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We have studied the scaling behavior of compressional-wave velocity and density logs from an exploration
borehole that extends down to about 700 m depth in the Brunswick No. 6 mining area, Bathurst Mining
Camp, Canada. Using statistical methods, vertical and horizontal scale lengths of heterogeneity were estimated.
Vertical scale length estimates from the velocity, density and calculated acoustic impedance are 14 m, 33 m,
and about 20 m, respectively. Although the estimated scale length for the acoustic impedance implies a weak
scattering environment, elastic finite difference modeling of seismic wave propagation in 2D heterogeneous
media demonstrates that even this weak scattering medium can mask seismic signals from small, but yet
economically feasible, massive sulfide deposits. Further analysis of the synthetic seismic data suggests that in
the presence of heterogeneity, lenticular-shaped targets may only exhibit incomplete diffraction signals where-
by the down-dip tails of these diffractions are mainly visible on the stacked sections. Therefore, identification of
orebody generated diffractions is much easier on the unmigrated stacked sections than on migrated stacked
sections. The numerical seismic modeling in 2D heterogeneous media indicates that in the presence of large
horizontal, but small vertical scale lengths (structural anisotropy), identification of massive sulfide deposits is
possible, but their delineation at depth requires detailed velocity modeling and processing algorithms which
can handle the anisotropy.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Application of 2D and 3D reflection seismic methods for mineral
exploration in crystalline rocks dates back to more than 20 years ago
(Malehmir et al., 2012 and references therein; Milkereit et al., 1996,
2000; Pretorius et al., 2003 and references therein). Despite the
progress made during this time, the complex geology in the crystalline
environment still represents a significant challenge for these methods.
Distinguishing high amplitude signals from mineralization zones from
that of their host rocks is an example of one of the challenges
(e.g., Adam et al., 2000, 2003; Dehghannejad et al., 2010; Ehsan et al.,
2012; Malehmir and Bellefleur, 2009; Malehmir et al., 2011; White et
al., 2012). Most studies related to direct orebody detection have so
far focused on diffracted signals generated by mineralization zones
(e.g., Bellefleur et al., 2012; Bohlen et al., 2003; Dehghannejad et al.,
2012; Eaton, 1999; Malehmir and Bellefleur, 2009; Malinowski et al.,
2012; White et al., 2012), neglecting effects from the host rocks.
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However, the Earth is a heterogeneous medium (Frankel and Clayton,
1986) and several studies suggest that the general low impedance
contrast in the crystalline environment combined with scattering of
seismic waves from strongly deformed, metamorphosed, and hetero-
geneous host rocks can mask seismic signals from mineralization
zones that are often small and isolated bodies (e.g., Eaton, 1999;
Malehmir and Bellefleur, 2009; Milkereit and Eaton, 1998; Milkereit
et al., 2000).

Very often, the heterogeneity within the earth is studied assuming a
statistically random media (Frankel and Clayton, 1986; Korn, 1993;
Muller et al., 1992; Roth and Korn, 1993). Such a statistical approach
with the accompanying parameterization provide an effective way to
generate heterogeneous models that can be used to study seismic
wave propagation and seismic scattering (e.g., Bean et al., 1999; Goff
and Levander, 1996; Holliger, 1996; Holliger et al., 1993, 1994;
Hurich, 1996; Levander et al., 1994; Poppeliers, 2007; Wu and Aki,
1985a,b, 1988). A common statistical approach to estimate the hetero-
geneity of a medium is to use borehole petrophysical measurements.
Such measurements allow the estimation of the fractal dimension or
stochastic properties of the medium and can also provide information
on the scale of the heterogeneity of various petrophysical properties
such as P- and S-wave velocity and density (e.g., Bansal et al., 2010;
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Dolan and Bean, 1997; Goff and Holliger, 1999; Kneib, 1995; Marsan
and Bean, 1999; Pilkington and Todoeschuck, 2004; Wu et al., 1994).
Borehole logs also help to link the statistical properties of the seismic
velocity and the geological structures of exploration areas (Hurich
and Kocurko, 2000; Line et al., 1998; Pullammanappallil et al., 1997).
When combined with numerical modeling, the statistical properties
of the medium, and the models derived from them, can help to study
the effects of heterogeneity on seismic imaging of specific targets
(e.g., Carpentier and Roy-Chowdhury, 2009; Frenje and Juhlin, 2000;
Holliger, 1997; Holliger et al., 1996; Hurich and Kocurko, 2000; Korn,
1993). Moreover, a better understanding of the effects of heterogeneity
on seismic wave propagation may allow better survey designs and
processing approaches to be implemented, and result in more efficient
mineral exploration strategies using reflection seismic methods
(Bongajum et al., 2012; L'Heureux et al., 2009).

Although elastic finite-difference (FD) modeling has been used
previously to explain the effects of the shape and composition of ore
deposits (e.g., Bellefleur et al., 2012; Bohlen et al., 2003; Eaton, 1999;
Malehmir et al., 2009), only a few FD studies have considered the
effects of the medium heterogeneity in the modeling (e.g., Bongajum
et al., 2012; L'Heureux et al., 2009). L'Heureux et al. (2009) investigated
the effects of heterogeneity and resulting scattering on the seismic
imaging of deep mineral deposits. They showed that the shape and
size of the targets combined with the seismic scattering effects from
the heterogeneous host rock are the main factors controlling the
detection and delineation of massive sulfide deposits in the crystalline
environment. Bongajum et al. (2012) studied the seismic scattering
effects of the dip component of heterogeneous geological structures
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Fig. 1. Geological map of the Brunswick No. 6 mining area, Bathurst Camp, New Brunswi
(e.g., FAB, Austin Brook and Brunswick No. 6). A–A′ is a geological cross-section shown late
BRN991001 2D line is shown and will be discussed later in the paper.
in the crystalline environment using a subsurface shot and receiver
geometry. Their study suggested that the seismic scattering should
not cause significant location errors, especially when longer travel
paths are used for the imaging. It is evident that the crustal
heterogeneity is still an open subject and more studies are required
to unravel ambiguities and improve crystalline rock seismic explora-
tion (L'Heureux et al., 2009).

