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Introduction
Socio-economic conditions, environmental awareness, socio-
logical attitude and everything that happen in a catchment area 
are reflected in the quality of the water that flows through it.1 
In a catchment or area of interest, each soil type is expected to 
have a unique influence on the hydrology2 which can also 
directly regulate soil water flows determining concentrations of 
faecal bacteria within the environment.3,4 Hydrologists concur 
that the spatial variation of soil properties significantly influ-
ence hydrological processes, which may denote the responsive-
ness of components in solution and adsorbed/attached on the 
soil colloids.3 Soil properties in a relatively short period of time 
are not dynamic in nature and their spatial variation is not ran-
dom5; soil can, over a long period of time, imprint a signature 
on concentration distributions of pollutes and water behaviour 
in a hillslope. Accurate knowledge of the processes that control 
the subsurface transport of water and faecal material is there-
fore needed to assess contamination potential.6 Previous stud-
ies3,6,7 have suggested that coarser-textured soils and higher 
flow rates are associated with less deposition of colloidal and 
nano-scale particles on soil surfaces which gradually decrease 
in concentrations with soil depth. On the contrary, finer-tex-
tured soils and lower flow rates tended to produce greater col-
loidal deposition and nonmonotonic deposition profiles that 
exhibit a peak in retained concentration. The attachment 

process happens through exchanges with grain surfaces by 
strong primary minimum interactions. The deposition profiles 
occur in movement of faecal particles, both in water-saturated 
porous media and near-surface fluid domains.6,7

The interaction between topography, soils, climate, and veg-
etation results in environmental patterns that contain valuable 
information on the way they function.7 The spatial distribution 
of soil properties exhibits a common form of organization and 
symmetry, including vertical horizonation typical of soils and 
lateral topographic-related distribution of soils in a hillslope.2 
This concept of the association of soil properties with topogra-
phy and hydrological processes is also captured in the terms 
pedosequence or hydrosequence in relation to hillslopes.8 The 
correct interpretation of spatially varying soil properties associ-
ated with the interactive relationship between soil and hydrology 
can serve as indicators of the dominant hydrological processes9 
and improve the understanding of hillslope hydrology.10 The 
hillslope is therefore a key building block for understanding and 
simulating hydrological processes.11 The hydrological response 
of catchments is determined by the combined hydropedological 
response of hillslopes in the particular catchment.7,10 Over the 
past decade, studies on hillslopes catchment classification sys-
tems have received great attention,12 motivated due to rising 
challenges in land-use changes on hydrology and environmental 
pollution problems. The use of conceptual and simulation 

Application of Hydropedological Information to 
Conceptualize Pollution Migration From Dry  
Sanitation Systems in the Ntabelanga Catchment Area, 
South Africa

Matthew Mamera1 and Johan J van Tol1,2

1Department of Agronomy, University of Fort Hare, Alice, South Africa. 2Department of Soil, Crop 
and Climate Sciences, University of the Free State, Bloemfontein, South Africa.

ABSTRACT: The hydrological response of catchments is determined by the combined hydropedological response of hillslopes. In the 
Ntabelanga area, 56% of the households use pit latrines and untreated drinking groundwater supplies. Soil morphological properties and 
their spatial distribution were used to conceptualize hillslope hydropedological behaviour to determine the fate of Escherichia coli and faecal 
coliform from 4 pit latrines. Four hillslopes below the pit latrines (MT1, MT2, MT3, and MT4) occur above first-order tributaries to the Tsitsa River, 
South Africa, were studied. The studied sites are adjacent to the proposed footprint of a planned multi-purpose storage dam, Ntabelanga. 
Apedal soils, without morphological evidence of saturation, dominated the upper slopes of MT1 and the lower slopes of MT2, thus promoting 
vertical drainage. Hydromorphic properties were observed at the soil/bedrock interface in the lower parts of MT1 and the entire slope of MT4. 
This signifies slowly permeable bedrock and the occurrence of lateral flow. High clay contents and strong structured soils were dominant in 
MT3, indicating slow internal drainage with a large adsorption capacity. The conceptual models derived from morphological properties were 
verified using soil physical and organic pollutant measurements. In general, hydraulic conductivity values support the interpretations made 
from soil morphological measurements. Faecal coliforms and E coli bacteria counts were mostly <1 CFU/g soil in MT1, MT2, and MT4; hillslope 
migrations were detected in MT3 posing pollution risks.

Keywords: E coli, faecal coliforms, hillslope hydrology, pit latrines, soil morphology

RECEIVED: January 31, 2018. ACCEPTED: July 30, 2018.

Type: Original Research

Funding: The author(s) disclosed receipt of the following financial support for the 
research, authorship and/or publication of this article: This work is funded by the Water 
Research Commission (WRC).

Declaration of conflicting interests: The author(s) declared no potential 
conflicts of interest with respect to the research, authorship, and/or publication of this 
article.

CORRESPONDING AUTHOR: Matthew Mamera, Department of Agronomy, University of 
Fort Hare, King Williams Town Rd, Alice 5700, South Africa.  Email: 201105167@ufh.ac.za

795485 ASW0010.1177/1178622118795485Air, Soil and Water ResearchMamera and van Tol
research-article2018

Downloaded From: https://bioone.org/journals/Air,-Soil-and-Water-Research on 26 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

https://uk.sagepub.com/en-gb/journals-permissions
mailto:201105167@ufh.ac.za


2	 Air, Soil and Water Research ﻿

models is a cost- and time-effective approach for a preliminary 
assessment of groundwater vulnerability to contamination and 
assists in land-use planning, resource management, and the 
design of monitoring programs.13,14

In developing countries, many households use pit latrines 
because of their low cost and easy availability.4,3 Pit latrines 
generally lack a physical barrier, such as concrete between 
stored excreta and soil and/or groundwater.15 Improved pit 
latrines are the most basic and inexpensive form of improved 
sanitation.6 Examples of improved sanitation systems include 
water-based toilets that flush into sewers, septic systems, or pit 
latrines and ventilated improved pit latrines.4,16 The Global 
Water Supply and Sanitation Assessment 2000 Report showed 
that access to improved sanitation lags behind access to water 
supply throughout much of the world and in particular within 
developing countries.15

