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coming established on the East African
coast.

• New methodology used to estimate ab-
straction in areas with uncertain or no
abstraction data.

• Even after severe droughts, recharge re-
covers from current abstraction rates.

• The shallowaquifer that local communi-
ties rely on is less resilient to drought
than the deep aquifer.

• Aquifer storage recovers the year after
drought but groundwater quality does
not.
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The industrialization process taking place in Africa has led to an overall increase in groundwater abstraction in
most countries in the continent. However, the lack of hydrogeological data, as in many developing countries,
makes it difficult to properlymanage groundwater systems. This study presents a real case study inwhich a com-
bination of different hydrogeological tools togetherwith different sources of information allow the assessment of
how increased competition for water may be affecting groundwater systems by analysing the sustainability of
new abstraction regimes under different real climatic condition (before, during and after La Niña 2016). The
area where this approach has been applied is Kwale County (in Coastal Kenya) in a hydrogeological context rep-
resentative of an important part of the east coast of the continent, where new mining and agriculture activities
co-exist with tourism and local communities. The results show that the lack of aquifer systems data can be over-
come, at least partly, by integrating different sources of information. Most of the time, water-reliant users collect
specific hydrogeological information that can contribute to defining the overall hydrogeological system, since
their own main purpose is to exploit the aquifer with the maximum productivity. Therefore, local community
water usage, together with different stakeholder's knowledge and good corporate water management act as a
catalyst for providing critical data, and allows the generation of crediblemodels for future groundwatermanage-
ment and resource allocation. Furthermore, complementary but simple information sources such as in situ inter-
views, Google Earth, Trip Advisor and easy-to use analyticalmethods that can be applied in the African context as
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inmany developing countries, and enables groundwater abstraction to be estimated and the sustainability of the
aquifer system to be defined, allowing potential future risks to be assessed.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The exploitation of groundwater generates different types of nega-
tive externalities (Giannoccaro et al., 2017): (i) reduced availability of
the resource for other current or future uses; (ii) increase in extraction
costs; (iii) possible risk ofwater quality degradation; and (iv) damage to
groundwater dependent ecosystems. If the exploitation of groundwater
occurs close to the coastline, other negative externalities and costs are
generated: (i) reduced groundwater supply due to enhanced corrosion
and well failure; (ii) health problems, (iii) negative effects on agricul-
ture, since crop, land quality and cropping area potentially decline
(SASMIE, 2017).

Anticipated increases in abstraction must be considered together
with the expected increase in droughts in dry periods and precipitation
in wet periods (Solomon and Qin, 2013; Stocker et al., 2013). Climate
change will affect hydrogeological system dynamics and their water re-
sources quality (Mas-Pla and Menció, 2018). For example, aquifer re-
charge reduction caused by climate change is an important factor in
aquifer salinization (Oiro and Comte, 2019). The increased abstraction
is poorly compatible with the sustainable use of coastal aquifers
where there is a high population density and where tourism is concen-
trated (Dhar and Datta, 2009; Mantoglou, 2003; Okello et al., 2015),
since the use of coastal groundwater is compromised by salinization
(Michael et al., 2017). Many coastal aquifers in the world are currently
experiencing intensive saltwater intrusion (SWI) caused by both natu-
ral and man-induced processes (Custodio, 2010; De Filippis et al.,
2016a, 2016b; SASMIE, 2017; Werner et al., 2013).

In the last couple of decades many African countries have seen un-
precedented economic growth rates, and this has drawn the region
into the global limelight (World Bank, 2013). This growth has led to
an increase in groundwater abstraction in most African countries
(Adelana and MacDonald, 2008). The drilling of new deep boreholes
with higher abstraction rates than traditional dugwells or shallowbore-
hole handpumps has increased in many areas to meet the water de-
mands of these new economic activities (Comte et al., 2016).

The high socio-economic and ecological importance of groundwater
and the fact that groundwater is an important strategic resource are
recognised throughout developing countries. A study by Pavelic et al.
(2012) emphasizes that data on groundwater systems throughout
Sub-Saharan Africa SSA are sparse, so the current state of knowledge
creates a barrier to sustainable groundwater development. In order to
define realistic local management policy it is essential to understand
groundwater use and users. One of themajor challenges to proper gov-
ernance is lack of scientific and general (social, economic, environmen-
tal among others) knowledge about aquifers. Without an adequate
general understanding of aquifers, actors may not properly identify
the source of aquifer pollution or depletion and may be prone to blam-
ing each other for mismanagement (IGRAC, 2019). Thus, in the absence
of coordinated efforts to manage aquifers, it is unlikely that any ad-
vanced understanding will be achieved. This paradox is the crux of the
groundwater governance challenge and perhaps explains why effective
groundwater governance regimes are still elusive today.

Therefore, key aquifers need urgent characterization to change the
current situation, in which development proceeds with insufficient
aquifer knowledge (Olago, 2018). One of the main challenges when
studying these aspects in developing countries is the lack of informa-
tion, especially with respect to abstraction data and the location of ab-
straction well fields, in order to determine the possible future impacts
at the local and/or regional scale on groundwater systems. To the
knowledge of authors, there are no studies that determine the effects
of new abstractions in relation to current economic growth in Africa.

Hence the aim of this study is to present a real case study in which a
combination of different hydrogeological tools together with different
sources of information allow the assessment of how increased competi-
tion for water may be affecting groundwater systems by analysing the
sustainability of new abstraction regimes under different real climatic
conditions. The coastal area of Kwale (Kenya coast) has been selected
as a unique case due to: 1) local communities co-existwith tourist activ-
ity in the coast and newwater-reliant industries established since 2012,
representative ofwhat is happening inmany areas of the continent; and
2) this area presents a hydrogeological context representative of an im-
portant part of the East coast of the continent. Furthermore, aquifer sus-
tainability has been assessed during a drought period caused by the
2016 La Niña event and during the following recovery period after the
significant rains of 2017.

The approach presented looks to avoid repeating the errors made in
many areasworldwide, such as in theMediterraneanbasin,where some
coastal aquifers were salinized decades ago by tourism, industrial and
agricultural groundwater abstraction and where local economies suf-
fered the consequences, costs and expense of developing the new
water sources that were required (SASMIE, 2017). In this regard, some
final remarks are made considering the socio-economical and institu-
tional situation in many parts of the Africa continent.

2. Methods

2.1. Application area

The 660 km2 study site is located in Kwale County, on Kenya's south-
ern coast, around 50 km south of Mombasa; it had a 2013 population of
around 730,000 (Commission on Revenue Allocation, 2013). Themajor-
ity (82%) of Kwale's inhabitants live in rural areas in small and scattered
communities. The coastal areas host urban communities, including
Ukunda, Msambweni and Diani. Most of the local economy is based on
small-scale agriculture.

Protected wells and boreholes are accessed by more than a fifth of
the county's populace and 43% of households use an improved drinking
water source (Foster and Hope, 2016). There are around 300
handpumps providing drinking water to local communities, schools
and healthcare centres scattered across the study area. These
handpumps are used daily by the population to fill buckets for different
purposes, such as drinking and domestic water uses. The coastal strip
has a long established coastal tourism industry at Diani. Most of the ho-
tels are located in the coastal area in the north of the study area. Further-
more, the Ukunda area has many private homes that have their own
shallow well or borehole. In the last two decades, the acquisition of
small parcels of land has increased in this area to build bungalows/mai-
sonettes for which the source of water for construction and supply is
often groundwater.

Since 2012, two new, major economic activities have been
established in Kwale County, increasing the pace of environmental, eco-
nomic and social change in the area. One is the country's largest mining
operation: the Kwale Mineral Sands Project, operated by Base Titanium
Ltd. (Base). The other is irrigated sugarcane by the Kwale International
Sugarcane Company Limited (KISCOL). Water demand for both compa-
nies is met by a combination of surface and groundwater.

The Special Mining Lease operated by Base Titanium cover 1661 ha.
The Project resource comprises two dunes that contain economically
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viable concentrations of heavy minerals. These two areas are separated
by the Mkurumudzi River (Fig. 1). Mine construction was completed at
the end of 2013 and the first bulk shipment of mineral departed from
Mombasa in February 2014. Projected 2019 production is up to
450,000 t of ilmenite; 93,000 t of rutile (14% of the world's rutile out-
put); and 37,000 t of zircon. The total mineral resource on 30th June
2018 was estimated to be 134 million t.

Currently KISCOL's sugarcane fields occupy a total area of 5500 ha, of
which 4100 ha has been put to cultivation of sugarcane since 2008;
800 ha are currently under sub-surface drip irrigation (www.kwale-
group.com). The fields are located in the Kinondo, Milalani/Shirazi and
Nikaphu areas, the last one being located south of the study area
(Fig. 1). The factory has the capacity to crush 3000 t of cane per day
and it is projected to produce 3500 t/day of sugar at full capacity, self-
generating 18MWof electricity in a bagasse-fired power plant, and pro-
ducing around 50,000 L/day of ethanol (http://www.kwale-group.
com). The planned area for irrigated (not rain-fed) sugar at KISCOL is
3000 ha, to be achieved when all dams and the bulk water system
(BWS) is completed in the coming years.

