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Abstract
In low-income urban areas of major cities in Africa, sanitation provision derives

primarily from onsite systems often comprising septic tanks and pit latrines. Such

systems rely upon the ability of the surrounding soil and substratum to attenuate

contaminants like nitrate and pathogenic microorganisms in wastewater. Here, we

assess soil–water and solute dynamics in Quaternary aeolian sands underlying a

densely populated suburb (Keur Massar) of Dakar (Senegal) using high-frequency

monitoring and vadose zone modeling (Hydrus-1D). Observations of rainfall inten-

sity, soil moisture content, and shallow groundwater-level fluctuations and nitrate

concentrations were carried out at an experimental site adjacent to a septic tank

supplied by toilets used by a primary school. Rapid rises in soil moisture content

and episodic recharge contributions observed in groundwater levels caused by heavy

(>10 mm h−1) and extreme (>20 mm h−1) rainfall are well modeled (R2 = .79–

.83; RMSE = 0.012–0.019) by pore-matrix flow in the unsaturated zone by the

Darcy–Richards equation. Spot sampling around the most intense rainfall of 2020

(45 mm h−1) reveals a fivefold rise and fall in the concentration of nitrate in soil

moisture (∼500 to ∼2,500 mg L−1). These measurements provide new insight into

the hydrological dynamics by which shallow groundwater is grossly contaminated

(>500 mg L−1) by nitrate through episodic flushing by heavy rainfall of wastewater

from a vast estimated network of over 250,000 septic tanks underlying this suburb of

Dakar.

1 INTRODUCTION

Shallow groundwater plays a vital role in the provision of
water supplies in low-income areas of urban Africa (Gaye &
Tindimugaya, 2019; Lapworth et al., 2017; Xu et al., 2019).
Use of urban groundwater to improve access to safe water is

Abbreviations: VG, van Genuchten–Mualem; VMC, volumetric water
content.
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threatened by not only overpumping, depleting groundwater
storage, but also contamination from human activity (Diouf
et al., 2012). One of the primary risks to urban groundwa-
ter quality is that posed by low-cost onsite sanitation systems
such as pit latrines and septic tanks that exploit the shallow
subsurface for the disposal and containment of human exc-
reta (Diaw et al., 2020; Kulabako et al., 2007; Nayebare et al.,
2020; Okotto-Okotto et al. 2015; Sorensen, Carr, et al., 2020;
Taylor et al., 2009; Twinomucunguzi et al., 2020). Sustaining
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conjunctive use of the subsurface for onsite water sup-
ply and sanitation provision is especially challenging under
conditions of rapid urbanization (Lapworth et al., 2017). Cur-
rently, 41% of the population of sub-Saharan Africa lives in
urban areas (World Bank, 2020), with a mean urban growth
rate of 4% in 2020.

In dryland areas of sub-Saharan Africa, groundwater
recharge occurs disproportionately from heavy, often extreme
rainfall (Cuthbert et al., 2019; Goni et al., 2021; Sed-
don et al., 2021; Taylor et al., 2013). The mechanisms
by which water surpluses from heavy rainfall events are
transmitted to groundwater are often unclear but have been
shown to include: (a) focused recharge via leakage from
ephemeral streams or ponds (Favreau et al., 2009; Goni
et al., 2021; Seddon et al., 2021), (b) rapid infiltration via
macropores in low-permeability weathered soils (Beven &
Germann, 2013; Owor et al., 2009; Sorensen et al., 2021),
and (c) permeable Quaternary sands (Cissé Faye et al.,
2019; Goni et al., 2021; Kotchoni et al., 2019). Rapid
responses in groundwater levels to heavy rainfalls observed
from collated piezometric records in many of these cited
studies have highlighted the vulnerability of groundwater to
contamination.

In the shallow unconfined aquifer of Quaternary sands
underlying Dakar (Senegal), previous research has revealed
widespread and substantial contamination of shallow ground-
water by nitrate in the low-income suburb of Dakar (Thiaroye)
where observed concentrations can exceed 500 mg L−1 (Cissé
Faye et al., 2004; Diaw et al., 2020; Madioune et al., 2011;
Tandia, 2000). The origin of nitrate in groundwater has
been traced to fecal sources using stable-isotope ratios of N
and O (Diedhiou et al., 2012; Re et al., 2010). Sanitation
provision in this low-income suburb is onsite and com-
prises almost entirely septic tanks. Here, Diaw et al. (2020)
mapped an estimated 253,000 septic tanks over an area of
520 km2 with densities ranging from 1 to 70 per hectare.
Mapping further revealed a statistically significant relation-
ship between the density of onsite sanitation facilities and
observed nitrate concentrations in shallow groundwater. The
processes and hydrodynamics by which effluent from onsite
sanitation is transported to groundwater remain inadequately
understood.

