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Key Points:

« Quantitative integration of multiphysics geoscientific data improves interpretation
and reduces exploration risk

¢ Our workflow combines joint inversion and geology differentiation to construct a
3D quasi-geology model that shows the spatial distribution of different geologi-
cal units

« Applying the workflow to the QUEST project data reveals an area beneath a glacial
overburden where more detailed surveys may help assess the mineral prospectiv-
ity of the region
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Abstract

Airborne geophysics is widely used in regional-scale mineral exploration because it pro-
vides rapid collection of multiple types of geophysical data over large areas. The avail-
ability of multiphysics data is potentially useful because the complementary information
contained in the multiple data sets can be integrated into a common earth model con-
sistent with all available data and prior information. However, quantitative integration
of regional-scale multiphysics airborne geophysical data is rarely reported in literature.
To fully tap into the complementary information contained in airborne gravity and mag-
netic data for regional-scale mineral exploration, we followed a workflow that focuses on
two key components: joint inversion and geology differentiation. Joint inversion allows
the models to constrain each other at the inversion stage, resulting in structurally sim-
ilar physical property models and enhanced correlations between inverted physical prop-
erty values. Geology differentiation classifies the jointly inverted physical property val-
ues into distinct classes and builds a 3D quasi-geology model that shows the spatial dis-
tribution of different geological units. Prior geological information from various sources

is also used when performing geology differentiation. We first tested this workflow on
synthetic data before applying it to a set of airborne gravity and magnetic data from the
Quesnel terrane in central British Columbia. We have successfully identified 9 different
geological units that are consistent with the airborne geophysical data and prior geolog-
ical information in the QUEST project area. Our results allowed for a more detailed clas-
sification of the geology beneath a thick overburden of glacial sediments and we have also
identified potential targets for future detailed surveys that are spatially correlated to known
mineral deposits (Mount Milligan, Lorraine, Takla-Rainbow, and Kwanika deposits). Our
work provides guidance for follow-up detailed surveys in the Quesnel terrane and high-
lights the benefits of integrated interpretation of multiphysics geoscientific data.

Plain Language Summary

With global energy transition, the demand for minerals is expected to increase dra-
matically in the coming decades. Therefore, an urgent need exists of discovering more
minerals. However, mineral exploration is increasingly focused on areas with thick sed-
imentary covers, which makes direct sampling difficult and surface geology work less use-
ful. Geophysics, as a non-invasive method, can provide structural and compositional in-
formation in the subsurface. We focused on an under-explored region of British Columbia
between Williams Lake and Mackenize. This area is of interest because it hosts several
known copper and gold porphyry deposits in the north and south parts, whereas the cen-
tral part is overlain by a thick overburden of glacial sediments. Our goal is to use the
publicly available airborne geophysical data to map out prospective areas for mineral ex-
ploration in the central part. We used two techniques to accomplish our goal, namely,
geophysical inversion and geology differentiation. The geophysical inversion in the first
step allowed us to construct a 3D density contrast model and a 3D magnetic suscepti-
bility model. The distribution of the recovered density and susceptibility values and their
spatial variations reflect the subsurface geology. In the second step, we classified the re-
covered density contrast and susceptibility values into 9 classes, each of which is char-
acterized by unique ranges of physical property values, and represents one distinct ge-
ological unit. We found significant correlation between known mineral deposits and Classes
2 & 3 in the north and south parts of our study area. Those geological bodies correspond-
ing to Classes 2 & 3 in the central part were, therefore, identified as prospective targets
for detailed follow-up geophysical surveys and study. Our work shows that 3D geophys-
ical inversion, when combined with geology differentiation, can help identify prospective
areas for mineral exploration on a regional scale.
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Figure 1. Geological map of the QUEST survey area, after Cui et al. (2017), with the loca-
tions of some known mineral deposits shown in green circles: 1) Lorraine, 2) Mount Milligan,

3) Mouse Mountain, 4) Gibraltar, 5) Mount Polley deposits. Shown in yellow is the Quaternary
sediment layer that overlays most of the central part of the Quesnel terrane. Note only the most

representative units are presented on the legend to the right.

1 Introduction

The QUEST project, standing for Quesnellia Exploration Strategy, was carried out
to collect geological, geophysical, and geochemical data in central British Columbia be-
tween Williams Lake and Mackenzie with the purpose of stimulating mineral exploration
in underexplored regions (Geoscience BC, 2008). Geophysical data, including airborne
gravity, magnetic, and electromagnetic (EM) data, were collected throughout the years
2007 and 2008 and were primarily focused on the Quesnel terrane, which is highly prospec-
tive for copper and gold porphyry deposits as it is the host of several known mineral ore
deposits (e.g. Mount Milligan, Mount Polley, Gibraltar deposits). The northern and south-
ern parts of the survey area have exposed bedrock and outcrops that have helped assess
the mineral prospectivity of the region. The central part, however, is largely underex-
plored due to a thick layer of Quaternary glacial sediments and till. Figure 1 shows a
geological map with the glacial overburden in yellow and the locations of some known
mineral ore deposits (Cui et al., 2017).

Previous work on the QUEST geophysical data was presented in Phillips et al. (2009)
and Kowalczyk et al. (2010), where the airborne gravity, magnetic, and EM data have
been inverted separately. They interpret the inverted physical property models through
a classification process with the argument that separating the models into groups of cells
with similar properties and mapping these in the 3D spatial domain may serve as a proxy
for geology. Phillips et al. (2009) classified each point in the density contrast-susceptibility
crossplot and incorporated the inverted electrical conductivity values to their classifica-
tion by color-coding each point in the crossplot by its corresponding conductivity value.
The authors divided the inverted density contrast and susceptibility values each into 3
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arbitrary classes of high, medium, and low values, resulting in a total of 9 classes. They
also extended this classification to include the background conductivity model with high,
medium, and low cut-offs, leading to a classification of 27 classes. However, as the au-
thors stated, this classification scheme involves a high degree of subjectivity. Kowalczyk
et al. (2010) have classified the inverted density contrast and susceptibility values into
19 classes. Despite the promising results in (Kowalczyk et al., 2010), the geological rea-
soning behind how each class was defined remains unclear. It is also noteworthy that the
identified classes in both Phillips et al. (2009) and Kowalczyk et al. (2010), when visu-
alized in crossplots, are mostly rectangle-shaped, an indication of the arbitrarily deter-
mined cut-off values without considering the site specific physical property relationships
in the QUEST project area. We argue that a better outcome can be achieved by closely
examining the trends, groupings, and relations revealed by geophysical inversions followed
by a classification driven by these features instead of some arbitrarily determined cut-
off values.

