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Abstract

Knowing the quality of water is imperative if the water is meant for drinking or agricultural purposes. The spatial and
temporal groundwater quality in the Heuningnes Catchment was investigated, and its appropriateness for irrigation
and drinking purposes was considered. Thirty-one samples were collected and analysed for physical (pH, EC, TDS) and
chemical (Na*, K*, Ca®*, Mg?", HCO;~, CI, S0,%>") parameters. Maps demonstrating the spatial and temporal distribution
of groundwater quality were constructed using Geographical Information System software. These maps indicate varia-
tions in the concentration of various water quality parameters in the region. Groundwater in the region is mostly alkaline
and is categorised as either fresh, brackish or saline based on TDS classification. Using Piper diagrams, it is shown that
Na*-Cl~ water type is the main water type in the area. The quality is mostly influenced by chemical weathering of rock-
forming minerals. Over 50% of groundwater in the region is not fit for drinking purposes as established from WHO (2011)
and SANS241 criteria. Following SAR criteria, looking at Na%, Pl, MH, KR and salinity hazard for irrigation assessment, it
was discovered that shallow groundwater in the region was not fit for irrigation purposes. However, groundwater from
deeper boreholes proved otherwise. The study has shown that not all-available groundwater is suitable for either drink-
ing or irrigation. Therefore, it recommends to plant crop varieties that are highly salinity tolerant, as treating the water
prior to irrigation would not be economically viable, and it also recommends further exploration to make the available
50% of groundwater drinkable and to make the shallow groundwater fit for irrigation.
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1 Introduction

Groundwater has become the major source of freshwater
supply for many uses such as domestic, irrigation, indus-
trial and ecosystem support across the world [12, 22, 33,
41], and this is especially true in coastal areas where the
water demand is high because of the increasing popula-
tion and agricultural activities. Groundwater is important

for the Heuningnes community who requires it for domes-
tic usage and irrigation purposes. Therefore, groundwater
quality is as essential as its quantity especially because the
water quality informs the aptness of groundwater for vari-
ous uses. The type and concentration of dissolved miner-
als determine the aptness of water for different uses. A
number of factors are considered to have an effect on the
chemistry of groundwater thus influencing its quality.
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These factors include climatic conditions, rain and surfi-
cial water percolation, recharge water quality, regional
geology, sub-surficial geochemical processes, as well as
discharges, leaching and organic matter addition from
anthropogenic activities carried out over the aquifer,
extraction and irrigation practices [11, 16, 23-25, 40].

Coastal areas including where this investigation was
carried out are inclined to high groundwater demands
because of an increasing population size, caused by the
influx of people in search for better socio-economic devel-
opments, as well as agricultural and tourism opportuni-
ties. Kokkat et al. [20] indicate that the proximity of coastal
aquifers to the sea, the presence of saline soil and brine,
agricultural activities as well as geological, geomorpholog-
ical and hydrological factors encourage salinity intrusion
into aquifers. The geological setting and anthropogenic
activities of an area play a role in the prevailing ground-
water quality in terms of physical and chemical variations
[20]. Globally, irrigated agriculture makes an indispensable
contribution to guarantee food security around the world.
While only 15% of the world’s farmland is irrigated, approx-
imately 35-40% of the total supply of food and fibre arises
from irrigated agriculture as stated by [7]. However, most
areas of irrigated land across the globe are under threat by
salinisation and the Heuningnes Catchment is no excep-
tion to this. It is therefore vital to have knowledge of the
groundwater quality of the area so that proper utilisation
and management practices of the resource are imple-
mented and monitored to ensure sustainable availability
of such waters in a quality that is fit for use.

Furthermore, understanding the quality of water is
important for the region to ensure that people consume
water that is of good quality [31]. Also for irrigation water,
good quality is required because water that is not fit for
irrigation may harm soil structure, affect permeability,
plant growth and reduce crop yield [2]. Various research-
ers [4, 34] studied and assessed aptness of groundwater
for irrigation using SAR, salinity hazard, Pl, KR and MH.
They assessed suitability of drinking water by analysing
major cations (Na*, K*, Ca®*, Mg®*) and anions (HCO; ™, CI",
and SO,%). A similar approach as described in these previ-
ous studies was adopted in this current study. The lack of
information and knowledge regarding the type, origin and
quality of groundwater in the area is what motivated this
study. The purpose of this study is to provide hydrochemi-
cal characteristics of groundwater in the area and evaluate
its suitability for irrigation purpose through a multi-meth-
ods approach. This study provides baseline information on
chemical characteristics of the groundwater in the area
that can be used for future developments of groundwater
resources and irrigation and to support sustainable man-
agement. As it stands, arid and semi-arid regions like the
current study require comprehensive knowledge of the
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geochemical evolution of groundwater for better under-
standing of hydrochemical systems of such areas.