It has long been acknowledged that the subsurface can be 
very effective at purifying water.3,8,17 As water moves through 
the soil, natural processes (ie, soil pathogenic filtration ability) in 
the subsurface reduce the concentration of many contaminants 
including harmful microorganisms.3 In the context of develop-
ing countries, water from protected supplies is frequently derived 
from groundwater via protected springs, protected dug wells, 
tube wells, and boreholes.18 Although groundwater is generally 
of better quality than surface water, it can become contaminated 
and there is special concern that on-site sanitation systems may 
in certain circumstances contribute to contamination of drinking 
water supplies.6 According to United Nations,17 the use of 
groundwater, which typically receives no subsequent treatment 
to improve quality for drinking water supplies, is increasing dra-
matically. Many people in developing countries rely on untreated 
groundwater supplies for their drinking water.3

In cases where groundwater is being extracted for use, an 
understanding of the area of recharge, rates of flow, and flow 
direction is important in minimizing and/or controlling 
groundwater pollution.6 The degree to which reduction in con-
taminants associated with on-site sanitation occurs and there-
fore the vulnerability of groundwater to pollution is dependent 
on the nature of the subsurface and depth to water table.6,7,19 
Some hydrogeological and hydropedological environments are 
naturally more susceptible to contamination than others.3 
When drastic changes to the hydrological cycle occur, such as 
changes in groundwater-surface water interactions associated 
with dam construction (as in this study), it poses risks to 
groundwater contamination. The geology and soil type govern 
the change in water quality as the water moves through the 
unsaturated and saturated zones.17 It is therefore important to 
understand how hydropedological factors control water and 
contaminant movement and behaviour to assess the risk posed 
to groundwater and human health.3,6

In this study, we hypothesized that hydropedological inter-
pretations of soil properties can serve as cost-effective indica-
tion of organic pollutant migration. The purpose was then first 
to conceptualize the hydropedological behaviour of selected 

hillslopes based on soil properties and their spatial distribution 
to understand the migration of potential E coli and faecal coli-
form pollutes from pit latrines. Second, the correctness of the 
conceptual models was verified using selected soil physical 
measurements as well as measurements of the organic pollut-
ants below the pit latrines.

Materials and Methods
Site description

The Mzimvubu River is the largest undeveloped river in South 
Africa, despite having a high seasonal water flow regime, good 
environmental status, potentials for agro-forestry, tourism, and 
irrigation of arable lands.18,19 For this reason, the South African 
Government selected this river basin to construct a large infra-
structural project called the Mzimvubu Water Project (MWP) 
near Mthatha in the Eastern Cape.20 The footprint of the pro-
ject spreads over OR Tambo, Alfred Nzo, and Joe Gqabi dis-
tricts. The MWP will involve the construction of 2 dams, the 
490 million m3 Ntabelanga Dam, to be built on the Tsitsa River, 
a tributary of the Mzimvubu River and a smaller dam, Laleni, 
will also be built for generation of hydroelectricity, approximately 
20 km downstream of the Ntabelanga dam. In the Ntabelanga 
area, 56% of the households still rely on pit latrines21 and 32.4% 
use groundwater in particular river sources as well as 4.4% which 
depend on dam or stagnant sources.22 The census data further 
categorize on sanitation access that 27.2% have pit latrines with 
ventilation, whereas 42.4% use pit latrines without ventilation.20

Four pit latrines were selected for this study (MT1, MT2, 
MT3, and MT4), located in the proximity of tributaries draining 
directly into the Tsitsa River. Two of the identified latrines were 
in the Ngqoko village (dam inlet) and the remaining 2 sites were 
located in the Sinqungweni village, near the proposed dam wall 
(Figure 1). These pit latrines were selected because of the easy 
accessibility as they were located adjacent to the only available 
road in the Ntabelanga valley. The sites are also located close to 
first-order tributaries to the Tsitsa River. The elevation (m.a.s.l) 
metres above sea level for the study sites and the actual distance 
between the sampling points are presented in Figure 2, starting 
from the pit latrine (marked MT-P) with the downslope soil 
classification and sampling locations (MT1-1, etc).

The area has a semi-arid climate which is characterized 
with an average annual rainfall of 700 mm, prominently 
received during the summer season (October to March). The 
substratum geology dominating in the area is mudstone and 
sandstones of the Beaufort Groups with frequent dolerite 
intrusions. Most of the vegetation types which inhabit the 
landscapes are grasslands and Acacia thornveld species which 
are also associated with riparian/wetland habitat units.19

Sampling and analysis

Soils on each of the selected hillslope which transects with the 
pit latrines (MT1, MT2, MT3, and MT4) were described, clas-
sified, and sampled. A hand auger was used to sample 3 
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observation points downslope of the latrine to the depth of the 
bedrock. The soils were classified in accordance to a taxonomic 
system for South Africa (SATS)22 as well as the World 
Reference Base (WRB).23 The hydropedological interpretation 
of the soil morphology followed the classification of soils on 
hillslopes in accordance with the technique by Van Tol et al.9 In 
this technique, any soil features, including the diagnostic hori-
zons and soil forms, are related to the hydrological response of 
the soils. The soils were then reclassified into hydropedological 

soil groups. These soil types are categorized as recharge, inter-
flow (A/B), interflow (soil/bedrock), responsive (shallow), and 
responsive (saturated) soils.2 The spatial distributions of various 
hydropedological soil groups were then related to the hydro-
logical behaviour of the hillslope.

Undisturbed soil core samples were collected from each 
diagnostic horizon (roughly 30-cm intervals). The cores were 
used to measure selected hydraulic properties. The undis-
turbed cores have a diameter of 11 cm and height of 7.7 cm. 

Figure 1.  Map of the study area and selected sites.