Recent establishment of a dedicated observatory in sub-
urban Dakar to monitor hydrological and hydrochemical
changes from the land surface through the unsaturated zone to
groundwater at a school served by a large septic tank facility
has yielded new, high-frequency observations of the dynam-
ics of subsurface transmission of nitrate from its source (i.e.,
septic tank effluent) to receptor (i.e., well). Here, we inter-
rogate observations conducted from April to November 2020,
paying particular attention to the hydrological dynamics asso-
ciated with heavy (>10 mm h−1) and extreme (>20 mm h−1)
rainfall events during the rainy season. The main aim is to

Core Ideas
∙ Soil-water and solute dynamics were assessed

by high-frequency monitoring and vadose-zone
modelling.

∙ High-frequency monitoring was conducted at an
experimental site adjacent to a septic tank.

∙ Heavy rainfall events (>10 mm hr−1) cause the
leaching of wastewater from the septic tank to
groundwater.

∙ Observations show the contribution of septic sys-
tems and rainfall to groundwater contamination by
nitrate.

understand how aqueous fecal contaminants like nitrate are
mobilized from onsite sanitation facilities and contaminate
underlying groundwater in a densely populated urban envi-
ronment and thereby inform improved urban groundwater and
sanitation management strategies. The study also seeks to
resolve the nature of flow in the unsaturated zone and specif-
ically whether nitrate transmission occurs via pore-matrix
flow, consistent with the assumptions of Darcy–Richards
equation, or preferential pathways (e.g., soil macropores)
bypassing the soil matrix.

2 MATERIAL AND METHODS

2.1 Local setting

The study area is located in the Keur Massar district, a suburb
of Dakar in Senegal (Figure 1). This densely populated area
with an estimated population of 203,000 inhabitants spread
over 25 km2 (ANSD, 2013) is a low-income community
served by onsite sanitation, comprising overwhelmingly sep-
tic tanks. The climate is semiarid and annual rainfall (mean
= 410 mm, 1961–1990) varies substantially (e.g., 150 mm in
1983, 723 mm in 2009). Maximum air temperatures (mean
= 29.5 ˚C, 1980–2010) occur between May and June as
well as October and November around the beginning and
end of the rainy season (Diouf et al., 2020). The study area
is located above an unconfined aquifer of Quaternary sand
that extends along the northern coastal zone of Senegal from
Dakar. The Quaternary sand aquifer comprises sands and
sandy-clay lenses of aeolian origin, which form the Ogo-
lian dunes in the coastal zone. Groundwater recharge tends
to occur during extreme precipitation events and is diffuse,
as indicated by previous research (Antea-Senagrosol, 2003;
Cissé Faye et al., 2001, 2019).
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POUYE ET AL. 3 of 16Vadose Zone Journal

F I G U R E 1 Series of maps showing the locations respectively of (a) Senegal, (b) Cap Vert Peninsula, and (c) Keur Massar in suburban Dakar

2.1.1 Field experiments and monitoring

Field experiments were conducted near a septic tank used to
collect fecal raw and wastewater in a primary school (Ecole
élémentaire parcelles assainies unité 3) with 530 pupils in
the suburb of Keur Massar (Figure 1). The onsite sanitation
system comprises a sanitary block with six toilets and a septic

tank that is 6.5 m (length) × 2 m (width) and installed 2 m
into the ground (Figure 2). The tank receives wastewater from
the toilet block via collectors connected by polyvinyl chloride
(PVC) pipes and downstream via twin sumps for wastewater
evacuation through the soil (Figure 2). Raw wastewater from
cabins first converges towards the first collector where it then
continues to the second collector before reaching the septic
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F I G U R E 2 (a) Experimental field in Keur Massar within the Dakar suburb ESRI image; (b) schematic presentation of onsite sanitation system
and the experimental device; (c) photo of vertical layout of soil moisture monitoring and sampling, and (d) schematic diagram showing the vertical
arrangement of monitoring devices and pore water sampling (0.0-to-2.75-m depth)