In this study, we investigate the effects of heterogeneity over the
Brunswick No. 6 mining area in the Bathurst Mining Camp northwest
New Brunswick, Canada (Fig. 1). Both 2D and 3D seismic data are avail-
able from the study area. Although the study area is highly prospective,
neither the 2D data (Cheraghi et al., 2011; Malehmir and Bellefleur,
2010) nor the 3D data (Cheraghi et al., 2012) showed strong seismic
anomalies that could potentially be associated with deep mineraliza-
tion. This motivated us to study the effects of heterogeneity in the
host rock and its potential contributions to obscuring seismic images
of any deep mineralized zones. Therefore, our aims in this study are
(1) to evaluate the scaling behavior of borehole sonic and density
data and to estimate scale lengths which may statistically be represen-
tative of the heterogeneity in the study area, (2) to use the estimated
horizontal and vertical scale lengths for generating 2D heterogeneous
petrophysical models of the compressional- and shear-wave velocities,
as well as density, in the study area, and (3) to study the seismic re-
sponse of some specific geometrical shapes (e.g., circle and ellipse) of
targets within the 2D heterogeneous models using 2D elastic FD
modeling. In addition, we also investigate the effects of source frequen-
cy, scale length and variation in the heterogeneity on imaging mineral
deposits by varying these parameters.
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2. Geological setting and petrophysical data

The Brunswick No. 6 mining area is located approximately 27 km
southwest of the city of Bathurst, in the Bathurst Mining Camp (van
Staal, 1994; van Staal et al., 2003), New Brunswick, Canada. The
Bathurst Mining Camp has been a major base metal producing area in
Canada. The Brunswick No. 6 mine, the focus of this study, produced
12.2 Mt of sulfide ore from shallow depths, grading 5.43 wt.% Zn,
2.15 wt.% Pb, 0.40 wt.% Cu, and 67 g/t Ag (Luff, 1995; Wills et al.,
2006). In the Brunswick No. 6 area, the oldest rocks belong to the
Miramichi Group, a Cambro-Ordovician clastic metasedimentary se-
quence (van Staal et al., 2003). These rocks are overlain by the middle
Ordovician bimodal volcanic and sedimentary rocks of the Tetagouche
Group that formed within the Tetagouche-Exploits back-arc basin
(Rogers and van Staal, 1997; van Staal, 1987, 1994; van Staal et al.,
2003; Whalen et al., 1998), and host the VHMS (volcanic-hosted
massive sulfide) and iron deposits found in the Brunswick horizon.
Iron formation in the Brunswick horizon includes a mixture of sulfide,
carbonate, oxide, and silicate facies. This horizon is a key target for geo-
physical and geochemical exploration in the camp (Gross and McLeod,
1980). The lower part of the Tetagouche Group consists of dominantly
felsic volcanic and volcanoclastic rocks of the Nepisiguit Falls Forma-
tion, which are overlain by the younger rhyolite flows and rhyolitic
volcanic/hyaloclastic rocks of the Flat Landing Brook Formation
(Rogers et al., 2003). The youngest part of the Tetagouche Group
consists of alkali basalt flows and associated clastic and exhalative
sedimentary rocks of the Little River Formation (Fig. 1).

Several geological boreholes are available from the study area and
provide goodunderstanding of the subsurface geology, especially at shal-
low depths (Lentz and McCutcheon, 2006; Wills et al., 2006). However,
only two boreholes have been logged for compressional velocity (Vp)
and density (boreholes B-353 and B-357 in Fig. 1). Fig. 2 shows
lithology, Vp, and density logs for these two boreholes. The sampling in-
terval is 5 cm and 20 cm for boreholes B-353 (about 700 m deep) and
B-357 (about 520 mdeep), respectively. The acoustic impedance, the re-
flection coefficients, aswell as synthetic traces (assuming sufficient later-
al continuity) obtained by convolving the reflection coefficients with a
70 Hz Ricker wavelet, also are also shown in Fig. 2 (see Malehmir and
Bellefleur, 2010). Since borehole B-353 is deeper and the sampling inter-
val is shorter (allowing for more resolution), we studied the scaling be-
havior of the seismic velocity and density from this borehole. The
density logs from both boreholes (Fig. 2) show a mean value of about
2700 kg/m3. The Nepisiguit Falls Formation and the Flat Landing Brook
Formation exhibit density variations close to the mean value (Fig. 2).
The density of the massive sulfide and gabbro formations are
3400 kg/m3 and 3000 kg/m3, respectively. The mean value of Vp is ap-
proximately 5650 m/s, close to the values observed for the Nepisiguit
Falls Formation and the Flat Landing Brook Formation (Fig. 2). Massive
sulfides (Brunswick horizon) and gabbros have mean seismic velocities
of about 6400 m/s. Fig. 3 shows the density cross plotted against velocity
for different geological formations measured in borehole B-353. The
Brunswick horizon shows the largest acoustic impedances, but with sig-
nificant overlap with gabbros. The Flat Landing Brook Formation shows
the lowest acoustic impedance. Therefore, in favorable conditions, both
massive sulfide deposits and gabbroic bodies should produce detectable
seismic signals when in contact with the Nepisiguit Falls Formation
or the Flat Landing Brook Formation. From a detection perspective, mas-
sive sulfide deposits should be detected with seismic methods, but will
be difficult, if not impossible, to distinguish frombodies of gabbroic com-
position (see also Bellefleur et al., 2012).