The study area is divided into 4 zones (Fig.1) that represent the areas
where each economic activity takes place. Zone 1 covers the area where
the sugar fields irrigated with groundwater from in-situ boreholes are
located; Zone 2 includes the mine and its well field; Zone 3 is the area
where the sugar fields are irrigated with surface water from the
Mtawa River but not from boreholes; and Zone 4 includes the area
where most of the hotels are located.

2.1.1. Climate
The area experiences a bimodal rainfall pattern: 1) “long rains” gen-

erally fall from April to June (AMJ), and “short rains” occur between Oc-
tober and December (OND) (CWSB, 2013). The driest months on the
Fig. 1. Location of the study area, which is divided into four zones according to the different eco
the mine; 2) includes Base Titanium mining facilities; 3) includes KISCOL's Kinondo fields; and
coast are those from January to March (JFM). The precipitation range
is between 900 and 1500 mm/year and the average temperature is
about 26.5 °C (County Government of Kwale, 2013). In recent years,
from 2012 to 2017, the average rainfall was 1145 mm/year. Rainfall in
2013 (1286mm) and 2017 (1265mm)were close to the averagewhilst
2014 (1604 mm) and 2015 (1345 mm) were well above, and 2012
(711 mm) and 2016 (636 mm) were both well below the average.
From May 2016 to early 2017, the study area experienced unusually
dry conditions. Local weather data (Kwale Agricultural Department Sta-
tion KMD 9439001 in Kwale) suggest that this period represents one of
the most extreme droughts since 1974 in this area (Ferrer et al., 2019).

2.1.2. Hydrogeology
The region is physiographically divided into three units, from inland

to the coast: the Coast Range (ShimbaHills) in thewest, with elevations
ranging from366 to 454m a.s.l (abovemean sea level); the Foot Plateau
from 60 to 137m a.s.l., and the Coastal Plain, generally below 50m a.s.l.
(Fig. 2).

The conceptual model of the groundwater system has been defined
in detail in Ferrer et al. (2019). This aquifer system comprises two
hydrogeological systems: a shallow aquifer composed of young geolog-
ical materials, including silicate sands (Pliocene Fm.) and carbonates,
corals and sands (Pleistocene Fm.), and a deep aquifer composed of
older materials, mainly sandstones (Jurassic and Triassic) which crop
out in the western part of the area in the Shimba Hills range. The shal-
low aquifer thickness is 25 m thick and the deep aquifer is around
350 m thick (ISGEAG, 2019). The hydrochemical facies and the water
isotopic composition indicate that there is hydraulic connectivity across
the materials that comprise the shallow aquifer. The same data show
that the Mazeras sandstones in the Shimba Hills are hydraulically con-
nected with the deep aquifer.
nomic activities present: 1) includes the larger part of KISCOL'sMilalani fields and a part of
4) includes the major proportion of hotels and private plots.

http://www.kwale-group.com
http://www.kwale-group.com
http://www.kwale-group.com
http://www.kwale-group.com
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The Kilindini sands and coral limestone form the major part of the
shallow aquifer in the study area. The deep aquifer acts as a confined
unit due to the presence of a very low permeability aquitard emplaced
between the young and oldmaterials. This confined aquifer is disrupted
across the area by two in-filled palaeochannels perpendicular to the
coast (in Zones 1 and 3) that enhance the connectivity between the
shallow and deep aquifer in each of these zones. These palaeochannels
are filled with sedimentary and re-worked fluvio-deltaic materials.

The shallow aquifer is directly recharged by local rain through the
ground surface and the deep aquifer is recharged laterally from the
Shimba Hills where it outcrops. The discharge of both aquifer systems
is at the littoral zone of the Indian Ocean (Fig. 2). Equipotential lines
of the shallow aquifer show that the groundwater flow direction is
from the Shimba Hills to the Indian Ocean (Fig. 2). The potentiometric
map and the hydrochemistry indicate that the Ramisi (Zone 1) and
Mkurumudzi (Zone 2) Rivers are gaining streams, receiving water
from the aquifer, at least in their upper parts (Ferrer et al., 2019).
2.2. Estimation of the water budget with lack of data

2.2.1. Recharge estimation
In order to assess the sustainability of the aquifer system during the

2016 La Niña drought and the recovery period in 2017, the total re-
charge to the aquifers of the study area needs to be known, as it is the
main input to the system (Ferrer et al., 2019). The recharge was calcu-
lated following the methodology presented in Ferrer et al. (2019),
based on the soil water balance for the period 2010–2017. As the reso-
lution of the geologicalmap is not the optimal to obtain proper recharge
estimation, the soil and terrain database for Kenya (KENSOTER) was
used as the principal data source to define the soil properties for the
study area. The information of the soil map has been correlated with
the geological map and validated with several field samples in different
locations across the study area.
Fig. 2.Geological mapwith themain faults and the two palaeochannels (red dotted lines) show
the locations of thewellfields developed by Base Titanium and KISCOL (Milalani area). (For inte
version of this article.)
In that study, groundwater recharge was calculated for each land
cover type and each soil type, following the process presented in the
supplementary material. Rainfall data and meteorological parameters
were obtained from three different stations for the period 2010–2015.
At the end of 2015, 11 manual rain gauge stations were established
across the study area. These new data improved the accuracy of re-
charge estimation. During 2016–2017, temperature data were obtained
from the Trans-African HydroMeteorological Observatory (TAHMO)
stations (www.tahmo.org) (Fig. 3).

2.2.2. Current and future abstraction estimation
One of the main challenges when studying this type of area is the

lack of information, especially abstraction data and the location of pro-
duction boreholes. Depending on the abstraction data available in a
specified area, different methodologies can be applied. The abstraction
data accuracy will depend on the information source used.

In the study area, it proved very helpful to integrate information
from the Water Resources Authority (WRA) and from groundwater
users in the area (particularly themining and sugar companies). The ab-
straction permits for each economic activity were obtained from the
Water Resources Authority (WRA). The WRA data comprised the per-
mitted daily well/borehole abstraction volumes for individual con-
sumers and companies, such as Base, KISCOL, the hotels in the South
Coast, and community boreholes. However, not all the abstraction
data from the different water users have the same accuracy.

Base Titanium provided daily abstraction data from the end of 2013
to 2017. These actual abstraction estimates are very accurate.

Unlike Base Titanium, KISCOL's actual abstraction rates were not
available. However, the company report that they control drip irrigation
by means of soil humidity sensors to conserve water. Therefore,
KISCOL's estimated monthly abstraction is based on soil evaporation
deficit (ETD). The ETD is the difference between potential evapotranspi-
ration and actual evapotranspiration under natural conditions, which
gives the minimum amount of irrigation water required to maintain
n. Potentiometric contoursmeasured in theMarch 2016field survey. The triangles indicate
rpretation of the references to colour in this figure legend, the reader is referred to theweb

http://www.tahmo.org


Fig. 3. (Left) Average recharge from 2010 to 2017 in mm/d. (Right) Recharge difference between La Niña (2016) and a normal climatic year (2017). The coloured dots are the
meteorological stations used to calculate the net recharge. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the soilmoisture that allows the crop to get thewater it needs.Multiply-
ing the ETD by the KISCOL irrigation area, the minimum crop water re-
quirement (MCWR) is obtained.

Observed groundwater abstraction was available for only one hotel
located at the coast in Zone 4. Therefore, a complementary estimate of
hotel abstractions using other data sources was made. Hotel locations,
both those with and without WRA permit data, were obtained from
Google Earth. The number of rooms for each hotel and the hotels' class
were collected from the TripAdvisor webpage. Total groundwater vol-
ume consumed by hotels was estimated using the consumptions speci-
fied in the Practice Manual for Water Supply Services in Kenya (2005)
for each type of hotel, assuming a water use of 600 L/day per bed for
high class hotels and 300 L/day per bed for medium class. For 35% of
the hotels identified fromGoogle Earth, interviewswith hotelmanagers
validated consumption data. The Kenya National Bureau of Statistics
(KNBS) provided bed occupancy data for the South Coast 2015 to
2017. Despite hotel abstraction data not having the same degree of ac-
curacy as Base Titaniumdata, using thismethodology it is possible to es-
timate the order of magnitude of hotel abstraction.

The average abstraction of the community handpumpswas obtained
from Water point Data Transmitters (WDTs), which provide reliable
real-time data on handpump usage (Thomson et al., 2012). Using a
low cost integrated circuit (IC) based accelerometer, theWDT automat-
ically monitors the number of strokes made in operating a handpump
and then transmits this information to a computer over the GSM net-
work. Volumetric abstraction was calculated from the accelerometer
data for the period 2014–2015. These data provide information on
hourly pump use.