tank. The second collector, which measures 0.5× 0.5 m square
and is 0.53 m deep, leaks so that raw wastewater can infiltrate
before it reaches the septic tank. Site investigations focused on
leakage from this collector, as pollutants are released directly
into the soil before anaerobic treatment is initiated into the
septic tank. To monitor water dynamic from the onsite sani-
tation system to the groundwater, soil moisture (capacitance)
probes and tensiometers were installed at 0.25, 0.50, and 0.75
m below the top of the collector (0.53 m below ground) so
that total installed depths of soil-moisture probes are 0.78,
1.03, and 1.28 m below ground. At these same levels, suction
cups were also installed to collect pore-water samples. A rain

gauge was implemented inside the site to quantify precipita-
tion (Figure 2). Monitoring of groundwater-level fluctuations
in the unconfined aquifer was carried out in a piezometer near
(2 km) the experimental site. During the whole monitoring
process, hourly data were collected at all devices.

2.1.2 Measurement and analysis

Soil sampling was carried out inside the experimental site.
Samples of 100 ml (cm3) were taken close to the septic tank
with an Eijelkamp soil sample ring kit auger each 50 cm

 15391663, 0, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/vzj2.20239 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [15/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



POUYE ET AL. 5 of 16Vadose Zone Journal

T A B L E 1 Particle size, bulk density (BD), total porosity (TP),
and texture from unsaturated zone of quaternary sand aquifer

Soil particle size
Soil depth Sand Silt Clay BD TP Texture
cm % g cm−1 %

0 94 4 2 1.65 41 Sandy

50 95 2 3 1.65 41 Sandy

100 97 1 2 1.65 43 Sandy

150 98 1 1 1.64 41 Sandy

200 96 0 4 1.60 43 Sandy

from the soil surface to the capillary fringe (2 m). Samples
were then oven dried at the Universite Cheikh Anta Diop
hydrochemistry laboratory to determine the total porosity and
bulk density (by gravimetric method), as well as soil texture
by the hydrometer experimentation (Table 1). Soil physical
parameters are used to assess soil hydraulic properties.

Hourly meteorological data including rainfall amount and
air temperature were collected by the Lambrecht tipping-
bucket rain gauge (Lambrecht meteo). Groundwater-level data
were recorded in an observation piezometer at 2 km to the
experimental site (Figure 2) by an AquaTroll 200 data logger
(In-Situ) from April 2020 to February 2021. Monitoring soil
volumetric water content (VMC) was carried out from 22 Apr.
to 30 Nov. 2020. This period covers two dry seasons on either
side of the 2020 monsoon. Soil water capacitance probes
(Water Scout 300, Spectrum Technologies) were deployed at
depths of 0.78, 1.03, and 1.28 m below ground (25-cm inter-
vals); data were recorded by WatchDog 1000 Series Micro
Stations logger (Spectrum Technologies). In addition, hourly
pressure head measurements were performed by the T8 ten-
siometer (UMS GmbH) at the same depth intervals. Pressure
head data were recorded via CR300 data logger (Campbell
Scientific). Soil water retention curves were assessed using in
situ measurements of VMC and pressure head.

Soil water sampling was carried at the same depths of soil
moisture monitoring. Pore waters were extracted via plastic
suction cup (Eijelkamp) and collected during the monsoon
in August and September 2020. Before sampling, a 75-kPa
pressure was induced by an Eijelkamp vacuum pump the
day before sampling. After each sampling, the residual solu-
tion was evacuated by injection. In order to assess short-time
chemical variability, two samples were taken on 28 Aug.
2020. Sampling was carried out just 2 h after application of the
pressure extraction (9:00 a.m. and 2:30 p.m.). All water sam-
ples were filtered through a 0.2-μm membrane filter before
analyses by HACH DR 6000 spectrophotometer to assess
aqueous concentrations of N compounds (nitrates, nitrites,
and ammonium), total organic C, phosphates, and total Fe
concentrations (Table 2).

2.2 Hydrological modeling

Hydrological modeling was used to test conceptual under-
standing of water flow in the study area using the Richards
equation for variably saturated porous media.