Indeed, the work in both Phillips et al. (2009) and Kowalczyk et al. (2010) show
the potential for applying better techniques. Namely, we may improve on the classifi-
cations that were based on the recovered physical property models from separate inver-
sions of the geophysical data by implementing joint inversion. Here, we define separate
inwversions as inversions that are performed independently from each other without the
exchange of any information between the inversions. We argue that joint inversion could
further improve the classification of geological units and potentially lead to new knowl-
edge on the mineral prospectivity of the region for two reasons. First, previous work (e.g.,
(Fregoso & Gallardo, 2009a; Doetsch et al., 2010a; Infante et al., 2010; Sun et al., 2020))
demonstrates that joint inversion of potential field data leads to better defined linear fea-
tures with lesser amount of scattering, which allows the subsequent classification to work
less subjectively and potentially more reliably because the classification is largely driven
by the linear features revealed by joint inversion. Secondly, previous work such as Oldenburg
et al. (1997) and Phillips et al. (2001) clearly shows the structural inconsistency or even
conflict from separate inversions, which presents challenges during interpretation as many
judgment calls must be made to reconcile the inconsistent features based on an inter-
preter’s experience or geological perception. However, when a structure-based joint in-
version is implemented, such as cross-gradients joint inversion (Gallardo & Meju, 2003),
the structural information in the density contrast model is used to constrain the struc-
tures in the susceptibility model, and vice versa. Complementary structural information,
if it exists in the QUEST geophysical data and is effectively used during inversion, will
result in density contrast and susceptibility models that are more structurally consistent
with each other. The enhanced structural similarity will facilitate the classification of
inverted physical property values and will be less subjective as the need of reconciling
inconsistent features is largely reduced.

The goal of our work is to improve upon the previous work on the QUEST geo-
physical data and to further our understanding of the mineral prospectivity in the Ques-
nel terrane, especially under the glacial overburden, through the integrated interpreta-
tion of multiple geophysical and geological data. We follow the workflow presented by
Y. Li et al. (2019). First, multiple geophysical data sets are inverted to obtain physical
property models. For our study, we perform joint inversion based on the cross-gradients
method (Gallardo & Meju, 2003). Secondly, the jointly inverted physical property val-
ues are examined and classified into different groups in the crossplot based on the lin-
ear trends revealed by inversion as well as from available geological information in the
QUEST project area. Thirdly, the classified groups are mapped and visualized in the 3D
spatial domain, which shows the 3D distribution of the various geological units. The whole
process, therefore, consists of three components: joint inversion, classification in a cross-
plot, and visualization in 3D. Following Y. Li et al. (2019), we will refer to the last two
components collectively as geology differentiation and the final 3D model as 3D quasi-
geology model. The quasi-geology model can then be used to make inferences about the
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Figure 2. A diagram of the quantitative workflow used in this study for the integrated inter-

pretation of gravity and magnetic data with a priori geological information.

geology, and depending on the application, may be used to identify targets for subsequent
detailed surveys. A flowchart of the workflow is shown in Figure 2.

We note that our current work is limited to the airborne gravity and magnetic data
collected over the QUEST project area due to the following two reasons. First, being able
to perform 3D inversions of massive regional-scale EM data alone is at the forefront of
EM research. Jointly inverting regional-scale airborne gravity, magnetic, and EM data
in a unified 3D framework is yet to be achieved. Indeed, it has not been reported in lit-
erature. Secondly, the airborne EM data have a very different depth of investigation (less
than 1km) than the gravity and magnetic data. Whether joint inversion of the three data
sets would result in better geophysical models remains unknown and requires more work.
We, therefore, defer the incorporation of the airborne EM data to future work.

For the following sections of this manuscript, we begin with the description of the
workflow used for this study where we provide a brief review of joint inversion and ge-
ology differentiation. We then illustrate this workflow by applying it to synthetic grav-

ity and magnetic data. Next, we provide a description of the geological setting of the QUEST

survey area, followed by the presentation of the collected airborne gravity and magnetic
data with a brief overview of the processing steps that the data has undergone. We have
included a section to describe the procedures used to estimate the data errors, a step that
has proven critical in the inversions of field data. Lastly, we present the application of
the workflow to the QUEST data. We first jointly inverted the airborne gravity and mag-
netic data to obtain 3D density contrast and susceptibility models. We then performed
geology differentiation based on the jointly inverted physical property values and avail-
able geological data. The final product of this study comes in the form of a 3D quasi-
geology model with identified targets for future detailed surveys that may help investi-
gate the prospectivity of mineral deposits in the underexplored regions.

2 Methods

The two main components of the quantitative workflow for the integrated inter-
pretation of multiple geophysical and geological data used for this study are joint inver-
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sion and geology differentiation (Figure 2). As defined in Moorkamp et al. (2016), joint
inversion refers to a unified numerical framework where different data sets are inverted
simultaneously within the same optimization process. An essential component of joint
inversion is a strategy determining how the exchange of information between different
models is realized. This strategy is typically summarized by a coupling term. Depend-
ing on the specific form of the coupling term, joint inversion can enhance either struc-
tural similarity (Gallardo & Meju, 2003; Linde et al., 2006) or physical property corre-
lations (Afnimar et al., 2002; Lelievre et al., 2012; Kamm et al., 2015) between the in-
verted physical property models. A favorable consequence of the enhanced structural sim-
ilarity and physical property correlations is that the subsequent geology differentiation
can be done less subjectively and potentially more reliably, as shown by recent works (Y. Li
et al., 2019; Astic et al., 2020; Sun et al., 2020). Below, we describe the joint inversion
and geology differentiation methodologies used for this study.

2.1 Joint Inversion

In this study, we employ the smoothness-based Tikhonov regularization methods
as described in Y. Li and Oldenburg (1996, 1998a) to invert the gravity and magnetic
data. The goal of the regularized inversion is to find the smoothest model that can fit
the data within a desired error tolerance. Mathematically, the inverse problem can be
solved as an optimization problem that seeks to minimize the following objective func-
tion:
6(m) = W (d°* — Flml])[[; + 8 W, (m —m™")]; M

where the first term is the data misfit term that measures the difference between the ob-
served and predicted data, and the second term is the model regularization term which
measures the complexity of the model. Here, m is the model vector, d°P® is the observed
data, F is the forward modeling operator, W, is the data weighting matrix that incor-
porates the data uncertainties and their correlations, W, is the model weighting ma-
trix that incorporates the smallness and smoothness of the model, and m*®f is a refer-
ence model that reflects any a priori information about the geology or physical prop-
erty model (Oldenburg & Li, 2005). We also incorporate the sensitivity-based spatial weight-
ing as described in Y. Li and Oldenburg (2000) into W,,, to counteract the decay of the
gravitational or magnetic effect with distance (Y. Li & Oldenburg, 1996, 1998a). Lastly,
the regularization or trade-off parameter, 3, controls how much each term contributes

to the objective function. The value for the regularization parameter is determined based
on the target data misfit value.

For joint inversion, the objective function to be minimized is an extension of equa-
tion (1). For the case of joint inversion of two different data sets, the objective function
is

$(my, mz) = ||War (d§P° — Fy(my))|[; + 51 |Woar (my — mie?) |2 +
[Was (d5°* — Fa(mz))|[; + B2 Wiz (ma — mEF) | +

M 9 9
Ay {valw _ (m1<i> .m2<i>> ]
=1

2
where mj; o are two different physical property models and the last term is the coupling
function which defines how the two different physical properties are coupled. Here, A is
the weighting parameter for the coupling function. For our coupling function, we used
cross-gradients, but instead of using the cross-product form defined by Gallardo and Meju
(2003), we used the equivalent dot-product form because the latter is easier to handle
numerically, especially when deriving its gradient. Our joint inversion code was devel-
oped as part of an open-source Python framework for geophysical inversions, Simulation
and Parameter Estimation in Geophysics (SImPEG - https://simpeg.xyz/) (Cockett et
al., 2015).

