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In-mine (tunnel-to-tunnel) electrical resistance tonography in South

African platinum mines

Michael van Schoor and Andrew Binley

ABSTRACT

The applicability of tunnel-to-tunnel electrical sretance tomography (ERT) for
imaging disruptive geological structures ahead oafimg, in an igneous platinum
mining environment is assessed. The geophysiggetsiof interest are slump structures
or ‘potholes’ that disrupt the lateral continuitiytbe thin, tabular platinum orebodies of
the Bushveld Complex, South Africa. The study imesl a combination of model
studies, laboratory property measurements and suabeys. The property studies
indicate that the problem reduces to the challepginenario of a high-resistivity
background (orebody horizon) in which an even m@sistive target (pothole) is
embedded. The model studies show that ERT can fdtgmmage disruptive potholes
ahead of mining. It is further demonstrated that 2D approach can generally be used
as a reconnaissance tool, but that a variety ektdimensional (3D) effects need to be
considered, and, in some instances, appropriateatams should be applied. 3D
scenarios that are considered include targets hvitited extent perpendicular to the
image plane, targets with a relatively small voluamal targets that are asymmetrical
about the image plane. Other 2D model assumptiolations considered include the
effect of tunnels and multi-layered backgroundsialy, results from an experimental
in-mine survey are included to illustrate that EBAn be used to detect and delineate

potholes ahead of mining.
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INTRODUCTION

The versatility of electrical resistance tomogragBRT) has made it one of the most
widely used techniques in near surface geophysiegedent years (Barker and Moore,
1998; Day-Lewiset al., 2005; Ramirez and Daily, 2001; Slagtral., 2000; Zhou and
Dahlin, 2003). The strength of ERT lies in the @iéint survey geometry options and
the diversity of applications. In this paper, arramventional and novel application for
ERT is considered; that is, the in-mine applicat{osing a tunnel-to-tunnel survey

geometry) in deep-level platinum mines of Southidsfr

Geological setting

The platinum mineralisation of the Bushveld Comp&xSouth Africa occurs in thin
(~1-2 m), tabular orebodies, locally referred torasfs’. These reefs form part of the
Rustenburg Layered Suite (RLS), which is one ofttiree main stratigraphic units of
the complex (Cawthorn, 1999b; The South African @Gottee for Stratigraphy (SACS),
1980). The mafic and ultramafic rocks of the RLSuwcin three arc-shaped areas,
which are commonly referred to as the ‘westerrastern’ and ‘northern’ limbs of the

Bushveld Complex (Fig. 1).

The majority of the platinum mining activities ocan the western and eastern limbs
and the two primary orebodies are the Merensky Radf Upper Group 2 chromitite

layer (UG2). These, two economic units occur wittiie Upper Critical Zone, which
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consists of alternating layers of pyroxenite, rerispotted anorthosite, mottled
anorthosite and chromitite. The Merensky Reef idindd as the economically
exploitable portion of a cyclic unit, which is tyailly made up of different lithological
layers; consequently, the nature of the Merenskgf Reay differ from mine to mine,
depending on where the mineralisation is concesdréiteeb-du Toit, 1986; Mossom,
1986; Viljoenet al., 1986a; Viljoen and Hieber, 1986; Viljoehal., 1986b). However,
the Merensky Reef typically contains pyroxenite lanerite, harzburgite and bronzite.
The UG2 is a substantial chromitite layer, usublihgted within a pyroxenite unit. The
platinum mineralisation within the Merensky ReetldanG2 are mostly associated with
base metal sulphides such as pyrrhotite, pentiandialcopyrite and pyrite (Viljoen

and Hieber, 1986).

The platinum orebodies of the Bushveld Complexfigreat economic significance as
approximately 75% of the world’'s production and erees are attributed to it

(Cawthorn, 1999a). On a regional scale, the platineefs are laterally continuous over
vast distances and therefore relatively predictailé easy to mine. On a mine scale,
however, the continuity of the platinum reefs iseaf disrupted by slump structures,
known as ‘potholes’, which may vary in size fronfeav metres to tens of metres.
Potholes can result in either a local distortiordscontinuity in the reef horizon (Fig.

