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ABSTRACT
The method of thin-sheet approximation is invoked for the ocean layer to model and interpret magnetotelluric (MT) data
observed on the floor of the Tasman Sea, between Australia and New Zealand. A technique to remove 3D distortion from
the observed seafloor MT data is developed from the thin-sheet model MT responses; the ‘de-distorted’ data then appear
isotropic, and are reinverted using 1D procedures. This approach thus assists interpretation through a combination of 3D
forward-modelling procedures and 1D inversion. A seafloor sediment layer is shown to have a strong effect on observed
seafloor MT data. Also, an exercise is carried out to compare the results given by the vertical gradient sounding (VGS)
method with seafloor MT data. The electrical conductivity structure beneath the Tasman Sea is analysed in terms of an
upper-mantle lithosphere and asthenosphere, and a highly conducting lower
mantle. The rises
observed
seafloor
1. Conductivity
by twoanisotropy
orders of in
magnitude
MT data is diagnostic of a lithospheric conductivity of less than iO—~S rn
below 80 km, to greater than 102 S m~, and is probably related to an asthenospheric layer in the upper mantle. Seismic
interpretations similarly place a low-velocity zone below a depth of 70 km. At a depth of approximately 400 km, the
conductivity is approximately 1 S m 1, consistent with global estimates for the lower mantle. There is little evidence for
major change with age in the structure across the Tasman Sea.

1. Introduction
The Tasman Project of Seafloor Magnetotelluric Exploration (or Tasman experiment) took
place between early December 1983 and late
March 1984, on the seafloor and adjacent continental region of Australia (Ferguson et al., 1985,
1990; Filloux et al., 1985; Ferguson, 1988; Lilley
et al., 1989). Seven sets of seafloor magnetotelluric (MT) instrumentation and two additional
seafloor magnetometers were deployed, complemented by magnetic variation data from eight
land magnetometers and by records obtained from
the Canberra Magnetic Observatory (CMO) in
Australia and the Eyrewell Magnetic Observatory
(EYR) in New Zealand. Fig. 1 illustrates the
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distribution of observation sites relevant to the
present paper. The locations of all sites were
carefully chosen to be on flat seafloor areas of
the Tasman Abyssal Plain and Lord Howe Rise,
which are blanketed with a thick layer of sediments. In 1986, a further three seafloor magnetometers were deployed on the Australian continental slope, along the Tasman experiment line.
Details of this latter experiment have been given
by Kellett (1989), White et a!. (1990) and Kellett
et al. (1991).
The seafloor MT observations showed very
strong anisotropy (Ferguson et a!., 1985, 1990;
Ferguson, 1988). Such anisotropy was recognized
by its geographic orientation as being most probably due to the influence of the Australian and
New Zealand coastlines, even though some sites
were hundreds of kilometres distant. Ferguson et
a!. (1990) interpreted the MT data using a 1D
inversion of the major-axis (transverse electric
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(TE) or E-pol) values to determine the electrical
conductivity structure of the lithosphere and asthenosphere beneath the Tasman seafloor. The
rationale for this interpretation was that TE values represented electric currents flowing parallel
to (and thus minimally impeded by) the coastlines
of Australia and New Zealand; and that the TE
2D coast effect should be minimal at such distances from the shores (for discussion, see Ferguson, 1988).
This paper further considers the hypothesis of
Ferguson et a!., and examines the 3D interaction
of induced electric current in the Tasman Sea
with the electrical conductivity structure of the
lithosphere and asthenosphere. The electrical
conductivity and depth distribution of the ocean
water is well known, lending itself to representation in a thin-sheet 3D numerical model, as in the
140°

