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Figure 1. Slave craton and locations of magnetotelluric sites. Open
circles—1996 all-weather road sites. Open squares—1998 and 1999
winter road sites. Stars—1998–1999 (white) and 1999–2000 (gray)
lake-bottom sites. Models were derived for profiles A-B and A-C.
Also shown is north-trending Pb isotope line. YK—Yellowknife.

ABSTRACT
The Archean Slave craton in northwestern Canada is an ideal

natural laboratory for investigating lithosphere formation and evo-
lution, and has become an international focus of broad geoscientific
investigation following the discovery of economic diamondiferous
kimberlite pipes. Three deep-probing magnetotelluric surveys have
recently been carried out on the craton using novel acquisition
procedures. The magnetotelluric responses reveal an unexpected
and remarkable anomaly in electrical conductivity, collocated with
the kimberlite field that is modeled as a spatially confined upper
mantle region of low resistivity (,30 V·m) at depths of 80–1001
km, and is interpreted to be due to dissolved hydrogen or carbon
in graphite form. This geophysically anomalous upper mantle region
is also spatially coincident with a geochemically defined ultradeplet-
ed harzburgitic layer. The tectonic processes that emplaced this
structure are possibly related to the lithospheric subduction and
trapping of overlying oceanic mantle at 2630–2620 Ma.
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INTRODUCTION
The Slave craton (Fig. 1) in the northwestern part of the Canadian

shield is a small Archean geologic province, ;600 3 400 km in ex-
posed extent, that hosts the oldest dated rocks on Earth, the 4.027 Ga
Acasta gneisses (Stern and Bleeker, 1998). It has become the focus of
intense geoscientific scrutiny following the discovery of diamonds in
1991 (Fipke et al., 1995) and the opening of North America’s first
producing diamond mine, Ekati, in 1998 (Rylatt and Popplewell,
1999). Excellent outcrop and existing geoscientific data make the Slave
craton an unparalleled natural laboratory for testing competing theories
of Early Archean lithospheric assembly, growth, and subsequent
evolution.

Models for assembly processes include repeated cycles of differ-
entiation and collisional thickening (Jordan, 1988), collision of island
arcs comprising depleted material (Ashwal and Burke, 1989), buoyant
subduction and imbrication by lithospheric-scale stacks (Helmstaedt
and Schulze, 1989), and basal accretion by cooling asthenospheric ma-
terial (Thompson et al., 1996). These models imply different physical
characteristics that are measurable using geophysical methods; in par-
ticular, deep-probing electromagnetic methods are well suited for de-
fining lithospheric structures (Jones, 1999).

Geoscientific studies of the Slave craton and its relationship to
the Proterozoic terranes to the west have been undertaken as part of
Lithoprobe’s SNORCLE transect investigations (Slave Northern Cor-
dillera Lithospheric Evolution transect; Clowes, 1997). In addition, a
wealth of geologic data for the craton has been accumulated as part of
ongoing Geological Survey of Canada activities and scientific studies
of mantle samples provided to academia by industry.

The primary objectives of the electromagnetic experiments were
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to determine structures within the subcontinental lithospheric mantle
of the craton and the topology of the lithosphere-asthenosphere bound-
ary. Serendipitously, we have discovered an anomalous upper mantle
conducting region that is collocated both with the central Slave Eocene
diamondiferous kimberlite field and with a geochemically defined ul-
tradepleted harzburgitic layer.
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Figure 2. Map of averaged magnetotelluric phases at 300 s period
based on data from land sites (small dots) and preliminary pro-
cessing of 1998–1999 lake-bottom sites (large named dots). YK—
Yellowknife; J—Jericho pipe; K—Kennady lake pipes. On Slave cra-
ton at 300 s period, electromagnetic waves are penetrating 100–150
km into lithosphere. VE—vertical exaggeration.

Figure 3. Resistivity model of winter road magnetotelluric data pro-
jected along north-south profile A-B (Figure 1). LdG—Lac de Gras.

ELECTROMAGNETIC EXPERIMENTS, DATA PROCESSING,
AND OBSERVATIONS

Three electromagnetic experiments using the magnetotelluric tech-
nique (Jones, 1999) have been conducted on the Slave craton since
1996. The first survey in fall 1996 comprised conventional broadband
(periods of 1024–104 s) acquisition every 10 km along the only all-
weather road on the craton. This profile, located in the southwest corner
of the Slave craton, extends east-west ;100 km on either side of Yel-
lowknife (Fig. 1).

Subsequently, broadband data acquisition took place along ice
roads over frozen lakes (Fig. 1) during March 1998, 1999, and 2000
by using a novel deployment procedure. At each site, five electrodes
were lowered to the lake bottom, through holes drilled through the ice,
to record the electric fields; the magnetometers were installed on the
nearby shores to avoid noise caused by ice movement.

The third experiment involved deploying seafloor magnetotelluric
instrumentation (Petitt et al., 1994) into lakes around the craton from
float planes. The 10 instruments were deployed at 19 locations (Fig.
1), with a year’s recording at each location.

