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Abstract

We have carried out petrophysically and geologically guided inversions (PGIs) to jointly invert airborne and
ground-based gravity data and airborne magnetic data to recover a quasi-geology model of the DO-27 kimberlite
pipe in the Tli Kwi Cho (also referred to as TKC) cluster. DO-27 is composed of three main kimberlite rock types
in contact with each other and embedded in a granitic host rock covered by a thin layer of glacial till. The
pyroclastic kimberlite (PK), which is diamondiferous, and the volcanoclastic kimberlite (VK) have anomalously
low density, due to their high porosity, and weak magnetic susceptibility. They are indistinguishable from each
other based upon their potential-field responses. The hypabyssal kimberlite (HK), which is not diamondiferous,
has been identified as highly magnetic and remanent. Quantitative petrophysical signatures for each rock unit
are obtained from sample measurements, such as the increasing density of the PK/VK unit with depth and the
remanent magnetization of the HK unit, and are represented as a Gaussian mixture model (GMM). This GMM
guides the PGI toward generating a 3D quasi-geology model with physical properties that satisfies the geophysi-
cal data sets and the petrophysical signatures. Density and magnetization models recovered individually yield
volumes that have physical property combinations that do not conform to any known petrophysical character-
istics of the rocks in the area. A multiphysics PGI addresses this problem by using the GMM as a coupling term,
but it puts a volume of the PK/VK unit at a location that is incompatible with geologic information from drill-
holes. To conform to that geologic knowledge, a fourth unit is introduced, PK-minor, which is petrophysically
and geographically distinct from the main PK/VK unit. This inversion produces a quasi-geology model that
presents good structural locations of the diamondiferous PK unit and can be used to provide a resource estimate
or decide the locations of future drillholes.

Introduction and geologic setting
The DO-27 kimberlite pipe is located in the kimber-

lite-rich Lac De Gras region, Northwest Territories,
Canada (Figure 1). It was first discovered in 1992,
following the discovery of the Ekati kimberlite field
in September 1991 (Kjarsgaard and Levinson, 2002),
thanks to an airborne frequency-domain electromag-
netic survey (DIGHEM). Two distinct anomalies were
identified, which were initially thought to be part of
a single large complex. After multiple revisions of the
conceptual geologic model (Harder et al., 2009), it is
now believed that there are two main pipes, designated
as DO-18 and DO-27, with distinct rock types. Kimber-
lite pipes are potentially diamondiferous, and the as-
sessment of their economic potential requires an
understanding of their geologic structures.

Several types of kimberlite facies can reside inside
the same pipe. A schematic representation of the archi-
tecture of a typical Lac de Gras pipe is shown in

Figure 2a. The various kimberlite facies are classified
based on their genesis (Field and Smith, 1998; Kjars-
gaard, 2007). At DO-27, there are three main facies em-
bedded in a granitic host rock that play a role in the
potential-field responses. The first is a hypabyssal kim-
berlite (HK), which is an intrusive igneous rock often
found at the base of the pipe (Figure 2a). The second
is a volcanoclastic kimberlite (VK), which is an extru-
sive igneous rock with high porosity, which is typically
found above the HK unit. The last facies is a pyroclastic
kimberlite (PK), which is the diamondiferous unit at
DO-27. It shares many characteristics with VK because
both formed during extrusion events accompanied
by an explosion. Glaciers eroded the top of the pipes,
allowing the formation of lakes, and deposited a thin
layer of till (Dyke and Prest, 1987; Doyle et al., 1998).

The geologic model of the DO-27 pipe built from sev-
eral drilling campaigns is presented in Figure 2b.
The geometry of DO-27 diverges significantly from the
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standard kimberlite model with a sheet-like hypabyssal
unit present near the surface. Harder et al. (2009) con-
clude that DO-27 was formed in several successive vol-
canic phases with the HK unit predating the VK intrusion
(Doyle et al., 1998). This VK intrusion was later disturbed
by another volcanic event, with the PK unit infilling the
pipe. Several minor occurrences of kimberlite units iden-
tified as PK facies have been observed close to the sur-
face. As discussed in Devriese et al. (2017), the density
and magnetic characteristics of the different units are as
follows. (1) The PK and VK units have low density and
are weakly magnetically susceptible. They are indistin-

guishable from each other in potential-field surveys,
and we thus refer to them as a PK/VK unit. (2) The
HK unit has a density that is close to the granitic host
rock, but it has a high magnetic susceptibility and is re-
manently magnetized. (3) The thin horizontal layer of gla-
cial till, that only plays a minor role from a potential-field
standpoint, and granitic host rock are regrouped under
the term “background.”

Geophysics plays an important role in kimberlite ex-
ploration (Macnae, 1995; Keating and Sailhac, 2004;
Power and Hildes., 2007), and much work has been done
over the DO-27 and DO-18 kimberlite pipes. Jansen and
Witherly (2004) present an overview of the exploration
geophysical surveys acquired before 2000. Devriese et al.
(2017) perform smooth inversions of individual potential-
field data sets. Their interpretation of the physical prop-
erty models defines the overall shape of the DO-27 and
DO-18 pipes. Their analysis provides a valuable start in
distinguishing between the PK/VK and the HK units. Four-
nier et al. (2017) focus on the inversion and interpretation
of the electromagnetic surveys. They are able to distin-
guish the top of the pipe from the lake-bottom sediments
and till layer. Finally, Kang et al. (2017) extract induced
polarization information from airborne electromagnetic
surveys to distinguish between adjacent kimberlites
based on their clay mineral content. They subsequently
build a geologic model using a post-inversion classifica-
tion. The inputs to their classification were density,
magnetic susceptibility, electrical conductivity, and char-
geability obtained from the individual smooth inversions.

The use of post-inversion classification to infer geo-
logic information has been widely used, for example, in
Oldenburg et al. (1997), Paasche et al. (2006), Giuseppe
et al. (2014), Martinez and Li (2015), Paasche (2016),
and Melo et al. (2017). However, there are challenges
in using this methodology. Geophysical inversion gener-
ally produces a smooth image of the earth, and the details
are dependent upon parameters in the inversion. Building
a geologic model from these inversions also requires
specifying thresholds and criteria to discriminate be-

tween rock units; these are subjective
choices and need expert knowledge that
can make post-inversion classification
challenging for problems such as re-
source estimation, which for DO-27 is
linked to the volume of the PK/VK unit.
Rather than generate a quasi-geology
model from a post-inversion classifica-
tion (Li et al., 2019), our goal is to carry
out a single inversion that integrates po-
tential-fields data with petrophysical and
geologic information. We use a joint in-
version framework (Astic and Olden-
burg, 2019; Astic et al., 2020) for
petrophysically and geologically guided
inversion (PGI). It produces physical
property models that fit both the geo-
physical and petrophysical data, which
allows the inversion to build a quasi-geol-

Figure 1. Topography map (contours and shaded back-
ground) and hydrography at the DO-27 kimberlite pipe in
the Northwest Territories, Canada (location in the inset).
The area of interest is represented as a dashed box. Outline
of the PK/VK (dashed) and HK (solid) kimberlite facies
present in the pipe, extracted from the geologic model at
285 m of elevation, are overlaid on the map. The DO-18 pipe
is visible at the northern boundary of the map. Geographic
projection: UTM 12N, NAD27.

