://LPDAAC.usgs.gov. Compared with the global positioning system benchmarks, the ASTER GDEM is 17.01 m and has a 
root mean square (RMS) of 8.68 m. 

The upper reaches of the Nyando River occur at 75− 109 km from the river mouth and with 1:45 slope; the middle reaches at 45− 75 
km with a slope of 1:160 and the lower reaches to occur at 0− 45 km with a slope of 1:700− 1600 (MWI et al., 2009). The headwaters 
are in the highlands, while the low-lying Kano Plains dominate the downstream sections. There is an altitude drop of about 500 m 
between the highlands and the plains. The Nyando River’s confluence with the largest (Ainamutua River) and the second-largest 
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tributary (Pararget River) is in the middle reaches in the Kano Plains. The Nyando wetland is further downstream at the river mouth, 
where smaller tributaries (the Awach Kano, Nyaidho, and Asawo Rivers) join the river. During flood events, the Nyando wetland and 
Lake Victoria become a single water body, and the Nyando River flows into the wetland. After the floodwaters recede and during dry 
periods, the river flows directly into Lake Victoria at the Winam gulf (MWI et al., 2009). A network of rivulets flowing directly into the 
wetland also exist. 

In addition to the Nyando wetland, the Okana-Ombeyi and Nam Thoe wetlands occur nearby, and according to Khisa and 
Unlenbrook (2011), they are connected. From Fig. 1, the streams connect these wetlands. Because of this and the fact the floodwaters 
from all rivers overlap (MWI et al., 2009), there is a high likelihood of interactions within the wetland and surface water bodies in the 
Kano Plains. The Nyamasaria River flows through the Kano Plains into the Nam Thoe Wetland before draining into Lake Victoria. Other 
rivers occurring in the Nyamasaria River basin are the Oroba, Ombeyi, Luanda, and Miriu Rivers. 

2.1.2. Geological setting 
A prominent geologic and topographic feature and the focus of this study is the Kano Plains. It is of great hydrogeological 

importance and occurs towards the river mouth in the Winam Gulf of Lake Victoria. It is in the eastern part of the Kavirondo Rift Valley, 
a failed arm of the East African Rift Valley. It has been described in detail by Shackleton (1948) and reported widely, e.g., DHV (1988). 
Though not definitive, the formation is believed to have started with the peneplanation during the Jurassic, Early Cretaceous, and the 
end of the Paleogene. The Precambrian granites underlying the northwest of Winam, northeast of Muhoroni, and the southern part of 
Nyakach divisions (Fig. 2) are from this period. Formation of depressions started during a stage of crustal stretching and thinning in the 
lower Miocene of the Tertiary period and is believed to have resulted in the creation of a shallow basin and consequently shallow 
extensive lakes on the sub-Miocene surface. 

It is not until the late Pliocene to the early Pleistocene when the major deformation, i.e., faulting and uplifting, occurred. According 
to Shackleton (1948), the uplifting was more pronounced near the border with the East African Rift Valley to the west of the Tinderet 
Mountains formed from volcanic eruptions during the lower Miocene. During this period, the Kavirondo rift valley floor remained 
level, and Lake Victoria started in the depression resulting from uplifted edges of the East African Rift Valley and the Western Rift 
valley. Major fault lines, i.e., the Kendu and Nandi fault, also formed during this time, forming the basis for deposition of Pleistocene 
and Recent sediments in the valley. Other major east-west and north-south faults cross within the floor of the Kavirondo Rift Valley 
(DHV, 1988) and create a complex faulted sub-surface. Precambrian granites in the Nyabondo plateau, south of the Nyakach division, 
are overlain by Tertiary volcanics, phonolites, and phonolitic lavas associated with deposition on the peneplanes after the fissure 
eruptions arising as a result of movement along the fault lines. Other Tertiary phonolites, phonolitic lavas, basaltic lavas, and tuffs 
occur in the eastern part of the Nyando and Muhoroni divisions. 

Pleistocene sediments underlie most of the Kano Plains. According to Shackleton (1948), Lake Victoria occupied most of the Kano 
plans in early times, and most Pleistocene deposits in the upper part of Nyakach and northern and eastern arts of Nyando divisions are 

Fig. 2. Geological map of the Kano Plains after DHV (1988). 
Print in color. 
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of lacustrine origin. For example, large granitic gravel deposits within the Kendu fault vicinity (DHV, 1988) are believed to originate 
from Lake Victoria’s beach deposits during the Pleistocene period. These sediments are very thick and resulted from the deposition of 
eroded sediments from neighboring landmasses. Boreholes with varying depths, e.g., 150 m in Winam division and 250 m in Nyando 
division, have exposed a variable sequence of mudstone, sandstone, siltstone, limestone, gravel, and claystone (DHV, 1988). The 
deposition took place mainly during the pluvial periods, which alternated with phases of inter-pluvial periods. Faulting continued 
throughout the Pleistocene period, largely affecting the stratigraphy. 

