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High-resolution electromagnetic images of conducting

zones in an upthrust crustal block

Alan G. Jones!, Richard C. Bailey? and Marianne Mareschal®

Abstract. A high-resolution, controlled-source, elec-
tromagnetic survey in the Kapuskasing region, over
exposed deep crustal material upthrust along ramp-
and-flat geometry faults, reveals a shallow weakly-
conductive layer (5,000-10,000 £-m) within a resistive
host (50,000-100,000€2-m). This layer, at =1 km depth,
correlates spatially with a zone of enhanced reflectivity,
and coincident breaks in both conductivity and reflec-
tivity suggest that a high-angle fault zone offsets the
layer. The cause(s) of this enhanced conductivity is
conjectural until this unit is drilled, but the two proba-
ble candidates are: (1) electrolytic conduction in saline-
filled porous rocks, or (2) ionic conduction along con-
nected grain-boundary films of graphite. Or both con-
duction mechanisims may be operating with the graphite
interconnectivity provided by the brines.

Introduction

The Kapuskasing Uplift (KU) of the Canadian Shield
(inset, Fig, 1) is one of the rare exposed crustal cross-
sections that survived exhumation relatively intact from
a depth of at least- 20 km. Under LITHOPROBE a va-
riety of geophysical, geological and geochemical studies
have been carried out over the last decade on the KU
including seismic reflection, refraction and electromag-
netic (EM) surveys [see the synthesis of KU studies by
Percival and West, 1994]. The crustal model derived
from the regional seismic data, with surficial geologi-
cal control, is illustrated in Fig. 2. Deep crustal ma-
terial, originally at depths of 20 to 30 km, was trans-
ported /<100 km to the east and brought to the surface
along ramp-and-flat geometry thrust faults. The mas-
ter decollement thrust is interpreted to be the Ivanhoe
Lake Fault Zone (ILFZ, Figs. 1 and 2).

An east-west Vibroseis survey along the Warren-Carty
road (Fig. 1) of the Chapleau block (CB, Fig. 1 inset),
showed reflections that can be traced to within 0.3 s
(1 km) of the surface (Fig. 3, left panel) [Milkereit et
al., 1991]. However, this package of lamellar reflectors
cannot be correlated directly with surface exposures.
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Regional-scale, natural-source EM studies carried out
on the KU (see review by Mareschal et al. [1994])
showed no evidence of any enhancements of conduc-
tivity corresponding to the presently-exposed Archean
intermediate to lower crustal rocks. However, cont-
rolled-source UTEM surveys along the Warren-Carty
road (Fig. 1) were able to detect zones in the upper
5 km in which the resistivity dropped from a host value
of >40,000 -m to ai least as low as 6,000 Q-m (see
Mareschal el ol. [1994]) The shallowest zone, at =2 k-
m depth, seemed to correlate with a series of shallow
reflections. Such weakly conductive zones in a very re-
sistive host are virtually invisible to natural-source EM
methods, and are poorly resolved by these UTEM data.

As exposed cross-sections of deep crustal material
may possibly be used as windows on lower crustal physi-
cal properties, particularly seismic and electromagnetic,
it was proposed to drill into the Kapuskasing structure
down to a depth of over 1 km at the location shown
in Fig. 1 under the auspices of the Canadian Continen-
tal Drilling Program (CCDP) [Percival et al, 1991].
This drillhole would penetrate the package of lamellar
reflections and possibly also the faint conductor, there-
by, hopefully, addressing fundamental questions regard-
ing the cause(s) of the frequently-observed lower-crustal
high-reflectivity [e.g., Mathews, 1986] and high condue-
tivity [e.g., Jones, 1992]. ‘

To aid optimal location of the drillhole for penetra-
tion of this target, very high resolution seismic [Milkere-
it et al., 1991] and UTEM surveys were undertaken in
the restricted area shown in Fig. 1. This paper presents
the results of the UTEM survey, and discuss their cor-
relation with those of the seismic survey.

High resolution seismic experiments

Figure 3 shows a fence diagram of part of the seismic
sections from the Warren-Carty road Vibroseis survey
(left panel) and the high-resolution north-south dyna-
mite survey (right panel) at the proposed CCDP drill-
hole location (asterisk in Fig. 1). A prominent package
of gently dipping reflections at shallow depth (<1 kim) is
evident on both sections. These reflectors can be traced
seismically to 20 km depth approximately 70 km west
of the Warren-Carty road, and represent the base of the
shallow-dipping detachment zone shown in Fig. 2.