Figure 2. (a) Lac De Gras kimberlite pipe conceptual model (modified from
Devriese et al., 2017). HK: Hypabyssal kimberlite facies; VK: Volcanoclastic
kimberlite facies; and PK: Pyroclastic kimberlite facies and (b) current geologic
representation of the DO-27 pipe based on drillholes.
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ogy model. In this study, we jointly invert potential-fields
data from a ground gravity survey, an airborne gravity
gradiometry (Falcon) survey (Lee, 2001), and an air-
borne magnetic survey (acquired during a versatile
time-domain electromagnetic (VTEM) survey; Witherly,
2005). We use the petrophysical signatures of the back-
ground, PK/VK, and HK rock units as a coupling term.
This coupling term links density, the three components
of the magnetization of the rocks, and the elevation to
account for variations of the density signature of the
PK/VK unit with depth. The petrophysical data are
represented as a Gaussian mixture model (GMM)
(Dempster et al., 1977; Murphy, 2012). This GMM is used
to generate a misfit function that quantifies how well the
inversion fits the petrophysical signatures. A successful
inversion simultaneously achieves acceptable fits of the
geophysical and petrophysical data.

This study is segmented into five parts. First, we intro-
duce the geophysical data sets and our data processing
steps. We then summarize our PGI methodology for rep-
resenting petrophysical and geologic information and
how to include it in an inversion. Next, we design the
GMM from the available petrophysical data by identifying
the physical properties characteristics of each rock unit.
Our first inversion with the PGI approach focuses on
recovering density from the two gravity surveys. We
jointly invert ground gravity and Falcon data to recover
a density model that is consistent with the PK/VK density
increase with depth. We then invert the magnetic data
from the VTEM survey. To recover a magnetization
model consistent with the high remanence of the HK unit,
we use a magnetic vector inversion (MVI). We show that
combining these density and magnetic
vector models yields volumes with erro-
neous combinations of physical proper-
ties and uncertainties about the extent
of the HK and PK/VK units. We follow
up with a fully integrated multiphysics in-
version of the potential-field data sets by
inverting all three geophysical surveys to-
gether with the signature of all three rock
units (background, PK/VK, and HK). This
model is a significant improvement over
what is obtained from post-inversion
classifications. The delineation of the dia-
mondiferous PK/VK unit over the central
partof theDO-27pipe is ingoodagreement
with the outline drawn from drillholes.
However, the model disagrees with drill-
hole information north of the DO-27 pipe.
To address this, we add to our inversion
geologic information from drillholes and
an extra rock unit to represent minor
near-surface occurrences of PK facies.
The final quasi-geology model obtained
with our PGI approach resolves the geo-
logicconflictsandallowsustoestimatethe
volume of the PK/VK unit, which is the po-
tential diamondiferous resource at DO-27.

Geophysical data sets
Ground gravity

Ground gravity data were acquired, on the ice, over
DO-27 in the spring of 1994. The survey is composed of
441 stations with spacing of 25 m along east–west lines
100 m apart. Gravity data were processed by the con-
tractor and provided as the complete Bouguer anomaly.

In preparation for the inversion, we upward contin-
ued the data by 6.25 m so that they are a half cell width
above the surface. This is done to minimize the effects
of potential small-scale heterogeneities inside a subsur-
face cell that is mathematically modeled as a volume
with homogeneous density (Li and Oldenburg, 1996).
A low-frequency signal was seen in our early inversions
that manifested as density contrasts in the padding
cells. Although this low-frequency signal can be ab-
sorbed this way, we chose to remove a linear trend from
the data to focus the inversion on the local anomalies.
We use a robust Cauchy loss function for the linear re-
gression, which is less affected by outliers than a least-
squares estimation (Kadiyala and Murthy, 1977). The
processed data set is shown in Figure 3b.

A clear negative anomaly of −2.14 mGal, associated
with the DO-27 kimberlite pipe, is visible. A northern
extension was first interpreted as a connection between
the DO-18 and the DO-27 kimberlite pipes. The current
understanding is that it is due to several minor near-sur-
face kimberlite dikes and sills (Doyle et al., 1998).

In the inversion, we assign a uniform unbiased Gaus-
sian noise level with a standard deviation of 0.045 mGal;
this is identical to what is used in Devriese et al. (2017).

Figure 3. Four potential-field data sets, collected over the DO-27 pipe, which
are used in this study (after regional removal). (a) Airborne VTEM total field
magnetic survey, (b) ground gravity survey, (c) Gxy component of the airborne
Falcon gravity gradiometry survey, and (d) the Guv component of the airborne
Falcon gravity gradiometry survey.
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Falcon airborne gravity gradiometry
An airborne Falcon gravity gradiometry survey was

flown in 2001 over the property. Over the area of inter-
est, the survey flew 29 north–south flight lines spaced
50 m apart with an average 53 m ground clearance. We
downsampled the data along the lines to one measure-
ment every 25 m to yield approximately one data point
per surface cell in our mesh. This ensures that there is
no signal in the data with a smaller wavelength than can
be modeled by the mesh (Figure 3c and 3d).

At each station, two combinations of the gravity gra-
diometry tensor (Pawlowski, 1998) are measured by the
Falcon system (Lee, 2001). The first component is Gxy.
The secondmeasurement is a linear combination of two
components of the tensor: Guv ¼ ðGyy − GxxÞ∕2. We in-
vert directly for those two measurements. The data
were processed by the contractor with an equivalent
source transformation using a 2.67 g∕cm3 background
density.

In the inversion, we assign a uniform unbiased Gaus-
sian noise level with a standard deviation of five eotvos
for Gxy and Guv components; this is identical to the one
used in Devriese et al. (2017).

Airborne magnetic survey
Total field magnetic data were recorded during a

VTEM survey flown in 2004 over the property, using a
cesium vapor magnetometer towed 15 m below the air-
craft. The survey over the area of interest is composed of
13 east–west flight lines 75 m apart at an average 72 m
ground clearance.