Some recent deposits covering the Pleistocene deposits include alluvial fans at the foot of the escarpments and constitute a sig-
nificant occurrence in the Muhoroni division. Other recent deposits, i.e., alluvial flats and alluvial clays, are either of fluvial or 
lacustrine origin. (DHV, 1988). After the end of the Pleistocene period, Lake Victoria occupied a large part of the Eastern Kavirondo 
Rift Valley, leading to the lake alluvium deposition. After the lake receded, deposition of rivers alluvium occurred as rivers meandered 
across the old lake bottom. Black cotton soils are the most common in the Kano Plains. However, the phonolites and granites have a 
thin lateritic ironstone capping and white to grey Kaolinites, respectively. Table 1 summarizes the stratigraphy of the Kano Plains 

2.1.3. Rainfall 
The Nyando River basin has a general sub-humid climate with semi-arid characteristics at the Nyando wetland (Taye et al., 2011; 

Raburu et al., 2012). The Inter-Tropical Convergence Zone (ICTZ) controls the bi-modal annual rainfall patterns, with long rains 
occurring in March-May (MAM). The occurrence of the short rains is not definitive. Some studies have reported the months of 
October-December (OND) while it is September-November (SON) in others (Raburu et al., 2012; Khisa et al., 2013). Moreover, in the 
eastern highlands of the catchment, i.e., the Tinderet mountain and the Mau escarpments, a subdued peak occurs in July-September 
(JAS) months (Khisa et al., 2013). The small JAS peak is a characteristic of the Lake Victoria Basin and has also been reported else-
where, e.g., in the Nzoia River basin (Kizza et al., 2011). The most significant rainfall events, e.g., the widely reported Uhuru floods of 
1961–1964, have been associated with large-scale climate systems, e.g., the El Nino Southern Oscillation (ENSO) and the Indian Ocean 
Dipole (IOD) (Mugume et al., 2016). There is a strong correlation between rainfall and altitude (Raburu et al., 2012). The highlands’ 
annual average rainfall is 1700− 1800 mm, while it is 600− 1100 mm in the plains. 

2.2. Methodological flow chart 

This study brings together several fragmented datasets to generate a hydrogeological conceptual model of the Kano Plains. Fig. 3 
below gives a summary of the available datasets and their application. 

2.3. Datasets 

2.3.1. Geological maps, topographical maps, and DEM 
Major geological features, major faults, and global stratigraphy are found in geological reports for the study area, Binge (1962); 

Huddleston (1952); Jennings (1964), 1971; Walsh (1969), and Williams (1991) from the Department of Mines and Geology of Kenya. 
The elevation data are from the remotely sensed DEM (http://LPDAAC.usgs.gov) and topographical maps available at the Survey of 
Kenya. 

2.3.2. Hydrogeological sections, hand drilling survey data, geochemical data, and groundwater levels-DHV (1988) 
Higher-resolution subsurface geology of the low-lying Kano Plains was obtained from historical hydrogeological sections generated 

from geoelectrical reports for Kisumu District from the water resources survey and survey training program under the rural water 

Table 1 
Stratigraphy of the Kano Plains.  

System Epoch Formation Lithology Thickness 
(m) 

Hydrogeology  

Holocene 

Alluvia fans Gravels, mudstones, 0− 150 

Unconfined aquifer 

Alluvia flats Clay, silt, sand 0− 20 
Colluvium Fine gravels, sands, and silts 0− 50 
Talus scree Granitic gravel and debris 0− 40 
River alluvium Gravels, sands, silts 0− 20 
Swamp clay Clays 0− 20 
Lateritic ironstones Mudstone 0− 20 

Pleistocene 
Fluviatile and lacustrine 
deposits 

Gravels, sands, silts, clays, Mudstones 
Sandstones Limestones 20->300 Semi confined aquifer 

Neogene Pliocene 

Tinderet Basalts Basaltic lavas – 

Bedrock (possibly fractured 
aquifers) 

Kisumu phonolites Phonolites Up to 100 
Nyabondo plateau 
phonolites 

Phonolites 30− 60  

Miocene Tinderet Tuffaceous 
agglomerates 

Tuffs – 

Cretaceous Precambrian Granitic intrusives Granites, Granodiorite Syenite – Basement  

S. Mutua et al.                                                                                                                                                                                                         



Journal of Hydrology: Regional Studies 32 (2020) 100766

6

supply and sanitation program for the Nyanza Province. (DHV, 1988). This geological survey was done from 1982 to 1987 within the 
four administrative divisions (Fig. 4) yielding four datasets for Winam, Nyando Muhoroni, and Nyakach Divisions. DHV (1988). The 
result was a dataset of vertical extents of aquifers, and the fault locations. 

The groundwater sources of the Kano Plains include (a) shallow wells screened in the unconfined aquifer in the recent deposits, (b) 
boreholes screened in the deep aquifer in the Pleistocene sediments, and (c) springs. During the (DHV, 1988) study, an inventory of 
every groundwater point in Kano Plains (Fig. 7) was taken (from 1986 to 1987), and one-time water table level measurements are 
available. Some hydrochemical data were also collected during this time: electrical conductivity (EC) and pH are available in 663 
wells, 121 springs, and 19 boreholes. Other hydrochemical parameters; alkalinity, hardness (as CaCO3), cations- Fe2+, Mn2+ ,

NH4
+, and anions Cl− , F− and NO3

− ; are available in 114 shallow wells, 32 springs, and 13 boreholes (Fig. 5). Further one-time water 
table measurements and well yields were collected during a hand drilling survey from 1982 to 1987 (Fig. 7). 

