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Abstract 

First-Arrival Traveltime Tomography of Active-Source Data in the Kansanshi Copper 

Mine, Northern Zambia 

Vessela Hobson 

 

Sedimentary rock-hosted deposits are a major source of copper and cobalt, with the Neoproterozoic 

central African Copperbelt being among the largest Cu-Co provinces in the world, accounting for around 

15% of its copper resource. The deposits occur primarily in the carbonates and siliciclastic sediments 

overlying the basement, and formed during early diagenesis (around 820 Ma) and late 

diagenesis/metamorphism during the Pan-African Orogeny (580-520 Ma). The northwest province of 

Zambia hosts three major copper deposits, amongst which is Kansanshi: the focus of this study. The 

deposit, which lies north of the Solwezi dome, is hosted within the Katangan Supergroup, particularly 

within the carbonaceous phyllites and porphyroblastic schists of the Mshwaya subgroup and lower 

Nguba Group and extends along the strike length of the North-West trending Kansanshi antiform. In this 

study, tomographic inversion is applied to first arrival refraction data collected at the Kansanshi Copper 

Mine with the aim of locating potential copper-bearing structures.  

    The survey was carried out using both dynamite and VIBSIST sources along 3 profiles; 2 trending 

North-East across the Kansanshi anticline and 1 trending north-west parallel to it. Seismic refraction 

tomography is an excellent tool for investigating the shallow subsurface, providing a velocity 

distribution. Unlike conventional refraction seismics, it allows for the velocity calculation of each cell 

in a non-homogeneous earth model, rather than just the average velocity of individual layers - allowing 

us to map structure and infer geological units and weathering profiles. The data highlights abundant 

faulting and varying depth to fresh bedrock. The various lithologies have also been interpreted. 
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Populärvetenskaplig sammanfattning 

Seismisk tomografi baserad på ankomsttider av de först anländande vågorna från 

aktiva källor i Kansanshi koppargruva, norra Zambia 

Vessela Hobson 
 

Avlagringar i sedimentära bergarter är en viktig källa till koppar (Cu) och kobolt (Co), varvid det 

neoproterozoiska centralafrikanska kopparbältet är bland de största Cu-Co-provinserna i världen och 

står för cirka 15% av dess kopparresurs. Avlagringarna förekommer främst i karbonater och 

siliciklastiska sediment som ligger ovanför urberget och bildades under tidig diagenes och sen 

diagenes/metamorfos under den Pan-Afrikanska orogenesen. I nordvästra Zambia finns tre stora 

kopparfyndigheter, varav en av dem är Kansanshi: fokus för denna studie. Fyndigheten, som ligger norr 

om Solwezi-domen, är belägen inom Katanga-supergruppen, särskilt i de kolhaltiga fylliterna och 

porfyrblastiska skiffren i Mshwaya-undergruppen och nedre Nguba-gruppen och sträcker sig längs den 

nordväst gående Kansanshi-antiformen. 

      Refraktionstomografi är en metod som används för att avbilda geologiska strukturer under markytan 

genom att mäta hastigheten hos seismiska vågor som reflekteras och refrakteras (bryts) längs bergarts-

kontakter. Tomografisk inversion är ett sätt att beräkna hastigheten i marken baserat på ankomsttiderna 

för seismiska vågor till en rad av mottagare. I den här studien tillämpas tomografisk inversion på data 

från de först anländande refrakterade vågorna som samlats in i Kansanshi koppargruva med syftet att 

lokalisera potentiella kopparbärande strukturer samt att uppskatta tjockleken på det översta lösa 

jordlagret och djupet till urberget. Undersökningen genomfördes både genom att använda dynamit och 

så kallade VIBSIST-källor längs tre profiler; två i nordöstlig riktning, tvärs över Kansanshi-antiformen, 

och en i nordvästlig riktning, parallellt med antiformen. Seismisk refraktionstomografi är ett utmärkt 

verktyg för ytnära undersökningar och ger en hastighetsfördelning av marken. Till skillnad från 

konventionell refraktionsseismik beräknas här hastigheten i varje enskild cell i en icke-homogen 

jordmodell, snarare än bara medelhastigheten för enskilda lager - vilket gör det möjligt att kartlägga 

strukturer samt uttyda geologiska enheter och lösa jordlager. 
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1 Introduction 

The Neoproterozoic Katangan belt (Lufilian Arc) of Zambia and the DRC forms the Central African 

Copperbelt - among the greatest metallogenic provinces of the world, yielding in excess of 10 billion 

tons of ore to date (McGowan et al. 2003). It forms a thrust-and-fold arc between the Kalahari and 

Congo cratons (Figure 1), arguably as a continuation of the Damara belt to the West, as suggested by 

Cailteux et al. (2005) and additionally, it hosts the Katangan sedimentary succession - a 5-10 km thick 

unit comprising the Roan, Nguba and Kundelungu groups, deposited after the intrusion of the Nchanga 

granite (883 Ma) (Haest, Munchez 2011). 