Before the inversion, we removed a linear trend from
the data using a Cauchy norm. We downsampled the
lines to one data point every 25 m. The processed data
set is shown in Figure 3a.

A strong positive anomaly of 115 nT is visible north
of the complex. It is associated with a negative signal of

−15 nT on the northeast; this is relatively strong for that
latitude. It suggests that the data are affected by a
strong remanent magnetization (Devriese et al., 2017).

To handle the different types of magnetization (in-
duced and remanent) and the uncertainties about the
remanent field direction (see Devriese et al., 2017;
and the section below about modeling the petrophysical
information), we use a full MVI with a Cartesian formu-
lation (Lelièvre and Oldenburg, 2009) to invert the mag-
netic data.

In the inversion, we assign a uniform unbiased Gaus-
sian noise level with a standard deviation of 1 nT; this is
identical to the noise level used in Devriese et al. (2017).

Inversion methodology
The geophysical inverse problem

In our PGI approach, each iteration is similar to a
smooth inversion (Oldenburg and Li, 2005) that mini-
mizes an objective function Φ

minimize
m

ΦðmÞ ¼ ΦdðmÞ þ βΦmðmÞ; (1)

where m is our geophysical model, which represents
the physical properties on a mesh. The termΦd contains
the sum of the various geophysical data misfits. The
term Φm is the model regularization. The parameter β
is a positive scalar that balances the two terms.

The regularization is divided into twomain terms: the
smallness, which measures the distance to a reference
model, and the smoothness, which regulates the varia-
tions of the model in each direction:

ΦmðmÞ ¼ αsΦsðmÞ|fflfflffl{zfflfflffl}
smallness

þ
X

i∈fx;y;zg
αi ΦiðmÞ|fflfflffl{zfflfflffl}

smoothness

: (2)

All of the inversions presented here are carried out
with the open-source SimPEG package (Cockett et al.,

2015). In addition, they all share the
same octree mesh (Figure 4). The use
of an octree mesh significantly speeds
up the inversions while maintaining high
resolution in the area of interest. All of
the inversions start from null half-space
initial and reference models. For all of
the joint inversions, we use the compu-
tationally inexpensive strategy outline in
Astic et al. (2020) to handle multiple
geophysical surveys, where the weights
of the components of the total data mis-
fit term are adjusted during the inver-
sion until each geophysical misfit is
equal or below its target value (Parker,
1977).

Smooth inversions of all of the individ-
ual potential-field surveys can be found
in Devriese et al. (2017). To extend that
work, and to highlight the gains obtained
using a PGI approach, we show two addi-
tional smooth inversion results: a smooth

Figure 4. The octree mesh used for all of the inversions. The area of interest is
outlined in white. The octree levels represent each increase in cell size (with level 1
being the smallest cells). The volume of interest is discretized with 25 m cubic cells
(level 2). The topography is accommodatedwith a layer of the smallest cells (12.5 m
cubic cells, level 1). The other levels (three and more) serve as padding.
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inversion combining the gravity and gravity gradiometry
data and a smooth MVI of the magnetic data. A post-
inversion combination of the physical property models
is then conducted (Figure 5).

We first perform the smooth joint inversion of the
ground gravity and Falcon gravity gradiometry surveys.
This is possible because both surveys are sensitive to the
same physical property. The plan view and cross sec-
tions of the recovered density model are shown in Fig-
ure 5a. The model is relatively smooth, as is expected,
and the low-density material extends well beyond the
boundaries of the outline of the kimberlite units.

We then carry out the unconstrained smooth MVI to
recover the magnetization vector for each cell. The
MVI problem is more challenging than gravity inversions
because three components need to be recovered. We use
the Cartesian approach outlined in Lelièvre and Olden-
burg (2009) and find a smooth solution for each compo-
nent. The plan view and cross sections of the recovered
model are shown in Figure 5b. Each magnetization vector
is projected onto the plotting plane. The recovered vector
magnetizations smoothly vary in amplitude and orienta-
tion, as is expected. Only the large-scale
region of high magnetization is predomi-
nantly visible. The cross sections chosen
for magnetization are not in the same lo-
cation as those used for density because
high magnetizations occur at a different
location than the high-density contrast
values. It is reflective of the different rock
units that are generating the two re-
sponses. Close to the location of the
HK unit, the vectors are oriented in a di-
rection close to the remanent field direc-
tion estimated in Devriese et al. (2017)
(inclination: 53° and declination: 22°).

To evaluate the interpretation achiev-
able by combining our smooth inversions,
we take the magnitude of the magnetiza-
tion, convert it to an effective susceptibil-
ity, and then we plot the scatterplot of
magnetization versus density (Figure 5c).
We color the points based on the density
contrast and the magnetization strength
(shades of blue are for significant density
contrast only, red is for magnetic con-
trast, and purple is when both contrasts
occur). The scale is provided in Figure 5d.
No distinct clustering of rocks is ob-
served. In Figure 5d, each cell in the
model is assigned a color that conveys
the relative values of the physical proper-
ties in that cell. For instance, a white cell
denotes a background rock whereas a
blue cell indicates a rock that has low
density. Figure 5c and 5d highlights that
trying to evaluate a specific volume for
the PK/VK unit from these inversions
would be highly dependent on the thresh-

old value that one would choose to delineate the body.
Estimates obtained with clustering algorithms would
have the same issues. Those limitations motivate the
search for an improved solution that reproduces the pet-
rophysical characteristics of each rock.

Representing petrophysical and geologic
information as a GMM

To include physical property information into the in-
version, we model the petrophysical signature of each
rock unit by a Gaussian probability distribution. Each
unit (indexed j, for a total of c units) is defined by
the mean of its physical properties (μj) and a covariance
matrix linking the various physical properties (Σj).
Computations of those values based on the samples
are shown in equations 3 and 4. Measured physical
properties for a sample s belonging to rock unit j is rep-
resented by xs∈j. The number of available samples for
the rock unit j is denoted as sj :

μj ¼
1
sj

Xsj

s¼1

xs∈j: (3)

Figure 5. Results of the smooth gravity inversion and MVI and post-inversion
analysis. (a) Plan map, east–west, and north–south cross sections through the den-
sity model obtained by joint smooth inversion of the ground gravity and Falcon
data. The dotted lines represent the location of each cross section; (b) plan
map, east–west, and north–south cross sections through the magnetic vector model
obtained by MVI of the magnetic data. The dark arrows represent the magnetization
direction and strength of the magnetic vector projected on the plane; (c) scatterplot
of the inverted density contrast and magnetization strength colored based on the
physical properties; and (d) colored model based on the density contrast and mag-
netization strength couple.
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Σj ¼
1
sj

Xsj

s¼1

ðxs∈j − μjÞðxs∈j − μjÞT : (4)

