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Abstract

Outbreaks of contamination events in many developing countries occur during periods of peak rainfall. This study presents
evidence of direct pulse response of shallow groundwater contamination events to rainfall in Northern Mozambique. The
objective of the paper is to establish both a statistical relationship between rainfall and contamination and to analyse the path-
ways through which runoff resulted in contamination. To achieve this, data from 25 wells were monitored over a 12-month
period in Lichinga, Northern Mozambique, and then compared to historical rainfall from the previous 8 years. Categorical
(soil survey) and parametric (water quality, rainfall, depth-to-water-table) data were further collected before, during and after
the 4-month monomodal rains. Using logistic regression statistics, three distinct conclusions were drawn from the study.
Firstly, the study demonstrated a direct pulse response between increased numbers of presumptive thermotolerant coliforms
and enterococci bacteria. Secondly, the study observed high risk of contamination through localised, as opposed to aquifer
pathways, and thirdly, the study noted a higher survival function and stability of presumptive enterococci bacteria as com-
pared to presumptive thermotolerant coliforms in the environment and at depth.
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Introduction

Studies of shallow groundwater contamination in developing
countries have demonstrated a direct pulse-response between
trends of rainfall and microbiological contamination (Barrel,
1979; Lewis et al.., 1980; Lewis et al.,1984; Wright, 1986). A
recent study of springs in the weathered crystalline aquifers of
Kampala, Uganda by Barret (2000) and Howard et al. (2003)
demonstrated a significant deterioration in microbiological
groundwater quality within 12 hours of a rainfall event (Bar-
ret et al., 2000; Howard et al., 2003). This study is supported
by further evidence from studies undertaken in Peru, Gambia,
Sierra Leone and Zambia regarding the seasonality of ground-
water quality (Barrel, 1979; Wright, 1986; Utkilen et al., 1989;
Bartram, 1996). For example, in a study of wells in rural villages
in the Gambia, Barrel (1979) noted an increase of approximately
10 orders of magnitude of faecal contamination following the
onset of the rains over a period of 6 days (Barrel, 1979). Further
studies by Utkilen et al. (1989) in Zambia concluded that peaks
in faecal contamination of wells were associated with rainfall
as a result of surface flushing of faecal material (Utkilen et al.,
1989).

However, in contrast to these views, studies of the seasonal-
ity of water quality in Sierra Leone noted decreasing rates of
contamination during the wet season (Wright, 1986). The study
examined levels of selected faecal indicator bacteria and inci-
dence of Salmonella spp. over a one-year period. The study
concluded that counts were generally increasing during the dry
season culminating in peaks at the transition from dry to wet
season. This increase was attributed to a lack of sanitation devel-
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opment and the sporadic nature of rainfall patterns in the study
area. Consequently, the human and animal waste was deposited
at the soil surface and flushed into the water sources during the
rains. Additionally, due to the water sources diminishing in the
dry season, a lower level of dilution or concentration effect of
faecal contamination was observed in the dry season resulting

in higher detection levels (Wright, 1986).

Studies by Howard et al. (2003), although solely focused on
spring contamination, provide a significant background to the
development of the study presented in this paper. Their study
highlights the importance of contamination of shallow springs
by short-circuiting of sanitary headworks through “localised
pathways” (Howard et al., 2003) It explores this alternative
localised pathway by examining the microbiological contamina-
tion levels in springs with varied levels of sanitary protection
during periods of high and low rainfall.

This paper widens the Howard et al. (2003) research to inves-
tigate microbiological contamination of 25 shallow wells over 12
months (November 2003 to October 2004) in Lichinga, North-
ern Mozambique. The aim of the study outlined in this paper
was to identify the influence of rainfall and localised pathways
on groundwater contamination. Based on the source-pathway-
receptor model of groundwater contamination, “localised” and
“aquifer” pathways of contamination are defined as follows;

e Localised pathways — a rapid bypass mechanism where path-
ogens enter the intake of the water supply due to poor design
and/or construction, the microbes having limited residence
time in the saturated zone as a consequence.

e Aquifer pathways — where pathogens migrate through the
subsoil from a faecal source to the water table (ARGOSS,
2002).

