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Abstract: Pit latrines are one of the most common forms of onsite sanitation facilities in many
developing countries. These latrines are suitable as a means of isolating human waste, however,
conditions within pits often lead to nitrification of the contained waste. In areas with a near-surface
aquifer, the potential for nitrate pollution arising from pit latrines cannot be ignored. In this study,
site visits were made to three densely populated, peri-urban areas near three West African cities
(Dakar, Abidjan, Abomey-Calavi) to gather relevant information about the latrines in use and the soil
and groundwater underneath the sites. Modelling was then conducted to demonstrate the potential for
nitrate pollution of the groundwater from the latrines in such settings. The depth from the bottom of
the pits to the water table was considered as 5, 10 or 30 m, to represent the range of aquifer depths at
the study sites. Nitrate half-lives ranging from 500 to 1500 days were considered, and time scales
from 6 months to several years were modelled. The results highlighted the high likelihood of nitrate
pollution of groundwater reaching levels exceeding the World Health Organization guideline value
for nitrate in drinking water of 50 mg/L after as short a period as two years for the aquifer situated 5
m below the pits, when considering moderate to long nitrate half-lives in the subsurface. Careful
siting of latrines away from high water table areas, more frequent pit emptying, or switching to urine
diversion toilets may be effective solutions to reduce nitrate passage from pit latrines into
groundwater, although these solutions may not always be applicable, because of social, technical and
economic constraints. The study highlights the need for more reliable data on the typical nitrate
concentrations in pit latrines and the nitrate half-life in different subsurface conditions.
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1. Introduction

Many low-income countries are still striving to meet their Millennium Development Goal
(MDG) for access to improved sanitation, and the construction of basic pit latrines is a common
strategy that is being implemented to achieve this goal. A pit latrine typically consists of a dug pit
approximately 2-3 m deep and 1-2 m’ in surface area, with the walls often lined with concrete
blocks or bricks to prevent pit collapse, and with a slab and superstructure over the top of the
squatting hole [1]. Lined pit walls are typically left un-mortared below the top 0.5 m [1], to allow the
liquid fraction of the waste to infiltrate into the surrounding soil, leaving mainly the solid waste in
the pit. However, both the liquid and solid fractions of the waste contain nitrogen, e.g. urea in urine
and various forms of organic nitrogen in feces, and the biodegradation of the waste within the pit
(and indeed other forms of onsite sanitation, e.g. septic tank soakaways [2,3]) often leads to
nitrification of this nitrogen-containing waste, i.e. the formation of nitrate.

Nitrate is persistent and mobile in the subsurface, difficult to remove, and poses serious health
concerns if it enters drinking water. The World Health Organization (WHO) has set a guideline
concentration for nitrate in drinking water of 50 mg/L based on these health concerns [4]. Therefore,
pit latrines may represent a serious risk to those who rely on nearby groundwater as a source of
drinking water supply, especially in areas with high water tables that approach the level of the pits.
Ironically therefore, regions that have met their MDG for access to improved water supply might see
regression in this metric if this potential nitrate pollution arising from onsite sanitation facilities is
overlooked.

This study aimed to highlight the importance of this issue by conducting modelling to represent
the potential for nitrate contamination of groundwater in three low-income, peri-urban areas of West
Africa with relatively high water tables. As is often the case when working in developing countries,
data were limited or completely lacking for some of the key parameters of relevance to nitrate
transport in the subsurface, therefore the intention of the study was not to estimate precisely the
actual nitrate concentrations in the aquifers in these areas, but rather to gauge the likelihood of the
nitrate levels in the affected groundwater exceeding the WHO guideline for nitrate in drinking water [4]
and to estimate the time scales over which this pollution occurs.

