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Sand dams are one of the most successful rainwater harvesting methods, adopted in most of arid and
semi-arid lands (ASALSs) of Kenya to secure domestic water supply and micro-irrigation. Their ability to
maintain acceptable water quality, under extreme climatic conditions of recurrent drought and floods, is
therefore of paramount public health concern as various pollutants find easily their way into them. This
study assessed the suitability of sand-dam water abstracted via scoop holes (SCHs) and shallow wells
(SHWSs) in Kitui-West, South-Eastern Kenya. Water quality compliance checks were performed using the
specifications of Kenya Bureau of Standards (KEBS) for natural potable water and World Health
Organization's (WHO) drinking-water quality guidelines wherever applicable. A total of 48 water samples
comprising SCHs (N=33) and SHWs (N=15) were collected during the dry period (February 8 and 28,
2018) and the wet season (March 23, April 20 and May 19, 2018) in three sand dams using well-cleaned
plastic bottles, transported in cooler boxes to the laboratory for storage and analysis. They were
analyzed for pH, temperature, total dissolved solids (TDS), total hardness (TH), biochemical oxygen
demand (BOD), trace metals (Cu, Fe, Mn, Zn, and Cr), Escherichia coli (E. coli) and total coliforms (TCs).
Results showed that majority of assessed physicochemical parameters and trace metals complied with
KEBS limits at the rates of more than 90% except turbidity, Cu and Fe that complied with low overall
scores; 44, 56 and 35% respectively. These three parameters behaved differently in both abstraction
methods as their mean values (compliance rates) exceeded KEBS limits in SCHs, that is, 297 NTU
(18%), 1.7 mg/L (48%) and 2.22 mg/L (9%) and were below limits in SHWSs, that is, 3.1 NTU (100%), 0.89
mg/L (73%) and 0.21 mg/L (87%) respectively. E.coli compliance levels were 48% in SCHs and 87% in
SHWSs with maximum counts as 300 CFU/100 ml, while TCs were detected at high rates of 94 and 47%
respectively with maximum counts as 2,500 CFU/100 ml. Therefore, these results demonstrated that
water extracted via SCHs is more unsafe than water from SHWs but both provide water that is
microbiologically unfit for direct human consumption. Shallow-well water was found to be
physicochemically fit and only requires disinfection while scooped water needs first to be purified with
homemade water filters and then chlorinated with available disinfection by-products (DBPs) to increase
its potability. Continuous monitoring of sand-dam water quality is recommended so that the public
awareness should be raised on time when new contaminants emerge or exiting ones become intense
so as to avoid possible health risks that can result from unnoticed long-term exposure.

Key words: Sand storage dams, traditional scoop holes, offset shallow wells, drinking water quality
compliance; natural potable water; physicochemical properties; organic matter, microbial pollutants, trace
metals, climatic seasons.
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INTRODUCTION

Food insecurity, chronic water shortages and water
quality degradation are the major challenges in the daily
life of humankind and wildlife in World’s dryland regions
occupying 41% of Earth’s land. These lands are home to
more than a third of the human population (Davies et al.,
2016). In Kenya, arid and semi-arid lands (ASALS)
occupy approximately 89% of the country’s landmass and
are home to about 36% of the population, over 70% of
the national livestock and about 90% of the wildlife (GoK,
2012; Muthini et al., 2014; Njoka et al., 2016; GoK, 2017).
In most of these drylands, the residents are periodically
hit by severe water shortages at multiple seasonal
recurrences (Huho and Mugalavai, 2010). In their
struggle to secure water for domestic use, livestock and
food production, they have attempted many rainwater
harvesting methods such as sand dams/sub-surface
dams, gravity dams, earth dams, water pans/ponds and
various roof rainwater harvesting systems (Kimani et al.,
2015). Among these methods, sand dams have become
one of the most successful and reliable stormwater
harvesting methods due to the simplicity in their
construction, their ability to store water with minimum
evaporation loss and protect it from direct surface
contamination and from many water-borne diseases at a
local scale and their ability to replenish adjacent shallow
wells by raising water table, among others (Maddrell and
Neal, 2012; Petersen and de Trincheria, 2015; Maddrell,
2016). They act as slow sand filters, purifying the water
through seasonally accumulated sand layers in a natural
and uncontrolled process and making it clean for drinking
and domestic uses (Ryan and Elsner, 2016). In Makueni
County as example, about 81% of the households relied
on rivers/streams in which sand dam systems are
dominant water harvesting structures (Kimani et al.,
2015). They are local-scale technologies consisting of
reinforced rubble cement walls built across seasonal
sandy rivers to trap both water and sediments behind
them during rainy season (Figure 1a), creating aquifer
storage for later use in dry season. They are generally
implemented in stages and sand-sized sediments are
seasonally accumulated (Figure 1b), until sand dam
becomes mature. The maturity of sand dams is the status
of being full of sand and wall height in relation with river
banks has been exhausted. At the maturity stage, sand
dams can start supplying clean water to the community.
The maturity process can take from 2 to 7 years or many
years or decades depending on the geologic and
hydrologic conditions, as well as other local conditions
such as catchment factors (topography, shape, size, soil
type, and land use), sizes and shapes of rivers and

*Corresponding author. E-mail: mndekezi@yahoo.com.

anthropogenic activities (Maddrell and Neal, 2013).
Mature sand dams can provide on average approximately
from 2 to 20 million liters of extractable water, estimated
as 25 to 40% of the total volume of accumulated sand
(Lasage et al.,, 2015). Their capacity in capturing and
retaining seasonal runoffs depends on the river bed size
and its hydrogeological properties, wall design and
dimensions, water abstraction method and runoff pattern
in the region (Quilis, 2007). Local people access the
water stored in sand dams via various water abstraction
methods such as scoop holes, riverbank shallow wells,
riverbed infiltration galleries and rarely from dug wells.
However, water stored in sand dams is also vulnerable to
any kind of contaminants as they are made up of self-
filled porous materials, uncovered, uncontrolled and
unprotected systems. Various detrimental contaminants
can easily find their way into sand dams all the time and
severely during rainy season. During this season, they
receive all kind of contaminants mixed up in surface
runoff comprising domestic wastes, animal wastes, and
food processing wastes, metallic manufacturing wastes,
construction wastes, mining wastes and many others.
Despite of these pollutants, water abstracted from sand
dams is still used in almost all places without any further
purification. This is a situation that may compromise
people’s health condition as water from sand dams
constitute about 35% of main water sources for both
human and livestock consumption in the study area
(NDMA, 2018).

The quality of stormwater captured and stored sand
dams is a major concern, firstly due to its potential great
impact on the public health of ASAL inhabitants, as poor
microbiological quality is likely to lead to infectious
waterborne diseases while poor chemical quality may
lead to short or long-term health effects and poor physical
quality which may affect its acceptability aspects; and
secondly due to the fact it is seasonally triggered by both
droughts and floods, the two extreme climate conditions
which constitute major challenges for water quantity and
quality in the dryland regions. Therefore, ability of sand
dams in fulfilling the three interrelated functions; storage,
filtration of water through natural process and its
protection under uncontrolled open space environments
remains  controversial among water resources
development stakeholders, planners and researchers. In
this regard, some studies attempted to understand the
nature of this sand-dam water. Most of them led to the
conclusion that water abstracted from sand dams via
traditional scoop holes is physicochemically and
bacteriologically unfit for drinking purposes as it can
possibly lead to health risks while water abstracted via
shallow wells is physicochemically fit and with minor

Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution

License 4.0 International License
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Figure 1. Sand dams: (a) General features (Maddrell and Neal, 2012) and (b) illustration
of seasonal accumulation process of sand sediments (Nilsson, 1988).

microbiological risk (Abila et al., 2012; Avis, 2016; Quinn
et al., 2018). Most of these studies have explored more
bacteriological properties than chemical properties. To
date, one study has tackled the assessment of most of
the water quality parameters in sand dams (Ndunge et
al., 2019) and concluded that water contained in these
raw form. In addition, these few studies carried out so far
have explored almost the same study area and by
considering the same dry season (Avis, 2016; Quinn et
al., 2018; Ndunge et al.,, 2019) except the study of
Kitheka (2016) that explored salinity and turbidity levels in
both dry and wet seasons. They have also mainly
conducted studies during the dry season; however, there
is a need to understand seasonal dynamics in both
seasons. In addition, most of them compared results with
Kenya standard specifications (KS05-459: PARTI: 1996,
1* revision) for drinking water and containerized water

