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S U M M A R Y
The Precambrian basement rocks in southern Alberta are hidden beneath the Western Canada
Sedimentary Basin, making studies of these rocks dependent on geophysical measurements.
Magnetotelluric (MT) data were used to study the structure of these basement rocks through
measurements of electrical resistivity. Long-period MT data collected in Southern Alberta
during the Lithoprobe project were combined with new data to produce a grid of data that
permitted a 3-D approach to data analysis. Dimensionality analysis suggested that data at
periods less than 1000 s were relatively 2-D. However, 2-D inversion models of MT data in
Alberta resulted in low resistivity features in the crust which moved dependant on the data
included in the inversion. These features were previously attributed to crustal anisotropy. 3-D
inversion yielded a resistivity model that fit the measured MT data and was well correlated
with both the Precambrian domain boundaries and interpretations of other geophysical data.
This MT data set defines a major upper-mantle conductor coincident with the Archean Loverna
Block of the Hearne Domain. This anomaly is called the Loverna Conductor, and its southern
boundary is defined by a pronounced increase in upper-mantle resistivity along the Vulcan
Structure, which is an approximately 300-km-long linear potential field anomaly completely
buried beneath the western Canada Sedimentary Basin. Since the lithosphere in this region
was assembled ca. 1.9–1.8 Ga, the low resistivity anomaly in the upper mantle is not associated
with recent tectonic activity. The Loverna Conductor was likely formed by the enrichment of
the lithospheric mantle through subduction along the Vulcan Structure during the Proterozoic
assembly of Laurentia. In particular, this model is consistent with recent interpretations which
attribute the origin of the Vulcan Structure to collision along a north dipping subduction zone.
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1 I N T RO D U C T I O N

Laurentia was assembled during the Proterozoic eon as Archean-
and Proterozoic-aged blocks were sutured together (Hoffman 1989).
The structure of this region records past tectonic events such as an-
cient subduction, and can be used to constrain models of how, when,
and where the North American craton was assembled. Significant
progress has been made in understanding this process in the last
two decades (e.g. Ross 2002). Much of the assembly of Lauren-
tia occurred during a relatively brief time interval between 1.9 and
1.8 Ga (Hoffman 1989) and involved (1) the joining together of
seven Archean blocks along Proterozoic-aged orogens, and (2) the
subsequent accretion of Early Proterozoic crustal domains. Signif-
icant uncertainty remains in understanding the crustal structure of
regions of Laurentia where the Precambrian crystalline basement

rocks are covered by younger (Proterozoic or Phanerozoic) sedimen-
tary rocks. This is especially true in southern Alberta, where the 2-
to 3-km-thick Western Canadian Sedimentary Basin (WCSB) over-
lies crystalline basement rocks of Archean and Proterozoic age. In
this region, geological knowledge of the basement rocks has come
from geophysical studies, limited core samples from oil and gas
wells which intersect the top few metres of the basement, and very
small numbers of xenoliths samples (Villeneuve et al. 1993; Eaton
& Cassidy 1996; Buhlmann et al. 2000).

The study region displayed in Fig. 1 is characterized by Archean
basement rocks in the south and east, and by Proterozoic basement
rocks to the northwest (Ross 2002). The Archean rocks in the study
area are assigned to either the Hearne or Wyoming provinces, al-
though the location of the boundary between these provinces is
not yet understood. It may be located within the Vulcan structure
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2 G. Nieuwenhuis et al.

Figure 1. Regional map showing Precambrian terranes. The Precambrian
terranes located to the west of Cordilleran deformation are not defined. The
grey area represents Archean age rocks, and the white areas to the east of the
Cordillera line are Proterozoic in age. It is unclear how far west beneath the
Cordilleran terranes Precambrian rocks continue. STZ, Snowbird Tectonic
Zone; RDC, Red Deer Conductor.

in southern Alberta or by the Great Falls tectonic zone (GFTZ)
in northern Montana. The Vulcan structure is a linear potential
field anomaly with a pronounced east–west strike, and was ini-
tially interpreted as an intracontinental rift (Kanasewich 1968), but
more recent studies have interpreted it as a suture zone resulting
from either southward or northward subduction (Eaton et al. 1999;
Gorman et al. 2002). The Proterozoic rocks in the northwestern
portion of the study area are associated with the Snowbird Tectonic
Zone (STZ), which can be traced from the Canadian Shield ex-
posed in Saskatchewan, to the southwest beneath the WCSB along
the Thorsby Low (Ross et al. 1991). The STZ remains an enigmatic
feature and different interpretations have been proposed for differ-
ing segments. The STZ exposed on the Canadian Shield has been
interpreted as a shear zone (Hanmer et al. 1994, 1995), whereas
the segment covered by the WCSB in Alberta was interpreted as
being formed from convergent plate boundary (Ross et al. 1995;
Ross 2002).

Magnetotelluric (MT) exploration provides a complementary im-
age of crustal and upper-mantle structure to those derived from other
geophysical methods such as teleseismic studies (e.g. Chen et al.
2009). MT data were collected in Alberta as part of the Lithoprobe
project, and revealed the presence of major crustal conductors that
were sometimes coincident with Precambrian terrane boundaries
(Boerner et al. 1995, 2000). Application of 2-D inversion to the
MT data revealed a complex pattern of resistivity in the crust and
upper mantle (Boerner et al. 2000; Jones et al. 2002). The models
suggested that there were significant changes in upper-mantle resis-
tivity across the STZ with an order of magnitude lower resistivity

values observed beneath the Archean Loverna domain in compari-
son to the upper mantle below the younger Palaeoproterozoic rocks
to the northwest. These resistivity values require the presence of an
additional conducting phase such as graphite, sulphides, hydrogen
from nominally anhydrous minerals (NAM), or hydrated minerals
such as phlogopite. As discussed by Selway (2014), low resistivity
anomalies below stable cratonic regions can often be attributed to
enrichment of the lithosphere, and are likely related to past tectonic
activity.

The 2-D isotropic inversion of the previously collected Litho-
probe MT data suggested that the crust was electrically anisotropic.
Electrical anisotropy refers to the phenomenon where the resistivity
of a material varies with direction. This can occur on a range of spa-
tial scales, from the microscale where mineral grains are anisotropic
and aligned in a preferred direction, to the macroscale where struc-
tures too small to be resolved by the measurement method causes
anisotropy in the measurements (e.g. a set of vertical conductive
dikes aligned at a sufficient depth so that they cannot be individually
resolved, see Wannamaker 2005 for a comprehensive review). One
of the goals of this study was to determine if electrical anisotropy is
required to explain the MT data in southern Alberta, or if 3-D resis-
tivity structure can instead explain the data. This goal was achieved
by combining the Lithoprobe data with a set of new MT data. The
combined data set allowed a 3-D inversion to be implemented that
produced a 3-D resistivity model of the crust and upper mantle be-
neath southern Alberta. This study was completed as part of GS’
M.Sc. thesis project (Nieuwenhuis 2011).

2 P R E V I O U S S T U D I E S A N D T H E
I N F E R R E D T E C T O N I C S E T T I N G

The sedimentary rocks of the WCSB in southern Alberta overly
the Precambrian crystalline rocks of western Laurentia. These sedi-
mentary rocks make studies of the underlying basement rocks rela-
tively difficult in comparison to the exposed regions of the Canadian
Shield. Prior to the 1990s a limited number of regional geophysi-
cal studies were carried out in southern Alberta, including one of
the first crustal scale reflection seismic studies in North America.
This study was focussed on the Vulcan Structure and interpreted
it as an intracontinental rift (Kanasewich 1968). Seismic refraction
profiles were collected across southern Alberta to map variations
in crustal structure (Chandra & Cumming 1972). Early MT stud-
ies by Srivastava et al. (1963), Vozoff & Ellis (1966) and Peeples
& Rankin (1973) found that the electrical resistivity structure be-
neath Alberta showed significant lateral variations, although the
broad MT station spacing was inadequate to meaningfully interpret
these variations in terms of electrical resistivity structure. A grid
of magnetovariational data were collected across western Canada
with station spacing of ∼150 km (Gough et al. 1982). This grid
located a number of conductivity anomalies, of which the most sig-
nificant to this study was the Southern Alberta British Columbia
Conductor (SABC). The SABC is a relatively linear anomaly which
crosses the Rocky Mountains from southeast British Columbia into
southwest Alberta. The extension of this conductor is discussed in
detail in this paper. More recently the Lithoprobe Alberta Base-
ment Transect (ABT) project, was a multidisciplinary study of
the Precambrian terranes in Alberta, summarized by Ross (2000)
and included the measurement of over 300 MT stations across
Alberta.

The Precambrian basement terranes within the study area are
outlined in Fig. 2. Beneath the WCSB, the locations of the terrane
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Magnetotelluric imaging in southern Alberta 3

Figure 2. (A) Topography map showing the locations of the MT data used in this study. Black dots represent data collected during the Lithoprobe Alberta
Basement transect. The red dots are stations collected as part of this study. The entire area was inverted for the 3-D model, and the purple line shows the
location of the 2-D profile. The Precambrian terrane boundaries are shown in black and red, the red line represents the location of the Red Deer Conductor
(RDC), the blue line shows the location of the profile depicted in the figure. Stations named in red are displayed in Fig. 3. (B) Aeromagnetic map of southern
Alberta depicting the total residual field, and the interpreted Precambrian terrane boundaries (Geological Survey of Canada 2011). The Red Deer High (RDH)
marks the southern boundary of the Lacombe domain, and is spatially coincident with the RDC discussed in the text (red dashed line). Precambrian domain
boundaries are defined by aeromagnetic data and isotopic dating by Pilkington et al. (2000), except for the northern boundary of the Vulcan Structure which is
defined by potential field modelling by Eaton et al. (1999). Red circles denote stations discussed in the text and depicted in Figs 3, 7 and 11.

boundaries have been extrapolated from exposed portions of the
Canadian Shield using potential field anomalies, with ages derived
from core samples recovered from the Precambrian basement (Ross
et al. 1991; Villeneuve et al. 1993; Pilkington et al. 2000). The
Precambrian domain boundaries shown in Fig. 1 and used in this
study are primarily taken from the aeromagnetic and gravity study
by Pilkington et al. (2000), except for the northern boundary of the
Vulcan Structure, which has been defined by Eaton et al. (1999)
on the basis of potential field modelling of the Vulcan Structure.
Precambrian terranes inferred from regional magnetic and gravity
data in the Alberta subsurface extend beneath the Rocky Moun-
tains, and can be traced as far west as the Rocky Mountain Trench
in places. Fig. 2(B) shows the residual total field magnetic data
compiled by the Geological Survey of Canada (2011), depicting the
aeromagnetic signatures of the Precambrian domains in southern
Alberta.