A typical hydrogeological cross-section from the Kendu escarpments to the Nyando wetland (Fig. 6) indicates that there are 
highlands and a Kano Plains groundwater system separated by a fault zone that acts as a barrier to horizontal groundwater flow and 

Fig. 3. Methodological flow chart showing the available datasets for the study area in the middle column. The physical and hydrological aspects 
derived are shown in the right and left columns. 
(Print in color). 
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thus channeling the water vertically into the deep aquifer in the Kano Plains. The North Tabriz fault in Iran exhibits similar behavior 
(Rajabpour et al., 2016). 

Although (DHV, 1988) reports an aquitard separating the top and bottom aquifers in Nyakach Division, hydrogeological sections 
from elsewhere in the Kano Plains depict a highly heterogeneous aquifer composed of silts and clays followed by the Pleistocene 
aquifers. The latter is similarly heterogeneous and is a conglomerate of Pleistocene sandstones, siltstones, limestones, gravels, and clay 
stones. A shallow water table exists in the top aquifer and semiconfined conditions in the bottom aquifer. The top aquifer is recharged 
by rainfall, while the bottom is mainly recharged by highlands groundwater at the fault zones and to a small extent by vertical 
groundwater flow from the leaky top aquifer (DHV, 1988). 

2.3.3. Groundwater levels-(WRMA, Ecolive project, and 2016–2018 data campaign) 
There are historical hourly water table measurements from the Nyando wetland taken in 2010− 2012 within the framework of the 

ECOLIVE project (Van Dam et al., 2011) at points L01, L02, L03, L04, and R04 (Fig. 7). Further, one-hour automatic measurements 
were taken within the framework of this study in well S4 (Fig. 7) from 2016 to 2017 using 10-meter TD and Cera divers (Van Essen 
Instruments in Delft, Netherlands). Onetime water table measurements were also taken in the framework of this study in wells S1-S8 
and monthly measurements in wells S1, S2, S4, S5 and S7 (Fig. 7). 

For the deep aquifer, continuous measurements of the groundwater levels do not exist. However, one-time measurements are taken 
during borehole completion and stored by the Water Resources Management Authority (WRMA) of Kenya and contain the depth to 
aquifers, the thickness of yielding aquifers, phreatic level, Potentiometric levels, and well yield. Fig. 14 shows the distribution of the 
boreholes in Kano Plains. 

Fig. 4. Locations of the hydrogeological data network for the Nyando River basin and the Kano Plains. It includes geo-electrical sounding and hand 
drilling survey locations within administrative divisions (according to 1988 administrative divisions of Kenya) of the Kano Plains. The ’Geoelectrical 
survey location (BR)’ shows location where a bedrock was detected at <300 m below ground level. The fault locations extracted from the high- 
resolution hydrogeological surveys coincide with the fault lines extracted from geological surveys. The rivers flow on faults on numerous seg-
ments while they cut across in others. It also shows the location of the transverse cross-section line across the Kano Plains. DHV (1988) used their 
geoelectrical survey data to generate discontinuous high-resolution hydrogeological sections. 
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Fig. 5. A map of the EC for the unconfined aquifer in the Kano Plains. Most of the area has an EC of 10-2110 mmho/cm EC. High and localized 
values appear close to Lake Victoria in an area with a dense network of faults. Also shown are locations where EC measurements are available for the 
boreholes and springs. EC values for boreholes fall in the same range as those of overlying shallow groundwater. Springs are situated in the 
highlands and have low conductivity values in general. All EC values are in mmho/cm. 
(Print in colour). 

Fig. 6. A typical hydrogeological cross-section from the Nyabondo plateau to the Nyando wetland. It shows a highland and lowland groundwater 
system separated by a fault zone where the highlands recharge the bottom aquifer in the Kano Plains. The Kano Plains groundwater has a shallow 
and deep aquifer separated by an aquitard. (Source: DHV, 1988). 
(Print in color). 
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2.3.4. Lake water levels 
The lake levels were obtained from the Database for Hydrological Time Series over Inland water (DAHITI) (Schwatke et al., 2015). 

Schwatke et al. (2015) assessed the accuracy of the data for south and north America and reported a root mean square error (RMSE) 
value of 4− 36 cm. 

2.3.5. Rainfall-KMD, ecolive project, and CHIRPS 
Observed daily rainfall for the Nyando River basin is available for select stations: Ahero Irrigation and Koru Bible college from 

1980-date. There are also daily rainfall observations at three stations done in the 2011–2014 period: (Fig. 8a) at three stations; (1) 
Average of the wetland stations (P1 to P7) located next to Lake Victoria at the Nyando wetland (2) Ahero irrigation (P9) at the Kano 
Plains, and (3) Mbogo Valley (P11) at the western slopes of the Mau complex. These rainfall stations are shown in Fig. 1. 

However, a long-term continuous observed daily rainfall dataset for the Nyando highlands does not exist. This data is crucial since 
surface water seeps through the faults into the Kano Plains’ groundwater system. The Climate Hazards Group InfraRed Precipitation 
with Stations (CHIRPS) rainfall (Funk et al., 2014) was used to estimate daily highlands rainfall and, in part, to complement the 
available daily rainfall. From Dinku et al. (2018), a correlation coefficient (CC) for CHIRPS rainfall data with ground observations is 
0.65 for 10-day rainfall and 0.83 for monthly rainfall, and the bias is 1.10 and 1.13 respectively, for Kenya. Funk et al. (2015) and 
Cattani et al. (2018) have shown that CHIRPS rainfall performs well when used for trend analysis and is, therefore, adequate for our 
intended use. 

