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Abstract

Previously proposed methods of area selection for diamond-prospective regions have predominantly relied on till
geochemistry, airborne geophysics, and/or an appraisal of tectonic setting. Herein we suggest that a novel, deep-probing
geophysical technique—electromagnetic studies using the natural-source magnetotelluric (MT) method—can contribute to such
an activity. Essentially, diamondiferous regions must have (1) old lithosphere, (2) thick lithosphere, and (3) lithosphere that
contains high concentrations of carbon. Deep-probing MT studies are able to address all three of these. The second and the third
of these can be accomplished independently using MT, but for the first the geometries produced from modelling the MT
observations must be interpreted with appropriate interaction with geologists, geochemists and other geophysicists. Examples
are given from the Slave and Superior cratons in North America, with a brief mention of an area of the Rae craton, and general

speculations about possible diamondiferous regions.
© 2004 Published by Elsevier B.V.
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1. Introduction

As diamond exploration activities proceed into
frontier areas there is a critical need for an effective
area selection methodology. Previously proposed
methods of area selection for diamond-prospective
regions have predominantly relied on till geochemis-
try (e.g., Griffin and Ryan, 1995; Gurney and Zweis-
tra, 1995; Jennings, 1995), airborne geophysics (e.g.,
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Macnae, 1995), and/or an appraisal of tectonic setting
(e.g., Helmstaedt and Gurney, 1995). As discussed by
Morgan (1995), regional scale geophysical methods
can aid in area selection for diamondiferous provin-
ces, and, of the available geophysical methods, mag-
netotellurics and teleseismics are the two methods
able to “look” into the mantle and compliment each
other well. They are, in fact, the only geophysical
methods with true depth resolving capability of ma-
terial property variations—the other methods use
inference rather than direct detection. To date, tele-
seismics has been used predominantly to derive the
geometries of sub-cratonic Archean lithospheric man-
tles. Herein we propose that deep-probing electromag-
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netic studies, using the natural-source magnetotelluric
(MT) technique (Jones, 1998, 1999), offer an attrac-
tive additional, and on occasion alternate, cost-effec-
tive means for rapid area selection of diamond-
prospective regions.

Essentially, diamondiferous regions must have (1)
old lithosphere, (2) thick lithosphere, and, what is not
as appreciably discussed in the literature, (3) litho-
sphere that contains high concentrations of carbon.
All three of these are important: lithosphere that is
“young”, generally taken as Proterozoic and younger,
does not appear to host diamonds. Kimberlites intruded
through lithosphere that is thinner than the diamond—
graphite stability field will not be diamondiferous.
Lithosphere that is poor in carbon content will most
likely be poor in diamonds, possibly both in diamond
quantity and in diamond grade.

As we will present and demonstrate in this paper,
deep-probing MT studies are able to address all three of
these. The second and the third can be undertaken
independently by using M T alone, but for the first—old
lithosphere—the geometries produced from modelling
the MT observations must be interpreted with appro-
priate interaction with geologists, geochemists and
other geophysicists, especially seismologists. We will
show the results from two cratons, the Slave craton and
the western part of the Superior craton, mention briefly
an area of the Rae craton, and deduce areas prospective
for diamond exploration based on our results.

2. The magnetotelluric technique

The magnetotelluric (MT) method is a natural-
source, electromagnetic (EM) geophysical surveying
technique for obtaining information about the varia-
tions in electrical conductivity in all three dimensions,
both laterally and vertically. One records the time-
varying EM field components, the two horizontal
electric field components (Ex and Ey) and all three
magnetic field components (Hx, Hy and Hz), typically
along profiles at a number of locations on the surface
of the Earth. From these time series one computes
response functions (the so-called MT impedance ten-
sors), that relate the electric and magnetic fields to
each other, and these responses are then analyzed and
interpreted for information about Earth structure.
Older reviews of the method are given in Vozoff

(1972, 1986, 1991), and Jones (1998, 1999) discusses
modern MT methods and practices, especially the
imaging of the continental lithospheric and astheno-
spheric mantle. More specialised, technical reviews
are published in issues of Kluwer’s journal Surveys in
Geophysics devoted to the review papers presented at
the biennial series of EM Induction Workshops (see
Surveys in Geophysics volume 13, pages 305-505,
1992; volume 17, 361-556, 1996; volume 18, 441—
510, 1997; volume 20, 197-375, 1999; and volume
23, 99-273, 2002).