From north to south the study area is underlain by several base-
ment magnetic domains: Thorsby, Rimbey, Lacombe, Loverna, Eye-
hill, Vulcan, Medicine Hat Block (MHB) and the GFTZ (Fig. 1).
Potential field data along with seismic and MT studies, and limited
geochronological data from basement core have been integrated in
various Proterozoic Plate tectonic scenarios of Archean and Pro-
terozoic terrane accretion into western Laurentia (Hoffman 1988,
1989; Eaton & Cassidy 1996; Buhlmann et al. 2000; Gorman et al.
2002; Mueller et al. 2002; Ross 2002). Many of the interpretations
regarding the assembly of Laurentia were initially summarized by
Hoffman (1988) who investigated lithospheric structure beneath Al-
berta using potential field data. The main basement domains identi-

fied in southern Alberta and their current tectonic interpretation are
briefly described in the next sections.

2.1 The STZ

In central Alberta, the northeast-trending Thorsby magnetic low
(Figs 1 and 2B) and collinear gravity anomaly, mark the subsurface
expression of the STZ, which is known to extend farther northeast
in the exposed Canadian Shield to Hudson Bay (Hoffman 1988;
Hanmer et al. 1994; Hope & Eaton 2002). The role of the STZ
in the tectonic assembly of Laurentia remains uncertain. In the ex-
posed Canadian Shield, the STZ is marked by a series of pronounced
linear geophysical anomalies (gravity and magnetic), which cor-
respond to high-grade, mostly Archean mylonitic rocks dispersed
along the sides of crustal lozenges, interpreted as an intracontinental
Archean transcurrent shear zone (Hanmer et al. 1994, 1995; Bald-
win et al. 2000; Sanborn-Barrie et al. 2001). However, southeast
dipping reflectors occur beneath the Hearne Domain in Alberta and
the presence of Proterozoic plutons along the Hearne Plate margin
have been cited as evidence for southeast-directed subduction in
Alberta along the STZ (e.g. Ross et al. 1995; Ross 2002). There-
fore, there appears to be a large difference in how the STZ has been
interpreted in the exposed crust to the north in contrast to the crust
hidden below the WCSB in Alberta.

A number of profiles of MT data collected as part of the Litho-
probe ABT project crossed the STZ and the associated Palaeopro-
terozoic terranes (e.g. the Rimbey and Lacombe domains). Boerner
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et al. (1995) showed that there was a significant conductivity
anomaly in the upper crust, that was coincident with the Red Deer
High, along the southeast border of the Lacombe domain (Fig. 2).
This conductor was named the Red Deer Conductor (RDC), and is
the extension into central Alberta of the SABC conductor that was
initially discovered by Gough et al. (1982). The strike direction of
this conductor matches the strike of the STZ, although it follows
the edge of the Lacombe domain, not the trace of the STZ which is
thought to be coincident with the Thorsby domain to the northwest.
This conductor appeared to be made up of a set of discrete conduc-
tors which dip to the southeast away from the STZ (Boerner et al.
1995).

Boerner et al. (1999) showed that the MT data from this area
was 2-D, that is, the transverse electric (TE) mode and transverse
magnetic (TM) mode data (defined later) appeared to be completely
decoupled. The TM mode data had the greatest penetration depth,
and a 2-D inversion of these data showed that the resistivity of the
upper mantle beneath the Archean Loverna Block was an order of
magnitude less than the resistivity of the upper mantle beneath the
younger Palaeoproterozoic terranes to the northwest. This signif-
icant change in upper-mantle resistivity was coincident with the
STZ, and was interpreted as being due to the presence of metaso-
matized upper mantle beneath the Loverna Block. Further study of
the Lithoprobe MT data throughout southern Alberta by Boerner
et al. (2000) showed that 2-D inversions of many of the MT profiles
in southern Alberta resulted in discrete low resistivity bodies within
the crust, at depths where the data were insufficient to resolve dis-
crete bodies. Their interpretation was that these bodies were caused
by electrical anisotropy in the crust.

2.2 Rimbey, Lacombe, Loverna and Eyehill domains

The crust to the southeast of the STZ consists of the linear Rimbey
domain (mainly magnetically positive 1.79–1.85 Ga biotite gran-
itoid plutons) that are parallel to the STZ, and was interpreted as
a magmatic arc on the edge of the Hearne Province (Ross 2002).
To the south are the Lacombe domain (low-grade metavolcanic and
metasedimentary rocks <2.3 Ga), and the Loverna and Eyehill do-
mains (two subdivisions of the Hearne Domain; Villeneuve et al.
1993; Fig. 1).

2.3 The Vulcan structure

The Vulcan structure is characterized by a pair of east–west trending
anomalies in both the gravity and magnetic fields, which separate
predominantly northeast-trending anomalies of the Loverna Block
(Hearne Domain) to the north from northwest-trending anomalies
of the MHB to the south (Hoffman 1988). Also, the dramatically
different orientation of seismic reflections in the MHB, which strike
northwest and dip southwest compared to the adjacent Loverna
block, which strike northeast and dip southeast, provide further
evidence that the Vulcan structure is a major structural boundary
(Lemieux et al. 2000).

The Vulcan structure was originally interpreted as a Precambrian
rift (Kanasewich et al. 1969). Hoffman (1988) suggested that the
Vulcan structure was formed by north dipping subduction based
on the potential field anomalies, which included a negative gravity
anomaly along the axis of the Vulcan structure, a sharp positive
anomaly along the southern margin, and a broad positive anomaly
located 30–70 km north of the structure consistent with a foredeep
and associated flexural bulge to the north.

As part of the Lithoprobe Alberta Basement project, two north–
south seismic reflection profiles were collected across the Vulcan
Structure, separated by a distance of 150 km. Based on these data,
Eaton et al. (1999) reinterpreted the Vulcan structure as a Protero-
zoic (ca. 1.8 Ga) collisional boundary between the Medicine Hat
and Loverna blocks. They concluded that the paired potential field
anomalies were caused by an intracrustal source at a depth of 10–15
km, with limited along-strike variations, and located along a suture
zone that defined the northern boundary of the MHB. This suture
exhibits a peculiar crustal-scale wedge geometry, with a southward
dip in the lower crust, and a northward dip in the upper mantle
(Eaton et al. 1999; Hope & Eaton 2002). This intracrustal source
was modelled as a low-density body within the crust (10–15 km
deep), containing a significant amount of remanent magnetization
oriented antiparallel to the present day magnetic field. Hope & Eaton
(2002) noted that it does not necessarily indicate subduction along
the Vulcan Structure.

Bouzidi et al. (2002) reprocessed the Lithoprobe reflection seis-
mic data throughout Alberta, and reported that the crust beneath
the Vulcan structure was nearly 7 km thicker than the crust in the
surrounding regions, which supported the hypothesis of a continent–
continent collision between the MHB and Loverna block. Also as
part of the Lithoprobe ABT project, seismic refraction data were
collected along an approximately 800 km north–south profile which
crossed the Vulcan Structure east of the two seismic reflection pro-
files described earlier. These data resulted in the detection of two
major, north dipping reflectors in the upper mantle (Clowes et al.
2002; Gorman et al. 2002). These reflectors occur to the north and
south of the Vulcan structure, one beneath the MHB, and the other
beneath the Loverna block. These reflectors were interpreted as
the result of north dipping subduction along the Vulcan Structure,
and will be discussed in detail. This seismic refraction profile also
reported the presence of a high-velocity layer in the lower crust
beneath the MHB which terminated along the Vulcan structure
(Gorman et al. 2002).

A profile of teleseismic data was also collected as part of the
Lithoprobe ABT project along a 500-km-long northwest southeast
profile, which included 11 seismometers recording for a duration
of approximately 1 yr (Shragge et al. 2002). Based on P-wave
traveltime tomography this study showed that the mantle below the
Loverna Block contains a fast anomaly, marking a distinct change
across the Vulcan structure.

There is limited geochronological data to constrain the age of the
Vulcan structure, with just one age that records a thermal and/or
metamorphic event at 2.1 Ga (Lemieux et al. 2000). The cross-
cutting of the potential field anomalies to the east by anomalies
associated with the ca. 1.8 Ga Trans Hudson Orogen suggests that
the Vulcan structure must be older. The crosscutting relationship is
consistent with the 2.1 Ga date, although it is not clear if the 2.1 Ga
date is related to events which occurred along the Vulcan structure,
or related to a different tectonic event.

2.4 The MHB

The MHB is composed of northwest-trending belts of Archean
gneiss and plutonic rocks that range from 2.7 to 2.6 Ga and a 3.3
Ga diorite gneiss, the oldest rock dated in Alberta (Villeneuve et al.
1993). This block has been interpreted either as being part of the
Wyoming Province (Hoffman 1988; Boerner et al. 1998; Buhlmann
et al. 2000) or as a distinct Archean block trapped between the
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Magnetotelluric imaging in southern Alberta 5

Hearne and Wyoming provinces (Clowes et al. 2002; Gorman et al.
2002).