The abstraction of the water-reliant industries will increase in the
near future; Base Titanium planned to drill more boreholes within the
same wellfield, thus increasing the total groundwater abstracted. In
the absence of any better estimates, we arbitrarily assumed a 20% in-
crease in groundwater abstraction for irrigated sugar. The Draft Kwale
Water Master Plan has assumed a 1% growth per year in water demand
for the tourism sector over the next 20 years. In order to supply more
water to the population, theWater SupplyMaster Plan (2018) forMom-
basa and other towns within the Coast Province (CWSB, 2016) has pro-
posed developing the Msambweni wellfield to meet future demand for
themiddle and south coast zones. This is the considered future scenario
for groundwater abstraction.
2.2.3. Groundwater levels and quality data
Groundwater levels and quality data, such as field physicochemical

parameters (pH, temperature, electrical conductivity …), are easy and
cheap to obtain in countries with lack of data. Therefore, it is relevant
to create a monitoring network managed by local people with low
cost in order to obtain hydrogeological data for a specified period to
evaluate changes under different climatic conditions.

In order to assess the possible effects of the water-reliant industries
on the groundwater system, hydrochemical field data obtained during
the La Niña event in 2016 from Ferrer et al. (2019) were used.
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In order to study the aquifer recovery after the La Niña event in the
study area, the groundwater level and electrical conductivity (EC) of
23 points were measured in Magarini sands, Kilindini sands and the
Pleistocene corals every two weeks, with a groundwater level range
from 4 m bgl to 27 m bgl (below ground level) after the La Niña event
(April 2017), until December 2017. These points are part of a monitor-
ing network in which groundwater levels and physicochemical param-
eters were measured every two weeks. Fortnightly groundwater levels
of 35 piezometers measured by Base Titanium in its monitoring net-
work (2012–2017) have also been used to study the aquifer response
as well as the potential interaction between the shallow and the deep
aquifer during the study period.

To represent EC evolution in the study area, this information was
mapped for each of the seven field surveys using ArcGis 10.0 software,
and the hydrogeochemical analysis tool QUIMET (Velasco et al., 2014).
To represent the spatial distribution of the variables, the Inverse Dis-
tance Weighting (IDW) method was used, which is a deterministic
method that allows multivariate interpolation from a set of known
scattered points. The EC data were obtained from different wells mea-
suredduring thefield surveys carried out in the study area in September
2013, March 2014, June 2014, March–May 2015, and September 2015.
The physiochemical parameters measured in situ were temperature,
pH and EC25 (electric conductivity at 25 °C) bymeans of a Hanna Instru-
ments meter.

In order to understand the geochemical processes occurring in the
area affected by seawater intrusion (SWI), a geochemical modelling ex-
ercise was carried out to understand the long-term evolution in this
geological context and the potential impacts of SWI dynamics. Given
the composition of the Pleistocene corals, different geochemical models
considering several conceptual hydrogeological models were generated
to understand which reactions are taking place, to what extent, under
which conditions, and how water quality and aquifer mineralogy
could change due to SWI.

PHREEQC software was used to simulate the mixing between fresh
groundwater located inland in the Pleistocene formation with EC
b 1000 μS/cm and one sample from the saline water upwelling on the
beach (Diani), which is 83% seawater according to chloride concentra-
tion (Table 1. Supplementary material). A total of 20 mixed waters
were simulated.

3. Results

This section presents all the results analysed in order to determine
the sustainability of the groundwater system. First of all, the recharge
from 2010 to 2017 and its change is assessed, since it is the main
water input of the system and key to understanding the water budget.
Secondly, abstraction for each groundwater use is estimated and used
as outputs from the groundwater system. In the third component, the
Table 1
Rainfall and temperature data from different meteorological stations used to calculate
groundwater recharge. The location of each station is shown in Fig. 3.

Rainfall &
temperature
2010–2015

Rainfall from manual rain
gauge
station 2016–2017

Temperature
2016–2017

SWAT N° 45395 Boyani station TAHMO Kidongo gate
Footprints

Kidongo gate
KISCOL

Muhaka ICIPE
Mwachande

SWAT N° 45394 KISCOL TAHMO Msambweni
SACOMuhaka

SWAT N° 42397 Hobo Msambweni TAHMO Msambweni
SACOJabalini

KISCOL
Mwachande
groundwater level evolution is analysed as themain indicator of storage
changes in the system, showing the relationship between system inputs
and outputs. To evaluate the system in the coastal zone, where ground-
water quality plays an important role in the sustainability of the system,
the evolution of electrical conductivity (as a proxy for salinity) is
analysed. Finally, the results of the geochemical models, which are
needed to understand the geochemical processes occurring in the area
affected by seawater intrusion, are also presented.

3.1. Recharge

Total recharge volume was calculated for an area of 660 km2. This
area is bigger than the four study Zones (Fig. 1), covering the recharge
area of the shallow and deep aquifers from the sea to the Shimba Hills
(Ferrer et al., 2019). While the shallow aquifer is recharged directly
from the surface, the underlying deep aquifer is recharged from the
Shimba Hills. To estimate recharge across the study area, 123 soil
water balances were calculated (Fig. 3).

The spatial distribution of recharge follows the rainfall spatial pat-
tern. Higher recharge occurs near the coast and decreases inland, west
of Shimba Hills. However, in the eastern Shimba Hills (around
450 m a.s.l., see Fig. 1) recharge is higher. The highest average recharge
volume for the period 2010–2017 occurred in areas underlain by ferralic
arenosols, which have low usable soil water reserves (UR). Some areas
overlying the shallow aquifer in the Kilindini and Magarini sands also
have this type of soil. On the contrary, lower average recharge occurs
in areas with high UR ferric acrisols. These soils are mainly located on
the Mazeras sandstone, in the Shimba Hills.

The total recharge during La Niña in 2016 was 58·106 m3/year, 74%
less compared to 2017 (224·106 m3/year). A comparison of recharge
during La Niña with previous years (Table 2) shows that there is mini-
mal correlation between total annual rainfall and total annual recharge.
This is because the rainfall intensity and distribution through the year
influences net recharge, rather than the total annual volume of rainfall.
High rainfall peaks produced by intense but short storms aremore effec-
tive in driving recharge than lower,more continuous rainfall. An intense
rainfall event (N100mm) on a saturated catchment leads to intense and
significant recharge. This is consistent with other studies on the phe-
nomenon (Taylor et al., 2012; Taylor and Jasechko, 2015). The recharge
volume represents 7% of the annual rainfall in the driest years, but up to
23% in 2017.

3.2. Groundwater use by water-reliant industry

In this sub-section we present a detailed description of each water-
reliant user in the area and its abstraction rate estimate.

3.2.1. Base Titanium Ltd
The mining company constructed and commissioned an 8.4 106 m3

water supply dam on the Mkurumudzi River to meet most of its water
requirements for mining. This supply is backed up by a wellfield com-
prising four, 95–105m deep boreholes. At the end of 2013, both surface
and groundwater were abstracted to start the mine. The average
Table 2
Annual precipitation in mm/year obtained from the different meteorological stations lo-
cated in the study area (Table 1) and the annual recharge volume in 106 m3/year.

Year Precipitation (mm/year) Recharge (106 m3/year)

2010 1022 71
2011 1406 160
2012 987 50
2013 1154 86
2014 1715 156
2015 1757 169
2016 867 58
2017 1442 224



Table 4
Hotel groundwater abstraction (m3/d) based on different information sources.

Source Kind of data Number of
points
with
available
data

Abstraction
(m3/day)

WRA WRA allocation permits 29 2760
Hotels Answer direct from the Hotels 38 1809
Estimate Google Earth + Trip Advisor + Manual for

Water Supply Services
91 3272
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groundwater abstraction for a “normal climate year” such as 2014 and
2015 was 1449 and 1806 m3/day, respectively. However, during the
2016 La Niña event, this abstraction increased by around 66% to
4272m3/day on average (Table 3). After the La Niña event, the daily av-
erage abstraction fell by around 26% (3370m3/d) in 2017, compared to
2016 (Fig. 4). It should be pointed out that Base Titanium recycles a con-
siderable proportion of process water: in 2016, it recycled N70% of the
total daily water use. It improved in 2017, recycling around 78%.

The mine site is located on the Pliocene formation but the Base
wellfield is on the Kilindini sands (Pleistocene) east of the mine
(Fig. 2). These production wells are screened in the deep aquifer, to en-
sure that groundwater is pumpedonly from the Jurassic and Triassic for-
mations. This was a deliberate design philosophy to reduce as much as
possible adverse effects to the shallow aquifer that local communities
use for water supply.

