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The research applies non-invasive electrical resistivity imaging (ERI) for the quantitative interpretation of electric
and hydrogeological parameters in a reclaimed tailings area. Composition, porous structure and clay content do
not change significantly in the tailings matrix but have influence in bulk electrical resistivity. Therefore, the tail-
ingsmatrix was included in a multiphase approach known as generalized Archie's equation andmodelled for in-
terpretation of bulk electrical resistivity, water content and saturation in the vadose zone of the waste deposit.
The results are consistent to explain the sensitivity of electrical resistivity to tailings hydrogeological parameters.
The model provides a reliable approximation of the distribution of water content and saturation in the vadose
zone and describes quantitatively for the first time the role of the tailings matrix as contributor of the electrical
response. It also confirms that pore-water of ionic composition and saturation are the controlling factors for
the variability of the bulk electrical resistivity.
The method described in the paper is beneficial for predicting electrical and hydraulic parameters in tailings
facilities, which is important for monitoring the integrity of these structures into the future.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Themanagement ofminingwaste is amajor challenge in themining
industry. Monitoring ofminingwaste is a continuous activity and is also
a key part of land reclamation and mine closure projects where struc-
tures are designed to contain the waste. Tailings storage facilities
(TSFs) are examples of such structures containing mineral residues of
a silty fine-sand texture generated from the ore enrichment process.
Typically, the design of these structures in the mine closure context
aims to minimize fluxes of water and oxygen or at least one of these el-
ements to prevent further oxidation due to the chemical reactivity of
the waste.

Following land reclamation, the monitoring of these structures
is critical as these areas are expected for long-term management
at the surface and within the impoundment. In the last decade,
failures have occurred in these structures with the major cause being
water causing either an imbalance in the inventory or erosion
around the foundations of the structure (Oboni and Oboni, 2016),
(Strachan et al., 2015), (Robertson et al., 2019), (Morgenstern et al.,
ollehuara Canales).

. This is an open access article under
2016), (BC_Review_Panel, 2015). A continuous monitoring of the
water inventory andwater balance seems the logic approach; however,
this is not a simple task in reclaimed mining land. The use of invasive
methods for monitoring (e.g. test pits, boreholes, observation wells) is
a risk to consider as these can open pathways that can trigger undesir-
able geochemical reactions. As direct access to TSFs at depth is not al-
ways possible without disturbance, there is a need for new and
efficient methods to monitor spatial and temporal changes in the integ-
rity of these structures that otherwise could impact surface and ground
waters.

During the last decade, several techniques have been applied for in-
vestigating tailings areas, themost applied technique being electrical re-
sistivity imaging (ERI) (Dimech et al., 2019), (Martín-Crespo et al., 2018),
(Hen-Jones et al., 2017), (Benyassine et al., 2017), (Korneeva et al.,
2016), (Olenchenko et al., 2016), (Martínez et al., 2016), (Kuranchie
et al., 2015), (Pierwoła, 2015), (Acosta et al., 2014). Other techniques
used alone or with ERI include electromagnetic induction (EMI)
(Yurkevich et al., 2017), (Epov et al., 2017), (Tycholiz et al., 2016),
(Bortnikova et al., 2013), (Nearing et al., 2013), ground-penetrating
radar (GPR) (Cortada et al., 2017), (Ma et al., 2015), induced polarization
(IP) (Placencia-Gómez et al., 2015), self-potential (SP) (Mainali et al.,
2015), and seismic sounding methods (Cracknell et al., 2019), (Olivier
et al., 2017). Such geophysical techniques can reveal variations in phys-
ical conditions within the structural elements of a tailings facility. Inter-
pretation of the physical properties of the tailings material itself in
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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terms of hydrogeological parameters and mineralogical composition is
not straightforward and is yet to be developed.

Conventional approaches to interpret electrical conductivity (or re-
sistivity) acquired by geophysical techniques are based on empirical re-
lationships between conductivity, porosity, saturation and inner rock
structure. As many of these relationships were developed for hydrocar-
bon industry needs, not all of them can be applied directly for
interpreting geophysical data acquired in tailings areas.

This study aims to determine a quantifiable relationship between
electric and hydraulic parameters using petrophysical and
hydrogeological principles that can apply to conductive media such as
mining tailings waste deposits. Furthermore, it uses a mixing model to
describe and predict hydrogeological conditions such as water content
and saturation in the tailings medium. For this, data is acquired through
non-invasive electrical resistivity imaging and borehole surveys in the
reclaimed tailings storage facility of the former Brukunga mine site in
South Australia.