2.5 The GFTZ

Straddling the 49◦N parallel is the northeasterly trending GFTZ,
an important Proterozoic (ca. 1.8 Ga) structural discontinuity,
which truncates or overprints the aeromagnetic fabric of the MHB
(Lemieux et al. 2000) and defines the boundary between the MHB
and Wyoming Craton. The GFTZ was recognized originally as a
region of reset K–Ar isotopic ages in the northwestern Wyoming
Craton (Giletti 1966) and more recently as the locus of unusual
Phanerozoic structure, sedimentation and 1.86–1.88 Ga magma-
tism (O’Neil & Lopez 1985; Mueller et al. 2000, 2002). Although
several authors (O’Neil 1998; Gorman et al. 2002; Mueller et al.
2002) have postulated the existence of a suture zone that involved
thrust emplacement of former ocean floor rocks southwards onto
the flanks of the Wyoming Craton, the exact tectonic environment
of the GFTZ remains elusive. Ross (2002) speculated that the GFTZ
may represent a reactivated Archean suture that opened as a small
rift basin around 1.9 Ga but was subsequently inverted, perhaps
in the form of an intracontinental flower structure responsible for
localized Proterozoic deformation and metamorphism along the
northwest edge of the Wyoming Craton.

The potential-field anomalies that define the GFTZ (northeast-
trending magnetic and horizontal gravity gradient; Thomas et al.
1987) are truncated by anomalies of the Trans-Hudson Orogen,
suggesting that it must predate terminal collision in Trans-Hudson
Orogen (i.e. it is older than ca. 1.8 Ga).

2.6 Unresolved questions

The previous interpretation based on MT results in southern Alberta
is that the crust appears to be electrically anisotropic (Boerner et al.
2000). As discussed, it is possible that the crustal structure is instead
3-D and can be explained by a 3-D isotropic resistivity model with-
out invoking anisotropy. Further to this, 2-D isotropic inversions of
the TM mode have shown that the upper mantle below the Archean
Loverna Block is an order of magnitude more conductive than the
upper mantle below the younger Palaeoproterozoic terranes to the
northwest (Boerner et al. 1999). If the geoelectric structure of the
overlying crust is 3-D instead of anisotropic, then is this feature in
the upper mantle real?

Tectonic questions also remain regarding the nature of the Vul-
can structure. The Vulcan structure has been interpreted based on
seismic data as both a subduction zone between distinct Archean
blocks, and a rift within a single Archean block. With MT, we can
determine the geoelectric response of the Vulcan structure in order
to better determine its tectonic nature, thereby constraining models
of the tectonic assembly of the region.

Finally, the Red Deer High (Fig. 2) is a pronounced linear aero-
magnetic high which has been correlated with the RDC in the MT
data by Boerner et al. (1995). This structure follows the strike of the
interpreted STZ, and has been interpreted as a foredeep structure
related to south dipping subduction along the STZ and beneath the
Loverna Block (Boerner et al. 1995). The Red Deer High also marks
the boundary between Archean rocks to the southeast and Palaeo-
proterozoic rocks to the northwest, where a pronounced change in
upper-mantle resistivity was measured using MT (Boerner et al.
1999). The tectonic nature of the RDC, how it relates to the STZ
and how it relates to the enhanced conductivity in the upper mantle

below the Archean rocks to the southeast are all questions which
have not been answered to date.

3 T H E M T M E T H O D

The MT method uses time variations of the Earth’s electromag-
netic field to determine the electrical resistivity of the subsurface.
MT instruments measure time variations of horizontal electric and
magnetic fields at a range of periods (Chave & Jones 2012). Elec-
tromagnetic signals travel through the Earth diffusively, and the
depth of penetration increases with the period of signal. The skin
depth is defined as the distance over which a diffusive EM signal is
attenuated to 1/e of its original amplitude.

These fields can be used to determine the resistivity as follows:
if Ex (ω), Ey(ω) and Hx (ω), Hy(ω) are horizontal electric and mag-
netic field components at a frequency ω, then the impedance Z(ω)
is defined as :

[
Ex

Ey

]
=

[
Zxx Zxy

Z yy Z yx

] [
Hx

Hy

]
.

The impedance is a complex valued tensor which describes the re-
lationship between the electromagnetic field measurements and the
resistivity of the subsurface. The corresponding apparent resistivity
(ρa) can be calculated from the impedance. For example:

ρa
xy = 1

ωμ0
|Zxy |2,

where μ0 is the permeability of free space. The apparent resistivity
can be considered as the average resistivity from the surface to a
depth roughly equal to the skin depth. Thus using the fact that lower
frequencies penetrate deeper in the Earth, the depth variation of
resistivity can be defined. The phase angle � between the electric
and magnetic field components is useful because it is sensitive to
changes in resistivity with depth. This can be calculated directly
from the impedance tensor, for example:

�xy = tan−1(Zxy).

The form of Z depends on the whether the subsurface resistivity can
be considered 1-, 2- or 3-D (Chave & Jones 2012).

Converting apparent resistivity (as a function of frequency) into
true resistivity (as a function of depth in 1-, 2- or more generally in
3-D) requires the use of modelling and/or an inversion algorithm.
Inversion of the MT data produces a resistivity model that can
explain the observed data. Early approaches to MT data analysis
used a 1-D approach. This was rarely found to be valid and 2-
D inversions became established in the 1990s. However in many
study areas the MT data are not 2-D, and a full 3-D analysis is
required. The decision to use a 1-, 2- or 3-D analysis requires that
the dimensionality of the data is understood. Significant research in
this area has taken place in the last decade and a range of widely used
methods are introduced later. This includes tensor decomposition
(Groom & Bailey 1989; McNeice & Jones 2001), phase tensor
analysis (Caldwell et al. 2004), analysis of induction vectors and
impedance tensor invariant analysis (Weaver et al. 2000; Jones et al.
2002).

In the 1-D case there is no preferred azimuth and |Zxy | will equal
|Z yx |, and the diagonal elements of the impedance tensor will be
zero. The 2-D case offers a unique situation where Zxy and Zyx are
decoupled from one another in the geoelectrical strike coordinate
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6 G. Nieuwenhuis et al.

frame and can be considered separate measurements, while Zxx and
Zyy will be zero. In this case we can define the TE mode which is
derived from currents flowing along the geoelectric strike direction,
and the TM mode derived from currents flowing perpendicular to
the geoelectric strike direction. In the 3-D case no separate TE
or TM mode exists, and all elements of the impedance tensor are
coupled and can be non-zero.

4 N E W M T DATA

4.1 Long-period MT data in Alberta

As described, a significant volume of long-period MT data were pre-
viously collected in Southern Alberta during the Lithoprobe project
(black dots in Fig. 2A). The deployment plan for these stations was
motivated by the widespread use of 2-D MT inversion at that time.
The 2-D inversions of these data presented by Boerner et al. (2000)
showed a number of major crustal conductors and also determined
that there were significant spatial variations in the resistivity of the
upper mantle. However, some aspects of the MT data could not be
explained by the 2-D isotropic inversions.

The development of an effective 3-D inversion has led to array
studies that require MT data collected on a grid (e.g. Patro & Egbert
2008; Zhdanov et al. 2011). The study described in this paper began
as a northward continuation of the USArray data grid, where long-
period MT data are being collected across the continental United
States. The Lithoprobe data were supplemented by an additional
67 long-period MT stations collected between 2007 and 2010 (red
locations in Fig. 2A). Time-series data were recorded for 2–4 weeks
at each station using an NIMS instrument developed by Narod
Geophysics with a sampling rate of 0.125 s. The time-series data
were processed using the statistically robust technique of Egbert
(1997) to give estimates of both impedances and magnetic field
transfer functions from 1 to 10 000 s at most stations. Data at four
typical stations are shown in Fig. 3. Many of the curves collected in
southern Alberta exhibit a similar variation of apparent resistivity
and phase with period. For example, at station ABA613 (top left in
Fig. 3) the following pattern is observed.

(1) At short periods (1–10 s), the apparent resistivity is relatively
low (3–10 �m). This is caused by the low resistivity sedimentary
rocks of the WCSB.

(2) In the period range 10–300 s, the apparent resistivity increases
with period. This occurs as the penetration depth of the MT signals
increases and they sample the high resistivity crystalline basement
rocks, and underlying lithospheric mantle.

(3) Beyond 3000 s the apparent resistivity decreases, indicating
the presence of a low resistivity layer at depth. This is likely caused
by the asthenosphere.

In Fig. 3, the red (XY) and blue (YX) apparent resistivity curves
are derived from electric currents flowing north–south and east–
west, respectively. In regions where the resistivity structure is 1-D,
it would be expected that these two curves are identical, and would
remain identical even if the coordinate system were rotated, and the
XX and YY impedance values would be zero. When the resistivity
structure is 2-D, the XY and YX apparent resistivity curves will be
different, and the XX and YY values will be zero when the coordinate
system is parallel to the strike direction. In the 3-D case, XY and YX
will be different as in the 2-D case, but the XX and YY data will be
non-zero in all coordinate systems. Of course with real data, noise
in the data must also be considered, and the XX and YY data will

never be exactly zero, nor will a situation ever be perfectly 1-D or
2-D, and small XX and YY values will be measured. The purpose of
the dimensionality analysis later is to determine to what degree the
MT data can be considered 1-, 2- or 3-D.

As discussed earlier, the Lithoprobe MT data were interpreted to
be electrically anisotropic by Boerner et al. (2000). This interpreta-
tion was suggested because the 2-D isotropic inversion of the data
inserted seemingly arbitrary poorly resolved low resistivity struc-
tures consistent with the effects of anisotropy (as discussed in more
detail by Wannamaker 2005). These poorly resolved structures were
inserted by the inversion in order to fit apparent inconsistencies be-
tween the TE and TM mode measured data. These inconsistencies
could possibly be explained by electrical anisotropy, where cur-
rent flow measured by the TE mode is sensitive to resistivity in
one direction, and the TM mode is sensitive to resistivity in a dif-
ferent direction, and an isotropic resistivity model cannot fit both
modes with a single model. Alternatively one could consider a 3-D
(isotropic) resistivity model where the TE and TM modes do not
exist. In this case apparent inconsistencies between the XY and YX
impedances may only indicate that each tensor element is sensitive
to different structure in the 3-D model. Before testing to see if a 3-D
resistivity model can fit the measured MT data, the following section
considers whether a 3-D model is needed, based on dimensionality
analysis.