2 Description of study location

The Heuningnes Catchment is located on the southern-
most part of South Africa and falls within the Eastern
Overberg region in the Western Cape Province (Fig. 1). The
catchment occupies a total area of 1400 km? and is part
of the third-order catchments of South Africa [19]. It com-
prises of a number of surface water bodies which include
rivers and wetlands, riparian and non-riparian floodplains,
pans and freshwater springs. The main rivers feeding the
catchment include Nuwejaar, Kars and Heuningnes riv-
ers (Fig. 1). The main water bodies include Soetendalsvlei
which is about 8 km long and 3 km wide followed by the
Voélvlei (4 km long and 1.7 km wide) and some small pans
(Soutpan, Longpan and Rondepan).

Bredasdorp, Elim and Napier are the major towns in the
Heuningnes Catchment. About 56% of land coverage is
natural vegetation consisting mainly of shrubland fynbos
(limestone and sandplain), grassland, bushland, wetlands
and water bodies [13]. The main agricultural activities
in the area include wheat, vines, orchards and livestock
farming [35]. About 41% of the catchment is agricultural
land primarily used for provisional drying agriculture and
improved grassland [13]. Field observations reveal that
calcareous sands, coarse sands, alluvial topsoils and clays,
acidic and highly leached soils dominate the study site.
Peat layers are also visible in some areas and often occur
between the top sandy layer and clay layer [35].

The average winter temperature ranges from 8 to
18 °C and average summer temperature from 18 to
25 °C. Expected winds are mostly from the southeast and
southwest in summer and westerly in winter. Generally,
about 65-75% of the rainfall occurs in the winter months
(May-October) and the mean annual precipitation (MAP)
is about 450 mm (in the east), 540 mm (in the west) to
650 mm along the coast [30] and serves as a major source
of groundwater recharge.

3 Geology and hydrogeology

The basement geology of the area is made up of the meta-
sediments of the Malmesbury Group and the Cape Granite
Suite. During the late Precambrian period, the rocks of the
Malmesbury Group were deposited and are characterised
by alternating layers of greywacke shale and muddy sands
[19] which are intruded by the igneous rock of the Cape
Granite Suite. Both Malmesbury and the Cape Granite
Suite are overlain by the Table Mountain Group (TMG),
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Fig. 1 Study location map of the study area, with sampling points (BH-bl

which according to [28] underlies the Bokkeveld Group
and the Enon Group (Fig. 2).

The study area is locally confined within the TMG and
the Bokkeveld Group of the Cape Supergroup. The upper
catchment is mainly dominated by the quartzitic sand-
stones of the TMG which were deposited during the Ordo-
vician, Silurian and earliest Devonian periods [19], whereas
the Bokkeveld Group concentrated in the middle section
of the catchment is made up of a succession of siltstones,
mudstones and fine-grained sandstones deposited in the
early to mid-Devonian period. In the Heuningnes Catch-
ment, the Bokkeveld formation is overlain by the Bredas-
dorp Group found around Soetendalsvlei. The Bredasdorp
beds are made up of tertiary and Quaternary deposits of
unconsolidated to semi-consolidated shelly sands, basal
conglomerate and calcareous sands [28].

In the study area, fractured rock aquifers and alluvial
aquifers are the dominant aquifer types and both primary
and secondary aquifers are present. The unconsolidated
sediments deposited as alluvium in floodplains of the main
river systems form the primary aquifers [27]. The second-
ary aquifers are the TMG and the Bokkeveld Shales. The

ue, piezometer-green colour)

high fracturing and faulting nature of the TMG aquifer
provides high yield attributes for the aquifer as compared
to the Bokkeveld aquifers which have a lesser degree of
faulting and are generally low yielding aquifers. In terms
of water quality, fresh water is often associated with the
fractured aquifers of the TMG, whereas the Bokkeveld
aquifers yield bad water quality with high concentrations
of TDS. Groundwater movement in the area is chiefly asso-
ciated with secondary structures such as joints, fractures
and faults.