(WASREB, 2009) and these specifications were
assigning the same guideline limits for both natural
potable water and treated water. Current specifications
(KS EAS 12: 2014) assigned higher tolerable upper limits
for physicochemical properties to the natural potable
water, compared to other water types that undergo any
form of treatment (KEBS, 2015). Water abstracted from
sand dam systems does not undergo any kind of
treatment and is directly used by people for all domestic
activities. Therefore, the present study has investigated
its suitability for domestic use in Kitui-West constituency
of Kitui County, South-Eastern Kenya. In this study, two
abstraction methods, commonly used by local people to
get water from sand dams, that is, scoop holes and
shallow wells were assessed and compared in terms of
seasonal variations and concentration levels of major
physicochemical, organic, microbiological and trace metal



94 Int. J. Water Res. Environ. Eng.

o
1 KALMW WUTONMGUN

e

. 2 @ :

. s:f L ¥
| Qﬁ,,‘-". l : ‘

{ \
- »
HOWA ML TOMBA N THLAMULA

MATINYAM

| ,)I

) ]

T S o “y-

14 ” w Bl

Mwes CanutBomne LS O S LSRN 1 5 \

Kenya Administrative Divisions ( 47 Counties)

-

|
|

! Kauw County Admin 1"ﬂ$)IVI“r.“ (& Consttuancies)

WAANG MORTH

vt A TOINGE CENTRAL

N A
KTty R INAL X (TL EART
Y 'G'w:ni :

Y

t =\ NI BOUTH

Figure 2. Map showing the study area and sampling sites in Kitui-West, Kitui county.

pollutants.

MATERIALS AND METHODS
Study area

The study was conducted in Kitui-West Constituency, one of eight
constituencies making up Kitui County in South-Eastern Kenya.
This constituency is subdivided into four administrative wards as
indicated in (Figure 2) and is the second most densely populated
sub-county with a population density of 161 persons per sg.km over
an area of about 667.2 km? (CGoK, 2014). It lies between longitude
37° 43 13.29” to 38° 1’ 48.34” E, latitude 1° 6’ 33.93" to 1° 22’
13.26” S and between the altitudes of 400 and 1800 m.

The climate of the Kitui County is semi-arid with very erratic and
unreliable rainfall. This region is generally hot and dry throughout
the year with temperatures ranging from between 14 and 34°C with
mean maxima of 28-34°C and mean minima of 14-22°C all over the
year (Mwamati et al., 2017). This temperature pattern divides the
dry season into two categories: “short hot dry season” from mid-
December to February and “long cool dry season” during months
of June to September. Annual rainfall is highly unpredictable from
year to year with variations ranging from 500-1050 mm. It is of bi-
modal pattern with two rainy seasons; short and long rains. The last
fall in months of March-April-May (MAM long-rains season) and are
usually very erratic, unreliable (40% reliability) while the former fall
in the months of October-November-December (OND short-rains

season) and are more reliable (66% reliability) as it is during this
season that farmers grow their main food crops (Mutunga et al.,
2018).

The annual evaporation rates vary from 1500 and 1600 mm
(Kitheka, 2016). These high evaporation losses, in addition to
inadequate rains, cause the region to suffer from prolonged water
shortages. These problems force local people to use all possible
means to maximize rainwater storage using different rainwater
harvesting systems in attempt to secure water needs during dry
periods. Majority of rural residents spend daily many hours to fetch
water entrapped in those systems. In short, water challenges in
Kitui can be summarized as follows: A total of 52% of residents in
Kitui County use improved water sources, while the rest use
unimproved ones (KNBS, 2013), the average distance to the
nearest water source is 7 km with 4 km as the shortest distance (in
Kitui-Central) and 29.9 km as the longest distance (in Kitui-South).
Over 60% of households take approximately an hour to fetch
drinking water (CGoK, 2014) and the per capita consumption in the
county is about 12 L per day (NDMA, 2018).

Site selection and sampling design

Three sand dams were conveniently and purposively selected after
field visits and picked from 36 visited sites on the bases of water
availability, ease of accessibility and presence of at least two
different abstraction methods like scoop holes with either shallow
wells (vertical wells) or riverbed infiltration galleries (horizontal
wells). Majority of the visited sand dams were not equipped with



Table 1. Coordinates and characteristics of sampling sites and sampling points.

Ndekezi et al.

Characteristic Site 1 Site 2 Site 3

Name of sand dams Jua Kali B Jua Kali A Kithmula

Name of seasonal river Kiteti Wang’ori Kauwi

Sand accumulation surface (m2) 736 429 8,134

. Latitude 1°13'22.06" S 1°13'51.97" S 1°14'23.41"S

Coordinates . . " . " : "
Longitude 37°55'54.3"E 37°54'38.02"E  37°56'29.77"E
Population 125 165 190

Water usage Livestock N/A N/A N/A
Irrigation N/A N/A N/A

Status of abstraction methods AB/HP AB/HP BS/CU

Sampling points

Scoop holes
Shallow wells

Inlet-Middle-Exit
OoP

Inlet-Middle-Exit
oP

Inlet-Middle-Exit
NOP

95

N/A: No available data; AB/HP: The use of scoop holes for domestic purpose was abandoned in favor of a hand-pump shallow-well;
BS/CU: Both scoop holes and shallow wells are still concurrently used; OP: Water hand pump was operational; NOP: Water hand pump
was not operational and samples were taken with help of a 12 Volt battery-powered submersible pump.

shallow wells and none of them was equipped with infiltration
gallery outlet pipe.

Therefore, Jua Kali B, Jua Kali B and Kithumula sand dams were
selected and indicated as S1, S2 and S3 respectively in Figure 2
and their detailed descriptions were given in Table 1. For scoop
holes, the sampling points were fixed at entry, middle and exit of
each selected sand dam while shallow wells are permanently fixed
in place. In this study, they should be understood as “offset sand
wells” to differentiate them from ordinary shallow wells as they are
installed into alluvial riverbanks closer to the seasonal river channel
where they can draw water seeping through and out of the bottom
of sand sediment layers. The latter were treated as stable sampling
points while the former were treated as unstable sampling points
because the water quality measurements from them are nearly
irreproducible during the next scheduled sampling events. Scoop
holes dug for the first sampling event were, after few days,
destroyed by daily movements of livestock and people during dry
season and surface runoffs during rainy season. The next
scheduled sampling events were requiring re-digging or refreshing
the previous scoop holes.

Samples collection

Sampling was done from dry period (February 8 and 28, 2018) to
wet season (March 23, April 20 and May 19, 2018) in sites
indicated as red dots in Figure 2. Samples were collected in
duplicates (for 1 L bottles) and triplicates (for % L bottles) using
different plastic bottles (Figure 3e and f), thoroughly cleaned with
distilled water and rinsed with water sample prior to collection. In
scoop holes, samples were collected by immersing the sampling
containers into the dug holes after dirty waters due to digging
process have been scooped out and fresh water had freely seeped
into them. In shallow wells, water samples were taken by pumping
except at the site 3 where the hand-pump was not operating. Here,
samples were collected by dipping a 12v battery-powered
submersible pump in the sump pit via the manhole cover. It is to be
recalled that water flows into the sump pit, the bottom tank of

shallow-well pump system, through natural water migration from the
bottom of sand dams. During the sampling period, scoop holes
depths varied from 0.6 to 1.6 m while during rainy season, they
varied from 0.2 to 0.5 m. A total of 48 water samples irrespective of
duplicates or triplicates, were collected, comprising of 33 from
scoop holes (Figure 3a and b) and 15 from shallow wells (Figure 3c
and d). All samples were labeled, codified (see Figure 3f) and
packed in ice cooler boxes. After the packing process, they were
transported to the laboratories where they were stored in fridges set
at 4°C prior to their analyses. Chemical analyses were carried out
in JKUAT’s environmental laboratory while BOD, E.coli and Total
coliform tests were done at Aqualytic Laboratories Ltd. Physical
parameters such pH, temperature, turbidity and total dissolved
solids were measured at the field.

