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Abstract. Velocity models of the shallowubsurfacga few hundred of metersjesologyare hardhyretrieved-from
deep-seismicreflection-exploration-data-despite-importareet in nearsurface characterization, improving seismic

mapping resolution at depth, and constraining deeper geological mibdelsierefore interesting to retrieve them

from deep seismic exploration data-this-werk—W\e compute the neaurface sheawave velocity model in the

vicinity of South Deep Gold Mine, using surface waves present isntladi- offset2D and 3Ddeepseismic reflection
data acquiretbetween 2022 and 2024 the minefor research, mine planning, and development purpoHas

obtained neasurface model is then used to (1) characterize thesugtaceand (2) better constrathe interpretation
of possible watepreferential flowpathwaygreferential-flowpathwayqfaults, fracture zoneand dykes) mapped at
mining levels, that enable the migration of water from overlyargrationsaquifer systems (< 0. l&m depth)to the

mining levels(~ 3 km depth}.ane onstrain-the- timing-of faults-and-dyke-emplacementin-the-vicinity-of the mine

The analysis is carriedut on-reflection seismic data acquired for deep mineral exploration, where the acquisition
parameters were not optimized for surface wave technigtiess andthe reciprocity principle is used to improve

the data density, coverage, and reaface mapping resolution. The lithostructural information retrieved from the

produced pseudaD and-3D shearwave velocity modelsreis consistent with information obtained from available

surfaceborehole data and published records in the study &cemvestigate the structural linkage between the deep

mining levels and shallow groundwater aquifers, ategratingintegratedthe -producednearsurface sheawave
velocity modelproduced from the smatdiffset 2D and 3D reflection seismic datéth thea legacylargeoffset 2003
3D2003-P-wavereflection seismic dasgismicreflectioncubhand geological structures derived from underground

mapping and exploration drillingmine-mapping-and-drilling-information-enabled-the-investigation-of- the ctural

offset 2022 and 2023 seismic-dh&lptodefine the faults, fractures, and dykes that compartmentalize theurémre

groundwater aquifer systems. The laaféset legacy 2003 3D seismic data, underground mapping, and exploration
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drilling provide a better definition of the orebody and its offsets (e.qg., faults) at the mining level. The integrated data

show that several geological structures (e.g., faults and dykes), defined by legacy seismic data, underground drilling,

and mapping, crossut the mining levels at ~ 3 km depth and intersect theswgéaice aquifers, thus making these

structures possible preferential fleyathways for water migration to the deep mining levEte findings-of-this

researchesults of the interprationillustrate the advantages of integrating shallow and deep subsurface information
to constrain the timingf geological evetsactivity of the geelegical-struetureand mitigate the risks associated with
water ingress to the mining levels. The final model produced can be used for future mine development, improving
safety and production, and ftire exterextension ading the Life of Mine (LoM).

1 Introduction

The Mesoarcheaaged Witwatersrand Basin hosts the largest known gold deposit in the world and has produced more

gold than any other ore province globally (Frimmel, 2019). Seismic techniques have been used extensively in the
exploration of the Witwatersrand Basin, mainly for mappingandevaluatmg d bear i ng quartz pebb

gold-bearing-horizond | ocal ly termed oOreefso) for mi n ifdskgriskpur pos e

mitigation) and for imaging faults and dykézeismic imaging of faults and dykes, in particular, is important in deep

underground gold mines as these structutbat-might (1) act agpossible preferential flovpathwayspessible
preferential-flowpathwaysfor water and methane migration into the mining levels (2) effsetcrosscut the
orebodyand make it impractical to minl€ampbell and Crotty, 1988; Pretorius et al., 1989; Gibson, 2005; Manzi et

al., 2012), and (3) cause damaging seismic events (Masethe et al.,. Z0#8¥irst 3D application of seismic

techniques in hardock mining environments, particularly for mineral exploration, trace back to the surveys conducted

by Campbell and Cotty (1988, 1990) at South Deep Gold Mine in 1986 in the Witwatersrand Basin. Campbell and
Crotty (1990) applied activeource surface 3D seismic surveys to image the-lpedding horizons and geological
structures at depths down to 3.5 km below ground surface. This pilot study investigated and demonstrated the potential

that the 3D seismic technique has in hamtk environment for mineral exploratiomn 2003, Gold Fields

commissioned one of the largest 3D seismic surveys in the Witwatersrand basin to map-featbebgalf deposits

(e.q., Ventersdor@ontact Reef, VCR) and subsurface geological structures (e.q., faults and dykes) across its Kloof

and Sotgh Deep gold mines for mine planning purposes (Manzi et al., 2012a). The legacy 2003 sldloDeep

Gold Minedata have been the subject of several studies over the past 20 years, given the size of the survey area and

the unigue nature of the data, particularly the strong seismic reflections associated wiskeatedpyolbearing

horizons and the delineation of complex geological structures thateurofse gold deposits (Manzi et al., 2012a,b;