Adjacent to each operational borehole a shallow and deep monitor-
ing piezometer measures the groundwater level fluctuations under
baseline conditions and due to subsequent abstraction. Under natural
conditions before abstraction started in 2013, the deep groundwater
levels were higher than the shallow groundwater levels as the piezo-
metric control area of the confined deep aquifer is at a higher elevation,
in the Shimba Hills. Once abstraction started at the end of 2013, the
shallow piezometric trend shows a limited effect from pumping from
the deep aquifer, maintaining the hydraulic relationship between the
shallow anddeep aquifer, except sporadically due to occasionally higher
abstraction rates, as in April 2014 (Fig. 4). However, during the dry year
of 2016 (the La Niña event), some deep boreholes had a piezometric
level below the shallow aquifer groundwater level.

Since 2013, Base Titanium has also monitored the groundwater
quality in its production boreholes and some shallow and deep commu-
nity wells spread around the mine. The hydrochemical composition of
the pumpedwater from 2013 to the present (data not shown, Base Tita-
niummonitoring network) indicates that there is no significant change
in groundwater quality in the groundwater pumped from the deep
aquifer, even during the La Niña event. The EC values measured in the
inland deep community wells monitored by Base Titanium have been
b1500 μS/cm from 2012 until the present.

3.2.2. KISCOL sugar fields
KISCOL uses different water sources to meet sugarcane water de-

mand. Its water demand depends on the crop water requirements of
the sugar plant. As expected, the minimum crop water requirement
(MCWR) is higher during the driest months, with an average of
40,784 m3/day from January to March and 28,349 m3/day for the wet
period (April to June).

Groundwater is obtained from up to 17 boreholes, 60–100 m deep,
drilled in and spread across the sugar fields. According to WRA,
KISCOL has been allocated a total of 10,535 m3/day from 12 production
boreholes. However, information available indicates that only eight
boreholes are currently operational, so actual groundwater abstraction
is probably lower than the WRA allocation. These eight boreholes are
operational (since mid-2015), and are located in the Milalani fields
(Zone 1, Fig. 1). The Kinondo fields are irrigated by surface water
(Zone 3, Fig. 1) as the borehole pumps are not connected to power
lines and electrical generators have been vandalized. Pumped
Table 3
The allocated and the actual or estimated groundwater abstraction for each water user. Hotel g

Period Recharge (m3/d) Groundwater abstraction

Base titanium

Dry year: La Niña 2016 158,602 Current: 4272
Allocated: 5280

Recovery/average year: 2017 613,890 Current: 3370
Allocated: 5280

Future abstraction 8800
groundwater is stored in one-day storage lagoons, together with
water coming from the dams, which is the other water source for
sugar irrigation. Groundwater acts as a strategic water reserve; volumes
used are small compared with water from dams. According to current
WRA rules, the maximum volume that may be pumped is 60% of the
well test discharge rate over a ten-hour pumping day. It means that
the mean estimated abstraction rate for the eight KISCOL boreholes is
2088 m3/day (Table 3). This value is in accordance with the KISCOL
test yields for these eight boreholes and it is in the same range as
other unpublished data from KISCOL.

KISCOL wells are multi-screened, taking water frommultiple water-
bearing zones in the shallow and deep aquifer units. This well design in-
creases the yield but produces amix of groundwater from aquifer levels,
as shown by the isotopic and hydrochemical composition (Ferrer et al.,
2019). Therefore, this screen configuration may facilitate the entrance
of contaminated water from the shallow aquifer towards the deep
one, contrary to the Base Titanium boreholes which are only screened
in the deep aquifer.

Water qualitywasmeasuredwithin KISCOL'sMilalani plantation in a
monitored borehole at different depths in the June 2016 field survey
(Ferrer et al., 2019). The most significant result was the measured ni-
trate concentration in this borehole: 48 mg/L at 21 m bgl and 31 mg/L
at 65 m bgl, as NO3. Furthermore, a well located at Nikaphu, south of
the study area, had 1.2 mg/L of ammonia, as NH4, during the March
2016 field campaign. Taking into account that groundwater has an Eh
of +239.4 mV and dissolved oxygen of 1.42 mg/L, the relatively high
ammonia content indicates that the sample is not in chemical equilib-
rium. This shows a relatively fast recirculation of shallow groundwater
around the pumping well. Currently, there are no nitrate polluted shal-
low wells around the KISCOL Mililani fields. Conversely, in the Kinondo
fields (Zone 3), where sugar is irrigated onlywith surfacewater, there is
only one point at the outflow from the end of the fields that is polluted
by nitrates, at 73 mg/L NO3 in June 2016.

3.2.3. Tourism
From the data obtained from Google Earth, 85% of the hotels located

on the coast are located in Zones 3 and 4 on the Diani coast, with only a
few situated on the Msambweni coast in Zones 1 and 2 (Fig. 1).

The highest tourism season is fromOctober toMarch and the lowest
fromApril to July. Hotel water use is closely associatedwith the number
of tourists, so both intra- and inter-annual abstraction varies consider-
ably (Fig. 5). Most hotels use water from private boreholes, from
which large volumes of water are withdrawn using electrical and/or
roundwater use marked with (*) is based on Table 4.

(m3/d)

KISCOL Hotels Handpumps Community boreholes

Current: 2088
Allocated: 2528

3272* 450 991

9504 3926 540 11,500



Fig. 4. Comparison between shallow and deep groundwater levels of piezometers located near a production borehole recorded by Base Titanium. Black vertical lines indicate the hydraulic
relationship between the shallow and the deep aquifer under different conditions: 1) “Natural conditions” refers to groundwater levels when the wellfield was not intensively pumped
before October 2013; 2) “regular abstraction” shows the shallow and deep groundwater levels once the deep aquifer exploitation started; 3) “La Niña” shows the groundwater levels
during the drought period caused by the La Niña event in 2016/2017 and 4) “Recovery” refers to the recovery of the aquifer hydraulic relationship after the rains of April 2017. Rainfall
volume data is from Kwale Agricultural Department station (Kenya Meteorological Department) (mm/d). The green line shows Base Titanium groundwater abstraction as m3/d. (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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diesel driven pumps. The groundwater abstraction points that support
this economic activity are located near the coast, mainly exploiting the
shallow aquifer located in the Pleistocene corals formation (Fig. 1).
Using both Google Earth and Trip Advisor it was possible to identify
109 hotels and obtain the number of rooms for 91hotels. Personal inter-
views with hotel managers improved the understanding of water use
and water source for each hotel. Around 40% of the hotels were unwill-
ing to answer the questions and the remaining 60% of hotels at least re-
vealed thewater source. Of the 60% of the hotels that answered, 72% are
only supplied by private boreholes while the remaining 28% supple-
ment groundwater with municipal piped water from the Tiwi aquifer,
located 6–12 km north of Ukunda and covering an area of approxi-
mately 30 km2.

We estimated hotel groundwater abstraction according to the differ-
ent type of data source (WRA allocations and hotel interviews).We also
estimated hotel groundwater abstraction using the number of rooms
and the hotel class type.

The total number of beds available on the south coast has decreased
around 40% from 2015 to 2017, since some hotels closed during this pe-
riod. However, the percentage of beds occupied has increased, main-
taining an occupancy rate of around a million bed-nights/year for the
period 2015–2017. The Draft Kwale Water Master Plan assumed a 1%/
year growth in water demand for the tourism sector over the next
20 years.

Hotel groundwater use varies through an order of magnitude across
the months of the year, based on bed occupancy (Fig. 5). Water con-
sumption is lower during the wet season, since it coincides with the
Fig. 5.Groundwater consumed in (m3/d) eachmonth based on the average bed occupancy
from 2015 to 2017 obtained from the Kenya National Bureau of Statistics (KNBS).
months with lowest tourism activity. However, the water consumption
in the rest of the year is significant. It is worth emphasizing that the
highest bed occupancy rate and thus the highest water consumption
occur from October to December, just before the dry season.
3.2.4. Community abstraction
Groundwater abstraction from commercial activities takes place

alongside the traditional dispersed 300 functional handpump-
equipped shallow wells and boreholes, and 22 community boreholes
(somewith solar pumps installed byBase Titanium), that provide drink-
ing water to communities and institutions. The WRA allocation for 22
community boreholes within the study area is 991 m3/day (Table 3).
There are also some open wells operated with buckets within the
study area for which no abstraction data exist; however, anticipated ab-
straction rates are much lower than in handpump-equipped boreholes.