1.1. Texture of mining tailings

As in unconsolidated sand formations, tailings are materials where
the physical properties depend on the structure of the solid phase and
presence and composition of liquid phase. In general, grains in tailings
are of relative homogeneous structure and composition within the do-
mains of a tailings storage facility unless significant changes have oc-
curred in methods and techniques along the mineral enrichment
process. Quartz grains are the largest in tailings, whilst the fine grain
fraction of the tailings comprises also clay minerals. However, the clay
content in mining tailings depend on the ore and the milling process.

The solid phase of sulfide minerals in tailing are present in the form
of small-size isolated grains, not interconnected as in mineral deposits.
Their contribution to bulk electrical conductivity depends on the min-
eral assemblage and ore milling process. For instance, clay content in
tailings from copper ores can be as low as 1% and from gold ores
about 5%. Tailings from oil sands can have about 9% and from coal as
much as 26% of clay (Gorakhki and Bareither, 2017). Tailings from
lead‑zinc ores can contain dispersed clay minerals up to 10%
(Pierwoła, 2015) or a wide range between 3 and 12% (Acosta et al.,
2014).

There are two basic differences between “natural” sediments and
mining waste. First, the mineral enrichment process strips out most of
the economic mineral material, but it is more likely that someminerals
remains in the tailings material. Second, the liquid phase in tailings typ-
ically has high salinity due to the presence of dissolved minerals and
salts. Thus, a variety of minerals are present in a form of solid suspen-
sions or completely dissolved contributing to higher salinity of the liq-
uid phase.

1.2. Electrical conductivity in porous medium containing clay

Archie's laws have been used for many years in the hydrocarbon in-
dustry, and although the applicability is mostly for non-conductingma-
trix, it has been the base for deriving other relationships for applications
in heterogeneous medium. The relationship represents the depen-
dences between the bulk soil electrical conductivity and key soil param-
eters such as pore water saturation, and volumetric water content.

σ eff ¼ σ fφþmSþn ð1Þ

σeff is the effective conductivity of the rock,φ is the porosity, σf is the
conductivity of the fluid occupying the pores,m the cementation expo-
nent, n the saturation exponent, and S the fractional water saturation.
Archie's exponents are determinant for estimating water saturation in
rock formations. In Archie's laws both the rock matrix and all but one
of the fluid phases that occupy the pores have infinite resistivity.
Hence it is a model for the distribution of one conducting phase (pore
water) within a non-conductive porous matrix (Glover, 2017). The dif-
ficulty of using it ariseswhen dealingwith formations other than a clean
rock or highly porous rocks as in sediments.

Site characterization involving geophysical, geotechnical and
hydrogeological investigations often deal with clays. Clay influences
electrochemical processes and hence the sensitivity of electrical resis-
tivity measurements. Formationswith a significant amount of claymin-
erals may present significant surface conduction. For this scenario,
several variants to Archie's law were derived.

The relation ofWaxman and Smits (Waxman and Smits, 1968) is the
most used for clay and shale formations, where the bulk conductivity
depends on the sum of the pore-water conductivity and a surface con-
ductivity related to the CEC of clay minerals:

σeff ¼
1
F�

σ f þ BQv
� �

;with F� ¼ φ−m ð2Þ

F* is the shale sand formation factor, B is the average mobility of the
counterions close to the grain surface (S m2/meq), and Qv is the ionic
concentration per unit pore volume (meq/m3), in which 1 meq is a
measure of ionic concentration.

In the Dual-water model (Clavier et al., 1984) the rock conductivity
is a function of the bulk pore-water and salt-freewater at the clay-water
interface.

σ t ¼ ∅m
t S

n
wt σwf þ

Swb

Swt
σwb−σwf
� �� �

ð3Þ

This approach uses conductivity of free formation water (σwf) and
clay-bound water conductivity (σwb) instead of the BQv factor in
Eq. (2). Swt is the total water saturation.

Other empirical relationships have been developed for shale sand
formations with different surface and bulk tortuosity (Sen et al.,
1988), where the effective conductivity of a porous medium is
expressed as the sum of two conductivities related to the surface and
bulk conduction mechanisms (Johnson and Sen, 1988). Rhoades et al.
(1989) also proposed a conductivity model for sand-clay mixtures
which considers the geometrical microstructures and electrochemical
process for wide ranges of water salinity and clay concentrations.

Bussian (1983) and later De Lima and Sharma (1990) explained the
behavior of sedimentary conductivity using the geometry of a two-
component system composed of the pore-water host and conductive
solid inclusions. Revil and Glover (1998) expanded in the Bussian
model using the differential effective medium theory where an electri-
cal conductivity equation includes the ionic composition of the pore
water and the electrical double layer.

Revil et al. (2018) explain the non-linear behavior of the conductiv-
ity curve that is specific for granular materials by connecting the effect
of salinity on pore network conductance and specific surface conduc-
tance within a volume averaging model.

