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ABSTRACT

In low permeability metamorphic rock increased fracturing associated with weathering and fault
zones can exert a significant control on shallow groundwater flow and solute transport.
Formulating a detailed understanding of these structural and lithological controls is therefore
critical for the development of a hydrogeological conceptual model for the weathered zone.
Electrical resistivity tomography (ERT) is a shallow geophysical technique that can significantly aid
fracture zone characterization; however the data needs to be integrated with other site investigation
data for detailed interpretation.

In this study a hydrogeological conceptual model for seepage from a tailings facility in West Africa
was developed through the integration of ERT with geotechnical and hydrogeological test data.
This paper presents the results of geophysical, geological and hydrogeological investigation and
interpretation to create a hydrogeological conceptual model for fracture flow in the shallow
weathered zone. Fracture logging and vertical hydraulic data were found to be essential for fully
interpreting the ERT data and the depth of the relatively permeable weathered zone. The depth of
the fractured weathered zone at the site was found to be highly variable, which was considered to
be a result of the anisotropy of the host rock. This variability in the depth of the weathered zone,
combined with a complex fault zone geometry, led to a conceptual model with shallow ‘weathered
channels’ and zones of fracturing influencing groundwater flow and solute transport.

In an area of sparse drill data the development of such a refined hydrogeological conceptual model
would have not have been possible without the ERT interpretation. Thus, the ERT technique
proved to be an effective method to characterise shallow weathered hydrogeology, but only when
integrated with relevant geotechnical and hydrogeological field data. The benefits of this analysis
have continued through to the follow-on saturated zone solute transport modelling and helped to
inform the groundwater monitoring plan.
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INTRODUCTION

A combined hydrogeological, geophysical and geotechnical investigation was undertaken as part of
an assessment of seepage impacts from a tailings facility. The main objectives of the project were to
develop a groundwater model for predicting the potential for solute transport and to inform on-
going monitoring and mitigation measures. To achieve these aims a hydrogeological conceptual
model was needed that characterized the potential increase in flow in the shallow fractured zone,
which was initially presumed to be located between 30m to 80m depth. This paper focuses on how
Electrical Resistivity Tomography (ERT) combined with geotechnical and hydrogeological test data
were used to characterise the depth and flow within the weathered zone as well as indicating
potential flow boundaries from sub-vertical fault structures, thus improving our understanding of
shallow groundwater flow at this site.

Hydraulic measurements in shallow, weathered horizons in metamorphic basement terrain can
often provide highly variable results. ~ Often this variability can be due simply to weathering
profile heterogeneity or the presence of previously unidentified fault features. Improved
conceptualisation of the weathered fractured zone can aid weathered layer definition and the
general understanding of shallow flow at a site, which in turn informs hydraulic test interpretation,
numerical model design etc.

The use of ERT as a rapid, cost effective tool in weathered hydrogeology is well documented
(Krishnamurthy, Chandra, & Kumar, 2008; Singal, 2010; Elster, Holman, Parker, & Rudge, 2014).
ERT sections can allow for a more detailed understanding of subsurface variations. However, the
changes observed in the resistance can be the result of a number of factors such as lithology,
structure or fluids, as well as interference effects, hence the sections must be interpreted with
relevant ground data.

This paper describes how geotechnical logging of weathering, fractures and lithology, supported by
hydraulic test data, can be used with ERT data to interpret the weathering profile. ERT sections
were used to interpolate the base of the fractured weathered zone and the occurrence of faults. This
data was used to significantly improve the hydrogeological conceptual model at a mine site scale.

BACKGROUND

The site

The site is situated in Saharan Africa in Archean rocks of the West African Craton basement. The
regional geology comprises volcanic and volcanosedimentary rocks metamorphosed to greenschist
to lower amphibolite facies. In the study area the main lithologies are steeply eastward dipping
meta-basalts to the east and meta-volcanosedimentary/volcaniclastic sandstones and grits to the
west. The lithological units strike north to south, with a similar north to south orientated, steeply
east dipping foliation.