The basic physical phenomenon that governs all
EM methods is the skin-depth effect by which pene-
tration into a medium (in this case the Earth) is a
function of the resistivity of the medium and the
period of the incident EM wave. The skin depth,
defined mathematically in a uniform medium as the
depth at which the amplitude of the wave has been
attenuated by 1/e (approx. 37%) of its surface value, is
given by

d=500/pT (m)

where 9 is the skin depth (in m), p is the resistivity of
the medium (in {2 m), and 7'is the period (in s). Thus,
the shortest periods observed in MT (0.000025 to
0.001 s, i.e., 40 to 1 kHz in frequency) give informa-
tion about the near surface (top tens to hundreds of
metres), whereas the longest periods (10,000 s and on
occasion beyond) give information about deep struc-
tures (typically to the base of the continental litho-
sphere and into the asthenosphere). This is shown
schematically in Fig. 1 with an apparent resistivity
curve, deduced from the scaled squared magnitude of
the electric field divided by the perpendicular mag-
netic field, for a simple two-layered Earth. The short
periods (high frequencies) do not penetrate deeply,
sensing only the top layer and thus give the resistivity
of the top layer, p;. The long period (low frequencies)
EM waves pass through the top layer without being
affected by it, and give the resistivity of the bottom
layer, p,. The period where the curve crosses p; gives
the thickness of the top layer, 4. In addition to
deriving a magnitude relationship between the electric
and magnetic fields, then squaring and scaling it to
yield an apparent resistivity at each period, in MT one
also calculates the phase difference between the two
fields. This phase difference is 45° for a uniform
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Fig. 1. Schematic apparent resistivity curve for a two-layered Earth
with a less resistive layer (p;) over a more resistive one (p,). The
apparent resistivity curve departs from the resistivity of the top layer
at a period that gives the thickness of the top layer.

Earth, is less than 45° when moving to a more
resistive layer with depth, and greater than 45° when
moving to a conductive layer with depth.

One of MT’s advantages is that exactly the same
method, and almost the same instrumentation, can be
used for investigations of geothermal energy resources
at 100 m (e.g., Meju, 2002), mineral resources at
500—1000 m (e.g., Meju, 2002; Jones and Garcia,
2003), crustal structures to 40+ km (e.g., Jones, 1998),
and lithospheric and deeper mantle to >200 km (e.g.,
Schultz et al., 1993; Jones et al., 2001, 2003), albeit
with decreasing resolution with depth. Different mag-
netic sensors need to be used for the different appli-
cations, as not one single sensor exists that covers the
whole period range required to image from the surface
down to the base of the lithosphere.

At the low frequencies used in MT the propagating
EM waves can be treated mathematically as diffusive in
nature, rather than as wave propagation, and conse-
quently MT has lower spatial resolution than most
seismic methods. The MT response to a structure is
the integration of the conductivity from the surface
down to that structure, akin to seismic surface wave

studies. However, in contrast to the small percentages
of seismic impedance variations, electrical resistivity
varies by over many orders of magnitude, from 0.001 €}
m and lower for graphite to 100,000 {2 m and higher for
competent, unfractured silicate rock (see, e.g., Beblo,
1982; Haak, 1982), thus enabling high sensitivity to
anomalous structures containing an interconnected,
conducting minor phase. In addition, and in compari-
son to potential field methods, the MT method is not
inherently non-unique; a uniqueness theorem for one-
dimensional (1-D) earths, i.e., where resistivity varies
with depth alone, exists (Bailey, 1970).

One-dimensional models can be fitted to the data,
by objective inversion approaches, which represent
minimum structure models of one sense or another.
The models have either a minimum number of layers
(e.g., Fischer and Le Quang, 1981) or minimum change
(gradient) between many multiple layers in an over-
parameterized problem (Constable et al., 1987; Smith
and Booker, 1988). These two represent end-member
acceptable models, and the “truth”, the actual resistiv-
ity—depth distribution, lies in between. Remembering
the uniqueness theorem, non-uniqueness in MT model
parameter resolution is due to data inaccuracy (bias
errors), imprecision (statistical errors) and inadequacy
(insufficient bandwidth and insufficient estimates per
decade), but not due to inherent non-uniqueness.