2. Multiphase pathway model and petrophysical approach
for mining tailings

In petrophysics, rock formations have a solid phase that is continu-
ous. This does not occur on surface terrain where the soil is unconsoli-
dated, and the solid phase is not continuous. This is the case with
tailings deposits where the soil type is weakly consolidated. In order
to interpret the electrical properties of tailings by applying relationships
known from petrophysics (Schön, 2015), the material of tailings is con-
ceptualizedwith threemajor components expressed in volumetric frac-
tions of the whole medium: tailings matrix (∅s), liquid phase (∅w) and
clay phase (∅c). The gas phase (∅g) is mainly air and considered an in-
sulator with a negligible electrical conductivity Fig. 1.

There are fewmodels to apply in a multiphase porous medium, and
some of them are summarized by Glover (2010). Models without



Fig. 1. Multiphase pathway model for electrical conductivity in tailings: 1 brine water,
2 clay & surface, 3 solid contact. High porosity is predominant in tailings deposit.
Modified from Rhoades et al. (1989).
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variable exponent (e.g. the parallel model, the perpendicularmodel, the
random model, Hashin-Shtrikman upper/lower bound, Waff model,
modified brick-layer model) and models with variable exponents (e.g.
Lichtenecker-Rother equations, Bussian equation, Conventional Archie's
law, modified Archie's law, generalized Archie's law).

The model for n phases presented as Generalized Archie's law by
Glover (2010) allows for the integration of the contribution of n phases
to the effective electrical conductivity (σeff) of a solidmatrix. This model
considers boundary conditions implied by geometrical constraints and
is adequate for the interpretation of a multiphase pathway approach.

In this approach, the medium comprises n phases, each with a con-
ductivity σi, a phase volume fraction ∅i, and a phase exponent mi (mw

for water, ms for tailing matrix and mc for clay). There are no Archie's
law exponents for cementation because it is considered that no single
phase is occupying the pore space.

σ eff ¼
X
i

σ i∅
mi
i with

X
i

∅i ¼ 1 ð4Þ

From this generalized approach the model equation for the tailings
system is derived as:

σ eff ¼ σw∅
mw
w þ σg∅

mg
g þ σ s∅

ms
s þ σ c∅

mc
c ð5Þ

It is assumed that the air in the pores is of negligible electrical con-
ductivity and can be neglected in Eq. (5).

Expanding the volumetric water fraction in terms of saturation
(S) and porosity (φ), and replacing the notation of σeff by the bulk elec-
trical conductivity (σb), Eq. (5) is rearranged as:

σb ¼ σw φSð Þmw þ σ s∅
ms
s þ σ c∅

mc
c ð6Þ

1
ρb

¼ 1
ρw

φSð Þmw þ 1
ρs

∅ms
s þ 1

ρc
∅mc

c ; in terms of resistivity ð7Þ

Eqs. (6) and (7) correspond to the three-phase model comprising
the two conductive solid phases, and the brine in the pore system. No-
tations ρb, ρw, ρs, ρc correspond to the bulk electrical resistivity of the
medium, the brine resistivity, the tailingsmatrix and the ‘clay’ resistivity
respectively.
3. Field site and methods

3.1. A case study: a TSF in a former mine site in South Australia

The site study is a mining waste deposit in the former Brukunga
mine site in South Australia (Fig. 2). The mine operated from the
1950s through to the 1970s extracting and processing iron sulfide as a
source of sulfur (Armstrong and Cox, 2005). The site next to the local
creek occupies approximately 165 ha. Low-grade sulfidic ore remains
in the area as mining waste e.g. waste rock and tailings. Sulfide
weathering around the site and within the waste deposits generates
acid drainage.

The tailings deposit comprises silicates with some impurities of sul-
fides and oxides. The principal mineral assemblage in the tailings mate-
rial are quartz, biotite, muscovite, and some plagioclase. Sulfide content
of about 1% byweight ismainly pyritewithminor amounts of chalcopy-
rite. Goethite precipitates can occur in oxidation zones due to
weathering of sulfides (Ali, 2011; DMITRE, 2013).
3.2. Field survey and sampling

The elevation data corresponding to pre-mining conditions is the
ground level before the deposition of tailings material in the area and
constitutes the reference for the bottom of the tailings impoundment.
Data on test pits are available to a few locations from site reports and
provides information to reconstruct a stratigraphic profile of the study
area.