2.2.1 Hydrus-1D model description

The one-dimensional numerical model Hydrus-1D (Šimůnek
et al., 2008) was used to simulate soil water dynamics through
the unsaturated porous media. The governing equation for one
dimension water flow is described by the Richards equation as
below: { ∂θ

∂𝑡 =
∂𝑞
∂𝑧

∂𝑞
∂𝑧 = − ∂

∂𝑧

[
𝐾s

(
∂ℎ
∂𝑧 + 1

)]
− 𝑆

(1)

where θ is the volumetric water content (VMC in cm3 cm−3),
q the water flux density (cm h−1), h the pressure head in
the porous media (cm), t is the time (h), Ks is the saturated
hydraulic conductivity (cm h−1), z is the spatial coordinate
negative downward (cm), and S the sink term representing the
plant water uptake. Solving Equation 1 depends on the nonlin-
ear relationship between VMC, pressure head, and hydraulic
conductivity described by the van Genuchten–Mualem (VG)
equation shown Equations 2 and 3 below:

θh =

{
θr +

θs−θr
(1+|αℎ|𝑛)𝑚 , ℎ < 0

θs, ℎ ≥ 0
(2)

where m = 1 – 1/n and n > 1, and

𝐾h = 𝐾s 𝑆
𝑙
e

[
1 −

(
1 − 𝑆

1
𝑚
e

)𝑚]2
(3)

where 𝑆e = (θ − θr)∕(θs − θr), θr and θs (cm3 cm−3) are the
residual and saturated VMC respectively, α (cm−1) is an air
entry parameter, n (–) is a pore size distribution, l is the pore
connectivity, and Se is the effective saturation (cm3 cm−3).

2.2.2 Hydrus-1D implementation

The conceptual model representing the vadose zone in the
study area’s Quaternary medium sand is a single homoge-
neous layer of 1.5 m in thickness. Simulations were processed
during rainy season 2020 (from 12 June to 12 Oct. 2020) with
hourly time step. In order to estimate the VG parameters, soil
water retention curves were assessed by (a) indirect estima-
tion, based on existing surrogate data translation (i.e., texture
and bulk density) into soil hydraulic parameters (Schaap et al.,
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6 of 16 POUYE ET AL.Vadose Zone Journal

T A B L E 2 Depth-time-dependent variability of organic matter (TOC), N compounds (NO3
−, NO2

−, and NH4
+), phosphates (PO4

3−), and total
Fe

Soil depth TOC NO3
− NO2

− NH4
+ PO4

3− Total Fe
m mg L−1

0.78 179–350 341–952 9–36 0.7–1 48–53 0.9–1.3

1.03 183–350 84–2,376 5–27 0.1–1 16–28 0.4–2.3

1.28 185–319 391–2,692 1–11 0.4–1 13–24 1.2–1.7

2001), and (b) field measurements of VMC and pressure head,
modeled via the retention curves model. The hydraulic param-
eters inferred via field assessment of soil water retention
curves were then optimized using inverse solutions focused
on high frequency soil moisture content as input parame-
ter. This procedure implements a Marquardt–Levenberg type
parameter estimation technique for inverse estimation of
hydraulic properties (Šimůnek & Hopmans, 2002; Šimůnek
et al., 2016). The calibrated hydraulic parameters were then
used to simulate VMC through the unsaturated zone during
monsoon. Variably atmospheric boundary conditions were
imposed as upper boundary conditions, whereas we assumed
free drainage boundary conditions from the bottom as ground-
water does not influence the domain. Evapotranspiration was
neglected in the modeling because of the imperviousness of
the soil surface. The observed VMC recorded on 12 June
was used as the initial boundary condition. The model per-
formance was assessed via RMSE and R2 as outlined in
Equations 4 and 5 below:

RMSE =
√

1
𝑛

∑𝑛

𝑖=1

(
𝑆𝑖 − 𝑂𝑖

)2
(4)

𝑅2 =
[∑𝑛

𝑖
(𝑂𝑖 − �̄�)(𝑆𝑖 − �̄�)

]2
∕

[∑𝑛

𝑖 = 1

(
𝑂𝑖 − �̄�

)2 𝑛∑
𝑖 = 1(

𝑆𝑖 − �̄�
)2]

(5)

where n is the number of paired observations, Oi and Si are the
observed and simulated values, respectively, and �̄� and �̄� are
the mean of the observed and simulated values, respectively.