150

160°

algorithm of McKirdy et a!. (1985). A range of
such thin-sheet models is constructed, to include
the eastern part of Australia, the Tasman Sea
and New Zealand. With the presence of an electrically resistive upper lithosphere in the model,
observed anisotropies in MT observations are reproduced; also the thin-sheet model results suggest that observed TE mode data from sites in
the centre of the Tasman Sea should indeed be
close to the 1D values appropriate for the conductivity profile beneath the thin sheet. A general
‘de-distortion’ procedure is developed to correct
observed data for the distortion effects of the
Tasman Sea as modelled, and ‘de-distorted’ data
are then reinverted to give conductivity profiles
beneath the Tasman Sea. These profiles generally
confirm the earlier models of Ferguson et al.
(1990).
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Fig. 1. Observation sites for the Tasman experiment, and location of major geographic features.
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The case history of the Tasman Sea demonstrates the value of thin-sheet modelling in support of the interpretation of seafloor MT data.
The Tasman region is one of medium geographic
complexity and is at mid-latitudes, where the
approximation of a plane-wave source field is
valid. The present paper is restricted to numerical model studies, though it should be noted that
the Tasman Sea is part of the physical scale-model
of the globe constructed by Parkinson (1964);
also, a physical model for the southern part of
east Australia was made by Dosso et al. (1985),
and for New Zealand by Chen et al. (1990).
Menvielle et al. (1982) have carried out thin-sheet
numerical studies of the whole Australian continent set in a surrounding ocean; and the coast
App. Res. (Q.m)

effect at the boundary between continental Australia and the Tasman Sea has been studied extensively as an induction problem in two dimensions by Kellett (1989), White et a!. (1990) and
Kellett et al. (1991), following previous work by
Bennett and Lilley (1974). Two earlier reports on
the present thin-sheet modelling exercise are by
Heinson and Lilley (1989, 1991).

2. Observational data and 1D interpretation
It is useful at this stage to show the Tasman
seafloor data; although these have been presented and discussed previously by Ferguson
(1988) and Ferguson et a!. (1990), a summary of
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Fig. 2. Observed TE and TM apparent resistivity and phase estimates from the Tasman experiment. Data errors are included only
for Site TP5 to illustrate the magnitude of the uncertaintly.
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which are presented in Figs. 2(a) and 2(b). Error
bars are only included on data from Site TP5 to
illustrate the magnitude of the uncertainties on

TABLE 1
D~inversions of observed Tasman Project seafloor TE mode
data
Site

the MT response; a thorough discussion of Tasman seafloor MT data errors has been given by
Ferguson (1988) and Ferguson et al. (1990). The
data presented in Fig. 2 show strong 2D effects,
and a full impedance tensor analysis indicated
that MT responses were 3D at sites close to the
coastlines (TP6 and TP7) and, to a lesser extent,
at the margin of the Lord Howe Rise (TP1).
Impedance tensors from Sites TP3, TP4 and TP5
were approximately 2D at periods less than 10 h.
The reader is referred to Ferguson et al. (1988)
and Ferguson et a!. (1990) for further discussion
on the dimensionality of the data.
Ferguson (1988) suggested that the peaks in
TE apparent resistivity at Sites TP1, TP6 and
TP7 most probably result from small ionospherically induced magnetic field fluctuations on the
seafloor close to the coastline and the Lord Howe
Rise. At periods greater than 8000 s, all six TE
curves show a consistent decrease in apparent
resistivity with period, which suggests that the
conductivity structure at depths of several hundred kilometres beneath each site is similar. By
contrast, TM apparent resistivities are consider-

r,m.s.

TP3
TP4
TP5

27920
13459
48,000

3 16

2137
1.55

the main results will act as reference to 3D induction effects described below. In this paper, the
notation is used of TE and TM (transverse magnetic) modes of induction: these correspond to
orientation of the MT principal axis parallel and
perpendicular to the predominant 2D strike of an
electrical conductivity structure, in the manner
defined by Swift (1967) and adapted for thin-sheet
analysis by Weaver (1982). The TE mode orientalion for the Tasman Sea is thus aligned with the
coastlines of SE Australia and New Zealand,
whereas the TM mode is orientated perpendicular to these coastlines. Changes in bathymetry
over the Lord Howe Rise are also important to
3D induction,
Ferguson (1988) calculated seafloor MT response estimates in terms of the standard
parametrization of apparent resistivity and phase,
Tasman Seafloor
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Fig. 3. Occam inversions of TE estimates for Sites TP3, TP4 and TP5, using the D~misfit from Table 1 as an index of data quality.
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ably smaller and generally independent of the
period of induction; they increase with distance
away from the coastlines, and are largest for Site
TP3 in the centre of the Tasman Sea. The
anisotropy in apparent resistivity between TB and
TM modes is of an order of magnitude, or greater.
The interpretation of phase is less clear, but the
TM phases are in closer agreement than the TE
phases. Sites TP1 and TP7 have TE phases greater