3. Scaling behavior of petrophysical logs

The heterogeneous nature of the Earth portrays different physical
and chemical properties at various spatial locations. Wu (1989)
showed that different scales of heterogeneity in the horizontal and
vertical directions have direct effects on wave propagation and scat-
tering from subsurface geological formations. Borehole petrophysical
measurements provide information on the variation of any given
property with depth, for example in this study Vp or density. Evalua-
tion of the power spectrum of this variation provides information on
the scaling behavior or cyclicity of these properties. Different studies
have shown that over a wide range of frequencies, f, the power spec-

trum of a measured petrophysical property decays as 1
�
f 0:5−1:5 , that

is 1
�
f flicker noise (e.g., Bean, 1996; Holliger and Goff, 2003). Fig. 4

shows calculated power spectrum for the density and Vp logs of bore-
hole B-353. The absolute value of the slopes of the best-fitted lines to
the density and Vp data are 0.8865 and 1.1570, respectively. These
values are within the range of the flicker noise described above (i.e.,
between 0.5 and 1.5). The observed values for the slopes of the
power spectrum of the density and Vp logs show that their scaling
varies from a few centimeters to hundreds of meters, a matter that
will be further analyzed in this study.

4. Estimating scale length

Petrophysical logs can be considered as data series comprising a
general trend and a zero-mean stochastic part (Goff and Holliger,
1999; Holliger et al., 1996). The general trend can affect the estimation
of the statistical parameters of petrophysical measurements and
should be removed from the data prior to the estimation of the scale
length (Priestly, 1981). After removing the general trend, the residual
values are assumed to represent the small-scale stochastic part of the
data series, which can be used to calculate the scale length of the het-
erogeneity. Several methods have been proposed to de-trend the data.
Holliger (1997) and Holliger et al. (1996) considered the general in-
crease in seismic velocity with depth (burial pressure) as the general
trend and removed it with a best-fitting line. Goff and Holliger
(1999) considered lithological and depth related fluctuations for the
general trend removal; for example, they considered a binary litholo-
gy, including gneiss and metabasite, in the KTB main borehole (Ger-
many). This approach was used because gneiss and metabasite
showed two separate trends, both having increasing velocity with
depth (higher velocitieswere observed formetabasite). Midpoints be-
tween the two trends were used to define the general trend. For bore-
hole B-353, we calculated the best-fitting line for both density and
velocity measurements (Fig. 5a and d). While there are different ap-
proaches to find the trend in the data (e.g., linear or curved), for sim-
plicity and avoiding the addition of an interpretive bias, we estimated
the trends using a straight line. Prior to the de-trending, both the density
and velocity data were median-filtered to remove any spikes from the
calculation. Surprisingly, the estimated trend for both density and veloc-
ity decreaseswith depth. Thus, the trends observed in B-353 are not con-
sistent with increasing burial pressure and most likely result from the
lithological variations in the area. The data obtained after the removal
of the general trend of Vp and density values (Fig. 5b and e) define the
small-scale stochastic component of the measured logs. The stochastic
component of the data can now be evaluated with second-order statisti-
cal properties (i.e., autocovariance). The autocovariance is compared
with the autocovariance of a predefined (theoretical) function. In our
case, we selected the von Karman function as it is often used as a tool
for the stochastic modeling of a wide range of random geophysical
data, including borehole petrophysical data (Bongajum et al., 2012;
Goff and Holliger, 1994; Goff and Jordan, 1988; Holliger et al., 1996;
L'Heureux et al., 2009). The general form of the von Karman
autocovariance function (von Karman, 1948) in 3-dimension is:

c rð Þ ¼ rνkν rð Þ
2ν−1Γ νð Þ ; r ¼
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where c(r) is the von Karman autocovariance function, r is the lag, v is
Hurst number, kv(r) is the modified second-order Bessel function, Γ(ν)
is the gamma function, x, y, and z are spatial locations, and ax, ay, and az
are scale lengths of heterogeneity in two horizontal directions and the
vertical direction, respectively. By comparing the 1D (z direction) von
Karman autocovariance function with the autocovariance graph of the
measured property and finding the best fitting line to the measured
values in a least-squares sense, the maximum scale length at which the
stochastic environment remains fractal can be calculated (Goff and
Jordan, 1988; Holliger, 1996). Since boreholes in the Brunswick
area are relatively steep, the scale length obtained from borehole
petrophysical data is assumed to represent the vertical scale length.
Fig. 5c and f shows the autocovariance of the stochastic component of
the density and Vp logs and the best fitting von Karman autocovariance
function for each property, respectively. The calculated Hurst number
(v) and vertical scale length for the density log are 0.2165 and
33.6749 m, respectively (Fig. 5c), whereas the Hurst number (v) and
vertical scale length (az) for the Vp log are 0.3365 and 14.0430 m, re-
spectively (see Fig. 5f). Table 1 summarizes the estimated statistical
values.