Field workers report that localised pathways are considered of

high significance in Mozambique, where poor quality materi-
als, limited quality control in construction and high levels of
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Figure 1
Location of sample points and
rain-gauges in Lichinga

where:

improved well = concrete caisson
lined well with mechanised pump
upgraded well = brick lined well with
windlass

traditional well = unlined well with
rope and bucket

B Improved well

A Upgraded well

@ Traditional well

Note: Raingauges 1, 2, 3 are identi-
/ 2 5 fied by white squares in Fig.1

Y
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faeces in the environment result in high levels of microbiologi-
cal ingress (Tino, 2003). This paper discusses the relationship
between rainfall and contamination in three well types with
respect to the contamination pathways.

Experimental

The study was undertaken in the town of Lichinga, the capi-
tal of Niassa Province in Northern Mozambique, located at
13°18’S, 35° 15°E, through joint research between the UK-
based Water, Engineering and Development Centre (WEDC),
the Mozambique Estagdo Agraria de Lichinga (Agricultural
Research Centre) and the UK charity WaterAid. Twenty five
groundwater sources were selected using the statistical t-test
based on 2 comparable means from 2 variables; existing lev-
els of contamination (water quality) and population served.
Using the t-test, the number of water points required with 95%
confidence level of estimating average levels of contamina-
tion within 2% of the true value was calculated using Eqgs.(1)

and (2):
sy

n =
o =2 )
where:
n : first approximation of sample size
t : confidence probability (t statistics). This value is
1.64, 1.96 and 2.58 for confidence probabilities of 90,
95 and 99 % respectively
S population standard deviation
r relative error
Y : population mean.
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where: N
n : sample size
N :  population size

n : first approximation sample size (see Eq.(1)).

For a statistically valid sample, 20 water points would be
required. These were selected from the communities outlined
in Map 1 based on logistics, practicalities, ease of access, avail-
able water quality data and inclusion in an existing monitoring
framework.

Data were initially collected from 20 water sources in three
communities in Lichinga with an additional five traditional wells
used as control sites (at least one of each located within a given
sampling area). Sampling was undertaken twice per month
immediately before the rains and at monthly intervals after their
arrival to gauge the potential “pulse response” of levels of con-
tamination in the shallow groundwater to rainfall. Stratified data
collection was done on both categorical and parametric vari-
ables.

Categorical variables (or non-changing data) were single
measurements. These included geographic positioning system
(GPS) readings, a soil characterisation study based on parti-
cle size distribution (PSD) and soil classification tests and an
engineering assessment. For the purpose of this paper, the soil
characterisation methods will be discussed. The method for col-
lecting soil characterisation data included the particle size dis-
tribution method and manual soil classification tests (Swartz et
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al., 2003). Methods used for testing PSD followed BS1377-2

(1990) and Barnes (2000) (BS1377-2, 1990; Barnes, 2000). A

single soil sample was taken at each of the 25 wells and analysed

in March 2004. Samples were riffled through a set of 5 sieves
with sizes of Smm, 3.35 mm, 2 mm, 1.18 mm, 600 pm, 425um,

300 pm, 212 pm, 150 pm, 63 um. PSD tests were supported by

semi-qualitative manual tests using an augered sample from a

depth of 0.5m at a distance of 1 m from the well. This was done

at each of the well sites. A segment of soil was extracted from
the sample and analysed. The sample was classified based on the
thumb and finger test outlined in the Ciba-Geigy Agrochemicals

“Guide to Soil Identification” (CibaGeigy, 1986).

Physical methods were supported by in situ readings of the
well geology. These included:

e GeoVision borehole camera readings of lined wells using
a miniature colour monitor. This provided a quick view of
both the geological formation and level of sanitary protec-
tion afforded by the lining of the well.

e Subsoil thickness visual observations of unlined traditional
wells. These were logged as 0-1 m, 1-3 m, 4-5 m and >5 m.

Parametric variables (or continuous data) were collected either
daily or monthly from November 2003 to October 2004. These
included daily rainfall readings, monthly microbiological and
physico-chemical data, and monthly depth-to-water-table and
sanitary inspection data.