The monthly rainfall in 2011 and (observed and CHIRPS) for the Nyando River basin are shown in Fig. 8. Apart from March and 
August, the trends are similar for observed and CHIRPS rainfall products. There is a difference in the CHIRPS rainfall quantities for 
2011 and 2017, but the annual trends are identical and follow the typical patterns for the October-September meteorological year for 
the Upper Nile basin. CHIRPS rainfall is estimated using an algorithm that utilizes rainfall estimates from satellite data and averages of 
ground observations (Dinku et al., 2018). Further, the resolution of CHIRPS rainfall is 0.05◦, while ground observations are taken at a 
point. These are some of the causes of the considerable difference in the ground observations and CHIPRS rainfalls (Fig. 8). 

Fig. 7. Locations of the one-time water table data collection in the Kano Plains are categorized according to the years they were taken. Locations 
with two or more measurements from different years have been put in clusters to analyze long-term variability. The clusters are numbered in 
ascending order from west to east. It also shows the water table measurement locations for the 2011 and 2016 data campaigns. It also shows the 
Kano plains divided into three longitudinal segments. In the middle part, the bedrock has been detected at a depth <250 m. 
(Print in color). 
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2.4. Methods 

2.4.1. Aquifer extents 
The location of the escarpments at the Nandi and Kendu fault zone was determined from a slope map calculated from the DEM as 

the zone with the highest slope within the 1300 m contour line. The major faults at the escarpments act as barriers to horizontal 
groundwater flow and are a suitable horizontal boundary. Their location was extracted from the geological reports. Other faults 
occurring in the Kano Plains in the Kavirondo valley were obtained from both the DHV and geological reports. Further, fault locations 
from the DHV reports were used for validation. The vertical aquifer extents were extracted from the high-resolution hydrogeological 
sections and hand drilling surveys by (DHV, 1988). A major limitation is the lack of detailed geophysical data for the highlands, and 
thus the hydrogeological characterization was limited to the Kano Plains. A transverse hydrogeological cross-section of the entire Kano 
Plains was developed by joining the short hydrogeological sections. Location of hydraulic groundwater flow boundaries, e.g., rivers 
Nyando and Nyamasaria, and the other small rivers and the Lake Victoria were extracted from the topographical maps. 

2.4.2. Temporal groundwater variability 
To assess the long-term variation of the shallow groundwater tables, all available measurements from the hand drilling survey 

(1982–1987), groundwater inventory survey (1986–1987), and recent datasets from 2010− 2012), current data campaigns 
(2016–2018) were used. Only depth to groundwater is available, and the water table level was calculated as (ground elevation (m)-depth 

Fig. 8. Monthly rainfall in 2011and 2017 for the Nyando River basin (a) observed rainfall in 2011 and remote sensed rainfall product (CHIRPS) for 
(b) 2011 and (c) 2017. 
(Print in color). 
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to the water table (m)). According to DHV (1988), the shallow water table occurs within the recent deposits with an average thickness 
range of 0 m–40 m. The deeper depths are next to the escarpments and shallow ones next to Lake Victoria. 

Analyzing the water table fluctuation over the years was done by clustering one-time groundwater measurements. A wells cluster 
was made of wells that are sufficiently close (< 0.5 km) and taken in different years (Fig. 7). Cluster details are presented in Table 2. 
Although the water table measurements were taken in different years, the difference within clusters is minimal, and we assume them to 
represent average groundwater levels. These levels are conservative values since the change in groundwater levels is controlled by 
other factors like abstraction and recharge. Analysis of annual variation was done based on monthly measurements taken in 
2016–2017 at the Nyando midlands. 

The effect of rainfall on the shallow groundwater was done by comparing the daily levels with rainfall patterns. A comparison of 
groundwater levels with the meteorological seasons in the water year for the Nyando River basin: JF (dry), MAM (wet), JJAS (dry), and 
OND (wet) was done for the monthly water table measurements. The groundwater levels were also compared to both observed and 
CHIRPS rainfall. Since Lake Victoria is a massive water whose levels within the year are not very variable, it may affect the Kano Plains 
groundwater variability, and due to this, a comparison between the lake levels (DAHITI) and the water table was made. This analysis 
was not done on the bottom aquifer since a continuous time series does not exist. 

2.4.3. Spatial groundwater variability 
A ground elevation-water table level correlation analysis was done to determine whether topography influenced the spatial water 

table distribution. Linear interpolation was applied to all water table measurements to generate a water table map. 
A similar approach was used for the deep aquifer, but with the WRMA dataset only. A comparison between ground elevation and 

the potentiometric levels for all wells shows a strong correlation with topography. There is no trend with borehole depth or their 
drilling date. According to (DHV, 1988), the Pleistocene layers are heterogeneous and comprised of different materials: clayey silt, silty 
sand, and sandy gravel, mudstones, limestones, sandstones in various sequences. An aquitard between the layers does not exist, causing 

Table 2 
Well clusters for long-term water table variation analysis.  