The copperbelt contains deposits at a number of different stratigraphic horizons within the 

Neoproterozoic metasedimentary rocks of the Katangan Supergroup, displaying disseminated, generally 

fine grained sulphides and vein-hosted, generally coarse-grained sulphides (Hitzman et al. 2012). The 

age of the supergroup is not well constrained, however the youngest pre-Katangan basement intrusion, 

being the Nchanga Granite, is nonconformably overlain by the Katanga Supergroup sedimentary rocks 

and does provide a reliable maximum estimate of the beginning of deposition of the Katanga 

Supergroup. Magmatic zircons extracted from the granites have been dated at 883 ± 10 Ma. (Armstrong 

et al. 2005). 

 

 

Figure 1 Regional map of the African Copperbelt between the Congo and Kalahari cratons. Modified from 

Cailteux et al. (2005). 
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2 Aims 

In this study, a tomographic inversion method is performed on first arrival refraction data from both 

VIBSIST and dynamite sources across 3 profiles. The aim is to achieve a good velocity representation 

of the subsurface and in conjunction with geological mapping of the area to interpret lithological 

contacts, depth to basement (and possibly mineralization), depth to base of weathered cover layer, as 

well as potential fluid-bearing structures. 

3 Background 

3.1 Regional geology 

The mineralization at Kansanshi is a structurally controlled, with copper veins hydrothermally deposited 

within the dolomites and dolomitic shales of the lower Roan sedimentary rocks of the late Precambrian 

Katangan supergroup, which form the southern part of the belt (McGowan et al. 2003). Figure 2 shows 

the regional geology of the study area, notably the Lufilian Arc with outcropping Roan group and Pre-

Katangan basement supergroup. The Nchanga Red Granite gives the maximum age constraint of the 

lower Roan rocks at 877 Ma (Armstrong et al. 2005), while the main phase of thrusting is considered to 

have taken place between 560 and 550 Mya (Hanson et al. 1993).  

 

Figure 2 Geological map of the Central African Copperbelt, highlighting the location of Kansanshi in red. 

Modified from Cailteux et al. (2005). 
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Figure 3 shows a generalized cross section of the Nchanga stratigraphic sequence, based on Cailteux et 

al. (2005) 

 

Figure 3 Nchanga stratigraphic sequence, from McGowan et al. (2003). 
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3.2 Ore genesis and description 

Sulphur isotope analysis detailed in McGowan et al. 2003 suggests a model of ore formation resulting 

from thermochemical reduction of sulphate and metal-bearing hydrothermal fluids, migrating upwards 

from the basement and precipitating within the overlying sedimentary host rocks, sealed by shale 

horizons on the margins of the basin. The ore horizons are hosted in arenites or arkoses, capped by 

overlying shales and associated with small thrust-controlled anticlines (Figure 4). Deposition of 

mineralization is therefore dependent on dome shaped trap structures, as well as a redox boundary where 

oxidized fluids from the basement intersect the reducing carbonaceous sediments (and by extension - 

proximity to basement). 

 

Figure 4 A simplified fluid-flow model by McGowan et al. (2003). Areas of interest are notably thrust faults and 

folding in the shales. 

The ore comprises mainly disseminated sulphides forming stratiform deposits hosted in finegrained 

siliciclastic or dolomitic sedimentary rocks (Cailteux et al. 2005). The stratigraphy at Kansanshi has 

been interpreted by Hitzman et al. (2012) as a symmetrically repeated sequence across a recumbant 

isoclinal fold comprising (from the base upwards): approximately 15 m thick dolomite sequence; a 

locally garnetiferous biotite schist; a thick zone of fine to medium-grained marble; a sequence of 

calcareous schists; a 30 to 100 m thick sequence of knotted schists, biotite schists and phyllites; a 10 to 

80 m sequence of upper marble; at least 250 m of phyllites and knotted schists; massive grey calcic 

marble; an upper pebble schist and upper dolomite. 
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3.3 Kansanshi mine 

The Kansanshi copper mine, the focus of this study, is located 10 km north of the city of Solwezi. The 

deposit lies within a north-west trending anticline, striking for approximately 12 km, with the main vein 

deposits dipping sub-vertically, perpendicular to the fold axes. The mining area includes a well 

mineralized zone of faulting, abundant injection vein networks and brecciated units. Copper 

mineralization occurs within mesoscopic veins, thin bands and veinlets which lie parallel to foliation 

and as disseminated mineralization (as a result of albite-carbonate alteration). However, it may also 

occur in brecciated zones within oxidized and supergene enriched layers which host secondary copper 

minerals (Gregory et al. 2012). Primary copper sulphide is dominated by chalcopyrite and is associated 

with trace amounts of bornite, pyrite and pyrrhotite, while oxide mineralization is dominated by 

malachite, limonite, chrysocolla and cupriferous goethite (Hitzman et al. 2012). 