Rainfall data collection

Daily rainfall was measured using two 40mm capacity Dipflex
raingauges (Sites 1 and 2 as shown on Fig. 1 during the 12-
month period to understand the correlation between rainfall and
contamination. This data was then compared to historical rain-
fall for the proceeding 8 years. Number 1 raingauge was located
to the west of the city in a low lying area for data comparison to
rainfall measurements at a higher altitude. Number 2 raingauge
was located in the Agricultural Research Centre of Lichinga
approximately 500 to 1000 m from the project site. Each was
positioned on a 1.5 to 2.0 m high pole in an open area with a
clear distance between the gauge and the nearest and tallest tree
being twice the height of that tree (Gunston, 1997). The rainfall
was measured at 17:00 on a daily basis during the 12-month data
collection period (Gunston, 1997). Historical data from 1995
to date were also collected from the Meteorological Centre of
Lichinga (marked as Number 3 on Fig. 1). Monthly average rain-
fall measured at Lichinga Airport for the period 1995 to 2003
was also obtained from the Meteorological Centre of Lichinga.
However, it is possible that not all rainfall was measured during
this period, the reasons for which are discussed within a later
section.

Water quality data collection

Monthly water quality samples were tested at a centralised labo-
ratory established in Lichinga following standard aseptic proce-
dures (WHO, 2004) Samples were collected using sterile 60 me
plastic sampling bottles. These were stored in cool bags at <4°C
for a maximum of 6 h whilst field sampling was undertaken.
Two microbiological parameters were tested; Presump-
tive (rather than confirmed) enterococci and thermotolerant
coliforms. Presumptive enterococci were isolated using azide
Nutridiscs (AND), pre-impregnated membranes with sodium
azide supplied by Schleicher and Schuell “Product Reference
Number 10433003;” (WagTech, 2003). 50 m{ samples were
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processed using membrane filtration (filter size of 45 um) and
applied to the ANDs. A 4 h resuscitation period at ambient tem-
perature was observed prior to incubation at 44°C (x 0.5°C)
for 44 h. Although enterococci grow best at 37°C, they are less
selective at this temperature than when incubated at 44°C (Anon,
1994). Post-incubation, all red, maroon and pink bacterial colo-
nies that were smooth and convex were identified using a hand-
lens and recorded as presumptive enterococci (WagTech, 2003).
Total plate counts were recorded per 100 m{ by multiplying the
number of presumptive enterococci in 50 m€ by 2. Confirmations
were not possible at field level due to difficulties of preparation
and storage of kanamycin aesculin azide agar plates.

The isolation and enumeration of thermotolerant coliforms
were carried out using membrane filtration (WagTech, 2003).
50 me samples were filtered through a Millipore 45 pum nitro-
cellulose filter. Membrane lauryl sulphate medium was prepared
with 50 ml de-ionised water in a membrane sulphate media
measuring device “MMD” (WagTech, 2003). 2mUlof the solu-
tion was applied to each filter pad. The filtered membrane was
then placed on a pad and incubated at an ambient temperature of
28°C for 4 h to permit bacterial resuscitation, before being trans-
ferred to 44°C for 14 h incubation. Post-incubation, all yellow
colonies were counted, multipled by 2 and recorded using a hand
lens as Colony Forming Units (CFU) per 100 m{.

For quality control, the testing kit was calibrated using a
duplicate test on the first and last sample of each day’s sampling.
The duplicates were rotated for each month’s sampling to avoid
repetition of control sites. Verification of plate counts was done
on all samples by the authors. The verification involved identi-
fication of thermotolerant coliforms and enterococci colonies as
well as quality control of results for different dilutions. A 95%
confidence level interval was used to define variation in results.
Due to elevated levels of colonies on some plates, a wider statis-
tical variability was noted and a 95% confidence level could not
always be achieved.

Water level data collection

Depth-to-water level was tested using a dipper tape on a monthly
basis. The measurements were taken at the same time of day
on each day’s sampling. Field visits occurred between 7:30 and
12:00 to avoid early morning water collections in the commu-
nities. Results were recorded with water quality outcomes in a
standard format as metre (m) below ground (mbg).

Results

Three forms of analysis are presented. These include logistical

regression analysis of rainfall to “non- compliance” of microbio-

logical quality as well correlations between the first of flush of

rainfall and contamination and the soil type and contamination.

Results from the study are presented to demonstrate:

o total rainfall received during the study period

e pathways to contamination following the first flush rains

e correlation between rainfall and contamination levels using
regression analysis.