The dominant structural trend is also north to south in accordance with the main shear zone to the
west, which hosts the mineralisation. Splay faults are typically observed near lithological contacts
and later stage east to west orientated faults off-set lithological units. The area is cross cut by thin,
north northeast to south southwest and west to east trending non-foliated mafic dikes.
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The topography is peneplainal; very flat with the exception of the tailings facility. The area is void
of surface water, with rare sharp torrential rainfall events leading to overland flow along dry river
beds (Wadis) and localised flooding due to the clays in the upper soil.

The hydraulic gradient across the site is generally quite flat and only increases noticeably near the
open pits. Seepage from the base of the tailings facility at the site has led to a slight rise in
groundwater levels in the vicinity of the facility.

Packer tests had previously been conducted around the pit area as part of an earlier feasibility
study. A low hydraulic conductivity was reported for the fresh basement of 1x10m/s to 1x10-"'m/s.
The hydraulic conductivity range for the shallow rocks was much more variable with values
between 1x10%m/s to 1x10-°m/s given for packer tests shallower than 80m depth. Based on the
packer data no consistent depth range was apparent for the fractured weathered layer.

Groundwater in the area is generally very saline, with fresher water limited to the shallow alluvium
found beneath the courses of larger wadi features at distance from the site. The tailings seepage
water is also very saline and has no appreciable difference in salinity to the local groundwater (both
have a total dissolved solid content in the range of approximately ~30g/1 to 60g/1).

The weathered hard rock aquifer model

The typical model for hard rock weathered aquifers in crystalline systems has been described in
various studies as a composite layered groundwater system, with layer permeability largely driven
by the weathered condition of the rock (Wyns, Baltassat, & Lachassange, 2004; Lachassagne, 2008;
Dewandel, 2006). Subvertical tectonic zones or brittle cooling zones from dikes can then create
localised deeper zones of increased permeability within the fissured and basement layers. The
principle layers of the composite weathered aquifer are described as:

Saprolite: a high porosity, low permeability, clay rich, oxidised layer often up to tens of metres in
thickness, which can act as a major storage reservoir for the aquifer. The saprolite can be divided
into two sub-units comprising an upper regolith and a lower more structured ‘laminated layer’. If
fractures are well preserved the base of the laminated layer may also exhibit increased tranmissivity
(Dewandel, 2006);

Fissured layer: a layer of increased, open, sub-horizontal joints formed through weathering and
decompression resulting in zones of high transmissivity. Typically, denser jointing is present in the
upper part of the fissured (fractured) layer with a frequency of joints decreasing downwards as the
layer transitions into fresh basement. In isotropic rocks such as granites, joints tend form parallel to
topographic surface, whereas in highly foliated metamorphic rocks, such as the project site, joints
will also develop along foliation planes;

Fresh basement: characterized by a low number of open fractures with negligible permeability except
in tectonic or dike zones, and low storage.
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Figure 1 Idealised conceptual model of single phase weathered profile layers cross cut with a vertical fault
zone, with dewatering under active mining conditions. Based on work by Wyns, Baltassat, & Lachassange,
2004; Dewandel, 2006; Elster, Holman, Parker, & Rudge, 2014 and SRK

The conceptual model for a weathered crystalline system for a single phase of weathering, with
dewatering occurring through mining is shown in Figure 1. A multi-phase weathering model is
described by Dewandel (2006) as leading to more variability in the weathered base and a reduced
fractured layer thickness. Whilst this weathered hard rock model was generated based on
crystalline/granite research, and has since been applied in weathered metamorphic systems e.g.
(Courtois, Lachassagne, Wyns, & Blanchin, 2010), it is clear that foliation in metamorphic rocks may
lead to more inclined joints.

FIELD METHODS

The hydrogeological characterisation of the study site was developed from existing data derived
from nearby open pit studies, such as drill logs, packer test results, and water level measurements
combined with additional field methods undertaken for this study. These included diamond core
and down-the-hole hammer (DTHH) drilling with geotechnical and lithological logs; ERT
geophysics; and airlift, rising head and constant rate pumping tests.