Figure 2.  Conceptual models based on soil morphology of (A) MT1, (B) MT2, (C) MT3, and (D) MT4, respectively. ot, Orthic A horizon; yb, Yellow brown 

apedal B horizon; ne, Neocutanic B horizon; gh, G horizon; uw, unspecified with signs of wetness; vp, Pedocutanic B horizon; li, Lithocutanic B horizon; 

so, Saprolite.
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They were oven dried to determine the bulk density (g/cm3) 
using the formula:

Mass of dry soil sampled g

Soil volume cm3

( )
( )

The saturated hydraulic conductivity (Ks, mm/h) was meas-
ured in duplicate for each horizon using the modified falling-
head conductivity method by Bouwer and Rice24:

K = L
t

h + L
(h + L)s

0

1
×
( )

where L is the thickness of horizon (L), t is the time until con-
stant infiltration rate was obtained (T); h0 and h1 are the head 
of water above surface before and at the start of test and after t 
respectively.

The soil textural classes (%) for the soil samples were deter-
mined by the Bouyoucos hydrometer method.25 Textural anal-
ysis was determined for each varying diagnostic horizon in the 
profiles. Two replicate soil samples were collected in each 
horizon.

Pollutes analysis in soil samples was conducted for 2 main 
bacteria indicators; faecal coliforms and E coli bacteria. A total 
of 90 soil samples were collected from the various horizons in 
the hillslopes, during winter and summer seasons. The analysis 
for the faecal coliforms and E coli bacteria was done at the 
accredited laboratory, Bemlab in Somerset West, South Africa. 
The laboratory used the membrane filtration method26 to 
identify the presence of both the E coli bacteria and faecal coli-
forms. The soil samples were extracted with Ringer’s solution. 
For each soil sample, 100 mL of the extract was placed into a 
sterile honey jar. Thereafter, a single sachet of Colilert medium 
was added to the sample and the jar was then shaken gently 
until the media was dissolved. The sample was poured into a 
sub-divided Quanti-Tray, consisting of small and large wells 
and sealed in an IDEXX Quanti-Tray sealer. Each tray was 
incubated at 35°C ± 1°C for 18 hours. Results were then enu-
merated by placing each tray under a 6 W 365 nm UV light and 
counting the total number of small and large wells that fluo-
resces. Escherichia coli densities were taken as the number of 
positive wells which was presented as colony-forming units 
(CFU g/soil). The polymerase chain reaction (PCR) method27 
was used to further verify the detected E coli strands only.

Results
Soil morphology

Apedal soils of the Clovelly form (equivalent to Acrisols group, 
WRB23) are present at the upslope positions of MT1, ie, 
MT1-1 and MT1-2, as well as mid and lower slope positions 
of MT2, ie, MT2-2 and MT2-3, as shown in Table 1. A 
Glenrosa form (Leptosols, WRB), MT2-1 near the pit latrine, 
was identified, with a shallow profile. Saturation at the soil/

bedrock interface was visible at MT1-3 and MT4, ie, MT4-1 
and MT4-2 within the Tukulu soil form (Endo-Clayic 
Cambisols, WRB). High clay contents and strong structure are 
some of the dominant properties of the Sepane (similar to 
Gleyic Luvisols, WRB) and Katspruit soils (Gleysols, WRB) 
observed at MT3. Redox morphology indicates saturation at 
the soil bedrock interface in the Sepane soil, whereas the 
Katspruit soil is saturated for long periods of time, as presented 
in Table 1. Evidence of saturation such as bleaching in the soil 
matrix, grey mottles, and the rusty root channels were observed.

Soil physical measurements

The soils of MT1 and MT2 are relatively sandy and MT3 
and MT4 had sandy clays. MT1 and MT2 had bulk densities 
averaging 1.57 g/cm3. A slightly lower soil bulk density of 
1.54 g/cm3 was recorded in MT3 and MT4. The lowest bulk 
density (ie, MT3-3 and MT4 in the ot A surface diagnostic 
horizons) had a value of 1.37 g/cm3, as shown in Table 2. In 
general, the soil profiles in MT1 and MT2 had higher 
hydraulic conductivities compared with MT3 and MT4. The 
only exception was observed under MT4-1 (Table 2) in the 
surface (ot) A horizon with the highest water conduction of 
44.2 mm/h. Higher hydraulic conductivities within MT1 and 
MT2 profiles were only seen within a 60-cm soil depth. 
MT2-2 only conducted higher water flows below a depth of 
80 cm in the soil profile. Hydraulic conductivity decreased 
with depth in all the sites.

Faecal coliforms and E coli bacteria

Soil samples across the hillslopes for faecal coliforms and E coli 
pollutants showed that most of the sites for both winter and 
summer seasons had counts which were <1 CFU g/soil.

The highest faecal coliform population detections above 
4 × 104 CFU g/soil were observed in the lower slope of MT3-3 
in winter. The prevalent rate of the bacteria increased far down 
from the source pit latrine within the gh/uw layer (signs of wet-
ness). In the summer season, higher counts above 3.7 × 103 CFU 
g/soil were record in the upper slope of MT1-1. These counts 
were observed in the surface (ot) A diagnostic horizon.

Escherichia coli population counts in Table 2 recorded high 
values of 1.8 × 102 CFU g/soil concentration also under MT3-
3. High counts above 1.2 × 102 CFU g/soil in the upper sample 
point close to the pit latrine (MT3-1) were noted in this winter 
season. As can be seen in Table 2, MT3-1 to MT3-3 was the 
only site which showed concentrations of E coli population in 
the winter season. In the summer season, E coli population 
detections had an average above 2 × 101 CFU g/soil. These 
counts were detected in MT1-3, MT2-3, MT3-1, and MT4-2. 
In the previous winter season, the sites had no E coli count 
detection. The only exclusion was noted in MT3-1. In MT3-1, 
E coli population counts were increasing towards the subsoil 
layers (2.0 × 101 at 17 cm to 3.0 × 101 CFU g/soil at 60 cm).
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Table 2.  Selected soil physical properties and organic pollutants counts below selected pit latrine sites.