We also estimated the vertical scale length and Hurst number for the
acoustic impedance calculated from the density and sonic logs. The gen-
eral trend was similarly estimated using a best-fitting straight line
(Fig. 6a). To further investigate the effect of lithology on the trend, we
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calculated the average acoustic impedance within each geological for-
mation and then estimated the best linear fit to those points (Fig. 6a).
The actual trend remained similar to that estimated from the entire
data (Fig. 6a). After removing the general trend (estimated from the en-
tire data set), we obtained a Hurst number (v) of 0.4986 and a vertical
scale length (az) of 19.5914 m, respectively (Table 1). As expected, the
estimated scale length for the acoustic impedance is larger than that es-
timated for the Vp data and much smaller than that estimated for the
density. However, the Hurst number estimated from the acoustic im-
pedances is larger than Hurst numbers for the velocity and density
(Table 1). A larger Hurst number represents a decrease in the level of
small-scale heterogeneities (Korn, 1993). Since the density and Vp
logs do not track each other, we think the Hurst number and the
scale length calculated from the acoustic impedance may be a better
d=-0.8865
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Due to the vertical nature of boreholes B-353 and B-357 the logging
data from these boreholes cannot be used to estimate the horizontal
scale length. Wu et al. (1994) showed a different method to calculate
horizontal scale length from borehole logs. They computed a 1D von
Karman autocovariance function fit to the cross-correlation graph of
two the deep boreholes at the KTB site and obtained a horizontal scale
length (ax) of 3600 m, much larger than the 200 m distance between
the two boreholes. In the case of the Brunswick No. 6 borehole data,
the distance between the two boreholes (i.e., B-353 and B-357) is
about 2000 m.We calculated the cross-correlation, but did not observe
any reasonable fit to the von Karman function. This implies that the hor-
izontal scale length is less than the distance between the two boreholes,
d=-1.1570
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von Karman autocovariance function to the data. Vertical scale lengths are estimated to be 33 m and 14 m for the density and velocity data, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)
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which is not surprising given the short vertical scale length estimated
from the logs. Due to lack of information, we assumed ax=az in this
study. This assumption might not represent the complex geology in
the area which clearly shows dominant westerly dips in the vicinity of
boreholes B-357 and B-353. Horizontal correlation lengths could be
longer along strike (N-S), but unfortunately, we have no means to con-
strain or confirm this hypothesis. Thus, the ax=az assumption likely
represents an end-member scenario with possibly longer horizontal



Table 1
Estimated values of Hurst number (v) and scale length for density, sonic Vp, and acous-
tic impedance log form borehole B-353.

Property Hurst number Scale length (m)

Density 0.2165 33.6749
Sonic Vp 0.3365 14.0430
Acoustic impedance 0.4986 19.5914

B348 B347A A’
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correlation lengths expected in reality. The consequences and limita-
tions of this assumption on our results are addressed in the discussion.
100 m0 
m

5. Modeling of heterogeneity

We built several 2D models to investigate the scattering and seis-
mic response in the presence of heterogeneity. Specifically, a detailed
geological section in the Brunswick No. 6 area and circular and
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Fig. 7. Geological cross-section along the profile A–A′ shown in Fig. 1 obtained from a
series of shallow and deep boreholes (B348 and B347) showing general structures of
the Brunswick No. 6 area and associated Brunswick horizon (modified from Lentz
and McCutcheon, 2006). The geological section combined with a heterogeneous medi-
um is later used for the purpose of finite-difference seismic modeling. Legend for li-
thologies is the same as in Fig. 1. Note that there is no petrophysical data available
from boreholes B348 and B347.
elliptical targets representing possible massive sulfide orebodies
were considered for our models (Figs. 7 and 8; see Fig. 1 for location
of the geological section). The geological section was constrained by
surface geological observations, shallow and deep boreholes. The sec-
tion extends down to more than 1 km depth (Fig. 7) and exhibits
structural complexity of the subsurface formations in the Brunswick
No. 6 area. In this model, the mineralized zones are represented by
sheets embedded and deformed with the other lithological units.

By considering 2D von Karman autocovariance function (see Eq. (1)),
we generated 2D heterogeneous models based on the scale length
estimated from the acoustic impedance. Additional solutions considering
different scale lengths for the velocity and density would complicate the
seismic modeling results, and thus, were not considered. No shear-wave
velocity (Vs) log is available from borehole B-353. Instead, shear-wave
velocities were calculated assuming that they are about 55% of the Vp
values. The generated 2Dheterogeneousmodels (i.e., Vp, Vs anddensity
with identical structure/realization)were gridded using 2 mby2 mcell
size. The length and depth of the models are 5 km and 2.5 km, respec-
tively. Fig. 8a shows a 2D Vp model with an isotropic scale length of
20 m. In Fig. 8a, the target is a circular body with 62 m radius, centered
in the model (x=2500 m, z=1250 m). Vp of the circular target is
chosen to represent the massive sulfide layer (Brunswick horizon)
intersected in borehole B-353. The density value used for the massive
sulfide (4300 kg/m3) is based upon sample measurements made
in the Brunswick Mining Camp (Salisbury et al., 2003). Density
Fig. 6. Estimation of vertical scale length for the acoustic impedance (product of Vp and
density) data from borehole B-353. (a) Calculated acoustic impedance and best linear
least-square fitted lines for the entire data (solid line) and for average values within
each individual geological formation (dashed line). Inset shows symbols used for
each geological formation. Equations for both solid and dashed lines are also presented.
(b) Stochastic part of the acoustic impedance data after the removal of the general
trend (i.e., solid linear line). The inset figure in (b) shows the Gaussian behavior of
the stochastic part of acoustic impedance data, which is a prerequisite for the estima-
tion of scale length based on the von Karman method. The red dashed line shows a the-
oretical normal distribution, which is fitted to the probability density function of the
stochastic part (M, Sk, and Kr are abbreviations for mean, skewness, and kurtosis, re-
spectively). (c) Calculated autocovariance graph for the stochastic part of the acoustic
impedance data shown in (b). The dashed curve in (c) represents the best-fitted 1D
von Karman autocovariance function using a least-squares method. Vertical scale
length is estimated to about 19.5 m (20 m is used in this paper) for the acoustic im-
pedance data. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)
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Table 2
Average compressional-wave velocity (Vp) and density of various geological forma-
tions in the Brunswick No. 6 area obtained from borehole B-353 (see Fig. 2).