)
[pmat?




210 2.2 Geology Differentiation

o1 Geology differentiation is the process of identifying different geological units using
212 multiple physical property models that are recovered from geophysical inversions (Y. Li
213 et al., 2019). Some applications of geology differentiation include alteration zones map-

214 ping (Hanneson, 2003; N. C. Williams et al., 2004; N. Williams & Dipple, 2007; Good-
215 win & Skirrow, 2019) and lithology mapping (Fraser et al., 2012; Martinez & Li, 2015;
216 A. Melo & Li, 2016; A. T. Melo et al., 2017; A. T. Melo & Li, 2019; Astic et al., 2020;
27 Sun et al., 2020; K. Li et al., 2021; Wei & Sun, 2021). Geology differentiation is typi-

218 cally performed by first visualizing the recovered physical property values in a crossplot
219 which are then classified into distinct classes. Each class is characterized by a unique range
220 of physical property values. A critical task when performing geology differentiation is

21 to determine how to classify the inverted values into different classes. When prior ge-

222 ological information is sparse and when physical property measurements are not avail-

223 able, the classification can be done by inspecting the natural trends (such as linear trends)
24 and groupings that occur among the inverted values in the crossplot. Previous work (Sun
225 et al., 2020; K. Li et al., 2021) shows that valuable information about subsurface geo-

226 logical structures and compositions can be extracted using such approach. On the other
207 hand, if prior physical property measurements on rock samples in a study area are avail-
208 able, the expected ranges of physical property values for different geological units can

229 be established, based upon which classification of the inverted values can be achieved.

230 Previous work, such as A. T. Melo et al. (2017), demonstrates the effectiveness of this

231 approach. The identified geological units can then be mapped onto the 3D spatial do-

232 main to construct a 3D quasi-geology model that shows the spatial distributions of the

233 different geological units.

23 2.3 Summary of the Workflow

235 Our workflow is summarized in Figure 2. The workflow starts with the availabil-

236 ity of multiple geophysical and geological data sets. The multiple geophysical data are

237 then jointly inverted to produce corresponding physical property models. In our case,

238 the availability of gravity and magnetic data allowed us to perform joint inversion to re-
239 construct density contrast and susceptibility models. Next, based on the linear trends

240 apparent on the crossplot of jointly inverted physical property values, we did an initial

on classification and visualized the differentiated units in 3D to see if there is any correla-

212 tion with either the well-defined inverted features (such as large-amplitude density con-
23 trast or susceptibility anomalies) or known geological features, such as mineral deposits.
20 In an iterative manner, the bounds between the different classes were adjusted until we
25 achieved a reasonable correlation with the main geophysical or geological features. The
246 identified classes were then visualized into a 3D quasi-geology model to provide insights
oa7 into the spatial distribution of the different geological units. Depending on the purpose
218 of the study, the 3D quasi-geology model can be used to make inferences about the un-
249 derlying geology, or if needed, to define new targets for subsequent detailed surveys.

250 Having established the workflow, we proceeded by first testing its validity on syn-
251 thetic gravity and magnetic data. A synthetic test allows us to test the workflow in a

252 controlled setting to verify both the validity and the effectiveness of the workflow. It also
253 provides us with evidence that our assumptions are valid and gives us an opportunity

254 to manage or control parameters that may affect the results before applying it to the field
255 data. Thus, when properly conducted, a synthetic test provides us with a proof of con-
256 cept for the workflow.

257 3 Synthetic Test

258 We present a synthetic example to better illustrate the workflow for the integrated
250 interpretation of multiple geophysical and geological data based on joint inversion and
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Table 1. Physical property values of the causative bodies for the synthetic test

| Unit | Density contrast (gcm™3) | Magnetic susceptibility (SI) |

| A | -0.3 | 0.03 |

| B | -0.3 | 0.1 |

| C | 0.3 | 0.1 |

| D | 0.3 | 0.03 |
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Figure 3. (a) 3D view of the true causative bodies, (b) simulated gravity data and (c) simu-
lated TMI data.

geology differentiation. The example consists of gravity and purely induced total mag-
netic intensity (TMI) data simulated from four causative bodies. The causative bodies
are cubes with lengths 1km on all sides and depth to the top of the blocks is 1km. The
models exist in a mesh consisting of 40 cells in both the easting and northing directions,
and 25 cells in depth. Each cell is a cube with length 250 m on each side. Padding cells
of increasing dimensions are also added in all directions. The four causative bodies are
located at the center region of the mesh with background values of 0. The physical prop-
erty values for each causative body are summarized in Table 1.

3.1 Synthetic Data

Data is simulated on the surface with 400 observations placed on a regular grid of
size 10 km x 10 km and observation points are placed 1 m above the ground. Uncorre-
lated Gaussian noise with standard deviation of 0.035 mGal is added to the gravity data,
while uncorrelated Gaussian noise with standard deviation of 10nT is added to the TMI
data. For the TMI data, we assumed an inclination of 90°, declination of 0°, and induc-
ing field strength of 50,000nT. The simulated gravity data shows positive anomalies where
density contrast is positive and negative anomalies where density contrast is negative.
Likewise, the simulated TMI data shows high magnetic anomalies where susceptibility
is high and low magnetic anomalies where susceptibility is low (Figure 3).

3.2 Joint Inversion

We first performed separate inversions of the synthetic gravity and TMI data to
establish a comparison with joint inversion. For brevity, the results from separate inver-
sions are not shown as the focus of the workflow is on joint inversion. However, it is worth
noting that performing separate inversions before performing joint inversion may be ben-
eficial, especially in determining some of the parameters in the joint inversion, such as
the weight of the coupling function and the regularization parameters. Sections from the
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jointly inverted density contrast model are shown in Figure 4 and sections from the jointly
inverted susceptibility model are shown in Figure 5. We observe that the anomalous bod-
ies are recovered at roughly the right locations and depths. The jointly inverted mod-

els are able to reproduce the data, although the residuals show some correlated features
around the anomalies (Figure 6). This shows that the joint inversion is able to gener-

ally fit the data, but missed some information around the anomalies. This may be reme-
died by using a smaller target data misfit (but at the risk of fitting noise) or using an
adaptive method where the data uncertainties around the anomalies are reduced so as

to fit them better.

3.3 Geology Differentiation

As the first step to geology differentiation, we visualized the inverted physical prop-
erty values in a crossplot, where each point represents one model cell. For comparison,
we have included the crossplot from separate inversions as well (Figure 7). Both cross-
plots summarize the variations of the inverted physical property values and present nat-
ural trends on how the values are distributed. Although the crossplots exhibit a first-
order similarity on the range of values, it is clear that the jointly inverted values present
four well-defined linear features. The same kind of linear features have been discussed
previously by other researchers (Linde et al., 2006, 2008; Fregoso & Gallardo, 2009b; Doetsch
et al., 2010b; K. Li et al., 2021; Sun et al., 2020).