Sites Depth 
(cm)

Horizon Particle size 
distribution, %

Bd, 
g cm−3

Ks, 
mm h1

Faecal coliforms, 
CFU/g

Escherichia coli, 
CFU/g

Clay Silt Sand Summer Winter Summer Winter

MT1-1 0-30 ot 13.3 7.9 78.2 1.47 23.1 3700 <1 10 <1

30-60 ye 18.1 7.8 73.9 1.65 17.7 <1 70 <1 <1

60-90 un 23.1 19.2 57.3 1.55 4.5 80 <1 <1 <1

90-120 un 23.1 19.2 57.3 1.55 4.5 <1 <1 <1 <1

MT1-2 0-30 ot 7.9 16.2 75.0 1.40 25.5 <1 <1 <1 <1

30-60 ye 18.1 7.8 73.9 1.65 17.7 <1 <1 <1 <1

60-90 un 23.1 19.2 57.3 1.55 4.5 10 10 <1 <1

90-120 un 23.1 19.2 57.3 1.55 4.5 <1 40 <1 <1

MT1-3 0-30 ot 16.9 20.7 63.0 1.44 12.8 100 110 <1 <1

30-60 ne 23.4 19.5 56.6 1.53 1.2 <1 <1 <1 <1

60-90 uw 22.9 19.0 58.0 1.58 3.04 60 <1 20 <1

90-110 uw 23.1 19.2 57.3 1.58 3.04 <1 160 <1 <1

MT2-1 0-15 ot 13.4 8.8 77.2 1.57 24.77 220 <1 <1 <1

15+ li 13.9 7.6 79.0 1.55 25.5 70 <1  

MT2-2 0-30 ot 13.3 8.2 78.0 1.53 28.8 150 30 <1 <1

30-60 ye 13.8 8.4 77.1 1.54 29.33 710 <1 <1 <1

60-85 un 12.0 8.3 79.3 1.53 29.33 <1 <1 <1 <1

MT2-3 0-30 ot 13.1 7.6 78.8 1.55 13.28 70 <1 40 <1

30-60 yb 13.8 8.4 77.1 1.54 22.1 <1 <1 <1 <1

60-90 un 12.0 8.3 79.3 1.59 2.01 <1 <1 <1 <1

90-110 un 12.0 8.3 79.3 1.59 2.01 <1 <1 <1 <1

MT3-1 0-17 ot 23.3 14.6 62.4 1.57 14.29 <1 100 <1 10

17-60 vp 23.3 17.8 58.8 1.54 1.8 60 1700 20 120

60-79 uw 22.5 18.5 59.0 1.45 5.3 110 700 30 10

MT3-2 0-19 ot 23.3 14.6 62.4 1.57 11.73 1000 190 <1 10

19-61 vp 23.3 17.8 58.8 1.54 1.8 <1 400 <1 <1

61-70 uw 22.5 18.5 59.0 1.45 5.3 <1 10 000 <1 <1

MT3-3 0-20 ot 23.3 14.6 62.4 1.57 16.29 30 120 <1 <1

20-80 gh 28.6 14.3 56.0 1.45 5.4 <1 <1 <1 <1

80+ un 22.5 18.5 59.0 1.45 5.4 200 42 000 <1 180

MT4-1 0-30 ot 21.3 18.5 59.7 1.37 44.2 <1 <1 <1 <1

 (Continued)
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Discussion
Hillslope hydrology derived from soil morphology

Properties in each soil profile may show the amount and 
direction of water that can pass through over time.28 Recharge 
soils have a higher ability to transmit water through soil pro-
files such as MT1-1 and MT1-2.2 In the soil morphology 
models, a Clovelly soil form (Acrisols, WRB), typically pro-
moted recharge of the groundwater aquifer. These soil pro-
files are considered to be freely drained. This is supported by 
bright yellow brown colours and the absence of any hydro-
morphic properties in the profile.29 These properties agree 
with observations on yellow and red soils which also had 
high drainage potentials.28,30 Hydrological movement of 
water through these profiles was more vertical flow. 
Transmission through lateral flow due to interflow (soil/bed-
rock) in MT1-3 was typical in the hillslope. The thickness of 
the arrows indicates the flow rates, whereas thicker arrows 
present faster flow rates than thinner arrows. Each arrow 
direction and thickness in the soil morphology models was 
inputted based on the individual hydropedological soil group 
properties identified within each soil profile. In the bottom 
hillslope transect, lateral flow drained most of the profile soil 
water into the adjacent stream.

Glenrosa soil forms (Leptosols, WRB) in MT2-1 are 
underlined with fragmented partially weathered rock. 
Responsive (shallow) soils usually emerge into permeable frac-
tured bedrocks.2,9 Higher potentials for vertical flow of water 
in the subsurface horizon in the profile are common. Fractured 
bedrocks overlain with partially weathered course materials31 
can easily facilitate water movement through the available soil 
macropores. Recharge soils in the morphological model with 
MT2-2 and MT2-3 caused vertical water flows throughout 
the site soilscapes.

Interflow (A/B) soils such as MT3-1 and MT3-2 are 
characterized with restricted water movement in the diag-
nostic subsurface B horizons.9,23 Clay migrations/luviation 
promotes limited permeability of such profiles with Sepane 
form (Gleyic Luvisols, WRB). These duplex soils have a 
firmer clay grade in the subsoils than the overlying surface 
horizons.2,23 Also, high Na contents in these soils cause clay 
dispersion. Separation of clay fractions can also reduce soil 
water movements.29 Generally, vertical flow of water is mini-
mal promoting more interflow.2 The bottom section of the 
hillslope can develop saturation properties in time.31 
Katspruit soil form (Gleysols-WRB) in MT3-3 can result 
due to dominant lateral water flows. These responsive (satu-
rated) soils are waterlogged with hydromorphological evi-
dence.2 Mostly such soils are close to saturation. Addition of 
rainfall enhances generation of overland flow due to satura-
tion excess.2 This can be observed on the soil surface as 
return flow. Even though hydromorphic properties show 
occurrence of anaerobic conditions due to saturation, some-
times the duration might not be known.32 Using the domi-
nant soil properties can reflect the duration period.10 The 
matrix bleaching and grey mottles evidently show longer 
periods of saturation. Results observed on saturated profiles 
showed enhanced groundwater recharge.33 These soils are 
also associated with increased baseflow towards the bottom 
of the hillslope transect.2,29