3 RESULTS

3.1 Observed hydrological changes through
the unsaturated zone

Monitoring of rainfall, VMC, and groundwater levels was
conducted from 22 April to 30 November 2020 (Figure 3).
Time series observations are divided into three parts: (a) a

test phase during which baseline (reference) conditions are
resolved during the dry season (22 Apr. to 12 June 2020)
before the operation of newly constructed toilets during the
COVID pandemic (6 Mar. 2020); (b) rainy season monitor-
ing during which rain events of varying intensity influence
soil moisture and groundwater levels (13 June to 14 Oct.
2020); and (c) dry season monitoring during which toi-
lets generated effluent but no rainfall occurred (15 Oct. to
30 Nov. 2020).

Figure 4 shows hourly variations with depth of in situ
soil moisture as VMC with depth within the unsaturated
zone after the installation of probes from 22 Apr. to 12 June
2020. These measurements, together with groundwater lev-
els (meters below ground level), occur during the dry season
when no rain fell and toilets draining to the septic tank were
not operational (i.e., not producing or discharging effluent).
Changes in soil moisture consequently derived from deliber-
ate experiments conducted prior to the opening of the school
on 2 June 2020. Time series data resolve well baseline (i.e.,
residual) soil moisture with depth in the absence of mois-
ture inputs; mean VMC values are 0.05, 0.04, and 0.03 at
depths of 0.78, 1.03, and 1.28 m, respectively. Episodic peaks
during the testing phase result from spaced inflows via toi-
lets draining to the septic tank over short periods (pulses)
of 2–6 h. Resultant peaks were recorded between 9:00 a.m.
and 12:00 p.m. in which soil moisture rose by values ranging
from 0.08 (12 June) to 0.21 (27 May). During these wetting
processes, the soil was never fully saturated (<0.42). Depth
variations in soil moisture trace the passing of the moisture
front through the unsaturated zone. Observations at 1.03 and
1.28 m reveal pulses that follow each other in time but with
much smaller amplitudes except for the experiment on 27 May
2020 when, curiously, increases in soil moisture at 1.03 and
1.28 m slightly exceed that at 0.78 m. These observations are
consistent with the evolution of a wetting front and diver-
gence (spreading) of the flows with depth. Unsaturated zone
flow is influenced by prevailing atmospheric conditions and
transmissive properties of the soil matrix. After this pulse
of applied moisture, soil water storage recedes very quickly
(<3 d) towards its residual (baseline) state. Groundwater lev-
els recede slowly (∼1 mm d−1) over this period and exhibit
diurnal variations associated with variations in barometric
pressure.
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F I G U R E 3 Hourly variation of the volumetric water content (VMC, in cm3 cm−3) in the unsaturated zone and groundwater level as a function
of rainfall and septic tank fluxes from 22 Apr. to 30 Nov. 2020. mbgl, meters below ground level

Figure 5 presents hourly variations in rainfall, soil mois-
ture with depth, and groundwater levels during the 2020 rainy
season from 12 June to 14 October; an interruption in the
monitoring of soil moisture occurred from 30 June to 22 July
2020. Total rainfall over this period was 502 mm; the num-
ber of recorded days of rainfall was 42. Rainfall intensities
were predominantly (93%) under 10 mm h−1 (Figure 6a). As
per the index of Zhou & Zhao (2021), 6 h of “heavy rainfall”
(between 10 and 20 mm h−1) and 4 h of “extreme rainfall”
(>20 mm h−1) were also observed on 21 July, as well as
14, 20, and 27 August. The duration of rainfall on individ-
ual rain days ranges from 1 to 15 h (Figure 6b); daily rainfalls
occurring over periods of >10 h were recorded on 21 July
(76 mm) and 5 September (46 mm). Distinct rises in soil mois-
ture content (N = 24) are observed with amplitudes ranging

from 0.01 to 0.22. The timing and intensity of these peaks pri-
marily coincide with heavy and extreme rainfall events. Sharp
recessions in soil moisture content, especially at shallowest
monitored depth (0.78 m), reflect more rapid infiltration over
shorter periods (e.g., 27 August). Longer duration rainfall
events (e.g., 5 September) produce peaks with slower reces-
sions, most notably at deeper monitored depths (1.03 and 1.28
m). Of note is that positive deflections in groundwater levels
associate most strongly with periods of heavy (5 September)
and extreme rainfall (21 July, 27 August).