The next step is to classify the inverted values into different classes depending on
what is expected from different geological units. In this case, we can easily identify four
distinct units from the crossplot of jointly inverted values based on the linear trends, as
shown in Figure 8. The points that were not classified to any of the causative bodies are
considered background, and thus were not shown in the visualizations. The boundaries
between the background and the four units were determined experimentally through trial
and error. The guiding principle is that the background unit, when visualized in 3D, should
not contain any significant density contrast or susceptibility anomalies. We show a 3D
view of the true causative bodies in Figure 3(a) and the units we identified through the
process of geology differentiation in Figure 9. As shown, the four causative bodies are
identified at roughly the right locations. However, the bodies are round, smooth, and
seem to extend to the surface, whereas the true bodies do not. This is a result of the smooth-
ness regularization applied to the inversions, which will cause the neighboring values to
vary smoothly. As a result of such smoothness, the causative bodies look like they ex-
tend smoothly towards the surface.

There are several ways to deal with the limitations from the smoothness regular-
ization. First, when classifying the units, we can intentionally limit each unit to the larger
values. This helps shrink the volume of the differentiated units. For example, we may
shrink the bounds of each unit (A, B, C and D) identified in Figure 8 so that each unit
contains less of the points close to the background unit. Figure S1 in the supporting in-
formation shows an example of such reduced classification and Figure S2 shows the ge-
ological units resulting from this reduced classification. Secondly, a sparse norm regu-
larization can be used to recover compact bodies. We point out that the second strat-
egy is at the forefront of research (X. Li & Sun, 2021). Also, the computational time will
increase rapidly with sparse norms. As the first attempt to jointly invert the potential
field data sets in the QUEST area, we chose to use the smoothness regularization as im-
plemented in SIMPEG (Cockett et al., 2015) despite the limitations mentioned above.

3.4 Discussion

The results above show that cross-gradient joint inversion is able to better define
the boundaries between anomalous bodies by enhancing structural similarity between
the physical property models. The distribution of inverted physical property values was
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Density contrast model recovered from joint inversion with vertical sections on (a)
easting=—1750m, (b) easting=1750m, (c) northing=1750m, (d) northing=—1750m, and (e) a
horizontal section on elevation=—1500 m.
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0.00809 0.0108
Susceptibility model recovered from joint inversion with vertical sections on (a)
easting=—1750m, (b) easting=1750m, (c) northing=1750m, (d) northing=—1750m, and (e) a

horizontal section on elevation=—1500 m.
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Figure 7. (a) Crossplot of separately inverted susceptibility and density contrast values. (b)
Crossplot of jointly inverted susceptibility and density contrast values. Each point in the plots

represents one model cell.

0.0125
0.0100 1
0.00754
0.00504
0.00251

0.0000+

Magnetic Susceptibility (SI)

—-0.0025-

-0.02 -0.01 0.00 0.01 0.02
Density Contrast (g/cc)

Figure 8. Classification applied on the crossplot of jointly inverted susceptibility and density

contrast values where each color-coded polygon represents a different causative body.
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Figure 9. 3D view of the causative bodies identified through geology differentiation based on

the jointly inverted values.

better constrained for joint inversion than for separate inversions; separately inverted
physical property values presented severe scattering in the crossplot of inverted values.
Geology differentiation based on the jointly inverted values proved effective as it was eas-
ier to identify different geological units. Despite the shortcomings from the smoothness
regularization, the workflow proved effective as the causative bodies were identified at
roughly the correct locations and depths. Thus, the synthetic experiment showed promise
for the application of the workflow on field data.

4 Application to the QUEST Data
4.1 Geological Setting

The study area focuses on the Quesnel terrane located in British Columbia, Canada.
The Quesnel terrane is an early Mesozoic volcanic arc and contains significant Cu-Mo
and Cu-Au porphyry deposits (Schiarizza, 2003; Logan & Mihalynuk, 2014). The Ques-
nel terrane is considered to contain significant potential for alkalic and calc-alkalic porphyry-
type deposits as evidenced by mineral deposits in the region (e.g. Highland Valley, Lornex,
Lorraine, Mount Milligan, Mount Polley deposits, among others). Mineralization in the
more prolific porphyry deposits in the region are associated to a magmatic arc complex
that formed during a 15 million year epoch between the Triassic and Jurassic, where peak
mineralization was reached within a 6 million year window centered at 205 Ma (Logan
& Mihalynuk, 2014). The late Triassic-early Jurassic intrusive rocks of the Quesnel ter-
rane, including calc-alkaline and alkaline intrusions as well as other mafic and ultramafic
intrusions, are of special economic value as it is these that make the Quesnel terrane an
important metallogenic province. Additional details on the geological history and bedrock
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Figure 10. (a) The airborne gravity data after regional field removal and (b) the airborne
TMI data after regional field removal. For better visualization of the TMI data, we set the maxi-

mum and minimum of the colorbar to the 99.9*" and 0.1*® percentiles, respectively.

geology of the Quesnel terrane are presented by Schiarizza (2003) and Logan and Mi-
halynuk (2014).

Most of the central portion of the Quesnel terrane is covered by a ubiquitous Qua-
ternary glacial sediment overburden that has impeded exploration efforts (Figure 1). Geo-
physical methods are particularly useful in imaging subsurface rocks and structure through
such thick sediment layers, because geophysical data, collected on or above the surface,
contains valuable information about the subsurface structure as long as the subsurface
geological units or structures show spatial variations in their physical properties. Thus,
the QUEST data, shown in Figure 10, holds great importance in mapping out the un-
derlying structure and geology of the Quesnel terrane, especially in the central portion
overlain by the glacial sediment overburden.

There have been many geological studies done on this region of British Columbia
resulting in numerous geological maps. The British Columbia Geological Survey (BCGS)
maintains a repository of all these geological maps as the “British Columbia digital ge-
ology” (Cui et al., 2017). Numerous geological units were identified using BCGS’s Dig-
ital Geology database (Cui et al., 2017). However, the geophysical data used in this study
is in a regional scale and is not sensitive to all the different geological units. Therefore,
we grouped the units into more general groups based on the similarity in rock type and
rock composition. The identified geological units are summarized as follows:

1. Ultramafic rocks: serpentinites and other magnesium-rich ultramafic rocks asso-
ciated with the Cache Creek Complex, the Trembleur ultramafics, the Mason Lakes
ultramafics, the Valleau Creek Plutonic Suite, and the Polaris Plutonic Suite.

2. Mafic rocks: basalts, gabbro, dioritic to gabbroic intrusive rocks, gabbro pegmatites,
basaltic tuff and breccia associated with the Lounge Lizard Intrusive Suite, Cache
Creek Complex, Hogem Plutonic Suite, Witch Lake Formation, Antler Formation,
Pillow Ridge Succession, and basalts of the Nicola and Takla groups.
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3. Sedimentary and metasedimentary, felsic to intermediate rocks: syenitic to mon-
zonitic intrusive rocks, dioritic intrusive rocks, monzodiorites associated with the
Wolverine Range Plutonic Suite, Granite Mountain Batholith, Hogem Batholith,
Duckling Creek Syenite Complex, Mount Polley Intrusive Complex, the Endako
Group, Kamloops Group, and Lay Range Assemblage. Volcaniclastic and pyro-
clastic volcanic rocks, phyric andesite, latite and dacite flows associated with the
Twin Creek succession and Chuchi Lake succession. Rhyolites and other felsic vol-
canic rocks, tuffs and breccias associated with the Ootsa Lake group.