Lithology Vp (m/s) Density (kg/m3)

Gabbro 6400 3000
Massive sulfide 6600 4300
Nepisiguit Falls Formation 5650 2700

8 S. Cheraghi et al. / Journal of Applied Geophysics 90 (2013) 1–18
measurements derived fromgamma-gamma logging tools in the Bruns-
wick No. 6 area saturate at approximately 3500 kg/m3, and as a result,
do not provide realistic density measurements of massive sulfide ore
(Malehmir et al., 2013; Mwenifumbo et al., 2005). A spherical body
(3D) with an equivalent 2D cross-section could then host about 4 Mt
(density 4300 kg/m3) massive sulfide minerals, and could represent
an economic deposit. Fig. 8b shows a 2D heterogeneous model with
an elliptical target located at the center of the model. The minor axis
of the ellipse is equal to the radius of the circular target in Fig. 8a and
the major axis is 2.5 times the minor axis. The ellipsoidal body is tilted
60° to thewest, following the general dip direction of the geological for-
mations in the study area. Properties of the elliptical target are the same
as the circular target in Fig. 8a. Such a lenticular body in 3D could con-
tain about 6 Mt of massive sulfide minerals. In Fig. 8c, the geological
cross-section shown in Fig. 7 is superimposed on the heterogeneous
background model and used as a target for the elastic FD modeling.
Physical rock properties observed in the logging data were assigned to
the lithological units shown in the cross-section. Values of Vp and den-
sity for gabbro, the massive sulfide formation (or Brunswick horizon),
and the Nepisiguit Falls Formation are shown in Table 2. Fig. 8d shows
the same geological section as shown in Fig. 8c, except that the
heterogeneity within each formation is also included separately and
accounted for in the seismic modeling.

6. Elastic finite difference modeling of heterogeneous medium

Synthetic seismic data were generated using an elastic FD algorithm
(Juhlin, 1995), with identical parameters and acquisition geometry for
all the models shown in Fig. 8. A free surface condition at zero depth
and absorbing boundaries were used for the modeling. We simulated
500 receiver positions (vertical geophone) placed every 10 m along
the entire length of each model, and 100 synthetic shots placed at
every 40 m over a 4 km section of each model (see two arrows in
Fig. 8a). The simulated shots are at 4 m depth. An explosive Ricker
wavelet source with a center-frequency of 70 Hz and a 2 ms sampling
rate were used to generate the synthetic seismograms (actual time
stepping in the FD modeling was 0.000181 s).

The synthetic seismic data were processed using a prestack DMO
and poststack migration strategy (Table 3) similar to that used by
Cheraghi et al. (2011) to process the real 2D profiles. The CDP posi-
tions for each model are shown in Fig. 8. Figs. 9 and 10 show example
synthetic shot gathers from the models. For comparison, a real shot
gather along the BRN991001 2D profile is also presented in Fig. 10
(see Fig. 1 for location of the shot). All synthetic shot gathers in
Figs. 9 and 10 are located at 2360 m (horizontal distance) along the
model. Raw shot gathers (Figs. 9 and 10) show strong direct
compressional- and shear-waves (direct shear-wave is muted for



Table 3
Processing sequence used to process the synthetic seismic data for all the models
shown in this study.

Step Parameters

1. Read 1.0 s SEGY data
2. Geometry set-up
3,. Direct P-wave arrival attenuation
4. Direct S-wave arrival attenuation (near-offset)
5. Median filtering
6. Velocity analysis (iterative)
7. NMO corrections
8. DMO corrections
9. F-K filtering
10. Stack
11. Migration (Stolt)
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presentation purposes), and back-scattered shear-waves, which are
generated by strong near-surface heterogeneities.

Fig. 9a shows a shot gather from the model shown in Fig. 8a (i.e.,
the circular target). Diffractions (top and bottom) from the circular
target are observable (Fig. 9a). Fig. 9b shows a shot gather over the el-
liptical target. Direct compressional- and shear-waves as well as the
scattered shear-wave (hatch-shape) can be seen on the raw shot
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gather. A diffraction from the elliptical target can also be distin-
guished on the shot gather.