Sampling was conducted at locations BH15A and KAN48 (Fig. 2) to
collect non-disturbed tailings samples for determination of particle
size distribution, bulk density, water content, porosity and saturation.
A percussion window soil sampler to a depth of 6 m was used for this
purpose and 25 undisturbed samples were collected at 0.25m intervals.
The samples were air-dried for 5 days, passed through a 2-mm sieve,
homogenized, and stored in plastic bags at room temperature prior to
laboratory tests. Groundwater level wasmeasured at existing piezome-
ters in the TSF. Physical parameters (pH, temperature, dissolved oxygen
and electrical conductivity) of the pore water were measured in the
field and in the laboratory.
3.3. Laboratory determinations

3.3.1. Sample textural analysis and clay content
Soil characterization on tailings samples consisted on laboratory de-

terminations of grain size distribution and Atterberg limits in order to
determine the fine fraction of clay and silt in the tailings. Volumetric
clay content was determined as the fraction of particles with diameter
less than 2 μm. Unified soil classification system (USCS) is used as refer-
ence to determine whether the fines in the tailings have silt or clay
characteristics.

3.3.2. Volumetric water content, porosity, and saturation
Porosity, saturation (S) and volumetric water content were calcu-

lated from field measurements of bulk density and laboratory determi-
nations of gravimetric water content. The weight to volume ratio of a
field sample of known volume was determined as the wet bulk density
(γb’). Samples were oven dried and the mass of water lost by drying
were calculated for gravimetric water content. The dry bulk density
(γb) which is the weight to volume ratio of the dried sample was used
to convert gravimetric to volumetric water content.

Eq. (8) was used to determine volumetric water content (∅w) as a
function of dry bulk density (γb) and gravimetric water content (θgw).



Fig. 2. Site location and layout shows the mining waste facility and survey site. Data from exploratory test pits and boreholes in the tailings area used for this study.
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∅w ¼ γbθgw ð8Þ

Porosity (φ) was calculated using Eqs. (9) and (10) where e is void
ratio, Gs is the relative density of solid (or specific gravity, defined as
the ratio of the mass density of the soil grains to the mass density of
water), and γw the density of the fluid (γw=1[Mg/m3])

φ ¼ e
1þ e

ð9Þ

with

e ¼ SGs � γw=γbð Þ−1 ð10Þ

Saturation was also expressed as the volume of water occupying the
pore space and is given by:

S ¼ ∅w

φ
ð11Þ

3.3.3. Volumetric fraction of phases
The tailings matrix, clay, air gas and pore water are the phases con-

sidered in the tailings impoundment. The phase fraction labelled as
‘clay’ relates also to any other mineral species below the fraction size
of 2 μm that may contribute to the electrical properties of tailings.

The volumetric fractions of these phases are determined from labo-
ratory measurements of water content, porosity and saturation. In the
unsaturated matrix, the volume of the voids is occupied by the liquid
phase and gas phase. The volumetric liquid fraction equivalent to the
volumetric water content (∅w) is derived from Eq. (11). The volume
of the solid phase (1- φ) is occupied by the tailings matrix and the
clay fraction. Volumetric fractions in this paper are denoted with the
symbol ϕ and the following equations are derived to determine the vol-
umetric fractions for the phases involved:

∅w ¼ Sφ ð12Þ

∅g ¼ φ−∅w ð13Þ
∅s ¼ 1−φ

1þ Xc

SGclay

ð14Þ

∅c ¼ 1−φ−∅sð Þ ð15Þ

where,∅w,∅g,∅s,∅c are the volumetric fractions of the liquid, gas, soil,
and clay respectively, and Xc is the gravimetric percentage of clay in the
tailings matrix.

3.3.4. Electrical conductivity of pore water
The electrical conductivity of the porewater (σw) in the unsaturated

zone is determined from the saturated paste extract method for salinity
determinations (Rhoades et al., 1989). Electrical conductivity of the
water is equivalent to the electrical conductivity in a saturated paste ex-
tract (σext) multiplied by the soil to water ratio (expressed in field den-
sities γb and γw) and scaled up by the pore space (φ). Saturated paste
extract is the extract solution of a stirred mix (1:5 ratio) of soil and de-
ionized water. The procedure accounts for salt that can be converted to
soil salinity. Then electrical conductivity is converted into electrical re-
sistivity of the pore water (ρw).

σw ¼ σ ext
γb

γw

1
φ

ð16Þ

An equivalent expression in terms of water saturation (S) and volu-
metric water content (∅w) is also presented by Corwin and Lesch
(2003).

σw ¼ σ extγbS
γw∅w

ð17Þ

In the saturated zone, direct sampling and reading in piezometers
will provide reference of the electrical conductivity of the pore water.
Stratification of chemical and electrical properties of the water column
in tailings deposits is likely to occur (Moncur et al., 2006)
(Manchester et al., 2009). The electrical conductivity is measured at
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water level in the saturated zone and considered as the pore-water re-
sistivity at that correspondent depth.

3.4. Geophysical measurements

A survey with several transects of electrical resistivity imaging (ERI)
was conducted at the facility andone transect line is selected to evaluate
the spatial variability in electric resistivity at depth and relative to satu-
ration with pore fluids.