Samples analysis

Samples were analyzed following Hach and Palintest manuals
(Hach, 2012; Palintest, 2015) as majority of materials and
equipment used were from these two companies. Both field and
laboratory methods used in this study are listed and described in
Table 2. After laboratory analyses, obtained data were analyzed
with Spread sheet Software (Excel 2010) to generate results
figures, tables and descriptive statistics. The concentration levels of
tested parameters were compared to their respective maximum
allowable concentrations (MACs) set in KEBS specifications for
natural potable water (KEBS, 2015) and in WHQO's guidelines for
drinking water quality (WHO, 2017a). As the two standards differ
mainly in MACs for physic-chemical properties and some chemical
parameters, the comparisons were done where applicable. These
comparisons were expressed in terms of compliance percentages
as ratios of the number of tests meeting guidelines to the total
number of tests done for each particular parameter. The general
picture of seasonal variations of concentrations for different
parameters was visualized by plotting water quality measurements
against the rainfall observations from the station nearest to the
study area for the study period as presented in Figure 2. There
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Table 2. Tested water quality parameters and analytical methods.

Tested parameters

Techniques and methods

Apparatus/ instrument

Measurement range  Reference standards

KEBS' WHO?
Temperature, °C ) ) , 0-60°C NS NS
Direct readin HQ40D Portable Multi Meter
Field- measured pH, [-] ¢ 0-14 5595 6585
parameters Total Dissolved Solids, TDS, mg/L Direct reading Digital TDS/EC Meter 0-9990 1500 1000
Turbidity, NTU3 Direct reading Hach 2100Q Turbidimeter 0-1000 25 5
Hach method 8213: T
Total hardness as CaCO3;, mg/L Titration with EDTA Digital titrator 10-4000 600 500
Hach Method 8024, Powder pillow
’ .01t00.7
Chromium (Cr), mg/L (ChromaVer3) 0.01100.70 0.05 0.05
Hach Method 10219 (TNTplus 854) 0.03-1.00
' Hach Method 8009
Zinc (Zn), mg/L (ZincoVers) 0.01-3.00 5.0 3
Hach Method 8143 DR 3900 Spectro-photometer 4349 91 (LRs)
Copper (Cu), mg/L Hach Method 8506, (CuVer1) 0.04-5.00 1.0 2
b tors tosted | Hach Method 8026, (CuVer2) T
Iaf)frr:tzgrs estedin Hach Method 8149 0.006 - 0.70 (LR)
Manganese (Mn2*), mg/L S?ChtMﬁtﬁod 8??4 i 01200 (HR) 0.1 0.1
irect photometric reading i}
(PHOT.20.AUTO) 00010030 (LR)
PHOT.18.AUTO method (Iron LR) 7100 Palintest photometer 0.01-1.0
Iron (Fe), mg/L PHOT.39.AUTO method (Iron MRS) 0.02-5.0 0.3 0.3
PHOT.19.AUTO method (Iron HRY) 0.05-10
. . Hach Dilution Method 8043 (Reading .
Biochemical Oxygen Demand (BOD), mg/L with LDO? Probe) Hach HRI3P BOD incubator 0.1-20.0 NS NS
Escherichia coli (E.coli), CFU'%/100 ml KS?1SO 9308-1:2014 (Colony-counting) Nil Nil Nil
) ) Hach portable Incubator ) ) i
Total coliforms (TCs), CFU/100 ml KS 1SO 4832:2006 (Colony-counting) Nil Nil Nil

'KEBS’s water quality specifications for natural potable water (KS EAS 12: 2014) compiled from (KEBS, 2015). WHO'’s guidelines for drinking-water quality, compiled from (WHO,
2017a). °NTU = Nephelometric Turbidity Units. “EDTA Ethylenediaminetetraacetic acid. °LR: Low range; °MR: Middle Range; "HR: High range. ®LDO: luminescent dissolved oxygen
technology probe connectable to Hach HQ40D Portable Multi-meter. °KS: Kenyan Standard. *°CFU: Colony-forming units.

were no correlations established between concentration
levels and magnitudes of rainfall depths. Interpretations
were limited to observations of seasonal trends of those
two variables.

In addition to the comparison of concentration levels with

rainfall depths and with MAC levels, additional
interpretations were done by using descriptive scales going
side by side with numerical ratings of acceptability or risk
levels of each parameter (Table 3 and Table 4). These
descriptive ratings were sequentially defined as follows:

Excellent rate was assigned to mean suitable water with no
health effects, good for suitable water with minor degree of
impairment, fair for suitable water with moderate degree of
impairment, marginal for conditionally acceptable water
with major degree of impairment, poor for unsuitable water
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Figure 3. General overview of sampling points and water samples: (a) and (b) scoop holes, (c) and (d)
shallow wells, (e) and (f) water samples during dry and wet season respectively.

Table 3. Classification of water quality based on organic and bacterial pollution levels

BOD Level' Total coliform? E. coli levels?
() 2) (&)

Range . . L Range Classes .
[mgiL] Water quality rating Description [CFUM00 mi] (Ratings) Range Level of risk
<1 Excellent: Very clean No organic waste is present, no bacteria 0 Excellent 0 No Risk (Excellent)
1-2 Good: Clean No much organic waste present, no much bacteria 1-20 Good 1 Very low risk (Good)
2-5 Fair: Moderately clean Few organic waste is present, few bacteria 20-500 Fair 1-10 Low risk (Fair)
5-8 Marginal: Moderately polluted organic matter is present and enough bacteria load 500-5,000 Poor 11-100 Moderate risk (Marginal)
8-10 Poor: Highly Polluted Much organic matter /many Bacteria 5,000-10,000 Bad 101-1000 High risk (Poor)
>10 Unacceptable: Severely polluted  Too much organic matter and too many bacteria >10,000 Unsuitable >1000 Very high risk (Very poor)

1Compiled from ((Radojevic and Bashkin, 1999 [p.197]; (Hocking, 2005 [p.129]; Manivanan, 2008 [p.147]); 2Compiled from (Janke et al., 2006; UNEP/WHO, 1996 [p.46]); *Adapted

from (WHO, 1997) p.78; “Adapted from (DWAF,

Table 4. Drinking-water acceptabil

1998), p.22

ity ratings based on turbidity, TDS and Total hardness levels.

Turbidity level' TDS level? Hardness level®
(1) ) @)
Range (NTU) Rating Description Range (mg/L)  Rating Range (mg/L) Rating
<5 Excellent Very clear <300 Excellent 0-25 Very soft
510 Good Clear 300-600 Good 25-50 Soft
1025 Fair Slightly clear 600-900 Fair 50-100 Moderately soft
2550 Marginal Moderately cloudy 900-1,2 00 Marginal 100-150 Slightly hard
50100 Poor Cloudy 1,200-1,500 Poor 150-200 Moderately hard
100 500 Very cloudy >1,500 Unacceptable 200-300 Hard
500 1000 Completely unacceptable Muddy - - 300-600 Very hard
>1000 Very muddy - - >600 Extremely hard

'Compiled from (DWAF, 1998 [p.63]; Hazelton ans Murphy, 2016 [p.134]; Ahmed et al., 2017); >Adapted from (WHO, 2003a); *Reproduced from

(DWAF, 1998 [p. 81.]),
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for use without treatment, very poor or unacceptable for totally
unsuitable for drinking and domestic uses. In this context, the
degree of impairment should be understood as the frequency of a
water parameter to violate its MAC value during period under
consideration. Parameters without defined or set permissible levels,
were also interpreted is this way. For instance, since there are no
guidelines for BOD levels in drinking water, Therefore, the
interpretation of water quality based on BOD levels was ascertained
using numerical and descriptive ratings described in Table 3 (Col.
1). Parameters whose permissible limits are zeros like E.coli and
total coliforms were also interpreted in the same way by rating
health risks that can be associated with certain level of their
concentration. Water quality levels based on E.coli counts were
also ascertained by redistributing sample test results into five risk
categories as indicated in Table 3 (Col. 3). Temperature and pH do
not pose major health concerns and therefore no much
interpretation was made on them. Parameters such as turbidity,
total hardness (TH) and total dissolved solids (TDS) were
additionally interpreted using acceptability ratings described in
Table 4. Finally, the trace metals with low compliance rates were
additionally interpreted in terms of histograms describing
parameter’'s MAC violation levels with criteria based on a five-point
effect severity scale that is, no health effects, insignificant effects,
slight effects, acute or immediate effects and chronic or long-term
effects and (DWAF, 1998).