Deep interflow (soil/bedrock) soils such as MT4-1 to 
MT4-3 with a Tukulu soil form (Endo-Clayic Cambisols, 
WRB) signified restricted drainage at the soil-rock interface.2 
The rusty root channels provide an aeration route which oxi-
dizes the reduced soils hence changing the ferric state (Fe2+) 
back to the reddish ferrous state (Fe3+).34 It is well acknowl-
edged that the soil bedrock interface and bedrock topography 
are important to subsurface stormflow in many hillslopes.16,35 

Sites Depth 
(cm)

Horizon Particle size 
distribution, %

Bd, 
g cm−3

Ks, 
mm h1

Faecal coliforms, 
CFU/g

Escherichia coli, 
CFU/g

Clay Silt Sand Summer Winter Summer Winter

30-60 ne 17.9 20.6 61.5 1.58 10.48 <1 20 <1 <1

60-90 uw 21.3 6.8 71.2 1.58 7.46 <1 <1 <1 <1

90-110 uw 21.3 6.8 71.2 1.58 7.46 <1 <1 <1 <1

MT4-2 0-30 ot 21.3 18.5 59.7 1.37 16.4 180 9000 30 <1

30-60 ne 17.9 20.6 61.5 1.58 10.48 40 40 10 <1

60-85 uw 21.3 6.8 71.2 1.58 7.46 230 40 <1 <1

MT4-3 0-30 ot 21.3 18.5 59.7 1.37 16.4 290 <1 <1 <1

30-60 ne 26.8 3.2 69.2 1.58 1.8 <1 <1 <1 <1

Table 2.  (Continued)
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Vertical water flow within the surface layers in the morphology 
model can become lateral flow in the subsurface layers due to 
reduced soil-water transmission rates.29

Improvement to conceptual models using soil hydraulic parame-
ters.  Models in Figure 3 showed variations with the morphol-
ogy conceptual models in Figure 2.

Models based on soil physical hydraulic response proved 
that the soil morphology model prediction can work under 
recharge soils (MT1 and MT2) when compared with inter-
flow (A/B) and responsive (saturated) soils. Larger and few 
pores in sandy soils result in higher bulk densities (1.3-1.7 g/
cm3).29 Subsoils tend to have compact soil structures due to 
fine silts and clays.29,30 In the subsurface layers (MT1, MT2-
1, MT2-3, and MT4), vertical conduct of water was lower 
than morphological interpretations alone. Although vertical 
flow might still be dominant, it is slower than the morphol-
ogy models. Exceptions in MT2-2 might have been due to in 
situ material accumulations with high water transmission. 
High sand textures in these profiles reduce the blocking 
effect of clays between the A/B interception zones. Sandy 
textural distributions in MT1 and MT2 were agreeing with 
the main vertical water flows based on soil morphology 
models. Available macropores in sands conduct water flow 
evenly through the profiles. Finer-textured soils have both 
macro- and micropores. Such soils have a greater total poros-
ity or sum of all pores than coarse-textured soils.36 Water 
conduction can become variable under these profiles. The 
soil morphology models for MT3 and MT4 had lateral water 

flows caused by finer textures in the subsoil horizons. The 
preferential flow dynamics, velocity, and pathways differ 
between soils.29

A surface layer with a higher water conduction than the 
underline subsoil can result in occurrence of hydromorphic 
properties. Soil profiles similar to MT4-1 can develop satura-
tion conditions within the subsoils due to lower soil hydraulic 
conductivities. These hydromorphic characteristics show that 
water movement is slow initially through such profiles. 
Hydraulic conductivity, however, is higher under saturated pro-
files as compared with unsaturated zones.29,31 The bottom 
hillslope sections develop higher water conduction abilities due 
to saturation conditions. Most soil profiles tend to have high 
hydraulic conductivities in the surface layers. Root distribu-
tions and penetration increase the available channels for water 
movements. Most micro fauna also burrow in top soils because 
of residue accumulations.29 In addition to the classical catenary 
model, the surface topography of these soils can also control 
hydrological regimes. But subsurface distribution patterns of 
soil and hydrology develop because of the underlying weath-
ered materials.30 Hydraulic conductivity of soils usually 
decrease in the subsoils. Hydraulic conduction of water can 
become subjected to the available subsoil material. Subsurface 
hydrological response mechanisms have been found to respond 
to threshold criteria rather than continuous fluxes. The lateral 
hillslope discharges are subject to control by bedrock topology 
rather than soil surface topography.37 Changes in the flux of 
the water flow generally in the bottom parts of the hillslope can 
also be attributed to the process of deposition.31 Fine clay 

Figure 3.  Conceptual models based on soil physical hydraulic response of (A) MT1, (B) MT2, (C) MT3, and (D) MT4, respectively. ot indicates Orthic A 

horizon; yb, Yellow brown apedal B horizon; ne, Neocutanic B horizon; gh, G horizon; uw, unspecified with signs of wetness; vp, Pedocutanic B horizon; li, 

Lithocutanic B horizon; so, Saprolite.
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fraction proportion increases on surface layers along streams.38,39 
Accumulation of fine textural classes and humus colloids can 
also promote retention of water in the surface horizons.36 
Reduction in the soil porosity can reduce water movement. 
Restrictions in water conduction can also be caused by clog-
ging of pores as the organic colloids increase in the subsurface 
layers.37 The low hydraulic conductivities might also have been 
brought about with the change in the flow directions. Odonkor 
and Ampofo39 had similar findings, but on a saturated soil such 
as MT3-3, this effect was attributed to profile sealing over 
time. The finer materials clogging micropores can reduce infil-
tration and percolation promoting lateral water flows.