4. Metamafic rocks: amphibolite, granodioritic orthogneiss, blueschist, and metabasalts
associated with the Cache Creek Complex, Vanderhoof Metamorphic Complex,
Wolverine Metamorphic Complex, and the Downey Succession of the Snowshoe
Group.

5. Metafelsic rocks: granitic intrusive rocks, granite augen orthogneiss, monzogran-
ites, granodiorites of the Quesnel Lake Gneiss.

The prior geological information presented here was later used to guide the pro-
cess of geology differentiation. Namely, this information was used in classifying and char-
acterizing the jointly inverted physical property values into various classes. As the in-
formation summarized here is a simplification of all the geological units present in the
study area, the classification required some adjustments from what was originally expected,
and this represents adjustments to the expected values for the physical properties of dif-
ferent geological units after adding information from the inversions. Before we proceed
with the results, we first provide an overview of the geophysical data used for this study
along with the survey parameters and processing steps that the data has undergone.

4.2 Geophysical Data

The survey area for the QUEST project consists of two parallelograms that run par-
allel to the Quesnel terrane. The main survey is approximately 386 km in length and 120 km
in width; the smaller survey in the North is approximately 120 km in length and 60 km
in width. In total, the QUEST project covers an area that exceeds 46, 500 km?. An air-
borne survey conducted from July to November 2007 collected magnetic (TMI) and time
domain electromagnetic (VTEM) data. Another airborne survey conducted from Decem-
ber 2007 to March 2008 collected gravity data. The topography presented challenging
terrain as the survey area ranged from rolling hills to steep mountains. The elevation
ranged from 380 m to 2,500 m above sea level, with a mean elevation of about 1,000 m.

The airborne gravity survey consisted of traverse lines in the west-east direction
with 2,000 m line spacing. Additional control lines were flown at a northwest-southeast
direction spaced at 20,000 m and infill lines were flown between the traverse lines in the
west-east direction to achieve a spacing of 1,000 m in some locations. The aircraft main-
tained a nominal terrain clearance of 200 m above ground using a smooth drape surface.
The data were collected using airborne gravimeters consisting of three orthogonal accelerom-
eters which remain fixed in inertial space, allowing for corrections of aircraft movement.
Precise altitude and location (GPS) measurements were also made onboard the aircraft.
Terrain correction was applied at a nominal density of 2.67 gcm™3. More details on the
gravity survey can be found in Farr et al. (2008).

The airborne TMI data were collected in conjunction to a helicopter-borne versa-
tile time domain electromagnetic (VTEM) survey, which consisted of traverse lines in
the west-east direction with 4,000 m spacing between the lines. No tie lines were flown
for this survey. The aircraft maintained a nominal terrain clearance of 75m above the
ground. The data were collected using a cesium vapor magnetometer towed 15m below
the aircraft. Precise altitude and location (GPS) measurements were also made onboard
the aircraft. A magnetometer and GPS base station were employed to allow for data cor-
rections. The data underwent corrections for diurnal variations based on the recordings
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of the base station magnetometer. Some of the data in the northern section of the sur-
vey were omitted due to various circumstances that made flying the survey difficult. More
details on the magnetic survey can be found in Geotech Ltd (2008).

The Mira Geoscience Advanced Geophysical Interpretation Centre has completed
inversions of the QUEST geophysical data sets (Phillips et al., 2009; Kowalczyk et al.,
2010). In the process, they have produced residual gravity and TMI data sets where the
regional fields have been removed. The removal of regional fields is important to isolate
the response from features of interest. The method described in Y. Li and Oldenburg
(1998b) was used to separate the regional and residual fields. In this method, a regional
inversion is first carried out with a coarse gride size to obtain regional physical property
distributions. The regional physical property model is then used to forward model the
regional response, after which the regional response is subtracted from the original data
to obtain the residual data. Additional details on how the data was processed can be found
in Phillips et al. (2009).

For this study, we used the residual data after regional field removal as processed
by the Mira Geoscience Advanced Geophysical Interpretation Centre (Phillips et al., 2009)
for our own inversions. The gravity and TMI data used for our inversions are presented
in Figure 10. Note that for better visualization of the TMI data, we have set the max-
imum and minimum of the colorbar to the 99.9*" and 0.1*" percentile, respectively. This
was done because the maximum and minimum TMI data values were limited to a few
locations which would not have been clearly visible otherwise. For the magnetic inver-
sions, Phillips et al. (2009) have assumed that the inducing field does not vary signif-
icantly through the survey area, so parameters corresponding to the center of the sur-
vey area and a date halfway through the acquisition (September 15, 2007) were applied.
This corresponds to an inducing field strength of 57,254 nT with an inclination of 74.51°
and a declination of 20.46°. We used the same parameters for our magnetic inversions.

The QUEST survey area spans hundreds of kilometers and covers an area of more
than 46, 500 km?. The gravity and magnetic data sets each consist of about 400,000 data
points and the discretization for the whole survey area using a cell size of 500 m resulted
in more than 3 million cells just for the core mesh. Directly inverting the whole data set
would be computationally prohibitive. To make the inversion more manageable given
the computational resources available to us, we adopted a simple strategy: we split the
QUEST survey area into a number of smaller subsets, or ‘tiles’. Inversions were then per-
formed on each tile independently from the other tiles and inverted models were finally
merged into a single model for the whole survey area. We split the data into 20 tiles as
shown in Figure 11. Each tile overlapped with the adjacent tiles so as to ensure good
lateral continuity and a smooth merging process for the inverted models, which we ex-
plain in a later section and in the supporting information (Text S1).

Before proceeding with the inversion, however, there is a need to determine the noise
levels of the observed data as it is required to determine an appropriate target data mis-
fit for the inversions.

4.3 Data Uncertainty Estimation

Estimating the noise levels of geophysical data is important in setting an appro-
priate target data misfit. Overfitting the data risks fitting the noise, while underfitting
the data risks missing important features. As such, it is imperative to understand the
data noise levels before proceeding with inversions. We have taken two heuristic approaches
to estimating the noise levels of the data and we illustrate their applications to the data
in one of the tiles. The gravity data is shown in Figure 12(a) and TMI data is shown in
Figure 12(c).
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Figure 12. (a) The observed gravity data in the NT1-bot tile and (b) gravity data residual
computed from the density contrast equivalent source layer that corresponds to a data misfit of
50. (c) The observed TMI data in the NT1-bot tile and (d) TMI data residual computed from

the susceptibility equivalent source layer that corresponds to a data misfit of 2000.

For the first approach, we followed the work from Hansen and O’Leary (1993), to
use the L-curve method as an estimator for the error. We first assigned a constant stan-
dard deviation of 1 mGal to the gravity data and 100nT to the TMI data. If the noise
is truly random and uncorrelated and if these two noise estimates are indeed true, then
the target data misfits for the inversions of both data sets should be equal to the num-
ber of data. However, it is unlikely that the initial guesses are anywhere close to the true
noise levels. Thus, there is the obvious need of estimating an appropriate target data mis-
fit at these estimated noise levels. We proceeded by constructing a Tikhonov curve through
a series of equivalent source layers that fit the data to different degrees; this was achieved
by varying the regularization parameters in such a way that the resulting data misfits
span several orders of magnitude. The equivalent source layer method is based on the
inherent ambiguity of potential fields, where any potential field response can be explained
by an arbitrary distribution of sources (Dampney, 1969). It was used here simply to speed
up the computations as the technique requires only a single layer to be able to repro-
duce the data. For each equivalent source layer, the data misfit and regularization val-
ues were computed to finally construct Tikhonov curves for each data set (Figure 13).