2), which has adverse economic implications. Pethalre often associated with poor
ground conditions, which increases support requergsi and impacts negatively on
safety. The distribution, extent and geometry ofhptes are notoriously difficult to

predict ahead of mining and the inevitable impactoning is either a loss of mineable
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ground or the need for unplanned and expensivetedapining practices to negotiate

the slumping reef (Van Schoetral., 2006).

Platinum mines have traditionally relied on borehlolgging and aeromagnetic surveys
for obtaining structural information prior to degping/extending mines (Duweke and
Trickett, 2001). The aeromagnetic technique is usedthe mapping of large-scale
faults, but is not suitable for mapping mine-scp@gholes. No surface geophysical
technique is currently used to routinely map thesge-scale features ahead of mining,
owing to the relatively small target size, compatedhe depth of investigation. One
surface technique that has shown some promisesrinstof pothole detection, is 3D
reflection seismic technique. This technique hagrg high mapping accuracy, which
makes it possible to map not only large-scale regjideatures but also some of the
mine-scale potholes. Vertical and horizontal resohs of approximately 10 m to 15 m
and a depth of investigation of several hundredresetan be achieved. Despite the
promising capabilities of 3D surface reflectionsseics, there is still a need for high-
resolution, in-mine geophysical solutions to pothahd IRUP delineation. It must be
noted that 3D reflection seismics and high-resofytiin-mine techniques are not
competitors — they are applicable to different esaif problems and to different stages
of the exploration/mining chain. High-resolutionn-mine techniques are more
applicable further down the exploration/mining chaWlost mine-scale potholes have
depths of less than approximately 10 m, which rolgésroutine pothole detection from
surface. Furthermore, 3D seismic surveys are velgtiexpensive and the smaller the

survey area, the higher the relative cost. Consetyye need has arisen for a relatively
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inexpensive high-resolution geophysical tool focilitating short to medium-term

planning.

More recently, borehole radar has been used implatmines to image potholes ahead
of mining (Trickettet al., 2000; Vogtet al., 2005). Borehole radar is used primarily to
quantify the geometry or depth of slumping of awngothole and sub-metre accuracy
can be achieved over distances of several hundedegsnahead of mining. However, in
order to achieve this, special boreholes need tdriled ahead of mining. Even if the

additional cost of drilling such boreholes is igeay the successful application of
borehole radar does not negate the need for a masmance mapping tool capable of
mapping the spatial distribution of potholes aheadnining in the plane of the near-

horizontal orebody.

Adopted methodology

Considering the abovementioned negative impactotiigles, it is not surprising that

the platinum mining industry had repeatedly expdsshe need for a tactical

geophysical tool capable of predicting and delimgapothole occurrences ahead of
mining. Research into this problem was initiatethat CSIR’s mining research group in

2002. The objective of the associated study suns@drinere was to assess and
benchmark the applicability of in-mine ERT for tteaitine mapping of reef disruptions

ahead of mining, using a two-dimensional (2D) imagapproach and a tunnel-to-

tunnel survey geometry (Van Schoor, 2009).
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The proposed ERT application differs from more e@arional near surface applications
in that it does not exploit near surface borehaleglectrodes on the Earth’s surface,
and the output represents near-horizontal crodsesscrather than vertical sections
through the subsurface. In other words, the imdgeepdoes not cut across the normal
(horizontal) stratification, but is orientated déehto it (Fig. 3). In a sense, the survey
geometry is analogous to that of in-seam seisnmgyaphy or radio imaging, which is

sometimes applied in coal mining environments.

The typical depth of underground platinum workimgshe Bushveld Complex is a few
hundred metres below surface. The ore is accessk@xracted by means of various
interconnected excavations or tunnels, i.e., hasagrosscuts and raises, developed
from the main vertical shaft to positions withiretheef plane (Fig. 3). It is from these
in-reef positions that ore extraction is initiagtd the reef is mined out in a systematic,
block-by-block fashion. A block is defined as threabetween two adjacent raises, and
typically has dimensions ranging from 35-200 mggaspacing) by 100-200 m (raise

extent).