The resistivity imaging used amulti-electrode system to obtainmea-
surements of subsurface resistivity. The apparent resistivity measure-
ments were obtained using a Syscal Pro Switch 96 resistivity meter
(IRIS Instruments) with 96 electrodes at a 2.5 m electrode spacing.
The position of electrodes along the transect line was geo-referenced
using a real-time kinematic GPS unit. Measured data were pre-
processed and corrected using the PROSYS II software from IRIS Instru-
ments. Topographic datawere introduced, and incongruent data caused
by noise were filtered out. Inversion modelling of themeasured, appar-
ent resistivity values was carried out using the Geotomo's Res2DInv re-
sistivity modelling software (Loke, 2018). The inversion used a forward
modelling program based on the robust finite element and the
constrained least-squares method to produce a model that emphasizes
the vertical resistivity features. The root-mean-square (RMS) error was
less than 5%with amaximumnumber of iterations equal to 7 for the in-
version process. Golden software's Surfer was used for plotting the
modelled resistivity values.

4. Results

4.1. Field and laboratory results

4.1.1. Stratigraphic profile and characteristics
A stratigraphic profile was developed from site reports as shown in

Fig. 3 for test pits referenced in themap layout (Fig. 2). The tailings ma-
terial is overlaid by topsoil, compacted waste rock, and silty clay mixed
with oxidized tailings. The tailings material below 1 m depth is of fine
silty sand texture containing around 1–2% sulfides. The tailings and
the pore water have higher electrical conductivity compared with sur-
face water and natural ground soil.

4.1.2. Sample textural analysis
Tailings samples contain a mixture of silt and fine sand with minor

amounts of inorganic clay. The average 50% grain size in the distribution
envelope falls within the range of 0.075 mm sieve, which by USCS defi-
nition is in the limits of coarse-grained soils and fine-grained soils. The
fraction of clay in the tailings materials is determined as Xc = 0.0464
from grain size analysis as in Fig. 4a.

The characteristics of the fine particles in the tailings is shown in the
plasticity chart (Fig. 4b) which describes the fine fraction of tailings as
inorganic silt-clay of low plasticity (LL < 35% as USC reference).
Atterberg limits in the plasticity chart shows a representative tailings
sample above the A-linewith a low plasticity index of 7.5which is char-
acteristic of a silty/clayey fine sand.

4.1.3. Electrical resistivity imaging
ERI was effective to locate the interface between the unsaturated

and saturated zones in the tailings impoundment (Fig. 5). Existing pie-
zometers near the survey line were used to validate the depth to
water within the impoundment at KAN40 and KAN48. Contrast in resis-
tivity values showed that the subsurface layers were in agreement with
observed and measured data. The dashed line indicates the standing
water level within the mine tailings and follows the contrast in resistiv-
ity values intersecting observed water levels at KAN40 and KAN48. The
solid line delineates the bottom of the impoundment and is based on in-
terpretation of both change of resistivity and pre-mining digital eleva-
tion data.
A relatively high resistive layer is observed along the surface in the
shallow 0.5 m at the top. This also could be due to inversion artifacts
that do not have importance for this inversion model. This layer com-
prises a 0.1 m topsoil covered with dense vegetation of thick grass
that overlies a sub-layer of waste rock and soil that has been compacted
to reduce water and oxygen infiltration.

Based on the stratigraphic survey, the tailings material is located
1.0 m below the ground at BH15A and 1.3 m below the ground surface
at KAN48. Bulk resistivity values corresponding to unsaturated tailings
material is retrieved from the ERI survey and is presented in Tables 1
and 2.

4.1.4. Borehole and laboratory data
Tables 1 and 2 show the variability of bulk resistivity, (ρb) measured

by ERI and resistivity of pore water (ρw) calculated from salinity in the
borehole. Both resistivity values are related to the variability of satura-
tion and water content. Saturation is in the range from 1 to 0.5 and vol-
umetric water content from 0.2 to 0.4. The porosity values detected by
measurements in the borehole are of about 0.474 in average.

The most important observations of the borehole data is the spatial
variability of electrical resistivity decreasing with depth (Fig. 6 a) at lo-
cations BH15A and KAN48 indicating a strong correlation and depen-
dence of bulk resistivity to pore water resistivity.

The resistivity index (IR ¼ ρb
ρw
) in Fig. 6b is calculated using ERI data

and interpolated values ofmeasured porewater resistivity in order to il-
lustrate this behavior between the two locations.

4.2. Application of generalizedmixingmodel to borehole data and results of
ERI sounding

From field and laboratory information, the soil material inside the
tailing can be modelled as a solid rock matrix of interconnected pores
filled with conductive water and clay. The generalized mixed phase
model (as in Section 2) is applied in order to explain the variability of
the resistivity values at BH15A and KAN48.