Distribution of faecal coliforms and E coli bacteria.  Studies on 
soil faecal coliforms and E coli, national and international 
threshold detections, recommended that counts above 
100 CFU g/soil can pose pollution threats to water resources.40 
Seasonal variation in the degree of attachment/detachment can 
be dependent on moisture and temperature regimes.41 Gener-
ally, summer seasons tend to increase replication of faecal coli-
forms and E coli. Organic pollutes favour detachment and 
mobility across a hillslope due to increased moisture regimes. 
In winter seasons, high site accumulation is detected in the soil. 
This increases bacteria survival and reduce predation in the 
harsh seasonal periods.42 The soil physical properties are also 
important in the behaviour of organic pollutes in a hillslope. 
Zhai et  al41 studied the subsurface flow of bacteria over a 
32-day period and found out that faecal bacteria moved faster 
in coarser soil materials. This suggestion explained the higher 
retentions in MT3 more than MT1 and MT2 with courser 
soils. Zhai et al and Jamieson et al41,42 reported greater survival 
rates of faecal bacteria in topsoil as compared with subsoil. 
Such findings were agreeing with MT1 and MT3-1 but at the 
same time contradicting with results detected in the subsoils of 
MT3-2 to MT3-3 and MT4. MT3-3 values equally pose 
groundwater contamination as they are way above the mini-
mum recommended guideline ranges. Most of the sites where 
these counts were eminent, especially MT3 and MT4, were 
significantly detected in the rainy summer season as the soil 
profile water tables increased.

Such growth prevalence evidently demonstrates the condi-
tions favourable for the bacteria to build up from the source pit 
latrines. In cases where the clay percentages increase especially 
within MT3 in particular and also MT4, release of materials into 
solution and water conduction is reduced due to the higher 
affinity of absorption associated with these soil particles.3,6,36,41 
The single soil property that appears to have the greatest impact 
on bacterial survival is moisture retention, which is linked to par-
ticle size distribution and organic matter content. Previous stud-
ies42–44 observed that the survival of E coli in an organic soil over 
an 8-day period was 3-fold greater than in a sandy soil. Sjogren45 
compared the mortality of E coli O157:H7 in 2 different soil 
types and stated that fine soil particles could increase bacterial 
survival because of an increased ability also to retain moisture 

including nutrients availability. Responsive (saturated) soils con-
tain a high subsurface clay percentage.2 Responsive (saturated) 
and recharge soils tend to have higher population counts near 
the source pit latrines. Lateral flows associated with responsive 
(saturated) soils cause organic pollutants’ mobility to increase 
towards the bottom hillslope sections.41 Studies by Mubiru 
et al44 on a dry loam soil showed that E coli cells were able to 
survive and proliferate once moisture was restored. The obtained 
data demonstrate that E coli and faecal coliform bacteria migra-
tion from the source pit latrine is also influenced more with the 
fluctuation changes occurring in the groundwater levels. As the 
soil water flow rate increases, the bacteria mobility directly 
surges. The threats on water resource pollutions can arise due to 
a constant supply of the bacteria through faecal matter from the 
source,40,41,43 such as pit latrines.

Model implications.  The main objective of this study was to 
conceptualize the hydropedological behaviour of hillslopes 
with pit latrines. The correctness of the models was verifiable 
when selected soil physical properties are inputted in each soil 
profile. We attempted to determine the soil flow directions and 
rates associated with each morphological soil group. Use of soil 
morphological models alone does give a good reference on soil-
water behaviour mainly in recharge and interflow (soil/bed-
rock) soils. Limitations were noticeable in the subsurface layers 
of responsive (saturated and shallow) soils. The input of soil 
physical hydraulic response properties showed an overestima-
tion on the soil-water movement based on soil morphology 
models in these profiles. The soil hydraulic knowledge gener-
ated from the models are related to E coli and faecal coliform 
bacteria concentrations in each soil group in the hillslopes. Soil 
leaching rates of organic pollutes depend on the soil group and 
soil-water transmission of the available profiles.43,45 Migration 
of E coli and faecal coliform pollutes from pit latrines in the 
study was common during the rainy summer season in recharge, 
responsive (saturated), and interflow (A/B) soils. In the winter 
season with unfavourable bacteria growth conditions,41,42 
responsive (saturated) soils had higher bacteria concentrations. 
In cases where the detected organic pollutants remained greater 
than 100 CFU g/soil in the bottom section of the hillslope, 
pollution risks are higher to the catchment water resources. 
This approach can be viable and useful for possible mapping of 
ecological organic pollutants outbreaks, effectively way in 
advance. Implication of policy measures can be integrated early 
in the project planning phrase, especially within responsive 
(saturated) soils similar to MT3 and MT4. In the event that 
the proposed dam infrastructure (Ntabelanga dam) is con-
structed, recharge soils and interflow soils over time are likely 
to develop into the present responsive (saturated) soils.23 Dam 
reservoirs can cause a permanent rise in the water table that 
may extend a considerable distance from the reservoir.7,19 The 
risks of aquifer contamination are high in areas where pit 
latrines must be used, mostly where the water table is high or 
where there are very rapid groundwater flow rates.6
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Conclusions
This study, on application of soil model information in the 
Ntabelanga catchment, concludes that soil morphology can 
provide a preliminary understanding of hillslope hydraulic 
responses. Hydropedological interpretations of soils in hillslope 
transects differ in their hydrological responses in each particu-
lar soil group. Recharge soil models for MT1 and MT2 are 
important in deep vertical groundwater restores. These soils 
have a limited direct soil-water contribution to streams. Models 
of responsive (saturated) and deep interflow soils in MT3 and 
MT4 promote lateral flows towards the bottom parts of the 
hillslopes recharging stream flows. The physical soil properties, 
ie, particle distribution, hydraulic conductivity, and bulk den-
sity results, supported the main vertical water flows under 
MT1 and MT2. These properties agreed with the combined 
vertical and lateral flows in MT3 and MT4 hillslope transects. 
Morphology alone without the physical soil properties 
(hydropedology) can in some soilscapes overconceptualize 
hydraulic response, especially movement of water down a soil 
profile, between different soil interface (A/B) horizons. The 
hydraulic conceptual models, however, agree on the detected 
concentrations of organic pollutes. The model soil groups, with 
the faecal coliforms and E coli bacteria counts, indicated higher 
migrations on responsive (saturated) soils in winter, ie, MT3 
and recharge soils in summer, ie, MT1 and MT2. The soil 
model data can be useful to properly site the catchment pit 
latrines and avoid pollution of vulnerable soils as a footprint for 
the proposed Ntabelanga dam.