The Gaussian distribution representing each unit j is
denoted as N ð· jμj;ΣjÞ. We regroup the petrophysical
and geologic information of all the known units in
the form of a GMM (equation 5), which is a sum of
the Gaussian signatures weighted by the prior probabil-
ity of encountering the rock unit j at the location i
(denoted πi;j). This last parameter does not have to
be precise and has minimal effects when set constant
everywhere. Allowing those probabilities to vary de-
pending on the location provides an additional way to
include geologic information (Giraud et al., 2017), and
we use this functionality later in this paper. Thus, the
probability function to observe a physical properties
data point x at location i can be written as

PðxiÞ ¼
Xc

j¼1

πi;jN ðxijμj;ΣjÞ: (5)

A fictitious example of a GMM with two physical
properties (the axes) and two rock units (the Gaussian
distributions) is shown in Figure 6. Each Gaussian rep-
resents the petrophysical signature of a rock unit for the
two physical properties. The background color high-
lights the most likely rock unit for any given values
of the physical properties; we refer to this classification
as the geologic identification.

Key concepts for PGI
As put forward in Astic and Oldenburg (2019), we

can build upon the objective function in equation 1
to incorporate petrophysical and geologic information
(represented as a GMM) to better constrain our physi-
cal property models. This prior knowledge is contained
within the smallness term (equation 2). The PGI prob-
lem is nonlinear, and the objective function is mini-
mized iteratively (Oldenburg and Li, 2005). At each
iteration, the reference model mref and the smallness
weights Ws are updated based on our knowledge of the
petrophysical and geologic characteristics. Our aug-
mented smallness term then takes the following form:

ΦsðmÞ ¼ 1
2

Xn

i¼1

kWsðziÞðmi −mrefðziÞÞk22; (6)

with

zi ¼ argmax
j

πi;jN ðmijμj;ΣjÞ; (7)

mrefðziÞ ¼ μzi ; (8)

WsðziÞ ¼ Σ−1∕2
zi diagðwiÞ; (9)

where zi denotes the geologic identification and wi are
sensitivity weights for each physical property at cell i,
for a total number of n cells. The update can be under-
stood as a classification of each cell of the mesh into its
most likely geologic unit based on the current geophysi-
cal model and prior knowledge (equation 7). This clas-
sification defines our quasi-geology model, and it is
used to create a new reference model and smallness
weights with the following procedure. For the reference
model mref , each cell is assigned the petrophysical
mean values of the identified rock unit (equation 8). The
smallness weights Ws at each cell include the covari-
ance matrix of the physical properties for the identified
rock unit to represent the expected variations and cor-
relations (equation 9); they also include the sensitivity
weights for each physical property, necessary for po-
tential field inversions (Li and Oldenburg, 1996, 1998;
Li, 2005). This iterative update of the smallness term
guides the inversion toward reproducing the petrophys-
ical signature of each rock unit while fitting the geo-
physical data.

Modeling the petrophysical information at DO-27
Qualitative information about the physical properties

of the various rock types found at DO-27 was used dur-
ing previous studies relying on Tikhonov inversions
(Devriese et al., 2017; Fournier et al., 2017; Kang et al.,
2017). For our work, we need more quantitative infor-
mation from field samples. We obtained 20 samples of
the various kimberlite facies from Peregrine Diamonds
Ltd. Eleven samples of PK, four of VK, and five of HK
were sent to the Geological Survey of Canada Paleo-
magnetism and Petrophysics Laboratory, Victoria, BC,
for characterizing the physical properties of each unit.
In the following material, we discuss those measure-
ments and how we compiled the information into a
form that allows us to generate a GMM. Means and stan-
dard deviations summarizing the petrophysical charac-
teristics of each rock unit are provided in Table 1.

Density information
The HK samples were mechanically competent, and

five densities were obtained: 2.764, 2.867, 2.435, 2.632,
and 2.677 g∕cm3. Those samples yield an average den-
sity of 2.675 g∕cm3, which is similar to the estimated
background density of 2.67 g∕cm3 (Devriese et al.,
2017). The HK unit is deemed to be indistinguishable
from the background regarding its density standpoint.
The mean density contrast of both rock units is thus
set to 0 g∕cm3. However, the density of the background
unit is assigned a smaller standard deviation.

The PK and VK units are highly porous and mechan-
ically weak. Unfortunately, this prevented density infor-
mation from being obtained from several samples.
Those that were successfully analyzed are believed to
be associated with more competent and denser sam-
ples. Those samples are thus deemed to be unrepre-
sentative of the kimberlite units in general and were
not used. Instead, we rely on density measurements
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taken by Peregrine Diamonds Ltd. during the drilling
programs. A block model of the density of PK was built
based on those measurements (Eggleston et al., 2014).
To include this information in our inversion, we digi-
tized the published cross section through this block
model (Figure 7a). Assuming a background density of
2.67 g∕cm3, the density contrast is approximately
−1.1 g∕cm3 at 400 m elevation and it changes linearly
to achieve a value of approximately
−0.5 g∕cm3 at 200 m elevation. This
cross section provides enough informa-
tion for us to characterize the density
signature of the PK/VK unit and build
a GMM. To include the linear trend of
density contrast with depth, we add
the elevation as a fixed parameter in
our coupling term. We generate a 2D
GMM (density contrast and elevation)
that is consistent with the observations
(shown in Figure 7b along with the scat-
terplot of the cross section). The elon-
gated and tilted shape of the Gaussian
distribution representing the PK/VK unit
accounts for the correlation of the
density contrast with depth. On the con-
trary, the background (and HK) density
values are assumed to be independent of
the depth. This is modeled by assigning
a high standard deviation for the eleva-
tion of those units; their assigned mean
elevation then is of no consequence
in the inversion. The long vertically
elongated shape of the Gaussian distri-
bution for the background unit mani-
fests the independence of the density
contrast with respect to the elevation
for that unit. Means and standard
deviations characterizing the density
contrast of each rock unit are provided
in Table 1.

Magnetic susceptibility information
For our samples, both the induced

magnetization and the strength of the re-
manent field weremeasured (Figure 8a).
The strength of the remanent field was
given in the form of a Koenigsberger ra-
tio (Koenigsberger, 1938). The magnetic
susceptibility of the samples spans a
wide range of values, which is consis-
tent with the fact that magnetic suscep-
tibility generally has a logarithmic
distribution (Latham et al., 1989; Rauen
et al., 2000; Enkin et al., 2020).