RESULTS AND DISCUSSION

The results presented herein highlight the quality of water
sampled from sand dams via scoop holes and shallow
wells from the end of DJF short dry season (8 December
and 28th February, 2018) and during MAM 2018 long
rains from the end of DJF short dry season (8 December
and 28th February, 2018). The studied water quality
parameters showed that their concentration levels are
significantly affected by seasonal variations. Anthro-
pogenic factors also affect water quality of sand dams
and these include mainly pastoral activities, agriculture,
and use of fertilizers, manures and pesticides, sand
harvesting, mining activities, municipal and domestic
wastes. In addition, abstraction methods themselves, that
is, scoop holes and shallow wells, affect the quality of
sand-dam water and the problem is not linked with the
nature of the fetching process precautions but with the
nature of their design and traditional ways of doing
things. Detailed results for analyzed parameters were
presented in the following four headings, namely
physicochemical, organic, and microbiological and trace
metals.

Physicochemical parameters
Field observations of sand-dam water quality

Field observations mainly focused on three parameters
(color, odor and taste). They showed that water from
shallow wells is quite colorless and odorless across all
sites during both dry and rainy seasons but some users
talked to during the study period claimed it to have a salt
taste. Scoop holes generally exhibited poor physical
water quality, which is mainly associated with surface

runoffs. From onset, during and up to the recession of
rainy season, the color of scoop-hole water became
muddy, muddier and moderately cloudy respectively.
Scoop holes from two sites (S2 and S3) were not
objectionable to odor, but the site 1 showed unpleasant
odor and the color was blackish during the recession of
the rainy season (mid-May towards June) and the color
was blackish. This was perceived to be caused by
waste water from households entering at the near end-
point of sand dam as the latter is located at about 200 m
(the nearest household) and 1 km downstream of
municipal solid waste open dumpsite. During rains, some
solid wastes that had been dumped are washed away by
runoff torrents, contributing to solid loading at sand dam
site. The combined effects of household wastewater and
dumpsite caused local people around the sand dam to
abandon completely the use of scoop holes for domestic
use and they rather use them for livestock watering.

Field-measured physicochemical properties

The physicochemical parameters presented under this
sub-section are ones considered to detract from the
appearance and taste of water, making it unpleasing to
drink or use for domestic uses for aesthetic reasons.
These include temperature, pH, turbidity, TDS and total
hardness (TH). Their concentration analysis results are
presented in Figure 4 and showed that almost all
physicochemical parameters complied 100% with the
KEBS limits except turbidity and TH that complied with
44% (21/48) and 92% (44/48) respectively. The overall
averages for temperature, pH, turbidity, TDS and TH
were 25.59°C, 7.58, 205 NTU, 501 mg/L and 277.38
mg/L respectively. Additionally, water sample results for
turbidity, hardness and salinity were also distributed into
different water acceptability levels described in Table 4
(Cols. 1, 2 and 3). The resulting frequency analysis
results were presented in Figure 5 in order to draw a
detailed picture of the differences between water
abstracted from scoop holes and shallow wells.

The Figure 4a showed that the average temperature of
all water samples (N=48) generally ranged from 21.2 to
30.6°C (avg. 25.59°C + 2.40). It shows also that it has
decreased slightly during rainy season. Avg. 7.58°C =
0.26 were within the acceptable range from 7.13 to 8.20
(Figure 4b). Figure 4c shows that turbidity varied
significantly in scoop holes during the rain while in
shallow wells, it was almost similar across all seasons.
Turbidity levels ranged from 18.4 to 974 NTU (avg. 297
NTU) in scoop holes and 1.24 to 6.55 NTU (avg. 3.1
NTU) in shallow wells. Turbidity complied with KEBS limit
(= 25 NTU) at the rates of 18% (6/33) in scoop holes and
100% (15/15) in shallow wells. The Figure 4d shows that
TDS values slightly decreased during rainy season and
were higher in shallow wells than in scoop holes. They
ranged from 692 to 1132 mg/L (avg. 934 mg/L) in shallow
wells and from 64 to 872 mg/L (avg. 304 mg/L) in scoop
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holes. Figure 4e shows that the water hardness tended to
change slightly towards the end of the rainy season. The
values of total hardness were an average of 179 mg/L
(ranging from 24 to 1115 mg/L) in scoop holes and an
average of 494 mg/L (ranging from 256 to 838 mg/L) in
shallow wells. The histograms presented in Figure 5
showed how acceptability of water based turbidity, TDS
and total hardness levels varied between scoop holes
and shallow wells. The Figure 5a shows that water
shallow wells were found to have water with lower
turbidity levels (< 10NTU) throughout all the seasons, but
with higher TDS levels as indicated in Figure 5b and
higher hardness values as indicated in Figure 5c as 67%
of them (N= 10/15) fell in very hard category as indicated
in Table 4 (Col. 3). Scoop holes, on the other hand, were
found to have high turbidity levels as 82 % of samples
(N= 27/33) violated the recommended limit for natural
potable water. They were found to provide fresh water as
73% of them (N=24/33) fell in fresh taste category as
indicated in Figure 5b. They were also found to have
lower hardness levels as 79% of them (N=26/33) ranged
from very soft to moderately hard water as indicated in
Figure 5c.

Generally, the physicochemical analysis results
showed that the turbidity is the most critical parameter in
sand-dam water. It is critical because it makes water
appearance unpleasant to drink as indicated in Figure 3f
and bacteria, viruses and or other microbial parasites can
hide themselves in suspended particles. Unfortunately,
turbidity is common problem in almost all sand dams.
Due to limited alternative water sources in the region,
people fetch it and use simple gravity sedimentation
method at a household level. They fill water in containers
and let it settle down by gravity. Therefore, sedimentation
itself can increase clarity but cannot remove micro-
organisms clung on suspended or settled sediments. This
situation calls up the use of disinfection by-products
(DBPs) even though, on the other hand, turbidity
interferes with it as fine particles in turbid water can
protect microbial contaminants from disinfectant. The
turbidity level above 2 NTU reduces the efficacy of
chlorination by increasing chlorine demand and
potentially shielding microorganisms from inactivation
even though disinfection can be achieved at higher
turbidities by increasing chlorine doses and contact time
(WHO, 2017b).
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those found in previous studies on physicochemical
properties of water stored in sand dam systems in the
region. Avis (2016) found that 75% of shallow wells (N =
8) had considerably lower turbidity levels (< 5 NTU) and
maximum value of 10 NTU, comparable to 67% (N=15) <
5 NTU and maximum value of 6.55 NTU, obtained in the
present study. He also found that 12% of scoop holes
(N=25) had turbidity levels < 5NTU and the maximum
value of 100 NTU, compared to 100% of them (N=33)
found to be higher than 5 NTU in this study. It should be
recalled that he was using WHO limit (£ 5NTU) which is
not a specific guideline. Water from sand dams does not
pass through any treatment process. It only occurs by
natural filtration process and that is why KEBS
recommends MAC value of 25 NTU for natural potable
water and £ 5 NTU for treated water (KEBS, 2015).
Although by considering this limit, scoop holes still score
low compliance rates, that is, 18% (N=6/33). Quinn et al.
(2018) found that 59% of shallow wells (N=47) and 92%
of scoop holes (N=36) didn’'t meet KEBS/WHO limit for
turbidity (< 5NTU) but both Avis (2016) and Quinn et al.

(2018) used turbidity tubes which can’t measure values <
5 NTU and also limited to about 240 NTU, otherwise
samples should be diluted. On the other hand, the
present turbidity range (18.4-974 NTU) is comparable to
the range of 12.28 to 1000 NTU (Kitheka, 2016). The
closeness of two study findings is mainly due to the fact
that the same turbidimeter (0-1000 NTU) was used,
during the same sampling period, in the same region,
during the same seasons but in different years.

As regards to hardness levels in sand-dam water, very
few studies assessed this parameter. Ndunge et al.
(2019) found hardness levels to vary from 37.2 to 356
mg/L in scoop holes, compared to 24 to 1115 and 444
mg/L in shallow wells, compared to the mean value of
494 mg/L presented in this study. Water quality
measurements from shallow wells are also comparable to
measurements from boreholes as they only differ from
depth size. In this regard, Mwamati et al. (2017) found
that hardness levels varied from 180-720 mg/L in
boreholes, comparable to 256-838 mg/L in shallow wells.