The magnetotelluric data processing code used to estimate the
magnetotelluric tensor response functions was a multiremote reference
variant of the Jones-Jödicke scheme (method 6 in Jones et al., 1989).
Subsequently, the response functions were analyzed for electric-field
distortions caused by local, near-surface inhomogeneities and to deter-
mine the appropriate geoelectric strike direction (McNeice and Jones,
2001). The responses showed weak dependence on geoelectric strike,
requiring conductivity structure to vary slowly with lateral distance in
both the crust and mantle.

Given this rotational invariance, we can obtain qualitative infor-
mation about lateral variation in Earth conductivity from response
maps. Figure 2 shows the arithmetically averaged phases (Berdichev-
sky and Dmitriev, 1976) for a period of 300 s from the all-weather
and winter road sites, plus phases from preliminary processing of data
from the first year of lake-bottom deployments. The phases show a
distinct high of almost 808 at sites in the Lac de Gras region. Phases
decrease away from this region along all three roads; 68 decrease to
the north toward the Jericho kimberlite pipe (J), 68 decrease to the
southeast toward the Kennady kimberlite pipes (K), and 108 decrease
to the southwest toward Yellowknife (YK). The phases from the lake-
bottom data (lighter shaded regions in Fig. 2) are consistent with those
from the winter road sites, i.e., high phases in the center of the craton
and low phases to the north and south. These lake-bottom phases sug-
gest that the phase maximum extends west of the north-trending Pb
isotope boundary (Thorpe et al., 1992) to at least Big Lake. Verification
of this westerly extension requires complete analysis of the lake-bottom
data, including those only now becoming available.

The winter road magnetotelluric responses along profiles A-B and
A-C were modeled by using a two-dimensional inversion code that
simultaneously fits the data and minimizes structure (Rodi and Mackie,
2001). The dominant feature of the best-fitting resistivity model ob-
tained for profile AB (Fig. 3) is the high-conductivity upper mantle
region (r , 30 V·m) at a depth of ;80 km beneath the Lac de Gras
region. Along the winter roads, the anomaly does not exist north of
;65.258N or south of ;63.758N. The resistivity model for profile A-
C (not shown) also images an anomaly at ;80 km beneath Lac de
Gras that is absent to the north (beneath Contwoyto Lake) and south
(beneath Kennady Lake). Sensitivity studies show that the anomaly
must be at least 15 km thick for an internal resistivity of ;15 V·m.
The attenuating effects of the anomaly make imaging the resistivity
structure beneath the anomaly impossible—deeper imaging requires
longer periods than in the present data set and will be addressed with
the lake-bottom data.

A plan view of the central Slave mantle conductor mapped by our
winter road data is shown in Figure 4A (dark gray). The high phase
value observed at Big Lake suggests that the conductor extends to the
west (light gray) across the Pb isotope boundary. This boundary in-
dicates that the crust of the western Slave province is fundamentally
different from that of the eastern Slave, but the mantle-conductivity
anomaly may not respect this crustal boundary.
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Figure 4. Spatial locations
of geophysical and geo-
chemical mantle anoma-
lies in center of Slave cra-
ton. Also shown are
locations of magnetotel-
luric sites (dots—winter
road; stars—lake bottom),
Pb isotope line, mantle-zo-
nation boundaries of Grüt-
ter et al. (1999), and im-
portant kimberlite pipes
on craton. DB—Drybones;
CrL—Cross Lake; S—
Snap Lake; CL—Camsell
Lake; K—Kennady Lake;
A44—Diavik’s pipe A44 on
Lac de Gras; PL—Point
Lake; P—Panda pipe at
Ekati mine; T—Torrie; R—
Ranch; J—Jericho. A:
Spatial location of discov-
ered central Slave mantle
conductor and its possi-
ble extension to west to account for high phase observed at Big Lake. B: Spatial location of discovered ultradepleted harzburgitic layer
from Griffin et al. (1999).

GEOCHEMICAL CORRELATION
From studies of mantle xenoliths from 21 kimberlites in the Lac

de Gras region, Griffin et al. (1999) mapped the geochemical compo-
sition, structure, and thermal state of the mantle; they discovered a
unique, two-layered lithospheric mantle in the central Slave craton ex-
tending over .9000 km2. The lithospheric mantle comprises an ultra-
depleted, harzburgitic upper layer (top undefined but shallower than
;100 km) separated sharply at 140–150 km depth from a less depleted,
lherzolitic lower layer. This ultradepleted layer was not found at a pipe
north of the Lac de Gras kimberlite field (Torrie, T), nor at pipes to
the south and southwest (Cross Lake, CrL: Drybones, DB: Camsell
Lake, CL). It is found, although much weaker, beneath Ranch Lake
pipe (R). Comparison of the spatial extent, location, and depth of the
mapped mantle conductor (Fig. 4A) and the mapped ultradepleted harz-
burgitic layer (Fig. 4B) shows a remarkable coincidence between the
two. Grütter et al. (1999) used a larger garnet xenocryst database to
suggest a northeast-trending mantle zonation with three lithospheric
domains (Fig. 4B), and these geochemical mantle domains are broadly
consistent with a geophysical mantle zonation suggested by our work
(Fig. 4A).