If we are given the remanent magneti-
zation direction, we can estimate an
effective susceptibility keff for the mag-
netic vector of each unit:

keff ¼ kkûearth þ Q
Blab

Bearth
ûremk2; (10)

where k is the measured magnetic susceptibility (the
purely inductive magnetic response), ûearth is the unit
vector of the earth’s magnetic field direction at
DO-27,Q is the Koenigsberger ratio, Bearth is the Interna-
tional Geomagnetic Reference Field (IGRF) at DO-27,

Figure 6. Example of a GMM with two properties (the axes) and two rock units
(the Gaussian distributions). The main panel shows the 2D GMM distribution
with isoprobability level contour lines: the thicker lines indicate higher proba-
bilities. The background is colored according to the geologic identification pre-
diction. The left and bottom panels show the GMM projections in 1D for each
property and the histogram of the fictitious samples. The figure is modified from
Astic et al. (2020).

Table 1. Physical properties and elevation parameters for each rock
unit. For the PK/VK-pipe unit, the values are reported without the
rotation of the Gaussian distribution caused by the linear trend with
depth.

Rock unit ρ̄ σρ z̄ σz k̄ σk θ̄ ϕ̄ σθ;ϕ

Background 0 0.03 290 180 −6 0.24 83.8 19.5 10

PK/VK −0.78 0.07 290 75 −3.1 0.24 83.8 19.5 10

HK 0 0.1 290 180 −1.3 0.33 53 22 10

PK-minor −0.3 0.1 360 10 −3.1 0.24 83.8 19.5 10

Notation and units: x̄ is the mean of x, σx is the standard deviation of x, ρ is the density contrast
(g∕cm3), z is the elevation (m), k is the effective magnetic susceptibility (log 10 SI), θ is the
inclination (°), and ϕ is the declination (°).
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Blab is the amplitude of the magnetic field used in the
laboratory for the measurements (59,000 nT), and
ûrem is the unit vector of the remanent magnetization
direction.

The PK and VK units have a small magnetic suscep-
tibility and are weakly remanent. The effective suscep-
tibility of those two units, assuming that the remanent
field is aligned with the current earth’s magnetic field, is
estimated at 8 × 10−4 SI.

Only four samples of HK were measured for their
magnetic response. Their Koenigsberger ratios are close
to 10. Hence, the magnetic response of the HK unit in the
data is essentially due to remanent magnetism. However,
we need an estimation of the remanent magnetization
orientation of the HK unit to obtain an effective suscep-
tibility. Devriese et al. (2017) obtain an estimation of a
53° inclination and 22° declination by crosscorrelation
of the vertical and total gradients of the reduced-to-pole
data. The uncertainty of that estimation is approximately
10° for each angle. Using these estimated angles, we ob-

tain an average effective susceptibility of 5 × 10−2 SI for
the HK unit.

The mean and standard deviation values of the log-
effective magnetic susceptibility, inclination, and decli-
nation for each rock unit are provided in Table 1. Those
values define the Gaussian distributions of the magneti-
zation parameters in a spherical coordinates system
with a logarithmic distribution for magnetization ampli-
tudes. Ideally, we would like to invert for a log-suscep-
tibility model, but that poses challenges because the
very low susceptibilities do not generate a substantial
signal in the magnetic field data. Therefore, we revert
to the usual practice of inverting for magnetic suscep-
tibility on a linear scale. Our MVI algorithm inverts
for each Cartesian component of magnetization
fkx; ky; kzg. For PGI, we need to represent the magneti-
zation in a GMM. We thus need to obtain means and
covariance matrices for fkx; ky; kzg. To this end, we ap-
peal to random numerical sampling methods. For each
rock unit, we randomly sample, from their Gaussian dis-
tribution in spherical coordinates, log-effective suscep-

tibility and angles triplets. We convert
those synthetic samples to Cartesian
values and use them to estimate the de-
sired means and covariances (equa-
tions 3 and 4).

The resultant GMM for magnetic
parameters can be visualized in Figure 8b.
The resulting probability distributions
appear elongated and tilted, indicating
correlations between the Cartesian com-
ponents of magnetization. Given the mea-
sured magnetization and uncertainties,
the weakly magnetic PK and VK units
are difficult to distinguish from a nonsus-
ceptible background due to the nearby
highly magnetic HK unit. The PK/VK unit
and the background have thus been
grouped under background in Figure 8b.

Petrophysical characterization
summary

We have defined, in terms of density
and magnetization, the characteristics
of the background and main kimberlite
units identified in the DO-27 pipe.
Table 1 summarizes the quantitative val-
ues used to define the GMMs for the
various inversions that we conduct. The
information about a new unit, PK-minor,
also is reported. This unit is used in our
final inversion, and more details are
given in the multiphysics PGI section.

Regarding density, the background
and HK units are assigned a 0 g∕cm3

mean density contrast, whereas the
PK/VK unit presents a mean density that
varies with depth. The background and
HK units are indistinguishable, and the

Figure 8. (a) Magnetic measurements in the laboratory and (b) 2D projections
of the 3D GMM of the Cartesian components of the magnetic vector estimated for
the background and HK units; the contour lines represent the isoprobability lev-
els of the GMM, and the background color indicates the geologic identification.
The background unit is limited to the space defined by the small ellipsoid.

Figure 7. Design of the PK/VK unit density signature in the GMM. (a) Cross
section of the density contrast estimate for the PK/VK unit from Eggleston et al.
(2014) and (b) scatterplot, density contrast versus elevation of the cells, of the
cross section shown in panel (a). We fit a Gaussian on each unit (PK/VK and
background); the contour lines represent the isoprobability levels from the re-
sulting GMM, and the background color indicates the geologic identification.

SS54 Interpretation / November 2020

Downloaded from http://pubs.geoscienceworld.org/interpretation/article-pdf/8/4/SS47/5205153/int-2019-0283.1.pdf
by The University of British Columbia Library user
on 04 July 2024



gravity anomaly primarily is due to the PK/VK unit. Thus,
carrying out an inversion just for a density contrast
model with PGI requires only a petrophysical GMM con-
sisting of two rock units (background and PK/VK).

A similar situation occurs for magnetic properties.
The HK unit is dominant, and its magnetization is nearly
two orders of magnitude larger than the PK/VK unit.
Any inversion that focuses purely on magnetic data
would have challenges delineating the PK/VK unit from
the background in the presence of the HK unit. Thus,
carrying out a PGI solely for a magnetic vector model
only necessitates a petrophysical GMM with two rock
units (background and HK).

Although only two rock units are justified when
inverting for a single type of physical property, the sit-
uation changes when we consider the density and mag-
netic characteristics together. As illustrated in Figure 6,
units that appear indistinguishable in one physical prop-
erty (1D space, property 2) can be distinct when con-
sidering a higher dimensional petrophysical space (the
2D space). In our case, the background, PK/VK, and HK
units are distinct in the 5D space composed of density,
elevation, and the three magnetic vector components.
The multiphysics inversions take advantage of that
higher dimensionality of the GMM to recover all three
rock units at once (see the multiphysics PGI section).
We now carry out the single physics and multiphysics
PGI to illustrate these ideas.