In-mine ERT surveys are conducted in a manner ainl that of conventional surface
or borehole-based resistivity imaging (Binley aneinkha, 2005; Slateat al., 2000). A
typical survey comprises a combination of in-linpale-dipole measurements along the
respective raise tunnels, and tunnel-to-tunnel oreasents in which the source and
receiver dipoles are located in opposite tunnelge €lectrodes are placed along the
raise tunnel sidewalls that straddle the unmineslesublock. The specific acquisition

parameters are usually dictated by the surveygsibenetry, but a unit electrode spacing
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of approximately 1/10th the tunnel spacing is comincspecified. The maximum
possible survey site aspect ratio is desired, bubtlae of between 3:2 and 2:1 is
achievable in most cases. A typical in-mine surweyld involve between 30 and 50
electrode locations. Galvanic contact with the haak sidewalls is typically achieved

by inserting expansion bolts into pre-drilled hdiéled with electrode coupling gel.

In the quoted study (Van Schoor, 2009), the conogftnnel-to-tunnel ERT is assessed
through a comprehensive model study that coveredide range of key issues,
including the selection of optimum data acquisitigorocessing and inversion
parameters. The model study also investigates Eheffects on 2D ERT imaging and
also explores the option of 3D inversion. The dedacof realistic model parameters is
aided by a series of laboratory property measuréraencore samples from various

platinum mines.

A review of previously published research resultficated that the in-mine application
of ERT is relatively uncommon. Most previous eféotypically focused on obtaining
information from zones close to single tunnels ibotores drilled from underground
tunnels (Gibergt al., 2006; Jamtlicet al., 1984; Scotkt al., 1968; Yaramanci, 2000).
There were some reports of cross-hole ERT expetsndone form underground
tunnels (Noguchet al., 1991; Ramirez and Daily, 1997a, 1997b), but thaseeys
were of a small-scale and non-mining nature. Adaai, 1995), and more recently Eso
and co-workers (Eset al., 2006a; Escet al., 2006b) exploited survey geometries
similar to what is considered here; that is, tusmselrrounding an area of interest. These

studies, however, essentially represented onceraff surveys. Sasaki and Matsuo
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exploited a tunnel-to-surface geometry for ERT stigations in a copper-scarn mine
(Sasaki and Matsuo, 1993), while Kruschwitz andavi@nci experimented with in-
mine ERT in rock salt mines (Kruschwitz and Yarania@004), but these surveys were

limited to looking at fracture characteristics ardisingle excavations.
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LABORATORY PROPERTY STUDY

A series of laboratory physical property measurememre conducted on rock samples
sourced from a variety of Bushveld Complex platinammes. These measurements
were aimed at providing insight into whether sudfit resistivity contrasts existed

between the disruptive geological features (potholengingwall material) and the

background rocks (Merensky Reef and UG2). Note that unique combination of

survey geometry and geological problem implies that geophysical target is in fact
represented by the (slumping) host rocks of the@renment, while the background

rocks in the geophysical model is represented bydbular orebody and its immediate
hanging- and footwall. For the purpose of this papely the key results of the property
studies are summarised in Table 1. The propertysurements comprised a series of
electrical resistivity measurements over a rangeuofent injection frequencies. Here
we focus on the low frequency values (shown in @&ab), although the reader is

referred to Van Schoor (2009) for more detailshef $pectral response.

MODEL STUDIES

Modelling approach and tools

Owing to the interest in the 3D effects on 2D irsven, the commercial modelling
software packagéMIGMA, from Petros Eikon, Canada was used to generateafd
model data setEMIGMA is a scattering simulation routine, based on tbealized
Non-linear (LN) approximation (Groom and AlvarezZ)02; Habashyet al., 1993;