As well as 1-D layer-cake models of the Earth, MT
data can be modelled using two-dimensional (2-D) and
three-dimensional (3-D) methods, which include both
forward trial-and-error approaches (e.g., Wannamaker
etal., 1984, 1985) and formal inversion (e.g., deGroot-
Hedlin and Constable, 1990; Smith and Booker, 1991;
Siripunvaraporn and Egbert, 2000; Rodi and Mackie,
2001). Two-dimensional models are appropriate for
MT data that exhibit two-dimensionality in their
responses, whereas 3-D models are appropriate for
array data or MT data that cannot be validly modelled
using 2-D. Dimensionality validity tests are undertak-
en within a statistical framework that considers the
effects of local, electric field distortion and also noise
in the data, and yields the regional 2-D (Groom and
Bailey, 1989; Groom et al., 1993; McNeice and Jones,
2001) or 3-D (Garcia and Jones, 2001) responses.

Finally, akin to seismic anisotropy revealed through
teleseismic shear wave SKS studies (see Snyder et al.,
2004), various workers present MT anisotropy deter-
mined qualitatively from the MT strike information
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(e.g., Mareschal et al., 1995; Simpson, 2001; Bahr and
Simpson, 2002). However, given the vast range of
electrical conductivity, one must be careful that the EM
information from different directions is coming from
the same depths. We present here MT anisotropy
information from a large portion of the western part
of the Superior craton that is consistent with Archean
tectonic processes.

3. Old lithosphere

That diamonds occur primarily in Archean regions
is the well-known Clifford’s Rule (Clifford, 1966).
However, a dilemma facing diamond exploration is
the development of a reasonably useful predictive
model for the tectonic development of Mesoarchean
lithosphere. Whereas the plate tectonic paradigm can
be used as a well-established predictive exercise in
mineral exploration, plate tectonics, in the modern
sense, only became the dominant tectonic process by
Paleoproterozoic times, although some are appealing
to it to explain Neoarchean events (e.g., Davis et al.,
2003; White et al., 2003). In Paleoarchean times it has
been suggested that plate tectonics, sensu stricto, was
not the dominant tectonic process (articulated most
recently by Bleeker, 2002), and the transition between
the dominance of plume or sagduction (e.g., Davies,
1992; Hamilton, 1998) tectonics over plate tectonics
must have occurred as the mantle became more
ordered and less chaotic, likely during the Mesoarch-
ean. The conundrum is that many diamonds are
reported to be dated as Mesoarchean in age, so their
search is compounded by this difficulty in defining an
appropriate predictive model.

Geometries of structures imaged by EM studies
within the sub-continental lithospheric mantle aid in
the development of a model for the tectonic history of
the craton, which relates to its age. This has been
demonstrated for the Slave craton, the western part of
the Superior craton, and part of the Rae craton, and is
discussed in greater detail below for each of these.

4. Thick lithosphere

Diamonds only exist stably in thick, cold litho-
sphere at depths where the continental lithosphere—

asthenosphere transition, taken typically as an isotherm
of about 1300 °C denoting a change from a conductive
geotherm to convective geotherm (e.g., Jaupart and
Mareschal, 1999), lies below the graphite—diamond
stability field. In the absence of any interconnected
conducting material, the sub-continental lithospheric
mantle (SCLM) is electrically highly resistive. Labo-
ratory studies of the resistivity variation with temper-
ature of mantle materials, olivine, orthopyroxene and
clinopyroxene, show that resistivity values of many
hundreds to tens of thousands of ohm-metres are to be
expected (Xu et al., 2000), decreasing with increasing
temperature. This variation is shown in Fig. 2 for those
three minerals, calculated from the formulae in Xu et al.
(2000) using the values shown in the figure for each
mineral in the solid-state Arrhenius equation (see Xu et
al., 2000, for explanation). Using appropriate mixing
relationships, it is possible to determine the resistivity
of the mantle for any given mineral modal composition
(Ledo and Jones, 2003), and Ledo and Jones (2003)
show an application for a region of the Yukon known to
have harzburgitic lithospheric mantle. Using minimum
resistivity estimates for the upper mantle of 5000 () m
and the observed harzburgitic mineralogy, Ledo and
Jones (2003) deduce a maximum possible temperature

Resistivity (ohm.m)

80010 100 1000 10000 100000 1000000
. 7
rd
900 |
__1000
e
£ 1100
=
2
o
Q L
g1200f | S/ A opx
g (3.72,1.80)
F 1300 | ol
(2.69,1.62)
1400 | - - —cpx
(3.25,1.87)
1500 |

Fig. 2. Resistivity—temperature curves for olivine, Opx and Cpx
mineralogies based on laboratory measurements in Xu et al. (2000).
The numbers given for each mineralogy are the pre-exponent term
(logi0(00), where g is in S/m) and activation enthalpies (exponent
term, AH, in eV) respectively in the Arrhenius equation for
conductivity given by o= aoexp( — AH/kT), where k is Boltzmann’s
constant and 7 is the temperature in Kelvin.
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of 1000 °C, and a less-well defined minimum temper-
ature of 850 °C, for the Intermontane Belt.