For further studies, it is important that focus be put on fae-
cal contaminates behaviour across the hillslopes based on the 
hydropedological and chemical properties. Also, simulations of 
water flow fluxes using infinite mechanistic models such as 
Hydrus 2D. This can be generated to predict the catchment 
potential contaminate risk towards surface and groundwater 
resources.

Author Contributions
MM and JJvT conceived and designed the experiments, wrote 
the first draft of the manuscript: MM, contributed to the writ-
ing of the manuscript, and agree with manuscript results and 
conclusions, jointly developed the structure and arguments for 
the paper. JvT made critical revisions and approved final ver-
sion. All authors reviewed and approved the final manuscript.

References
	 1.	 Soko MI. A Study of the Impact of Anthropogenic Activities in the Crocodile River, 

Mpumalanga. Pretoria, South Africa: University of South Africa (UNISA); 2014.
	 2.	 Van Tol JJ, Le Roux PAL, Lorentz SA, Hensley M. Hydropedological classifica-

tion of South African hillslopes. Vadose Zone J. 2013;12. doi:10.2136/
vzj2013.01.0007.

	 3.	 ARGOSS. Assessing Risk to Groundwater from On-site Sanitation: Scientific 
Review and Case Studies. Nottingham: British Geological Survey; 2002. British 
Geological Survey Commissioned Report 4411 CR/02/079N.

	 4.	 Cairncross S, Hunt C, Boisson S, Bostoen K, Curtis V, Fung ICH. Water, sani-
tation and hygiene for the prevention of diarrhoea. Int J Epidemiol. 2010;39: 
i193–i205.

	 5.	 Webster R. Is soil variation random? Geoderma. 2000;97:149–163.
	 6.	 Graham JP, Polizzotto ML. Pit latrines and their impacts on groundwater qual-

ity: a systematic review. Environ Health Perspect. 2013;121:521–530.
	 7.	 Bradford SA, Bettahar M. Concentration dependent colloid transport in satu-

rated porous media. J Contam Hydrol. 2006;82:99–117.
	 8.	 Weiler M, McDonnell J. Virtual experiments: a new approach for improving 

process conceptualization in hillslope hydrology. J Hydrol. 2004;285:3–18. 
doi:10.1016/S0022-1694(03)00271-3.

	 9.	 Van Tol JJ, Le Roux PAL, Hensley M. Soil properties as indicators of hillslope 
hydrology in the Bedford catchments. S Afr J Plant Soil. 2010;27:242–251.

	10.	 Lin HS, Kogelman W, Walker C, Bruns MA. Soil moisture patterns in a for-
ested catchment: a hydropedological perspective. Geoderma. 2006;131:345–368. 
doi:10.1016/j.geoderma.2005.03.013.

	11.	 Tromp-van Meerveld I, Weiler M. Hillslope dynamics modelled with increasing 
complexity. J Hydrol. 2008;361:24–40. doi:10.1016/j.jhydrol.2008.07.019.

	12.	 Sawicz K, Wagener T, Sivapalan M, Troch PA, Carrillo G. Catchment classifi-
cation: empirical analysis of hydrologic similarity based on catchment function 
in the eastern USA. Hydrol Earth Syst Sci. 2011;15:2895–2911. doi:10.5194/
hess-15-2895-2011.

	13.	 Pang L, Close ME, Watt JPC, Vincent KW. Simulation of picloram, atrazine, 
and simazine leaching through two New Zealand soils and into groundwater 
using HYDRUS-2D. Journal of Contaminant Hydrology. 2000 Elsevier Science 
B.V ; 44:19–46.

	14.	 World Health Organization (WHO)/UNICEF. Progress on drinking water and 
sanitation. http://www.unicef.org/media/files/JMPreport2012.pdf. Published 
2012. Accessed December 5, 2016.

	15.	 Albonico M, Allen H, Chitsulo L, Engels D, Gabrielli AF, Savioli L. Control-
ling soil-transmitted helminthiasis in pre-school-age children through preven-
tive chemotherapy. PLoS Negl Trop Dis 2008;2:e126. doi:10.1371/journal.
pntd.0000126.

	16.	 Rosa G, Clasen T. Estimating the scope of household water treatment in low- 
and medium-income countries. Am J Trop Med Hyg. 2010;82:289–300.

	17.	 United Nations (UN). Sustainable Development Goal 6: ensure availability and 
sustainable management of water and sanitation for all. http://www.fao.org/sus-
tainable-development-goals/goals/goal-6/en/. Accessed September 29, 2017.

	18.	 NWRS2. Natural Water Research Strategy 2: Managing Water for an Equitable and 
Sustainable Future. Pretoria, South Africa: Department of Water Affairs; 2012.

	19.	 Department of Water and Sanitation, South Africa. Mzimvubu Water Project: 
Ntabelanga Dam borrow pits and quarry Environmental Management Plan. Scien-
tific Aquatic Services cc. 2014; DWS Report No: P WMA 14/12/16/3/3/2/677 
(Dam construction application).

	20.	 MDB Capacity Assessment. National Report on Local Government Capacity, Dis-
trict and Local Municipalities. Pretoria, South Africa: Department of Cooperative 
Governance and Traditional Affairs; 2008.

	21.	 Statistics South Africa. Census statistics by place/local municipality. Umzim-
vubu living conditions. http://www.statssa.gov.za/?page_id=993id=umzimvubu-
municipality. Published 2011. Accessed November 29, 2017.