Lastly, Figure 5¢c shows that TDS values were higher in
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shallow wells (692-1,132 mg/L) than in scoop holes (64-
872 mg/L) and this observation was made by Kitheka
(2016) who remarked that shallow wells had higher TDS
levels (206-1,022 mg/L) than scoop holes (77.8 to 272
mg/L). Mwamati et al. (2017) found also TDS levels to
vary from 350 to 1450 mg/L in boreholes, comparable to
shallow wells.

Organic and bacterial pollutants in sand-dam water
BOD levels

The 5-day BOD test results are presented in two
complementary perspectives; (1) the seasonal variations
of BOD levels in both scoop holes and shallow wells as
presented in Figure 6a and (2) since there is no guideline
value set in both KEBS and WHO drinking-water
guidelines, the water quality level based on BOD levels

was determined by distributing water sample results into
different water quality ratings indicated in Table 3 (col.1).
This exercise generated histogram showing number of
samples (in %) falling under each category as indicated
in Figure 6b.

The Figure 6a shows that BOD levels varied
significantly in samples collected during rainy season.
They varied from 0.35 to 8.1 mg/L (avg.4.02 mg/L) in
scoop holes and from 0.12 to 4.2 mg/L (avg.1.31 mg/L) in
shallow wells. BOD levels were found to be high during
this season and low at the onset and recession of this
season. This is because the rate of BOD reactions
depends on the temperature, the population of bacteria,
and the amount of organic matter present in the sample
(Kunz, 2009). That is to say, high BOD levels indicate the
presence of high amount of putrescible organic matter
and elevated number of bacteria, mainly aerobic ones.
The Figure 6b shows that 80% of water samples
(N=12/15) from shallow wells exhibited clean water, free
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Table 5. Concentrations and compliance levels of microbiological parameters in sand-dam water extracted via scoop holes and shallow wells.

Sampling detail Site 1 Site 2 Site 3

Sampling date Sample source E. coli TCs E. coli TCs E. coli TCs
(cfu/100 ml)  (cfu/100 ml)  (cfu/100 ml)  (cfu/200 ml) (cfu/100 ml)  (cfu/100 ml)

8-Feb-18 N/AT N/A N/A N/A ND £ ND 19+8
28-Feb-18 N/A N/A N/A N/A 8+8 38111
23-Mar-18 Scoop holes? 60 + 53 800 + 265 ND £ ND 600 + 100 ND £ ND 267 + 252
20-Apr-18 8376 1333 £153 62 +54 733 + 208 83+76 600 + 529
19-May-18 170 £ 113 1767 £ 643 90+ 79 900 + 361 67 + 58 1200 £ 200
Compliance (%) to KEBS/WHO limit 22 0 56 0 60 13
8-Feb-18 ND ND ND ND ND ND
28-Feb-18 ND ND ND ND ND ND
23-Mar-18 Shallow wells® ND 500 ND ND ND ND
20-Apr-18 ND 1900 150 800 ND 1100
19-May-18 ND® 2300 100 700 ND 1700
Compliance (%) to KEBS/WHO limit 100 40 60 60 100 60

'N/A = No data available as the concerned sand dams were dried up during sampling period. *Three samples were taken at inlet, middle and exit of
every sand dam on the same day of sampling. *Every sand dam was equipped with one shallow well, then a single sample was taken as it was treated

as stable point. °ND = (Not detected).

from organic matter and 20% of them (N=3/15) showed
moderately clean water. Scoop holes (N=33) exhibited
clean water, moderately clean water, moderately polluted
and polluted water at the rates of 18.2, 48.5, 30 and 3%
respectively.

BOD is a good indicator of both drinking water and
wastewater quality but often neglected in drinking water
sources. For water sources like sand dams, BOD is the
parameter that should not be overlooked. Sand dams
behave ambivalently: (1) They are surface waters during
rainy season and (2) they act as unconfined aquifer
storage during dry period. This nature subjects them to
the vulnerability of organic matter loads as thousands of
livestock and wild animals spend much time and long
distances, grazing riparian areas reinvigorated by sand
dam storages over dry seasons.

Though BOD levels do not have direct health
implications (Sengupta, 2018) but water with BOD > 5
mg/L can lead to long-term effects and affect lives of
people (Wen et al.,, 2017). Apparently, few studies
assessed BOD levels in quasi-similar water sources in
the region and they showed the same trends as in this
study. Two studies Kosgey (2013) and Kwamboka (2018)
measured BOD levels measured in Athi River, along the
reaches of Machakos County and found them to vary
from 6 to 15 mg/L and from 2 to 32 mg/L respectively.

Microbiological pollutants
The MAC value for both E. coli and total coliform bacteria

in both KEBS and WHO drinking water quality guidelines
is Zero CFU/100 ml. Both their concentration and

compliance levels in water from scoop holes and shallow
wells are presented in Table 5 and Figure 7.

E. coli levels

Seasonal variations of E. coli levels and distribution of
sample results into E. coli risk levels are presented in
Figure 7a and Figure 7b respectively. The E. coli levels
ranged from < 1 to 150 CFU/100 ml in shallow wells and
from < 1 to 300 CFU/100 ml in scoop holes. Figure 7c
shows that 87% of samples from shallow wells (N=13/15)
and 48% from scoop holes (N=16/33) complied with
KEBS/WHO guideline value. E. coli bacteria are reliable
indicators of recent faecal contamination in drinking water
sources (Verhille, 2013). Therefore, 13% of samples
(2/15) from shallow wells and 52% of samples (17/33)
from scoop holes indicated that they were contaminated
with faecal wastes. Based on distribution of sample
results into E. coli risk levels as indicated in Figure 7c, it
can be concluded that shallow wells can pose minor risks
to the users while it is very risky to use directly water from
scoop holes. Water from shallow wells complied with high
rate because normally, water reaches the pump suction
tank after having passed through different sand layers in
sand dams and riverbank soil layers.

Total coliforms

Total coliforms generally varied from < 1 to 2,500
CFU/100 ml and 53% of shallow wells (N=8/15) and 6%
of scoop holes (N=2/33) complied with KEBS/WHO
guidelines as indicated in Figure 7d. This indicates that
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47 and 94% didn’t comply with recommended limit
respectively. Following the same order of arguments,
distribution of sample results into total coliform ratings
showed that 40% and 64% of them fell in the marginal
range from 500 to 5,000 CFU/100 ml as indicated in
Table 3 (Col. 2).

Total coliforms are generally harmless and if only one
is detected in water source, the contamination is more
probably of environmental source than faecal one.
Normally, many researchers ignored or tend to ignore the
coliforms as indicator of water contamination as they are
generally harmless. The recent advances in taxonomic
studies showed that they are not specific to the intestine
of humans or warm-blooded mammals as they can also
be found in the environment such as in soil, in surface
waters and in various plants (Verhille, 2013). In this
study, their analysis was added for three reasons:

i. To get overall picture of the microbial quality status of
water in sand dams as they are supposed not to be
present in water intended for domestic use.

ii. Their presence in water source indicates also that
pathogens could be present there too and or can also
access it.

iii. They indicate whether water necessitates disinfection,
that is, chlorination or boiling to improve its quality for
drinking.

From Figure 7a and b, seasonal variations of both E.
coli and total coliforms showed low trends in dry season

and high trends towards the recession of rainy season.
These lower trends can be explained by the fact that
during dry period, samples were taken in scoop holes
deeply dug (0.6 to 1.6 m). Those samples have little
chance of being accessed by faecal pollutants. In
addition to this argument, studies had also showed that
there is a dependence of E. coli occurrence on the
depths in sediment profile (Pachepsky and Shelton,
2011). The latter demonstrated that E. coli bacteria were
higher at shallow depths and getting lower at deep
depths. The higher trends on the other hand, can be
explained by the fact that the ability of E. coli bacteria or
total coliforms to multiply in the soil is a function of soll
moisture content and their ability to outcompete predators
is in function with soil dryness (Solo-Gabriele et al.,
2000).