Murray, 1997) that enables the 3D modelling of tleal resistivity (and induced
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polarisation) responses. The Localized Non-linggur@ximation is an integral equation
solution, in which the integral equation represettie volume of ground with
anomalous conductivity; that is, the target anoesalr scatterers. The background
conductivity structure is simplified to allow fohe associated incident fields to be
calculated either analytically or quasi-analytigallhe subsurface background structure
is represented by a uniform or multi-layered haliee. In physical terms, the integral
equation specifies how the anomalous conductiigr&the current flow in the ground
from the current distribution that would have flaWwéundisturbed) in the background
medium. The electric field is calculated at varigagnts inside the target, which is then
used as input to the integral equation solutiore fAdsulting output is the current pattern
due to the target anomaly. The associated scatfeglets can then be derived by
integration over the current pattern. The fields ealculated in the frequency domain
and are expressed in terms of real and quadratuncuctivity components, from which
complex resistivity magnitude and phase valuesbeaderived. For the purpose of this
paper, only the low frequency magnitude componénhe resistivity response is of

interest; for more details of modelling of the phassponse see van Schoor (2009).

For inversion, the 2D algorithiBRTomo (Kemna, 2005a) was usedRTomo is based
on the well-known Occam’s approach. The inversicmesme utilises a standard Gauss-
Newton approach in conjunction with a conjugatedgmat (CG) method to solve the
numerical problem iterativelyfCRTomo accounts for resistivity magnitude data noise
through two error model parameter inputs: the inedatesistance erroral and the
absolute resistance errdr)( The CRTomo inversion algorithm is based on thedl-w

known Tikhonov approach in which an objective fumetis iteratively minimised. The
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iteration process is terminated when an acceptidike misfit target is achieved and the

corresponding RMS error approaches one. The tanggdit is based on the user defined

data error model.

Selected basic model study results

Based on a comprehensive model study (Van Sch668)2not included here, the

following modelling parameters were adopted fortthenel-to-tunnel in-mine ERT

application:

A dipole-dipole-based measurement scheme with pieldipole lengths; the use
of the nearest-neighbour dipole-dipole array suppleted with dipole-dipole
measurements for at least one larger dipole leisgidvocated;

A conservative noise threshold of @1lis assumed throughout the study; this, for
example, equates to a reliable voltage thresholtaind 2 mV at injected current
levels of approximately 20 mA. In the high-resigtiv platinum mining
environment, the electrode contact resistancesxgected to be high and injected
current levels may be relatively low, while backgnd noise levels may be
relatively high.

It was demonstrated that, for the typical physmalperty parameters expected in
the Bushveld platinum mines, a maximum tunnel sgpof between 100 m and
200 m was achievable (Fig. 4). It should, howeber,noted that for lower than
expected background resistivities, the recordethgek are also lower, which may
result in a reduced number of measurements andssociated deterioration in

imaging performance.
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One of the principal aims of the modelling studydsexamine the viability of using a
2D imaging method for studying an inherently 3Dlgemn. Fig. 5 shows a generic 3D
in-mine model in which T1 and T2 represent the twaplanar lines of electrodes
located along the sidewalls of two tunnels. Thehplat target is simulated by a
relatively small localised target body with a towktenth in the third (vertical)
dimension. For relatively large values lof compared to the tunnel spacing, the 3D
model response should approach that of the equiva®® model. The default
background and target resistivity properties usedevas follows: 10 00@m for the
(partly mineralised) background; and 50 D for the (pothole) targets. A series of
model studies were conducted in which the objectras to assess the applicability of
2D ERT in an environment where the simplifying asptions of 2D inversion are

expected to be violated. The key results of thesdainstudies are summarised below.

In the first batch of simulationshe generic 3D model was perturbed in terms of the
target’s vertical extent and its symmetry with edpto the image plane. Selected
results are shown in Fig. 6 and Fig. 7. These stiauls were extended to consider a
wider range of variables for the purpose of moremm@hensive benchmarking. For
example, the target size and location within thB)(2nage plane as well as the

background:target property contrast were also dafelected results appear in Fig. 8.