Fig. 10a, b shows the shot gathers from the models shown in Fig. 8c,
d. Reflections from the gabbroic unit (Gb) and massive sulfide forma-
tion (Msl; Brunswick horizon) are observed on the shot gathers. The
simulated shot gathers show some similarities with the field shot gath-
er. For example, direct compressional- and shear-waves have relatively
similar velocities in both the synthetic and real shots, implying that the
average velocities estimated for the medium are realistic. The gabbro
unit is observable in both the synthetic and the real shots (Fig. 10).
One of the main differences between the synthetic and real shots is
the strong back-scattered shear-waves (Fig. 10) observed in the syn-
thetic data. Although this might indicate that the stochastic component
of the models is unlikely, there are other reasons that can explain this
difference. For example, the presence of relatively thick unconsolidated
sediments (overburden) in the study area is not taken into account in
our modeling. In our models, shear-waves propagating horizontally at
the surface will intersect the heterogeneity (models in Fig. 8a, b) and/
or lithological contacts (models in Fig. 8c, d) producing the back-
scattered energy observed on the synthetic gathers. In the field,
shear-waves propagating at the surface will travel mostly in the over-
burden. In addition, the amplitudes of the shear-waves in the simulated
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gathers appear slightly overestimated when compared to the real data,
also explaining why the back-scattered shear-waves appear so strong
on the synthetic gathers. Furthermore, no attenuation was introduced
into the models. A highly attenuating near-surface would significantly
reduce the amplitudes of the back-scattered direct waves. These are
all examples of the limitations with the modeling carried out in this
study and should be taken into account before any conclusion is
drawn. An additional complication to all these is the absence of
shear-velocity information from the study. The back-scattered shear-
waves were damped from the synthetic shot gathers using median
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and F-K filters (Table 3). Fig. 10c also shows long and high amplitude
reflections (see arrows in Fig. 10c) that are clear in the shot gather
between 0.5–1 s. These reflections originate from deeper structures
that were not considered or introduced into the model.

7. Results

Figs. 11 and 12 show DMO-corrected unmigrated stacked and mi-
grated stacked sections of all models. Fig. 11a and b shows a portion
of the stacked and migrated sections of the circular target (see
Fig. 8a), respectively. The symmetric (in terms of shape and ampli-
tude) hyperbolic response of the top and base of the circular target
is observed in Fig. 11a. Fig. 11b shows how the diffractions collapse
(top and base) into a local semi-circular shape. Weak scattered sig-
nals from the heterogeneous medium are also observed in Fig. 11a,
b. Fig. 11c and d shows a portion of the stacked and migrated sections
of the elliptical target (see Fig. 8b) down to 0.75 s. The diffractions
(Fig. 11c) are asymmetric, both in terms of their shape and ampli-
tudes. Scattered signals due to the heterogeneous medium are also
evident in both sections (Fig. 11c, d).

Fig. 12 shows the DMO-corrected unmigrated stacked and migrated
stacked sections of the models shown in Fig. 8c, d. Gb and MSI are re-
flections from the gabbro and massive sulfide formation, respectively
(see Figs. 7 and 10). Since the geometry and processing procedure for
both models shown in Fig. 8c, d are similar, it is possible to analyze
the effect of heterogeneity within each individual geological unit.
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from the top and the base of the elliptical target. Scattered signals from the heterogeneous m
position of the elliptical target. The asymmetric diffractions (in terms of amplitude variation
signals from the heterogeneous medium are also visible. This seismic signal is also observa
Comparison of the results suggests that reflections are similar in both
models, but are slightly weaker where internal heterogeneity has
been introduced (e.g., see Msl in Fig. 12a and c). In order to better
understand the effects of heterogeneity in imaging mineral deposits,
we generated a model with geometry and physical properties of the
model shown in Fig. 8b (ellipse) but embedded in a homogeneous
background with Vp, Vs, and density of 5650 m/s, 2850 m/s, and
2700 kg/m3, respectively. These values are equal to the mean values
of the observed measurements from borehole B-353 (Fig. 2). Fig. 13
shows the DMO-corrected unmigrated stacked and migrated stacked
sections from this model. In comparison with Fig. 11c and d, diffrac-
tions of the elliptical target and the resultant migrated image in the
homogeneous case are clearer. Scattered signals from the heteroge-
neous medium obscure the seismic response from the target, especially
in the migrated section. Amplitude directivity for the diffractions in the
down dip direction is evident in both Figs. 11 and 13.

8. Discussion

Comparisons between the migrated seismic sections obtained in
the homogeneous and heterogeneous mediums (see Figs. 11 and
13) suggest that seismic scattering effects in the heterogeneous medi-
um complicate the identification of the bright-spot anomaly associat-
ed with the massive sulfide targets. Diffractions from massive sulfide
targets remain identifiable in the DMO-corrected unmigrated stacked
sections (Fig. 11), but are partly masked by small-scale scattering,
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nd 800 over the model shown in Fig. 8b. The arrows on (c) mark diffractions generated
edium are also visible. (d) Migrated section of (c); white ellipse represents the spatial
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particularly where the amplitude of the diffraction is weaker, in the
seismograms of the heterogeneous models. These results are based
on a series of estimated parameters and assumptions, some of
which may not provide an accurate representation of the geological
environment near the Brunswick No. 6 deposit. In this section, we
present results obtained using different parameters to assess how
the choice of certain parameters influences the results and to provide
some constraints on what parameters are realistic for this area. In
particular, the effects of different horizontal and vertical scale lengths,
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8.1. Effects of horizontal and vertical scale lengths

8.1.1 . Longer horizontal scale lengths
As mentioned previously, the cross-correlation of the two bore-

holes did not allow estimating the horizontal scale length (ax). We
generated three additional models to evaluate the impact of the
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ax=az assumption used in our study. These models (Fig. 14) have
horizontal scale lengths on the order of the seismic wavelength
(i.e., 1λ, 2λ, and 20λ). For a given wavelength of 70 m (i.e., wave-
length in the dip direction) and scale length of 20 m normal to the
dip direction, we will have ax=az that are 4, 7, and 70, respectively.
These three aspect ratios were used when generating Vp, Vs, and den-
sity models of the medium. We also rotated the main axis of the scale
length such that the horizontal scale length now follows the direction
of the geological dips (~60º) in the area. An elliptical body with the
properties and dimension of the massive sulfide shown in Fig. 8b
was used as the target. The main motivation here was to investigate
the effects of longer horizontal length, when conventional post-
stack migration processing algorithms based on the assumption of
isotropy are used.