Weekly data obtained from the transmitters (WDT) from the 300
handpumps during 2014 and 2015 gave a mean daily abstraction of ap-
proximately 1.5 m3/day per pump. Water pumped from community
handpumps also depends on rainfall (Thomson et al., 2019). Abstraction
varied from 0.71m3/day per pump in thewet season to 2.05m3/day per
pump in the dry season, with monthly variation shown in Fig. 6. They
operate under different dynamics, according to the economic activities
in the area. Themonthly average volume pumped is lower than the an-
nual average abstractions fromMay to December. This shows that com-
munities use other water sources duringwet periods, such as rainwater
collection (Thomson et al., 2019).
Fig. 6.Monthly average abstraction variation for handpumps during 2014 and 2015



Fig. 7. EC spatial distribution along time after the differentfield surveys from2013 to 2016.
The inlandwhite areasmean that no data is available. The high EC values located inland in
from September 2015 to June 2016 correspond to a saline geological formation, the Maji
ya Chumvi beds (Caswell, 1953).
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3.3. Groundwater level evolution

In order to determine the sustainability of the groundwater system
under different abstraction regimes, it is important not only to consider
how abstraction could affect aquifers during a drought, but also how the
systems recover after such climatic events. Therefore, the present study
goes beyond that of Ferrer et al. (2019), as it focuses on the recovery of
groundwater levels during 2017 after La Niña event and especially on
shallow aquifer recovery. The shallow aquifer is the source of water
for most communities in the study area.

During the La Niña event, there was a groundwater level decline in
86% of the measured shallow wells. In the remaining shallow wells,
the groundwater levels were nearly constant. However, levels in 95%
of the shallow wells affected by La Niña drawdown recovered after
the first rainy season (AMJ) in 2017 (Table 2S Supplementarymaterial).
In this regard, the first rainy season (AMJ) ismore effective in the recov-
ery of the groundwater system than the short rains (OND).

Regarding groundwater level recovery after the La Niña event in the
deep aquifer, there are only data from Zone 2 (from the Base Titanium
monitoring network). Fig. 4 shows the effects of recharge and abstrac-
tion on deep piezometer water levels; this shows that groundwater
levels recovered after the first rainfall event in April 2017, to values
close to those observed in previous wet years.

3.4. Groundwater quality on the coastal strip

Sea water intrusion (SWI) in aquifers occurs naturally in coastal
areas around the world (Custodio, 2010; SASMIE, 2017). The position
of the seawater/fresh water-mixing zone is influenced by groundwater
discharge into the sea and aquifer thickness, aswell as aquifer hydraulic
conductivity. The natural discharge rate could be affected by groundwa-
ter abstraction, reducing diffuse discharge into the sea. In order to study
short-term salinity changes, we carried out a spatial analysis of ground-
water EC (electrical conductivity) between 2013 between 2016.

The evolution of EC since 2013 (Fig. 7) shows that salinity increased,
mainly in 2016. This illustrates the relationship between EC increase
and decreasing rainfall, since the total rainfall during 2016 (when the
La Niña event occurred), was 49% less compared to the 2014 total
(Table 2). The highest EC values in June 2016 correspond to thewells lo-
cated in Zones 3 and 4 (except for a point in Zone 1), with an EC mean
value of 2814 μS/cm and a maximum of 3793 μS/cm (Table 3, Supple-
mentary material). Looking at the EC variation across 2016–2017 for
the wells located near the coast, around 88% of the sampled sites
show an EC increase across the period. The wells that do not show any
EC increase are mainly located inland in Zone 4, and in some wells in
the Magarini sands in Zone 1 (Table 2, Supplementary material).

We compared hydrogeochemical modelling results with the sam-
ples from wells/boreholes affected by SWI in the shallow aquifer to un-
derstand the importance of the SWI change. Field samples contain
between 0% and 30% of seawater (Fig. 8a), except for the sample taken
from a beach upwelling, which had 83% seawater. The conceptual
model that gives results closest to the observed field samples is the
mixing of fresh and saline water, both in equilibrium with calcite (i.e.
Fig. 8a).

Looking at the delta ion evolution for calcite (total quantity of pre-
cipitated/dissolved calcite mineral) in this conceptual model, during
mixing between fresh groundwater and saline water (Fig. 8b) the in-
crease in salinity tends to dissolve calcite, with 30–40%maximumdisso-
lution in a water mixture containing 50% of seawater.

4. Discussion

4.1. Current situation

The total groundwater abstraction represented 6% of the recharge
during La Niña and 1.3% of recharge during a normal climatic year,
such as 2017. The recharge volume is an important component of the
aquifer system dynamics, responsible for groundwater level variation
in both the shallow and deep aquifers.

Not all water users exploit the same aquifers layers. The community
wells, handpumps and hotels mainly abstract groundwater from the
shallow aquifer. The recharge areas of this aquifer unit are those
exhibiting more volume variation between drought and a normal cli-
matic year (i.e. 2017) (Fig. 3). The shallow aquifer unit is less resilient
to climate variation than the deep one. This explainswhy somewells lo-
cated in the Kilindini andMagarini sands became dry during the LaNiña
drought. The aquifer system exhibited swift recovery after the first nor-
mal rainy season in 2017. This allowed the system to return to the aver-
age groundwater budget and to face the next drought period.

One consequence of wells becoming dry is the increase in walking
distance to collect water. As reported during fieldwork in June 2016,
during the La Niña event, some communities stated that they had to
walk longer distances to collect water because the nearest borehole or
well was dry. Among other impacts, Demie et al. (2016) found that
spending more time searching for water had a negative impact on



Fig. 8. a) Mg vs. percentage of mixing. The red crosses represent sampled waters near the coast. The X-axis shows the percentage of mixing from 0% to 100% of fresh water in the coast
samples and the upwelling. The light blue line represents the best-fitting conceptual model (water solutions in equilibrium with calcite). b) Calcite ion delta (change) vs. percentage of
mixing of the model in equilibrium with calcite. The Y-axis represents the calcite saturation index and the X-axis shows percent mixing. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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girls and women, since this forces them to stop investing time in their
education and other important activities. Furthermore, the reduction
in groundwater availability leads to an increase in the price of the
water sold to local residents. The Gro for Good research team found
that during the drought event of 2016/2017, some areas having very
limited access to drinking water suffered a peak in the price of vended
water, with charges ranging from 20 to 50 Ksh per 20 L reported west
of the Shimba Hills. Such costs are an order of magnitude higher than
the usual price for vended water, which is 2 to 3 Ksh per 20 L. This
price increase has a huge impact on families is an area where the aver-
age household income is about 330 Ksh/day, about the cost of 2.5 kg of
rice. This price increase will either result in households having reduced
funds for other needs because of the drought, or reducing their water
use, or a combination of both. This may cause adverse health impacts
from compromised hygiene behaviour.

Unlike communities and hotels, Base exploits the deep aquifer and
KISCOL both aquifer units. The fact that the recharge variation is less
in the Shimba Hills than in the lowland means that the deep aquifer is
more resilient to drought events. This favours groundwater abstraction
by these users, since they can continue to exploit the deep aquifer dur-
ing periods of drought without impacting the shallow aquifer exploited
by the communities and hotels lasting at least as long as the last La Niña
event.
Focusing on mining, the abstraction rate depends on rainfall pat-
terns, increasing during the dry period in 2016, and reducing during
wet years, such as in 2017. The influence of abstraction on the shallow
aquifer is insignificant up to the present, according to observation pie-
zometer water level data in the shallow and deep aquifer in the Base
wellfield. This is due to the presence of an aquitard between the two
aquifers. Groundwater abstraction only significantly affected the piezo-
metric level of the deep aquifer system during the 2016 drought. This
groundwater level decline could be due to the combination of abstrac-
tion from the deep aquifer and the reduced recharge during the drought
in the ShimbaHills (Fig. 4). Unlike in other areas, like Italy, Tunisia,Med-
iterranean Spain and the Canary Islands (La Vigna et al., 2013; Maliki
et al., 2000; SASMIE, 2017), where intensive exploitation permanently
affects the relationships between aquifer units, after La Niña event the
hydraulic relationship between the shallow and deep aquifer recovered
following the rains in April 2017, showing that the impact on the deep
aquifer in 2016 was attributed to reduced recharge.

Like Base, KISCOLwater use changes over time, as their principal use
is for irrigation: lesswater is consumed during thewet season andmore
during the dry season and droughts. At present, current KISCOL abstrac-
tion has a dual effect on groundwater quality, as the potential pollutants
related to fertilizers used in the sugarcane fields are present in the deep
pumping wells but do not spread beyond the sugar fields due to the
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recharge of irrigation return flow (Fig. 9). The presence of NO3 concen-
tration (31 mg/L) at 65m depth in a KISCOL control piezometer located
inMilalani (in the southern fields), demonstrates the aquifer unit's con-
nection through the well due to the long screened sections. The north-
ern fields (Kinondo), which are irrigated with surface water, shows
how the pollutants maymove following groundwater flow, as a well lo-
cated down flow of the fields is one of the few in the area with elevated
nitrate (Ferrer et al., 2019).