For the purpose of analysis, statistical outliers have been removed
from further analysis and are not indicated in this paper. These
are defined as ’observations whose values are quite different
than others in the data set.” In accordance with the WHO Guide-
lines for Drinking Water Quality, this study defined statistically
’non-valid® outliers as microbiological results >1 000 cfu (WHO,
2004).
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Median rainfall data (1995-2003) compared to rainfall (2003-4)
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The rainfall distribution during the study was "typical® with peak
periods of rainfall falling between summer period of November
2003 and April 2004. Figure 2 outlines the mean monthly rain-
fall measure at Raingauge 3 for the period between 1995 and
2003 is compared with data collected from Raingauges 1 and 2
between 2003 and 2004. The average rainfall at each of the three
sites in 2003 and 2004 is also shown.

Both Raingauges 1 (Quinta) and 2 (EAL) provide higher
average monthly rainfall figures than rainfall recorded at Rain-
gauge 3 over the previous 8 years. The histogram in Fig. 2 illus-
trates a higher pattern rainfall from Raingauge 2 located on
higher ground than Raingauge 1 (located in lower ground). This
may be due to the closer proximity of tree cover, “non- readings”
during school holidays, location of a Raingauge on lower ground
and/or rigour of the data collection undertaken in each gauge.

Rainfall and microbiological contamination

Prior to November 2003, contamination levels were noted as
<10 cfu/100 me (colony-forming units/100 m{). Analysis 1 indi-
cates increased levels of microbiological contamination for both
TTC and EF (noted as >10cfu/100 m¢e) following the first flush
of rainfall. Over the 12-month period, levels of microbiological
contamination increased at the beginning of the rains during the
month of November where direct pulse response of contamina-
tion to rainfall was observed. Figure 3 outlines results obtained
for thermotolerant coliforms and enterococci during the start of
the rains in November 2003 and December 2004. The results
are illustrated as blocks for improved, upgraded and traditional
wells. Figure 3 indicates results from samples collected twice
during November (14%/15" — before the rains and 23'/24™) and
then once during December (16"/17"). Rainfall records were
collected daily through November and December with the first
rains recorded on 15" November microbiological samples were
collected.

Statistical outliers, defined in this research as the upper
band limit of the WHO Guidelines for Drinking Water Quality
of >1 000 cfu/100 m¢{ are excluded from all data analyses in this
paper (WHO, 2004). An average of 2 outliers was recorded in
microbiological results per month. These results are attributed
to initial errors due to cross-contamination during laboratory
analysis, they have not been discarded as errors but are consid-
ered as outliers (described in this context as observations whose
values are quite different to others in the data set).

Figure 3 indicates that the levels of recorded contamination
increased dramatically following the first flush of heavy rainfall
on 15" November. Prior to the rains, low contamination levels
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Figure 3
First flush contamination in Lulimile and Nomba
(Nov — Dec 2003)

were recorded in all wells before the peak contamination rates
equalled 5 and 10 orders of magnitude for thermotolerant col-
iforms and enterococci between the first and second sample in
November. This is believed to be due to a combination of fac-
tors including use of unwashed and highly contaminated buckets
for water extraction resulting from limited quantity of water in
the wells during this dry period, cross contamination from dirt/
dust entering the wells, possible errors in analysis methods and
raised turbidity/total dissolved solids (TDS) masking contami-
nants and reducing die-off periods. Figure 3 further highlights a
rapid “pulse response” of levels of contamination to rainfall with
Result 1 on 14/15 November at less than 24 h.

Due to limitations in this paper, annual trends are not out-
lined in detail. In summary however, contamination reduced
slightly during further rains in December and the trend was
reflected in the following months, where contamination levels
increased following torrential downfalls at the end of January/
February and then began to reduce at the end of the rains in
April.

Pathways to contamination

Analysis 2 involved the determination of the hydrogeologi-
cal correlation between soil types surrounding the researched
wells and contamination. Data were collected using particle
size distribution analysis and soil classification tests — see Fig. 4
(CibaGeigy, 1986).

Results indicate a lithology of very high silt and clay con-
tent with interspersed impermeable clay layers located at depth
to bedrock. The K permeability value for each of the samples
suggest a moderate to low permeability range at 10*— 10 m/s
(BS5930, 1999) (Taylor et al., 2004). The findings suggest that
direct ingress of bacterial contaminants through the study soils
to the well receptor is prevented due to the low permeability
and depth to water table (>8 mbgl) (Yates, 1989; Robertson et
al., 1997; ARGOSS, 2002; Foster et al., 2002). Results therefore
suggest that contamination of the wells has occurred through
alternative localised pathways. These include identified weak-
nesses in the engineering headworks such as cracks at the base
of hand-pumps, inadequate drainage, seepage through the annuli
of concrete caissons or ingress through pumping mains.