The DMO-corrected unmigrated stacked and migrated stacked sec-
tions of the three different models are also shown in Fig. 14. Note that a
new velocity analysis was performed separately for each simulated
seismic data set shown in Fig. 14 to account for the complexity intro-
duced in the new models. However, no anisotropy parameters were
considered in the seismic modeling and processing although the
models are now fairly anisotropic. A thorough evaluation of the effect
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unmigrated stacked sections of the models shown in (a, b, and c). (g, h, and i) Migrated sta
diffractions in the stacked sections that are clearly identifiable. On the other hand
heterogeneity introduced in the models. Slight mis-locations of the target are also clear in
of anisotropy will be investigated in future work. However, it is clear
that the heterogeneity in the direction of wave propagation and
perpendicular to the direction of propagation can have quite different
effects on the coherence of the propagating wave front. The stacked
sections in Fig. 14d–f clearly show that the diffractions from the ellipti-
cal target are preserved and observable for the corresponding models.
However, the migrated seismic sections show a distorted collapse of
the diffractions (Fig. 14h–i), making the identification of the target
more difficult than in the example previously presented in Fig. 11d.
This implies that high amplitude seismic signals from small but yet
economically feasible massive sulfide deposits may be masked by the
strong heterogeneity in a strongly deformed and metamorphosed me-
dium. These results are in agreement with L'Heureux et al. (2009) who
concluded that for scale lengths similar or longer than the seismic
wavelength, scattering produces highly reflective (noisy) seismic
signals that can dominate seismic records and complicate the identifi-
cation of the response of smaller targets.

However, it is important to reiterate that diffractions are still readily
observed on the DMO-corrected stacked sections for any of the horizon-
tal scale lengths tested in this paper, but that the delineation of the target
would not be possible using conventional processing methods. The
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migrated seismic sections show (Fig. 14h–i) slight mis-locations of the
target due to the structural anisotropy introduced by the longer horizon-
tal scale lengths, further supporting the conclusions of anisotropy on
travel path and length as previously discussed by Bongajumet al. (2012).
8.1.2. Shorter vertical scale lengths
The calculated scale length from the acoustic impedance log (az=

20 m; see Fig. 6) represents themaximum scale length atwhich theme-
dium scales with a power law. While themaximum scale length is used
in the modeling, it may not entirely characterize the stochastic environ-
ment in the Brunswick No. 6 area (see also Goff and Holliger, 1999). We
further investigated the impact of smaller scale-lengths (see also Flatté
et al., 1979; Holliger, 1997; Wu and Aki, 1988) by re-analyzing the
model shown in Fig. 8b with a scale length less than 20 m. A new
model representing ax=az=10 m was generated while the remaining
realization parameters were kept similar to that used to generate the
CDP
300 400 500 600 700 800

Distance along profile (m)
1000 1500 2000 2500 3000 3500

T
im

e 
(s

)

0.00

0.25

0.50

CDP
300 400 500 600 700 800

T
im

e 
(s

)

0.00

0.25

0.50

Distance along profile (m)
1000 1500 2000 2500 3000 3500

200 400 600 800 1000

1000

2000

1000 2000 3000 4000 5000

CDP

D
ep

th
 (

m
)

Distance along profile (m)
0

a)

c)

e)

1

2

D
ep

th
 (

m
)

b)

d)

f)

== zx aa 10 m

A
m

pl
itu

de
 

CDP
100 500 1000

1

3

5

7

Fig. 15. Constructed Vp models for the elliptical target (massive sulfide) shown in Fig. 8b w
unmigrated stacked sections of the models shown in (a and b). (e and f) Migrated stacked se
diffractions for the model with smaller scale length. The model shown in (a) generates very
0 ms to 320 ms (see inset figures on (c) and (d)). See text for detailed discussion about th
model shown in Fig. 8b. Tomake the comparison easier, the twomodels
are shown in Fig. 15.

In the models shown in Fig. 15, the smaller scale length (10 m,
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and Aki, 1988). However, we observe exactly the opposite. Based on
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length. In order to better understand the results, we calculated the
RMS amplitudes of the unmigrated stacked sections above the target
(between 0 ms to 320 ms) for the models (see inset figures shown in
Fig. 15). The 10 m scale length model generates higher scattering
amplitudes in comparison with the 20 m scale length model. This
can be explained by a larger number of small scatterers with stronger
acoustic impedances for the model with the 10 m scale length. This is
because the generated models follow a Gaussian distribution (an
assumption made for the generation of the models and the media),
implying that the mean and standard deviation are kept fixed for
the 10 m and 20 m models. As a result, a larger number of scatterers
with larger contrast with the target are generated to maintain this
distribution when smaller scale lengths are used in the models
(Fig. 15). This implies that the observed scattering for the smaller
scale length is overestimated. Future studies aiming to investigate
the effect of scale length should preserve the relative strength of the
heterogeneity versus background (for different scale lengths). Never-
theless, it is worthwhile mentioning that the scattering from hetero-
geneity in the two models presented here does not entirely mask the
target response on the DMO-corrected stacked sections, a point that is
the main focus of our study.
8.2. Effects of source frequency

