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ABSTRACT

The structure and properties of the deep crust and upper mantle can be investi-
gated using magnetotelluric observations. Near-surface and upper crustal com-
plexities may distort or limit the capability of the data to adequately resolve deep
structure. Granite batholiths have been regarded as windows into the lower crust
in the context of seismic reflection data although the granite bodies themselves are
not usually detected. Magnetotelluric data from SW England are here used to
demonstrate that, in addition to imaging the internal structure and base of a
granite, the batholith itself provides a suitable environment for the effective esti-
mation of the resistivity structure to lower crustal and upper mantle depths.

INTRODUCTION

The Carnmenellis granite in SW England (Fig. 1) contains a
development site for the extraction of Hot Dry Rock geo-
thermal energy (Batchelor, 1984). Magnetotelluric (MT)
data were recently acquired to investigate rock/fluid prop-
erties down to depths in excess of 6 km where commer-
cially exploitable temperatures are anticipated (Parker,
1989). The 11 site MT profile, confined to the granite out-
crop, is shown in Fig. 1in relation to other granite outcrops
and the ridge of granite (the Cornubian batholith) which
extends to mid-crustal depths.

The main application of the data has been in relation to
the internal resistivity structure of the granite. The bulk
resistivity, as determined by surface soundings, is prin-
cipally controlled by the nature of the void space (joints,
fractures and pores) together with their fluid content. The
MT results that can assist in the geotechnical assessments
required for reservoir engineering in crystalline rock are
described by Beamish (1990). The bandwidth of the data
extends from 100 to 0.01 Hz. Since the entire granite is rela-
tively resistive (e.g. 1000-5000 ohm.m) the data are
(theoretically) capable of providing information to depths
in excess of 100 km. The ability of the data to adequately
resolve lower crustal and upper mantle structure is con-
sidered here.

MT sounding data along a profile can be conveniently
displayed as a pseudo-section with decreasing frequency
representing a form of increasing penetration depth. The
tensor nature of the data may require either the selection of
a ‘rotated’ sounding curve (e.g. the resistivity/phase curve
in a principal horizontal direction} or the reduction of the
tensor to a representative scalar and rotationally invariant

curve. A common scalar reduction uses the determinant of
the MT tensor and is reterred to as the determinant aver-
age. As discussed below, one of the main influences on the
data is the occurrence of near-surface static distortion. A
characteristic of such distortion is that, although it gener-
ates parallel offsets in the measured apparent resistivity
curves, it does not operate on the phase of the MT response
(Larsen, 1977). A phase pseudo-section formed from a
reduced (scalar) sounding curve will often provide a
semi-quantitative and undistorted image of the resistivity
structure encountered {Ranganavaki, 1984). The phase
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Fig. 2. Phase of the determinant average sounding data displayed asan E—
W pseudo-section. Phase is contoured using a linear scale in degrees,
miterval 10 degrees. The 11 sounding locations, all on the granite outcrop,
are indicated by the horizontal sequence of crosses.

pseudo-section obtained from the determinant average re-
sponse of the 11 soundings across the E-W praofile is
shown in Fig. 2. The predominantly horizontal zoning in-
dicates the horizontal continuity of the structure encoun-
tered across the outcrop of the granite. The approximate
penetration depths with decreasing frequency are 5 km (at
10 Hz), 18.5 km (at 1 Hz), 50 km (at 0.1 Hz) and 200 km (at
0.01 Hz). When allowance is made for data errors (of the
order of several degrees) it is clear that the phase data are
consistent with a high degree of lateral continuity through-
out the whole lithosphere.