4 Materials and methods
4.1 Sampling

This study took place in an area that did not have a moni-
toring system; therefore, a new monitoring program
had to be developed and that involved drilling of new
boreholes and installation of several piezometers. The
monitoring system was developed for various objec-
tives, such as groundwater and surface water interaction,
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Fig.2 Map showing geology
of the study area
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occurrence of groundwater in the area, influence of
major faults on groundwater occurrence and to under-
stand groundwater quality and its suitability for various
uses which is the focus of this current study. To evalu-
ate the water quality of the Heuningnes Catchment, a
total of 31 groundwater samples were collected in July
2017, after the drilling of new boreholes was completed.
This includes 22 borehole samples from the deep aquifer
(>10 m depth) and 9 piezometer samples from the shal-
low aquifer (< 10 m depth). The sampling locations were
chosen in a way that both upper and lower catchment
areas are represented, and catchment groundwater con-
dition is fairly covered. Field measurements of electri-
cal conductivity (EC), temperature and pH of ground-
water were performed onsite with a multi-parameter
probe. Total dissolved solids (TDSs) were determined
from the EC using the relationship: TDS (mg/l) =EC (uS/
cm) X 0.64. Thereafter, groundwater samples were col-
lected for hydrogeochemical parameters, major cations
(sodium (Na™¥), calcium (Ca**), magnesium (Mg?*) and
potassium (K*)) and major anions (chloride (CI7), bicar-
bonate (HCO;") and sulphur dioxide (S0,27)) for labora-
tory analysis. Prior to sample collection, field variables
would first be monitored until they stabilized, indicat-
ing equilibrium in the instrument’s measurements. When
these parameters had stabilized, a sample was collected
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and stored in polyethylene bottles (250 ml) that had
been pre-rinsed with diluted sulphuric acid (to pH 2.0),
for chemical analysis. Samples were kept on ice during
transport to the laboratory. Prompt transport of the sam-
ple to the laboratories was arranged to prevent degrada-
tion of water samples prior to analysis.

The collection of groundwater samples for chemical
analysis as well as the measurement of field parameters
for water quality was done in accordance with standard
sampling procedure [38]. Before collecting water sam-
ples from groundwater, physical water quality parame-
ters were measured onsite using an YSI Professional Plus
20™ Multi-parameter sonde. The collected samples were
then sent to Bemlabs in Strand, Western Cape, for chemi-
cal analysis. All analyses were done according to ISO/IEC
17025 standards using SANS accredited methodology
(SANS 11885:2008). The testing laboratories are South
African National Accreditation System (SANAS) accred-
ited. Cation analysis was done with inductively coupled
plasma optic emission spectroscopy, while anions were
analysed using ion chromatography. As indicated in the
Bemlabs Methods description document, the uncer-
tainty of measurement among all elements analysed
ranged between 0.000 and 8.55%, which is lower than
the recommended limit of 10% for uncertainty [38].
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4.2 Evaluation of groundwater quality for irrigation
purposes

The equations listed below were used to evaluate the suit-
ability of groundwater for irrigation purposes. The sodium
percentage (Na%), sodium adsorption ratio (SAR), Kelly’s
ratio (KR), magnesium hazard (MH) and permeability index
(P1) were also calculated by using the standard formulas
(Egs. 1-5). All concentrations were expressed in meq/L.

SAR = (Na*)/[v/(Ca*" + Mg*")/2] Q)
%Na = [(Na* + K*)/(Ca®" + Mg?" + Na* + K*)] % 100

KR = (Na®)/(Ca*" + Mg?*) 3)
MH = (Mg?* x 100)/(Ca** + Mg**) (4)

PI = [(Na* + HCO;)/(Ca** + Mg?* + Na®)] * 100 (5)

5 Results and discussion
5.1 Chemical composition of groundwater

Table 1 presents descriptive statistics of chemical constitu-
ents of both shallow and deep groundwater samples col-
lected in Heuningnes Catchment. These were compared
with World Health Organization standards (WHO, 2011)
and the South African National Standards (SANS 241,
2011). Most of the water wells investigated in the area
are tapping from both the shallow aquifer (<10 m and

represented by the piezometers PZ1-PZ13) and the deep
aquifer (> 10 m and represented by boreholes F1-BH13).

In general, pH is considered as the primary parameter to
measure the quality of water whether it is alkaline or acidic
in nature [20]. The pH scale ranges from 0 to 14, where pH
below 7 reflects acidic in nature, over 7 is alkaline, and a
pH of 7 is considered neutral [4]. As for drinking water, a
pH value in the range of 6.5-8.5 is considered as desirable,
as by [39] standards.