Figure 7 presents the results of soil moisture and
groundwater-level monitoring after the monsoon during the
dry season from 14 Oct. 2020 to 31 Mar. 2021. In absence
of rainfall and effluent from toilets until 2 Nov. 2020, when
students returned to school, soil moisture content receded at
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8 of 16 POUYE ET AL.Vadose Zone Journal

F I G U R E 4 Hourly variation of the volumetric water content (VMC, in cm3 cm−3) in the unsaturated zone and groundwater level as a function
of septic tank fluxes during dry season (22 Apr. to 11 June 2020). mbgl, meters below ground level

all three depths. The onset of classes led to the release efflu-
ent, often before school (8:00 a.m.) and at the lunch period
(12:00 p.m.), which is the busiest period during which the
toilets are used. These diurnal variations in soil moisture con-
tent, absent or less pronounced during the weekend, reflect
the water dynamics driven by episodic anthropogenic fluxes.
Daily use of the toilets leads to sustained increases in soil
moisture content (0.2–0.4) but does not induce evidence of
recharge as groundwater levels recede (∼2 mm d−1).

3.2 Simulated hydrological changes
through the unsaturated zone during the
monsoon

3.2.1 Calibration of Hydrus-1D model

Figure 8a shows the soil water retention curves at dif-
ferent depths generated by field measurements where VG
parameters were firstly assessed. However, the Hydrus-1D
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POUYE ET AL. 9 of 16Vadose Zone Journal

F I G U R E 5 Hourly variation of the volumetric water content (VMC, in cm3 cm−3) in the unsaturated zone and groundwater level as a function
of rainfall and septic tank fluxes during monsoon (13 June to 14 July 2020). mbgl, meters below ground level

simulation during the 2020 monsoon provided a reasonable
but unsatisfactory fit to observations (R2 = .77–.8; RMSE =
0.015–0.033). Therefore, hourly VMC data observed during
the first rainfall events of 2020 (12–22 June 2020) at 0.78,
1.03, and 1.28 m were used to optimize VG parameters apply-
ing inverse methods outlined in the Methods (Section 2.2.2).
A substantially improved correlation was subsequently found
between simulated and measured VMC during the calibra-
tion period (R2 = .94; RMSE = 0.003; Figure 8b). Optimized
hydraulic parameters (Table 3) were then used for model
simulations.

3.2.2 Validation of Hydrus-1D model

The VMC recorded at 0.78, 1.03, and 1.28 m from 22 July
to 12 October was used to validate the calibrated model. The
application of the optimized hydraulic parameters produces
temporal variations in water dynamics through the unsatu-
rated zone, with similarly strong performances with depth.
In the upper horizon (0.78 m), model performance is slightly
lower (RMSE = 0.019; R2 = .79) than the subjacent hori-
zons at 1.03 and 1.28 m (RMSE = 0.012; R2 = .82 – .83;
Figure 9).
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10 of 16 POUYE ET AL.Vadose Zone Journal

F I G U R E 6 (a) Hourly rainfall distribution in 2020 according Zhou et al. classification. (b) Daily rainfall event and duration in 2020. mbgl,
meters below ground level

T A B L E 3 The van Genuchten–Mualem (VG) parameters based on RETC model or inverse solution

Experimental data (RETC) Inverse solution calibration/optimization
VG model
parameter

0.78 m
soil depth

1.03 m
soil depth

1.28 m
soil depth

0.78 m
soil depth

1.03 m
soil depth

1.28 m
soil depth

θr, cm3 cm−3 0.038 0.014 0.012 0.024 0.005 0.010

θs, cm3 cm−3 0.41 0.42 0.4 0.43 0.41 0.39

n 2.46 1.87 1.81 2.05 1.94 2

α, cm−1 0.028 0.049 0.049 0.03 0.023 0.02

Hydrus-1D predicts sharp increase of VMC when heavy
to extreme rainfall events occurred. During extreme rainfall
events in 2020 (29 June; 14, 21, and 27 August and 5 Septem-
ber) for example, the predicted maximum VMC ranged from
0.19 to 0.25 cm3 cm−3 throughout the profile. However, the
predictions are very low compared with observations (from
0.26 to 0.33 cm3 cm−3). This underestimation appear to be
more important in the upper horizon. This would imply either

a further redistribution of such rainfall amounts at the surface,
or additional water certainly originating from the septic tank.
This observation highlights the impact of extreme rainfall on
the wastewater remobilization from the sanitation system to
the groundwater.