A GRANITE-AVERAGE SOUNDING

A detailed assessment of the sounding data (Beamish,
1990) has revealed that they are influenced by both near-
surface static distortion and by the geometrical form of the
batholith. The influences of near-surface distortion are re-
1988;
Sternberg ¢f al., 1988). Many attempts to treat conventional
MT data sets containing static distortion effects involve
some form of spatial averaging with inevitable loss of

ceiving much attention in the literature (Jones,

spatial resolution. Such procedures are inherently difficult
when the geological structure is complex and lateral resis-
tivity gradients exist. A granite batholith, however, can be
viewed as a single lithological unit in the same sense that it
would normally be modelled using gravity data as posses-
sing a single density contrast (i.e. a simplifying assump-
tion). The results of Fig. 2 suggest that such an assumption
is realistic in terms of its lateral, but not its vertical, resistiv-
ity structure. The most appropriate treatment for static
distortion in the present data set has been to form a
‘granite-average’ impedance tensor at each sounding
frequency using all the soundings on the granite. This
approach sacrifices all lateral resolution but attempts to
establish the most appropriate sounding curve for assess-
ments of vertical structure. Due to the lateral continuity
supplied by the batholith, the simple averaging procedure
preserves the trequency characteristics of the tensor
sounding curves as shown in Fig. 3. In Fig. 3, 11 sounding
curves, derived from the impedance elements Zxy, across
the granite outcrop (a distance of about 11 km) are shown
together with the granite-average curve (discrete symbols).
The parallel offsets in apparent resistivity across the
granite, assumed to be caused by static distortion, are
minimized by the formation of the granite-average. The
‘undistorted’ nature of the phase data across the granite
can again be noted. A similar situation holds in relation to
the orthogonal (Zyx) sounding data. In addition to the
suppression of static distortion it seems evident that the
formation of a granite-average sounding will also reduce
measurement noise {when present) inherent in both the
apparent resistivity and phase data.

2D MODELLING

The situation with regard to the formation of spatial
averages across a granite can be further understood by re-
ference to the E-W 2D geoelectric model shown in Fig. 4.
The geometrical form of the Carnmenellis granite has been
extensively investigated by gravity modelling (Camborne
School of Mines Geothermal Energy Project, 1989) and
such models can be used as a constraint in the construction
of geoelectric sections. The model shown is reasonably
realistic and includes the electromagnetically important
coastal/seawater interface at a distance of +14 km (arrowed
and denoted by C). Surface response curves were gener-
ated using the finite-element algorithm described by
Wannamaker ¢t al. (1987). The H-polarization response (in
which lateral effects are most pronounced) computed for
this model is also shown at three appropriate frequencies
in Fig. 4. Locations entirely within the granite outcrop are
indicated by open arrows. The point to note is that all the
response perturbations due to lateral resistivity contrasts
occur at or outside the margins of the outcrop. The largest
perturbation observed across the granite occurs at lower
frequencies and is the small gradient observed at 1 and
0.01 Hz.
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Fig. 3. The 11 measured N-S (i.e. derived from the impedance element Zxy) sounding curves obtained across the granite. The granite-average curve,

obtained from these data, is shown by the solid symbols.

Electromagnetically the granite acts as a window in the
sense that measurements made across the outcrop are
screened from response perturbations due to lateral struc-
tural complexity. Although this has only been examined
here for 2D models a similar conclusion is likely to apply in
the 3D case. In addition, as discussed above, the lithologi-
cal continuity provided by the batholith appears to provide
a favourable environment for the treatment of near-surface
static distortion.

To accommodate assessments of the vertical resistivity
structure within and beneath the granite any anisotropy
present in the granite-average tensor must be taken into
account. The residual anisotropy for the Carnmenellis data
was investigated using forward 2-dimensional models of
the spatial form of the granite determined from gravity
data such as the one shown in Fig. 4. The main conclusion
from modelling studies of this type is that the anisotropy in
the observed granite-average sounding data can be directly

attributed to the 2D influence of the geometrical form of the
granite (Beamish, 1990). Further control studies, again
using the equivalent ‘granite-average’ data obtained from
2D models, have revealed that a rotationally invariant
response (again the determinant average but in this case
determined from the granite-average data) provides an ac-
curate assessment of the vertical (1D) resistivity structure
for this particular problem.