By observing scrutinously rainfall variations from both
Figures 7a and b, much rain fell in March and April.
During this period, water levels in sand dams often
increase greatly up to overtopping dam wall and
stormwater continues flowing in the natural riverbed
channel. In this situation, bacteria were not favoured to
multiply. From the beginning of May, rains started
decreasing remarkably and the sediment dryness was
increasing in the same way. Bacteria brought from far
way by runoff began to gain a favourable environment
enabling them to grow and multiply. No correlations were
established between sample depth or soil dryness or
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between rainfall amounts and concentration levels of
E.coli and total coliforms, but stormwater obviously
enhances the transport of different bacteria from their
generation points towards sand dams. Even though the
philosophy behind the sand dams is to protect stored
water from surface contamination and water loss through
evaporation (Maddrell, 2016), they can’t fulfil these two
critical functions as they are made up of loose self-
deposited porous sediments which are also repeatedly
destabilized by seasonal runoffs, sand harvesting and
scooping processes. They can just minimize
contamination and evaporation losses compared to air-
open storage systems.

Different previous studies showed that scoop holes are
unsafe methods for abstracting water from sand dams for
drinking purposes. Nevertheless, Abila et al. (2012)
evidenced that shallow wells can also be contaminated
with E. coli bacteria as he found them in the range of 20
to 110 CFU/100 ml. They added that the possibility of
shallow wells to be contaminated depends on the
distance that separates them from the residential areas
as those located within dense residential areas are the
most vulnerable. They tested total coliforms and found
them to vary from 370 to 2,352 CFU/100 ml, comparable
to the range of 0 to 2, 500 CFU/100 ml in this study.
Onyango-Ouma and Gerba (2011) tested also E. coli
levels in shallow wells (N=4) and found that their counts
were in the range of 4 to >2,420 (too numerous to count).
Avis (2016) found that shallow wells are vulnerable to
faecal contamination as he found that 62.5 % of shallow
wells (N=8) contained E. coli bacteria in the range of 0 to
76 CFU/100 ml. Avis (2016) also found that 83% of scoop
holes (N=29) were free from E. coli bacteria. Quinn et al.
(2018) who tested E. coli in shallow wells (N=47) and 36
scoop holes (N=36) found that 70% of shallow wells
(33/47) and 11% of scoop holes (4/36) complied with the
recommended guideline while 30% (14/47) and 89%
(32/36) didn’t comply with it respectively. Finally, Ndunge
et al. (2019) found that 67% of scoop holes (N=32)
contained E. coli bacteria in the range of 8 to > 180
CFU/100 ml. The present findings are consistent with
previous findings and therefore, it can be concluded that
water from sand dams is categorically unfit for direct
human consumption. It needs further treatments at
household level, which can mainly be physical methods
such as household sand filters, cloth filtration, ceramic
filters, biosand filters, solar disinfection (SODIS) and
chemical disinfection methods such as water purification
tablets (Aquatabs), water purification powders and
chlorine solutions such as water guards, PUR and P and
G water purifiers).

Possible sources of organic and bacterial pollutants
in sand dam water

Sand dams systems have been adopted in most of
Kenya’s arid and semi-areas to secure water supplies for

domestic, micro-irrigation and livestock watering
purposes. High aridity of the region and a big humber of
livestock (about 70% of the national livestock) make
pastoralists travel long distances in search of pasture. In
the study area, we observed that cows, goats, sheep and
donkeys spend many hours a day grazing on banks of
seasonal rivers which accommodate sand dam systems.
The latter create a favorable environment that attracts
both livestock and wild animals (about 90% of national
wildlife) coming to graze on greenish riparian vegetation
reinvigorated by sand dam storages during dry seasons.
As they move all along seasonal rivers, grazing grasses
and drinking water in scoop holes left behind by people,
they leave droppings scattered on sand dam surfaces,
continually spread over and over due to daily to-and-fro
movements of people and animals.

In addition to animals’ droppings, other organic wastes
including dead plants, leaves, and grass clippings,
washed-off manure, sewage, and food waste from
households, were observed in surrounding areas of sand
dams. Therefore, organic matter and microbiological
pollutants in sand dams are substantially linked with
animals’ droppings. Sand dams are freely accessible by
whatever and whoever. Thus, it may not be easy to
protect them from contamination. In addition, the
contribution of the use of bushes and trees for privacy
can’'t be ignored as it was observed that there are no
sanitation facilities provided for cattle keepers and
passers-by. When it rains, everything is washed away by
surface runoffs into stormwater drains towards sand
dams.

Metal concentrations in sand-dam water
Trace metal elements

The trace elements assessed in this study include copper
(Cu), iron (Fe), manganese (Mn), zinc (Zn) and chromium
(Cr). Except Cu and Fe, the remaining have the same
guideline limits in both KEBS and WHO water quality
standards. The KEBS MAC limits for Cu and Zn are 1
and 5 mg/L (KEBS, 2015) while in WHO guidelines, they
are 2 and 3 mg/L (WHO, 2017a) respectively. Therefore,
WHO compliance levels for these two elements were
indicated in brackets wherever applicable. The results
including mean values, standard deviations and compliance
levels are presented in Table 6 while seasonal variations
of trace metals in sand-dam water are indicated in Figure
8. Combined results, from both shallow wells and scoop
holes, showed that Mn, Zn and Cr complied with KEBS/
WHO guideline limits at the rates of 98, 100 and 94%
respectively as indicated in Table 6. Only two parameters
Cu and Fe complied with low rates of 56 (73) and 35%
respectively. Scoop holes contributed heavily to these
low rates as they scored 48% (N=16/33) and 9% (N=3/33)
respectively. Water from shallow wells complied with KEBS/
WHO limits at the rates of 73 (80 for Cu) and 87% for



Table 6. Concentrations and compliance rates of trace metals in sand-dam water extracted via shallow wells and scoop holes.
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Sampling detail

Scoop hole'

Shallow well?

Site date Cu Fe Mn? Zn Cr Cu Fe Mn* Zn Cr
8-Feb-18 N/A N/A N/A N/A N/A 0.48 0.09 0.04 0.11 0.042
28-Feb-18 N/A N/A N/A N/A N/A 0.52 0.06 0.05 0.09 0.034
Site 1 23-Mar-18 0.63 +0.57 0.57 £+ 0.031 0.01 +0.001 0.05 + 0.002 0.03 +0.004 0.7 0.05 0.024 0.08 0.05
20-Apr-18 0.97 +0.42 0.73+0.131 0.03 + 0.006 0.05+0.01 0.05 + 0.008 1.1 0.03 0.05 0.09 0.04
19-May-18 2.37 £1.03 0.06 + 0.032 0.07 £ 0.026 0.04 £ 0.02 0.03+0.01 0.9 Bdl® 0.07 0.08 0.03
8-Feb-18 N/A N/A N/A N/A N/A 0.34 0.06 0.026 0.04 0.032
28-Feb-18 N/A N/A N/A N/A N/A 0.28 0.08 0.014 0.07 0.035
Site 2 23-Mar-18 0.1 +£0.092 1.47 £0.068 0.02 +0.016 0.06 £ 0.01 0.045 £ 0.006 2.1 bdl bdl 0.12 0.04
20-Apr-18 0.28+0.298 1.84 +0.501 0.03 £ 0.022 0.06 £ 0.018 0.047 £0.011 2.30 0.02 0.08 0.3 0.03
19-May-18 0.31+0.2 1.7 £0.577 0.03 +£0.023 0.06 +£0.017 0.032 £ 0.004 2.40 0.01 0.07 0.2 0.04
8-Feb-18 0.95+0.15 2.33+0.15 0.08 £+ 0.01 0.03+0.01 0.04 £0.01 0.60 1.20 0.007 0.037 0.041
28-Feb-18 1+01 2.4+0.26 0.06 + 0.05 0.04 +£0.01 0.04 £ 0.01 0.50 1.10 0.008 0.042 0.046
Site 3 23-Mar-18 3.2+0.95 5.37+2.01 0.08 £+ 0.01 0.03+0.01 0.03+0.01 0.60 0.25 0.006 0.033 0.036
20-Apr-18 45+14 485+ 2.25 0.07 £0.03 0.03+0 0.04 £ 0.01 0.50 0.22 0.090 0.034 0.038
19-May-18 4.33+3.16 3.07+2.74 0.15+0.13 0.04 +£0.01 0.03+0 0.01 0.03 0.080 0.030 0.032
KEBS/WHO MACs 1/2 0.3 0.1 5/3 0.05 1/2 0.3 0.1 5/3 0.05
Compliance (%) 48/73 9 97 100/100 85 73/80 87 93 100/100 100

“Three samples were taken at inlet, middle and exit of every sand dam on the same day of sampling. 2Only one sample was taken from shallow well of each sand dam on the same day of

sampling. *bdl =below detection limit.