Figure 5 shows a generalized cross section through the main pit (shown in map view in Figure 6), with 

deposits occurring along the crest of the Kansanshi antiform. 

 

 

Figure 5 Generalized cross section across the Kansanshi antiform including the main pit (Hitzman et al. 2012), 

shown in map view in Figure 6. 

 

Figure 6 Geologic map of the Kansanshi area, showing the location of the main pit along the crest of the Kansanshi 

antiform from Hitzman et al. (2012). 
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3.4 Survey location 

Figure 7 shows the locations of the three seismic lines surveyed. Seismic data were collected along each 

line using both dynamite shots and VIBSIST seismic sources. The red dots indicate the locations of the 

explosive shots, set roughly 10 m apart. 

 

Figure 7 Aerial view showing the locations of the three seismic profiles (profiles 1-3) and the main pit. 

3.5 Theory 

3.5.1 Seismic methods 

Seismic energy propagates through the earth in the form of acoustic and elastic waves. Seismic refraction 

methods make use of the shortest traveltime between source and receiver (the first arrival), which is 

usually the energy transmitted into the subsurface, refracted along the interface between two layers of 

different velocity and returned to the surface as a head wave. The method has as prerequisite that the 

velocity of the layers increases with depth, or that the lower velocity layer overlies the faster one. Depth 

of investigation of seismic surveys typically depends on geophone spacing and signal strength (Rucker 

2003). Most refraction surveys are generally limited to shallow subsurface imaging, however wide-

angle reflection profiles have historically been used for examination of earth’s crust and imaging of the 

Moho (crust-mantle boundary) (Teng et al. 2013), so the method is generally limited to relatively 



7 
 

shallow surveys. In this study, the depth of investigation is approximately 400 m, collected by a receiver 

array several kilometres long. 

3.5.2 Wave propagation 

Seismic waves in the earth follow ray paths related to the positions of the source and receiver, as well 

as to the velocity structure of the subsurface. According to Fermat’s principle, a ray will follow that ray 

path which takes the minimum time (Lay & Wallace 1995). The traveltime of a wave along a particular 

ray path Γi in a varying velocity medium is given by: 

  (1) 

(Described in more detail in Menke (1989)). Rays may therefore be reflected off a boundary back to the 

surface, in which case their 2-way traveltime combined with information about the velocity of the 

medium provides us the geometry and depth to the reflecting surface. They may also be critically 

refracted along a boundary, travel along it for a certain distance, and return to the surface as a headwave 

(Figure 8). 

The critically refracted wave travels along the refraction boundary at a greater velocity than the reflected 

wave, and a plot of arrival times versus horizontal offset distance (Figure 9) allows us to calculate their 

respective velocities. The gradient of a time versus distance plot is 
𝑡𝑖𝑚𝑒

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
=

1

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
, or slowness 

(Reynolds 1998). 

The purpose of seismic tomography is to find a velocity model for the subsurface which is consistent 

with the observed travel times along the ray paths. Following the theory outlined in Menke 1989: the 

travel times are measured at receivers and collected into a data vector d of N number of measurements 

d = [t1,t2,...,tN]. These measurements are used to calculate, as accurately as possible, the values of a set 

of chosen model parameters (in this case slownesses), represented as a vector m of length M, m = 

[s1,s2,...,sM]. The simplest method for solving linear inverse problems is based on calculating the 

difference between the size of the estimated model parameters, mest (resulting in predicted data dpre = 

Gmest), and the observed data dobs (Menke 1989). Each measurement gives a prediction error (or misfit) 

ei = dobs
i − dpre

i . The best fit is therefore one with model parameters resulting in the smallest overall error 

E, given as the squared euclidean length of the vector ei: 

 

 

 𝐸 = ∑ 𝑒𝑖
2 =  𝑒𝑇𝑒𝑁

𝑖=1 . (2) 
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Figure 8 Reflected and refracted ray paths from source to multiple receivers, reflecting on a horizontal interface 

with V2 > V1 (modified after Reynolds 1998). 

 

 

Figure 9 Time versus offset plot showing direct arrivals, crossover point (where the refracted wave overtakes the 

direct arrival) and finally, refracted arrivals (modified after Reynolds 1998). 
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3.6 Ra2DTomo background theory 

3.6.1 The forward problem 

The forward model, outlined in Günther (2005), aims to simulate a ray for a given velocity (or slowness) 

distribution and to predict first arrivals (calculated as the integral of the slowness over the whole path), 

which match the measured traveltimes. Thus, the total travel time for each ray is the sum of the 

traveltimes passing through all the cells in its path: l. 