IDi Date 
Loactionii 

(X, Y) Shallow water table (m asl) 
Monthly rainfall (mm) Annual rainfall (mm) 

Ahero Koru Ahero Koru 

Cluster 1        
116/2_1_1 09− 02-1982 (701500, 9,981,200) 1129.6 175 102 1327 1941 
G350 11− 07-2018 (701262, 9,981,182) 1129.4 52 – 1481 –  

Cluster 2        
116/2_1_2 16− 03-1982 (709500, 9,973,500) 1133.4 51 61 1327 1941 
WN071 09− 1987 (709400, 9,973,500) 1133.0 42 135 1181 1776  

Cluster 3        
WN033 09− 1987 (712300, 9,975,300) 1134.0 42 135 1181 1776 
G197 03− 07-2018 (712341, 9,975,239) 1134.1 52 – 1482 –  

Cluster 4        
116/2_41_4 13− 04-1983 (712900, 9,984,800) 1150.0 217 271 1029 1578 
116/2_45_3 29− 08-1986 “ 1149.7 27 117 1310 1436  

Cluster 5        
116/2_39_1 05− 04-1983 (715400, 9,986,200) 1153.2 271 271 1029 1578 
116/2_43_1 15− 08-1986 " 1152.8 27 117 1310 1436  

Cluster 6        
116/2_33_2 04− 01-1983 (716300, 9,986,500) 1157.0 32 95 1029 1578 
S8 24-10− 2016 (716508, 9,986,500) 1158.4 28 – 1155 –  

Cluster 7        
116/2__3 25− 02-1986 (717200, 9,973,800) 1131.8 72 133 1310 1436 
G387 13− 07-2018 (717355, 9,973,614) 1131.2 52 – 1482 –  

Cluster 8        
116/2_58_2 18− 06-1987 (719700, 9,986,600) 1159.2 159 367 1181 1776 
S6 24-10− 2016 (719811, 9,986,360) 1159.8 28 – 1163 – 
S6 28− 01-2017 (719811, 9,986,360) 1159.0 52 – 1076 –  

Cluster 9        
S2 01− 07-2017 (727327, 9,989,923) 1171.7 62 – 1076 – 
G221 04− 07-2018 “ 1171.9 52 – 1482 –  

i The clusters are numbered from most west (cluster 1) to most east (cluster 9). 
ii The coordinates are based on EPSG:32736-WGS 84/ UTM Zone 36S. 
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the lack of significant vertical trends. A ground elevation-water table level correlation analysis was also done to determine whether the 
deep groundwater flow was also topography driven. Finally, interpolating all the one-time measurements in the deep aquifer produced 
a potentiometric map. 

2.4.4. Hydrochemical analyses 
Within the framework of a water supply program, DHV (1988) analyzed the hydrogeochemical data, focusing on the effect of 

drinking water quality. In this study, we have used this data to assess groundwater flow dynamics. The hydrochemical data from 
shallow wells, springs, and boreholes were compared to establish connectivity. A map of electrical conductivity (EC) for the shallow 
groundwater was generated from the spatially representative data. 

3. Results and discussion 

3.1. Aquifer extents 

Analysis of topographical and geological provided an understanding of the various spatial boundary conditions: faults, escarp-
ments, rivers, Lake Victoria, and shallow bedrock at the foot of the Mau and Tinderet Mountains. The Kano Plains extent is shown in 
Fig. 7. The lateral boundary to the north and south was selected to coincide with the fault lines at the foot of the escarpments since 
these are barriers to horizontal groundwater flow. The boundary has been validated using fault locations measured from the high- 
resolution geophysical survey data from DHV (1988) and occurs within the 1300 m contour line (Figs. 4 and 7). This elevation was 
adopted for the rest of the plains. In addition to defining a recharge boundary condition at the fault zones, an impermeable boundary is 
also probable since the tertiary volcanics and the underlying Precambrian granites here are impermeable even though fractures would 
be expected to occur in such an area with historical volcanic activity. An approximately 8 km wide shallow bedrock runs from Lake 
Victoria to the foot of the Mau and Tinderet mountains. Elsewhere, this bedrock was not detected at levels below 300 m 

The rivers flow in part on and across faults, and river water may infiltrate into the groundwater system through them. At the slopes 
of the Mau complex and Tinderet Mountain, the boundary coincides with the 1300 m contour line. This eastern boundary can be 
impermeable because it is characterized by near-surface tertiary volcanics (DHV, 1988). A constant head boundary, Lake Victoria, is 
expected to occur to the west. 

The vertical boundaries of the hydrofacies are presented in the hydrogeological profile (Fig. 9) across the Kano Plains from the 

Fig. 9. Geological cross-section across the Kano Plains showing four distinct regions separated by faults. The top-most layer is from recent deposits 
and is highly discontinuous and embedded within a leaky aquitard (DHV, 1988). The bottom layers are from the Pleistocene period. A bedrock 
occurs at about 250 m below ground level in sections I and III. The Nyando and Miriu Rivers occur to the left of the river alluvium due to the river 
migration (Millman, 1973). Also shown is the potentiometric level of the deep aquifer. 
(Print in color). 
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Nandi and Kendu faults. As the faulting and tilting continued during the Pleistocene, sections I and III were uplifted while II and IV 
were downthrown. In general, there is a shallow, highly heterogeneous aquifer embedded within an indistinct aquitard. There is an 
upper Pleistocene followed by a lower Pleistocene layer, and both are notably deformed at the faults. According to DHV (1988), they 
are highly heterogeneous and cannot be explicitly distinguished, especially in the downthrown sections. 