Groundwater in the area is acidic to alkaline in nature,
the pH ranged from 4.9 to 8.5 with a mean of 6.5 for deep
groundwater samples and 6.6-7.5 with a mean of 7.1 for
the shallow groundwater samples (Table 1). In terms of
suitability for drinking water, pH in the area is within the
recommended limits as stipulated by [36, 39]. High alkalin-
ity in the area is associated with considerable amounts of
calcium, sodium, magnesium and bicarbonate ions, which
are known to progressively increase the pH [5].

A general trend of the anions and cations present in
groundwater can be deduced from spatial distribution of
EC [31]. The EC ranged from 1354 to 73100 uS/cm, and
the average is 41,490 puS/cm for shallow groundwater
(Table 1), whereas deep aquifer groundwater has a range
of 320-13,980 pS/cm with an average of 3018 uS/cm
(Table 1). In the study region, high levels of EC are evi-
dent from the middle of the catchment increasing towards
the sea (Fig. 3). Noting that the acceptable limits for ECin
drinking water should be < 1500 pS/cm, 89% of shallow
groundwater and 36% of deep aquifer samples fall outside
this limit and are therefore not fit for drinking purposes.

The range of TDS concentration in shallow groundwa-
ter is 907-48,977 mg/L with an average of 27,799 mg/L,
whereas samples from the deep aquifer had a TDS range
from 112 to 9367 mg/L with an average of 1990 mg/L.
Following TDS classification as proposed by [8], shallow

Table 1 A summary of the

i ! | Parameter pH EC DS Na* Kt Ca* Mg* SO0, CI HCO,%~
physiochemical analysis of the
groundwater samples Shallow groundwater N=9
SD 0.3 24,5553 16,452.1 3702.0 20.7 1035 219.0 5355 13,683.2 488
Min 6.6 1354.0 907.0 118.0 260 66.0 29.0 26.0 193.0 98.0
Max 7.5 73,100.0 48,9770 11,383.0 88.0 381.0 707.0 1609.0 40,988.0 254.0
Mean 7.1 41,4904 27,798.6 4771.6 61.8 2252 3554 399.2 9579.6 188.7
Deep groundwater N=22
SD 1.1 44433 2989.0 1603.3 276 646 794 178.0 27335 93.8
Min 4.9 230.0 112.0 34.0 1.0 20 3.0 1.0 56.0 5.0
Max 8.5 13,980.0 9367.0 6450.0 86.0 211.0 260.0 645.0 11,290.0 268.0
Mean 6.7 3018.1 1990.8 972.6 153 49.1 588 1122 1546.2 97.9
WHO 6.5-8.5 1500 1500 200 12 200 100 250 250 500
SANS 5.5-85 1700 1200 200 50 150 70 250 300 -
All units are expressed in mg/L except pH, EC (uS/cm)
SD standard deviation, TDS total dissolved solids
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Fig.3 Map showing spatial distribution of EC (uS/cm)

Table 2 Groundwater classification based on TDS after Freeze and
Cherry [8]

Classification  TDS (mg/L) range  No. of samples (%)

Fresh <1000 16 (51.6) 15 from deep aquifer
Brackish 1000-10,000 7 (22.6) all from deep aquifer
Saline 10,000-100,000 8 (25.8) shallow aquifer

Brine >100,000 0

groundwater in the area is saline (Table 2), whereas deep
groundwater is classified as fresh (TDS < 1000 mg/L in 15
samples) to brackish (TDS > 1000 mg/L in 7 samples). In
coastal aquifers, TDS levels in groundwater are raised by
higher concentrations of CI~, Na*, and Ca** when saltwater
intrudes and mixes with groundwater [32]. This is true for
the shallow groundwater of the study and few samples
from the deep aquifer especially those near the ocean. In
terms of drinking water standards, 32% of deep ground-
water samples and 89% of shallow groundwater exceed
the highest permissible limits of 1500 and 1200 mg/L as
prescribed by both [36, 39], respectively, and are thus
not acceptable for drinking. Based on FAQO guidelines for
irrigation use, only 35.5% (11) of the samples are permis-
sible for irrigation, whereas 22.5% (7) are borderline and
the remaining 42% (13) are not to be used for irrigation.
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Using water with high TDS for irrigation may cause mois-
ture stress as the water evaporates, and salts accumulates
at the roots of the plant causing a blockage, so that the
plants are unable to suck water from soil.