which was introduced to solve 3D induction problems where lateral variations in conductance occur in a thin sheet above a uniform half-space.
The McKirdy et al. (1985) method has the thin
sheet overlying a layered conductivity structure.
The thin sheet is of thickness h, and of local
integrated conductance r(x, y) at position (x, y).
Beneath the thin sheet, the top layer in the
layered structure has conductivity cr1, thickness

than 900 at short periods, but with these exceptions, both TE and TM phases show a trend from
low to high phase angles with increasing period,
indicative of higher electrical conductivities at
depth in the mantle.
Parker (1980) and Parker and Whaler (1981)
showed that a 1D electrical conductivity model
(called D~)which
minimizes
L2 misfit
between
observed
and modelled
MT response
is composed
of delta functions of infinite conductivity (but
finite conductance) in an otherwise insulating
half-space. Although geologically unrealistic, the
utility of D~ lies in bounding the ability to fit a
given set of data, and in testing the data for
compatibility with the assumption of one-dimensionality. Statistics for D~inversions of the Tasman TE data from Sites TP3, TP4 and TP5 are
tabulated in Table 1. As noted by Ferguson et al.
(1990), the Tasman data sets are not mathematically consistent with 1D conductivity structures,
and all have model residuals which are correlated
with increasing period. Using the minimum D~
misfit in Table 1 as an index of data quality,
Occam inversions (Constable et al., 1987) for
smoothly varying conductivity structures were calculated, and are shown in Fig. 3. Further detailed
interpretations of profiles from these three sites
have been given by Ferguson et at. (1990). In this
paper, the results in Fig. 3 are given as a benchmark or control for further results to be obtained
below when the data are de-distorted.

h1 and an EM skin depth 6 at period T. A variety
of conditions are required by the algorithm to
satisfy numerical approximations, the principles
of which have also been discussed by Weaver
(1982). These conditions include the following:
(1) the square of the ratio of the thin-sheet thickness (h) to the skin depth within the thin
sheet
2 <<
1);
(‘vi) the
must
be muchthickness
less thanh must
unity be
(h/i7)
(2)
thin-sheet
‘thin’ relative to the skin depth (6) of the layer beneath it
(h <<6); (3) the spacing (p) between the grid
nodes into which the thin-sheet model is divided
should be not greater than 6/3 (p 6/3); (4) the
total side length of the modelled area of N X N
grid nodes of node spacings p should be not less
than 6 ((N 1) xp 6. Figure 4 shows these
conditions drawn on a figure of period T against
skin depth 6, for various values of conductivity o’.
Condition (1) becomes, in Fig. 4, the horizontal
dashed line at period io~s. At this period, the
skin depth i1 in seawater is about 8.7 km and the
maximum depth of the Tasman Sea is 5 km. From
condition (1), (5/8.65)2 = 0.33 ~ 1. Values of T
are allowed only above this line, as, below it, the
seawater skin depth becomes less than the depth
of ocean. The permitted range of T has an upper
bound at the horizontal dashed line for T of iO~
s; this period is a (representative) maximum for
seafloor MT data, because at longer periods the
ionospheric signal on the seafloor becomes dominated by oceanic signal, especially in the electric
component (Lilley et al., 1986; Filloux, 1987).
Condition (2) becomes, in Fig. 4, the vertical
axis on the left side of the diagram. This line is
for the 6 value of 10 kin; as deep ocean has
depth of order 5 km, condition (2) means that the
left side of the graph bounds the allowed value of
6. For the Tasman Sea, this condition is less
stringent than condition (3), now to be discussed.