To investigate the effects of the frequency on seismic imaging of
mineral deposits within heterogeneous environment, we also generat-
ed synthetic shots using 50 Hz and 90 Hz source center-frequencies for
the model presented in Fig. 8b (lenticular target). Fig. 16 exhibits
DMO-corrected unmigrated stacked and migrated stacked sections
for these scenarios. As expected, the scattering from the medium
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decreases with the increasing source frequency. It is interesting to
note that the diffraction signal from the target becomes more coherent
and stronger with a source frequency of 90 Hz (Fig. 16c). This implies
that higher frequency seismic sources can be very helpful not only for
improving seismic resolution but also to preserve diffractions in
heterogeneous media with small scale lengths.
8.3. Effect of heterogeneity fluctuations

To investigate if an increase in the fluctuations of acoustic impedance
could move the media from a weak to a strong scattering regime we
again considered the model shown in Fig. 8b but varied the fluctuations
from one standard deviation (σIm) to one and a half standard deviation
(1.5σIm). Higher fluctuations (e.g., 2σIm or 3σIm) were not considered
because they generate velocities above 7000 m/s, which are very
unlikely in this geological environment. To make the comparison easier,
results for one standard deviation (σIm) and one and a half (1.5σIm) are
shown in Fig. 17. Fig. 17b (1.5σIm) shows scatterers with higher
velocities in the medium, which introduce strong scattering in both
the unmigrated stacked and migrated sections (c.f., Fig. 17d and f v.s.
Fig. 17c and e). Also, the signal from the target (Fig. 17d and f) is
much weaker relative to the background signal when larger fluctuations
are introduced. The stronger parts of the diffractions are still observable
in the DMO-corrected stacked section; however, the target is very weak
in the migrated section.

While scattering and stochastic modeling in the crystalline envi-
ronment can be further studied and debated, this study demonstrates
that even in unfavorable conditions (e.g., variable scale length, low-
to-moderate seismic source frequency, large velocity or heterogene-
ity perturbations), imaging of economical sized mineral deposits in
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the Brunswick No. 6 mining area is possible. The clearest signature
from massive sulfides is on the DMO-corrected stacked sections.
However, in the presence of heterogeneity, both flanks of the diffrac-
tions are often disturbed for a dipping lenticular orebody (Figs. 8 and
11). The flank in the dip direction will have stronger amplitude
compared to the opposite flank which will have considerably weaker
amplitudes. Therefore, poor or conventional processing may not be
able to properly image the diffraction, and an image that appears
more as a reflection than a diffraction may be produced (see Eaton,
1999; Malehmir and Juhlin, 2010). This suggests that new processing
strategies should be considered to attenuate the effects of the hetero-
geneous medium and obtain better post-stack migrated images. For
example, a processing approach focused on diffractions in the
unmigrated stacked sections or prestack data might be worthwhile
to improve the detection of massive sulfide deposits (see Berkovitch
et al., 2009; Dell and Gajewski, 2011; Khaidukov et al., 2004). Our re-
sults demonstrate that an efficient processing approach for mineral
exploration should address both the low signal-to-noise ratio often
observed in the crystalline environment and the effects of heteroge-
neity, although the two are sometimes related.

9. Conclusions

Scaling behavior or cyclicity of geological formations over the Bruns-
wick No. 6 areawas investigated using available borehole petrophysical
logs. The borehole petrophysical measurements allowed the estimation
of the vertical scale length by statistical methods. The estimated vertical
scale length is around 20 m (from acoustic impedance) in the study
area. However, our seismic modeling studies based on this scale length
assumption demonstrate that in even this theoretically weak scattering
regime effective imaging of small geological targets such as massive
sulfide deposits, especially in the migrated stacked sections can be
challenging. Diffraction signals from the massive sulfide deposits are
visually easier to identify in the unmigrated stacked sections, implying
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that analyses should focus on the unmigrated stacked sections and
prestack data rather than themigrated stacked sections. Testing hetero-
geneous models with different scatterer aspect ratios and horizontal
scale lengths much larger than the vertical scale length showed that
the heterogeneous medium not only could generate coherent noise in
the form of high amplitude signals that mask the imaging of ore bodies,
but also results in slightmis-location of the target if isotropic processing
methods are used. Testing seismic response of a lenticular target with
frequency range of 50–90 Hz indicates that lower frequencies introduce
more scattering into the seismic image and could mask the target re-
sponse. We also observed that higher source frequencies lead to stron-
ger diffraction signal from the target. Also, comparisons of models with
different standard deviations for the acoustic impedance fluctuations
showed that increasing standard deviation causes more scattering in
the model to a point that even observing the diffraction signal from
the target can be difficult. The seismic image from the model with a
smaller scale length than the maximum fractal dimension (20 m)
showed stronger scattering and a weaker diffraction signal. However,
further tests are required to verify if such a result may be expected in
the realworld. Our analyses demonstrate the value of detailed geophys-
ical studies and borehole petrophysical measurements, which can be
helpful to better understand the seismic response from the medium
and any geologic target within it.
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