The abundance of total cations decreases in the man-
ner of Na*>Mg?* >Ca®" > K" and of anions in the order
Cl~>HCO;™ > S0,%*; however, the sequence changes for
the major anions in the shallow groundwater as SO,**
dominates over HCO;™, and also, the sequence of the
major cations changed in a few of the deep groundwater
samples (6) where Ca?* was observed to dominate over
Mg?*. The concentrations of chloride for deep ground-
water range from 56 to 11,290 mg/L with a mean of
1546.2 mg/L; for shallow groundwater, the range is from
193 to 40,988 mg/L with a mean of 9579.6 mg/L (Table 1).
These high CI™ amounts recorded here suggest salty
groundwater in the area, and the highest levels recorded
in the piezometers and boreholes were at close proximity
to the coast. Almost all shallow groundwater samples and
few deep groundwater samples exceeded the permissible
limits of 250 and 300 mg/L as stipulated by both [36, 39]
for drinking water purposes. Application of irrigation water
with high CI™ ion concentration of >350 mg/L introduces
severe problems to the crops such as leaf burn and leaf
necrosis [14]. Assessing the specific ion toxicity problem
in the area following FAO guidelines indicates that the Na*
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and CI™ in all shallow groundwater and few deep ground-
water samples have been found to be high enough to pre-
sent toxicity problems (Table 1) and are thus not suitable
for irrigation purposes.

Bicarbonate, in shallow groundwater, varies from 98
to 254 mg/L, and for deeper groundwater, the range is
from 5 to 268 mg/L. In both shallow and deep groundwa-
ter samples, the bicarbonate was found to be within the
prescribed limit of 500 mg/L for drinking water according
to [39] standards. The concentration of SO,%” in shallow
groundwater ranges from 26 to 1609 mg/L, and for deep
groundwater, the range is from 1 to 645 mg/L. Only 44%
of shallow groundwater and 22% of deep groundwater
samples exceeded the allowable limit for drinking stand-
ards based on [39].

Freshwater is characterised by lower Na* content than
Ca%* and Mg?*, and excess of Na* in groundwater espe-
cially when used for drinking purposes poses a danger to
human health in that it can cause hypertension and may
aggravate congenital ilinesses, kidney disorders and nerv-
ous disorders in the human body [2]. It may also have a lax-
ative effect because of the salt content. The Na?* concen-
tration in the area ranges from 118 to 11,383 mg/L with an
average of 4771 mg/L for shallow groundwater (Table 1),
and for deep groundwater samples, the range is from 34 to
6950 mg/L with an average of 973 mg/L (Table 1). Calcium
levels in shallow groundwater range from 66 to 381 mg/L
and for deep groundwater, from 2 to 211 mg/L, whereas
concentrations of Mg?* in shallow groundwater samples
vary from 29 to 707 mg/L, while deep groundwater has
Mg?* concentrations of 5-260 mg/L. Over 77% of the shal-
low groundwater samples exceeded the desirable limits
of Na¥, Mg?* and Ca* concentrations for drinking water
standards, while most of the groundwater from deep aqui-
fers falls within the permissible drinking water limits; only
a few samples were above the prescribed limits for Na*
and Mg2+ (Table 1). Potassium concentrations in shallow
groundwater ranged from 26 to 88 mg/L, whereas in deep
groundwater, the range was from 1 to 86 mg/L in the study
region. Only 4 deep groundwater samples did not comply
with the drinking water limits, and all shallow groundwa-
ter samples exceeded the allowable limit as prescribed by
[39].

6 Hydrogeochemical facies
and geochemical processes

To evaluate the hydro-geochemistry of groundwater
in the Heuningnes Catchment, the Piper diagram was
used [10]. Various studies [16, 18, 29] have applied the
concept of hydrogeochemical facies to understand the
chemical character of water in aquifer systems. Piper

diagrams enable the identification of prominent ground-
water types based on the hydrogeochemical process
and dominant ions present, which in turn expose the
origin of ions and composition of groundwater [42]. In
the Piper diagram, the diamond-shaped field displays
the composition of water with respect to both cations
(left triangle) and anions (right triangle) (Fig. 4). Most
of the samples in this study are confined in the field
of Na™-Cl™ type, Na*-K type and Cl~ type because of
dominant Na* and Cl™ ions in the groundwater (Fig. 4).
Water plotting in this field of Na*-Cl~ type is indicative of
water derived from marine or deep ancient groundwater
[18]. Only three samples (STR1, GYS1 and PZ 19) evolve
from Ca?*"HCO;™ type to Na*-Cl™ type, and the same
samples also indicate no dominant type and fall in the
HCO;™ field (Fig. 4).