Manzi et al., 2013a,b). The data have also been used by Manzi et al. (2012b) to map potential conduits of water and

methane at deep mining levels of the Kloof Gold Mine. They have been used to constrain Neoarchaean tectonic history

and the ore genetic models in the Witwatersrand basin (Manzi et al., 2013b; Malehmir et al., 2014).
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Betweenthe-year2022 and 2023etailedhigh-resolution-2D and 3D deep seismic reflection (DSR) surveys-,
exploration-of the Witwatersrand-Basimere conducted at South Deep Gold Mileeated-in-the-WestRand-Geldfield
{Seuth-Africa)asaspart of the ERAMIN3 Future project (Rapetsoa et al., 2025). The work mainly focusezbtng

the modern seismic technologiesintageing the deep (8-5-3- km) gold-bearing horizons such as the Ventersdorp

Contact Reef (VCR), Upper ElsbuRgefs (UER), and complex geological structures (e.g., faults and dykes) that
cross-cut the orebodies. The seismic surveys used a seismic nodal system incorporating one vertical and three
component recorders connected to 5 Hz geophones, broadband-etairomechanical system (MEMS)
accelerometers, distributed acoustic sensing technology, atehebBoadband 200 Hz) seismic vibrator operating

with sweep lengths between 24s and @8spetsoa et al., 20259 this work, we utilize the surface waves (SWs)

present in the DSR survey data acquired at the mine to estimate tieeiriaae sheawave (Swave) velocity model
at the vicinity of the mine, which enusea to {1)-better understand the nesurface stratigraphic (lithological) and

structural (e.g., faults and dykes) geological variations in the study\&@iee#en integrate the nesurfaceS-wave

shearwaveelocity model withthe 2003 legacy seismic data and mine geological structureg)danvestigate the

structural linkage between shallow geology (aquifers) and deep mining, lexredse the orebody is locatetd
constrain the timing aftructuralactivitiesy-ef structureand determine potential preferential flpathways for water

ingress into the mining levels.

The nearsurface is geologicallycomplex environment, often consisting of heterogenous structures characterized by
highly weathered and diverse materials, i.e., that may vary from loose, fractured, to solid rocks, which have the
potential to significantly obscure the ability to resolve deeper lying seismic targets (Sheriff, 2002; Zhou et al., 2010;
Strong, 2018). Neasurface characterization is an essential process in exploration, mining, engineering, and
environmental studies as it can provide information that can be used to improve the imaging of deegegting

and-structurageological structuresndconducting risk assessments, efficient project planning, and for designing and

constructing safer and bettperforming mining, environmental, and civil engineering infrastructurelfea et al.,

2008; Zhu et al., 2008; Socco et al., 2010; Pegah an@Qi6; Papadopoulou et al., 2020). The applicaticesfimic

surface wave§W) analysis to determine neaurface velocity models at hardck sites is limited due to the challenge

of obtaining gooehuality data (Socco et al., 2019; Papadopoulou et al., 2020; Wilczynski et al., 2025). The quality of
SWdatas at hardrock mining sites can be severely affected by (1) the presence of lateral heterogeneities (e.g., dykes,
fractures, and faults) which can generate scattering and back reflections (Pileggi et al., 2011; Malehmir et al., 2015);
(2) noise generated by mining activity (e.g., blasting, excavations, drilling, crushing, moving heavy machinery, and
mining operations) (Urosevic et al., 2007; Grszcyk et al., 2015); and (3) variable and extresgfaearconditions

caused by the presence of hard and rugged topography, roads, areas of outerggipitige-rockard rocksand the
presence of swampy soils or dense vegetation (Saunders et al., 1991; Eaton et al., 2003; Heinonen et al., 2011;
Malehmir et al., 2017). However, the dominance of SWs in seismic records; their high sensitivity-sarfeez
properties; their ability to resolve lewelocity zones or soft layers bounded by higiocity materials; and their

ability to avoid the watemasking effect in saturated media, make them a powerful tool forsneface imaging (Foti

et al., 2002; Socco and Strobbia, 2004).
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This paper presentthie application, potentighnd benefits of conductifEhis-paperpresents-the-application,petential
and-benefits—of-conductin8W analysis to reflection seismic data mainly acquired for deep targeting in a mining
environment. Multichannel analysis of surface wave (MASW) and the Laterally Constrained Inversion (LCI) are
applied to higkresolution 2D and 3D seismic data to estimate the-siediace Svave velocity model within the top
~360300m in the vicinity of South Deep Gold Mine. Since the deep exploration data acquired at theanimet
optimized for SW analysis (i.e., characterized by coarse spatial sampling) and is therefore not ideal for SW analysis,
we utilize the reciprocity theorem to extract all the possible information in the.datapdincrease the data coverage

by providing a grid of orthogonal sets of dispersion curves along receiver and &hagénes. Comparison with
available borehole data in the vicinity of the mine indicates that the conducted analysis is sensitive to stratigraphic and
structural variations beneath the acquired DSR surveys and resolves them quite well with depth. Lastly, we integrate
the obtained neasurface Swvave velocity model with existing and available legacy 2003 astiwgce Pwave

seismic reflection data, mine mappjagd drilling information to investigate the structural continuity and connectivity
between the shallow aquifers (560 km) and deep mining levels (=35 km). These minenapped structures are

well knownin the Witwatersrand gold mines (e.qg., South Déejpd Mineand Kloof Ggold M#aines) at-Seuth-Deep
Geld-Mineto be associated with minirigduced seismicity, water migration, and methane gas po@ketszi et al.,