The results show that the 2D inversion approachages to reconstruct the target
reasonably well in most cases, provided the vdréixgent of the localised target is such

that it can be approximated by a 2D body. Whent#nget is small compared to the
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tunnel spacing, or when it does not have signitiextent above and below the image
plane, the 2D target assumption breaks down and irtteging performance is
compromised. In such cases the target resolutiocredses slightly and the recovered
image contrast approaches levels that would naddbectable in practice. Fig. 8 also
illustrates how the location of the target withive t2D image plane plays a key role in
imaging performance. Targets that lie in zonesowof $ensitivity (central zone between
lines of electrodes) are more difficult to deteat aesolve than targets that are located
in zones of high sensitivity, close to the linesledctrodes. Some targets that violate the
2D target assumption, such as small targets oettita are asymmetrical with respect
to the image plane may only be detectable if they lacated in zones of high

sensitivity.

Tunnel effect and corrections

Up to now the simplifying assumption of a geoeleelrfull space has been applied.

The effect of tunnels and mining cavities is, hoarewnot expected to be negligible in

all cases and, consequently, the significance efttinnel effect was assessed through
modelling. For example, Fig. 9 depicts a typical 8€enario to be expected in the
platinum mines; that is, two adjacent, co-planaseaatunnels. These tunnels are
typically 1.5 m wide and 2 m high. Simulations werenducted to assess the
manifestation of the tunnel effect (both with andthwut a pothole target) on

tomographic output images. Fig. 10 shows a sefiassociated results.

The first output image in Fig. 10 shows how promihe the tunnel response may

manifest on an ERT output image in the absencepaitlaole target. The second image
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shows that even if a target is present, the tuefiett is still evident and the image is
contaminated by unwanted artefacts. The last twages shows two approaches to
dealing with the tunnel effect: Firstly one coulohply discard, prior to inversion, those
data points that are most significantly affectedhsytunnel response. A better approach
is, however, to apply a correction for the tunnbksed on the known geometry of the
tunnels. One possible approach is to apply an appede correction to the response of
the full model (RiopeL), Which includes the tunnels, prior to inversion dubtracting
the calculated tunnel effect from the full-moderisfer resistances. In other words,

instead of inverting RopeL, the reduced data setdfucep is inverted; that is:

Rrepucep = RvopeL - RrunneLs (1)

The effect of layering

A further 3D effect that was considered in the 2D 3D model study was the violation

of the 2D background assumption; in other words, dffect of layering above and/or

below the 2D image plane. This type of scenariolditsecome relevant where the thin

tabular reef has a significant property contrashwhe immediate hanging- and footwall

and/or where a thin contrasting layer is, for exeEmppresent in the immediate

hangingwall. Fig. 11 depicts two such scenarioghénfirst case the image plane occurs
within a thin, relatively conductive reef layer. 8tsecond model constitutes a more
complex scenario — a multi-layered earth in whiohé hangingwall layers slump down

to disrupt the continuity of the reef and immediaéagingwall layers. In both cases the
standard magnitude inversion results do reflectdnget anomaly, but the output image

is characterised by some degree of target distoiad contamination by unwanted
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artefacts (Fig. 12). This inferior inversion perf@nce is the result of the 2D inversion
algorithm attempting to fit a uniform background tiee data which includes the
response of a non-uniform background. As in the cdshe tunnel-effect, the inversion
performance can be improved drastically by applyéngorrection based oa priori

geological and mining information (Fig. 12).

It should be noted that 3D inversion, when appaegropriately, could be used as an
alternative approach to address inversion problgnaiscannot be handled correctly by
more conventional 2D algorithms. For example, thia-reef layer scenario, a standard
2D inversion may fail at reconstructing a subtlsistvity target located within the thin
layer / image plane. In the 3D approach the ineershay be guided by specifying a
starting model and reference model which is basethe known thin reef layered earth
model (without the target). The idea behind guidihg inversion in this way is to
attempt to produce an output model that emulateshiin reef (reference) model and, in
doing so, emphasises the differences between ttee End the true model structure
(which is assumed to be unknown). The 3D approacarguably the recommended
approach for future in-mine surveys. However, ibldd be emphasised that the
decision to assess the applicability of 2D rathant3D imaging in this study was based
on the very specific needs of the mining indus®®wing to the production-driven
pressures of deep level platinum mining, fast ttonad times and ease of use are key
requirements of any in-mine geophysical applicatiohhe 2D (coplanar or in-reef)
data-acquisition and imaging strategy describe@ leralready pushing the limits in
terms of the above criteria and, consequently, B0e data acquisition involving