It is observed that resistivity of pore water presents spatial variabil-
ity, hence Eq. (7) is rearranged to Eq. (18) in terms of resistivity index
(IR). This allows for comparison betweenmeasurements obtained at dif-
ferent locations.

I−1
R ¼ ρw

ρb
¼ φSð Þmw þ ρw

ρs
∅ms

s þ ρw

ρc
∅mc

c ð18Þ

and by introducing Archie's exponent in Eq. (18) the following expres-
sion is obtained:

I−1
R ¼ ρw

ρb
¼ φmSn þ ρw

ρs
∅ms

s þ ρw

ρc
∅mc

c ð19Þ

4.2.1. Model calibration and validation
Eq. (19) is used in our formulation for a non-linear least square re-

gression (NLLSR) analysis. Values for the volumetric fractions are
∅s = 0.516,and ∅c = 0.01 for tailings matrix and clay respectively (as
in 3.3.3). Porosity (φ) is kept constant with an average value of 0.474.
Data for fluid resistivity (ρw), porosity (φ), water content (∅w), and sat-
uration (S) are obtained from the field survey. Bulk resistivity (ρw) is ex-
tracted from resistivity imaging as vertical profile of the unsaturated
zone.

The bound limits for the clay resistivity (ρc) is set in the range of
1–100 Ω.m, whereas bound limits for tailings matrix resistivity is set
to 50–125 Ω.m. With respect to bound limits for exponents in
Eq. (19), these are set by reference of literature in the range of 1 to 5.
The regression estimated the best values formw,mc,ms,m, n exponents
and the resistivity of the tailings matrix and clay phase.



Fig. 3. Stratigraphic profile of the TSF. Compilation of surveys and laboratory determinations at TPT locations (TPT01-TPT04-TPT09) conducted on dry weather (PIRSA, 2008)(DMITRE,
2013). Survey on BH15A was conducted following two weeks of rainfall in 2018.
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Fig. 7 shows themodel outputs using the generalized Archie's equa-
tion in unsaturatedmining tailings deposits. The regression analysis de-
termined parameter values for mw = 2.80, ms = 0.745, mc = 0.742,
m = 2.67, n = 2.95, ρs = 61.9, ρc = 16.5.

The model represent the connection between electrical and hydrau-
lic parameters as seen in (c), (d), and (e) in Fig. 7. The relative homoge-
neity of porosity in the tailings deposit simplifies the determination of
the volumetric water content. Saturation is determined by the
petrophysical relationship (Eq. (19)) and from there volumetric water
content is calculated.
4.2.2. Sensitivity of tailings properties to electrical resistivity
Saturation andwater contentmeasured at different depths in BH15A

and KAN48 locations are plotted for interpretation of the variability of
hydrogeological tailings parameters in Fig. 8. The resistivity index varies
between 4 and 12 when compared across the two sampling locations.
The saturation of tailingsmaterial at the time of the surveywas between
the values of 0.3 and 0.7 in the unsaturated zone.
Fig. 4. Textural properties of tailings material. (a) grain size distribution of tailings samples at
classification system (USCS).
Isolines in Fig. 8a shows that the resistivity index is almost constant
up towater saturation values of about 0.3–0.4,which indicates that bulk
resistivity and pore-water resistivity vary to the same degree. Above
these saturation values the resistivity index and hence the bulk resistiv-
ity of the medium decreases until saturation reaches its maximum.
Fig. 8b confirms the latter as resistivity index is decreasing across in-
creasing saturation isolines. This also means that bulk resistivity of the
medium is influenced by the water filling the available pore space.
Thus, water saturation and ionic conduction are controlling factors in
the overall bulk resistivity of the medium as there is more available
pore space to occupy.

5. Discussion

In the case of the tailings at Brukungamine site, othermodels includ-
ing the traditional Archie's law andWaxman-Smit predicts well the dis-
tribution of medium bulk resistivity at shallow depths above
groundwater level, but the discrepancy occurs as saturation increases.
This pattern is also seen with the generalized mixed model adopted in
various locations and depths; (b) Tailings characterization at BH15A using the unified soil



Fig. 5. 2D model of electrical resistivity imaging at survey line in Fig. 2. BH15A and KAN48 locations are sampling locations selected to evaluate vertical electrical and hydrogeological
parameters.
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this study but with a better prediction confidence in the unsaturated
zone. Spatial variability in electrical conductivity of the pore-water
and possible interference of metallic minerals in the tailings material
can complicate interpretation of resistivity measurements. Therefore,
Table 1
BH15A borehole data from field and laboratory determinations.