1D INVERSION RESULTS

The results of 1D inversions of the observed granite-aver-
age, determinant response are shown in Fig. 5 for both
layered (Fischer and Le Quang, 1981) and smoothly vary-
ing (Constable ¢f al., 1987) representations of the vertical
resistivity structure. A logarithmic depth scale from 1 to
100 km is used. The layered (and unconstrained) solution
reveals a non-uniform internal structure within the granite
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2-D MDDEL OF CARNMENELLIS GRANITE
EAST-WEST PROFILE
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Fig. 4. Upper. Portion of 2D, E-W geoelectric model across the granite
outcrop. Resistivities in ohm.nt. C is position of coast with maximum
depth of seawater being 100 m to the east of the region shown. Lower. H-
polarization model response in apparent resistivity calculated using a
finite-element algorithm. Three frequencies of 100, 1 and 0.01 Hz.
Granite outcrop extends from —10 to +3 km. Sounding locations entirely
within the outcrop are indicated by open arrows.

together with a small resistivity transition (from ‘high’ to
‘low’) at a depth of 15.5 km. When allowance is made for
the two-dimensionality of the data, the ‘true’ depth is esti-
mated as 14 km. The correction for 2D effects is obtained by
performing 1D inversions on equivalent data from 2D
models (Beamish, 1990). The estimated “true’ depth is very
much in accord with the depth to the granite base adopted
in regional gravity models (Camborne School of Mines
Geothermal Energy Project, 1989). Smooth inverse algo-
rithms are not designed to ‘detect’ discontinuous be-
haviour (Constable et al., 1987) so the smooth solution
shown in Fig. 5 has ana priori constraint that discontinuous
behaviour occurs at the depth of the granite base deter-
mined by the layered solution. The detection of such a

1-D LAYERED SOLUTION 1-0 5MO0TH SOLUTION

i 1 i T
3
o
c o
2
b ]
5 i
- ;1
G
3 4 3 4
LOG (RESISTIVITY) <0G (RESISTIVITY})
(OHM . M) (OHM . M)

Fig. 5. One-dimensional inversions (layered and smiooth) of the grantic-
average, determinant response. Logarithimic (base 100 depth scale. Both
solutions achieve an rms error misfit of unity with respect to the
observations, Position of Hie Moho as determined by seismic refraction
data is arrowed.

small resistivity contrast suggests that the spatial averag-
ing of individual tensors has not only minimized static dis-
tortion effects but has also minimized measurement noise
to produce an increase in the resolution of a deep horizon-
tally-continuous electrical base. It also seems likely that
this same principle will operate in relation to those deeper
lithospheric features which can also be regarded as hori-
zontally continuous.