Physical property studies on rocks from the KU [Milk-
ereit et al., 1991] indicate that layered sequences of
mafic and tonalitic gneiss, with velocity and density
contrasts of 0.7 km/s and 0.25 g/cm?® respectively, give
reflection coefficients as high as 0.1. Accordingly, Mqlk-
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Figure 1. Location map of the seismic reflection and
EM surveys along the Warren-Carty road and the high-
resolution CCDP studies. The star indicates the pro-
posed drillhole location. ILFZ: Ivanhoe Lake Fault
Zone. The location of the map to the Kapuskasing Up-
1ift is indicated by the rectangle in the inset. In Inset:
Blocks of the Kapuskasing Uplift are: CB: Chapleaun
Block; GRB: Groundhog River Block; FMB: Fraserdale-
Moosonee Block.

ereit et al. [1991] interpreted the package of lamellar re-
flections in the uppermost kilometer of the KU in terms
of such sequences. They suggested that lower crustal
reflectivity is due to interlayered mafic and felsic rocks.

High resolution UTEM results

Aditional UTEM data, using higher resolution pa-
rameters (Table 1) than the regional scale surveys, were
collected in 1990 along the two profiles shown in Figs. 1
and 4. The two primary objectives of the survey were:
(1); To determine if there is a zone of enhanced electri-
cal conductivity associated with the package of reflec-
tors, and,’

{2): To determine what happens to the zone further to
the south of the dynamite survey.

If the reflective zone can also be imaged electrically,
then one can trace it further to the south to determine
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Flgure 2. Geologlcal cross section across the Ka-
puskasing Uplift from the Wawa Belt to the Abitibi Belt
(vertical exaggeration 1:1). ILFZ = Ivanhoe Lake Fault
Zone; C = mid-crustal (Conrad) discontinuity;
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Figure 3. Fence diagram of the high resolutlon Vibro-
seis and dynamite profiles from the center point (aster-
isk on Fig. 1; (500,500) on Fig. 4) to the south (dy-
namite) and west (Vibroseis). The right ordinate gives
the two-way travel time, whereas the left ordinate gives
depth The position of the shallow seismic reflector
is indicated by the arrow (taken from Milkereit et al.,
1991). :

whether it shallows, therefore providing a target with
lower drilling costs, or whether it changes dip. '
The 4 km-long east-west profile, of twelve transmit-
ter loops, was equispaced about the proposed drillhole
site (Fig. 4). The north-south profile, of twenty-two
transmitter loops, was with 2.25 km to the north of the
Warren-Carty road and 4.5 km to the south (Fig. 4),
which is almost 4 km further south in extent than the
reflection data profile. On the previous UTEM sur-
veys only the vertical magnetic field component, H,,
had been measured at the receiver station. However, to
increase resolution, and also to determine whether one-
dimensional (1D) interpretation of the data is valid, the
two horizontal magnetic components, H; and H, (in-
line and across-line, respectively), were also recorded.
The data from both profiles, after two-component
DIP processing (the approximate 1D inverse scheme
of Macnae and Lamontagne [1987]), are illustrated in
Fig. 5. The shallowest depth of mvestlgatlon, deter-
mined by the earliest-time response, is about 200 -
300 m. The total conductance of the material to that
depth, mainly conducting overburden clays of about
40 m thickness with a conductance of, on average. 0.1 8,
is distributed uniformly over that distance. Features

Table 1. Comparison of regional vs. high-resolution
parameters for the seismic and UTEM surveys

Regional High-resolution

Seismics

vibrators 4 2
shot spacing 100 m 20 m
réceiver spacing 50 m 20 m
sweep frequencies 12-52 Hz 20-130 Hz
sampling 4 ms 2 ms
UTEM

soutce size 2-6 km? 0.1 km?
source spacing 1 km 300 m
receiver spacing 100 m 20m
base frequency 31 Hz 45.27 Hz
components H, H;, H,, H:
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Figure 4. Loop location map for the high-resolution
CCDP UTEM survey. The loop numbers are given,
whereas the station numbers are listed along the twe
profiles. Note that the southernmost point of the seis-
mic survey is at UTEM receiver location 460.

deeper than about 2 km are not meaningful due to loss
of signal penetration.

Beneath the overburden (yellow/green in Fig. 5) the
upper crust is generally highly resistive (blue). Within
this resistive host, zones of moderately-enhanced con-
ductivity (reduced resistivity) trending subhorizontally,
with occasional interruptions, are seen on both profiles
(yellow/green streaks). Although the total conductance
in these zones is less than half the total overburden con-
ductance, sensitivity studies show that two-component
processing is both essential and validates interpretation
of the gross features of the electrical fabric. This fabric
for the southern half of the NS line (Fig. 5) mimics the
seismic fabric by dipping down to the north at 5 to 10
degrees, which suggests that electrical fabric and seis-
mic fabric (Fig. 3) are controlled by the same structures.
The fabric in the EW profile dips down to the west, giv-
ing an overall electrical dip of down to the northwest.