2. Materials and Method
2.1. Site visits, data collection and estimation of parameters

Site visits were conducted to the peri-urban areas surrounding Dakar, Sénégal, Abidjan, Cote
d’Ivoire, and Abomey-Calavi, Benin in the summer of 2014 to collect relevant information for the
subsequent modelling. Each of these areas is characterized by high water tables, which ranged from
between 5 and 30 m below the bottom of the pit latrines and are used for drinking water supply.
Some of the necessary information was already available from previous hydrogeological studies
which were conducted by the in-country university partners on this research [5,6], including soil
hydraulic conductivity and information about depth to water table and aquifer thickness. Other
information had to be collected first-hand, including an estimate of the number and dimensions of the
pit latrines and the number of users per latrine. For the purposes of the subsequent modelling, a
representative model sub-area was considered which was based as much as possible on the values
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observed through the three site visits and the previously collected information. The modelled aquifer
area was 250,000 m?, with aquifer dimensions of 1000 m in length by 250 m wide and 4 m depth.
The latrine density was estimated as one latrine for every 50 m” and the area of each pit latrine was
observed to be approximately 2 m?, which sums to a total latrine area of 10,000 m’. It was
determined through an informal survey of the inhabitants that there was an average of 10 users per
latrine. The water flux from the pit latrines was estimated as 0.002 m’/m*/day based on anecdotal
reports of the pit usage and filling rates. The soil moisture was assumed as 0.2 and hence the pore
velocity was 0.01 m/day. The longitudinal dispersivity was set at 2 m. The retardation coefficient for
nitrate was assumed to be 1, reflecting the high mobility of nitrate [7,8,9]. Hydraulic conductivity
data for the soil types, in the study zones, which are a mix of sand and clay, was collected from
previous studies [5,6], and an average value of 7.43 m/day was used in the model. The groundwater
recharge rate was estimated as being between 0.001 and 0.002 m*/m?*/day (i.e. between 360 and 720
mm a year) and the hydraulic head gradient was estimated as ranging between 0.01 and 0.02.

There was no data for the nitrate concentration in the bottom of the pits in the study area, and
there is very little data on this in the literature. However previous studies have estimated that each
person excretes between 7.9—-12.5 g/day of nitrogen [10-14]. To simplify the modelling, it was
assumed that there was no other input of nitrate besides from the pits, e.g. none from surface runoff.
A value in the middle of this range of 10 g/day per person was considered. Assuming 2.5 litres of
urine per day and that 60% of the nitrogen in the waste is converted to nitrate [15], this resulted in an
estimated nitrate concentration within the pit of 2400 mg/L. It should be noted that the results
discussed below (and plotted in Figures 2—4) are directly scalable to this assumed value for the
nitrate concentration in the bottom of the pit, therefore the results could be easily translated if a more
reliable estimate of the actual concentration can be obtained, e.g. through pit sampling. Given the
sensitivity of this and subsequent calculations to the value that is used for the nitrate concentration in
the bottom of the pit, future studies should aim to collect data for this parameter in different settings,
e.g. different regions, pit designs.

A range of nitrate half-lives have been reported in the literature, and the decay of nitrate will
depend on factors such as the biological activity of the soil matrix and the nitrate sorption properties
of the soil type. Since no data was available for the nitrate decay rates in the particular soils of the
sites in this study, a range of half-lives were considered in the modelling to cover a range of cited
values in the literature, from 500 to 1500 days [16,17].

2.2. Modelling approach

In order to provide quantitative assessment of the impact of nitrate from pit latrines on
groundwater, a combined modelling approach was used. This comprised an analytical solution for
steady-state reactive transport through the unsaturated (or vadose) zone, which was then used as the
input to a groundwater mixing model. This approach was selected as it combines sufficient
complexity to incorporate the key processes with necessary simplicity due to the lack of detailed
field data. More detailed attempts have been made to simulate the problem of sludge disposal,
e.g. [18,19]. However, these use the numerical model HYDRUS [20] and require detailed site data to
characterize soil hydraulic properties. In contrast, a highly simplified approach has been developed
by the British Geological Survey for assessing risk to groundwater from on-site sanitation. However,
this does not explicitly consider the effects of denitrification and is used for local-scale assessments
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(i.e. at the scale of an individual borehole) [21,22].