MT can determine the thickness of the lithosphere,
i.e., the depth to the lithosphere—asthenosphere
boundary (LAB), due to the two orders of magnitude
increase in electrical conductivity at the onset of
partial melt. Sensitivity to the onset of partial melt is
shown in Fig. 3 derived from the melting experimen-
tal data in Schilling et al. (1997) and Partzsch et al.
(2000). The figure shows the results of heating experi-
ments on a sample of pyroxene granulite—not a
mantle rock but illustrative of the effect. At low
temperatures (<1050 °C), the material conducts elec-
tric currents by the flow of electrons, and this can be
described by the solid-state Arrhenius equation. At
high temperatures (>1100 °C) ionic conduction
becomes dominant and can be described by an appro-
priate mixing law.

Between these two, in the transition zone where
partial melt is low (<2%), both mechanisms are
important and resistivity decreases by over 1.5 orders
of magnitudes within 50 °C. Quenching studies show
that the melt becomes interconnected, which is critical
for reducing electrical resistivity, at very low partial
melt fractions. Minarik and Watson (1995) and Drury
and Fitz Gerald (1996) both demonstrate that inter-
connectivity can be achieved with partials melts
below 0.1%.

It should be appreciated that these laboratory
experiments are very difficult to perform; the results
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Fig. 3. Variation of resistivity of pyroxene granulite with increasing
temperature as the rock is taken through partial melt. Based on the
data of Schilling et al. (1997) and Partzsch et al. (2000).
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Fig. 4. Apparent resistivity and phase responses for a standard
continental lithospheric mantle (see Fig. 5) with the base of the
lithosphere at 200 km (full lines) and 100 km (dashed lines).

of Schilling et al. (1997) and Partzsch et al. (2000)
required holding the temperature constant for 200 h to
obtain a stable result at each data point. Accordingly,
there are no studies of appropriate mantle rocks being
taken from solid to partially molten.

Such high sensitivity to the onset of partial melt,
with resistivity decreasing by over 1.5 orders of mag-
nitude over a temperature range of less than 50 °C,
means that precise MT data have the highest potential
precision of any geophysical method to the depth to the
LAB. This boundary is generally taken to have a
temperature in the region of 1250-1350 °C (1280
°C, McKenzie and Bickle, 1988; 1250—1350 °C, Ryan
et al., 1996), so the resistivity is expected to decrease
from some hundreds of {2 m to about 10 ) m over some
25 km in depth (which is equivalent to a temperature
increase of around 50 °C).

Fig. 4 shows the effect on the apparent resistivity
and phase curves when the depth to the LAB is changed
from 200 to 100 km. Note in particular the phase
responses in the 100—1000 s band of periods. The
shallower LAB has higher phases than the deeper one.

As an example of LAB determination using MT,
Fig. 5 shows the data, and corresponding 1-D layered
Earth model, for a site near Kiruna in northern
Sweden (Jones, 1982). The LAB is estimated to be



770 A.G. Jones, J.A. Craven / Lithos 77 (2004) 765-782
10° . 0
1S + ¢ ¢ 50}
a $
=10 ¢
@©
< t —
E 100}
K
-
107 L 8
90 ; } + 1501 475+ 15km
¢ |
—~ 6 4 ¢ ¢ o ¢ + 1
\’e-'/ 30 . 200 B
0's — 4 1 10 100 1000 10000
10 10 10 Resistivity (Q.m)
Period (s) ¥

Fig. 5. EM responses from Kiruna, northern Sweden, expressed as MT parameters, plus the best-fitting 1-D model.

at a depth of 175 £ 15 km, which correlates excel-
lently with lithospheric thickness estimates derived
from seismic surface waves studies (Calcagnile, 1982,
1991; Calcagnile and Panza, 1987).