2012b; Masethe et al., 2023he existing larg®ffset legacy 2003 3D seismic data progitigh-resolution imaging

of subsurface geological structures from 0.5 km up to 6 km below the ground stiiedategration of the near
surface Swvave model withthe-deeper-datastie largeoffset legacy 3D seismic data, underground mapnd
drilling informationenabled théracking (vertically) of these structurss-structuresto-be-tracked-{verticatlyjough

the thick 3 km strata from their known positions at the mining levels to thesndaceThus, these different methods

and datasets were integrated to overcome gigilsinherent limitationsand leverage their strengths.

In this paper, we (1) describe the mining site and its geological setting, (2) present the seismic data acquisition
parameters and the characteristics of the data(3) outline the processing and inversion strategy, &djldiscuss

the obtained velocity models in connection watlrfaceborehole dataiindergroundminemapped structuresind

legacy deep seismic data.

2 Site and data

South Deep Gold Mine is situated southwest of the city of Johannesburg, in the southern portion of the West Rand
Goldfield and on the northern margin of the Witwatersrand Basin (Fig. 1a). Excluding the Archaean basement rocks
of the Kaapvaal Craton and volcanic and sedimentary rocks of the Dominion Bedumderly the rocks of the
Witwatersrand Supergrouponstituting the general settiegnstituting-the-generakttingin the West Rand Goldfield

are the rocks of the, from oldest to youngest, Witwatersrand, Ventersdorp, and Transvaal Supergroups (Kositcin and
Krape, 2004). The rocks of the Ventersdorp Supergroup are unconformably overlain/bybthve-FormatiorBlack

ReefgQuartzitefFormationof the Chuniespoort Grougelonging teand-the-basal-Grougd the late Archean to early
Proterozoic Transvaal Supergrotie—1Eig. 113 Martin et al., 1998). The Transvaal Supergroup is a thick succession
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of chemical and sedimentary rocks, hosting we#iserved volcanic and glaciogenic uniBelker—et-al—2014;
Eriksson et al., 1998; Bekker et al., 2013 and worldclass iron (Fe) and manganese (Mn) ores (Bekker et al., 2014;

Smith and Beukes, 2016; Franchi, 2018) and comprises of the lower Chuniespoort and upper Pretoria Groups (Martin
et al., 1998). The Chuniespoort Group dolomites consliskafst systems rich in water, which is primarily responsible

for water inflow and inrush into mine shafts and mining levels (Van Niekerk and Van Der Walt, 2006).
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147  Figure 1: (a) Simplified geological map showing both surface and subsurface distribution of the main Archaean
148 stratigraphic units of the Kaapvaal Craton. The map shows the distributions of the Witwatersrand (comprised of the West
49 Rand and Central Rand Groups), Ventersdorp and the Transvaal Supergroups (modified after Frimmel, 2014). (b)
150 Generalized stratigraphic column of the uppermost rocks in the Transvaal Supergroup, indicating the uppermost rock
151  units outcropping in the study area.. (c) A simplified geological map of the study area showing the locations of the high

152 resolution 2D profiles (PXdark greenblde and P2yellow), and the receiver (red) and source (dark blue) lines of th2023

153 seismic3D seismic surveygrd-acquired in the vicinity of the mine. The map is plotted using the WGS 1984 UTM Zone
154 35S coordinate systemSIES is the Saddlebacknyoka Fault System.

155

|156 Predominantly outcropping in the vicinity of South Deepld Mine are the rocks of thearly-Proterozoidretoria
157  Group (2350 M&2250 Ma; Walraven et al., 1990; Martin et al., 1998). The Pretoria Group forms the upper part of the
158 Transvaal Supergroup and primarily consists of a succession of shales, quartdoaekosic sandstones, and

159 significantly interbedded basakandesitic volcanic rocksind subordinate conglomerates, diamictiéesl carbonate

160 X ' VETL.Y j i -a-combination
161

162

163

164 ibiting-w j ' ' ' . )the northern portion of the South De@pld

165  Mine, rocks of the Malmani Subgroup, Timeball Hill Formation, and Klappe€kegrtizitesQuartzitesare present,
166  while south of the mine, outcrops of basaltic lava and tuff of the Hekpoort Formation exist (Fig. 1c; Osburn et al.,
167 2014). -Figure 2a and b show the locations of kgacy largeoffset 2003 andsmaltefiset 202220232D and

168 3D seismic surveysln Figure 2a, we show the borehole logs drilled in proximity to the 2D and 3D seismic

169  surveyslataacquired in the study area between 2022 and 2023 (see Figures 1c and 2b for borehole location). The logs

170 include the lithological variation within the t&80060 m of the study area and are later used to constrain the conducted
171 SW analysis interpretation. The borehole logs illustrate that, south of the tnen2230 -13 Ma (Burger and
172  Coertze, 1973) Hekpoort Formation basalts constitute the uppermost rocks and are undér@izBBy -17 Ma