4.2 Dimensionality of the Southern Alberta MT data

As mentioned, a range of approaches have been proposed to deter-
mine the dimensionality of MT data. Fig. 4 summarizes the results
from four different approaches designed to view the dimensionality
of the MT data in southern Alberta. The top row (Fig. 4a) sum-
marizes previous results obtained by Jones et al. (2002) using the
Lithoprobe MT data, while the following three rows (Figs 4b–d)
summarize work completed as part of this study to determine the
dimensionality of the all the MT data currently available.

The dimensionality of the Lithoprobe data was analyzed by Jones
et al. (2002) using the impedance invariant method of Weaver et al.
(2000). The results from Jones et al. (2002) are shown in Fig. 4(a).
At short period (T = 21.3 s) the majority of the stations can be
considered mainly 1-D, with a few stations indicating 2-D with
galvanic distortion. This reflects the shallow penetration of the MT
signals into geological structures that are essentially 1-D (WCSB)
or 2-D (linear conductors). At longer periods (T = 1280 s) the MT
signals penetrate deeper, and the data begin to appear 3-D.

Many MT stations exhibit 1- or 2-D behaviour, but are com-
plicated by galvanic (frequency independent) distortion which can
be caused by heterogeneity in the near surface resistivity structure.
These distortions can make the application of 2-D MT data in-
terpretation difficult. Tensor decomposition is a technique that is
widely used to identify these distortions, and under certain circum-
stances, can be used to remove them. It assumes that the regional
resistivity structure is either 1- or 2-D and calculates the 2-D strike
direction. The decomposition also determines the strength of the
distortion through various parametrizations, for example, twist an-
gle and shear angle (Groom & Bailey 1989). An extension of this
algorithm by McNeice & Jones (2001) was applied to the combined
Lithoprobe–University of Alberta database using an impedance er-
ror floor of 3 per cent. Changing the error floor in the decomposition
produced a small difference in the results of the tensor decomposi-
tion, except for causing a bulk shift in the absolute rms misfit values.
The results of the tensor decomposition are shown in Fig. 4(b) for
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Magnetotelluric imaging in southern Alberta 7

Figure 3. Soundings showing long-period MT data collected in southern Alberta with reference to magnetic north, locations for each station are indicated
in Fig. 2. The stations shown on the left have been collected as part of this study using the NIMS instruments, the stations on the right-hand side have been
collected as part of the Lithoprobe ABT project using LIMS instruments. Each of these stations show the general character of the MT data collected in different
regions of the study area. ABA613 was collected to the northwest of the Red Deer High (see Fig. 2), ABT130 was collected in the southeast, SAB230 was
collected in the northeast and ABT243 was collected along the western portion of the study area where the 3-D model had difficulty fitting the data (see text).
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8 G. Nieuwenhuis et al.

Figure 4. Dimensionality analysis of the southern Alberta MT data, RDC denotes the Red Deer Conductor. (a) Shows maps modified from Jones et al. (2002),
and shows the method by Weaver et al. (2000) to determine dimensionality. (b) Indicates the results of tensor decomposition using the algorithm of McNeice
& Jones (2001), where the direction of the line is the regional strike direction, the colour of the line indicates the misfit of the 2-D decomposition model, and
the length of the line corresponds to the phase difference whose magnitude corresponds to a departure from the 1-D case. (c) Shows the phase tensor: high
beta values correspond to 3-D structure, and axes orientation corresponds to the maximum induction current direction (either along or across strike in the 2-D
case). (d) Depicts the induction vectors using the Weise convention, where the arrow points away from conductive regions.
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Magnetotelluric imaging in southern Alberta 9

the period bands 10–100 s, 100–1000 s and 1000–10 000 s (1–10
s was not included because of the 1-D nature of this short period
data). Here the following results are plotted:

(1) The direction of the line shows the preferred geoelectric strike
direction. There is an inherent 90◦ ambiguity in the strike direction
determined by tensor decomposition, and here we have chosen the
direction that is approximately parallel to the strike direction of the
basement terranes, and approximately perpendicular to the direction
of the induction vectors.

(2) The length of the line shows the maximum phase split of the
data giving an indication of whether the data appear 1-D. A short
line indicates that there are no azimuthal variations in impedance
phase and that the subsurface resistivity structure is essentially 1-D.
A longer line indicates that there is an azimuthal variation in the
impedance phase difference, and that the structure is 2- or 3-D.

(3) The colour of the line shows the rms misfit indicating the fit
of the tensor decomposition model to the data. A low value gives
a measure of confidence in the regional strike angle and tensor
decomposition parameters derived by the tensor decomposition.

The tensor decomposition results confirm that the regional strike
direction in the period range 10–1000 s is N45◦E and essentially
parallel to the basement terrane boundaries (the two left most panels
in Fig. 4b). The rms misfit values are also relatively low in this
period band indicating that there is some confidence in the regional
strike direction (note the green vectors indicating low rms misfit of
the tensor decomposition model to the data in these panels). The
exception is in the vicinity of the RDC, where Jones et al. 2002
also inferred the presence of 3-D structure. At periods longer than
1000 s (rightmost panel of Fig. 4b), there are spatial variations in
the strike direction reflecting a 3-D resistivity structure at depth.
The strike direction at these periods shows a pronounced east–west
direction throughout the Loverna block, while northwest of the
STZ the strike remains N45◦E. This is consistent with the higher
rms misfits, especially over the Loverna block.

The shear and twist angles derived from these data were typically
small, with absolute values mostly below 15◦ (see the Supporting
Information). These angles describe the galvanic distortion, and
larger values of shear or twist represent the likelihood that the data
are distorted. The following 2-D MT inversion models only included
impedance data with relatively small shear and twist angles (i.e.
values <15◦).

The MT phase tensor (Caldwell et al. 2004) is an alternative way
of investigating the dimensionality of MT data. Phase tensor data
can be plotted as an ellipse, with ellipticity related to dimensionality;
a circle denotes 1-D structure and an ellipse 2- or 3-D behaviour.
In a 2-D situation, either the major or minor ellipse axis will be
aligned parallel to the strike direction. The coordinate invariant
skew-angle (β) can be used as a robust measure to test for 3-D
regional structure, with values greater than 3 indicating significant
deviation from the 2-D case (Booker 2013). Fig. 4(c) shows phase
tensor ellipses plotted for the SAB data set that are filled with a
colour indicating the value of β.

(1) At short periods (23.3 s) Fig. 4(c) shows that the β values
are small, indicating 1-D or 2-D behaviour. The major axes of
these ellipses are orthogonal to the basement terranes with a strike
direction of N45◦E.

(2) At intermediate periods (131 s), Fig. 4(c) shows that the β

values are still close to zero in the south of the study area, but higher
around the RDC. The alignment of ellipses is still orthogonal to the
terranes with a strike direction of N45◦E over the whole survey area.

(3) At long periods (1365 s), Fig. 4(c) shows that the β values
are non-zero and there is no common strike direction at all stations.
This shows that much of the study area, in particular beneath the
Loverna block, has a resistivity structure at long periods which is
not 1-D or 2-D.

The phase tensor ellipses in Fig. 4(c) show similar features to
the tensor decomposition in Fig. 4(b). In general the data at short
periods are approximately 1- and 2-D, and become 3-D at periods
greater than 1000 seconds, particularly within the Loverna Block.

The final stage of dimensionality analysis used induction vectors
(Fig. 4d). These vectors are derived from ratios of the vertical to
horizontal magnetic field components caused by lateral conductivity
contrasts, and when plotted in the convention of Wiese (1962), the
vectors point away from conductors. Therefore, in a 1-D situation
the induction vectors will be zero. In a 2-D situation they will
be orthogonal to the strike direction since there are no changes in
resistivity along strike. In a 3-D situation there may be no consistent
regional direction at all. At short periods (23.3 s), Fig. 4(d) shows
that the vectors are mostly quite small indicating the 1-D nature of
the WCSB, and at mid-periods (131 s) effects from the RDC become
notable. At long periods (1365 s), Fig. 4(d) shows it is apparent that
the Loverna Block itself is conductive, since vectors at surrounding
stations point outwards.

In summary, Fig. 4 shows that the MT data at short and mid-
periods (1–1000 s) have a strike direction that is parallel to the
RDC and other basement terranes. The various methods give strong
support for a 2-D analysis being valid for these stations in this period
band (invariants, low rms misfit in tensor decomposition, consistent
strike in tensor decomposition and low β in phase tensor). Longer
period data (T > 1000 s) show signs of being 3-D (invariants,
elevated rms misfit in tensor decomposition, no consistent strike in
tensor decomposition and non-zero β in phase tensor).

5 I N V E R S I O N O F S O U T H E R N A L B E RTA
M T DATA

The dimensionality analysis mentioned above confirms the results
of Jones et al. (2002), who showed that at long periods (>1000 s)
the MT data in Southern Alberta appear 3-D. At periods shorter
than 1000 s the dimensionality analysis shows that the data appear
regionally 1- or 2-D, with some distortion near the RDC.

Initially Boerner et al. (2000) tried to model the Lithoprobe MT
data using 2-D inversions of the entire period range, and found
difficulty in simultaneously fitting the TE and TM modes. The
resulting resistivity models showed discrete conductors in the crust
which were interpreted as artefacts of the 2-D isotropic inversion
attempting to fit inconsistent TE mode and TM mode data. To rule
out the possibility that this problematic crustal structure is caused
by the MT data at periods greater than 1000 s, 2-D inversions of the
data from 1 to 1000 s were run as part of this study. The hypothesis
is that if the dimensionality analysis is correct, the longer period
data are the cause of the problematic structure in the crust. If this
is true, by removing the longer periods the problematic structure
should not occur.

5.1 2-D MT inversion

A geoelectric strike direction of N45◦E was chosen for the 2-D
inversions, based on the strike analysis summarized in Fig. 4. This
direction is consistent with the geological strike of the Precambrian
terrane boundaries, and is consistent with previous studies (e.g.
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10 G. Nieuwenhuis et al.