In 1977, Alekseyev et al. (1977) produced maps of
the Former Soviet Union showing properties of the
asthenosphere deduced from seismological and elec-
tromagnetic experiments. The maps are reproduced in
Fig. 6, and demonstrate that electrical and seismolog-
ical properties spatially correlate.

Accordingly, the MT method can detect whether
the LAB exceeds the graphite—diamond (G—-D) sta-
bility field, or not.

5. Presence of carbon

There are many candidates that can be introduced
into mantle rocks for reducing electrical resistivity, and
these are discussed below. For both the Slave and
Superior conductors (discussed below), we exclude all
of them with the exception of interconnected carbon
on grain boundaries or in conducting graphite form.
Carbon is highly unusual in that it can exhibit ex-
tremely low resistivity in one form, and extremely high
resistivity in another. When in graphite form the
carbon atoms have one S orbit electron and two P
orbit electrons, and the atoms form themselves into a
lattice with triagonal planar symmetry with a low

energy barrier between the valence band and the
conduction band. Besides the other petrophysical
properties that this structure possesses, graphite has
conductivity (inverse of resistivity) of 10* S/m (10~ *
Q m resistivity) across the layers, and 10'® S/m (10~ '°
Q) m resistivity) along the layers. In stark contrast,
when carbon is in diamond form it has one S orbit
electron and three P orbit electrons, and the atoms are
arranged in a lattice with tetrahedral symmetry with a
very high energy barrier between the valence and
conduction bands. Consequently, the conductivity of
diamond is 10~ '? S/m (10'? Q m resistivity).

In the sub-continental lithospheric mantle, above
the graphite—diamond (G-D) transition, an inter-
connected graphite phase decreases electrical resis-
tivity by two or more orders of magnitude over that
predicted from laboratory studies and petrophysical
modelling for an olivine or pyroxene mineralogy
dominant upper mantle. Below the G—D transition,
carbon exists in the form of diamond, and is highly
resistive, and thus invisible, unfortunately, to EM
observations.

6. Application to the Slave craton
Deep-probing magnetotelluric studies have been

conducted on the Slave craton since 1996 as part of
a number of programs (Jones et al., 2001, 2003). The
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Fig. 6. Comparison of EM and seismological observations of parameters of the asthenosphere in the Former Soviet Union. Regions of high
conductance for the asthenosphere correlate spatially with regions of observed seismic low velocity zones. Similarly, regions of low
conductance correlate with regions where the LVZ is absent. Re-drawn from Alekseyev et al. (1977).

locations where MT data have been acquired are greatest in the southwest part of the craton, and lowest
shown in Fig. 7 with reference to the important in the northern third with only the four lake-bottom
kimberlites, the isotope boundaries of Thorpe et al. sites providing information.

(1992) and Davis and Hegner (1992), and the G-10 Averaging the responses from all sites together,

garnet lines of Griitter et al. (1999). MT coverage is and scaling to account for local distortion effects,
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Fig. 7. Locations of magnetotelluric sites on the Slave craton, northwestern Canada. Dots: 1996 survey. Squares: 1998, 1999 and 2000 winter
road surveys. Inverted triangles: 2001 Targeted Geoscience Initiative survey. Stars: 1999—2000 and 2000—2001 lake bottom locations. Open
symbols show sites interpreted to be on top of the Central Slave Mantle Conductor. White dashed lines: G10 boundaries of Griitter et al. (1999).
Pb and Nd isotope lines taken from Thorpe et al. (1992) and Davis and Hegner (1992). Diamonds: Important kimberlites: Ty—Tenacity; J—
Jericho; R—Ranch; T—; P—Point Lake; E—Ekati; D—Diavik; A—44; K—Kennady; C—Camsell; S—Snap; Cr—Cross Lake; Dr—
Drybones.
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Fig. 8. Solid lines: Averaged Slave craton MT responses and 1-D best-fitting minimum layers model. Dashed lines: MT data from the central
part of the Superior craton (Schultz et al., 1993) and best-fitting 1-D model.

yields the overall Slave MT apparent resistivity and
phase responses shown in Fig. 8 (more details are
given in Jones et al., 2003). The 1-D model that fits

Depth (Km)
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[ osj |2 16|

Diamond

10 34
[

116 400 1350 4600

Resistivity (Q2.m)

16000
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these data with the minimum number of layers is
also shown in Fig. 8, and comprises a two-layered
crust over a two-layered mantle lithosphere of thick-

Fig. 9. Best-fitting 2-D N—S model of the winter road data from the Slave craton. LdG =Lac de Gras. CSMC = Central Slave Mantle Conductor.