The standard advection-dispersion-reaction model [23] (Equation 1) was therefore used to
estimate the transfer of nitrate into the subsurface, from the bottom of the pit to the top of the water
table, using the parameters described in section 2.1.

- C 1
ot R 0z ROz R M

where, C is the concentration of nitrate in unsaturated soil (g/m®) (which is equivalent to [mg/L]), d;
is the longitudinal dispersivity (m), v is the mean pore water velocity (m/day), R is the retardation
coefficient (> 1 where sorption present), A is the linear decay coefficient (1/day), which is related to
the half-life by T'2 = log(2)/A (days).

For uniform conditions, with a nitrate concentration at the base of the pit latrine of Cj, then the
concentration C,,, at a depth z,,, the depth of the water table below the base of the latrine, is given as:
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where [24]: y =1+ 3)

The solution was implemented in Matlab©.

A water flow balance and nitrate mass balance were then conducted to estimate the dilution of
the nitrate by the aquifer volume and the resulting overall concentration in the aquifer (C,,) after
different elapsed times.

Water flow balance: Quo= Qui + 4,°q++ 4pqp 4)
Nitrate mass balance: Q.o Coo= Qui Cui+ A qr Cr + Ay qp Cpoy (5)
Q.=W-H-K-i; (6)

where Q,; is the inflow into the aquifer (m3/day), Q.o 1s the outflow of the aquifer (m3/day), Cow 18
the nitrate concentration reaching the top of the water table (obtained from the
advection-dispersion-reaction model, in g/m’), C,, is the nitrate concentration in the aquifer outflow
(i.e. the ultimate goal of the model, in g/m’), C,; is the nitrate concentration in the aquifer inflow
(assumed to be zero), C, is the nitrate concentration from surface runoff (assumed to be zero), g, is
the water flux from each pit latrine (0.002 m/d), ¢, is the groundwater recharge rate (m’/m?/day), A,
is the total surface area of all the pit latrines (m?), 4, is the surface area of aquifer recharge (m?), W is
the width of the aquifer (m), H is the height of the aquifer (m), i.e. the effective mixing zone, K is the
hydraulic conductivity (m/d) and i; is the hydraulic head gradient. This is represented schematically
in Figure 1.
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Figure 1. Schematic representation of the model parameters. The light blue zone
represents the unsaturated zone and the dark blue zone represents the aquifer.

3. Results

The nitrate concentrations in the subsurface region between the bottom of the pit latrines and
the water table based on the advection-dispersion-reaction model are summarized in Figures 2 to 4,
considering depths from the bottom of the pits to the water table of 5, 10, and 30 m, respectively,
over different time scales, ranging from 6 months up to 50 years. A range of C,,, values entering at
the top of the aquifer, from 500 to 1500 mg/L, were then considered in the subsequent water flow
and nitrate mass balance calculations, to capture the range of C,,, values that would occur over time
under these different depth and half-life assumptions (Figures 2—4). For these flow and mass balance
calculations, two hydraulic head gradients (0.01 and 0.02) and two groundwater recharge rates were
considered (0.001 and 0.002 m*/m*/day), to represent the estimated ranges of these parameters across
the study sites. The resulting C,, values are tabulated below (Table 1).
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Figure 2. Depth-dependent nitrate concentrations at specified times, considering a
depth from the bottom of the pits to the water table of 5 m, with nitrate half-lives
assumed as 500 days (top left), 1000 days (top right), or 1500 days (bottom).
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Figure 3. Depth-dependent nitrate concentrations at specified times, considering a
depth from the bottom of the pits to the water table of 10 m, with nitrate half-lives
assumed as 500 days (top left), 1000 days (top right), or 1500 days (bottom).
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Figure 4. Depth-dependent nitrate concentrations at specified times, considering a
depth from the bottom of the pits to the water table of 30 m, with nitrate half-lives
assumed as 500 days (top left), 1000 days (top right), or 1500 days (bottom).

Table 1. Resulting nitrate concentrations in the aquifer (C,,, mg/L), for different C,,
values and hydraulic head gradient (i;) and groundwater recharge (¢,) assumptions.