additional electrode locations at positions awagnirthe reef plane and even 3D
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inversion based on 2D data sets, is, at this stagesidered as not viable. Mines would
much rather embrace the concept of fast, and velgtuser-friendly, reconnaissance-
style 2D tomographic surveys than the more comigdca3D approach surveys.
Suspected pothole anomalies could then either Bbewked up with more detailed

tomographic surveys or with another high-resolutggophysical technique such as

borehole radar.

CASE STUDY — WATERVAL PLATINUM MINE

Site description

In May 2009, an ERT trial survey was conducted agla Platinum’s Waterval Mine
near Rustenburg. Waterval Mine is a bord-and-pillaechanised operation where the
UG2 is being mined. The stoping width (mining he)git Waterval is approximately
1.8 m and includes the UG2 and a portion of thenyagidal pyroxenite of the
immediate footwall, which is also slightly mines®d. Two other significant chromitite
bands occur in the hangingwall: a 20 cm chromgigam, the Leader Seam, occurs
approximately 1.4 m above the UG2, and the Chroenifiriplets, with a combined
thickness of approximately 30 cm, occur a furth&48m higher up in the succession.
The immediate hangingwall of the UG2 consists nyaaflfeldspathic pyroxenite with
some norite/melanorite. The chosen test site iatéat approximately 450 m below
surface in an area where a relatively large potheith a diameter of approximately 50
m, was encountered. The bulk of the affected aras laft unmined as a large natural

support pillar (Fig. 13). The primary objective thfe survey was thus to determine
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whether ERT could discriminate between the abovéioreed portion of UG2 reef and

the surrounding pothole.

The original plan involved using the two long siadghe pillar for cross-line tunnel-to-
tunnel measurements. However, shortly before tivegut became evident that, due to
installed ventilation barriers along the southetgesof the pillar (see Fig. 13), access to
the developments south of this line was not possibl the original survey plan, a total
of 41 electrodes, using a unit electrode spacingmf would have been deployed along
the northern, western and southern sides of tHarpiés a result of the ventilation
barrier, only 15 electrodes along the northernapiface and 11 electrodes along the
western side, could ultimately be deployed. Theveyurwas thus reduced to a 26-
electrode configuration that crosses the inferrednidary between the pothole and the

unaffected reef.

Data acquisition

Resistivity data was acquired using a Zonge GDPs3&tem. A ‘skip O’ dipole-dipole
measurement scheme (Slateal., 2000) was employed between electrodes 1 and 26
and this was supplemented with some ‘skip 1’ meaments between electrodes 1 and
15. 'Skip O’ refers to a basic nearest-neighboppoldi-dipole measurement scheme in
which the dipole length and incremental increasgipole spacing are equal to the unit
electrode spacing. For the ‘skip 1’ scheme, theldifength and incremental increase in
dipole spacing are equal to double the unit eldetigpacing.

Time constraints prevented further measurements.thi& purpose of noise analysis,

normal and reciprocal measurements were acquiredht® majority of the ‘skip 0’
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measurements. The resulting data set comprisethiavedy small number of 159 data
points. In contrast the envisaged cross-line suoamfiguration (utilising the two long
sides of the survey area and assuming no time reams!) would have comprised 30
electrodes and approximately 350 ‘skip 0’ and 28Kip 1' measurements. The data
were acquired at a base frequency of 0.125 Hz; lowuith the rock was achieved
through 10 mm x 100 mm sleeve anchor bolts insentedpre-drilled holes filled with
electrode coupling gel. Current injection levelsgevgenerally in the order of 50 mA at

an applied voltage of 300-400 V.

Field data quality appeared to be good, based dielth measurement repeatability
checks and observed standard data errors. How@@est-survey analysis of the
reciprocal measurements suggested relatively hygtematic errors, with the relative
transfer resistance error between approximately &8#615%. The high in-mine noise
levels may be attributed to the presence of elsdlyi powered machinery operating in

nearby underground developments and as part ahithe's hoisting infrastructure.