The relationship between the shallow and deep aquifer at the coast
itself is unknown. Furthermore, as there are no data for the deep aquifer
in the area between the coast on the one hand and the sugar fields and
the mine on the other, it is not possible to determine the effects of sug-
arcane irrigation and mining abstraction on saline intrusion in the deep
aquifer. However, none of the deep boreholes sampled during this study
(up to 100 m depth, from the Base Titanium monitoring network)
shows SWI influence. Moreover, it is unknown how water abstraction
from boreholes located within or near the palaeochannel could increase
the SWI, mainly around the Msambweni area, in Zone 1 (Fig.1).

In the coastal areas withmajor tourism concentrations, recent years'
data seem to show a local salinization effect in the shallow aquifer due
to the higher abstraction induced by tourism and associated activities.
However, a longer period of observation is needed to determine the sa-
line water intrusion dynamics in order to consider rainfall fluctuations
and to differentiate between seasonal effects (still unclear but possible)
and long-term trends. As the zone with most of the hotels is also the
area with the highest population density, it is not possible to differenti-
ate between saline intrusion caused by the hotel sector itself and that
caused by wells and boreholes serving private dwellings or used by
local communities.

EC in most measured shallowwells remained high after the drought
period, even after the important rains of early 2017, indicating that
groundwater quality in the coastal zone did not fully recover (Table 2,
supplementary material). This behaviour is in agreement with many
other well-studied areas (Custodio, 2002; SASMIE, 2017), which show
that salinity takes much longer than groundwater level to change and
to recover once the aquifer is salinized.

4.2. Future situation

Total groundwater abstraction is expected to increase by a factor of
four over the current rate (see Table 3). This level of abstraction
would represent 22% of the total recharge occurring during the La
Fig. 9. Schematic hydrogeological conceptual model (not to scale) of the aquifer system
with the main economic activities in the area and the location in the geology of the
abstraction boreholes for each activity. The question marks indicate the unknown
extension of the clay layer (in brown) acting as an intercalated aquitard that reduces the
connectivity between the Mazeras Fm and Pleistocene corals and sands, and the
discharge of the deep aquifer. Mazeras (Mazeras Fm), M&K (Mtomkuu and Kambe Fm),
P (Magarini sands), Pls (Kilindini sands), Bs (Bioclastic sands with clay lenses), Plc
(Pleistocene corals). F2 to F4 indicate the main faults in the study area. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
Niña event. Currently, the existing water-reliant industries are
exploiting the aquifer without significantly affecting groundwater
levels. However, the possible local effect of pumping wells on the aqui-
fer system and the consequences of future increased groundwater ab-
straction during long drought periods should be evaluated. The
number of dry shallow wells could increase in the future due to more
frequent and longer droughts, but also due to augmented abstraction.

Considering the groundwater level difference between aquifer units
during LaNiña in the 14m-thick aquitard (theminimumaquitard thick-
ness reported by Base) and the estimated vertical hydraulic conductiv-
ity, Darcy's Law shows that the vertical water downward
displacement through the aquitard is of the order of 2m/year, penetrat-
ing much less than the aquitard thickness in one year. Consequently,
pollution from the upper aquifer level cannot reach the deep aquifer ex-
cept due to poorwell construction. However, in a future scenario with a
four-fold increase in groundwater abstraction rate and/or longer
droughts, a longer and possibly permanent shift in the difference in pi-
ezometric levels between the aquifer units may occur, produced by in-
duced larger vertical gradients across the aquitard, increasing the risk
of contamination from vertical drainage through the aquitard.

A future increase in groundwater abstraction by the sugar company
during a drought periodmay affect both the shallow and the deep aqui-
fer, as thosewells are screened in both aquifers (formaximumborehole
yield). A potential reduction in groundwater level in the shallow aquifer
in Zone 1may affect the Ramisi River-aquifer relationship in that area. A
fall in the shallow aquifer level would decrease aquifer discharge to the
river and at some point could induce river water infiltration into the
aquifer. The infiltration of naturally saline water from the Ramisi River
could affect the groundwater quality in shallow wells adjacent to the
river by increasing its salinity, thus limiting their use. The maximum
EC upstream in the Ramisi River was 5594 μS/cm (Ferrer et al., 2019).
In extreme cases, the EC could limit the use of groundwater from the
shallow aquifer. This does not only apply to domestic uses but also to
sugar irrigation, as the threshold EC for sugarcane is 1700 μS/cm (FAO,
2018), if some of abstraction wells were located close to the river. In
order to prevent this occurring, KISCOL might consider irrigating the
south sugar fields with surface water from dams located in the
Mkurumudzi catchment. Furthermore, it is expected that in periods
when the groundwater level in the deep aquifer stays lower than in
the shallow aquifer, pollution of the deep aquifer can be induced in
the wells, as has occurred in other areas (Menció et al., 2011) and is a
common occurrence in coastal areas.

SWI is an important issue in coastal aquifers, and has already been
observed in Kwale County (Oiro and Comte, 2019). A reduction in
groundwater flow would lead to a penetration of the saltwater wedge
inland, increasing the percentage of saline water in shallow wells al-
ready affected by SWI and affecting new areas. The significance of SWI
is that only 2 to 3% of seawater mixed with fresh water is enough to
make the resulting water useless for most purposes.

The calculation of the freshwater-saltwater mixing zone is a com-
plex task, but an approximation can be obtained assuming a sharp
freshwater-saline water interface and comparing the results with the
final equilibrium state. The steady state penetration of the sea water
wedge in the case of an homogeneous aquifer can be easily calculated
from aquifer thickness and hydraulic conductivity for a given ground-
water flow discharging at the coast (see Section 13, (Custodio and
Bruggeman, 1986; Custodio and Llamas, 1976).We calculated seawater
wedge growth from the coastline for the shallow aquifer, under the fu-
ture increased abstraction scenario with the same net recharge as dur-
ing the La Niña event (data in Supplementary material). Increasing
groundwater abstraction from 9535 m3/d to 34,270 m3/d will move
the steady state saline water wedge from 232 m inland up to 280 m in
the final equilibrium state. This advance of the salinewedge could affect
hotel groundwater supply and community handpumps located near the
coast.
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We also calculated the saline wedge depth for different distances
from the coast and for the different geologies near the coast, i.e. the
Pleistocene corals and Kilindini sands (data in Supplementarymaterial).
The results show that even during the future abstraction scenario dur-
ing a drought year like the 2016 La Niña, the salinewedgewill not affect
the Kilindini sands. Under the future scenario, the saline wedge in the
Kilindini sands (around six kilometres inland from the coast) would
be around 400 m deep, so the shallow aquifer would not be affected.
Only the coral limestone formation is affected by SWI in the present
and future scenarios. The saline wedge depth in the coral formation
ranges from two meters deep at one meter inland from the coastline,
to 100 m deep at the geological contact between the corals and the
Kilindini sands, located around four kilometres inland.

The future consequences of borehole salinization would be an in-
creasingly salty taste and at some point unsuitability of the water for
human consumption and agriculture. This would increase costs, due to
corrosion of domestic appliances, hotel facilities, pipes, and pumps, be-
sides the cost of providing drinkingwater by othermeans, and the early
abandonment of wells and associated facilities. Furthermore, as shown
by Foster et al. (2018), handpump failure risks are higher and lifespans
are shorter when groundwater is more saline and the static water level
is deeper.

The increase in salinity, as observed in 2016, and the dynamics of the
SWI will tend to increase calcite dissolution (Fig. 8b). The related in-
crease in karstification would have a number of potential long-term ef-
fects: 1) induced hydraulic conductivity rise will hasten further aquifer
salinization and 2) would increase the creation of sinkholes already ob-
served in parts of the coral limestone during fieldwork. New sinkholes
may be causedwhen caverns or channels in the coral limestone collapse
due to groundwater overexploitation (Alfarrah et al., 2017; Jakemann
et al., 2016; Khanlari et al., 2012). Occurrences of land subsidence in
limestone have been globally reported, such as in Spain (Molina et al.,
2009), India (Sahu and Sikdar, 2011), Mexico (Ortiz-Zamora and
Ortega-Guerrero, 2010) and the United States (Holzer and Galloway,
2005). This has implications for the stability of buildings and other
structures constructed on the limestone.

Despite the uncertainty of the impacts caused by the future abstrac-
tion scenario and longer forecast drought periods (Stocker et al., 2013),
aquifer management decisions regarding the potential impacts on the
aquifer system and the linked communities and economic activities
are needed. Private sector and public participation in water resources
management should be enhanced through decentralised management
approaches. In this way, stakeholders, including the Water Resources
Authority, private water users and communities in the study area,
should carry out decision-making. Water infrastructure and technolo-
gies should be fit-for-purpose in application and scale, and the pro-
poor focus should be underpinned by appropriately focused manage-
ment regimes (Olago, 2018).