The depths to the base of the lithosphere are given by 1-D inversions. Taken from Jones et al. (2003).
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ness 260 km. The base of the crust at 40 km was a
fixed parameter in the inversion, given the sharp and
distinct resistivity change at Moho depths noted by
Jones and Ferguson (2001). The intra-mantle litho-
sphere discontinuity at 135 km approximately corre-
lates with the graphite—diamond stability field, but it
is weakly resolved and the resistivity change is in
the wrong direction. The base of the lithosphere at
260 km is one of the well-resolved model parame-
ters, but nevertheless has a rather large statistical
error of £ 50 km given the large error estimates for
the averaged data. A thickness of 260 km for an
average dominated by southern Slave sites correlates
well with the thickness of 260 km derived petrolog-
ically by Kopylova et al. (2001) from xenolith
material recovered from the Kennady kimberlite (K
in Fig. 7).

Comparing the averaged Slave MT response with
the most accurate and precise MT response determined
for any craton, namely the central part of the Superior
craton (Schultz et al., 1993), shows an astounding and
remarkable similarity at periods greater than about 300

s. Both the apparent resistivity curves and the phase
curves from the two cratons are within each other’s
statistical error bounds. The 1-D model derived from
this part of the Superior craton also exhibits a litho-
spheric thickness of 260 km, but with a far higher
precision ( £+ 20 km). That these two both display the
same electrical lithospheric thickness attests to phys-
ical process limits on the maximum thickness of
Archean lithosphere.

A 2-D North—South model, derived from the data
along the Lupin mine winter road, is shown in Fig. 9.
The prominent feature of the model is the detection of
a zone of low resistivity beneath the Lac de Gras
kimberlite region at depths of some 80—120 km. This
Central Slave Mantle Conductor (CSMC) lies within
the graphite stability field. 2-D models were also
constructed along the other profiles (see Jones et al.,
2003), and the stations that lie directly above the
CSMC are shown in Fig. 7 in open symbols, and a
plan of the CSMC is shown in Fig. 10. Note in Fig. 10
that the eastern limit of the CSMC along the profile
directly east of Lac de Gras correlates spatially

Q/

>~ % 50
— astern limit

fﬁfy 3

d'Ours

of kimberlites

B Winter road MT sites
* Slave Lakes MT sites

V¥V Walmsley Lake MT sites

Fig. 10. Eastern boundary of the Central Slave Mantle Conductor compared to the known eastern limit of Eocene kimberlites. MT sites from the
different MT surveys are depicted with different symbols. The stars represent the locations of Ekati (E), Diavik (D), Snap Lake (S) and Kennady

Lake (K).
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precisely with the eastern limit of Eocene kimberlites
in the northern arm of Aylmer Lake.

A 3-D model of the data has been constructed, and
a depth slice at 111 km is shown in Fig. 11. The
CSMC can be seen to be NE—SW trending. Slices at
deeper depths (not shown) imply a NW dip to the
anomaly.

MT sites on the CSMC are shown in Fig. 7 as open
symbols, and the spatial correlation with Griitter et
al.’s (1999) G10 garnet boundaries is clearly evident.
Note that the CSMC does not respect the N—S
trending isotope boundaries, but, as with Gritter’s
lines, crosses them at a sharp angle. Also, the con-
ductor correlates spatially and in depth extent with an

SLAVE CRATON
Q Phanerozoic cover

Proterozoic orogenic belts
and platformal cover

Wopmay Faujt 7o,

775

ultra-depleted mantle region mapped by Griffin et al.
(1999).

Based on xenolith studies from northern, central
and southern Slave (Kopylova et al., 1997, 2001;
Pearson et al., 1999), the expected temperatures at
80—100 km depths are 700—750 °C, which, by refer-
ence to Fig. 2, suggests an ambient resistivity of the
order of >30,000 ) m is to be expected, as is seen in
the southern part of the Slave craton (Fig. 9). In
contrast, the CSMC has a resistivity <15 ) m (Jones
et al., 2003). The modelled 3-D geometry of this body,
with a NE—SW strike and a NW dip, was one of the
key geometric factors used by Davis et al. (2003) in
their argument for proposing that the SCLM beneath