Evaluation of the water types by means of Piper plot
suggests influence of seawater intrusion/saline water
within the study region. This is supported by the fact
that in the area, the alkali cations (Na* and K*) overpower
the alkaline earth cations (Mg?* and Ca?*) and anions
of strong acids (5042‘ and CI7) dominated over weak
acids (HCO;™ and CO;7). The dominance of Na*, CI” and
S0, ions over other ions causes the increase in the EC
and TDS observed in the area. Therefore, using the Piper
diagram alone, one could easily conclude that the ground-
water was derived from seawater, yet other processes also
need to be evaluated such as evaporation, precipitation
or rock-water interaction which have an influence in the
quality.

Using the Gibbs plot, conclusions concerning the influ-
ence of various dominant geochemical processes such
as precipitation, rock-water interaction mechanism and
evaporation in controlling the hydrochemistry of ground-
water in the aquifer can be deduced [21]. Most samples
in the study region were confined in the rock-dominant
and evaporation dominant zone (Fig. 5) indicating that
the chemical composition of groundwater in the Heun-
ingnes Catchment is a result of chemical weathering of
aquifer lithology followed by evaporation and seawater
mixing for samples plotted beyond 10,000 mg/L. This is
expected in semi-arid regions as stated by [34] where cli-
mate conditions tend to increase the rate of evaporation,
which in turn increases the TDS, Na* and CI™ concentra-
tions, causing the water to be saline as observed herein.
The dominance of rock-water interaction suggests that
groundwater in the area had sufficient time to interact
with the lithology material and in the course of this inter-
action, different ions were released into the water. Simi-
lar results were obtained in a study done by [21, 26, 31]
using the Gibbs plot to differentiate between mechanisms
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Fig.4 Piper diagram showing groundwater type in Heuningnes Catchment

Fig.5 Gibbs diagram of 100000
groundwater in the study area
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controlling groundwater and surface water chemistry. The
majority of samples suggested that the chemical weather-
ing of rock-forming minerals is influencing the groundwa-
ter quality.
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7 Assessing quality of groundwater
for irrigation uses

Concentrations of dissolved salts mainly control the
quality of irrigation water. High salt content in water
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used for irrigation may upset the soil structure together
with the permeability rate and aeration, ultimately dis-
turbing plant growth [9, 15]. The assessment of ground-
water quality for irrigation uses in this study was based
on the estimation of various parameters such as salinity
hazard (EC), sodium per cent (Na*%), sodium adsorp-
tion ratio (SAR), Kelly’s ratio (KR), permeability index (PI)
and magnesium ratio (MH); the results are tabulated in
Table 3. Also, HCO;™, CI7, 5042‘ and TDS were considered.

7.1 Salinity hazard (EC)

The total concentration of dissolved salts in irrigation
water can be expressed in electrical conductivity (EC) for
classification purposes. In this study, we follow the clas-
sification by FAO [1] for irrigation use. In their guidelines,
EC is grouped into three classes based on the relation-
ship between the EC of water and the EC of saturated soil
extracts, to indicate the salinity hazard. There is no prob-
lem with salinity if the water has an EC <750 uS/cm. An
EC between 750 and 3000 puS/cm indicates an increasing
problem of the salinity, and lastly, when EC>3000 pS/
cm, there is a severe problem of salinity. In the study area,
the shallow groundwater samples fall within the 3™ class
where EC is above 3000 pS/cm suggesting a severe prob-
lem of salinity, except for one sample that falls in the sec-
ond class of increasing problem. This therefore suggests
that shallow groundwater in the area is not suitable for
irrigation. As for deep groundwater, 11 of the samples fall

in the first class indicating no problem of salinity having
an EC< 750 pS/cm, whereas 6 samples fall in the second
class and only 5 samples are not suitable for irrigation as
they fall in the 3rd class with EC>3000 puS/cm. Overall,
35.4% of the groundwater (both shallow and deep) in the
area is suitable for irrigation in terms of the salinity hazard,
whereas 42% of the groundwater poses high salinity haz-
ard and is not to be used for irrigation purposes (Table 3)
except for very salt-tolerant plants whereby exceptional
drainage, frequent leaching and intensive management
are available.