173  (Dorland, 2004) metasedimentary rocks of the Timeball Hill Formatiomure 2¢). —Tectonically, the Transvaal

174 Supergroup is structurally complex and has undergone several episodes of deforkiasiormit—1975Veevers,
175 1981; Vermaakénd-Chunneit al, 1994; Coward et al., 1995; Manzi et al., 2013a,b; Nwaila et al., 2022). In particular,
176 the rocks of the Pretoria Group are displaced by-Bostoria Group extensional and thrust faults that displace both

77 the Pretoria Group rocks and the base of the Transvaal Supergroup (Cousins, 1962)-FreiqrasiGroup tectonic

178 events likely led to the reactivation of pFeansvaal Supergroup faults, which are imaged in the 2003 legacy 3D

179  seismic data and confirmed by underground drilling and mapping (Manzi et ala,BON8vaila et al., 2020a).

180 Movement along faults inevitably resulted in the creation of numerous fracture systems, which can be observed

181 underground (if exposed). The study area is also characterised by numerous sills and dykes that intruded at different

182 geological ages and have been subjected to several investigations. The sills and dykes are of various ages, such as

183 known postKaroo dykes of pré&retaceous and Cretaceous age (186 Ma), Karoo (150 Ma), Pilanesberg (1.30
8




Ga), Vredefort meteorite impact event (2.05 Ga), the Bushveld Igneous Complex magmatism (2.03 Ga), Transvaal
(2.20 Ga), and Ventersdorp (2.60 Ga) (Frimmel, 284chs—etal-—2016Frimmel and& Nwaila, 2020).Fhe
is—di j i with the

i.e., dyke

arpe,
e displaced

ia-Group-rocks and

overtvying—Chuniespoort—Grouvp—dolomitiec—uyunits—down to t|
{an-Niekerk-and-\VYan-DerWalt2006:-Manzi-etal—20Q)rrent mining activities can also reactivate faults and

dykes, causing large seismic events, and promoting water infiltration, movement, and circulation (Masethe et al.,

2023).The intersection ofresewater conduits during mining often negatively affects the productivity of the mine
and increasgthe safety risk to mine personnel and infrastructure. Thus, their delineation is important in ensuring mine

safety, longevity, and increased productivity.
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P07 seismic surveys. (b) Zoomed isatellite map of the 2023 South Deep seismic survey. Both satellite maps are plotted using
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08 the WGS 1984 UTM Zone 35S coordinate system. (&)-Representative borehole logs located within the study area and
09 showing the dominant rock types of the top 300 b} Satellite map-showing-South-Deep-Gold Mine beorehole loglocations

10  andseismic data grids. The satellite map-isple

211

212 3 Methodology

213 3.1 Seismic data acquisition

14 Active-source surface 2D and 3D seismic data were acqbi#egdeen 2022 and 202@thin the framework of the

215 ERA-MIN3 Future Project, aimed at imaging the subsurface geology and the orebody at South Deep Gold Mine. The
F16 acquired two 2Dhigh-reselutiohighresolutionseismic lines (P1 and P2, Figs. 1c amdid®) were positioned such
217  that they traversed the surface zone directly above the mine tunnels, located at a depskof.TBe 3D seismic

18  surveywas-designed-tooves a wider area of approximately 4.4 km by 4.7 km, with the mine tunnels located at the

19 centre of thegridsurvey areaThe acquisition parameters are summarized in Table 1. The 2D profiles were acquired
220  using a eton seismic vibrator (mirvibe) employing a linear sweep of 24 s and a sweep frequency ranging-from 2
221 200 Hz. P1 is nortisouth orientated and has a profile length of 2420 m, while P2 isveasrientated and has a
222 profile length of 2650 m. The two profiles were acquired using 243 and 266 wireless remote acquisition units spaced
223 10 m apart and connected to 5 Hz vertical component geophones, respectively. Two sweeps were generated at every

224  receiver and every second receiver location for P1 and P2, respectively.

225  The 3D seismic survey was acquired using two broadbandwvibies employing a sligweep acquisition technique

226  with a sleep time of 30 s, single linear sweep of 48 s, and frequency ranging from 4 to 150 Hz. The grid consisted of
227 9 receiver lines (nortBouth orientated and 400 m apart), with a receiver spacing of 25 m, and 21 source lines (east
228  west orientated and 225 m apart), and with a source spacing increment of 12.5 m, forming an orthogonal acquisition
229 patch. The data were recorded using a total of 1605 wireless remote acquisition units connected to 5 Hz vertical

30  component geophonesid consistedf 3725 shopoints

231  The units used to record both the 2D and 3D surveys were programmed to switch on at 8:00 am and off at 17:00 pm,
F32 South African time—Bduring whic iod i

time, seismic data were recorded

233 in continuous mode, at a 2 ms sampling rate. After the completion of the survey acquisition stage, all the separate
234  sweeps were later isolated and 6 s of the records were extracted from the recording units using the GPS time tagged
F35 for each sweep. The layouts of the surveys, however, were distorted by natural (river and swamps)raademan