The main methods applied in this paper are discussed below:

Electrical resistivity tomography (ERT)

The electrical response of the earth is essentially influenced by porosity, saturation, fluid type, clay
content and metal (sulfide) content. Therefore ERT (or electrical imaging) methods can be effective
for weathering depth surveys as they can give a strong response to the high porosity and clay
content in the saprolite. Additionally, in the case of the project site, the salinity of groundwater
would be expected reduce the resistivity further in highly saturated zones.

ERT measurements are taken along an array of electrodes with the active electrode spacing
increasing on each traverse to gain a greater penetration depth. ERT was selected for this
investigation due to the need for additional, cost effective ground data, its ability to pick up sharp
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lateral variations needed to identify fault systems, and the fact that the field work can be conducted
rapidly with relatively low cost.

Relevant limitations of the ERT method include: suppression, which is the difficulty to clearly
resolve thin bodies of a slightly higher resistivity below thicker low resistivity surface layers such as
saprolite; non-uniqueness, which, for this study, could occur from saline seepage zones or clay rich
saprolite zones both showing similar resistivities; and accurate resolution of smaller anomalies at
greater depths, which for this study may affect the resolution of deeper faults.

The ERT sections were taken on the ground around the tailings facility and to the north and south
of the tailings facility, perpendicular to structural trends. The lines were placed to avoid known
structures with potential interference effects such as power lines, metallic fencing or pipes and
active roads. Parallel sections were taken in some areas to aid structural interpretation. A dipole to
dipole array of 96 electrodes was used with an electrode spacing of 10m to provide a maximum
investigation depth of approximately 100m.

Geotechnical logging

Diamond-core drill holes were carried out directly along the ERT sections primarily to verify
lithology and weathering against resistivity. Core was logged for lithology, weathering
description, foliation, joints and fractures. Fracture parameters included dip, fill, aperture and
roughness.

Hydraulic tests

Instability in the weathered zone required that core holes were immediately converted to
piezometers without the opportunity to carry out spinner tests (impeller flow logging) as originally
planned. Hydraulic tests were carried out in a later DTHH drilling programme designed to
identify suitable well locations. The majority of these rotary boreholes were located using
favourable geophysics results, whilst others were based on client preference and historic water
quality data. Hydraulic measurements comprised drill-stem airlift (or blow yield), constant rate
airlift tests and rising head tests; and in wells with sufficient flows, constant rate pumping tests.

RESULTS AND ANALYSIS

Interpretation of weathered layers

Core holes in the investigation area showed that the foliation of the rock mass was steeply dipping
at between 60° and 70°. The dip of open joint planes in the weathered zone included both sub-
horizontal and sub-vertical joint sets in both units due to the high angle foliation. A stronger
foliation and therefore more foliation jointing was found in the volcaniclastics.

The relationship between resistivity measurements and weathering zone was principally
determined through comparison with weathering logs and open joint count for both the saprolite
and the fractured layer. The correlation between the base of the saprolite layer and resistivity data
was generally clearer for both lithologies. In contrast, the transitional base of the fractured layer
was less clear, particularly in the volcaniclastics. This is partly due to the variability in foliation
within the unit. The correlation of the fractured base level to resistivity data was improved by
comparison to hydraulic data, as discussed below.
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Figure 2 shows an example of the lithological, weathering and joint count logs for a core hole in
basalt superimposed on resistivity data. At this location the saprolite was logged to a depth
equivalent to ~11Q.m (ohm-meter), whereas open joints were recorded in the resistivity range of
~11to 30Q.m.
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Figure 2 An example of the comparison between ERT results and the weathering log, lithology log and open
joint count for an along-section vertical core hole in the basalt.
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The initial interpretation of the weathered layers was compared with vertical airlift flows during
drilling to identify permeable fractures and to refine the depth of the weathered fractured zone.
The interpolated static piezometric groundwater level was used to identify locations where the base
of the fractured zone was likely to be below saturated pressure. An example of this comparison is
shown in Figure 3. Although airlift yields during drilling have limited accuracy, they can provide
useful quantitative data for interpreting inflow zones. For example, in well GW02 the rapid drop-
off in airlift yield to zero following water strike, indicates a shallow perched lens of limited
capacity. Subsequent water quality analysis showed that this was undiluted leakage from the
tailings facility (See Figure 3). Airlift yield measurements showed a good relationship between
inflows and areas of interpreted fractured weathered rock below the piezometric level (e.g. wells
GWO01, GW03, GW04 and GW11 in Figure 3). Conversely, little or no groundwater yield was
recorded for some well locations that were selected purely based on site preferences without the
use of the geophysical data. These wells were typically located in areas where fresh rock had been
interpreted above piezometric level (e.g. wells GW12a and GW02).
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Figure 3 ERT sections with interpreted base of weathered saprolite and the fractured zone overlain by pilot
hole locations, graphs of recorded airlift yields (L/sec) for yielding wells and interpolated piezometric level of
the groundwater. Section 1 is a north to south section in basalt. Section 2 is a west to east section in
sedimentary volcaniclastics and basalt. Both sections suggest that the weathered fractured zone is only present
below the piezometric level in parts of the site.