Id unit Depth
(m)

ρb
(ohm.m)

ρw
(ohm.m)

γb

(Mg/m3)
φ ∅w S

1 Unsaturated 1.00 76.465 5.944 1.467 0.459 0.227 0.495
2 Unsaturated 1.20 72.451 5.371 1.456 0.463 0.220 0.476
3 Unsaturated 1.50 67.220 4.031 1.422 0.475 0.240 0.505
4 Unsaturated 1.70 65.715 11.874 1.438 0.469 0.216 0.460
5 Unsaturated 2.00 63.457 5.805 1.458 0.462 0.268 0.580
6 Unsaturated 2.20 61.952 4.627 1.531 0.435 0.281 0.646
7 Unsaturated 2.50 59.894 5.944 1.482 0.453 0.284 0.626
8 Unsaturated 2.70 59.065 7.167 1.459 0.462 0.278 0.603
9 Unsaturated 3.00 57.822 6.172 1.419 0.476 0.275 0.577
10 Unsaturated 3.20 56.993 7.214 1.490 0.45 0.295 0.655
11 Unsaturated 3.50 56.018 8.004 1.396 0.485 0.421 0.868
12 Unsaturated 3.70 56.161 6.128 1.371 0.494 0.463 0.937
13 Unsaturated 4.00 56.377 10.643 1.302 0.52 0.413 0.795
14 Unsaturated 4.20 56.521 6.699 1.410 0.48 0.097 0.203
15 Unsaturated 4.50 56.742 5.465 1.433 0.471 0.256 0.543
16 Unsaturated 4.70 56.907 9.587 1.378 0.491 0.289 0.588
17 Unsaturated 5.00 57.153 10.666 1.337 0.507 0.413 0.816
18 Saturated 15.90 33.555 1.650 – 0.474 0.474 1.000

Table 2
KAN48 borehole data from field and laboratory determinations.

Id unit Depth
(m)

ρb
(ohm.m)

ρw
(ohm.m)

γb

(Mg/m3)
φ ∅w S

1 Unsaturated 1.50 103.389 17.359 1.448 0.4655 0.072 0.155
2 Unsaturated 1.70 101.655 10.681 1.412 0.479 0.051 0.107
3 Unsaturated 2.00 98.497 16.681 1.468 0.4582 0.101 0.211
4 Unsaturated 2.20 94.872 14.257 1.451 0.4644 0.105 0.230
5 Unsaturated 2.50 89.433 13.556 1.443 0.4675 0.106 0.228
6 Unsaturated 2.70 85.807 10.723 1.444 0.467 0.146 0.312
7 Unsaturated 3.00 80.809 11.453 1.424 0.4746 0.195 0.412
8 Unsaturated 3.20 78.786 9.835 1.462 0.4606 0.245 0.533
9 Unsaturated 3.50 75.752 8.044 1.412 0.4791 0.265 0.552
10 Unsaturated 3.70 73.729 8.860 1.401 0.4829 0.247 0.512
11 Unsaturated 4.00 70.812 7.447 1.396 0.485 0.330 0.680
12 Unsaturated 4.20 69.251 7.961 1.406 0.481 0.280 0.582
13 Unsaturated 4.50 66.910 7.156 1.404 0.4819 0.310 0.643
14 Unsaturated 4.70 65.350 6.774 1.406 0.4811 0.302 0.628
15 Unsaturated 5.00 62.950 5.098 1.400 0.4833 0.280 0.579
16 Saturated 8.20 29.325 0.960 – 0.482 0.482 1.000
the generalized mixing model takes into account the resistivity index
IR that is found to absorb the spatial variability of both bulk and pore-
water electrical resistivity (Fig. 6).

According to Schön (2015), the specific electrical resistivity in po-
rous medium is controlled by the chemical composition, concentration
and temperature of the brine, porosity, saturation and distribution of
the electrolyte in thematrix. For tailings systems, in order to determine
the relative contribution (RC) of each component (RCi ¼ ρb

ρi
∅mi

i ) to the

total value of electrical resistivity we rearrange Eq. (7) to Eq. (20).
Note that the calculated value for each phase in Eq. (20) describes the
Fig. 6. Variability of electrical resistivity profiles with depth at locations BH15A and
KAN48. (a) Electrical resistivity; (b) Electrical resistivity index.



Fig. 7.Model calibration andvalidationwith resistivity index (ρb
ρw
) as a function of saturation (S) and brine resistivity (ρw). (a) surface representation, (b)model residuals, (c), (d), (e)model

prediction (output) vs measured values (target) for resistivity index, saturation and volumetric water content (diagonal is the equality line). Model used NLLSR, R-square 0.717.