236 features (mining infrastructure, two large tailings dams, roads, and nearby settlements) present in the vicinity of the
F37 mine, thus, sharp turns and gaps were introduced in the aataéd profilesFigs. 1¢ and 2b). The study area is

238 characterized by a significant but gentld\Eelevation variation of approximately 100 m in the southern portion, a

239  gentle 10 m BN elevation variation in the northern section, and a 20-B1élevation variation in the middle section

41 Gold Mineseismic survey was designed to overlap with the 2003 Kaoeifth Deep survey, which was designed to

E4O of the study area. Throughout the study area, the bedrock is largely covered by residiiaéstil23 South Deep

11



image the deepeated Ventersdorp Contact (VCR) orebody and major geological structures to assist with mine

planning and development (Fige 2a, Manzi et al., 2012a). The acquisition parameters and processing sequence of

the 2003 3D seismic survey are summarized by Manzi,¢R@ll2a,b). In summary, the survey was acquired using 4

vibroseis trucks (sweep: linear, 16s:9® Hz) over an area of approximately 96%uith the receiver spacing of 50

m, receiver line spacing of 400 m, shot spacing of 50 m, and shot line spacing of 450 m.

Table 1. Acquisition parameters of the 2D and 3D surveys conducted at South Deep Gald Mine

Survey Parameters Profile 1 (P1) Profile 2 (P2) 3D Grid-Survey
Profile length 2420 m 2650 m 45x4.7km
tFype - - Slip-sweep, sleep
time: 30 s
Sampling rate 2ms 2ms 2ms
Sweep length 24's 24 s 48 s
Sweep frequencies 2-200 Hz(linear 2-200 Hz(linear sweep)  Linear;4-150 Hz
sweep) (custom sweep)
ReceiverdBirection N-S E-W E-W
ShotdbBirection N-S E-W N-S
Shot spacing 10m 20m 125m
Receiver spacing 10m 10 m 25
Shot sStack 2 2 -
Receiver line spacing -0 - 400 m
Shot line spacing - - 225 m
Geophone 5 Hz vertical 5 Hz vertical component 5 Hz vertical
component component

Mini-vibe (6ton)
Differential Global
Positions System
(DGPS)

Mini-vibe (6ton)
Differential Global
Positions System
(DGPS)

Source type
Geodetic survey
instrument

Mini-vibe (6ton)

Differential Global

Positions System
(DGPS)

3.2 DataPprocessing

The data were subdivided into three datasets: the two 2D(Pdesnd PR nine EW oriented receiver lines (RR9)

from the 3D grid; and twentgne SN oriented source (shot) lines (821) from the 3D grid (Fig. 2b). The source

line dataset was generated from the receiver line dataset by using the reciprocity principle to generate common receiver
gathers (CR@ along the source lines. The reciprocity principle states that a wavefield measured at point A generated
by a point source located at point B is equal to the wavefield measured at point B generated by a point source located
at point A (Knopoff and Gangi, 195%laerbou€learbeutand Green 2008; Katou et al., 2017). In seismic
investigations, it illustrates that the same seismogram will be recorded if seismic source and receiver locations are
interchanged, irrespective of the geometrical subsurface complexity, as long as the geometry of obstacles and other
bodies in the vicinity of the source and receiver are fix8dgrbou€learbeutand Green2008). The implementation

12
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of the reciprocity theorem was achieved by selecting receivers situated along and near source lines and using them to

generate CR&by projecting waveforms recorded at the receivers to their respective shot lacation

The MASW techniquewas applied to the three seismic datasets described above using a workflow based on the
method by Socco et al2009), where a moving spatial window is used along the seismic lines to retrieve a set of
local SW dispersion curves (DCs). Figure 3 gives a schematic summary of the entire processing viaekiiomily,

tFhe raw datdl); underg@sa data preconditioning?) that consistin-of splitting the profiles characterized by severe

sharp turns into separate segments close to straight lines, as severe profile crookedness distorts the phase shift variation
between neighboring traces and results in spurious velocities (Lin et al., 201 Ael&hgon-ofoptimal MASW
processing parametef), i.e., spatial window length, overlap of the moving spatial windowlthe maximum offset

range for shot selectiomere defined to obtain a good compromise between spectral and spatial resahditime

optimal signatto-noise ratio for the dispersion curve analysis by doing sonmedeshe-different-datasefSocco et

al., 2009). The spatial window needs to be long enough to ensure the recording of longer wavelengths of interest (i.e.,
the target depth) and small enoughrenot toviolate the homogenous media assumption assumed underneath the
receiver spread. Meanwhile, the minimum and maximum offset ranges are chosen such that they mintanize near
far-field effects and improve the signa@knoise ratio. For each window position, the spectra resulting from different
shots falling within the selected offset ranges were computed using the phase shift method (Park et al., 1998) and
stacked to improve the signat-noise ratio of the dispersion image-(Grandjean and Bitri, 2006; Neducza, 2007).