This decision-making must focus onmanaging the aquifer system in
a sustainable way in order to protect the communities. These are the
most vulnerable stakeholders, since they rely on the less resilient aqui-
fer forwater supply. Therefore, alternative, securewater resourcesmust
be developed to supply vulnerable communities before community
wells become dry or salinize. One potential solution could be to supply
the communities fromdeep boreholes, since this aquifer unit ismore re-
silient in the face of adverse climate events. Base Titanium is already
working together with Kwale County government to install community
water sources into the deep aquifer to provide water security to com-
munities, with a number of Base-drilled boreholes originally with
handpumps installed planned to be converted to solar or mains-
powered pumps. Other possible actions to ensure community well sus-
tainability would comprise taking measures to protect the main re-
charge areas as is being done by the Kenya Wildlife Service supported
by Base Titanium together with conservation organisations in the
Shimba Hills National Reserve – the Water Tower for the Mkurumudzi
catchment; managing land use to ensure high infiltration rates;
promoting managed artificial recharge; and conjunctive water use. A
common conjunctive management strategy is the recharge and storage
of surface water in aquifers when it is available in excess of demand, for
withdrawal later when surface supplies are reduced, as during drought
(Foster and van Steenbergen, 2011). Furthermore, private companies
should strive to manage their groundwater resources sustainably,
minimising the impact on community well water quality and availabil-
ity. For example, Base Titanium adopts recycling and conjunctive use,
combining surface and groundwater during drought periods as a man-
agement strategy.

This study uses easy-to-apply calculations to illustrate the possible
future risks of increased abstraction under climate stress to an aquifer
system in Kwale County. At present, under ‘normal’ climatic conditions,
we have observed no adverse consequences in the aquifer system since
major abstraction started in 2012. However, the study underlines the
importance of evaluating all risks to any aquifer system prior to major
groundwater abstraction.

5. Conclusions and final remarks

Water-reliant growth in Africa needs to manage multiple risks for
sustainable management of strategic groundwater resources. Securing
new investors in rural areas where poverty is high and environmental
regulation is weak may focus on the former at the cost of the latter.
Lack of historical data such as water level, abstraction and quality data
is typically the norm and challenge objective decision-making in the
face of urgent development priorities. Government and enterprises
may find environmental sustainability of secondary importance to ad-
vancing economic production, creating local jobs and new sources of
taxation. Thismay translate into unknown risks to local, vulnerable pop-
ulations and future generations who rely on shallow groundwater for
water supply. Droughts compound this risk, with multiple and compet-
ing bulk water users abstracting from the same aquifer system without
any shared understanding of impacts, including short and long-term
damage from saline intrusion in coastal aquifers. As in most aquifers,
water quality does not recover in all wells after wet season recharge,
and significant amounts of data are needed to evaluate future aquifer re-
sponse. Furthermore, in areas of the continent with lower precipitation
and consequently lower recharge, a lower level of abstraction could be
harmful to aquifers. Future risk should therefore be predicted under dif-
ferent abstraction future scenarios, beforemajor abstraction takes place.

While gambling with groundwater may be common in Africa and
globally, this study shows that groundwater resources can be significant
and resilient to unpredictable but recurrent drought events. Given over
half a billion dollars in capital investment in the two water-reliant in-
dustries in Kwale, in addition to tourism and related investment, under-
standing investor risk and liability from groundwater sustainability
would seem prudent, if not a legal obligation, before major abstraction
starts. Government leadership is essential to manage the aquifer as a
system for all, including environmental services, rather than for the
powerful few. Without technical, material and political support, water
resource management agencies face stark choices in Africa, as limited
staff and capacity are unable to ensure that adequate monitoring sys-
tems exist to guide regulations thatmanagewater resources in the pub-
lic interest. Governance failure can promote market failure, by
mismanaging groundwater, by design or by accident. Furthermore, the
expected impact of climate change across the continent, with variable
consequences for water resources availability, could even worsen the
situation.

However, this is not inevitable and this study shows how one of the
main problems, the lack of aquifer systems data, can be overcome at
least partially by integrating different sources of information. Most of
the time, water-reliant users present specific hydrogeological informa-
tion that can contribute to define the overall hydrogeological system,
since their own main purpose is exploiting the aquifer with the maxi-
mum productivity. Therefore, local community water usage, together
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with different stakeholders knowledge and good corporate water man-
agement as a catalyst for providing critical data use, allows us to develop
crediblemodels for future groundwatermanagement and resource allo-
cation. Furthermore, complementary but simple information sources
such as in-situ interviews, Google Earth, Trip Advisor, easy-to-apply an-
alytical methods, etc., that can be achieved in the African context as in
many developing countries, enables groundwater abstraction to be esti-
mated and the sustainability of the aquifer system to be defined,
allowing potential future risks to be assessed as has been shown by
this study.

Declaration of interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The authors gratefully acknowledge the collaboration and key data
shared by Base Titanium Ltd., and the support of Kenya's Water Re-
source Authority, the Kwale Country Government, Kwale International
Sugar Company Ltd., and Rural Focus Ltd. This research was funded by
theUKGovernment via NERC, ESRC andDFID as part of theGro for GooD
project (UPGro Consortium Grant: NE/M008894/1).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.133634.

References

Adelana, S.M.A., MacDonald, A.M., 2008. Groundwater research issues in Africa. IAH Sel.
Pap. Hydrogeol. 13, 1–7.

Alfarrah, N., Berhane, G., Hweesh, A., Walraevens, K., 2017. Sinkholes due to groundwater
withdrawal in Tazerbo wellfield, SE Libya.

Caswell, P.V., 1953. Geology of the Mombasa-Kwale Area. Geological Survey of Kenya.
Commission on Revenue Allocation, 2013. Kenya Ctry. Fact Sheets. Second ed. Comm.

Revenue Alloc, Nairobi.
Comte, J.C., Cassidy, R., Obando, J., Robins, N., Ibrahim, K., Melchioly, S., Mjemah, I., Shauri,

H., Bourhane, A., Mohamed, I., Noe, C., Mwega, B., Makokha, M., Join, J.L., Banton, O.,
Davies, J., 2016. Challenges in groundwater resource management in coastal aquifers
of East Africa: investigations and lessons learnt in the Comoros Islands, Kenya and
Tanzania. J. Hydrol. Reg. Stud. 5, 179–199.

Custodio, E., 2002. Low Llobregat aquifers: intensive development, salinization, contami-
nation and management. In: Sabater, S., Ginebreda, A., Barceló, D. (Eds.), The Story of
a Polluted Mediterranean River. The Handbook of Environmental Chemistry,
pp. 27–50.

Custodio, E., 2010. Coastal aquifers of Europe: an overview. Hydrogeol. J. 18, 269–280.
Custodio, E., Bruggeman, G., 1986. Groundwater problems in coastal areas. Studies and

Reports in Hydrology. UNESCO, pp. 1–596.
Custodio, E., Llamas, M., 1976. Hidrología Subterránea. Omega, Barcelona.
CWSB, 2013. Coastal Water Services Board- Strategic Plan (2013–2017) [WWW Docu-

ment]. URL. www.cwsb.go.ke.
CWSB, 2016. Services Coast Water Board [WWW Document]. https://www.cwsb.go.ke/,

Accessed date: 20 August 2011.
De Filippis, G., Foglia, L., Giudici, M., Mehl, S., Margiotta, S., Negri, S.L., 2016a. Seawater in-

trusion in karstic, coastal aquifers: current challenges and future scenarios in the Ta-
ranto area (southern Italy). Sci. Total Environ. 573, 1340–1351.

De Filippis, G., Giudici, M., Margiotta, S., Negri, S., 2016b. Conceptualization and character-
ization of a coastal multi-layered aquifer system in the Taranto Gulf (southern Italy).
Environ. Earth Sci. 75, 686.

Demie, G., Bekele, M., Seyoum, B., 2016. Water accessibility impact on girl and women’s
participation in education and other development activities: the case of Wuchale
and Jidda Woreda. Ethiopia. Env. Syst Res 5, (11).

Dhar, A., Datta, B., 2009. Saltwater intrusion management of coastal aquifers. I: linked
simulation-optimization. J. Hydrol. Eng. 14, 1263–1272.

FAO, 2018. Food and Agriculture Organization of the United Nations (FAO). [WWWDoc-
ument]. URL. www.fao.org.

Ferrer, N., Folch, A., Lane, M., Olago, D., Odida, J., Custodio, E., 2019. Groundwater hydro-
dynamics of an eastern Africa coastal aquifer, including La Niña 2016–17 drought. Sci.
Total Environ. 661, 575–597.
Foster, T., Hope, R., 2016. A multi-decadal and social-ecological systems analysis of com-
munity waterpoint payment behaviours in rural Kenya. J. Rural. Stud. 47, 85–96.

Foster, S., van Steenbergen, F., 2011. Conjunctive groundwater use: a ‘lost opportunity’ for
water management in the developing world? Hydrogeol. J. 19, 959–962.

Foster, T., Willetts, J., Lane, M., Thomson, P., Katuva, J., Hope, R., 2018. Risk factors associ-
ated with rural water supply failure: a 30-year retrospective study of handpumps on
the south coast of Kenya. Sci. Total Environ. 626, 156–164.

