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Figure 2 Resistivity interpretation: A) satellite image with resistivity pro� les and groundwater � ow direction 
(Google Earth pro 2018); B) resistivity distribution at a depth of 6.22 m; C) 12 m; and D) 19.7 m below sur-
face; mapped faults are indicated in red.

BHN3S was drilled into the back-� lled area 
and had an elevated Tearly of 1760.07 m2/d, 
Tlate of 6.23 m2/d and an estimated K-value 
of 8800.37 m/d of the fracture. � is was also 
the only borehole deemed viable to conduct 
a pumping test. Based on the basic FC meth-
od, borehole BHN3S had a Tearly and Tlate of 
29.28 m2/d and 27.9 m2/d, respectively which 
relates to the unconsolidated material of the 
back-� lled area. 

Hydrochemistry and isotope study
A water type distribution in form of sti�  dia-
grams and EC values indicated an area with 
high EC (>370 mS/m) values from the dis-
card dump to north of the quarry (Fig. 3). � e 
slurry pond of the discard dump contained 
mine water characterized by SO4, Na and K. 
Groundwater samples north of the discard 
dump to north of the quarry and water from 
the quarry itself contained predominantly 
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Figure 3 Water type distribution with means of Sti�  diagrams, water level elevations (m) and colour coded 
EC values according to SA drinking water standards (mS/m): green < 150, yellow <370 and red > 370. 

SO4 and Mg. � is area with high EC values 
and same groundwater chemistry correlates 
with the low resistivity zone identi� ed during 
the ERT survey and supports the presence of 
� ow zones from and into the quarry (Fig 2). 
In addition, the groundwater � ow direction 
points towards the north with elevated hy-
draulic heads in the boreholes adjacent to the 
discard dump.

West of the quarry, the groundwater was 
dominated by Mg, Na and K. Further north, 
boreholes were unpolluted and more alkaline 
in nature, characterized by Mg, HCO3, Na 
and K. Analytical borehole BHN3S contained 
elevated Ca, Mg and SO4 concentrations 
which were likely to have originated from 
the back-� lled material. Based on the local 
groundwater � ow direction and pumping test 
results, a connection exists between the back-
� lled area with a high transmissivity and the 
quarry.

A surface- and groundwater isotope anal-
ysis around the quarry demonstrated that 
most groundwater samples plotted along the 
global meteoric water line (GMWL) de� ned 
by Craig (1961) (Fig. 4). � is indicates that 
the groundwater is mainly of meteoric origin. 

In comparison, boreholes BHN1D, BHN1S, 
BHN2D, BH3D, BH3S and BH4S deviated 
from the GMWL and local meteoric water 
line (LMWL) as they were more isotopi-
cally enriched than the other groundwater 
samples. An enrichment was caused by sec-
ondary evaporation during rainfall, seasonal 
variations in precipitation and mixing of sur-
face- and groundwater (Clark and Fritz 1997) 
such as seepage from the isotopically more 
enriched quarry. � e surface water samples 
form a di� erent group being isotopically en-
riched due to an extended evaporation peri-
od. Furthermore, the same grouping supports 
the conjecture that the quarry and trench 
receive seepage from the discard dump up-
stream, taking the groundwater chemistry, 
� ow directions and conductive zones, identi-
� ed in the ERT, into consideration. 

Discussion and conclusion 
An analysis of the groundwater � ow direc-
tions, chemistry and isotope study together 
with the ERT model suggests that seepage 
from the quarry feeds into a wetland to the 
north-east. A link between the quarry and 
saturated zone of the wetland was identi� ed 
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Figure 4 δ2H and δ18O relative to standard mean ocean 
water (SMOW) of surface- and groundwater samples 
collected around the quarry compared to the global 
(GMWL) and local meteoric water line (LMWL). 
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along a contact zone between a dolerite sill 
and country rock in the shallow weathered 
aquifer as well as through the fault system 
(Fig. 2). � ese observations are further sup-
ported by the local groundwater � ow direc-
tions and chemistry SO4 and Mg dominated 
groundwater compared to unpolluted bore-
holes characterised by Mg, HCO3, Na and K 
groundwater in the northern section of the 
study area. Additionally, continuous surface 
over� ow from the quarry contributes to el-
evated sulfate concentrations measured in 
the trench and wetland downstream of the 
quarry. 

Furthermore, this investigation indicated 
that the quarry and wetland receive mine 
water from the discard dump via a hydraulic 
zone along the southern faults at an approxi-
mate depth of 20 mbgl. � is hydraulic zone 
was identi� ed by low resistivity values in the 
ERT model (Fig. 2D) and con� rmed with a 
down-the-hole pro� le of borehole BH4D, dis-
playing an increase in EC and a drop in pH at 
an approximate depth of 19 mbgl. Sulfate and 
Mg dominated groundwater in the hydraulic 
zone and water sampled from the quarry and 
trench downstream, support the presence 
of a conduit between the discard dump, the 
quarry and the adjacent wetland. Next to the 
discard dump, borehole BH9D displayed an 
elevated piezometric head and transmissiv-
ity compared to other boreholes, suggesting 
a connection with the discard dump. A high 
skin value obtained during the pumping test 

indicated that a piezometric head was caused 
by the elevated water table in the adjacent dis-
card dump (pers. com. Vermeulen 2015). In 
addition, groundwater levels of the monitor-
ing boreholes in the study area showed a � ow 
direction from the discard dump towards the 
north which forms a topographic low at a 
bordering river.

A connection between the back-� lled 
area west of the quarry and the quarry itself 
was con� rmed by means of low resistivity 
values and a pumping test. � e pumping test 
displayed high transmissivity values for both 
the fracture and matrix and a fast recovery of 
the static water level of the borehole. Overall, 
the pumping tests in the area highlighted that 
the groundwater � ow occurs rather along a 
zone and not along a single fracture based on 
similar Tearly and Tlate values for fracture 
and matrix, respectively according to the FC 
method. � is study showed that a combina-
tion of analytical methods including ERT, 
aquifer tests, groundwater � ow directions, 
hydrochemistry and isotope data was su�  -
cient in identifying groundwater � ow paths 
into and from a water-� lled quarry and de-
tecting pollution sources. 

Although the active section of the dis-
card dump is lined and a cut-o�  trench was 
constructed around the facility to prevent 
mine water seepage from reaching the sur-
face- and groundwater, this study found that 
these measures were insu�  cient. It it recom-
mended to construct a numerical � ow model 
to determine the salt load contribution of the 
discard dump into the system and to evalu-
ate at which depth the present trench would 
be e� ective in intercepting the seepage from 
the dump. Water treatment options for the 
quarry should be assessed and surface over-
� ow should be prevented by implementing a 
pumping system. 
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