Simulations underestimate variability in moisture content
during rainfall in general and the recession that follow such
inputs. At the same time, predictions show a best fit with
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POUYE ET AL. 11 of 16Vadose Zone Journal

F I G U R E 7 Hourly variation of the volumetric water content (VMC, in cm3 cm−3) in the unsaturated zone and groundwater level as a function
of rainfall and septic tank fluxes during dry season (15 July 2020 to 31 Jan. 2021)

observed values in the upper horizons when moisture con-
tent is low (0.05–0.1 cm3 cm−3). This is less well observed in
deeper in the profile where measurements are usually of lower
levels than the predicted values. Because the surface cover at
the experimental site is predominantly impermeable exclud-
ing surface cracks, neither transpiration nor evaporation
were considered in unsaturated zone modeling; the poten-
tial operation of both processes may explain the difference
between modelled and observed soil moisture. Heavier rain-
falls are associated with more rapid increases and declines
(i.e., recessions) in soil moisture.

3.3 Nitrate variations in soil moisture
during an extreme rainfall event

Time series observations of nitrate concentrations exist for
a brief period preceding, during, and following the extreme
intensive rainfall (43 mm h−1 on 27 August) in the 2020 rainy
season (Figure 10). Nitrate concentrations in soil moisture,
sampled at depths of 0.78, 1.03, and 1.28 m below the dis-
charge from the toilets on 21 August, vary from 340 mg L−1

at 0.78 m to a high of 400 mg L−1 at 1.28 m. During consecu-
tive rain days on 27 (51 mm) and 28 August (12 mm), nitrate
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12 of 16 POUYE ET AL.Vadose Zone Journal

F I G U R E 8 (a) Soil water retention curves modeled from observations experimental site in Keur Massar (Figure 2) at depths of 0.78, 1.03, and
1.28 m. (b) Measured vs. simulated soil volumetric water content (VMC) from 12 to 22 June 2020 (model calibration and optimization) from
observations experimental site in Keur Massar (Figure 2) at depths of 0.78, 1.03, and 1.28 m

concentrations in sampled soil moisture rose more than six-
fold at depths of 1.03 and 1.28 m to 2,380 and 2,630 mg L−1,
respectively. More modest increases, amounting to a doubling
or tripling in nitrate concentrations at 0.78 m to 950 mg L−1

at 9:00 a.m. and 730 mg L−1 at 2:00 p.m. on the 28 August.
On this day, nitrate concentrations in sampled soil moisture
increased at 1.03 and 1.28 m from 9:00 a.m. to 2:00 p.m.
Apart from a rainfall of 1.6 mm on 29 August, no other rainfall
occurred until soil moisture was sampled again on 1 Septem-
ber. Nitrate concentrations in soil moisture on that day had
receded to values less than a quarter of that observed during
intensive rainfall (510 and 730 mg L−1 at 1.03 and 1.28 m,
respectively); reductions are again more modest at 0.78 m but
are consistent with the direction of trends in nitrate deeper in
the profile.

4 DISCUSSION

The present study shows that groundwater dynamics are
affected specifically by heavy and extreme rainfall, which
drive groundwater recharge (Boas & Mallants, 2022; Cuthbert
et al., 2019; Taylor et al., 2013). Heavy and extreme rain-
fall (>10 mm h−1) events generate recharge to the shallow

groundwater table via flows consistent with matrix flow
defined by the Darcy–Richards’ equation. Soil physical prop-
erties investigated in this study reflect typical hydraulic
parameters for sandy porous media. The VG parameters esti-
mated here are consistent with those estimated previously
by Diouf et al. (2020) in the same area, highlighting the
homogeneity of the aquifer material.

Rainfall intensity and duration influence unsaturated zone
hydrodynamics. Heavy and extreme rainfall events (>10 mm
h−1) as well as long-duration events (>5 h) lead to leaching
of wastewater from the septic system and into the unsaturated
zone, and instead of the expected effect of soil water dilu-
tion from infiltrating rainfall, sharp increases are observed.
Variations in VMC are largely dependent on inflow and
atmospheric conditions, but also on the effect of antecedent
moisture as demonstrated by Cheng et al. (2018) and Boas
and Mallants (2022). During extreme events, VMC increases
gradually and then depends upon episodic and diversified
rainfall events that clearly show a rapid evolution of the wet-
ting front towards the water table. These dynamics are well
reflected in the hydrographs with a rise in the groundwater
table in proportion to extreme event intensity (Taylor et al.,
2013). The near-instantaneous response of the groundwater
table highlights the limits of the unsaturated zone in terms
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POUYE ET AL. 13 of 16Vadose Zone Journal

F I G U R E 9 Measured vs. simulated soil volumetric water content (VMC) from 22 July to 12 Oct. 2020 (model validation) at the experimental
site in Keur Massar (Figure 2) at depths of 0.78, 1.03, and 1.28 m

of storage, which is typical of shallow unconfined sandy
aquifers.