As can be seen, the Tikhonov curve from the gravity inversions shows a clear “el-
bow”, and following Hansen and O’Leary (1993), the point at the elbow represents the
best estimate for the target data misfit given the current noise level estimates. In the
case for the gravity data, at a standard deviation of 1 mGal, the target data misfit was
estimated to be close to 50. Given that the number of data for this tile was 18,924 mea-
surements, this shows that a standard deviation of 1 mGal for the gravity data is actu-
ally an overestimate of the noise level. The standard deviation for the gravity data in
this tile should be closer to 0.0514 mGal. We show the residual data computed from the
equivalent source layer that resulted in a data misfit of 50 in Figure 12(b). The resid-
ual shows mostly random and uncorrelated features, signifying that at this data misfit,
the inversion adequately fits the data.

The Tikhonov curve from the magnetic inversions does not show a clear elbow as
opposed to the gravity inversions; it is concave and thus it becomes hard to determine
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Figure 13. Tikhonov curves constructed from (a) the density contrast equivalent source layers
and (b) the susceptibility equivalent source layers. Here, ¢4 represents the data misfit and ¢nm

represents the model regularization.

an appropriate target data misfit. For the TMI data, we take a second approach to es-
timating the noise levels. Instead of looking at the Tikhonov curve, we look at the resid-
uals computed from the equivalent source layers that were constructed previously. When
the regularization parameter is large, the model is unable to fit the data properly (un-
derfits the data) as evidenced by coherent features and clear spatial patterns on the resid-
uals. As the regularization parameter becomes progressively smaller, the residuals show
less coherent features and will eventually show mostly random patterns. The data mis-
fit at this point serves as an estimate for the target data misfit. For the TMI data, we
estimated a target data misfit of 2,000 to be most adequate. The residual correspond-
ing to this data misfit value is shown on Figure 12(d). As was the case with gravity data,
a standard deviation of 100nT proved to be an overestimate of the noise level. The stan-
dard deviation for the TMI data in this tile should be closer to 32.51 nT. This same pro-
cess was applied for each of the tiles, resulting in estimated target data misfits that were
used for all the inversions. The data misfits and the estimated noise levels for each tile
are summarized in Table S1 in the supporting information.

4.4 Joint Inversion

For each tile, we first performed separate inversions of the QUEST gravity and TMI
data, mainly to determine the regularization parameters and weight of the coupling func-
tion used for joint inversion. For brevity, the results from separate inversions are not shown.
The model space was discretized into a mesh of rectangular prisms such that the core
cell size was 500m x 500m x 500 m. Padding cells of progressively increasing dimen-
sions were added to the edges of the mesh. Topography was fully accounted for in all in-
versions. For all tiles, the inversion meshes shared the same vertical dimensions; each
inversion mesh consisted of 20 core cells in the vertical direction covering a total depth
of 10km. The lateral dimensions of each mesh depended on the lateral dimensions of the
corresponding tile. The core areas of the mesh were then merged into a single mesh that
covered the entire QUEST survey area. Cells outside the perimeter of the QUEST sur-
vey area were discarded for subsequent analyses and visualizations.

For the gravity inversions, we did not impose any bound constraints because we
expected that both positive and negative density contrasts would be required to explain

the features visible in Figure 10(a). Additionally, physical properties measured by Mitchinson

et al. (2013) on rock samples from porphyry deposits in the QUEST survey area show
that the bulk densities in the region can range above and below the density (2.67 gcm™3)
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used for the terrain correction on the gravity data. As such, we expected to see both neg-
ative and positive density contrasts from the gravity inversions.

For the magnetic inversions, we also did not impose any bound constraints as there
is remanence in the region. Natural remanent magnetization was measured by Mitchinson
et al. (2013) on rock samples from porphyry deposits in the QUEST survey area. Some
of the Koenigsberger ratios reported exceeded a value of 1, indicating strong remanence
in some of these areas. As such, we did not make the usual assumption of there being
no remanence. Instead, for simplicity, we made the assumption that any remanence has
a component that is colinear to the present-day Earth’s magnetic field. This means that
any negative susceptibilities are attributed to remanent magnetizations in the opposite
direction of the present-day geomagnetic field, likely due to polarity reversals. We ac-
knowledge that this is a strong assumption and that there are potential limitations to
the magnetic inversions due to such assumptions. However, we note that the magnetic
inversions had no trouble fitting the observed data to the desired levels even with such
assumptions. As such, for purposes of this study, we accept such assumptions as appro-
priate. We leave the examination of full magnetization vectors for future research.

Horizontal sections at various depths of the jointly inverted density contrast model
are shown in Figure 14 and for the susceptibility model in Figure 15. Note that we set
the maximum value for the colorbar of the susceptibility model to the 99.9*" percentile
to better visualize the features in the model, which would not have been visible other-
wise. The predicted data computed from the jointly inverted models are shown in Fig-
ure 16. Note that we have set the same maximum and minimum values for the color-
bar of the predicted TMI data the same way as we did for the observed TMI data in Fig-
ure 10(b).

Lastly, we present the crossplot of the jointly inverted susceptibility and density
contrast values in Figure 17(b). For comparison, we also present the crossplot of the sus-
ceptibility and density contrast values from separate inversions in Figure 17(a). We ob-
serve that the crossplot of the jointly inverted values presents clearer structure and pat-
terns. Namely, we see clear linear features extending towards the high densities and high
susceptibilities.

4.4.1 Merging the Inverted Models

As described previously, the survey data was divided into several tiles. The inverted
models from each tile were then merged to produce a single model for the whole survey
area. The tiles were purposely made to overlap with adjacent tiles so as to ensure con-
tinuity and prevent potential artifacts that could arise because of the splitting of the data.
The models were merged by using an image processing technique called “alpha composit-
ing”. Alpha compositing (or alpha blending) is the process of combining two images to
create an appearance of smooth transition between the images (Porter & Duff, 1984).

It is often used to blend an image on a background or on top of another image. Here,
we use the same technique to smoothly merge the inverted models from each tile. The
equation that guides alpha blending is given by

mr = amy + (1 — a)mg (3)

where m is the vector with the merged model values while m; and my are vec-
tors of the overlapping model values. The merging process only applies to the overlap-
ping areas of the models, so it does not require values that are non-overlapping. The value
for « is up to the discretion of the user and using a value of 0.5 would be equivalent to
an arithmetic mean of the model values. We used a sigmoid function that varies smoothly
in a given direction. Additional details of the merging process can be found in the sup-
porting information (Text S1).
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to the 99.9*® percentile.
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Figure 16. (a) The predicted gravity data from the jointly inverted density contrast model
and (b) the predicted TMI data from the jointly inverted susceptibility model.