Fe respectively. The concentrations of Cu and Fe
in scoop holes varied from 0-7.9 mg/L (avg.1.63
mg/L > KBS limit (£ 1 mg/L) but < WHO limit (< 2
mg/L) and from 0.02-7.45 mg/L (avg. 2.22 mg/L >
both KEBS/WHO limits (< 0.3 mg/L) respectively.

In shallow wells, the concentrations of the two
parameters ranged from 0.01 to 2.4 mg/L
(avg.0.89 mg/L < both WHO/KBS limits) and from
0-1.2 mg/L (avg. 0.21 mg/L < both WHO/KBS
limits) respectively. From these two viewpoints,
high levels of Cu and Fe were measured in
samples taken from scoop holes during rainy
period. Though Cu and Fe concentrations are

within normal ranges of occurrence in drinking
water (£ 0.005 to > 30 mg/L (WHO, 2004) and <
0.01 to > 50 mg/L (WHO, 2003b) respectively,
they showed that their presence in sand dams is
more linked to surface contamination than being
associated with their natural abundance in Earth’s
crust. If the Cu and Fe concentrations were from
geological formations, higher values should have
been detected in shallow wells. Therefore, sources
of these two parameters are presumably linked to
runoff contamination and shallow wells are less
vulnerable to it because runoff water entrapped by
sand dam systems, takes time to reach shallow

well sump pits and is also filtered all along the
journey through different sand layers. From Figure
8a, Cu concentrations changed abruptly in scoop
holes of site S3 and slightly in the shallow well of
site S2. Their trends showed that there is high
probability to return to lower values after rainy
season in June, July and August. The Figure 8b
shows that Fe concentrations were very high
compared to recommended limit (£ 0.3 mg/L) in
scoop holes of the site S3 and in scoop holes of
the site S1. Figure 8c, d and e showed that Cr, Mn
and Zn were below the recommend limits in both
KEBS/WHO guidelines.
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Possible health effects that can be associated with
high Fe and Cu in sand-dam water

From Figure 8a and b, Cu and Fe were found to be
higher compared to the remaining trace metals tested
(Mn, Zn and Cr). In order to get a general picture of what
should be the effects on human health if people routinely
continue to drink sand-dam water containing high Fe and
Cu levels, all water sample results for these two elements
were distributed into concentration-effect ratings (DWAF,
1998). These are five-point rating scale categories in
increasing order of severity, i.e. no effects, insignificant
effects, slight effects, chronic effects (that can occur after
long-term exposure to a pollutant present only in small
amounts) and acute effects (instant health effects that
can occur within hours or days of consumption like
vomiting, nausea, headaches, stomach cramps, or
diarrhoea). The resulted frequency distributions of Fe and
Cu measurements into concentration-effect ratings are
presented in Figure 9 (a) and (b) respectively. In this
figure, shallow wells were found to have Cu levels with no
possible effects at the rate of 87% and with insignificant
effects at the rate of 13%. They were also found to have

Fe levels with no effects at the rate of 86.7% and slight
effects at the rate of 13.3% (Figure 9 b). Scoop holes
were also found with Cu and Fe levels that cannot present
health effects at the rate of 48.5% and 12% respectively
while 27% and 15% of samples fell in category of chronic
effects as indicated in (Figure 9 a and b) respectively.

Normally, copper and iron are very essential to human
health. Too little is unhealthy and too much can lead to
poisoning. They are not hazardous to health, but can
cause taste, odor, appearance and staining problems in
water. Particularly, normal levels of iron found in drinking
water cannot lead to major health problems as lIron is
unknown to cause cancer in people (WHO, 2003b; FDH,
2015). On the other hand, Cu concentrations greater than
2 mg/L (guideline set to prevent health-related problems)
have not been proven to cause cancer in humans
(ATSDR, 2004) but .can cause acute damage to the liver,
kidneys and chronic effects in sensitive individuals like
persons with Wilson’s disease (a genetic disorder
causing copper to accumulate in the liver, brain and other
vital organs immediately after birth) and children with
various cirrhosis syndromes (DWAF, 1998; National
Research Council, 2000; WQA, 2013).
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measurements from scoop holes and shallow wells into severity categories of

potential health effects.

Few previous studies tackled the assessment of metals
in sand-water water. On this particular point, comparisons
for water quality measurements in sand dam systems via
scoop holes of sand dams were extended on studies
conducted on rivers as the latter form the major inflows
into the former while measurements in shallow wells were
also compared to previous studies conducted on
boreholes in the region as the two only differ from depth
sizes. Shallow wells are normally less than 20 m deep
and rarely up to 30 m while boreholes can be greater
than 50 m and can reach 300 m (Danert, 2015).
Therefore, the single study, up to date, that specifically
assessed metals in sand-dam water, showed that the
levels of Fe, Mn, Zn and Cu were in the ranges of 0.074
to 4.22 mg/L, 0.91 to 4.55 mg/L, <0.01 to 0.71 mg/L and
<0.01 mg/L respectively (Ndunge et al., 2019). On the
contrary, however, their results showed higher
concentrations of Mn compared to 0 to 0.3 mg/L and
almost undetectable Cu in scoop holes and shallow wells,
compared to mean values of 1.63 (0-7.9 mg/L) in scoop
holes and 0.89 (0.01-2.4 mg/L) in shallow wells. Wambu
et al. (2015) evaluated Cu levels in various sources in
Siaya County (Kenya) and found that 20% of borehole
samples (N=5) exceeded WHO limit (£ 2 mg/L) in the

range from 0.72 to 2.63 mg/L (avg. 1.59 mg/L); 38% of
dams and open pans (N= 26) didn’t comply with it in the
range from from 0.15 to 3.34 mg/L (avg. 1.58 mg/L).
Ombaka and Gichumbi (2012) measured some trace
metals in Ruguti river in Meru South (Kenya) and
concentrations were found to be 2.51 mg/L (Fe), 0.29
mg/L (Mn), 0.23 mg/L (Zn), undetected Cr and Cu.

Njuguna et al. (2017) assessed Nairobi river water quality
and some of the trace metals were found to be 11.9 mg/L
(Fe), 9.89 pg/L (Cu), 2.915 mg/L (Mn), 2.568 mg/L (Zn)
and 0.05 mg/L (Cr). Mwamati et al. (2017) measured Fe
levels in boreholes in Yatta Plateau in Kitui County, Kenya
and were found to be in the range of 0.01-1.63 mg/L. Based
on the present findings and previous findings, it is remarked
that concentration levels of Cu and Fe vary from region to
region and from one water source to another.

Potential sources of trace metals in sand-dam water

In this section, much emphasis was put on Fe and Cu
elements as they were ones found to exceed the set
guideline values. Firstly, possible sources of Cu, Fe, Mn,
Zn and Cr contamination in sand-dam water are
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presumably associated with contaminants brought by
surface runoffs from different places, especially metal
works such as welding and metal fabrication workshops,
iron ore mining areas, oil stations and garages,
slaughterhouses, demolitions, dumped metallic items,
rusting of metallic structures like bridges, iron bars in
faulty sand dam walls, Cu pipes and so on. Secondly, in
addition to aforementioned possible sources, the
contribution of natural metal abundance in Earth’s crust
cannot be neglected. Fe is the 4" most abundant element
(about 5% by weight) and the 2" abundant metal after
aluminium (Krebs 2006; Al-Fartusie and Mohssan,
2017). Mn is the 12" most abundant element (about 0.1%
by weight) and the 5" most abundant metal (Nordberg et

al., 2015). Cr is the 17" most abundant element (about
0.02% by weight) occurring in water in the +3 and +6
oxidation states (Izblckl et al., 2008; Chirila and Draghici,
2008). Zn is the 24™ most abundant element (about
0.013% by weight) occurring in low concentrations in
water as Zn ores are slightly soluble (Chirilda and
Dragh|C| 2008; ul Hassan et al., 2017). Lastly, Cu is the
26" abundant element (about 0.007% by weight), a
reddish metal naturally occurring metal that is found in
rock, soil, water and sediment and in air at low levels
(ATSDR, 2004; Krebs, 2006; Chirila and Draghici, 2008).
Generally, copper occurs in nature in one of four oxidation
states; copper (0), copper (1), copper (ll), and copper (lll)
rarely occurring copper in water (Georgopoulos et al.,
2001) while Cu occurs in two oxidation states, the
divalent or ferrous form (IlI) and the trivalent or ferric form
(I and it is also tested in water samples as total Fe after
sample oxidation (Kaasalainen et al., 2016).