Giannoccaro, G., Scardigno, A., Prosperi, M., 2017. Economic analysis of the long-term ef-
fects of groundwater salinity: bringing the farmer's perspectives into policy. J. Integr.
Environ. Sci. 14, 59–72.

Holzer, T.L., Galloway, D.L., 2005. Impacts of land subsidence caused by withdrawal of un-
derground fl uids in the United States. Eng. Geol. 16, 87–99.

IGRAC, 2019. Groundwater governance|IGRAC [WWWdocument]. https://www.un-igrac.
org/areas-expertise/groundwater-governance, Accessed date: 29 January 2019.

ISGEAG, 2019. Improving Sustainable Groundwater Exploration with Amended
Geophysics.

Jakemann, A., Randall, O., Huntt, J., Andrewwross, J.-D., 2016. Integrated Groundwater
Management Concepts. Approaches and Challenges.

Khanlari, G., Heidari, M., Momeni, A.A., Ahmadi, M., Taleb Beydokhti, A., 2012. The effect of
groundwater overexploitation on land subsidence and sinkhole occurrences, western
Iran. Q. J. Eng. Geol. Hydrogeol. 45, 447–456.

La Vigna, F., Mazza, R., Capelli, G., 2013. Detecting the flow relationships between deep
and shallow aquifers in an exploited groundwater system, using long-term monitor-
ing data and quantitative hydrogeology: The Acque Albule basin case (Rome, Italy).
Hydrol. Process. 27, 3159–3173.

Maliki, M.A., Krimissa, M., Michelot, J.-L., Zouari, K., 2000. Relationship between shallow
and deep aquifers in the Sfax basin (Tunisia), Comptes Rendus de l’Academie des Sci-
ences Series IIA Earth and Planetary Science.

Mantoglou, A., 2003. Pumping management of coastal aquifers using analytical models of
saltwater intrusion. Water Resour. Res. 39, 1–12.

Mas-Pla, J., Menció, A., 2018. Groundwater nitrate pollution and climate change: learnings
from a water balance-based analysis of several aquifers in a western Mediterranean
region (Catalonia). Environ. Sci. Pollut. Res. 1–19.

Menció, A., Mas-Pla, J., Otero, N., Soler, A., 2011. Nitrate as a tracer of groundwater flow in
a fractured multilayered aquifer. Hydrol. Sci. J. 56, 108–122.

Michael, H.A., Post, V.E.A., Wilson, A.M., Werner, A.D., 2017. Science, society, and the
coastal groundwater squeeze. Water Resour. Res. 53, 2610–2617.

Molina, J.L., García Aróstegui, J.L., Benavente, J., Varela, C., de la Hera, A., López Geta, J.A.,
2009. Aquifers overexploitation in SE Spain: a proposal for the integrated analysis
of water management. Water Resour. Manag. 23, 2737–2760.

Oiro, S., Comte, J.C., 2019. Drivers, patterns and velocity of saltwater intrusion in a stressed
aquifer of the East African coast: joint analysis of groundwater and geophysical data
in southern Kenya. J. African Earth Sci. 149, 334–347.

Okello, C., Tomasello, B., Greggio, N., Wambiji, N., Antonellini, M., 2015. Impact of popula-
tion growth and climate change on the freshwater resources of Lamu Island, Kenya.
Water (Switzerland) 7, 1264–1290.

Olago, D.O., 2018. Constraints and Solutions for Groundwater Development, Supply and
Governance in Urban Areas in Kenya.

Ortiz-Zamora, D., Ortega-Guerrero, A., 2010. Evolution of long-term land subsidence near
Mexico City: review, field investigations, and predictive simulations. Water Resour.
Res. 46, 1–15.

Pavelic, P., Giordano, M., Keraita, B., Ramesh, V., Rao, T., 2012. Groundwater availability
and use in sub-Saharan Africa: A review of 15 countries Colombo, Sri Lanka.

Sahu, P., Sikdar, P.K., 2011. Threat of land subsidence in and around Kolkata City and East
Kolkata Wetlands, West Bengal, India. J. Earth Syst. Sci. 120, 435–446.

SASMIE, 2017. Salinización de las aguas subterráneas en los acuíferos costeros
mediterráneos e insulares españoles [Groundwater salinization in Mediterranean
and island coastal aquifers in Spain].

Solomon, S., Qin, D., 2013. Climate change 2007 the physical science basis the. J. Chem. Inf.
Model. 42, 17–19.

Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M.M.B., Allen, S.K., Boschung, J., Nauels, A., Xia,
Y., Bex, V., Midgley, P.M., 2013. Climate Change 2013. The Physical Science Basis
Working Group I Contribution to the Fifth Assessment Report of the Intergovernmen-
tal Panel on Climate Change.

Taylor, R.G., Jasechko, S., 2015. Intensive rainfall recharges tropical groundwaters. Envi-
ron. Res. Lett. 10, 124015.

Taylor, R.G., Todd, M.C., Kongola, L., Maurice, L., Nahozya, E., Sanga, H., MacDonald, A.M.,
2012. Evidence of the dependence of groundwater resources on extreme rainfall in
East Africa. Nat. Clim. Chang. 3, 374–378.

Thomson, P., Hope, R., Foster, T., 2012. GSM-enabled remote monitoring of rural
handpumps: a proof-of-concept study. J. Hydroinf. 14, 829–839.

Thomson, P., Bradley, D., Katilu, A., Katuva, J., Lanzoni, M., Koehler, J., Hope, R., 2019. Rain-
fall and groundwater use in rural Kenya. Sci. Total Environ. 649, 722–730.

Velasco, V., Tubau, I., Vázquez-Suñé, E., Gogu, R., Gaitanaru, D., Alcaraz, M., Serrano-Juan,
A., Fernàndez-Garcia, D., Garrido, T., Fraile, J., Sanchez-Vila, X., 2014. GIS - based hy-
drogeochemical analysis tools (QUIMET). Comput. Geosci. 70.

Werner, A.D., Bakker, M., Post, V.E.A., Vandenbohede, A., Lu, C., Ataie-Ashtiani, B.,
Simmons, C.T., Barry, D.A., 2013. Seawater intrusion processes, investigation and
management: recent advances and future challenges. Adv. Water Resour. 51, 3–26.

World Bank, 2013. An Analysis of Issues Shaping Africa's Economic Future. Africa's Pulse.
TheWorld Bank, Washington, DC.

https://doi.org/10.1016/j.scitotenv.2019.133634
https://doi.org/10.1016/j.scitotenv.2019.133634
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0005
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0005
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0010
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0015
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0015
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0020
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0020
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0020
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0025
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0025
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0025
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0025
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0030
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0035
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0035
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0040
http://www.cwsb.go.ke
https://www.cwsb.go.ke/
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0055
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0055
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0055
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0060
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0060
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0060
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf5005
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf5005
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf5005
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0065
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0065
http://www.fao.org
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0075
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0075
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0075
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0080
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0080
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0085
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0085
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0090
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0090
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0090
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0095
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0095
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0095
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0100
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0100
https://www.un-igrac.org/areas-expertise/groundwater-governance
https://www.un-igrac.org/areas-expertise/groundwater-governance
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0110
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0110
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0115
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0115
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0120
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0120
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0120
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf5010
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf5010
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf5010
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf5010
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf5015
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf5015
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf5015
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0125
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0125
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0130
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0130
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0130
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0135
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0135
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0140
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0140
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0145
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0145
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0150
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0150
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0150
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0155
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0155
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0155
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0160
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0160
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0165
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0165
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0165
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf5000
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf5000
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0170
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0170
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0175
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0175
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0175
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0180
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0180
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0185
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0185
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0185
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0190
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0190
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0195
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0195
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0200
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0200
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0205
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0205
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0210
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0210
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0215
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0215
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0220
http://refhub.elsevier.com/S0048-9697(19)33559-4/rf0220

	How does water-�reliant industry affect groundwater systems in coastal Kenya?
	1. Introduction
	2. Methods
	2.1. Application area
	2.1.1. Climate
	2.1.2. Hydrogeology

	2.2. Estimation of the water budget with lack of data
	2.2.1. Recharge estimation
	2.2.2. Current and future abstraction estimation
	2.2.3. Groundwater levels and quality data


	3. Results
	3.1. Recharge
	3.2. Groundwater use by water-reliant industry
	3.2.1. Base Titanium Ltd
	3.2.2. KISCOL sugar fields
	3.2.3. Tourism
	3.2.4. Community abstraction

	3.3. Groundwater level evolution
	3.4. Groundwater quality on the coastal strip

	4. Discussion
	4.1. Current situation
	4.2. Future situation

	5. Conclusions and final remarks
	Declaration of interests
	Acknowledgements
	Appendix A. Supplementary data
	References