Single-physics PGIs
We now invert, with the PGI approach, data sets that

are connected by a single physics. We recover a density
model from gravity and gravity gradiometry data using
the information that the density of the PK/VK unit in-
creases with depth. From the magnetic data, we recover
a magnetic vector model that is compatible with our
knowledge about the magnetization of the HK unit.
The density and magnetization models then are com-
bined to highlight the limitation of single physics and
post-inversion classification approaches
in delineating the two kimberlite units.

Joint PGI of the ground gravity and
Falcon airborne gravity
gradiometry data

We first jointly invert the ground
gravity and airborne gravity gradiometry
with the addition of our petrophysical
model to include our knowledge about
the expected density contrasts and their
variations with depth. The obtained den-
sity model is shown in Figure 9a, and it
can be compared with the result ob-
tained by jointly inverting the two data
sets but without a petrophysical con-
straint (Figure 5). The trend with depth
can be seen in the scatterplot in Fig-
ure 9b. Each survey has reached its tar-
get misfit.

A single body, reproducing the PK/VK petrophysical
signature, is sufficient to fit the gravity data. The hori-
zontal outline of this PK/VK body is in reasonable agree-
ment with the geologic model except for a region north
of the pipe. The bottom of the PK/VK body is relatively
well constrained. On the north–south cross section, we
can distinguish low-density material in the upper sur-
face (approximately −0.1 g∕cm3, at elevations greater
than 300 m) that lies above the northern extension of
the identified PK/VK volume. That anomaly may be re-
lated to other minor kimberlite occurrences and is still
identified as background in the quasi-geology model
(Figure 9b).

MVI of the airborne magnetic data with PGI
Here, we invert the magnetic data using an MVI

approach to recover each component fkx; ky; kzg of a
magnetic vector. The inclusion of petrophysical infor-
mation through the GMM ensures that we are reproduc-
ing the signature of the HK unit.

The result of the inversion with petrophysical knowl-
edge is shown in Figure 10a. We recover a well defined,
compact magnetic body with consistent magnetic orien-
tation reproducing the modeled petrophysical signature
of HK (Figure 10b). The location of the HK unit coin-
cides well with that obtained from drillholes, except
that the eastern side of the mapped HK unit is not re-
covered and no dip is visible. No anomaly related to
PK/VK is visible in the magnetic vector model.

Post-inversion classification of the individually
obtained density and magnetic vector models

At this stage, we have obtained two physical prop-
erty models. One is a density model that reproduces
the gravity data sets and the PK/VK density signature.
The HK unit is not necessary to explain the gravity data
and is considered to be indistinguishable from the back-
ground regarding its density. The second is a magnetic

Figure 9. Inversion result with PGI of the ground gravity and Falcon surveys
using the density signature of PK/VK: (a) plan map, east–west, and north–south
cross sections through the recovered density contrast model along each plane
(the dotted lines represent the location of each cross section) and (b) comparison
between the petrophysical GMM (contour plot) used to regularize the inversion
and the recovered density contrast model (scatterplot).
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vector model that globally reproduces the magnetic
data and HK magnetic signature. In this inversion, the
PK/VK unit is deemed to be indistinguishable from the
background regarding its magnetic susceptibility.

Combining the two models (Figure 11) highlights the
limits of post-inversion classification with single-phys-
ics inversions of geophysical data sets. Even with the

addition of petrophysical information and the domi-
nance of each unit in each inversion, the combination
of the two models shows an important overlap between
the recovered PK/VK and HK units (marked as the “un-
defined” area). This volume, actually covering most of
the recovered HK unit, is found to have both a strong
density and magnetic contrasts. This signature dis-

agrees with our petrophysical knowl-
edge of the area.

To overcome this, we propose to in-
vert all three surveys (ground gravity,
airborne gravity gradiometry, and air-
borne magnetic) together with all five
coupling parameters (density contrast,
elevation, and the three components
of the magnetic vector).

Multiphysics PGIs
In this section, we use our PGI ap-

proach to invert all three data sets along
with the petrophysical information about
the rock units. We first consider three
rock units (the background, PK/VK,
and HK) to form the GMM. We then fur-
ther refine the quasi-geology model by
adding a fourth unit and geologic a priori
information based on drillholes into a
subsequent inversion to recover the de-
sired geologic features.

Multiphysics inversion with
petrophysical information

The multiphysics PGI result is presented in Figure 12.
The improvement over the single-physics inversions,
smooth and petrophysically guided, is quite pro-
nounced. The overlapping of the units observed by
combining single-physics inversions has been resolved
by the multiphysics inversion, which reproduces the full
5D petrophysical distribution.

Figure 12c presents the 5D GMM by showing all pos-
sible 2D projections. The values of the physical proper-
ties model are well clustered around the prescribed
means and along determined trends. The dimensional-
ity increase of the GMM allows us to define three dis-
tinct units (the background, PK/VK, and HK), with their
specific signature for all physical properties. The multi-
physics inversion recovers an HK unit with a mean
density contrast of approximately −0.12 g∕cm3. Simi-
larly, the magnetic signature of the recovered PK/VK
unit now is distinguishable from the background; it
has a mean effective susceptibility of 1.06 × 10−3 SI,
which is close to the expected value of 8 × 10−4 SI.
The PK/VK magnetization is oriented along the earth’s
magnetic field, as required. This orientation differs
from the remanent magnetization given to the HK unit.
This difference in orientation can be seen in Figure 12b.
It is only with the multiphysics inversion approach that
we can define two clear kimberlite facies (Figure 12d).

Figure 10. The result of the petrophysically guided MVI. (a) Plan map, east–
west, and north–south cross sections through the magnetic vector model along
each plane. The dotted lines represent the location of each cross section. The
dark arrows represent the magnetization direction and strength and (b) compari-
son between the petrophysical GMM (contour plots) used to constrain the mag-
netic vector model and the recovered magnetic vector model (scatterplots). The
background unit appears in the plots as the small ellipsoid. Background cells are
all within that small portion of the parameters space. The geologic identification
is used to color the background of the plot.

Figure 11. Plan map, east– west, and north–south cross sec-
tions through the combination of the individual PGIs. The un-
defined area corresponds to a volume in which the high
density and magnetic contrasts were found, corresponding
to no known rock unit signature. The dotted lines represent
the location of each cross section.
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Comparison with a geologic model from drilling
Now that we have obtained a quasi-geology model

containing all three major units that reproduce the geo-
physical data sets and petrophysical information, we
can compare it to the geologic model built from drill-
holes (Figure 12d).