THE LOWER CRUST AND UPPER MANTLE

There is currentlv much interest in the correlation of deep
seismic reflection data (retlectivity) with magnetotelluric
results (resistivity) (Beamish and Smyvthe, 1986; Hyndman
and Shearer, 1989). The reflectivity of the offshore crust in
the vicinity of the Cornubian batholith has been imaged on
a number of profiles (the SWAT experiment) in the SW
Approaches (BIRPS and ECORS, 1986). SWAT line 6 was
designed to pass as close as possible to the exposure ot the
Cornubian batholith on the Scilly Islands. Although the
granite was not imaged, a particularly clear and unusually
shallow reflective lower crust was observed (Matthews,
1987) with the Moho forming a reflector base at a depth of
about 27 km (Meissner ¢t al., 1986). Mechanisms which re-
quire consideration when correlating reflectivity and resis-
tivity in the lower crust are discussed by Hyndman and
Shearer (1989). From the results presented in Fig. Sitcan be
noted that the resistivity values obtained tor the lower
crustal interval beneath the granite lie in the interval 2000
3000 ohm.m and cannot be considered ‘conductive” when
advancing a hypothesis for the physical cause of the lower
crustal reflectivity.
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Despite the discussion concerning the correlation of low
resistivity zones and the reflectivity of the lower crust
perhaps a more noteable feature of many lower crustal
geoelectric models is the lack of any resistivity expression
that can be said to correspond to the seismic Moho. Evenin
reviews of electrical resistivity in the lower crust (e.g. Haak
and Hutton, 1986) there appears very little evidence to sup-
port the concept of an ‘electrical’ Moho; indeed it is not
often mentioned. In some cases this may well be due to the
difficulties in adequately modelling multi-dimensional
data sets but in other cases there appears to be a genuine
absence (Jones, 1982). Directly beneath the Carnmenellis
granite seismic refraction studies (Brooks et al., 1984) reveal
a particularly well-developed Mcho with a velocity transi-
tion from 6.4 to 8.0 kms™'. Raytracing models of the veloc-
ity structure (Doody, 1985) provide a Moho depth of 26 km
(arrowed in Fig. 5). The layered solution of Fig. 5 indicates
that there is no detectable discontinuity in the resistivity
profile at or around the seismic Moho beneath SW Eng-
land. The smooth solution does however reveal an in-
triguing change of gradient in the profile centred on a
depth of 26-27 km. If such behaviour is genuine it corres-
ponds to a resistivity variation at the extreme limits of
detectability.

The resistivity profile through the upper mantle clearly
displays a more substantial resistivity variation. It is possi-
ble that the lower resistivity zone corresponds to the base
of the lithosphere (the lithospheric/asthenospheric transi-
tion) currently being mapped (electrically) across mainland
Europe (Praus et al., 1990). Although the precise depth and
thickness of the less resistive ‘layer’ is a function of
whether the transition is considered abrupt or gradational
(Fig. 5), the minimum values of resistivity are found to be
in the range 750-850 ohm.m. At present there is a paucity
of UK magnetotelluric observations, particularly to the
south of the Variscan front, with which the present lithos-
pheric profile may be compared. Although comparisons
with crustal resistivity structure and with the electrical
depth of the lithosphere cbserved across the Variscan fore-
land of Europe are possible, they remain hazardous given
the isolation of the single profile discussed here.

CONCLUSIONS

The main purpose of this study has been to demonstrate
the manner in which a granite batholith may act as a
window to the lower electrical crust and upper mantle.
Electromagnetically the granite acts as a window in the
sense that measurements made across the outcrop are
screened from response perturbations due to lateral struc-
tural complexity. In addition, the lithological continuity,
which (from the evidence of gravity studies) should apply
in many batholiths, appears to provide a favourable en-
vironment for the treatment of static distortion. The forma-
tion of a granite-average sounding appears also, for the

present data set, to have enhanced signal/noise in relation
to the ability of the data to resolve deep horizontally-con-
tinuous features.

The results obtained in SW England have been com-
pared with the occurrence of lower crustal reflectivity
(imaged offshore) and offer scope for further assessments
into the nature and composition of the lower crust. An
equally, if not more, important observation is the lack of
any resistivity discontinuity that can be said to correspond
to the well-develeped seismic Moho beneath SW England.
Since the Moho represents one of the most important
features within the lithosphere further work with regard to
its electrical character is recommended. The minimum in
the resistivity profile at depths in excess of 50 km may be
taken to represent the lithospheric/asthenospheric transi-
tion. If this is correct the relatively shallow lithospheric
thickness obtained has a direct counterpart in the Variscides
of mainland Europe as mapped both electrically (Praus et
al., 1990) and seismologically (Calcagnile and Panza, 1987).
Finally it can be noted that Britain is well-endowed with
onshore granites which occur within all the major geologi-
cal terraines and tectonic provinces. It may well be that,
due to the current interest in the lower crust arising from
the extensive use of deep seismic reflection profiling, such
granites may provide useful electrical windows for both
lower crustal and whole lithospheric magnetotelluric
experiments.
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