C,ny (mg/L) 1500 1500 1250 1250 1000 1000 750 750 500 500
i 0.01 0.02 0.01 002 001 0.02 001 0.02 0.0 0.02
¢-=0.001l m’’m%day 87 72 73 60 58 48 44 36 29 24
¢-=0.002 m*/m%day 51 45 42 37 34 30 25 22 17 15

4. Discussion

Considering a ‘best case’ condition in this study, i.e. the maximum groundwater recharge rate
(0.002 m3/m2/day), the highest hydraulic head gradient (0.02), and the shortest nitrate half-life (500
days), it would take over 50 years for the nitrate concentration in the aquifer to exceed the WHO
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guideline value for nitrate in drinking water of 50 mg/L, even for the shallowest distance from the pit
down to the groundwater level of only 5 m (based on when the nitrate concentration at 5 m depth
reaches 1500 mg/L in Figure 2, top left). However, the calculation is very sensitive to the nitrate
half-life, and this time to exceed the WHO drinking water guideline for the 5 m depth-to-water-table
case would be reduced to only two years for the moderate nitrate half-life condition of 1000 days
(based on when the nitrate concentration at 5 m depth reaches 1500 mg/L in Figure 2, top right) and
to even less than two years for the longest nitrate half-life condition of 1500 days (based on when the
nitrate concentration at 5 m depth reaches 1500 mg/L in Figure 2, bottom). It should be noted that a
commonly cited recommendation is that pit bottoms should be no less than 2 m from the
groundwater level [1], while in this study the nitrate concentration penetrating to the groundwater
was significant event at a depth of 5 m below the pit (except when assuming the shortest nitrate
half-life). Even the 10 m depth-to-water-table case would reach the WHO drinking water guideline
after approximately 5 years if the longest nitrate half-life is assumed (based on when the nitrate
concentration at 10 m depth reaches 1500 mg/L in Figure 3, bottom).

The groundwater recharge rate also has a significant influence on the resulting nitrate
concentrations in the aquifers, with the nitrate concentration in the aquifer increasing by
approximately 60—80% when the recharge rate was halved, with all else staying the same (Table 1).

There was very little historical nitrate concentration data for the aquifers in the study locations,
though relatively recent nitrate data from a well-sampling study for the Beninese study site ranged
range between 0.5 to 140 mg/L [5]. The approximate ranges of contamination estimated through the
modelling in this study (Table 1) fall within the field-measured range of values, which was
encouraging, especially given the uncertainty regarding the concentration of nitrate in the pits and
the nitrate half-life in the subsurface, as discussed earlier.

There are several potential mitigating actions that could be put in place to reduce this risk of
groundwater pollution, though these may not always be suitable based on local social, technical and
economic constraints. Probably the best solution is to avoid building latrines in areas with high water
tables in the first place, however this is a luxury that cannot always be accommodated in booming
urban areas, where the poorest people often are relegated to undesirable lands that are most prone to
groundwater flooding.

For pits that are already constructed in high water table areas, more frequent emptying of the pits
would at least reduce the accumulated mass of waste that leaches nitrate into the subsurface. The two
years needed for the aquifer with water table 5 m below the pits to reach the WHO drinking water
guideline value, explained above, may be shorter than the typical time interval between pit emptying
for many households [1], for example. In that case, however, the decision on the final destination of
the emptied waste [25] would also need to take careful consideration of the groundwater pollution
risk, e.g. if the waste is to be dried offsite or spread on agricultural land as biosolids in areas with
similarly high water tables.

Another possible solution is to change the latrine design to one that better prevents nitrate
contamination. One option is to encourage the use of urine diversion toilets, which would reduce the
passage of urea into the pits, however this would require significant user buy-in to be successful,
both financially and from an acceptability standpoint. Also, a common recommendation for high
water table areas is to build latrines on mounds rather than dug into the ground [1], although the
results of the modelling in this study suggest that adding a few extra meters of depth between the pit
and the groundwater level is unlikely to have a significant effect in terms of delaying nitrate
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penetration to the groundwater level, especially for the most shallow water table cases (e.g. water
table <5 m below the pits).