Fig. 8. Isolines for electric and hydrogeological parameters with field data from locations BH15A and KAN48. (a) resistivity index (ρb
ρw
); (b) water saturation (S).
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Fig. 9. Phase relative contributions to bulk electric response in the tailings medium. RCs,
RCc, RCw, are relative contributions of the solid, clay and water phases respectively.
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relative contribution in terms of electrical response which is also di-
rectly proportional to electrical conductivity.

∑iRC ¼ ρb

ρw
∅mw

w þ ρb
ρs

∅ms
s þ ρb

ρc
∅mc

c ¼ 1 ð20Þ

The tailingsmatrix is the controlling phase of the electric response in
the unsaturated zone (above 50%which is proportional to its phase vol-
ume fraction), whereas pore-water is themajor responsible for the var-
iability of the bulk electric resistivity as saturation increases (Fig. 9). At
saturation, pore-water controls the bulk electrical resistivity of the me-
dium and the contribution of the solid phases to this response are less
than 10%. In contrast pore-water accounts for almost 30% contribution
in unsaturated conditions and above 90% contribution in saturated
conditions.

Volumetric clay in mining tailings vary depending on many
factors such as ore geology, mineralogy, and upstream processing
methods. In most cases, the clay content in tailings is low because
it is separated from the ore in upstream processes (e.g. crushing,
comminution) that otherwise would complicate the mineral en-
richment process (e.g. flotation, leaching). Clay is present at the
interface between the matrix and the pore water in tailings mate-
rial creating conditions for surface conditions that contribute to its
geoelectric signature. For the tailings in the case study, surface
conduction is not significant, but still has a relative contribution
of almost 10% above the water table and less than 2% in the satu-
rated media below the water table. This is influenced by the low
volumetric fraction of clay in the medium (<1% v/v) and the aver-
age grain and pore size in the tailings matrix. The particle size dis-
tribution envelope in the tailings is between 10−1 m to 2 × 10−6

m with an average size fraction of 10−4 m, which is larger than
the thickness of the electrical double layer responsible for surface
conductance (~10−8 m at 0.02–2 g/l salinity range) in sandy-clay
soil mixture (Shevnin et al., 2007). Thus, a generalized Archies'
model in a multiphase pathway model is adequate to describe
the petrophysical relationships in mining tailings.

Decreasing bulk resistivity values below the water table also sug-
gests that pore water is increasing salinitywith depth. This is confirmed
by the observed water quality and variability of resistivity values in the
saturated zone ranging from 0.96–1.65 Ω.m below the water table to
0.6Ω.m in the seepage at the toe of the tailings dam. Geochemical reac-
tions, concentration of metallic sulfides and the ionic concentration in
the porewater are themost likely factors for this variability.More stable
resistivity index in the unsaturated zone suggests that cleaner medium
is comprising the upper zone of the tailings as leaching washed out sa-
linity over time.

6. Conclusions

This study adopts a multidisciplinary methodology for applying
geoelectric imaging to quantitatively interpret hydrogeological parame-
ters for the first time in mining waste areas.

Tailings are waste materials containing minor amounts of minerals
that can still influence the overall electrical response of the medium,
hence their contribution requires consideration. For this a multiphase
petrophysical approach known as the generalized Archie's equation
was used. The expression in terms of electrical resistivity
( 1
ρb

¼ 1
ρw

∅mw
w þ 1

ρs
∅ms

s þ 1
ρc
∅mc

c ) takes into account the volumetric

phases in the tailings medium, e.g. tailings matrix (∅s), liquid phase
(∅w) and clay phase (∅c).

The model shows that electrical properties in mining tailings waste
are governed by the physics of power laws. These exponential parame-
ters are known to govern empirical relationships in petrophysics which
in this case apply to the volumetric phases in the tailings medium. The
mixing model applied to unsaturated mining tailings in the case study
determined the exponential parameters (mw = 2.80, ms = 0.745,
mc = 0.742), Archie's law parameters (m = 2.67, n = 2.95) and the
electrical resistivity values for the tailings matrix and clay (ρs = 61.9
ohm. m, ρc = 16.5 ohm. m).

In the study, the major parameter influencing variability of bulk
electrical resistivity is water saturation that increases with depth. The
research shows that electrical response depends on the relative contri-
bution (RC) of the tailings matrix (RCs from 5% up to 52%) but is con-
trolled by the amount of water stored within the pore space (RCw is
about 30% at unsaturated conditions and above 90% at saturation). Sur-
face electrical conduction attributed to the clay fraction is not significant
under saturation (RCc is less than 2%) but accounts for almost 10% RC in
unsaturated conditions.

The approach in this study applies with confidence a quantita-
tive determination of hydrogeological parameters such as water
content and saturation in conductive porous media, which is im-
portant in many hydrogeological and geotechnical investigations,
and has potential to be adopted in other fields facing similar
challenges.
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