CAUSES OF CONDUCTIVITY ENHANCEMENT
Laboratory measurements on olivine under uppermost mantle con-

ditions show very high electrical resistivity (.100 000 V·m, Constable
and Duba, 1990), implying that there must be other phases present in
the ultradepleted layer to provide conducting pathways. Either em-
placement processes or subsequent modification of the ultradepleted
layer must have resulted in a connected conducting phase.

There are two dominant mechanisms for flow of current in Earth
materials; ionic and electronic conduction. For the former, we rule out
melt or free water as potential conduction mechanisms. There is no
evidence of high heat flow or uplift that would be associated with
recent (after ,50 Ma) thinning of the lithosphere. Nor would we expect
free conductive aqueous phases to have remained trapped in the mantle
over geologic time scales to explain the conductivity of such an ancient
craton. Similarly, we exclude hydrated minerals because they are not
found in xenolith samples (Pearson et al., 1999).

Following Karato (1990), one can appeal to diffusion of hydrogen
in the mantle, although the observed conductivity at 80 km depth
would require olivine to be saturated in hydrogen (Bai and Kohlstedt,
1992).

For electronic conduction, carbon may be responsible for the en-
hanced conductivity. Above the diamond stability field (;125 km,
Griffin et al., 1999), carbon would be in the form of highly conductive
graphite, and below it would be in the form of highly resistive dia-
mond, and diamonds from those depths are found in Lac de Gras pipes.
In the laboratory, carbon has been observed at crustal conditions to be
deposited as graphite on mineral surfaces during fracturing (Roberts et
al., 1999), leading to the speculation that carbon in the lithosphere
below Lac de Gras could have been deposited as continuous graphite
films during tectonic processes.

Recent studies show evidence that sulfide is mobile in the litho-
sphere and can concentrate upward to crystallize at shallow depths
(Alard et al., 2000). There is also evidence that sulfides can form an
interconnected network in the mantle (M. Gaetani, 2001, personal com-
mun.), and sulfide melts have been invoked to explain high conductiv-
ities in the mantle beneath the Sierra Nevada (Ducea and Park, 1999).
However, Pearson et al. (1999) noted that the mantle of the Slave
craton is far less metasomatised than that of the Kaapvaal craton, for
which sulfide contents of as much as 330 ppm have been measured in
xenoliths (Alard et al., 2000), implying that the sulfide content for the
Slave craton is too low to explain the conductivity values observed.

TECTONIC INTERPRETATION
Given the geochemical data, we suggest that either dissolved hy-

drogen or carbon, and less likely sulfides, are the probable cause for
the enhanced conductivity beneath Lac de Gras, and the provenance of
any of the three is linked to causative tectonic processes. Of critical
importance to interpretation is to determine an age for the anomaly,
and we suggest that the spatial association of the conductor with the
ultradepleted layer argues for an ancient origin, rather than processes
linked to the Eocene kimberlite event.

Dissolved hydrogen and carbon could have been emplaced
through subduction processes associated with the formation of the
Slave craton. In this model a portion of hydrated oceanic mantle was
trapped above the subducting slab and accreted onto the base of the
existing lithosphere (Griffin et al., 1999). The fluxing of CO2 through
this mantle wedge could have emplaced a connected carbon phase.
Emplacement of sulfides would be linked to melting processes, pos-
sibly associated with backarc volcanism during subduction.

If the anomaly was emplaced during lithospheric assembly, given
the northeast-trending geometry and its central location, it is unlikely
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to have been during the ca. 2690 Ma north-south suturing of the Central
Slave basement complex and the eastern Slave arc (Hackett River)
terrane (Bleeker et al., 1999a, 1999b). Subsequent approximately east-
northeast deformation and plutonism occurred at 2630–2620 Ma and
are restricted to the southern part of the newly amalgamated Slave
craton (Davis and Bleeker, 1999). These events are in the same ori-
entation as our anomaly, and may record the northward subduction of
lithosphere of a craton of unknown provenance beneath the southern
Slave craton.

Recent Re-Os evidence (Pearson et al., 2000) suggests that the
central Slave craton ultradepleted layer and the lherzolitic layer below
it are older than 3 Ga. This evidence appears to be at variance with
the widespread granite plutonism and high-temperature–low-pressure
metamorphism that affected the entire Slave craton at 2.6 Ga modeled
as the consequence of a Slave craton-wide lithospheric delamination
event (Davis et al., 1994). Perhaps the Re-Os observations can be rec-
onciled if the subcontinental lithospheric mantle below the Slave craton
was not assembled in place beneath the Slave craton, but formed by
lithospheric underplating

Further work will be undertaken on xenolith samples to try to
determine the cause of the observed conductivity enhancement. Which-
ever mechanism is determined to be responsible, it is clear that under-
standing the geometry and physical and chemical properties of the
mantle contributes to unraveling the history of the formation and de-
velopment of the Slave craton. Our conductivity anomaly will aid in
discriminating between competing models for lithospheric assembly.
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