The NS section is disturbed in the middle to north-
ern part. Notably, this is not seen on the EW profile,
suggesting that it arises from a geological feature (prob-
ably faults) crossed by the NS line but not the EW line.
Similar features mark the northward termination of the
reflecting package on the NS seismic line (see below).

Correlation with seismic results

Figure 6 illustrates a portion of the UTEM data, from
receiver stations 455 to 600 on the NS profile, togeth-
er with the high-resolution seismic data superimposed.
The seismic data are plotted on the UTEM depth scale
with an assumed velocity of 6 km/s. The bright shal-
low seismic reflector, indicated by the arrow in Fig. 3,
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Figure 5. DIP-processed UTEM results for both the
north-south (upper) and east-west (lower) profiles (ver-
tical exaggeration of 2:1). The station numbers are
shown below the profiles, and station 500 is the same
for both profiles. The stations have been projected on-
to north-south and east-west profiles respectively. The
resistivities are color-coded, with reds in the 1,000 -
3,000 Q-m range, yellows for 3,000 - 10,000 Q-m range
greens for 10,000 - 25,000 ©2-m range, and blues very re-
sistive (>40,000 Q-m). The black lines denote the vari-
ous time channels, with the earliest channel (0.0144 ms)
giving the shallowest information.
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Figure 6. Correlation between the seismic and UTEM
results in the proposed location of the CCDP drillhole
(UTEM receiver location 500). The UTEM stations are
not projected onto a N-S line (as in Fig. 5) but are plot-
ted at 20 m intervals to follow the seismic data. The
bright reflectors indicated by the arrow in Fig. 3 have
been highlighted in white, and a second band of reflec-
ti\(/iity at a depth of around 1300-1500 m highlighted in
red.
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is highlighted in white, and reflections to the north of

UTEM station 540 at approximately 1.5 km depth are

shown in red. Note the following correlative features

between the two datasets:

1: the bright zone of reflectivity at 0.3-0.4 s (1 km) is

at the same depth as the zone of enhanced conductivity

(to within a time channel),

2: both zones dip down to the north,

3: both zones appear to terminate horizontally at ap-

proximately the same location, to within a few hundred

meters, and,

4: there is a possibility that a reflective/conductive re-

gion is offset downwards at around UTEM station 540.
This latter point may be evidence in both datasets

for near-vertical normal faults that lie undetected geo-

logically beneath the thick overburden.

Conclusions

This study confirms that the upper crust in the KU
is highly resistive, but that there is a shallow (1 km)
region of enhanced conductivity dipping moderately to
the northwest. Lateral discontinuities are evident, sug-
gesting a high angle fault zone, and a prominent re-
flecting package is spatially coincident with the zone of
reduced resistivity.

Whereas the reflective/conductive zone dips to the
north/northwest at around the intersection of the NS
and EW profiles (UTEM receiver site 500), to the south
the conductive zone flattens and is estimated to come
no closer to the surface than 750 m (Fig. 5). Also, there
i5 a marked increase in the conductivity of this zone to
the south (receivers 250 - 350) by almost an order of
magnitude.

Why the reflecting zone coincides with a zone of en-
hanced conductivity is an intriguing question, The seis-
mic interpretation of Milkereit ef al., [1991] is of inter-
layered sequences of mafic and tonalitic gneiss, which
would not cause enhanced conductivity. Rather, during
uplift or tectonically-induced stress such strongly het-
erogeneous packages would be more likely to undergo
internal fracture and shear than homogeneous rock u-
nits. The resulting porosity, even if only a few percent,
would explain the observed conductivity enhancement
[Jones, 1992] if filled with the saline water characteris-
tic of shield brines. Alternately, the presence of (discon-
nected) graphite films at grain-boundaries is consistent
with the rock property studies as well as with the mea-
sured electrical anomaly [see Mareschal et al., 1994]. In
contrast to this either/or scenario, Duba ef al. [1994]
have shown recently that conduction in rocks sampled
by the German deep drillhole (KTB) is due to a combi-
nation of highly conducting intergranular solid phases
(graphite, ilmenite, pyrite and magnetite) electrically
connected in distinet subhorizontal zones by saline flu-
ids. Such a combination of conductive mechanisms may
be operating in the upper crust of the KU.
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However, without drillhole sampling the cause of the
enhanced conductivity at this location must remain the
subject of speculation. Given the lateral discontinu-
ity near the intersection of the NS and EW lines, it
would seemn appropriate to site a drillhole away from
this anomalous region, perhaps near the southern end
of the NS line.
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