 𝑡 = ∫
1

𝑣
𝑑𝑙

𝑙
=  ∫ 𝑠 𝑑𝑙

𝑙
 (3) 

We can choose to subdivide the model into M number of cells, each with constant slowness si, which 

gives the travel time for each ray:  𝑡 = ∑ 𝑙𝑖𝑠𝑖
𝑀
𝑖=1 . 

This can also be expressed as a matrix-vector product: t = Ls where  

t = Travel time vector of N measurements (or data vector);  

s = Vector of M slowness values si, where i = 1 : M; 

L = Path matrix of elements Lij containing the path length of the ith ray through the jth element. 

Since each ray covers only a few cells, the L matrix is generally sparse. 

 

3.6.2 Gridding and arbitrary surface topography 

The ray tracing method begins with parametrizing the model to a 2D grid by applying the method of 

Delaunay triangulation (Lee and Shachter 1980). This is a method of constructing a grid which is 

equivalent to the nerve of the cells in a Voronoi diagram (described in Aurenhammer and Klein 2000). 

Günther et al. (2006) present a technique for determining resistivity or velocity structures associated 

with surface topography, which is applied by Ra2DTomo in gridding the velocity data mesh. This 

method employs finite element techniques for solving the forward problem and simulating model 

response, which have the added advantage of allowing to describe surface geometry. The grid needs to 

be relatively coarse, so as to limit the degrees of freedom of the inverse problem and ensure it is well-

posed, but at the same time fine enough to provide a sufficiently high resolution for an accurate model 

(Günther et al. 2006). Figure 10 provides an example of how this unstructured tetrahedral mesh is used 

to provide greater resolution near the surface and thus better approximate surface topography. 

Figure 10 (a-c) Various tops of unstructured tetrahedral meshes used to allow fitting geometrical constraints more 

flexibly (modified after Günther et al,. 2006). 
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Note that grid spacing is smaller (providing better resolution) in areas of more information (i.e. higher 

density of intersecting rays). The rays are restricted to the edges of the grid and a shortest path problem 

is solved by means of Dijkstra’s shortest path algorithm (Dijkstra 1959)), starting at a shot point and 

branching out like a tree of travel times spanning the domain. 

Figure 11 shows the triangulated grid generated for profile 1 blast first arrival picks with Figure 12 

plotting the locations of the shots (the stars on the surface) along with the travel times for each individual 

shot. 

 

 

Figure 11 Example of Delaunay triangulation used in Ra2DTomo on profile 1 blast data with grid cell size 

parameter = 0.3. 

 

Figure 12 Travel times in ms for individual shots from profile 1 blast data. Shot locations marked by asterisks 

.  
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3.6.3 The inverse problem 

Since ray paths depend highly on velocities, the inverse problem is non-linear and needs to be solved 

using iterative methods. A simple, horizontally layered starting slowness model s0 is generated using 

user-input estimations of minimum and maximum velocities. From this starting estimation, new models 

are calculated based on the misfit - the difference between data and model response. Solving 

 sk+1 = sk + ∆sk = sk + L−1sk)(t − L(sk)sk) (4) 

where s0 is the starting model slowness, sk is the kth iteration of inversion, L = travel path vector. L is 

then computed iteratively. 

As outlined in equation 2, we want to minimize the square of the difference between the data values 

(time vector t) and the model response (Ls), or 

 

 Φ𝑑 = ∑ 𝑡𝑖 − (𝑳𝑠1) = ||𝒕 − 𝑳𝑠||2
2𝑁

𝑖=1 . (5) 

 

where Φd are the data and t is the travel time vector. Solving this using the Gauss-Newton method of 

least squares gives: 

 ∆sk = (LTL)−1LT(t − Lsk). (6) 

In order to improve stability in the data errors, a model function Φm is introduced with a regularization 

parameter λ, so that Φ = Φd + λΦm where C is an operator to be minimized. 

The regularized equation is now 

 

 ∆sk = (LTL + λCTC)−1(LT(t − Lsk) − λCTCs). (7) 

 

Equation 7 is iterated until Φ stagnates. 𝛿𝑡 = √
Φ𝑑

𝑁
  is the RMS error, while the regularization parameter 

λ controls the smoothness of the model (it needs to be chosen in such a way that δt reflects the 

measurement errors). Before we start the inversion, we choose appropriate parametrization (dx), which 

is determined by the geophone spacing and the maximum depth of investigation. Effective velocity 

calculation in each cell relies on good ray path coverage. 
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3.6.4 Model sensitivity and resolution 

Model resolution is governed by the choice of parametrization (the minimum size of the Delaunay 

triangles), as well as data coverage. There are limitations however, and an inappropriate cell size will 

give an unrealistic model, which fails to resolve the structures at depth. Figure 13 shows the inversion 

results of profile 1 with a cell size parameter of 0.1. The very shallow features (down to 50 m depth) are 

well resolved, however there are some geologically unrealistic vertical low velocity features. Similarly, 

Figure 14 shows no detail in the deeper portions. The result in Figure 15 shows a generally more realistic 

model with low velocity shallow features, as well as what is possible folding in the basement, as well as 

the lowest RMS misfit. This is not an empirical calculation of model reliability, but rather a visual 

representation of badly chosen starting parameters, yielding a geologically unrealistic velocity model. 