7.2 Sodium adsorption ratio (SAR)

Sodium adsorption ratio (SAR) is the effective parameter
used for ascertaining the fitness of groundwater for irriga-
tion purposes because it is a measure of alkali/sodium haz-
ard for plants [2]. High sodium in irrigation water affects
the soil condition by reducing its permeability and raising
its hardness [4, 17]. The sodium adsorption ratio (SAR) is an
index of the potential of a given irrigation water to induce
sodic soil conditions. Sodicity in irrigation water is a conse-
quence of high concentrations of Na* relative to Ca?* and
Mg“. In South African Water Quality Guidelines (SAWQG),
the sodium hazard is divided into four categories (Table 3).

The results of calculated SAR from water samples in the
study region indicate that 48.4% have low sodium con-
centration and are acceptable for irrigation use and pose
no risk of exchangeable sodium (Table 3). According to

Table 3 Classification of

Parameter Range Water class No. of samples (%)
groundwater samples for
irrigation suitability SAR (meg/l) <2 Excellent 0 0
2-8 Good 15 (14DGW, 1SGW) 48.4
8-15 Doubtful 1(SGW) 32
P >15 Unsuitable 15 (8DGW, 7SGW) 484
KR (meg/l) <1 Suitable 3 (2DGW, 1SGW) 9.7
>1 Unsuitable 28 (20DGW, 8SGW) 90.3
Salinity hazard <750 No problem of alkalinity 11 (DGW) 354
EC (uS/cm) 750-3000 Increasing problem of alkalinity 7 (6DGW, 1SGW) 22,6
>3000 Severe problem of alkalinity 13 (5DGW, 8SGW) 42
Na% (meq/I) <20 Excellent 0 0
20-40 Good 0 0
40-60 Permissible 5 (3DGW, 2SGW) 16.1
60-80 Doubtful 14 (10DGW, 4SGW) 45.2
>80 Unsuitable 12 (9DGW, 3SGW) 38.7
MH (meg/I) <50 Suitable 3 (2DGW, 1SGW) 9.7
>50 Unsuitable 28 (20DGW, 8SGW) 90.3
Pl (meqg/Il) Class | (>75%) Good 29 (21DGW, 85GW) 93.5
Class Il (75-50%) Permissible 2 (1DGW, 1SGW) 6.5
Class Il (< 25%) Unsuitable 0 0
DGW deep groundwater, SGW shallow groundwater
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[37], irrigation water with high SAR introduces problems
in the soil and damages the soil structure due to disper-
sion of clay particles. In this study, 48.4% indicate high SAR
and are not suitable for irrigation, and using this water for
irrigation will negatively affect the crop yield and quality
as a result of sodium uptake through the roots of sodium
sensitive plants [6].

7.3 Infiltration hazard (SAR and EC)

Infiltration problems exist when irrigation water is unable
to enter the soil fast enough during a normal irrigation
cycle and the water remains on the soil surface for some
time, thus causing poor supply to the crops. Infiltration is
affected by both SAR and EC of irrigation water; therefore,
these parameters must be assessed in unison to estimate
water infiltration hazard. The findings of this study indicate
that 48.3% of the groundwater samples will not cause any
infiltration problems according to the South Africa Water
Quality Guideline [6] as well as the FAO (1976), whereas
42% of the samples are likely to cause moderate infiltra-
tion problems (Table 4). Only 9.7% will cause severe prob-
lems. All of the shallow groundwater samples indicated
no problem of infiltration, and this is because increased
salt concentration (higher EC) in water helps maintain
soil structure; however, it should be noted that higher
EC increases salt hazard. As indicated in Table 3, shal-
low groundwater in this area is not suitable for irrigation
because of high salinity hazard.

7.4 Percentage sodium (Na%)

Sodium is a good indicator of irrigation water quality
because in irrigation water with a high concentration of
Na*, the sodium ions are inclined to attach themselves to
the clay particles. Consequently, the Ca** and Mg?" ions
are replaced by the Na*. During the exchange process in
the soil of Ca** and Mg?* for Na* from the water, this leads
to aggregates of some soils to disperse, causing sealing

Table 4 Evaluating the risk of sodium in irrigation water causing a
water infiltration problem in soil. Modified after DWAF [6]