Simulation and field result

As part of the analysis, a simulation study wadquered prior to inverting the field
data. The simplified model shown in Fig. 14a sinegahe actual pothole scenario and
the measurement scheme that was used. In the mibdellJG2 was assigned a
resistivity of 3000 Qm and a property contrast of 5:1 with the surrongdi
(hangingwall) material was assumed; that is, a dpaeknd resistivity of 15 00@m.

The survey area was discretised into 1 m x 1 ns dell the purpose of employing the
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finite element base@RMod and CRTomo modelling and inversion software (Kemna,
2005b, 2005a). The modelling results, shown in E#&p and Fig. 14c reveal how the
limited coverage resulting from the sub-optimumceiade configuration produces a
somewhat distorted target anomaly — the UG2 anomdljased towards the electrodes
on the western side of the pillar and is not resdlwn the southern side of the
ventilation barrier. The associated normalised amdated sensitivity maps (Binley and
Kemna, 2005), shown in Fig. 14d and Fig. 14e, retspay, further highlight the

decreased sensitivity resulting from using the cedunumber of electrodes.

The image of the inverted, tunnel-corrected faddia is shown in Fig. 15. The image
presented here was based on a data set of apptekiha0 data points for which a
relative magnitude error level of 14.5% was assurttesthould also be noted that the
difference between the tunnel-corrected and unctadeoutput images was found to be
negligible and this may be attributed to the domimaanifestation of the target features
described below. The output image reveals twordisanomalous conductive zones in

a relatively resistive background:

* The portion of unaffected UG2 reef in the SW corokethe survey area manifests
clearly on the output image. As anticipated, aretlijmted by the model study, the
transition between UG2 and pothole is easily detedbut the mapping accuracy of
the edge is affected by the electrode coveragengitsaty issues highlighted
earlier.

* The conductive patches located along the stretteem electrodes 1 and 10 was

at first thought to be noise artefacts, but follogvpost-survey discussions with the



446 mine geologist, a feasible explanation for thesenalies became evident: It is

447 estimated that this particular pothole, despitelatge diameter, has a relatively
448 shallow slump/depth of approximately 4-5 m, whislapproximately equivalent to

449 the distance between the Chromitite Triplets anel 52 (Pers. Comm., R.

450 Makgato, June 2009). Also, the other significarrbafitite seam, the Leader Seam,
451 occurs between the UG2 and the Chromitite Triplétss thought that, as one

452 moves from the edge of the pothole towards therakpart of the pothole, these

453 relatively conductive chromitite horizons slump dowo the normal UG2 and

454 development level and, consequently, also apprasoiven intersect the image
455 plane. This proximity/intersection manifests as tiserved patches of increased
456 conductivity between electrodes 1-10.

457

458

459 CONCLUSION

460 Through a combination of physical property analyaad model studies it has been
461 established that 2D ERT can be used as reconneessaml for detecting platinum reef
462 disruptions ahead of mining. Other geophysical imggtechniques such as the
463 aeromagnetic, borehole radar and 3D reflectiomseisechniques do not provide the
464 same in-reef pothole delineation capabilityoffelsdin-mine ERT - the advantage of
465 the ERT approach is primarily due to the tunnefuionel survey geometry by which the
466 area of interest can effectively be ‘framed’.

467

468 The model study also highlighted the fact that 3f2ats cannot be ignored in mine

469 surveys. Where possibla,priori geological and mining information should be used t
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apply appropriate corrections or to better constréie 2D inversion, thereby
minimizing the impact of unwanted 3D effects. Ho@ewvith technological advances
made in recent years, in terms computing powerdhdversion algorithms, the use of
full 3D inversion in future in-mine tomographic says has become a realistic option.
Alternatively, better constrained 2D inversion aggwhes could be considered. Further
work is also recommended to determine whether megéuli IP measurements can be
acquired on a routine basis in underground minimgrenments and whether the IP
technique would be able to add value in terms sérininating between potholes and

other reef disruption targets.