4.5 Geology Differentiation

Geophysical inversions provide images of the subsurface geological structure in terms
of different physical properties. However, effective interpretation of geophysical data, es-
pecially in mineral exploration, relies on meaningful inferences for different geological
units. The identification of various geological units and their spatial distribution helps
guide decision-making in exploration, such as the decisions to drill in specific sites for
detailed prospecting of mineral ore deposits. We therefore perform geology differentia-
tion to identify different geological units based on the jointly inverted density contrast
and susceptibility values.

Various geological units were identified using BCGS’s Digital Geology database (Cui
et al., 2017). For simplicity, we have grouped the geological units into larger groups that
share common properties. For each geological unit, we defined expected ranges of den-
sities and susceptibility values that were based on the descriptions in Cui et al. (2017)
and on physical property measurements reported in Mitchinson et al. (2013). We then
classified the points on the crossplot of jointly inverted physical property values based
on the expected ranges as well as on the natural trends present on the crossplot as shown
in Figure 18. The resulting quasi-geology model is shown in Figure 19. In the following
paragraphs, we discuss each of the classes, but for brevity, we only show figures of a few
classes with clear features that are correlated with known geology.

We have identified class 1 as mafic intrusions associated with the Hogem Plutonic
Suite to the north with a high magnetite content as evidenced by the high susceptibil-
ities (see Figure S7 in the supporting information).

Class 2 we have identified as ultramafic rocks with a higher density range than class
1 that are associated with ore-related potassic alteration mineral assemblages that con-
tain magnetite (Figure 20). Some of the intrusions of this class are spatially correlated
with intrusions that are adjacent to the Mount Milligan and Kwanika deposits. Thus,
we identify class 2 as a class of interest that is associated with some of the Cu-Au por-
phyry deposits of the region. To the south, we observe features of class 2 adjacent to the
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Figure 17. (a) Crossplot of separately inverted susceptibility and density contrast values. (b)
Crossplot of jointly inverted susceptibility and density contrast values. Each point in the plots

represents one model cell.
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Figure 18. Classification applied to the crossplot of jointly inverted susceptibility and density

contrast values.

Polaris Plutonic Suite. Joint inversion allowed us to differentiate class 2 into three sub-
classes which likely represent differing degrees of alteration and composition: subclass
2a has relatively high susceptibilities but lower densities and is associated to the west
with the Trembleur Ultramafites, subclass 2b has similar susceptibilities to subclass 2a
but has higher densities, and subclass 2c¢ has lower susceptibilities but extends to higher
densities.

Class 3, with low susceptibilities but high densities, is likely to be intermediate to
mafic rocks as evidenced by the high densities but with low susceptibilities that could
be associated with secondary alteration. As in class 2, class 3 is spatially correlated with
intrusions of some of the known Cu-Au porphyry deposits (e.g. Mount Milligan deposit).
Joint inversion allowed us to differentiate class 3 into four different subclasses. Subclass
3a ranges from intermediate to high densities with low susceptibilities and is spatially
correlated with the Lorraine, Takla-Rainbow, Kwanika, and Mount Milligan deposits to
the north and ultramafic units to the south (Figure 21). There is also a significant fea-
ture of subclasses 3a and 3b that is located near the Quesnel lake. Subclass 3b has a higher
range of densities than subclass 3a but with susceptibilities near zero and is spatially dis-
tributed through most of the central part of the survey area. To the north, both sub-
classes 3a and 3b are likely associated with the Hogem Plutonic Suite, but subclass 3b
includes features to the west that are spatially correlated with the Trembleur Ultramafites.
Subclass 3c is likely an extension of subclass 3b with higher magnetic content as evidenced
by the higher susceptibilites. Subclass 3d is also likely to be an extension of subclass 3b
that extends to negative susceptibilities as a result of the smooth regularization on the
inversions. There is the possibility that subclass 3d constitutes a separate domain with
reversed magnetic polarity but we think that it is unlikely as the values are relatively
small in magnitude. Class 3 is of particular interest because it is present under the Qua-
ternary sediment overburden, and thus, may serve as a guide for subsequent detailed sur-
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Horizontal sections of the 3D quasi-geology model obtained from geology differen-
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veys around that area. It is worth noting here that previous work on the region shows
that some of the mineralization in the region, such as in the Mount Milligan deposit, are
associated with phyllic or argillic alteration phases that consumed magnetite leading to
lower magnetic susceptibilities (Oldenburg et al., 1997), and thus some of the features
with lower magnetic susceptibilities may be associated with mineralization in the region.
It is likely that classes 2 and 3 represent different hydrothermal alteration halos, class

2 being associated with early-stage potassic alteration and class 3 with late-stage phyl-
lic alteration (DeLong et al., 1990; Oldenburg et al., 1997; Jago et al., 2014).

Class 4, with near-zero density contrasts but high susceptibilities, are likely granitic
intrusions that are associated with the Hogem Plutonic Suite (Ootes et al., 2019) to the
north and part of the Mounty Polley complex to the south (see Figure S8 in the support-
ing information). It is known that the Mount Polley deposit is hosted in an area where
the Nicola group volcanics are strongly magnetic, and evidently, subclass 4b, with very
high susceptibilities, is spatially correlated with the Mount Polley complex. Subclass 4a
is most probably an extension of subclass 4b with less magnetite content but higher den-
sities.

Class 5 is likely to be felsic intrusions that are well distributed throughout the sur-
vey area (see Figure S9 in the supporting information). Class 5 is spatially correlated
with the Wolverine Metamorphic Complex to the east and the Granite Mountain Batholith
to the south, which is the host to the Gibraltar deposit. Due to the weakly magnetic Gran-

ite Mountain Batholith, the Gibraltar deposit is indistinguishable from the weakly mag-

netic rocks that form class 5.

Class 6 is widely distributed throughout the survey area and has low densities and
near-zero susceptibilities, suggesting that it could likely be silicic intrusions. Class 6 is
spatially correlated with the Hogem Plutonic Suite and the Germansen Batholith in the
north and the Bayonne Plutonic Suite in the central region (Figure 22). Class 6 is par-
ticularly remarkable as the shape of the resolved Germansen Batholith and Bayonne Plu-
tonic Suite closely resemble the geologic map compiled by Cui et al. (2017) (Figure 23).

Class 7 is sparsely distributed mostly in the north and is likely a felsic extension
of the Hogem Plutonic Suite with reversed magnetic polarities as evidenced by the neg-
ative susceptibility values (see Figure S10 in the supporting information). We note that
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the negative susceptibilities for class 7 range to larger magnitudes, suggesting that it is
more likely to be a result of polarity reversals rather than of smoothing regularization.

Class 8, with near-zero density contrasts but negative susceptibilities with relatively
high magnitude, are likely granitic intrusions similar to class 4, but with reversed po-
larities (see Figure S11 in the supporting information). Class 4 likely formed during a
period of normal magnetic polarity, while class 8 could have been formed during a mag-
netic reversal period.

Class 9 is widely distributed throughout the survey area and likely constitutes a
wide range of rock types ranging from sedimentary to felsic and intermediate volcanic
rocks that represent the host rock of the Quesnel terrane (see Figure S12 in the support-
ing information). It is worth noting that class 9 extends to negative susceptibilities but
the relatively low magnitudes suggest that this is likely a result of the smooth regular-
ization of the inversions.