The HK unit is reasonably well localized, but not all
of the details are reproduced by the inversion. In reality,
the HK unit is a thin, dipping body that we image as a
horizontal body. We miss a portion of the unit that is
mapped on the east, and our unit continues further west
than that in the geologic model. However, we note that
few drillholes have been logged in the western area, so
there might be some uncertainty in the geologic model.

The PK/VK unit, which is diamondiferous, is in good
agreement with the geologic model over the region of
the pipe. Importantly, the bottom extension of that unit
seems to have been well constrained by incorporating
the petrophysical data. The major discrepancy between
our model and the geologic model is in the northern re-
gion, where some PK/VK material has been placed be-
neath the HK unit. This result contradicts drill results
that show no PK/VK occurrence beneath the HK unit.
To understand how this happened, we
need to reexamine the gravity inversion
results and the information that is input
into the PGI. In the inversion of the grav-
ity data alone, low-density material is re-
quired in the region north of the pipe.
However, in the magnetic inversion, that
region is occupied by the HK unit, which
is assumed to have no density contrast
with the background. In the multiphy-
sics inversion, any low-density material
required to fit the gravity data must,
therefore, be put either at depth or in
a near-surface layer. However, because
of the assumed dependence of density
and elevation, the density of a near-sur-
face layer must be very low. The inabil-
ity to fit the gravity data with that very
low-density shallow layer provides no al-
ternative for the inversion except to put
anomalous density material at depth. To
resolve this inconsistency with geology,
we introduce another geologic unit and
carry out a new multiphysics inversion
that includes expanded a priori infor-
mation.

Adding geologic information into
the multiphysics inversion

The previously obtained model from a
multiphysics inversionwith petrophysical
information allows us to recover distinct
units with the required petrophysical sig-
nature. However, several features of the
quasi-geology model are in disagreement
with the geologic knowledge from drill-

holes, namely, the northern extension of the PK/VK pipe
below the HK unit and the lack of dip for the HK unit.

To overcome those issues, we revise our assump-
tions of what to add as a priori information into the in-
version. We have assumed so far that near-surface
occurrences of PK facies had similar density character-
istics as the PK/VK unit found in the DO-27 pipe. Those
near-surface occurrences, which showed up in the
inversion results as smooth density contrast features,
still were categorized as background (Figures 9 and
12). It is an indication that those minor occurrences po-
tentially have a different petrophysical signature than
the main pipe, which displays extreme density contrasts
near the surface (up to approximately −1 g∕cm3). To
accommodate the need to have a mass deficiency in
the near-surface region north of the pipe, we introduce
an additional rock unit. This new unit represents near-
surface occurrences of PK-like rocks outside of the
main pipe. Henceforth, we call this unit PK-minor and
distinguish it from PK/VK-pipe, which has been focused
on thus far, through a different density signature. We
lack representative samples for PK-minor to define its
petrophysical characteristics. To select its GMM param-

Figure 12. Results of the multiphysics PGI with three rock units. (a) Plan map:
east–west, and north–south cross sections through the density contrast model. The
dotted lines represent the location of each cross section. (b) Magnetic vector
model: The gray arrows are the projections of the magnetization directions (unit
vector) on the plane for the kimberlite units. (c) Presentation of the 5D GMM: visu-
alization of all possible 2D projections. Comparison with the recovered model rep-
resented as the scatter plots of the four physical properties of the geophysical
model and the elevation. (d) The resulting quasi-geology model from the multiphy-
sics PGI with three rock units.
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eters for the density and elevation, we ran gravity PGIs
with three rock units (the background, PK/VK-pipe, and
PK-minor) for a range of values for the means and
standard deviations. We chose a mean density of
−0.3 g∕cm3, in line with observations in the area, with
a standard deviation of 0.1 g∕cm3, which is close to the
standard deviation observed for the HK unit. The mean
elevation for PK-minor is set at 360 m with a standard
deviation of 10 m; those values effectively limit the
occurrence of the PK-minor unit to the near surface
at elevations of 300 m and greater. For its magnetic
properties, we chose to assign it the same as for the
main PK/VK-pipe unit. The properties of the PK-minor
unit are summarized in Table 1.

In the above, we have separated the original PK/VK
unit into a PK/VK-pipe and a PK-minor through distinct
petrophysical signatures. These two units also are sep-
arated geographically. We include this information into
the PGI by using local proportions (equation 7). We im-
plement a simple constraint: The PK/VK-pipe unit can
occur only at locations south of 7,133,685 m, which

is the northern limit of the mapped pipe, as seen in
the geologic data and the geophysical inversions we
ran so far. In other words, we set πPK∕VK ¼ 0 at locations
north of 7,133,685 m. Similarly, we set the proportions
of the newly introduced PK-minor rock unit so that it
occurs only north of that bound and does not overprint
the surface of the pipe. It effectively decomposes our
area of interest into two domains that see different
GMM coupling.

The result of the multiphysics inversion with an addi-
tional rock unit for near-surface kimberlites and geo-
logic domains is shown in Figure 13. This model is
geologically appealing. It reproduces known geologic
features better than in the previous multiphysics inver-
sion. The northern extension of the PK/VK pipe unit is
now gone, and the general outline of the pipe is thus
much better recovered. Most of the northern tip gravity
anomaly is explained by a near-surface sheet of
PK-minor units, whose locations match with known oc-
currences in drillholes. For the HK unit, we start to ob-
tain some sense of the dip of that unit. Its near-surface

outline is again well recovered, but its
thickness appears overestimated.

The introduction of the new unit also
has changed how well petrophysical sig-
natures are recovered. The density con-
trast of the HK unit now is closer to
the null density contrast measured in
samples, at an average of −0.03 g∕cm3

(compared to −0.12 g∕cm3 in the pre-
vious multiphysics inversion with three
rock units). Similarly, the PK/VK-pipe
unit now is very close to its measured
magnetic amplitude at 8 × 10−4 SI (com-
pared to 1.06 × 10−3 SI in the previous
multiphysics inversion). The orientations
of the magnetization also are consistent
with the values in the GMM: they align
with the earth’s magnetic field for PK/
VK-pipe and PK-minor and are along
the remanence direction for the HK unit.
The clustering of the magnetic petro-
physical values of the HK unit is not as
good as in previous inversions, but they
still are within acceptable bounds as de-
fined by its distribution.