Research into novel means of achieving denitrification within a pit latrine, such as the addition
nitrate-adsorbing materials to the bottom of pits or practical methods for enhancing biological
denitrification in the subsurface around pits, should also be conducted. However, any such newly
developed denitrification methods should be low-cost, robust to changing conditions, long-lasting,
and should not require ongoing user intervention nor maintenance, which are challenging constraints.

5. Conclusions

This study has highlighted the risk posed by pit latrines to groundwater quality in terms of
nitrate pollution, specifically in low-income, densely-populated peri-urban areas with only basic
forms of onsite sanitation and high water tables. At a water table depth of 5 m below the pit bottom
and making best case assumptions about groundwater recharge and other influencing factors, the
model aquifer in this study would have reached nitrate levels approaching the WHO guideline value
for nitrate in drinking water (50 mg/L) in under two years, if a conservative (i.e. moderate to long)
nitrate half-life is assumed. Groundwater recharge rate was also identified as a particularly influential
parameter on the resulting nitrate concentrations in the model aquifer in this study. There is a need
for more data on the typical nitrate concentrations in pits and the nitrate half-lives in different
subsurface conditions.

Careful siting of latrines and appropriate pit design and management are especially important in
areas with high water tables. It is hoped that the modelling approach presented here may be useful
for those working in other low-income regions to similarly estimate their risk of nitrate pollution and
to highlight site-specific data needs for sanitation planning.

Acknowledgments

The authors acknowledge the funding support from the Royal Society and the Department for
International Development, who supported this research by a grant awarded through their Africa
Capacity Building Initiative (Network Grant round), entitled ‘The Sustainable Onsite Sanitation
(SOS) Project: Research and Capacity Building in Sanitation Engineering in West Africa’, grant
number AN130068. The authors also sincerely thank all the students and staff at Université Cheikh

Anta Diop, Université d’Abomey-Calavi, and Université Félix Houphouét-Boigny who assisted with
the site visits and data collection.

Conflict of Interest
There are no conflicts of interest to declare.
References

1. World Health Organization, Fact Sheet 3.4: Simple Pit Latrines, undated. Available from:
http://www.who.int/water sanitation health/hygiene/emergencies/fs3 4.pdf.

AIMS Environmental Science Volume 2, Issue 2, 302-313.



312

10.

1.

12.

13.

14.

15.

16.

17.

Environment Agency, Attenuation of nitrate in the subsurface environment, 2005. Available
from:

https://www.gov.uk/government/uploads/system/uploads/attachment data/file/291473/scho0605
bjcs-e-e.pdf

Harman J, Robertson WD, Cherry JA, et al. (1996) Impacts on a sand aquifer from an old septic
system: nitrate and phosphate. Ground Water 34: 1105-1114.

World Health Organization, Nitrate and nitrite in drinking-water, 2001. Available from:
http://www.who.int/water sanitation health/dwg/chemicals/nitratenitrite2ndadd.pdf.

Dovonou FE (2012) Diagonostic Qualitatif et Environnemental de 1’Aquifere Superficiel du
Champ de Captage Intensif de Godomey au Benin (Afrique de I’Ouest): Elements Pour un Plan
d’Actions Strategiques de Protection des Resource en Eau Souterraine Exploitees, PhD thesis,
Université d’ Abomey-Calavi.

Kouame KIJ (2007) Contribution a la Gestion Integree des Ressources en Eaux (GIRE) du
District d’Abidjan (Sud de la Cote d’Ivoire): Outils d’aide a la decision pour la prevention et la
protection des eaux souterraines contre la pollution, PhD thesis, Université Félix
Houphouét-Boigny.

Shamrukh M, Corapcioglu M, Hassona F (2001) Modelling the effect of chemical fertilizers on
ground water quality in the Nile Valley Aquifer, Egypt. Ground Water 39: 59-67.