Boerner et al. 2000). A profile of MT stations orthogonal to this
direction was selected as shown in Fig. 2(A). To ensure that the
difficulty fitting the data with a 2-D model is not caused by gal-
vanic distortion, the few stations with high levels of galvanic distor-
tion were excluded, that is, shear and twist angles with magnitudes
greater than 15◦. See the Supporting Information for a histogram
of stations and their corresponding shear and twist angles, indicat-
ing that the majority of stations do not appear to be distorted, and
the following inversion models were not significantly affected by
galvanic distortion. The impedance data were then rotated mathe-
matically to a N45◦E coordinate system, with the XY impedance
defined as the TE mode. In the 2-D case, the along-strike electric
fields constitute the TE mode and across-strike electric currents the
TM mode.

Stations were projected along a profile oriented across the chosen
strike direction, and the orthogonal portion of the tipper data was
projected along the profile. Periods in the range 1–1000 s were in-
verted using the 2-D inversion algorithm of Rodi & Mackie (2001).
Error floors of 10 per cent, 1.45◦ (equivalent to 5 per cent) and 0.02
were used for the apparent resistivity, phase angle and tipper data,
respectively. Laplacian regularization was applied to the resistivity
model, and a total of 42 stations were used. The inversion was started
from a 100 �-m half-space. The model contained 278 cells in the
horizontal direction, with an average width of 2 km, and 39 layers
in depth, with a surface layer thickness of 500 m and a total depth of
475 km. Each consecutive layer in depth increased in thickness to
approximately reflect the resolution change of the data with depth.

Many different 2-D inversions were implemented, beginning with
the inversion of each mode separately, and continuing with joint in-
versions of the TE mode, TM mode and tipper data. The inversion
parameter tau represents a trade-off in the inversion algorithm be-
tween minimizing the roughness of the resistivity model and obtain-
ing a good fit to the measured MT data (low rms misfit). For each
inversion, a set of tau values were tested. Plots of model roughness
as a function of rms misfit were generated, and the tau value which
resulted in a point nearest to the origin in the roughness–misfit plots
was chosen as the optimal trade-off between model smoothness and
data misfit. For example, the TE–TM–tipper inversion model de-
picted in Fig. 5 was generated using the optimal τ = 5. Tests of
static shift estimation were also made by allowing the inversion to
determine a static shift coefficient for each station and mode. This
resulted in small changes in the rms misfit, and the static shift coef-
ficients determined by the inversion were relatively small, therefore
the final models did not include static shift corrections.

Fig. 5 shows the 2-D resistivity model obtained from inversions
of the TE–TM–tipper data. Individual inversions of the TE and TM
modes were able to fit the data with rms misfit values of 1.3 and
1.8, respectively. However, when TE and TM modes were jointly

Figure 5. 2-D electrical resistivity model of the MT data on the profile
indicated in Fig. 2. The low resistivity features located above 50 km are not
robust features of the model, and change locations based on which data are
included in the inversion, often being placed between stations. Individual
2-D inversions of the TE or TM data do not result in these features.

inverted, discrete crustal conductors were generated throughout the
crust, and an rms misfit of 1.79 was obtained. With the addition of
the tipper data the rms misfit increased to 2.02, and the locations of
the discrete crustal conductors moved, indicating that they were not
a stable feature of the 2-D inversion model (see Fig. 5 for a depiction
of these crustal features in the 2-D model). This phenomena was also
reported by Boerner et al. (2000) and interpreted as evidence for
crustal anisotropy. These conductive features were located between
MT stations where the induction vectors do not indicate a reversal,
which would be indicative of conductive structure located between
the stations. Data on three additional profiles which crossed southern
Alberta to the north and south of the displayed profile were also
inverted. Similar models obtained by these inversions indicate that
this effect is observed over a large area of southern Alberta.

The 2-D inversion models generated show that the discrete con-
ductors in the crust (which have been previously interpreted as
anisotropy) occur regardless of whether the data at periods greater
than 1000 s are included in the inversion or not. Our results depicted
in Fig. 5 show that the problematic crustal structure is caused by
2-D inversions of data at periods shorter than 1000 s, and is not an
effect of the data at periods greater than 1000 s. This is interesting
because the dimensionality analysis in Section 4 shows that the data
at periods less than 1000 s appear to be 1- or 2-D, and the data
at longer periods are not 2-D. This could indicate that the data at
periods less than 1000 s are anisotropic as previously interpreted,
or it could indicate that the data are 3-D, and our implementation
of the dimensionality analysis carried out in Section 4 does not
sufficiently discriminate between a 2- and a 3-D response.

5.2 3-D inversion

The 3-D inversion algorithm of Siripunvaraporn & Egbert (2009)
was applied to the southern Alberta MT data. Both impedance and
tipper data from 87 long-period MT stations were inverted. The
inversion began from a 100 �-m half-space and used error floors of
10 per cent for the absolute value of each element of the impedance
tensor. An error floor of 0.06 was used for the tipper data. The
data in the period band 1–10 000 s were inverted in a geographical
coordinate system, with a length scale of 0.2 in all three directions
and time step of 10. The grid was 56 × 56 × 64 cells in the east–
west, north–south and vertical directions, respectively. Static shifts
did not need to be accounted for in these data, since it appears as
though very little galvanic distortion is present. This can be seen
by low values of shear and twist angles calculated by the tensor de-
composition, the fact that the 2-D inversion did not need to take into
account static shifts, and a visual comparison of apparent resistivity
soundings shows that the absolute levels of the apparent resistivity
curves at short periods are relatively uniform across the study area.

There were two features in the data which caused the inversion
difficulty in finding a model to fit the data: (1) a large split in appar-
ent resistivity between the XY and YX components along the foothills
at the western edge of the grid (see Fig. 3, station ABT243), and
(2) effects in the data collected near the RDC (see Fig. 7, station
SAB125 for a typical example of this). Initial inversion attempts
in 2009 showed that the inversion was sensitive to the subset of
data used from the western edge of the model. Some of these initial
subsets of data used in the 3-D inversion caused the rms misfit to
diverge instead of converge to a reasonable value, resulting in mod-
els with extreme conductivity variations along the western edge
of the model which did not fit the data. The RDC causes a rever-
sal in the direction of the induction vectors over a relatively small
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Magnetotelluric imaging in southern Alberta 11

Figure 6. Maps showing the rms data misfit of the fit of the response of two different 3-D inversion models to the measured data. The left-hand side shows
the results from rotating the model and data to a coordinate system of N45◦E (the regional strike direction determined earlier for data below 1000 s), and the
right-hand side shows the model and data inverted in a coordinate system, relative to 0◦N (measurement coordinate system for most stations). The top four
panels on each side show the impedance misfit, and the bottom two panels show the tipper misfit. In each panel, the rms misfit is averaged over all periods.

region (approximately 20 km; Fig. 4d), and has been associated with
a thin, linear magnetic high (Red Deer High, see Section 2.1 and
Fig. 2B). Due to its obvious effect in the MT data (see the notch in
Fig. 7, station SAB125), we expect it to have a high conductivity
value associated with it. Since MT exploration depends on diffu-
sion of the electromagnetic signals, MT cannot directly measure
sharp boundaries, and inversion techniques most often contain in-
herent smoothing to stabilize the algorithm as well to reflect this
aspect of MT data. Accordingly, it is not unexpected that the sharp
boundary which we expect to see with such a small and conduc-
tive feature as the RDC is not easy to fit using an MT inversion
model.

The misfit maps on the right-hand side of Fig. 6 show the mis-
fit resulting from the final model. These maps show that the XY
impedance data were fit relatively well, where the majority of the
stations had rms misfit values below 2.0. The YX data on the other
hand were not fit well in the south–west portion of the model (this is
the Western Foothills region discussed earlier). A typical example
highlighting this poor fit is shown in the Supporting Information
(Fig. S4, station 45, where the Zyx data are not well fit). This region
of the model shows particularly small YX impedances, and a large
split between the XY and YX impedance data.

The misfit maps on the right-hand side of Fig. 6 show regions
where both the XX and YY data were not fit as well as other parts
of the model [station 32 in Fig. S4 shows a typical example of a
station where the XX data (green) and the YY data (cyan) resulted in
high misfit values]. In general the stations where the XX and YY data

were not fit well, the data show relatively high XX and YY impedance
values, which are broadly associated with resistivity structure in the
vicinity of the RDC (which is oriented at ∼45◦ to the inversion
coordinate system).

To try and improve the fit to the XX and YY impedance data,
an inversion was performed where the data and model were ro-
tated to be parallel to the strike direction of the RDC (N45◦E),
which is the same as the regional strike direction obtained from the
dimensionality analysis for data shorter than 1000 s (see Section
4.2). Using a similar grid cell size, and the same data set and error
floor, the rotated inversion converged after nine iterations with an
overall rms misfit of 2.12, as compared to the original rms misfit
from the unrotated inversion of 2.04. The misfit map for the ro-
tated inversion is shown in the left-hand side of Fig. 6, showing
that although there are some variations in the spatial distribution
of misfit, particularly for the XY component, the total misfit values
indicate that the data in the rotated model are fit similarly as the final
model.

The main difference in misfit between these two models appears
to be caused by the RDC. Both models fit the tipper data do a
similar degree, and the difference lies in the fit of the impedance
data. Due to the apparently 2-D nature and the strike direction of
the RDC (N45◦E; see Section 2.1), its effects are most apparent in
the diagonal impedance elements for the unrotated data, and in the
rotated data the effects of the RDC are mostly seen in the off diagonal
impedance elements. Assuming that the RDC is as 2-D as the strike
determination showed (at periods less than 1000 s), it might be
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12 G. Nieuwenhuis et al.

Figure 7. Comparison between the responses of the 2-D and 3-D inversion models obtained for Southern Alberta. Circles in each sounding represent the
measured MT data, the dotted line represents the fit of the 2-D model, and the solid line represents the fit of the 3-D model to the measured data. RD, Rimbey
Domain; LD, Lacombe Domain; MHB, Medicine Hat Block. Note that the diagonal impedances were included in the 3-D inversion but are not shown here.

expected that data misfits associated with the RDC would be found
only in the diagonal components of the unrotated inversion response,
and only in the off-diagonal components of the rotated inversion
response. This is confirmed in Fig. 6 where the misfits associated
with the unrotated final inversion model and caused by the RDC
are mostly confined to the diagonal impedance components. For

the rotated model on the other hand, misfits associated with the
RDC are not only found in the off-diagonal impedances, but also
in the diagonal impedances (see in particular the misfit for the YY
impedance). Therefore, both models are not able to fit the data which
are sensitive to the RDC very well, but with the rotated model the
poor fit associated with the RDC is seen in all of the impedance
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Magnetotelluric imaging in southern Alberta 13

elements causing a higher overall rms misfit (2.12), while in the
unrotated data this poor fit near the location of the RDC is confined
within the diagonal impedance components resulting in a slightly
lower rms misfit (2.04).