From the stacked spectra, the maximum spectral amplitude at each frequency, deemed to correspond with the energy

of the SW fundamental mode, wasutomatically searcheéikedto obtain the local DCE). The DCs were picked

manuallythrough an automatic maxima search and manual cletmiegsure higiguality DC picks. The positions

of the DCs were assigned as the center of the windows for which the dispersion spectrum was computed.
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Generate the source line common receiver gathers P mmmmm e e \
(CRGs) dataset using the reciprocity technique

l

Split the original receiver line common-shot gathers
(CSGs) and source line CRGs for processing

l

i

i

i
Compute frequency-phase velocity (f-v) transformations i
tests on the different resolution datasets and selection of: i
windowing length, overlap of the spatial window, the i
i

i

i

i

i

i

i

i

Window the deep seismic reflection line
to select seismic traces from CSGs and CRGs

|

Extract frequency-phase
velocity spectra

|

Stack f-v spectra of CSG (CRG) i
for different shot (receiver) offset i

maximum offset range for shot selection for the datasets

|

Pick dispersion curves from the
stacked f-v spectra

|

Run LCI inversion for the
Construct 2D and 3D models by picked dispersion curves
merging all the ID models | = emmmmmmmmmmmmmmmmmmemmemmmm oo oo oo

_________________________________________

Extract 1D shear wave velocity models
from all the datasets

P81
Generate the source line Common Receiver Gathers
. . . . S e e = I
(CRG) dataset using the reciprocity technique | TWindow the deep seismic reflecion line | !
il i to select seismic traces from shot gathers| |
N — < < I
Split the original receiver line CSG and " l !
; ; 1
source line CRG for processing ! Extract froquency-phase !
l ! velocity spectra t
Compute frequency-phase velocity transformations tests | l i
on the different resolution datasets and selection of: | _ ]
windowing lenath averlan of the snatial windaowthe 1 Stack f-v spectra of different !
=] oy T T 7 1 . o
maximum offset range for shot selection for the datasets ! shot gathers :
} : ! i
P ececcecoeoooes i Pick dispersion curves from the |
1 : I
i Extract 1D shear wave velocity models E | stacked f-v spectra :
i from all the datasets ! | 1 !
________________________________________ 1 1
I
1 T . .
il ! Compute the 1D inversions with |
Construct 2D and 3D models by : the picked dispersion curves :
merging all the IDmodels | ~  ~ T T TTTTTTTTTTTTTTTTTTTTTT
D82 e
283 Figure 3: Schematic summary of the entire processing procedure
284

285  Inour case the three datasets have different spatial sampling characteristics that lead to different processing parameter
86  cheicechoiceg(Table 2)- i

87  large-spatial-sampling-used-to-acquire-the @ata to the receiver spacing, which is 25 m for receiver lines, 12.5 m

88 for shot lines, and 10 m for the 2D lines, the spatial windows used to process the data sets are large with respect to

arge-spatial windows-are selected-to-window-the-data-due to the

14



308

309
310
311
312
313
314
315
F16
317

usual nearsurface SW surveys. Typically, for nesurface investigations, daiichthatare acquired on purpose for

SW analysis would use receiver spacing €5 &. In this case, we ughe 3D seismialata acquired foa-deep

exploration3b-seismic-exploratioand the survey design is not optimized for SW. This imposes the use of processing

windows larger thathose generally used traditional SW surveyswhich could result in more local anomalies being

suppressedrhe spatial sampling is also critical, sircarge spatial sampling can generate aliasing. In the present

dataset, given the high velocityies and the limit onhigh—frequenchiigh-frequencycontent, we do not extract

wavelengths smaller than the spatial sampling. Moreover, surface wave DCs can be extracted at wavenumbers beyond

the Nyquist wavenumber (See Socco and Strobbia, 2009 for details), hence we do not consider spatial aliasing a critical

aspect for the processinthe 2D linegP1 and PRare those with the denser spatial sampling (10 m receiver spacing)

and shot layout (320 m shot spacing) he utilization of a dense spatial sampling and shot |layeistallowedthe

attainment ofte-ebtairhigh signalto-noise spectra and broad band DCs on 250 m windows and 200 m max offset

range; wWhile for the larger 2023 3D seismic survey profiles (ireceiver lines RIR9) the shortetr window size

that provided good quality DGvas 500 m. The shift of the moving window position was set equal to the receiver

spacing and this led to different density of £&long the lines for the three datasets. For the two datasets extracted

from the 3D grid, the most critical aspect was related to the small number of available sources in line with the receivers

(or the opposite for the Common Receiver Gathers (CRGS)). The shot spacing along receiver lines is 225 m (distance

between shot lines), while for the CRGathers h e

to very limited stacking of the spectra.

f

shot o

spacing is 400

Table 2 Windowing parameters used for the optimal dispersion curve extraction.

Processing parameters

Normal 3D grid

receiver lines

On-Reciprocity lines
(source lines)

Minimum window size
Maximum window size
Window stride
Minimum offset
Maximum offset

500 m
500 m
25m
10m
400 m

125 m
250 m
125 m
10m

400 m

Figure 4a shows an example of a shot gather obtained in the study area, along profile P2. TheSeimiwecord

m

(distan

in Figure 4a contains a broad band ground roll that is visibleeat-offsatearoffset traces. Figure 4b gives the

frequencyphase velocity spectrum obtained after transforrtiegyithin the red dashed rectanghe spectrum was
obtained after stackirgpeetrunspectrdrom 5 different shots within the set offset rangehere the DC (fundamental

mode) is picked as the spectral maxima. Figure 4c shows all the picked DCs for P1 and P2, whiddFigiudée

display them as a function of wavelength at their spatial location along the lines. IrsBjarelde, it is remarkable

that long wavelengths, i.e., high investigation depths, are achieved thanks to the high velocities prevalent at the site.