 

 

Figure 13 Profile 1 inversion results. Cell size parameter: 0.1, smoothness parameter: 300, RMS misfit: 10.83 ms. 

Figure 14 Profile 1 inversion results. Cell size parameter: 0.9, smoothness parameter: 300, RMS misfit: 10.80 ms. 

Figure 15 Profile 1 inversion results. Cell size parameter: 0.4, smoothness parameter: 300, RMS misfit: 7.99 ms. 
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4 Methods 

4.1 Data collection and filtering 

Dynamite and VIBSIST data were acquired along 3 profiles, as displayed in Figure 16. Profile 2 was 

surveyed in a N-S direction, parallel to the Kansanshi anticline and profiles 1 and 3 were surveyed in a 

SW-NE direction, roughly perpendicular to its strike. Each dynamite shot record employed 351 active 

28 Hz geophones, spaced 10 m apart. On average, the explosives were buried to a depth of around 10 

m and a recording length of 20 s was used with a sample rate of 1 ms. The data along profiles 1 and 3 

were acquired using a roll along technique, moving 30 receiver units along from one end of the line to 

the other, resulting in an active spread of 3,5 km, while profile 2 employed a fixed geometry. 

The first step in data processing is importing the geometry. Typically, shot and receiver locations in the 

field are recorded without true positions, hence correct GPS coordinates need to be assigned to them. 

Field observer logs were vital to this process and provided us with a record of geophone spacing, sample 

rate, recording length, geophone response frequency, number of active channels and any changes which 

may have occurred during the data acquisition. This information was entered into the Globe ClaritasTM 

geometry application which creates the geometry database to be assigned to individual traces. Once the 

shot locations and field geometry are merged, the data are ready for further analysis. Figure 16 shows a 

geologic map of the Kansanshi area and the locations of the 3 seismic lines surveyed, with shot point 

locations plotted in red. 

Given the survey’s proximity to the active mine and major haul roads, surface waves from trucks, as 

well as body waves from drilling for blasting was expected to influence data quality. The signal to noise 

ratio was improved by vertically stacking the repeated VIBSIST sweeps at same source location. First 

arrivals were picked using Globe ClaritasTM, and were then exported into a text file containing source 

and receiver locations and arrival time for each shot. The exported arrival times are then resorted into 

Ra2DTomo format requirements and processed with Ra2DTomo as discussed in the Inversion section. 

Based on geological models and drilling in the area (Hitzman 2012), we expect weathered rock for 

around 50 m down to fresh bedrock with possible faulting, notably across profile 2. 
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Figure 16 Geological map Kansanshi region showing the locations of the 3 seismic lines. Map provided by First 

Quantum Minerals Ltd. 

 

4.2 VIBSIST 

VIBSIST is a high frequency seismic imaging method based on the Swept Impact Seismic Technique 

(SIST) outlined in Park et al. (1996). It has versatile applications for near-surface mapping, providing 

good resolution and signal to noise ratio by combining the concepts of Vibroseis swept-frequency and 

Mini-Sosie seismic methods. The signals are generated as a series of pulses, however the frequency does 

not vary, allowing for the signal to be built up over time (Cosma 2001). The signals are produced by a 

low-power impact source as a series of high frequency, broad band pulses according to a time-encoded 

sequence scheme in which the rate of impact (pulses per second) changes linearly with time. The 

technique can yield high resolution data comparable to that of Mini-Sosie, but with fewer impacts, 

shortening recording time to a few seconds. 
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As described in Park et al. (1996); a conventional, single pulse seismic record: rs(t), can be expressed 

as: 

 rs(t) = s(t)∗e(t) + n(t) (8) 

where s(t) is the single seismic pulse generated by source, e(t) is the impulse response of the earth and 

n(t) the ambient random noise. 

In a coded impact seismic technique (like SIST and Mini-Sosie), s(t) is repeated according to a code 

sequence y(t), and the complete seismic signal at any time t is expressed as the convolution of the single 

pulse s(t) and the code sequence y(t): 

 ψ(t) = y(t) ∗ s(t). (9) 

The coded seismic record rc(t) is the convolution of the signal with the earth’s impulse response along 

with random noise: 

 rc(t) = ψ(t)∗e(t) + n(t) = y(t)∗s(t)∗e(t) + n(t). (10) 

The amplitude spectrum of a sweep signal may differ very little in bandwidth from that of the unit 

impulse response. The resulting problem is that a signal of known frequency, amplitude and phase is 

transmitted into the ground, contaminated by noise, and recorded by the receiver. 