Within the sedimentary basin minimal horizontal variations in
resistivity are expected, because the data have been shown to be 1-
D, and because the geology varies slowly in the horizontal direction
(Jones et al. 2002). This was not the case for initial inversions using
the default time step value of 5 and default length scale of 0.2
in all directions. Therefore the effect of using different values for
time steps and length scales was investigated. These tests showed
that the resistivity of the sedimentary basin varied minimally in the
horizontal directions using a time step of 10 and length scale of 0.2
or 0.3. A length scale of 0.2 was therefore chosen for the final model
because when the length scale was set to 0.3 the data fit was slightly
worse (1.97 for 0.2, 2.03 for 0.3). The resistivity model structure
was similar for both values, and the inversion converged after only
seven iterations with a length scale of 0.2 as opposed to 10 iterations
with a length scale of 0.3.

During the data analysis more than 50 inversions were run (over
a period of several years) with the main focus being on the effect
of using different subsets of the data. This included inversions of
a large region surrounding southern Alberta and extending north
into central Alberta and south into the USArray data set. We also
investigated smaller local scale inversion models of features such as
the RDC. Within the region covered by this final model, a number of
different subsets of the available data were run, and this showed that
the convergence of the inversion was highly dependent on which
stations were included in the inversion. When this research began
(2009) only the serial version of the 3-D MT inversion algorithm
WSINV3DMT (Siripunvaraporn et al. 2005) was available and in-
versions took up to 1 month to converge. Therefore the largest
number of stations used in any of the inversions was ∼90, even
though many more stations were available in the study region.

In summary, the best fitting 3-D inversion model is the one using
horizontal cell sizes ∼10 km, an initial layer thickness of 55 m, with
thickness increasing for each consecutive layer to a final depth of
1475 km with 64 layers. The total number of cells in the x and y
directions are both 56. The model and data were not rotated to the
regional strike direction but were kept in a coordinate system with
respect to true North. The inversion converged after eight iterations
to an rms misfit of 2.04, using an error floor of 10 per cent for each
impedance element (separately), and an absolute value of 0.06 for
the tipper. The model we present here has been shown to converge
in a stable manner, and fits the measured MT data to an acceptable
degree.

This inversion model did not image the lithosphere–
asthenosphere boundary (LAB) as clearly as anticipated. Previous
3-D MT studies in Alberta have shown that similar long-period
MT data collected in northern Alberta were sensitive to the LAB
(Türkoğlu et al. 2009). Because we expected to find a similar sen-
sitivity to the LAB in southern Alberta an attempt was made to
include a 30 �-m asthenosphere in the prior model of the inversion.
Since the 3-D inversion algorithm inherently constrains the inver-
sion by minimizing differences away from the prior model, artefacts
were introduced into the inversion model by the prior model, which
are not necessarily required by the data. The resulting data fit was
similar to other models, but a step in resistivity associated with
the LAB in the prior model remained in the inversion model at all
iterations. It was unclear if the data required this step at the LAB
boundary or not. Therefore the inversion model which was started
from a 100 �-m half-space is presented here.

Fig. 7 shows a comparison of the 2-D inversion model with a
coincident slice taken from the 3-D inversion model, as well as
comparing the data fit obtained from both the 2- and 3-D inversions
(location of this profile is shown in Fig. 2A). The 3-D model appears
to show a SE dipping conductor originating from the vicinity of the
RDC (located between the Lacombe domain and the Loverna block,
along the Red Deer High in Fig. 2), while the 2-D model resulted in
a number of discrete conductors which move dependent on the data
inverted. The data fit in the bottom of Fig. 7 shows that the fit to the
impedance data was similar for both the 2-D and the 3-D inversion
models. The 2-D and 3-D models also fit the tipper data similarly,
although in the vicinity of the RDC (SAB125) the tipper data were
not fit very well by either model.

The 3-D model is able to fit the data to a similar degree as the
2-D model, and resulted in robust structure in the crust. In contrast,
the 2-D inversion could not retrieve a stable isotropic resistivity
model. This suggests that the study area in southern Alberta is better
described by a 3-D model than a 2-D isotropic model, although a
2-D anisotropic model cannot be ruled out by this.

5.3 Crustal anisotropy

As reviewed by Wannamaker (2005), one possible consequence of
electrical anisotropy in a 2-D region is that the induction vectors
tend to be deflected towards the anisotropic strike direction from
normal to the 2-D strike direction. One example of this is from the
Chilean Andes where the impedance showed a consistent 2-D strike
direction of N–S, while the induction vectors were consistently
pointing N45◦E (Brasse et al. 2009). This is not always the case,
and Weckmann et al. (2003) reported a study where anisotropy
within a larger fault zone did not deflect the induction vectors in the
direction of anisotropy.

A depiction of how the real tipper data were fit by the final model
is shown in Fig. 8. In general the fit to these vectors is good, except
at long periods to the northwest of the RDC (see the left most panel
in Fig. 8, where the direction of the vectors to the north of the red
line are consistently poorly fit). The fact that the 3-D model is able
to fit these induction vectors supports the conclusion that anisotropy
is not required to explain this data set, but as mentioned, anisotropy
does not necessarily deflect the induction vectors, and therefore the
fit to these data does not rule out anisotropy.

This ambiguity in determining how important electrical
anisotropy is for interpreting a given MT data set is complicated,
and is an area of current research in the MT community. For the

Figure 8. Maps showing the fit of the real induction vectors predicted by the
3-D inversion model (red) to the measured induction vectors (black) using
the Weise convention (arrows point away from conductors). The reasonable
fit to the induction vectors by the 3-D model suggests that anisotropy is not
required to explain the data, but does not rule anisotropy out (see text).
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current study we make the interpretation that since the 3-D model
is able to fit the data with a robust and reasonable model, it is not
necessary to require the presence of anisotropy.

6 I N T E R P R E TAT I O N O F T H E
R E S I S T I V I T Y M O D E L

Figs 9 and 10 include images of the 3-D inversion model and high-
light the main features which are:

(1) a low resistivity layer (5–10 �-m) extending from the surface
to a depth of 1.5–2 km, interpreted as the WCSB;

(2) a crustal conductor on the east side of the Lacombe domain,
with its top near the base of the WCSB (this corresponds to the
previously reported RDC;

(3) an upper-mantle conductor beneath the Loverna block,
labelled the Loverna Conductor in Fig. 10;

(4) A clear boundary to the Loverna Conductor along the Vulcan
Structure

These features and their geological significance are discussed
below.

6.1 The shallow low resistivity layer

The layer of low resistivity in the shallow 1–2 km of the crust repre-
sents the sedimentary rocks of the WCSB (Figs 9A and B). This layer
has a sharp western margin that is coincident with the eastern limit
of the Cordilleran deformation in the Rocky Mountain Foothills,
and extends from the surface to depths of 2–2.3 km (Fig. 9B). The
elongated resistivity anomaly east of the Foothills in Fig. 9(B) could
correspond to a combined effect of deeper portions of the basin (i.e.
thicker sedimentary cover), and a zone of low resistivity within the
basement rocks below (e.g. fractured crystalline rock). This feature
could be due to crustal down flexure due to tectonic loading in the
Rocky Mountain fold-and-thrust belt which deepened the sedimen-
tary basin and fractured the basement below. Fractured rock would
have a low resistivity because of the presence of interconnected
fluids, probably brines. A similar feature was reported in the Rocky
Mountain Foothills by Xiao & Unsworth (2006).

6.2 The RDC

As discussed earlier, the RDC has not been fit particularly well by
the 3-D model, but regardless some generalities may be seen in
the model. The RDC is imaged in the 3-D inversion model as a
relatively thin linear conductor (Fig. 9C) located within the crust.
In the northern portion of the model, the RDC appears as a distinct
conductor from the Loverna Conductor (low resistivity zone beneath
the Loverna block, Fig. 9), while the southern portion of the RDC
appears to merge with the Loverna Conductor in the upper mantle.
Fig. 10 depicts the 3-D inversion model as a set of vertical sections
perpendicular to the 2-D strike direction determined earlier. This
figure shows that the RDC and the Loverna Conductor are distinct
features in the northeast, and merge to the southwest. Since the
data were not fit particularly well here, it was not clear whether the
data support the connection of the RDC and Loverna Block or not.
Forward modelling was undertaken to test the sensitivity of the MT
data to the connectivity of the RDC and the Loverna Conductor in
the northern portion of the 3-D inversion model. The results show
that the overall rms misfit of a model with a connection added
was only 0.01 greater than the rms misfit of the original inversion

model. However, the fit of the MT data at stations located between
these two conductors was notably worse when they were connected.
Responses from at least nine stations show that the impedance
resulting from the connected model diverged significantly from
the measured MT data, indicating that when the two conductive
anomalies in the crust and upper mantle are connected, the data fit
becomes significantly worse in the region between the conductors.
Fig. 11 shows an example of two of these stations. Therefore for
the northern portion of the model, where the inversion generated
a separate conductor beneath the RDC and Loverna Block, this
separation appears to be required by the measured data.

At the southern end of the RDC, the 3-D model shows that
the RDC merges with the Loverna Conductor which is located in
the upper mantle. The misfit maps in Fig. 6 show that the MT
data near the southern end of the RDC are not fit well by the
3-D inversion model, and that the resolution of the model is not
sufficient to accurately resolve how the Loverna Conductor and the
RDC are related in the southwest. Therefore no conclusion is made
on whether the RDC and the Loverna Conductor are connected in
the southern portion of the RDC, or whether they are separate and
distinct features along the entire strike of the RDC, as they are in
the northern portion of the 3-D inversion model.