The geophysical surveys are individu-
ally fit, as well as the GMM petrophysi-
cal distribution. The data misfit value of
each survey, divided by its number of
data, is 0.99 for the ground gravity sur-
vey, 0.84 for the airborne gravity gradi-
ometry survey, and 0.92 for the airborne
magnetic survey (targets of unity). The
normalized data misfit maps are pre-
sented in Figure 14. The maps associ-
ated with gravity data are random and
consistent with the assigned noise levels
(Figure 14b–14d). The misfits of the

Figure 13. Results of the multiphysics PGI with an additional rock unit for near-
surface PK-minor occurrences and geologic domains. (a) Planmap: east–west, and
north–south cross sections through the density contrast model. The dotted lines
represent the location of each cross section. (b) Magnetic vector model: the gray
arrows are the projections of the magnetization directions (unit vector) on the
plane for the kimberlite units. (c) Presentation of the 5D GMM: visualization of
all possible 2D projections. Comparison with the recovered model represented
as the scatterplots of the four physical properties of the geophysical model
and the elevation. (d) The resulting quasi-geology model from the multiphysics
PGI with four rock units.
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airborne gravity gradiometry data (Figure 14c and 14d)
appear to follow the flight path. The flight lines also are
visible in the observed data (Figure 3c and 3d). For the
magnetic data, even though we achieved the global geo-
physical target misfit, there is a coherent residual signal
visible in the misfit maps (Figure 14a). The misfits are
higher, up to 7 nT, just above the eastern extension of
the HK body that we seem to not recover in the inver-
sion (Figure 12b and 12d).

Discussion
The PGI framework has enabled us to jointly invert

three types of geophysical data (airborne magnetic,
ground gravity, and airborne gravity gradiometry) using
five coupled parameters (density, elevation, and the
three components of the magnetic vector). This joint
approach recovers a final quasi-geology model that
maps all expected geologic units (the background,
PK/VK-pipe, HK, and PK-minor units) by reproducing
their petrophysical characteristics in the inversion. This
result is unobtainable by inverting data sets separately
and then carrying out a post-inversion classification of
the recovered physical properties.

For this study, we have drillhole information, and we
built a geologic model from it to compare with our re-
sults. For DO-27, the PK unit is the diamondiferous kim-
berlite unit, and so estimating its volume and shape is a
key for resource estimation. Although PK is indistin-
guishable from VK from the potential-fields data, VK
has a negligible volume in the geologic model compared
to PK. Therefore, we can interpret the PK/VK-pipe unit
as representing the diamondiferous PK unit. Reproduc-
ing the PK density signature, with its depth dependence,
allows us to obtain an informed estima-
tion of its shape and volume. The sur-
face outline and bottom extension of
the potentially diamondiferous unit are
in good agreement with the geologic
model, but the quasi-geology model is
more rounded at depth. The estimated
volume of the PK/VK-pipe is evaluated
at 28 × 106 m3 and can be compared
to 15.7 × 106 m3, obtained from the geo-
logic model (see Harder et al. [2009] and
Figure 12d). Most of the volume discrep-
ancy is concentrated at depth, where the
gravity surveys are less sensitive.

From a numerical perspective, the
MVI problem with petrophysical infor-
mation has been more challenging than
the gravity inversions. This is due in part
to the orders of magnitude difference
between the various units, the challenge
of inverting for logarithmically distrib-
uted effective susceptibilities, and the
lack of oriented samples to determine
the magnetic characteristics of the HK
unit. In principle, the use of MVI in
spherical coordinates seems desirable,

but the additional nonlinear transformations compli-
cate an already challenging problem. Therefore, we
have implemented the Cartesian formulation. Never-
theless, we still were able to recover a unit with the
identified magnetic signature of HK. Realistically, how-
ever, the geology probably is more complicated than we
have modeled. Assuming a single and relatively uniform
HK unit is likely insufficient to explain the whole mag-
netic data, as shown by the data misfit map in Fig-
ure 14a. During our study, we tried to obtain various
estimates of the orientation of the remanent field, such
as using a sparse MVI code in spherical coordinates
(Fournier and Oldenburg, 2019) or obtaining the best-
fitting amplitude and angles for the available shape
of HK in the geologic model. Although the recovered
inclinations appeared consistent across estimations
with the value obtained in Devriese et al. (2017), the de-
clinations spanned a wide range. Those challenges
could be explored in a future case study. Although
the inversion results seem to validate the current pet-
rophysical estimates, the estimation of the density, mag-
netic susceptibility, and remanent magnetization
orientation of the HK unit could be significantly im-
proved by measuring new, oriented samples.

Finally, although we used local proportions to imple-
ment elementary geologic expectations, a complete in-
clusion of all the drillhole information is yet to be done.
It could help further refine the quasi-geology model,
such as narrowing the PK/VK pipe unit at depth or con-
straining the thickness of the HK unit. The inclusion and
extrapolation of drillhole information within the PGI
framework is part of our current research.

Figure 14. Normalized data misfits for all the data sets from the multiphysics
PGI with geologic domains and four rock units. (a) For the magnetic data, (b) for
the gravity data, and (c and d) for the gravity gradiometry data.
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Conclusion
Inferences from inversions of single data sets, even

when they are input into post-inversion classification
algorithms, can be deficient. This limitation is a motiva-
tion to carry out joint inversions. The challenge is how
to link the data sets together, in a practical sense, and
how to include other relevant information. We adopt
the PGI framework to use petrophysical measurements
as the linkage and apply it to the field data acquired
over the DO-27 kimberlite pipe. We have successfully
jointly inverted airborne gradiometry, ground gravity,
and airborne magnetic data, along with measured
physical properties and geologic information. Our
framework outputs physical property models and a
quasi-geology model. The results that include multiple
physics, coupled with petrophysical and geologic infor-
mation, are shown to better resolve and distinguish the
rock unit bodies compared to interpreting single-phys-
ics inversion results. The fact that we can fit all of the
geophysical data sets while reproducing the petrophys-
ical signatures, such as varying densities with depth and
magnetization orientations, is a significant achieve-
ment. Working with a complex geologic model presents
challenges, and the flexibility of the PGI framework of-
fers multiple ways to tackle them. Refining the classifi-
cation of rock units, testing for various petrophysical
signatures, and defining local geologic information to
satisfy the field observations have been keys to recover
a satisfying quasi-geologymodel. Nevertheless, further re-
finements of our PGI implementation could improve the
estimate of the volumes and structures of the PK and HK
units. Such refinements could include a more extensive
integration of the drillhole information and address the
complexity of the magnetization signatures. Moreover,
there are other geophysical data sets that can provide
constraints on the electromagnetic properties of the rock
units, and incorporating those can further reduce the dis-
crepancies between our geophysical and geologic mod-
els. The DO-27 kimberlite pipe presents an ideal test
site on which to test these procedures.
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