A distinct feature is the occurrence of the sandy, gravelly lower Pleistocene layer in section III. These are believed to be of lacustrine 
origin. Lake Victoria was originally expansive and covered most of Kano Plains in the past, causing the deposition of lake sediments. 
When uplifting occurred, these sediments were pushed upwards. Similar deposits are reported at deeper levels in the downthrown 
sections (DHV, 1988). Geophysical data from Muhoroni Division show that at about 250 m below ground level, sandy gravels and 
gravelly sands may occur. As deposition continued, the finer Pleistocene sediments first filled the depressions in the downthrown 
sections, and the deformation at the faults indicates that faulting continued throughout the period. 

3.2. Aquifer properties 

Ker et al. (1980) reports the transmissivity in the Pleistocene deposits to range from 60 − 100m2/day. In the finer sediments, the 
transmissivity is 30m2/day (DHV, 1988). Highest borehole yields are reported in the Nyando (816m3/day) and Muhoroni 
(430m3/day) divisions. These boreholes are situated in the north down-thrown section dominated by sandy-silty upper Pleistocene 
layer (20 m–150 m) followed by a sandy-gravelly lower Pleistocene layer. The lowest borehole yields, 100m3/day occur in the Winam 
and Nyakach divisions. These occur close to Lake Victoria and the lacustrine deposits forming the Pleistocene layers are dominated by 
sandy silts and silty sands. Based on the classification by Freeze and Cherry (1979), typical values of hydraulic conductivity for these 
Pleistocene layers may vary from 10− 10 − 102m/s. Ker et al. (1980) estimate the range of storage coefficient from 5 × 10− 5 − 5 × 10− 5. 

The upper layer is from recent deposits and is similarly heterogeneous. It comprises a discontinuous layer of colluvium, talus scree, 
and gravels next to the foot of the escarpments to sands, silts, and clays next to Lake Victoria. The hydraulic conductivity ranges from 
10− 10 − 102m/s can be expected. The well yields are lower than in the Pleistocene layers and ranges from 24 − 120 m3/day, 
emphasizing that the top layer is less conductive. 

3.3. Temporal groundwater variability 

Generally, the water table levels at the Nyando wetland (Fig. 10) are highest at the beginning and end of the year. Compared with 
the observed rainfall in 2011 (Fig. 8a), water table levels are lowest in the middle of the year (in July), and during this time, the rainfall 
is also deficient. Apart from this, the water table and the measured rainfall during the rest of 2011 do not correspond. On the other 
hand, the CHIRPS rainfall (Fig. 8b) and the shallow water table variation follow Lake Victoria’s typical rainfall trend that is reported by 
Kizza et al., 2011. Lake Victoria has a notable influence on the groundwater levels in the Nyando wetland than does rainfall. 

The daily time series for the Nyando midlands (Fig. 11) shows higher temporal variability with peaks at close intervals and narrow 
hydrographs. There is an immediate increase in water table levels after a rainfall event in 4 rainy clusters (Fig. 12). Also, the CHIRPS 
rainfall used for this analysis may not always capture the actual rainfall. The water table levels appear to respond strongly to rainfall 
observed in Mbogo Valley in the highlands. However, rainfall-water table relations are complex since there is concurrent influence by 
other hydrological and hydrogeological aspects like permeability and evapotranspiration (Gaalen et al., 2012). 

The monthly time series (Fig. 11) is highly attenuated. The water table levels are high in October, followed by a steady decrease 
until February, after which there is a water level increase with a major peak at the beginning of June. Like in the wetland water levels, 
the trend is similar to the rainfall trend in a water year for the Lake Victoria basin. The monthly time series show high water levels 

Fig. 10. Annual shallow water table hydrograph from five Nyando wetland stations. The location of the stations in the wetland is shown in Fig. 7. It 
also indicates Lake Victoria level hydrograph (the blue dashed line)-the levels were obtained from the Database for Hydrological Time Series over 
Inland water (DAHITI) (Schwatke et al., 2015). The wetland groundwater levels follow a similar trend as Lake Victoria levels. 
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during the MAM period in general. 

3.3.1. Spatial groundwater variability 

3.3.1.1. Shallow water table. The groundwater flow is topography driven and is towards Lake Victoria (Fig. 13). The R2 value for 
ground elevation vs. water elevation is 0.99. There is a groundwater divide, a zone of high hydraulic heads where the groundwater 
contours face the downstream, in the downstream sections of Nyando and Nyamasaria River basins, at water levels up to 1160 m asl. 
This is lacking in the upstream. Furthermore, the water table and the surface water divides appear in the same zone over a short stretch 
within the 1148− 1160 m hydraulic head zone. DHV (1988) developed a similar flow regime where the highest levels occurred in the 
North East and the highest gradients at the Nandi and Kendu escarpments. In most parts, the rivers gain groundwater since water table 
contours point upstream when they intersect with rivers. The faults at the floor of the Kano Plains may have a sealing effect in the 
shallow aquifer since there are no drastic changes in hydraulic gradients at their locations. 