Figures 5a,5b, and5c show the DCs that were picked along the 3D grid receiver lines, source lines, and receiver and

source lines combined, respectively.
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328 Figure 5: Dispersion curves picked along the (a) receivéres;: and (b) source lines;and-(c) Ceombined receiver and source

329 line dispersion curves. The dispersion curves are-plotted as a function of wavelength and spatial location
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A total number of 2557 DCs were picked along the 3D;gritb7 of the DCs were extracted along receiver lines,

while 1790 (more than twice) were extracted along source lines. The application of the reciprocity principle enabled
the DC density to be increased by ~ 230 % roundgiifigin the retrieved DC datasets, gaps are present in areas: (1)
where the stacked spectra did not show a clear fundamental mode, thus no DC could be picked, which is possibly due
to the presence of sharp lateral variations within the subsurface, (2) where data could not be acquired due to the
presence of mining infrastructure (e.g., tailings dasn&r panelssatellites, roads, etc.), and (3) where source and

receiver lines are distorted by mining infrastructure.

Figure 6a gives an example of a CRG obtained for line S19. To validate the dispersion curves obtained from the CRG
processing, we compared the spectra located at the crossing point for source and receiver lines (Fig. 6b). The
comparison needs to be evaluated taking into consideration that the spectra are computed along two orthogonal
directions and therefore the considered wavefields sample different portions of the supthatagigen the large

window length can lead to different phase velocities. We therefore do not expect the spectra to be necessarily equal.
In general, there is a relatively good agreement between the spectra of the two orthogonal lines and spectra computed
from CRGsare broader band than those computed along receiver lines. This is attributed to the traces in CRGs having
a smaller spacing (Table 1). Meanwhile, the spectra from the receiver lines have greater spectral;rdaeltdidime

spectra along these lines being computed using larger spatial windows.
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350 In Figure 7&f, we show the wavelength coverage of the estimated DCs for the 3D grid as-pbeesiwithin different
351 wavelength ranges, i.e. for progressively higher investigation depths. The highest coverage is achieved for

352  wavelengths between 50 m and 350 m, but it is still significant up to 550 m over wide areas of the grid.
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355 Figure 7: Pseudeslices of the estimated dispersion curves from the site shown using wavelength ranges of (a)3fm, (b)
356  50-150m, (c) 156 250 m, (d) 250 350 m, (e) 350 450 m, and (f) 450 550 m.

357

358 3.3 Laterally constrained inversion (LCI)

359  Toinvert the picked DCs for-@&ave velocities, we adopted the LCI scheme. The LCI was first proposed by Auken
360 and Christiansen (2004) for inverting resistivity data using a pseDdayered parameterization. The LCl is a
361  deterministic inversion technique that is predicated on an algorithm created for a 1D scheme that makes use of lateral
362  constraints. A lateral constraint is a parameter that defines the variance permitted for parameters of neighbouring
63 models (Wign and Christiansen, 2005; Socco et al., 2009). The constraints represent a spatial regularization that
364  avoids overfitting the final model. The smaller the expected variance in the area, the stronger the lateral constraints
65  (Wisén and Christiansen, 2005; Socco et al., 2009). The optimization of the lateral constraints can be done by running
66 a set ofinversieninversionsstarting from unconstrained and rising gradually the level of constraints until the fitting
67  between model and dattaristartsto decrease (Boierand Socco, 2010). The inputs are the DCs and the initial model
368 at the locations of the DCs. The initial model parameters of the LCI inversion scheme are the layer thicknesses,
69 Poi s s o ndessityamltSwave velocities. The technique simultaneously inverts all the pigk&eDCs by
370  minimizing a common objective function, which incorporates the fitting of data with the model, a priori information,

371 and constraints. The LCI uses a damped {s@séres inversion scheme to update the model iteratively. The initial S
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fixed (Khosro Anjom et al., 2024). The final result of the LCI isw&ve pseud@D/3D velocity model.

after

In this study, the parameterization of the initial model is laterally invariant, Table 3, and is based on the obtained SW

information and expected geological properties of the site: The initied\& velocity model was created from the

picked

study area (i.e., mainly the partially metamorphosed sedimentary rocks of the Timeball Hill Formatiaon

DCs,

whi

| e

Poi ssonbs

rati o

and

density

Ximum

depth of the initial model was set on the basis of a sensitivity analysis with Montecarlo inversion and a wavelength

depth analysis (Socco et al., 2017) carried out on some sample curves (not shown here). The analysis computed the

relationship between wavelength and investigation depth of the selected DC and showed that DCs with large

wavelengths (Figres 8eand-and-8f) have a large investigation depth that goes beyond 3@dter.some inversion

tests, we used a lateral constraint of 700 m/s, which wasidlxénumlevel of constraint that could invert the data
without underfitting-eroverfitting the picked DCsHig. 89. Figure 8 illustrates an example of the fitting obtained
between picked and modelled DCs for lines R1, R2, and R3 (Fig. 8a), along with the global misfit calculated between

theinvertedcomputecandrealexperimentaDCs for each iteration (Fig. 8b). The lowest global misfit obtained after

39 iterations is 65 m/s.