Lastly, we show a comparison of the 2D geological map modified from Cui et al.
(2017) and our 3D quasi-geology model in Figure 23. The correspondence between the
two figures is most apparent to the north and south where the structure of the quasi-
geology model on the right closely resembles the geologic map on the left. The 3D quasi-
geology model is able to further differentiate the geology in more detail in the central
region of the survey area and it also adds a third dimension, depth, to the geological in-
terpretation.

4.6 Discussions

An application of the quantitative workflow for the integrated interpretation of mul-
tiple geophysical and geological data was presented in this study. Integration of multi-
ple geophysical data sets was performed through joint inversion that enhances structural
similarity between the different physical property models. Integration with geological in-
formation was performed through a process of geology differentiation based on prior ge-
ological knowledge and inverted physical property values. The application of the work-
flow to the QUEST gravity and TMI data allowed us to distinguish and differentiate var-
ious geological units, some of which are spatially correlated with known mineral ore de-
posits or geological features.

Finally, as a recommendation for future studies, we have identified areas in the cen-
tral portion and in the south of the QUEST survey area where more detailed surveys
may provide a better understanding of the mineral prospectivity in these underexplored
areas of the Quesnel terrane. The areas of interest were identified by combining subclasses
2a, 2b, 3a, and 3b from the geology differentiation applied on the jointly inverted phys-
ical property values. Subclasses 2a and 2b were correlated with intrusions with high mag-
netic content. Subclasses 3a and 3b corresponded to mafic rocks that were spatially cor-
related with the Trembleur Ultramafites and other mafic intrusions to the north (Hogem
Plutonic Suite). Subclasses 3a and 3b were also spatially correlated with the intrusions
associated with the Lorraine, Takla-Rainbow, Kwanika, and Mount Milligan deposits par-
ticularly at shallower depths, whereas subclasses 2a and 2b correlated with the deposits
on the perimeter, which likely represents a different alteration zone. Most notable, how-
ever, is that subclass 3b is spatially distributed throughout the central region under the
Quaternary sediment cover where the geological description is lacking. Figure 24 shows
in red circles the locations of the correlated deposits, in purple circles the locations of
the ultramafic units, and in blue squares areas of interest for future detailed surveys. The
large blue square in the middle is an area covered by the Quaternary glacial overburden
that lacks detailed geological descriptions and has the potential for new mineral ore de-
posits. The bottom square is an area close to the Quesnel Lake that has two prominent
features belonging to these subclasses in an area that lacks much geological description
and could be worth investigating further.

—31—



(nU(X10“5)

Northing

6.10

o
=
«©w
S L
w F@:
T \"; .HI

o '_'-.
g ~

400 500 600 700

300
Easting(m) (x10A3)

Figure 24. Spatial distribution of subclasses 2a, 2b, 3a, and 3b. Shown in red circles are
known mineral deposits: (A) Lorraine, (B) Takla-Rainbow, (C) Kwanika, (D) Mount Milligan
deposits. Shown in purple circles are known ultramafic units: (E) Trembleur Ulframafites, (F)
Polaris Plutonic Suite. In blue squares are target areas for future detailed surveys as they repre-
sent areas where the geological description is lacking and has the potential for mineral deposits:

(G) An area that lies beneath the Quaternary glacial overburden, (H) An area that lies south of

the survey area near the Quesnel Lake.
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There are other mineral deposits in the QUEST survey area, such as the Gibral-
tar and Mount Polley deposits, that were not identified on the geology differentiation
results at the regional scale of the present work. Mount Polley is hosted in strongly mag-
netic volcanic host rocks (Logan & Mihalynuk, 2014), likely classified to class 4 in the
geology differentiation which makes it hard to differentiate. The Gibraltar deposit is hosted
in the weakly magnetic Granite Mountain Batholith (Schiarizza, 2014), which makes it
indistinguishable from other weakly magnetic volcanics and host rock.

Finally, we acknowledge the fact that there is a level of subjectivity still involved,
particularly in the geology differentiation step where different geological units are iden-
tified. The results from the geology differentiation are inferences; borehole information
is needed to validate the interpretations. To explore this ambiguity, we have experimented
with several different classifications, altering the boundaries between the different classes.
As an example, we present a comparison between our original classification and an al-
ternative one (Figure 25). In this case, any of the individual cells lost by subclass 2a will
be added to 2b (Figure 26). This, in turn, does not affect our final interpretation when
we include both subclasses 2a and 2b in our final recommendation. We also notice that
there is greater ambiguity in classes with lower densities, suggesting that there is signif-
icant overlap in density and susceptibility values between the felsic and intermediate ge-
ological units.

5 Conclusions

Quantitative integration of multiphysics geoscientific data is an active field of re-
search. Joint inversions are of particular interest because they provide quantitative means
to integrating multiple geophysical data sets for the construction of physical property
models that are consistent with each other. However, interpretation of geophysical in-
versions has traditionally relied on the identification for anomalous features that are in-
dicative of a target of interest. The work presented here represents a step further in the
interpretation of geophysical inversions, employing a geology differentiation method that
allows for the further addition of geological knowledge into the interpretation process.

For this study, we combined joint inversion and geology differentiation for the in-
tegrated interpretation of multiple geoscientific data sets in mineral exploration. In this
study, we performed structural joint inversion using the cross-gradient constraint to pro-
duce structurally similar density contrast and susceptibility models. Geology differen-
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761 tiation was then applied to the jointly inverted models to identify different geological units.

762 The workflow was validated using synthetic data before being applied to airborne grav-

763 ity and TMI data from Quesnel terrane in central British Columbia with the purpose

764 of regional-scale mineral exploration. The results showed that geology differentiation based
765 on joint inversion led to a finer distinction between different geological units. This in turn
766 helped identify areas of interest for future detailed surveys. In particular, an area in the
767 central part of the Quesnel terrane that lies beneath the Quaternary sediment overbur-

768 den was identified as an area of interest for future detailed surveys, as this area showed
769 similar features associated with known mineral deposits (e.g. Mount Milligan, Lorraine

770 deposits). Results from the geology differentiation were validated using geology maps

m compiled in previous work. Integrated interpretation of multiple geophysical and geo-

m logical data through joint inversion and geology differentiation shows promise not only

73 for mineral exploration, but also for any other geoscientific study that involves multi-

74 ple data types.

775 6 Availability Statement

776 The airborne gravity and magnetics data are archived and made publicly available
77 by Geoscience BC (http://www.geosciencebc.com/major-projects/quest/). Read-

778 ers can access the airborne gravity data at http://www.geosciencebc.com/i/project
779 _data/QUESTdata/GBCReport2008-8/GBCReport2008-8_Gravity Data.zip and the as-

780 sociated technical report at http://www.geosciencebc.com/i/project_data/QUESTdata/
781 GBCReport2008-8/Gravity_Technical Report.pdf. The airborne magnetic data can

782 be accessed at http://www.geosciencebc.com/i/project_data/QUESTdata/maps_geosoft
783 _viewer/Mag2 Main.zip. The report pertaining to magnetic data can be accessed at http://
784 www.geosciencebc.com/i/project_data/QUESTdata/report/7042-GeoscienceBC_final

785 .pdf. The joint inversion code that was used to invert the geophysical data is available

786 at https://github.com/xiaolongwl223.
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