A very deep, low resistivity zone in the ERT originally thought to be anomalous (as shown between
200m and 300m in Section 2, Figure 3) was partly verified through comparison of yield data. Well
GWI11 passed through a thick saprolite layer before striking water at ~44mbgl and showed water
gains until the hole was stopped due to the collapsing nature of the shattered zone intercepted
below ~70maRL. It should be noted that the resistivity results may show some depth inaccuracy in
this area due to the thick layer of very low resistivity material at the surface.

A number of results can be drawn from the comparison of hydraulic and geotechnical data with
ERT sections:

7 Consistent with the classic crystalline weathered model significant increases in pilot hole yield
were found in the saturated upper fractured zone (e.g. as seen in pilot holes GW11, GW03 and
GWO01 in Figure 3). Subsequent pumping test analysis confirmed well inflows were likely to
originate from only a few principal fractures in most wells and these depths matched well with
the inflow depths observed from airlift tests during drilling. In the lower part of the fractured
zone there was generally no noticeable additional yield and the fresh basement generally
exhibited no noticeable additional yield;

71 The depth and thickness of weathering is variable across the site with the base of the fractured
zone showing considerable variation. Visually this compares better to the ‘multiphase
weathered model” presented by Dewandel et al (2006). However, this is likely to be due to the
increased variability in metamorphic rocks, particularly in folitation strength;
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1 Due to this weathered depth variability the base of the fractured zone is only below the
piezometric level in certain parts of the site including beneath and around the tailings facility
where groundwater levels were locally mounded due to seepage;

1 Owing to the salinity of the water fault structures were visible on ERT sections as near vertical,
thin, low resistivity zones (See Section 1, Figure 3). Based on core data and fault mapping in
the pits it is expected that the majority of fault structures are permeable. These structures were
not intercepted in any of the test wells (despite attempts e.g. GW02, GW07a). However, in
some cases subsequent pumping test analysis has indicated permeable boundary structures
consistent with the locations of these fault structures.

Table 1 Approximate resistivity ranges attributed to geological formations

Weathering Approximate Resistivity (Q2.m)
Layer Meta- Meta-

Basalt volcaniclastics
Saprolite 0-10 0-25
Fractured layer ~10-45 ~26-100
Fresh rock >45 >100

Table 1 summarises the resistivity measurements for the different weathered zones deduced from
comparing the ERT data to fracture logging, weathering logging and hydrogeological data. The
resistivities are lower than would typically be expected for these lithologies due to the salinity of
the groundwater and the high clay content of the weathered rock.

Saturated fractured layer and fault mapping

The results of the ERT surveys indicate that only parts of the upper fractured layer are below
groundwater level. ‘Channels’ of higher permeability are formed where this layer is below
groundwater level. As the majority of groundwater and solute flow would occur along these zones
of higher permeability, as well as along the faults, mapping the channels and faults was an
important part of the conceptual model development.