The third and final possibility of presence of higher Cu
and Fe concentrations measured in scoop holes than in
shallow wells may be associated with
hydrometeorological factors such as floods, droughts,
landslides or mudslides and anthropogenic activities. Top
soil appearance in the study area was perceived to sandy
red soil which is normally consisting of kaolinite, iron and
copper oxides. Heavy metals in soils can also originate
from mineralization and weathering of rocks found within
the region area (Mulwa, Maina, & Patel, 2012) and then,
can reach water sources through stormwater runoffs.
Nzeve, et al. (2014) showed that sediments in some
water reservoirs in nearby regions contain trace metals.
In their study on sediments from Masinga reservoir, trace
metal concentrations were measured and found to be in
the ranges of 5.2- 34.64 mg/Kg (Cu), 138.75-937 mg/Kg
(Mn), 5.2-100.35 mg/Kg (Zn) and 7.5-77.6 mg/Kg (Cr). In
short, there are many possible sources that can accelerate
the presence of metals in sand dam systems, operating
in open environment. Anything from anywhere can easily
reach made up of self-packed riverbed sediments.

LIMITATIONS

In this study, the selection of sites was done on the basis

of convenience and with a specific goal. Therefore, there
may have been a selection bias as we wanted to select
sand dam systems with at least two water abstraction
methods, able to generate samples and easily accessible
to facilitate the transport of samples, sampling equipment
and water testing kits. It was limited to sampling from
scoop holes and shallow wells adjacent to sand dams. In
order to get a comprehensive picture of physicochemical
and bacteriological qualities of water within the entire
sand-dam system, piezometers should have been
installed at various points to provide supplementary water
samples as they can reproduce quasi-comparable
measurements compared to scoop holes, which are very
unstable. The study didn’t also establish any association
between the detection of E. coli bacteria in sand-dam
water and the occurrence of water-borne diseases in the
community under study area and no deep investigation
into the relationship between concentration levels and
contamination sources. Therefore, there are needs to
conduct further studies aiming at identifying specific
sources of pollution, studying completely annual and
seasonal changes in water quality, isolating occurrences
of bacterial contamination and correlating them to
waterborne diseases in the region. There are also needs
to discern impacts and contributions of hydrogeochemical
processes in the hydrologic cycle, geological formations
and municipal sewerage systems to sand-dam water
quality dynamics in the region. As arid and semi-arid
areas supports nomadic pastoralism with two major
challenges i.e. limited availability of pasture and water;
future studies should also seek to better understand the
impact of open-range ranching pastoralism and strategic
siting of sand dams within catchments on water quality
integrity as sand dams operate in unprotected
environments and also create environment attracting both
wild and domestic animals due to revitalized riverbanks.
All above studies may lead to discern point and non-point
sources of pollution or other events occurring within
catchments that lead to degradation of water quality. This
can help to prevent potential contamination or to undertake
operational strategies to restore its integrity once it is
deteriorated. All of these aforementioned limitations
constitute the potential focal points for future investigations.

Conclusions

The present study investigated the quality and suitability
of water from rainwater harvesting systems commonly
known as “sand dams”, adopted in many arid and semi-
arid regions, especially in developing countries as
sources of domestic water supply. Kenya, a country with
89% of its land mass classified as drylands, was selected
as a typical arid and semi-arid case study and is the
region where the use of sand dam technologies has
gained full development, especially in rural areas. These
sand dams are simply impermeable concrete walls
constructed across and along seasonal rivers to store



water during rainy season for later use in dry season. The
stored water gets filtered in uncontrolled manner through
natural seepage processes within sandy sediment layers.
Local people access it by digging scoop holes into
sediments or pumping it via shallow wells constructed
adjacent to sand dam riverbanks and or riverbed
infiltration galleries and many others. Among these
methods, our study assessed the two commonly used
methods i.e. scoop holes and shallow wells. The results
showed that each method has its own efficiency level in
protecting from water from being contaminated in the
storage and during fetching process at the sites. The
water quality results for these two methods, coupled with
previous findings, allowed us to conclude that sand dams
provide unsafe water for direct human consumption in its
raw form. This type of water needs first to be purified so
that it can be used for domestic purposes. Shallow wells
provide water that is physicochemically fit but
microbiologically unfit with minimal health risks while
water abstracted via scoop holes is both
physicochemically and microbiologically unfit with high
potential health risks. Therefore, the use of scoop holes
as sand-dam water abstraction method for domestic
purposes should be discouraged. With this method, major
parameters mainly pertaining to the colour of water
unsatisfactorily adhered to KEBS limits with low
compliance rates, i.e. turbidity (18%); copper (48%) and
iron (9%) of samples taken in scoop holes compared to
100%, 73% and 87% of samples taken from shallow
wells respectively. Microbiological parameters i.e. E.coli
bacteria and total coliforms also scored low rates as 48%
and 6% in scoop holes and 87% and 53% in shallow
wells respectively. Shallow wells were also found with
very low BOD level while scoop holes were somewhat
polluted. In regard to the trace metal toxicity and health
risk, both water sources met considerably the allowable
limits set for manganese, chromium and zinc but scoop
holes exhibited higher iron and copper concentrations in
samples taken during rainy season than in shallow wells.
This is an indication that their presence is linked with
surface runoff pollution. These results for these two
methods, coupled with previous findings, allowed us to
conclude that sand dams provide unsafe water for direct
human consumption in its raw form. This is the type of
natural water that needs first to be purified so that it can
be used for domestic purposes. Thus, with the observed
high dependence on sand dams via traditional scoop
holes and limited alternative water sources in the region,
it calls for utilization of disinfectant by-products (DBPs)
and household-level water purification strategies to
increase its potability.

RECOMMENDATIONS

Based on field observations and the results of this
research, the following recommendations are proposed
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with regard to preserving water quality and improving the
health and well-being of people:

. It is recommended that sand-dam water should
continuously be monitored so that public awareness is
raised when new contaminants emerge or existing ones
become intense.

. Though the use of DBPs is recommended for
both water from shallow wells and scoop holes, water
intended for drinking apart from other domestic uses
should be boiled as some studies showed that some
microorganisms survive after treatment with DBPs such
as water guard (Tersagh et al., 2015). And also, water
chlorination with DBPs should be controlled and used
with caution as their reaction with water and other
chemical compounds may generate chemical compounds
such as halogenated organic by-products like
trihalomethanes (THMSs), which are potential carcinogens
(Mishra et al., 2014).

. The comparison of the two abstraction methods
showed that scoop holes are less suitable for domestic
water supply source than shallow wells. Scoop holes can
only be left for livestock watering and irrigation practices
and for domestic water supply; they can be replaced by
other improved abstraction methods like riverbed infiltration
galleries wherever the shallow wells are impractical.

. The construction of sanitation facilities, septic
tanks, public sewages and dumpsites should consider the
locations of sand dams to avoid incidental contamination
as abandonment of some sand dams due to upstream
dumpsites was observed.

. It is also recommended that local people should
avoid sharing water access points with livestock and wild
animals because they use scoop holes left behind and
people reuse them after animals have left.

. The use of scoop holes in the vicinity of shallow
wells should be avoided because field observations
showed that they contribute, to some extent, to their
contamination as shallow wells are normally sited in
unconsolidated sediments near riverbanks to allow water
seeping from sand dam sediments reach them.

. Finally, if not no appropriate measures are taken,
the continuous use of sand-dam water via the traditional
scoop holes may lead, in an unnoticed way, to prolonged
exposure of intakes of chemical, microbial and metal
contaminants that, in their turn, can lead to chronic health
effects in the future.
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