3,000

500

100

O Extent of exposed Slave craton
% Lake bottom MT sites 1
® vV B Other MT sites

Fig. 11. Depth slice at 111 km of the 3-D resistivity model of the Slave craton. The colours on the Archean parts of the craton are the model
resistivities at 111 km depth, with highly resistive (50,000—100,000 2 m) in dark brown to highly conductive (1 ) m) in red. The MT site
locations are shown with different symbols for the different surveys, and the model is best constrained in regions of high site density.
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the Slave today is not the original SCLM formed
during Mesoarchean time. Davis et al. (2003) postulate
that the Slave’s SCLM is the consequence of subcre-
tion of exotic lithosphere during an orogenesis at
2630—-2590 Ma, postdating final Slave crustal amal-
gation at 2690 Ma.

7. Application to the Superior craton

In the western part of the Superior craton, Craven
et al. (2001) have discovered distinctive electrical
anisotropy over a wide region. An example is shown
in Fig. 12 of the apparent resistivity and phase curves
from two orthogonal directions from a representative
site in the southern part of the region. Note that the
short period responses are the same, testifying to the
1-D nature of the crust. With increasing period, the
two responses diverge, indicative of either intrinsic
anisotropy or structural anisotropy.

£

-
o

The strengths of electrical anisotropy, given by the
maximum phase difference in the two orthogonal
directions, and the directions of maximum conductiv-
ity are shown in Fig. 13. Three zones are apparent,
and representative MT phases from each zone are
shown in Fig. 14. The northern zone (yellow arrows
and sites) exhibits NW—SE trending anisotropy that
includes the lower crust and lithospheric mantle. The
middle zone (green arrows and sites) exhibits very
low phase differences, indicative of 1-D structure. The
southern zone (blue arrows and sites) exhibits E-W
trending anisotropy of the lithospheric mantle only.

Models of the data show an isotropic conducting
body beneath the central zone within the SCLM that
displays the same properties as the body in the central
Slave craton. This conductor lies within the North
Caribou Terrane (NCT), a Mesoarchean terrane within
the mélange of predominantly Neoarchean terranes
that form the western region of the Superior craton.
The two bounding regions that display high anisotro-
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Fig. 12. MT apparent resistivity and phase data from a site in the southern region of the western Superior craton. The full symbols are those in a
direction of N85E, and the open symbols perpendicular to that, i.e., NOSW.



A.G. Jones, J.A. Craven / Lithos 77 (2004) 765782 777

Fig. 13. Electrical anisotropy for western Ontario and eastern Manitoba, Canada, in the western Superior craton. The data fall into three groups:
a northern group (yellow) with a strike of NW—SE. A central group (green) virtually 1-D. A southern group (blue) with a strike of E-W. Also

shown on the figure are major faults in the region.

py have electrical strike directions parallel to the
major syn- and post-Kenoran zones of transpression
on either side of the NCT.

8. Application to the Rae craton

A low resolution MT experiment across Baker
Lake, Nunavut, northern Canada, crossed the Rae—
Hearne boundary designated by the Snowbird Tecton-
ic Zone (Jones et al., 2002). The data yielded crustal
and mantle information that addressed the Neoarchean
geometry of Rae—Hearne collision. Of particular note
is that despite regionally extensive and pervasive
Proterozoic metasomatism (Cousens et al., 2001) the
Rae craton lithospheric mantle is highly resistive and
can be explained by the dry mineralogies represented
in Fig. 2. This observation is counter to the suggestion
of Boerner et al. (1999) that metasomatism will induce

enhanced conductivity. Thus, although the lithosphere
in this location is undoubtedly old and thick, it does
not contain any measurable amount of interconnected
graphite. By induction, this would suggest that there
are unlikely to be significant diamonds within kim-
berlites that came through this region.

9. Cause of conductivity enhancement and redox
conditions

Given our understanding of the conductivity of
olivine from laboratory studies (Xu et al., 2000), some
features in our models are too conductive, by 2—3
orders of magnitude, for an olivine-dominant mantle
without the addition of an interconnected minor con-
ducting phase. Such differences are often attributed to
interconnected water or free H+, partial melt phases,
grain boundary carbon, carbon in the form of graphite
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Fig. 14. MT phase data from three representative sites in the three regions shown in Fig. 13.

or sulphides within the upper mantle (for discussion
see Constable and Heinson, 1993).