The aquifer is mainly silty, with a few observations of sands and gravels occurring in the upstream.. Most of the observed yields lie 
within 0− 3000 l/hour. According to Ascott et al. (2019), Well yields are affected by the aquifer’s hydraulic properties, pump intake 
depth, and characteristics of the main inflow horizons. In this unconfined aquifer, the wells screened in aquifers with coarser materials 
have higher yields in general. 

Fig. 11. Monthly time series for the shallow water table in the Nyando midlands and a daily time series for well S4. The year has been divided 
according to the meteorological seasons of the water year of the Nyando River basin . 

Fig. 12. CHIRPS rainfall (top) and water table level (bottom) data used for rainfall-water table relationship analysis for the Nyando midlands. 
Generally, there is an immediate increase in water table levels after a rainfall events. 
(Print in color) 
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3.3.1.2. Potentiometric level 
The deep groundwater flow is also topography driven and generally flows towards Lake Victoria (Fig. 14). A calculated R2 for 

ground elevation vs water level elevation is 0.97. The groundwater flows towards a low water pressure zone close to the Lake Victoria 
shores, where there is a high density of boreholes. Also, this zone is underlain by a dense fault network. There could be a vertical flow of 
groundwater into the possibly fractured bedrock. 

A groundwater divide occurs at water levels between 1115− 1144 m. The surface water divide appears to the left, and the two do 
not coincide. The faults that divide the Kano Plains into three longitudinal segments do not appear to affect the water flow since the 
hydraulic gradients here do not vary significantly. The water contour orientation at the intersection with rivers does not indicate the 
connection of this aquifer with the river. The yields are higher than those in the top aquifer, with most reported values greater than 
18000 L/h. The deeper aquifer has coarser materials in general. 

3.4. Hydrochemistry 

The highest EC value (10,707 mmho/cm) is from shallow groundwater. However, the waters here are generally slightly saline since 
the reported values range is10− 2110 mmho/cm. The high values occur close to Lake Victoria (Fig. 5), before the Nyando and Nam 
Thoe wetlands. This finding is similar to EC maps from DHV (1988) that showed high EC values occurring in this region. However, the 
current analysis reveals compartmentalized high EC zones. The shallow recent swamp clays in the swamps may impede cations and 
anions rich groundwater from discharging into Lake Victoria, making the zone a sink for minerals. The faults network in this zone 
divides the region into blocks, and compartmentalized groundwater flow could occur. A viable conclusion is that the groundwater here 
is not connected to Lake Victoria, which, according to Mwirigi et al. (2006), is non-saline. However, seepage of the saline groundwater 
would have an insignificant effect than other freshwater inflows, i.e., rainfall and rivers, and would not change the lake’s chemical 
properties. 

Measurement in EC for the deep groundwater is limited to Kano Plains’ northern and middle sections (Fig. 5). The range of 
measured values is 200− 2000 mmho/cm. The values fall within the same range as that of the overlying shallow groundwater. Since 
measurements are not available in the other regions, it is impossible to assess whether compartmentalization also occurs. It is, 
therefore, not possible to deduce connectivity between the two groundwater systems using EC. The spring water is non-saline since 
their EC values range from 23− 1140 mmho/cm, and most of the measurements are below 300 mmho/cm. The springs are found at 
high altitudes, outside of the Kano Plains, and the groundwater recharge from rainfall may cause this dilution. 

Fig. 13. Shallow water table map of the Kano Plains. It shows a groundwater divide in the downstream. Also shown are the data locations where 
water table level measurement is available, distribution of well yield, faults, and rivers. si represents silt aquifer material, g, gravel, and sa, sand. 
(Print in color). 
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Some statics for the other chemical data available are shown in Table 3. The chlorides are also a measure of salinity and follow the 
same trend as the EC in the shallow groundwater. The highest values are reported in the high EC zones in shallow groundwater. Apart 
from Alkalinity hardness, Mn2+ which follows a similar trend; the other parameters do not show any trend. The highest alkalinity for 
the springs is observed in the east, at the slopes of Tinderet Mountain, and in the south, in the Nyabondo Plateau. High fluoride values 
are observed at the slopes of the Tinderet Mountain, while high chloride observations are observed in the Kendu escarpment. There is 
no trend in the hardness levels while NH4

+and NO3
− are highest at the north, to the west of the Nandi escarpment. The Tinderet 

mountains and the Kendu escarpments appear to be the primary sources of cations and anions in the Kano Plains. The main rock types 
are basalts, tuff, and granites. Besides, the water flows through sandstones, alluvial sands, silts, and clays, and these are rich in most 
naturally occurring minerals like iron, manganese, and carbonates. Limestones have also been reported in the Pleistocene sediments in 
the northern part of Nyakach, and the high EC values are recorded here. 

Fig. 14. Potentiometric map of the deep aquifer of the Kano Plains groundwater system. A short section of the surface water divide (1134–1144 m 
asl) in the middle of the coincides with the groundwater divide. There is a zone of low water pressure downstream but does not extend to Lake 
Victoria. The map also shows the locations of all potentiometric level measurements available. It also shows the faults and rivers in the area. 
(Print in color). 