The problem is therefore to locate and extract the original signal from the background noise. We can 

model this process by the convolution of the sweep signal operator with the reflection coefficients of 

the layered earth model. 

Traditionally, a good way of separating the earth signal from the noise is to cross correlate the sweep 

with the recorded signal, as outlined in Lindseth (1968). In the time domain, the output is the convolution 

of the sweep signal operator with the earth response (generally seen as the reflection coefficients of 

the layered earth model). If the source wavelet in the time domain is described by the function s(t), and 

the geophone response x(t), with e(t) being the earth impulse response, then 

 x(t) = s(t) * e(t). (11) 

Transforming 11 into the frequency domain: 

 X(ω) = S(ω)G(ω). (12) 

Cross correlating the received signal x(t) with the source signal s(t), the new signal c(t), transformed in 

the frequency domain is 

 C(ω) = X(ω)S?(ω) = | S(ω) |2G(ω). (13) 
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(Recall: cross correlation of A with B in time domain corresponds to multiplication of A and B∗ in 

frequency domain). 

Since the amplitude spectrum of S(ω) is flat over the frequency band and zero outside, cross correlating 

the time-domain seismogram response with the time-domain source function, we get scaled band limited 

impulse response of the earth (Baeten, 1989). Cross correlation therefore allows us to emit a signal with 

an arbitrary phase spectrum and obtain the impulse earth response, provided we know the phase 

spectrum of the source wavelet. 

A shift-and-stack algorithm, which employs Park’s method of obtaining higher signal to noise ratio, was 

added to Globe ClaritasTM using an Uppsala University written module. The technique uses the 

conventional single-pulse seismic record, expressed in 11, where s(t)-representing coherent seismic 

events is repeated many times according to a code sequence y(t). The complete signal can be expressed 

as 

ψ(t) = y(t) * s(t)                                                               (14) 

and the coded seismic record rc(t) can be expressed as 

rc(t) = ψ(t) * e(t) + n(t) 

= y(t) * s(t) * e(t) + n(t) 

where n(t) is the random ambient noise. Now all the seismic pulses are correlated into one single pulse 

by cross correlating the recorded sequence y(t) with the coded record rc(t) so as to identify coherent 

individual seismic events. The decoded seismic record: rd(t) can be expressed as: 

rd(t) = y(t) ⊕ rc(t) 

= y(t) ⊕ [y(t) * s(t) * e(t) + n(t)] 

= ACF[y(t) * s(t) * e(t) + y(t) ⊕ n(t)] 

 

where ⊕ represents cross correlation and ACF is the autocorrelation function. 

In the frequency domain (upper case indicating the Fourier transform): 

|Pd(jω)| = |Y (jω)|2 × |S(jω)| × |E(jω) + |Y (jω)| × |N(jω)|. 

This results in convolving the coherent events by the auto-correlation function of the code sequence, 

while the random noise is cross-correlated by the code sequence. The aim is to end up with a decoded 

record with all the events looking the same as those in the single-pulse record, but with increased signal 

to noise ratio, thereby amplifying s(t) with no distortion to its waveform. 
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4.3 Picking first arrivals 

4.3.1 Filters 

Seismic waves propagate spherically outwards from the source, so their amplitudes decay linearly by 

way of geometric spreading. They are also attenuated by any medium they pass through (elastic energy 

is lost as heat, sound, scattering, etc.) and the rate of attenuation is usually exponential to the path length 

traversed by the wave (energy decays as  and amplitude as ). To compensate for this energy loss, and 

enhance the amplitudes of weak arrivals, an automatic gain control (AGC) is commonly applied, 

enabling us to see the first breaks more clearly during picking. Some of the lines were quite noisy in 

places, where the major service roads go to and nearby the mine and this almost obscures the signal in 

places. Vertical stacking of repeated shot records improved the signal to noise ratio. Filtering must be 

done carefully so as not to remove useful information from the signal. 

4.3.2 Picking 

The filtered data showed the first arrivals quite clearly and I used the Claritas first break picking tool to 

pick the first arrivals. Where the data were noisy and the first breaks could not be easily picked, the 

velocity tool provided a convenient estimation of whether the arrivals picked are the true refracted wave 

(head wave), or the (slower) surface wave. The first arrivals were exported as an ascii file, which could 

then be used in the tomographic inversion. 

4.4 Inversion 

The first arrival picks were exported as a column text file, to be inverted using the Ra2DTomo software. 