The observation of >0.03 S/m material within
continental upper mantle requires olivine water con-
tents of the order 1000 H/10° Si (Hirth et al., 2000).
Such an amount of water may be tenable at sub-Moho
depths if the olivine a-axis is strongly aligned within a
region. The alignment of the g-axis would imply a
strongly anisotropic conductor with the anisotropic
axes aligned with the teleseismic fast direction. These
correlations cannot be made easily for either the
central Slave where the CSMC is isotropic, nor for
the Superior where the electrical anisotropy is oblique
to the observed teleseismic SKS anisotropy fast direc-
tions (Kay et al., 1999).

Partial melting enhances conductivity due to the
high mobility of charge carriers within a melt fraction;

however, it is unlikely such shallow zones of partial
melt exist as heat flow values at the surface of the
Slave craton (Lewis and Hyndman, 1998) and Supe-
rior Province (Jaupart and Mareschal, 1999) are low,
and petrological estimates of geothermal gradient also
infer thick cold lithosphere as recently as the Eocene
(Russell and Kopylova, 1999; MacKenzie and Canil,
1999; Russell et al., 2001).

Sulphides are a recent suggestion as a cause for
upper mantle conductivity (Ducea and Park, 2000):
sulphides have electrical conductivities in the range
10-10° S/m. Interstitial sulphides are observed in
quantities as high as 330 ppm in xenoliths from the
Kaapvaal craton (Alard et al., 2000), but they would
have to be almost perfectly interconnected to result in
a conductivity of the order of 0.05—-0.1 S/m, and be
interconnected over the large areas we observe in our
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two study areas. In addition, the CSMC correlates
laterally and in depth with an ultradepleted region
mapped by Griffin et al. (1999).

Grain boundary carbon may also contribute to
elevated conductivity in the SCLM (Duba and Shank-
land, 1982) given an appropriate network of faults/
joints along which the charge carriers may diffuse.
Carbon in graphite form behaves electrically as a
metal and therefore has very high electrical conduc-
tivity, typically 10° S/m (Duba and Shankland, 1982).
Graphite is an accessory phase in many xenoliths
observed worldwide (Pearson et al., 1994). We sug-
gest a combination of graphite and possibly grain
boundary carbon are the most attractive explanations
for the source of the conductivity enhancement within
the upper mantle.

Craven et al. (2001), following Foley (1988),
suggest a redox melting model for emplacing graphite
in the lithosphere as a consequence of plume and plate
tectonic processes during Meso- and Neoarchean
times. Given that Fe* " is generally incompatible, then
geochemical depletion and ‘redox melting’ are cou-
pled processes, and MT may therefore identify regions
where ancient C-H fluid-present partial melting oc-
curred under reducing or depleted conditions. In the
highly anisotropic regions of the western Superior
Province, the graphite residual from syn- to post-
tectonic partial melting may have been deposited
along the (weak) fault zones, and thus explains the
parallelism between the MT anisotropy directions and
major zones of transpression. Within the Slave craton,
the direct spatial correlation of the Central Slave
Mantle Conductor with the ultradepleted zone of
Griffin et al. (1999) suggests ‘redox’ processes.

10. Conclusions

Area selection for potentially diamondiferous prov-
inces in frontier regions is problematic given the lack of
a predictive model. Accordingly, one needs to acquire
data indicative of such provinces, and herein we
proposed that deep probing MT surveys can address
the three fundamental questions that need to be an-
swered. Is the region old? Is the lithosphere thick? Does
the lithosphere contain observable amounts of carbon?
MT is a powerful technique, especially when coupled
with appropriate teleseismic studies. MT surveys have

the advantage that the technique is sensitive to elec-
tronic conduction in carbon (when in graphite form),
and that the data acquisition generally requires only 1
month per site, rather than the 1 to 2 years that is
required for teleseismic surveys.

Examples have been shown of the electrical geom-
etries of the Slave craton and the western part of the
Superior craton. In contrast, Rae craton mantle litho-
sphere around Baker Lake does not contain any observ-
able conductivity enhancements, thus excluding
interconnected graphite or grain boundary carbon. Tak-
ing the points presented in this paper, we suggest that

1. the central part of the Slave craton west of the Pb
isotope boundary is likely to be as productive as
the Lac de Gras Corridor of Hope,

2. the North Caribou Terrane of western Superior
Province is also likely to be as productive, and

3. the Rae craton around Baker Lake will not yield
high quantities of diamonds.

Of course, (1) and (2) are predicated on kimberlites
successfully bringing the diamonds to the surface.
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