Almasri MN, Kaluarachchi JJ (2007) Modeling nitrate contamination of groundwater in
agricultural watersheds. J Hydrol 343: 211-229

Lee MJ, Hwang S, Ro HM, (2014) Interpreting the effect of soil texture on transport and
removal of nitrate-N in saline coastal tidal flats under steady-state flow condition. Contin Shelf
Res 84: 35-42.

Schouw NL, Danteravanich S, Mosbaek H, et al. (2002) Composition of human excreta - a case
study from Southern Thailand. Sci. Tot. Environ. 286: 155-166.

Del Porto D, Steinfeld C (1999) The Composting Toilet System Book, a Practical Guide to
Choosing, Planning and Maintaining composting Toilet Systems, a Water-Saving,
Pollution-Preventing Alternative, Concord, Massachussetts, The Center for Ecological Pollution
Prevention.

Drangert JO, Bew J, Winblad U (1997) Ecological Sanitation, Proceedings of the Sida
Sanitation Workshop, Balingsholm, Sweden, Sida.

Aillery M, Gollehon, N, Johanson R, et al., Managing Manure to Improve Air and Water Quality,
Economic Research report 9, United States Department of Agriculture, 2005. Available from:
http://www.ers.usda.gov/media/851714/err9.pdf

Cruz MC, Cacciabiu DG, Gil JF, et al. (2012) The impact of point source pollution on shallow
groundwater used for human consumption in a threshold country. J Environ Monit 14:
2338-2349.

Kimmel GE (1984) Non-point contamination of groundwater on Long Island, New York. In:
National Research Council (ed.) Groundwater contamination. Washington, National Academy
Press, 120-126.

Frind E, Duynisveld W, Strebel O, et al. (1990) Modeling of multicomponent transport with
microbial transformation in ground water: the Fuhrberg case. Water Resour Res 26: 1707-1719.
Herbert M, Kovar K (1998) Groundwater Quality: Remediation and Protection. Wallingford,
International Association Hydrological Sciences.

AIMS Environmental Science Volume 2, Issue 2, 302-313.



313

18. Adadzi PC (2012) Deep Row Trenching of Pit Latrine and Waste Water Treatment Works Sludge:
Water and Nutrient Fluxes In Forest Plantations. MSc Dissertation. School of Agricultural,
Earth and Environmental Sciences, University of KwaZulu-Natal.

19. Heatwole KK, McCray JE (2007) Modeling potential vadose-zone transport of nitrogen from
onsite wastewater systems at the development scale. J. Contam. Hydrol., 91: 184-201.

20. Simunek J, van Genuchten MT, Sejna M (2006). The HYDRUS Software Package for
Simulating Two- and Three- Dimensional Movement of Water, Heat, and Multiple Solutes in
Variably-Saturated Media, Technical Manual, Version 1.0, PC Progress, Prague, Czech
Republic, 241.

21. ARGOSS (2001) Guidelines for assessing the risk to groundwater from on-site sanitation.
British Geological Survey Commissioned Report, CR/01/142. 97.

22. ARGOSS (2002) Assessing Risk to Groundwater from On-site Sanitation: Scientific Review and
Case Studies British Geological Survey Commissioned Report, CR/02/079N. 105.

23. Butler AP, Brook C, Godley A, et al. (2003) Attenuation of landfill leachate in unsaturated
sandstone. Proceedings of the Ninth International Waste Management and Landfill Symposium,
Sardinia, October 2003.

24. van Genuchten MT, Alves WIJ (1982) Analytical solution of the one-dimensional
convective-dispersive solute transport equation, Tech. Bull. U.S. Dep. Agric., 1661.

25. Thye YP, Templeton MR, Ali M (2011) A critical review of technologies for pit latrine emptying
in developing countries. Crit Rev Environ Sci Technol 41: 1793-1819.

© 2015, Michael R. Templeton, et al., licensee AIMS Press. This is an open access article

distributed wunder the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0)

AIMS Environmental Science Volume 2, Issue 2, 302-313.