The findings of this study may also have wider aagpion, beyond mining geophysics.
The imaging applications considered here are analdgo the typical cross-borehole
ERT scenario and many of the findings may therefoexe relevance to other
applications and disciplines where ERT is applse;h as in hydrogeological studies.
Furthermore, the somewhat unconventional geomeaingidered in the mining case;
that is, imaging in the plane of a horizontal layeay also be applied to geometrically
similar near-surface problems. For example, inl @agineering ERT could be used to
image the integrity of concrete slabs in cases #/laecess for geophysical monitoring
is only available around the sides of the (horianslab. The imaging of anomalous
features within earth layers immediately belowasfructure such as buildings or dams
is another possible analogous application. Evehiwimining, the application is not
necessarily restricted to platinum mining. Many deposits of different commodities

also occur as near-horizontal, tabular depositsaa@danined using conventional mining
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layouts as is described in this paper. The in-naipglication of ERT might thus be a

viable option in other second-phase mineral expilmmeenvironments.
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TABLES AND FIGURES

TABLE 1

Summary of physical properties for main categooigglatinum rocks.

Resistivity range

(€m)
Merensky and UG2 Reef
(geophysical background) 10*10°
Host rock (po_thole) material 10°-10F
(geophysical target)
Expected re5|s.t|V|ty contrast 3110 7°1
pothole:reef
Expected phase contrast 3110 7:1

Reef:pothole
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Locality map showing the Rustenburg Layered Suit® Bushveld Complex.
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FIGURE 2

Simplified schematic of typical potholes scenaridsre, the reef layer is transgressed
by one or more slumping hangingwall layers; thef iiseeither pinched out in the
pothole or follows the topography of the pothole.
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FIGURE 3

Schematic of a conventional platinum mining layotihe yellow shaded plane
represents the reef horizon, which is accessedghrthe series of tunnels shown. The
to-be-mined area between adjacent raise tunnetdéshin blue) also represents the
area to be imaged.
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FIGURE 4
Selected ERT range model study results. The cahmve each figure shows the
number of data points remaining (out of a totall875) following the application of a

0.1Q noise threshold. The colour bar shows dogsistivity (inQm).
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of electrodes that would, in practice, be locatea@the sidewalls of two tunnels.
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Thin reef model with centrally located 3D targedft) and a model used to investigate
the effect of multiple layers and a slumping reefht). In both cases the two tunnels,
T1 and T2, are spaced 30 m apart. The green ddislesdn the second model indicate
the effect of the assumed pothole on the respetdie boundaries; the hangingwall
layers slump downward by approximately 6 m, thd reeot pinched out due to the
slumping but only thins out — the slumping portieifiectively forms a ‘bowl’ in 3D
space with the inside filled with (immediate) hargyall material. The olive-coloured
block represents the block model equivalent of shemp structure or target —
effectively a 6 m portion of the upper hangingwalers cutting across the reef and
immediate hangingwall layer. The two tunnels, Tdl &8, are spaced 30 m apart.
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FIGURE 12
Inversion results for the 3D models depicted inukégl0. In each case the first image

represents the uncorrected results, while the setnage shows the result following a
difference-based correction applied to accountther interfering effect of layering in

the background.
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Schematic of ERT survey area at Waterval Mine. @heer shaded south-western
corner of the large pillar represents a zone of U€ that is not affected by the
pothole, while the rest of the pillar effectiveligd within the pothole structure. The
orange dotted line indicates where the UG2 reetsssiumping, while the green dotted
line indicates where the reef slumps into the fadtwbelow the floor of the
developments.
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FIGURE 14

Waterval Mine ERT simulation model (a) and modgjliresults (b and c). Normalised
accumulated sensitivity maps for the scenariob)mad (c) are shown in (d) and (e),
respectively. These simulations highlight the ddfece in imaging performance when
exploiting a total of 41 electrodes as was originglanned versus using only 26
electrodes as in the actual mine survey.
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FIGURE 15
Waterval Mine ERT field data inversion result.