The choice of inversion parameters is important - the cell size of the mesh needs to be small enough for 

a detailed model and in addition, a cell needs to be intersected by a ray path in order for its velocity to 

be calculated. There is therefore a trade-off between model resolution and data coverage. The number 

of receivers, shot locations and picked first breaks for both sources across all profiles is summarized in 

Table 1. 

 

Table 1: Comparison of shot coverage and picked first breaks for both VIBSIST and dynamite data. 

  VIBSIST   Blast   

Profile Nr of shots Nr of receivers Nr of data RMS Nr of shots Nr of receivers Nr of data RMS 
Profile 1 548 548 23350 8.44 52 348 5677 7.99 
Profile 2 345 345 20861 11.47 68 345 9335 8.71 
Profile 3 517 710 36411 8.05 33 327 5492 6.01 
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The inversion was performed with a starting model depth of 250 m and velocity model of 300 m/s - 

3000 m/s. The model was parametrized using an appropriate triangulated mesh as described in section 

1.4.2, with each line comprising roughly 5500 individual cells of varying sizes, appropriate to ray 

coverage density and surface topography. An example of the starting model generated for profile 1 is 

provided in Figure 17. Each iteration of the inversion calculates the slowness at each cell intersected by 

a ray path, then calculates the misfit between the calculated arrival time and the original data (as 

described in Equation 4). 

 

Figure 17 Example of starting model: profile 1. 

 

5 Results and interpretation 

5.1 Model response and misfit 

In order to verify that the inversion model approximates the observed data sufficiently accurately, we 

compare the square of the difference between the two (the RMS misfit) as described in Equation 5. 

Figures 18 to 20 plot the observed data along with the inversion model response for each line of blast 

data. This is a good way to visualise where the model best fits the data vs where the errors are larger. 

Here the data show a very close approximation of the model, especially in the earlier times (under 

200 ms). 

 

Figure 18 Profile 1 blast data and model response. RMS misfit: 7.99 ms. 
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Figure 19 Profile 2 blast data and model response. RMS misfit: 8.71 ms. 

 

Figure 20 Profile 3 blast data and model response. RMS misfit: 6.01 ms. 

At the end of each iteration, the RMS is compared to that of the previous iteration. If the calculated RMS 

stagnates, the inversion is acceptable and no more iterations are performed. A final model misfit of 

approximately 10 ms was observed across all datasets. Figure 21 plots the RMS error per iteration for 

each inversion performed. We note a very rapid convergence for the first 3-4 iterations, beyond which 

the model converges slowly and a final, acceptable model is achieved. 

 

Figure 21 RMS errors after each iteration per dataset. 
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5.2 Inversion results 

The inverted data were exported and then gridded using Matlab. Depths greater than 150 m below ground 

were masked out and the profiles were gridded at 5m cell sizes. The results are presented to scale in 

figures 22 through 24. Regions outside of the ray coverage model are masked in white. 

 

Figure 22 Velocity inversion results for profile 1, VIBSIST and dynamite data, overlain with ray coverage. 

Figure 23 Velocity inversion results for profile 2, VIBSIST and dynamite data, overlain with ray coverage. 

 

Figure 24 Velocity inversion results for profile 3, VIBSIST and dynamite data, overlain with ray coverage. 
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5.3 Interpretation 

5.3.1 Velocity distribution histogram plots 

Profiles 1 and 3 traverse the Kansanshi anticline SW to NW, while profile 2 runs N-S parallel to its 

strike. Line 1 traverses predominantly the pebble schists of the Grand Conglomérat, while the others 

intersect outcropping Katonkwe dolostone. The various lithologies in each profile are represented in 

their respective velocity distributions: Figures 25 through 30 plot the histograms of the inversion results. 

All profiles display a low velocity peak (velocities under 1800 m/s typical of wet sand velocity) 

attributed to the weathered top layer, as well as occasionally a peak at 2500 m/s to 3000 m/s. Profile 1 

indicates a higher mean velocity than profiles 2 and 3. 

 

Figure 25 Profile 1 blast inversion results velocity distribution highlighting low velocity portion, possibly 

associated with cover layer. Median velocity: 2200 m/s. 

 

Figure 26 Profile 1 VIBSIST inversion results velocity distribution highlighting low velocity portion, possibly 

associated with cover layer. Median velocity: 2307 m/s. 
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Figure 27 Profile 2 blast inversion results velocity distribution highlighting low velocity portion, possibly 

associated with cover layer. Median velocity: 1217 m/s. 

 

Figure 28 Profile 2 VIBSIST inversion results velocity distribution highlighting low velocity portion, possibly 

associated with cover layer. Median velocity: 1128 m/s. 