During the VMC recession, observed data are lower than
prediction during the recession phase. The absence of root
uptake as well as evapotranspiration may play an important
role in the depletion of the soil water storage. Water storage
depletion in the unsaturated zone is fast; rapid recessions
observed after each inflow show that the water residence
time in this zone is very short (∼3 d). Nevertheless, this
time appears to be sufficient to initiate the mineralization of
organic matter and mobilize large quantities of nitrate in these
layers. The chemical processes of organic N species trans-
formation are considered to be dominated by the hydrolysis
of organic N and urea, the main components of septic tank
effluents (Lusk et al., 2017).

Fecal sludge and septic tank effluent have low concen-
trations of nitrate. Thus, high amounts of nitrate measured
in porewater suggest that nitrification of reduced forms of
N is triggered by wastewater release through the sandy
unsaturated zone. The magnitude of the increase in nitrate
concentrations rises towards deeper soil horizons and the
availability of total organic carbon. These dynamics are driven
by heavy and extreme rainfalls generating rapid soil water

flow towards groundwater. Similar observations have been
shown by Varnier et al. (2017) who relate incomplete nitri-
fication to a fast pulse through unsaturated zone caused by
an exceptionally high recharge event. In the Thiaroye aquifer,
however, attenuation of nitrate concentrations by soil water
dilution as reported by Pang et al. (2006) is not observed
and heavy rainfall sharply increases nitrate concentrations
(three- to sixfold from ∼400 mg L−1) in soil moisture. These
excessive nitrate concentrations are thought to result from
ammonium oxidation; effluent organic matter in sandy soils
may also facilitate ammonium adsorption. Whether adsorbed
N plays an important role in nitrification processes and flush-
ing of nitrate specifically observed in response to heavy
rainfall is the subject of further research.

Observed variations in nitrate concentrations in the unsatu-
rated zone of the experimental site in a low-income suburb
of Dakar (Keur Massar) show that septic tanks can be a
source of substantial loading of aqueous N in the form of
nitrate to the subsurface. Our observations follow previous
research at this location and the surrounding area that iden-
tifies the fecal source of nitrate through stable-isotope ratios
of N (Diedhou et al., 2012) and in situ fluorescence spec-
troscopy (Sorensen, Carr, et al., 2020; Sorensen, Diaw, et al.,
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14 of 16 POUYE ET AL.Vadose Zone Journal

F I G U R E 1 0 Nitrate concentrations as a function of depth in
water samples collected through the unsaturated zone at the
experimental site in Keur Massar (Figure 2)

2020). Critical parameters compelling nitrate contamination
of shallow groundwater, beyond the form and condition of
sanitation provision, are the frequency and intensity of heavy
and extreme rainfall events.

5 CONCLUSIONS

In Quaternary aeolian sands underlying a densely popu-
lated, low-income suburb of Dakar (Senegal), high-frequency
monitoring of rainfall intensity, soil-moisture content and
shallow groundwater levels fluctuations combined with spot
sampling of nitrate and vadose zone modeling (Hydrus-1D)
were conducted at an experimental site adjacent to a sep-
tic tank receiving effluent from toilets used by a primary
school. Rapid increases in soil moisture content and episodic
recharge contributions observed in groundwater levels caused
by heavy (>10 mm h−1) and extreme (>20 mm h−1) rainfall
are well modeled by pore-matrix flow in the unsaturated zone
using the Darcy–Richards equation. Spot sampling around
an extreme rainfall event in 2020 reveals a fivefold rise and
fall in the concentration of nitrate in soil moisture (∼500 to
∼2,500 mg L−1). These measurements provide new insight
into the hydrological dynamics by which shallow groundwa-
ter is grossly contaminated (>500 mg L−1) by nitrate through
episodic flushing by heavy and extreme rainfall of wastewater
from a vast network of over 250,000 septic tanks underlying

suburban Dakar. Further, the outcomes emphasize the impor-
tance of effective maintenance and management of onsite
sanitation, the limited capacity to attenuate wastewater from
onsite sanitation systems where groundwater levels are shal-
low, and the vulnerability of shallow groundwater underlying
onsite sanitation systems to contamination from heavy and
extreme rainfall.
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