Table 3 Initial model parameters used to invert the picked dispersion curves.

Layers Swave Density P o i s g Thickness
velocity (m/s) | (gl &) | ratio (m)
1 1000 1.8 0.3 20
2 1020 1.8 0.3 30
3 1200 1.8 0.3 30
4 1500 1.8 0.3 30
5 1500 1.8 0.3 30
6 1700 1.8 0.3 30
7 2000 1.8 0.3 30
8 2500 1.8 0.3 50
9 3000 1.8 0.3 100
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4 Results andHinterpretation
Figures 9 and 10 showthe nearsurface Swvave velocityfield-models obtained through the LCI of the picked DCs

along the 2D lines (P1 and P2) and 3D grid, i.e., along the receiver and sourcee$ipestively. In Figures 9, 10

and 11, both vertical and lateral velocity geological variations in the study area are resolved.

The results of the inversion showed significant update with respect to the initial model, as confirmation of the

sensitivity of the data to model parameters. Velocity reversal zones with spatial consistency appeared in several zones

of the final 2D/3D models. Since the initial model does not contain any velocity revegsabnsider them a reliable

feature in the final models. The spatial consistency of the velotitye layers is not due to the introduction of the

lateral constraints since the low velocity zones were present also in the unconstrained inversion we carréed out as

benchmark to define the optimum level of constraints. As far as the investigation depth is concerned, we tested the

sensitivity through the wavelengttepth analysis and, in certain zones of the final velocity models, we saw significant

updates with respect to the initial model, down to a depth greater tham.300 other zonesinstead, a lower

penetration depth was reached. We hence plotted the final models using a variable depth, based on the penetration

depth of the DCs. The estimated velocities are in line with the expected values for the formations. The expected

vertical resolution isbeut 20 m in the upper part of the model asdgbut- 40 m in the deeper part of the model,

consistentlgonsistentvith the selected initial model. The lateral resolution is related to the DC density along the line

(from 10 to 25 m) but is also affected by the smoothing effect of the processing windows)(IrA% (Table 2).

4.1 Lithological layering, faults, and intrusions

From the obtained highesolution 2D Swvave velocity models, for P1 and P2 (&i@), notable is that the site is
characterized by a prominent (1) velocity reversal zone (indicated with a black solid line) due to lithological changes
(Figs. 9band-andc) and (2) low and highvelocity zones that extend from the surface to great depths (i.e., > 150 m).
Evident in Figure 10 is that thev&ave high (1), low (I1), and reversal (l1I) velocity anomalies aisoresolved in the

3D grid Swave velocity modehs-well A goodS-wave-velocity-an@nomaly spatial locatioand velocitycorrelation

is observed between the 2D and 3D models within the-Vagcity, low-velocity, and velocity reversal zones (Fig.

10). In the 3D Swvave velocity model, the velocity reversal zone is overlain by aVdicity zone with a shedike

geometry (i.e., nednorizontal and planaorientated, Fig-(H-10}).
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28 Figure 9: (a) 3D plot of the highresolution 2D shear-wave velocity models (i.e., P1 and P2). (b) P1 pseus?lD S-waveshear
29 wavevelocity models shown along with the borehole (i.e., KMF7) located along the line. (c) Zoomed image of the borehole

30 KM F7 showing the depth scale, formations and rock types located in the area.
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Figure 1010: South DeepGold Mine 2D and 3D grid data plot. The rectangles |, Il, and Il indicate correlating high, low

and velocity reversal zones between the obtained 2D and 3Bvave shearwavevelocity models, respectively.

Figure 11 illustrates the correlation between availabléceborehole logs in the study area and theeve velocity

profiles closest to them. Apparent in Figures 9lgrad 11a is that the identified velocity reversal zone (indicated by

a solid black line) marks the boundary/contact between the overlying basalts of the Hekpoort Formation and the
underlying shales and siltstones of the Timeball Hill Formation. Also notable in Figures@lila and b is that

where the depth extent of the uppermost Hekpoort Formation rocks is greater than ~ 50 m and less than ~ 200 m, the
contact between the Hekpoort Formation and Timeball Hill Formation is mapped relatively well; while in areas where
the thickness of the Hekpoort Formation is greater than ~ 200 m (Rigand-andc), the HekpoorTimeball Hill
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444  Formation contact cannot be resolved. Indicated by the black dashed lines are the significant lateral variations present
45 within the rocks of the Hekpoort and Timeball Hill Formations, which are elaboratedmtbesfollowing sectioan
46  inthe-sectionthatfollowsThis comparison of-ave velocity profiles and proximal borehole information illustrates
447  thatthe obtained-&ave velocities are sensitive to the lithological variation characteristic of the site and are reasonable
448  and reliable.
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