Resistivity sections were compiled into Leapfrog™ 3D geological modelling software for cross
comparison (Figure 4). The interpreted base of the weathered fractured layer was interpolated
between the resistivity sections with drill data used where larger gaps were present between
sections. The area below the tailings facility, together with other zones of limited data, represents
areas of considerable uncertainty in terms weathering depth, fault location and water.

For the interpolation of vertical structures dikes were separated from faults by overlaying aerial
magnetic survey data and comparing with the ERT sections (the mafic dikes are clearly defined in
the magnetic results). The fault structures were then interpolated with a confidence rating of 1 to 5
applied to the interpolations. The interpolated north to south trending faults (Figure 4) are
consistent with structural mapping and some show good correlation with surface fault mapping.



10t International Conference on Acid Rock Drainage
1 Othl CARD I M WA 2 O 1 5 | & IMWA Annual Conference

Figure 4 Compilation of ERT sections with the interpolation of the base of fractured layer (grey) and major

north to south trending fault interpolations (burgundy and blue).
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Figure 5 Interpolated base of the fractured weathered layer with a colour flood showing areas below the
piezometric surface. Darker blue shading indicates an increased thickness of saturated weathered layer. Black
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dots mark DTHH boreholes where water yield was measured. The relative yields from the boreholes are
indicate by the size of red circles

Overlaying the groundwater level with the interpolated base of the fractured weathered layer
shows a roughly north northwest to south southeast orientated channel that represents the
‘saturated fractured weathered layer’ material beneath the site and the tailings facility (blue area
Figure 5). A deepening of the weathered layer is also seen to the east of the tailings facility (as
evident in Section 1 Figure 3). Total yields from airlift tests indicate a good correlation between
high borehole yield and the boreholes” positions relative to the weathered channels. Conversely
there is a good correlation with zones of elevated fresh basement and boreholes which were drilled
with no yield recorded (e.g. in the area North of GWO07[A] in Figure 5) with only some minor
exceptions (e.g. MBH02, GW04 and GW15).

Furthermore, the channel area mapped around the tailings facility was found to be consistent with
groundwater quality samples containing tailings solute, indicating that solute migration was likely
to be preferentially occurring along these weathered channels. Long-duration pumping at some of
the wells has since established drawdown relationships between wells to the north and south of the
tailings facility, which may be a result of hydrogeological connection within the weathered
channels or the north — south oriented faults.

CONCLUSIONS

An ERT survey supported with lithological, geotechnical and hydrological data was used to
characterise the shallow weathered zone and fault locations for a hydrogeological conceptual
model in weathered metamorphic rock as part of a tailings seepage study. In the comparative
analysis the open joint locations generally correlated well to inflow zones, which in-turn could be
broadly correlated to a range of resistivities. However, the depth of the fractured layer itself was
not apparent from the resistivity results alone. Therefore, the combination of both geotechnical and
vertical hydrogeological data was found to be indispensible when interpreting the ERT
measurements, leading to improved confidence in the overall interpretation of the system.

Despite some limitations to the method, the ERT measurements helped to show that weathered
zone thickness at the site is considerably variable. The variable weathering depth differs to the
classic single phase weathered model, which is considered to be a result of increased anisotropic
structure of metamorphic rocks (particularly foliation). The weathered fractured zone is only
present below the piezometric surface in certain parts of the site, with mapping of the fractured
layer revealing a channel system where the fractured zone is saturated. This compares well with
elevated hydraulic test results and water quality data showing that tailings water is migrating
along these higher permeability channels. A number of faults were also determined from mapping
of the ERT data, with locations that are supported by existing structural data. Some of these faults
have since been evidenced hydraulically by pumping test analysis.

ERT integrated with geotechnical and hydrological data proved to be an invaluable tool in the
refinement of the conceptual model for this hydrogeological study. It has led to important changes
in our understanding of shallow flow and potential flow barriers, and, in turn, the potential for
solute transport. The conceptual model has assisted with the siting of subsequent groundwater
monitoring wells, the development of a numerical flow and solute model as well as the
interpretation of hydraulic and water quality test data at the site.
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