6.3 Loverna Conductor

The upper mantle beneath much of the Loverna Block in the study
area contains anomalous zones of reduced upper-mantle resistivity
(Figs 9C–F and Fig. 10). In the study area, the crust is approximately
40 km thick regionally, and approximately 47 km thick beneath the
Vulcan structure (Bouzidi et al. 2002). This low resistivity zone
(Loverna Conductor) is bounded at the top by the Moho, placing
it entirely within the upper mantle. As discussed in the previous
section, this feature is bounded by, or partly overlaps, the RDC (red
line in Fig. 9), and to the south is bounded by the Vulcan structure.
Low resistivity values are concentrated within the upper mantle on
the western portion of the Loverna block, where it is unclear how
the Loverna Conductor relates to the RDC.

The Vulcan structure is conspicuous in the 3-D model as a resis-
tive southern boundary to the Loverna block, with a significant cor-
relation along strike in the 3-D inversion model. The Vulcan struc-
ture separates the conductive upper mantle beneath the Loverna
Block from the resistive upper mantle beneath the MHB. Fig. 9
shows this clear line between the Loverna Conductor and the resis-
tive MHB along the Vulcan Structure.

A north–south oriented vertical profile through the Loverna Con-
ductor is shown in Fig. 12. The location of this profile (see Fig. 2A)
coincides with the deep seismic refraction profile of Gorman et al.
(2002), and Clowes et al. (2002), who defined the locations of two
north dipping reflectors labelled as f1 and f2 in Fig. 12. The inter-
pretive lines in the crust are based on the interpretation by Clowes
et al. (2002) of the seismic refraction profile. The Loverna Con-
ductor appears to overlap the f1 reflector at depths above 100 km.
It is unclear whether the low resistivities below f1 are a conse-
quence of smoothing during the inversion, or are required by the
MT data. Assuming that the previous interpretation of this seismic
discontinuity is accurate (the discontinuity represents the top of a
subducting slab), then if the Loverna Conductor does overlap the f1
discontinuity, it would exist both within and above the subducting
slab. The tectonic implications of these possibilities are discussed
later.
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Magnetotelluric imaging in southern Alberta 15

Figure 9. Maps of electrical resistivity at different depths from the 3-D inversion model. The top two panels show shallow depths within the sedimentary basin,
the bottom four panels show depths ranging from the lower crust to the upper mantle. MHB, Medicine Hat Block, red line, Red Deer Conductor.
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16 G. Nieuwenhuis et al.

Figure 10. Profile slices from the 3-D resistivity model. In the northeast, the Loverna Conductor and the RDC are clearly separated, while the southwest
portion of the model shows them connected.

6.4 The LAB

It is not clear if the MT data are sensitive to the depth of the LAB
across the entire model. As discussed earlier, one anticipated result
from this study was to determine horizontal variations in the depth
to the LAB across southern Alberta. However, conductive structures
at shallower depths (RDC and the Loverna Conductor) effectively
screen the underlying upper mantle so that the MT data cannot image
the resistivity of the underlying asthenosphere. There are regions in
the model (such as beneath the MHB) where the asthenosphere was
detected, and its depth does not change when different inversion
parameters were used (see Fig. 12 as an example of this change
from resistive lithosphere to conductive asthenosphere beneath the
MHB). In contrast, the resistivity structure at depths below the
RDC and Loverna Conductor is highly dependent on the choice of

inversion parameters, and changes significantly without affecting
the data fit.

In order to investigate the sensitivity of the MT data to the depth
of the LAB, an average resistivity depth curve was calculated by
taking the mean resistivity value at each depth layer in the 3-D
model (Fig. 13). This shows that on average, the inversion required
lower resistivity values than the prior model (100 �-m half-space)
at depths below about 250 km. Since the inversion attempts to
minimize differences between the final model and the prior model,
this decrease of deep resistivity must either be a consequence of
the data sensitivity or model smoothness. Since it is unclear why
smoothness constraints would cause such a coincidental lowering
of resistivity values, we tentatively suggest that the decrease of
resistivity below 250 km indicate the presence of the LAB at depths
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Magnetotelluric imaging in southern Alberta 17

Figure 11. Comparison of data fit at two stations located near the northern portion of the 3-D inversion model. The circles indicate the measured data, the
solid and dashed lines indicate the response from two different models. The solid line indicates the response from the 3-D inversion model which showed that
the RDC and the Loverna conductor are separate conductors in the northern portion of the model. The dashed line is the response calculated from a 3-D model
where the RDC and the Loverna Conductor were connected.

Figure 12. A north–south oriented slice through the 3-D inversion model, at approximately the same location as the ‘Deep Probe/SAREX’ seismic refraction
line (Clowes et al. 2002; Gorman et al. 2002), see Fig. 2 for the location. The interpretive lines are from two sources: crustal structure is based on seismic
refraction models interpreted by Clowes et al. (2002), and the black lines in the upper mantle are dipping reflectors in the same seismic refraction data set
(Gorman et al. 2002). Loverna Conductor, see text, VS, Vulcan Structure, MHB, Medicine Hat Block.

near 250 km. Typically values between 5 and 25 �-m are attributed
to the asthenosphere (Eaton et al. 2009), but since this resistivity–
depth curve is an average over the entire model, it never reaches 30
�-m even though more localized regions do.

This result agrees well with previous MT studies in northern
Alberta where it was shown that the LAB occurs at depths around
200–250 km (Türkoğlu et al. 2009), although it should be noted
that the age of the rocks in northern Alberta (Palaeoproterozoic) is
younger than in our study region (mainly Archean) and differences
may be expected.

7 T E C T O N I C I M P L I C AT I O N S

7.1 Anomalous resistivity structure of the upper mantle
beneath the Loverna block

The 3-D inversion model presented in this paper has extended the
results of Boerner et al. (1999) and shown that the upper mantle

beneath the southwestern portion of the Archean Loverna Block is
anomalously conductive. The spatial boundaries of this conductor
correlate well with Precambrian terrane boundaries to the south
(Vulcan Structure), and to the northwest (Red Deer High; Fig. 2).

There are a number of possible explanations for why the upper
mantle below the Loverna Block is anomalously conductive (hydro-
gen in NAM, graphite or sulphide films on grain boundaries, partial
melt, free aqueous fluids or hydrated minerals such as phlogopite).
Free aqueous fluids have short residence times and are only plau-
sible as an explanation in regions undergoing active tectonics. The
geothermal gradient in this stable cratonic region is too low to allow
for partial melting within the uppermost mantle. Hydrated minerals
such as phlogopite were previously thought to be associated with
the low resistivity upper mantle below the Loverna Block (Boerner
et al. 1999), but since it has been shown that they cannot sufficiently
explain resistivity values as low as 5–30 �-m (Chen et al. 2009).
It is possible that another resistivity mechanism occurs along with
phlogopite to lower the resistivity to 5–30 �-m. Therefore three
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18 G. Nieuwenhuis et al.

Figure 13. Average resistivity over the 3-D model. The near surface shows
resistivity values near 10 �-m corresponding to the sedimentary basin,
below this the crust is very resistive with values over 1000 �-m, the top of
the upper mantle is generally more conductive due to the highly conductive
Loverna Conductor. In general the resistivity goes below the value for the
prior model (100 �-m) at a depth near 250 km, most likely due to the more
conductive asthenosphere. The black dotted line represents a resistivity of
100 �-m, which corresponds to the starting model, and deviations from this
model are due to either data or smoothness constraints on the inversion.

possible mechanisms remain for explaining the low resistivity up-
per mantle: (1) hydrogen in NAM such as olivine, (2) graphite films
on grain boundaries or (3) sulphides on grain boundaries.

Laboratory measurements can be used to evaluate whether hydro-
gen diffusion in olivine can explain the low resistivity in the upper

mantle of the Loverna Block. The solubility limit for hydrogen in
olivine was determined by Lizarralde et al. (1995) and later revised
by Bell et al. (2003). The effect of a specified hydrogen concentra-
tion on the conductivity of olivine has been measured in different
laboratories, giving a range of inconsistent values (Karato 1990;
Wang et al. 2006; Yoshino et al. 2009). These data were used to
determine if hydrogen diffusion in olivine can explain the observed
resistivity of the Loverna Conductor using the approach of Rippe
et al. (2013). A typical geotherm proposed by Hasterok & Chapman
(2011) for a cratonic region was used as shown in Fig. 14. The left
panel of Fig. 14 shows a resistivity–depth curve taken from the 3-D
model at 112◦30′W, and 51◦30′N. The H+ concentration required to
produce the observed resistivity–depth curve is shown on the right-
hand side, using the three laboratory studies cited earlier. It can be
seen that at depths above 120 km, the required hydrogen content is
greater than the solubility limit, indicating that hydrogen diffusion
in olivine cannot explain the low resistivities in the mantle of the
Loverna Conductor. At depths below 120 km, hydrogen diffusion
in olivine could be invoked as a possible resistivity mechanism, but
the Loverna Conductor does not appear to reach to these depths.