Risk of water infiltration problem

No problem Moderate Severe
SAR (meg/I) EC of water (uS/cm)
<3 >900 200-900 <200
3-6 >1300 250-1300 <250
6-12 >2000 350-2000 <350
12-20 >3100 900-3100 <900
>20 >5600 1800-5600 <1800
# of samples 15 (48.3%) 13 (42%) 3(9.7%)
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of soil pores and a reduction in permeability to water flow
[15]. Then, the soil becomes hard and compact when dry
and restricts water penetration. Using irrigation water with
Na% beyond 60 is not recommended as it could influence
accumulation of sodium which absolutely causes destruc-
tion in the soil structure and minimises both aeration and
infiltration competences thereby impeding plant growth.
Bhat et al. [4] state that dissolution of minerals from lith-
ologies, introduction of chemical fertilizers with irriga-
tion waters and extended residence time are the causes
of higher Na™ in the groundwater. The results of Na% for
the study are tabulated in Table 3, and the calculated Na%
values can be found in Online Resource 6-7. Most of the
samples in the area are confined in the last two classes,
which are the doubtful and unsuitable categories, about
45.2% and 38.7%, respectively. Only 16.1% of the water
samples meet the Na% standards for irrigation use. Of all
the samples, 38.7% had concentrations of sodium over
80% and are therefore not fit for irrigation. Using this water
for irrigation in the study region most probably will have
a toxic influence on crops, eventually causing the soil to
be resistant to water penetration because of the dispersed
soil colloidal particles [15].

7.5 Kelly’s ratio (KR) and magnesium hazard (MH)

Irrigation water with Kelly's ratio < 1 is accepted for irriga-
tion; anything above this value indicates an excess level
of sodium in the water and should not be used for irri-
gation purposes. Using both KR and MH, similar results
were found where the calculated results indicate that only
9.7% (3 samples) of the groundwater samples from both
shallow and deep boreholes are fit for irrigation and the
remaining 90.3% (28 samples) are not appropriate for irri-
gation (Table 3). The samples with MH > 50 pose high risk
of alkaline soil and are consequently not recommended for
irrigation. This indicates that the water in the study region
is not of permissible quality for irrigation purposes. Using
KR to assess water quality for irrigation, [4] found that 50%
of their samples were suitable for irrigation and 50% were
not. This demonstrates that using both KR and MH yields
a more accurate result.

7.6 Permeability Index (PI)

The permeability index is defined in three classes, accord-
ing to [3]: irrigation water with high permeability index
(>75%) is classified as Class |; Class Il has permeability
index between 75 and 50%; these two classes are con-
sidered excellent for irrigation use, while a third category
(Class 1) has a permeability index < 25% and is not suit-
able for irrigation purposes. In the present study, Pl val-
ues vary from 60.2 to 98.2% (Table 3). Considering the PI
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classification, almost 93.5% of the tested samples are Class
I, while 6.5% of the samples belong to Class II. This means
that the quality of water in the sampled area is suitable
for irrigation use.

8 Conclusions

The overall groundwater quality in the study area is fresh
to brackish and mostly acidic to alkaline in nature. Analy-
sis of the hydrochemical data indicates that the ground-
water in the study area is highly impacted by salinity
and based on the Piper diagram, it is of Na*-Cl~ water
type. The abundance of total cations decreases in the
order of Na*>Mg?* > Ca?* >K" and of anions in the order
ClI™>HCO* >S0,*". The quality of groundwater in the
area is mostly influenced by chemical weathering of rock-
forming minerals, and evaporation has a minor influence
based on Gibbs’ diagram. Shallow groundwater in the
study area is highly contaminated by salinisation and
thus not suitable for drinking purposes, but in this regard,
deep groundwater is safe for drinking purposes. The
high concentrations of CI~, Na*, TDS and EC indicate that
groundwater in the study area is significantly degraded in
water quality and suffers from extensive salinisation due
to seawater mixing and the influence of the geological
setting. However, some samples from the deep aquifer
showed that the water quality was reasonable and would
require treatment prior use. Assessing suitability of water
for irrigation use suggests that sulphate is not a concern
in the area; however, the rest of the parameters indicate
that the majority of shallow groundwater in the area is not
suitable for irrigation purposes based on SAR, Na%, EC,
KR, MH and PI. Considering all the parameters combined,
it appears that groundwater from deep aquifer is better
suitable for irrigation compared to shallow groundwater
(Online Source 4-5).

These conclusions signal a problem for this area, since
crop farming for commercial use is widely practiced
in the area; therefore, to gain profit out of farming, it is
important that the texture of the soil is coarse-grained or
organic, with high permeability. As this study has shown
that almost all groundwater has high salinity, it is recom-
mended to plant crop varieties that are highly salinity tol-
erant, as treating the water prior to irrigation would not
be economically viable. This study also recommends that a
monitoring programme should be implemented to evalu-
ate spatial and temporal variations in chemical composi-
tion of groundwater in the area covering different seasons.
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