	22.	 Soil Classification Working Group. Soil Classification: A Taxonomic System for 
South Africa. Pretoria, South Africa: Department of Agricultural Development; 
1991. Memoirs on the Agricultural Natural Resources of South Africa No. 15.

	23.	 World Reference Base (WRB) for Soil Resources. International Soil Classifica-
tion System for Naming Soils and Creating Legends for Soil Maps. Rome: Food 
and Agriculture Organization of the United Nations; 2014. World Soil Resources 
Reports 0488.

	24.	 Bouwer H, Rice RC. A slug test for determining hydraulic conductivity of 
unconfined aquifers with completely or partially penetrating wells. Water Resour. 
1976;12:423–428.

	25.	 Bouyoucos GJ. Hydrometer method improved for making particle size analysis 
of soils. Agron J. 1962;54:464–465.

	26.	 US EPA. Method 1604: Total Coliforms and Escherichia coli in Water by Membrane 
Filtration Using a Simultaneous Detection Technique (MI Medium). Washington, 
DC: US EPA; 2002.

	27.	 Mullis K. Polymerase Chain Reaction (PCR). Bethesda, MD: National Centre for 
Biotechnology Information, US National Library of Medicine; 1980.

	28.	 McKenzie N, Jacquier D, Isbell R, Brown K. Australian soils and landscapes: an 
illustrated compendium. Collingwood, VIC, Australia: CSIRO Publishing; 2004.

	29.	 Kotze DC, Marneweck GC, Ratchelor AL, Lindley DS, Collins NB. WET Eco 
Services. A Rapid Assessment Procedure for Describing Wetland Benefits. 
Water Research Commission, Pretoria; 2005. Mondi Wetlands Project.

	30.	 Lin HS, Bouma J, Wilding L, Richardson J, Kutilek M, Nielsen D. Advances in 
hydropedology. Adv Agron. 2005;85:1–9.

	31.	 Verpraskas MJ, Lindbo DL. Redoximorphic features as related to soil hydrology 
and hydric soils. In: Lin H, ed. Hydropedology: Synergistic Integration of Soil Sci-
ence and Hydrology. Oxford: Elsevier; 2012:143–172.

	32.	 Lindbo DL, Stolt MH, Verpraskas MJ. Redoximorphic features. In: Stoops G, 
Marcelino V, Mees F, ed(s) Interpretation of Micromorphological Features of Soils and 
Regoliths. Elsevier Science; 2010:129–147.

Downloaded From: https://bioone.org/journals/Air,-Soil-and-Water-Research on 26 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

http://www.unicef.org/media/files/JMPreport2012.pdf
http://www.fao.org/sustainable-development-goals/goals/goal-6/en/
http://www.fao.org/sustainable-development-goals/goals/goal-6/en/
http://www.statssa.gov.za/?page_id=993id=umzimvubu-municipality
http://www.statssa.gov.za/?page_id=993id=umzimvubu-municipality


12	 Air, Soil and Water Research ﻿

	33.	 Lin HS, McDonnell JJ, Nimmo JR, Pachepsky YA. Hydropedology: synergistic 
integration of soil science and hydrology in the Critical Zone. Hydrol Process. 
2015;29:4559–4561.

	34.	 Brady N, Weil R. The Nature and Properties of Soils. 13th ed. Upper Saddle River, 
NJ: Prentice Hall; 2002:960.

	35.	 Hillel D. Fundamentals, applications, and environmental considerations. In: 
Warrick A W,Baker R S and  Rosenzweig C, ed(s) Environmental Soil Physics. 1st 
ed. San Diego, CA, USA: Academic Press; 1998: 389–395.

	36.	 Van Huyssteen CW. A review of advances in hydropedology for application in 
South Africa. S Afr J Plant Soil. 2008;25:245–254. doi:10.1080/02571862.2008.
10639924.

	37.	 Jüstrich S, Hunzinger L, Wildi W. Bilan sédimentaire et géochimique d’un barrage 
Sans vidange: Le CAS de la retenue de Wettingen. Arch Sci. 2006;59:141–150.

	38.	 Wildi W. Environmental hazards of dams and reservoirs. In: NEAR Curriculum 
in Natural Environmental Science (Terre et Environnement 88). Geneva: Sec-
tion des sciences de la Terre et de l’environnement; 2010:187–197. https://
archive-ouverte.unige.ch/unige:90831.

	39.	 Odonkor ST, Ampofo JK. Escherichia coli as an indicator of bacteriological qual-
ity of water: an overview. Microbiol Res. 2013;4:e2.

	40.	 Walk ST, Feng PCH. Population Genetics of Bacteria: A Tribute to Thomas S. Whit-
tam. Washington, DC: American Society for Microbiology Press; 2011.

	41.	 Zhai Q , Coyne MS, Barnhisel RI. Mortality rates of fecal bacteria in subsoil 
amended with poultry manure. Bioresource Technol. 1995;54:165–169.

	42.	 Jamieson RC, Gordon RJ, Sharples KE, Stratton GW, Madani A. Movement 
and persistence of fecal bacteria in agricultural soils and subsurface drainage 
water: a review. Can Biosyst Eng. 2002;44:1.1–1.9.

	43.	 Guzman JA, Fox GA, Penn CJ. Sorption of Escherichia coli in agricultural soils 
Influenced by swine manure constituents. Amer Soc Agric Biol Eng. 2012;55: 
61–71.

	44.	 Mubiru DN, Coyne MS, Grove JH. Mortality of Escherichia coli O157:H7 in 
two soils with different physical and chemical properties. J Environ Qual. 
2000;29:1821–1825.

	45.	 Sjogren RE. Prolonged survival of an environmental Escherichia coli in labora-
tory soil microcosms. Water Air Soil Poll. 1994;75:389–403.

Downloaded From: https://bioone.org/journals/Air,-Soil-and-Water-Research on 26 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

https://archive-ouverte.unige.ch/unige:90831
https://archive-ouverte.unige.ch/unige:90831