Regression models of contamination

The third analysis involved monthly analysis of the statistical
significance of rainfall to microbiological non-compliance at
>10 cfu/100 mL. Data was “dummy coded” as binomial data in
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Figure 4
Ternary diagram showing range of particle sizes within the three
study areas of Lichinga (depths of 1 to 10 m)

SPSS Version 10 on a monthly basis. Results were outlined in
relation to the influence of both high and low rainfall (where low
is defined as <10 mm per month) and high rainfall (as defined as
>10 mm per month) for the three well technology types.

Levels of precision are presented in Table 1 and are
estimated based on the output p-value. This provides an estimate
of precision that is statistically significant at 95% confidence
or 0.05. Significant results are noted at a p-value nearer to zero
than 0.05.

TABLE 1
Rainfall
Traditional |Improved Upgraded
Well Well Well
TTC |EF TTC |(EF TTC |EF
Rain High | 0.472 [0.527 [ 0.014 | 0.147 |0.297 |0.935
Rain Low |0.963 |0.852 0.225 (0.948

For both traditional and upgraded wells, levels of non-com-
pliance were noted as being of greatest significance during peri-
ods of low rainfall. For all well types, levels of microbiological
non-compliance were noted as greatest during periods of high
rainfall. Rainfall was however only significant in improved
wells during peak rains. High p values of p=0.014 were noted
for TTC indicating a high statistical correlation between TTC
contamination and periods of rainfall. Equally, medium levels of
compliance were noted for EF (p=0.147). Rainfall is slightly less
significant in upgraded wells than improved wells during peak
rainy periods. However, both traditional and upgraded wells are
affected by both high and low rains; whereas improved wells are
not affected during periods of low rainfall. In traditional wells,
rain alone is not of significance. However, when combined with
high risk pathways or high risk sources in the environment, high
risk occurs.

All wells are therefore highly susceptible to high rains from
both TTC and EF bacteria following first “low” flush of rainfall.
Due to poor sanitary completion of many upgraded wells com-
bined with siting of wells in densely populated areas of high vul-
nerability, high levels of rainfall proved statistically significant.

Discussion

The analysis of groundwater quality at 25 sites in Lichinga,
Northern Mozambique indicates that the microbiological qual-
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ity of the water increased by an order of 10 after 24 h of rain-
fall. Quality recorded in these wells following the rainfall was
in excess of the WHO Guidelines for Drinking Water Quality
(WHO, 2004). The study further noted a higher level of pre-
sumptive enterococci compared to presumptive thermotolerant
coliforms. These findings are in line with Bitton et al. (1983)
who in sampling of 6 shallow wells for bacterial indicators dur-
ing periods of intermittent sewerage contamination, noted that
both thermotolerant coliforms and enterococci remained stable
in the groundwater environment for up to 70 d (Bitton et al.,
1983)

Findings from Lichinga, Mozambique further support simi-
lar studies in noting that presumptive enterococci displayed a
higher survival function than presumptive thermotolerant colif-
orms and did not multiple under polluted environments (Bitton
et al., 1983; Melian et al., 1999; Macler et al., 2000). The find-
ings indicate that enterococci were consistently more numer-
ous than thermotolerant coliforms both at shallow and deeper
depths. This finding supports the opinion that enterococci may
be ’a more reliable indicator of faecal pollution than faecal colif-
orms in raw water’ (Massa et al., 2001) The greater survival of
enterococci both in the environment and at depth in this study
suggests that enterococci may be an ideal additional or alterna-
tive indicator organism for bacterial contamination of shallow
groundwaters.

Conclusions

Three conclusions can be drawn from this study. Firstly, the
study demonstrates a direct pulse response of microbiological
contamination of shallow groundwater to the first flush of rain-
fall. Levels of microbiological contamination identified in the
selected well sites indicate increased levels of contamination of
an order of 10 within 24 h of rainfall suggesting that contami-
nation is occurring through preferential or localised pathways.
Secondly, that localised, as opposed to aquifer pathways, may
be responsible for rapid contamination following first flush and
thirdly that enterococci demonstrated a higher survival rate, both
at shallower and deeper depths than thermotolerant coliforms.
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