 

Figure 29 Profile 3 blast inversion results velocity distribution highlighting low velocity portion, possibly 

associated with cover layer. Median velocity: 1331 m/s. 
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Figure 30 Profile 3 VIBSIST inversion results velocity distribution highlighting low velocity portion, possibly 

associated with cover layer. Median velocity: 1187 m/s. 
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5.3.2 3D structural network 

Mineralization at Kansanshi is believed to be structurally controlled, dominated by dome traps within 

the Kansanshi anticline, as well as proximity to redox boundaries. To better visualize and interpret the 

sections in this context, mapped structure and geology were digitized from Figure 16 and a 3D fault 

network was created in Gocad (Figure 31). The gridded sections were georeferenced in 3D space and 

included in the model. 

Figure 31 3D structural model across Kansanshi pit, showing normal faults (digitized from the geological map 

provided by First Quantum Minerals (Figure 16)) overlain by digital terrain surface coloured by geology. 

 

5.3.3 Velocity sections interpretation 

The gridded results are presented in section below. Faults inferred from the geophysical results have 

been indicated in red, distinguished from known mapped faults which have been indicated in black. The 

velocity contour represents 1800 m/s and maps the base of the weathered layer / water table depth. 

Note: Interpretation sections do not share a horizontal scale, so as to better visualize details in individual 

profiles. 

Profile 1 (Figures 32 and 33) is dominated by shallow, high velocity lithologies - likely represented by 

the Mwashia phyllites and schists, as well as the Grand Conglomérat. Figure 32 highlights the high 

velocity phyllite and schist clastics to the South-west, with the Grand Conglomérat to the North-east. A 

low velocity zone is apparent on the contact between the Grand Conglomérat and the phyllites, possibly 

associated with faulting and weathering. The Katonkwe dolostones interpreted to the north-east of the 
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Grand Conglomérat are represented by velocities typical of dolomites (3500 m/s - 5000 m/s) and 

correlate very well with the mapped Grand Conglomérat/dolostone contact. 

 

Figure 32 Profile 1 blast results gridded at 5 m cell size, highlighting the low velocity weathered layer in blue 

(velocities under 1800 m/s), Mwashia phyllites and schists, Grand Conglomérat, and Katonkwe dolostone. RMS 

= 7.99 ms 

 

The VIBSIST data along profile 1 (Figure 33) highlights the same high velocity units at similar depths. 

The weathered zone between the phyllites and the Grand Conglomérat is also apparent in this data. Both 

profiles indicate a shallow weathered layer to a depth of around 20 m. 

 

 

Figure 33 Profile 1 VIBSIST results gridded at 5 m cell size. RMS = 8.44 ms. 

 

Profile 2 (Figures 34 and 35) comprises lower average velocities and a thicker weathered layer (in places 

greater than 50 m). Faults have been interpreted as weathered zones of lower velocity. 

Several high velocity shallow anomalies are noted, likely associated with mapped gabbro outcrop. 

 

 

Figure 34 Profile 2 blast results gridded at 5 m cell size. RMS = 8.71 ms. 
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Profile 2 VIBSIST data presented in Figure 35 indicate similar low velocities and thick weathered layer 

(as confirmed by Figures 27 and 28). The results highlight abundant weathering and greater depth to 

basement. 

 

Figure 35 Profile 2 VIBSIST results gridded at 5 m cell size. RMS = 11.47 ms. 

 

Profile 3 traverses predominantly Grand Conglomérat and phyllites, with average velocities intermediate 

to those in profiles 1 and 2. Velocity sections highlight two distinct units within the Grand Conglomérat. 

These have not been distinguished in mapping, however this velocity contrast is apparent in both the 

blast (Figure 36) and VIBSIST (Figure 37) data. The weathered layer is very thick - in places up to 150 

m 

 

Figure 36 Profile 3 blast results gridded at 5 m cell size. RMS = 6.01 ms. 

 

The VIBSIST data indicate the same low velocity unit within the mapped Grand Conglomérat, as well 

as a thick weathered layer. 

 

 

Figure 37 Profile 3 VIBSIST results gridded at 5 m cell size. RMS = 8.05 ms.  
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6 Discussion 

All inversions converged to an RMS error of approximately 10 ms. The profiles correspond well with 

geological structures and mapping in the area, therefore 10 ms was judged a low enough misfit to provide 

a good representative model. The data show abundant near-surface features within a non-homogeneous 

halfspace, overlain by a low velocity layer of around 50 m - 150 m of weathered cover (interpreted as v 

<1800 m/s contours). The stratigraphic units are mapped by their respective velocities - most notably 

the intermediate velocity dolomites, the high velocity schists in the Mwashia, as well as the overlying 

Grand Conglomérat in the Upper Roan. The contact between the Grand Conglomérat and the Katonkwe 

dolostones is well defined as a clear change in velocity, most apparent in the Profile 3. The interpreted 

contacts and faults have previously been associated with mineralization and may present prospective 

targets for further exploration. 
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