Table 3 
Range of chemical parameters of groundwater (mg/l) in the Kano Plains.  

Parameter 
Shallow wells Springs Boreholes Kenya Standards WHO standards 

Min Max Min Max Min Max   

Alkalinity (CaCO3
) 22 110 34 536 92 999 – – 

Hardness (CaCO3) 4 362 10 325 10 157 – – 
Iron (Fe2+) 0.01 2 0.01 2.5 – – 1.0 0.3 
Manganese (Mn2+) 0.01 0.05 0.01 2 0.01 0.4 0.5 0.4 
Chloride (Cl− ) 1 294 2 27 3 46 600 250 
Fluoride (F− ) 0.1 2 0.3 1.7 0.04 >2 1.5 1.5 
Ammonia (NH4

+) 0.01 2.3 0.01 2.45 0.02 0.3 – – 
Nitrate (NO3

− ) 0.3 20 0.15 56 0.02 3.5 30 50 
pH (-) 5 9.5 6 8 6 8 6.5− 8.5 6.5− 8.5 
EC (mmho/cm) 10 10,707 23 1140 200 2000 2500 400  
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3.5. Groundwater abstraction and recharge 

The highest estimated groundwater recharge from rainfall is in the Muhoroni Division, 101 mm/year, attributed to higher rainfall 
and the recent coarse deposits. The recharge for Nyando, Winam, and Nyakach divisions is 24, 0, and 25 mm/year (DHV, 1988). The 
area-weighted average recharge for the entire Kano Plains is 33 mm/year ≡ 3.8 × 107 m3/year. 

There is also recharge at Kendu fault is estimated at 2.3 × 106 m3/year. The estimate for the recharge at the Nandi fault is not yet 
known. 

Based on the distribution of shallow wells, a distributed abstraction scenario prevails in the top aquifer. DHV (1988) estimates a 
total abstraction of 2.9 × 106 m3/year with the Winam division being the most abstracted region taking >90 %. Most boreholes are in 
Muhoroni and Nyakach divisions, and the abstraction estimate from the deep aquifer is 2.6× 105 m3/year. Current estimates can be 
calculated by using population forecasting and assuming a similar proportion of the population uses groundwater and multiply by 30 L, 
the daily per-capita consumption in rural Africa. 

4. The hydrogeological conceptual model 

Based on available data, the hydrogeological conceptual model is proposed (Fig. 15). It shows the highland and a lowland (Kano 
Plains) groundwater system separated at the base of the escarpments by faults, which are barriers to groundwater flow. The lowland 
system has an unconfined and semi-confined aquifer. The top is a heterogeneous discontinuous layer from recent deposits. The aquifer 
materials here include alluvium, river alluvium, sand gravel, stones, colluvium, and talus scree embedded within an aquitard. The 
bottom aquifer is also heterogeneous and composed of upper and lower Pleistocene layers with varying sequences of silty sand, clayey 
sand, sandy gravel, gravel, clayey silt mudstone, limestone. A shallow bedrock bound within faults runs along the Kano Plains dividing 
the aquifer system into three longitudinal segments. 

The Nyando River, together with other small rivers, flow from the highlands and cut through Kano plains before draining into the 
Nyando wetland and or into the Lake Victoria. Highlands groundwater that seeps through the fault zone is the primary source of 
recharge into the deep aquifer. The unconfined aquifer is mainly rainfed. 

5. Conclusions 

The physical and process conceptual structures have been evaluated for the Nyando River basin. Several key aspects have been 
defined based on available geological, hydrogeological, hydrological, hydrochemical, and meteorological data:  

1 The Nandi and Kendu faults at the escarpments are the spatial boundary between the highlands and Kano Plains groundwater 
system, and the two can be studied separately.  

2 Since there is an indistinct groundwater divide between Nyando and Nyamasaria river basins in the lowlands, it is advisable to 
include the entire Kano plains when undertaking hydrogeological studies in the Plains. Otherwise, the characterization of the 
groundwater divide should be done. 

Fig. 15. A hydrogeological conceptual model of the Nyando River catchment, including the Kano plains. R1 = 3.8 × 107 m3/year; R2 = 2.3 ×

106 m3/year; Q1 = 2.9 × 106 m3/year, and Q2 = 2.6× 105 m3/year. 
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3 The groundwater in the Kano plains is topography driven, and the general flow is towards Lake Victoria. On the contrary, 
hydrochemical analysis shows that the groundwater may not be discharged into the lake. The groundwater connectivity with Lake 
Victoria is therefore not definitive, and further studies are needed.  

4 Rainfall has a more significant influence on short-term water table variability but a minimum effect in the long-term. As a result, for 
regional-scale studies, a steady-state flow state can be assumed since groundwater levels do not vary significantly over time. 
However, in studies that require quantification within small time steps, a transient approach is appropriate since the groundwater 
levels at the Nyando Basin midlands levels show significant short-term variability.  

5 The well yields in the bottom aquifer are higher due to the coarser Pleistocene deposits and are dependent on the characteristics of 
the main inflow horizons. The transmissivity ranges from 30m2/day in the fine sediments to 60 − 100m2/day in the coarse zones.  

6 The study contradicts the previous perception that the Kano Plains is overexploited since the groundwater recharge exceeds annual 
abstraction by order of magnitude. 
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