Graphite films offer an attractive interpretation which has been
used to explain several upper-mantle conductors (e.g. Jones 2003).
The graphite films could be emplaced when subduction introduces
carbon into the mantle. Yoshino & Noritake (2011) indicate that
graphite films may not be stable at temperatures >700 ◦C. The low
geothermal gradient in southern Alberta results in temperatures be-
low 700 ◦C extending to depths in excess of 90 km, showing that
the mantle temperature within the Loverna Conductor is low enough

Figure 14. Using the framework developed by Rippe et al. (2013), investigation of the possibility that the Loverna Conductor is caused by hydrogen diffusion
in olivine. Left-hand panel: variation of resistivity with depth curve from the 3-D inversion model, showing the Loverna Conductor (112◦30′W, 51◦30′N).
Central panel: predicted geotherm for cratonic regions from Hasterok and Chapman (2011). Right-hand panel: the dashed black line indicates the H+ solubility
limit predicted by the geotherm using the results of Lizarralde et al. (1995). The red and blue lines in the right-hand panel indicate the content of H+ required
to explain the resistivity sounding with H+ based on three methods (Karato 1990; Wang et al. 2006; Yoshino et al. 2009).
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Magnetotelluric imaging in southern Alberta 19

for graphite films on grain boundaries to be stable. With increas-
ing pressure, carbon undergoes a transformation from graphite to
diamond, and this will raise the resistivity of the mantle (Jones &
Craven 2004). Therefore, if the Loverna Conductor is caused by
graphite films, it would be expected that the conductor would ter-
minate at the depth of the graphite–diamond transition. Using the
results of Kennedy & Kennedy (1976), and a typical geotherm for
a craton (Hasterok & Chapman 2011), the graphite–diamond tran-
sition is predicted to occur at a depth of 130 km (see Fig. 12). Since
the bottom of the Loverna Conductor appears to lie above this transi-
tion zone, graphite remains a plausible explanation for the Loverna
Conductor. It should be noted that this calculation assumes that the
present day geotherm was also present in the past when the graphite
was deposited. Temperatures have likely decreased over geological
time, meaning that the graphite stibility zone would have been shal-
lower in the past. A full discussion of this topic will be the focus of
a future paper.

Sulphides on grain boundaries also become unstable at depths
below the uppermost mantle (Selway 2014), but since the Loverna
Conductor is located within the uppermost mantle they remain as
a possible mechanism to lower the resistivity of the upper mantle.
Highly conductive iron sulphides on grain boundaries were pro-
posed as an explanation for conductors in the mantle beneath the
Sierra Nevada (Ducea & Park 2000) where sulphides were observed
along grain boundaries in xenolith samples. Laboratory measure-
ments by Watson et al. (2010) have also shown that ∼1 per cent
volume fraction iron-sulphides is able to lower the bulk resistivity
as observed by Ducea and Park (2000). Therefore sulphides are a
possible explanation for the Loverna Conductor.

Therefore, graphite or sulphide films both remain possible expla-
nations for the Loverna Conductor. As proposed by Selway (2014),
conductive anomalies in stable cratonic regions may be related to the
enrichment of the mantle. Since the Loverna Conductor is bounded
to the south by the Vulcan Structure, and north dipping subduction
has likely occurred along the Vulcan Structure (Eaton et al. 1999;
Clowes et al. 2002; Gorman et al. 2002), our interpretation is that
the Loverna Conductor is caused by enrichment of the upper mantle
during north dipping subduction along the Vulcan Structure. This
enrichment could have caused the formation of either graphite films
or sulphides on grain boundaries as carbon or sulphides were sub-
ducted and redistributed by subducting fluids. This interpretation is
further developed in the following section.

7.2 Origin of the Vulcan structure

As discussed, the Loverna Conductor is best explained by enrich-
ment of the upper mantle beneath the Loverna Block by a past
subduction event, possibly located on the Vulcan Structure. Initially
the Vulcan structure was thought to be formed as a rift (Kanasewich
1968), while more recent interpretations have interpreted both north
dipping subduction using potential field data (Hoffman 1988) and
seismic refraction data (Gorman et al. 2002), as well as south
dipping subduction was interpreted by seismic reflection imaging
(Eaton et al. 1999). Due to the sharp change in resistivity along the
southern edge of the Loverna Conductor (on the Vulcan Structure) it
is clear that the upper mantle underlying the MHB was not similarly
enriched, and likely corresponds to a boundary between enriched
mantle to the north, and depleted mantle to the south. This could
be explained by enrichment of the Loverna Block by north dipping
subduction along the Vulcan Structure, which is in agreement with
other interpretations of the Vulcan Structure (see earlier).

The strong conductor beneath the Loverna Block may be the
combined effect of enrichment caused by two subduction zones:
initial northward subduction along the Vulcan Structure and subse-
quent southward subduction along the STZ, quasi-contemporaneous
within the late phases of the Trans Hudson orogeny (Ross et al.
2000). This interpretation is made tentatively due to the fact that
our model does not specifically support subduction along the STZ.
As mentioned, there may be a correlation between the base of the
Loverna Conductor and the seismic discontinuity (f1) shown in
Fig. 12. If these features are spatially correlated, this strengthens
the argument that the Loverna Conductor was related to subduction
along the Vulcan Structure since f1 was previously interpreted as
north dipping subduction along the Vulcan Structure by Gorman
et al. (2002).

In the case where the base of the Loverna Conductor is not co-
incident with f1, this does not necessarily imply that the Loverna
Conductor is unrelated to subduction. If dehydration reactions had
released water into the surrounding rock, the fluids could have also
modified the resistivity of the slab. In this scenario, the Loverna
Conductor is the result of mantle enrichment related to subduction
both within the downgoing slab and above it. In both scenarios,
the Loverna Conductor can be spatially correlated with a zone of
enrichment in the upper mantle below the Loverna block, caused by
subduction at the Vulcan Structure. This interpretation is supported
by the existence of the seismic discontinuities (f1 and f2 in Fig. 12),
which show a correlation between f1 and the Loverna Conductor,
and were previously interpreted as evidence for north dipping sub-
duction along the Vulcan Structure from seismic refraction data.

Other evidence supports the hypothesis that the Vulcan Struc-
ture is a major boundary between distinct lithospheric blocks.
This includes the observation that the Vulcan Structure appears
to have undergone several periods of reactivation since its forma-
tion. Palinspastic reconstructions of the Belt Basin place a major
basement fault with a throw greater than 7 km to the west of, and
in line with, the Vulcan structure (Price & Sears 2000). According
to Price & Sears (2000), movement along this fault may have been
associated with repeated reactivation of the Vulcan structure be-
neath the Belt Basin in the Mesoproterozoic, Neoproterozoic, early
Palaeozoic and Mesozoic. Therefore not only is there the possibil-
ity for north dipping subduction along the Vulcan Structure, there
is also evidence that this is a pervasive transcrustal discontinuity,
which has accommodated significant subsequent movement.

Based on a teleseismic study from southern Alberta, the mantle
beneath the Loverna Block is also characterized by a continuous,
fast P-wave anomaly, which is distinct from the mantle beneath the
MHB (Shragge et al. 2002). This fast anomaly does not necessarily
support the interpretation of subduction, but due to the lack of
vertical resolution in this P-wave traveltime tomographic model it
is likely that the fast anomaly is located at depths below the Loverna
Conductor.

The RDC and the Loverna Conductor are at least partially sepa-
rated in the northern portion of the study area, suggesting separate
origins for the two structures. The RDC has been interpreted by
Boerner et al. (1995) as a foredeep structure related to southward
dipping subduction along the STZ within Alberta. According to
this interpretation, the RDC represents graphitic metasedimentary
rocks known to exist within other similar age foredeep structures
in Laurentia. Had the RDC and the Loverna Conductor been con-
nected it would appear that subduction along the STZ is at least
a partial cause of the Loverna Conductor. Since the two features
appear to be disconnected and may even overlap (the low resistivity
of the RDC effectively hides the structure below), it is not clear how
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tectonic activity along the RDC may have affected the resistivity of
the upper mantle below the Loverna Block.

8 C O N C LU S I O N S

The 3-D isotropic MT model is able to explain the observed MT
data in southern Alberta, which was previously interpreted as being
2-D and possibly electrically anisotropic. The 3-D inversion model
is characterized by a robust resistivity structure in the crust, whereas
the model derived from 2-D inversion was not stable. The 3-D model
also correlates well with other geophysical data and Precambrian
domain boundaries. The ability for the 3-D model to fit the MT data,
in particular the induction vectors, suggests that a 3-D resistivity
structure is enough to explain the MT data, although this does not
rule the possibility that the underlying structure contains anisotropic
resistivity.

The 3-D inversion model is characterized by a major anomaly
in the upper mantle—the Loverna Conductor. The edges of this
anomaly are spatially coincident with the Vulcan Structure to the
south, and are either bounded by or at least partially overlap the
RDC to the northwest. In the northern portion of the model, the
Loverna Conductor is a distinct feature from the RDC, while it is
unclear how the RDC and Loverna Conductor are related in the
southwestern portion of the model. The most likely cause for this
upper-mantle anomaly is enrichment of the upper mantle associated
with a north dipping subduction event on the Vulcan Structure. This
enrichment could have led to the formation of either graphite films
or sulphides along grain boundaries, both of which can explain the
10–30 �-m observed within the upper mantle beneath the Loverna
Block. The correlation of a seismically reflective boundary with the
Loverna Conductor supports the conclusion by Clowes et al. (2002)
and Gorman et al. (2002) of north dipping subduction along the
Vulcan structure.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. Horizontal slices from the 3-D model showing con-
ductivity structure placed by the inversion outside the grid area.
Conductivity structure outside the grid is not well constrained by
the data, although it is required in order to fit the data. These off-
grid structures can reasonably be interpreted as the continuation of

the RDC northwards (left panel), and continuation of the Loverna
Conductor westwards (right panel), although more data is required
to constrain the true structure of these off-grid features.
Figure S2. Histograms showing the shear and twist values deter-
mined from the tensor decomposition of the MT data available in
the study area. The red lines indicate the Gaussian distribution cal-
culated from the histogram. The majority of stations show shear
and twist angles between +/−10◦, indicating the relatively small
galvanic distortions of the data in southern Alberta.
Figure S3. Figure showing the fit of the impedance and the tipper
data by the 3-D model for selected sites. These sites were chosen to
show typical data fits at locations across the model, but away from
the RDC where the data tends to be fit better (data fits from near
the RDC are in the Fig. S4). The 3-D inversion algorithm inverted
impedance as opposed to apparent resistivity and phase, therefore
these plots are showing the impedance, scaled by the period in order
to make the display comparable to apparent resistivity. Circles with
error bars indicate the data used in the inversion, solid lines indicate
the model response.
Figure S4. Similar to Fig. S3, this figure shows the data used in
the 3-D inversion (circles), and the model response (solid lines)
for stations that are located near to the RDC where the data
tended to be fit worse (http://gji.oxfordjournals.org/lookup/suppl/
doi:10.1093/gji/ggu068/-/DC1).

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the article.
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