3. Thin-sheet modelling of the Tasman Sea
The algorithm of McKirdy et a!. (1985), supplied in code form by J.T. Weaver, has been used
to model the electromagnetic (EM) response of
the Tasman Sea. This algorithm uses and advances the thin-sheet concept of Price (1949),
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The two vertical dashed lines in Fig. 4 are for
two example grids of 30 x 30 nodes, with grid
spacings of 150 km and 200 km. Let us consider
the 150 km spacing first, and condition (3), which
states that p 6/3. For a p value of 150 kin, the
smallest value 6 can take is 450 km; hence, Fig. 4
shows a vertical dashed line for this value of 3/3,
and the area to the left of the line is prohibited.
Next, let us consider the 200 km spacing, and
condition (4). The total side length will be 29 p
(one less than the number of grid nodes), and if
this is to be at least 6, then 29 p 6 (i.e. p 0.035
6). Thus the largest value 3 can take in this case
is 5700 kin, and a vertical dashed line is also
drawn for this value of 3; the area to the right of
this line is prohibited.

The method of McKirdy et a!. (1985) requires
that the electrical conductance (or depth-integrated conductivity) of the thin sheet be calculated at each grid node. Seawater conductivity
may be assumed constant when compared with
the large variations in geological conductivity,
and the conductance of the ocean then becomes
solely a function of depth. To apply the McKirdy
et a!. method, two maps with grid node spacings
of respectively 150 km and 200 km were used to
model the Tasman Sea. Seafloor topography was
hand-digitized from GEBCO Bathymetry Charts
5.9 and 5.10 of the Tasman Sea, South Pacific
and Antarctic Ocean (Department of Fisheries
and Oceans, Ottawa, Canada). The Mercator projection of the GEBCO charts would not always be
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Fig. 4. Skin depth relationship for typical ocean and solid Earth conductivities, as a function of period. The conductivities range
from 3.2 S m — for seawater to 10—s S m 1 for the resistive parts of the lithosphere. The dashed lines show bounds on the periods
and dimensions available; that is, a ‘geographic window’ is defined for the thin-sheet modelling.
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suitable for such studies, as geographic distortion
becomes significant towards the South Pole.
However, in the present case, the charts provide
accurate seafloor bathymetry, and as the Tasman
ortion
Sea lies in medium latitudes (25—45°S),dist
is not significant. Ocean depths at the map grid
nodes were then grouped into seven ranges. For
these ranges representative conductances were
calculated (taking the conductivity of seawater as
3.3 S m~ Filloux, 1987) to give seven categories
of thin-sheet conductance. An eighth category
was taken for continental crust, based on conduc-

Cr~td~NodeSpacing

30

200 km

.o.

...,

15
~

53~

and
Lilley,
and thickness
Kellett
et a!., 10
1991).
km Figure
(Bennett5
tivity
0.05
S 1974;
rn~~1
shows
contour
of thethegridded
data from
bothplots
models;
ocean conductance
depth categories, and their associated conductances, are
listed in Table 2.
Whereas the conductivity and depth of the
ocean are well-determined a priori information,
the conductivity of the underlying structure is, in
contrast, poorly known. Knowledge of the electristrained by in situ resistivity measurements (Becal conductivity of oceanic crust has been concker et al., 1982) and controlled source EM incasurements (e.g. Nobes et al., 1986; Evans et a!.,
1991), which indicate that conductivity varies from
1 S m~ for surface sediments to 0.001 5 m~ at
increased depth, as a result of crack closure and
sealing. Inspection of Fig. 4 shows that the
McKirdy et al. algorithm is well suited to modelling natural-source EM induction in deep-ocean
models which have a top-layer conductivity (below the thin sheet) of order iO~ S m~ an
oceanic crust of this value can thus (appropriately) be included in the model. The thickness of the oceanic crust in the model is taken as
10 1cm, which is the estimated thickness, from
seismic results, of the crust beneath the Tasman
Sea (Shor et a!., 1971).
Below the crust, the primary information on
electrical conductivity comes from 1D inversions
of the Tasmari data, such as shown in Fig. 3.
These inversions suggest the presence of lateral
heterogeneity in mantle conductivity, and it is of
interest to examine whether such heterogeneity is
real, or whether 3D induction effects in the ocean
have distorted the inversions at each site. In the
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following sections, a systematic forward modelling procedure is followed. The 1D conductivity
profile from Site TP3 is used as a starting model:
this choice is based on the location of TP3 away
from coastlines and other tectonic features which
may influence its sounding response. By varying
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TABLE 2
Thin-sheet conductance categories
Category

Description

1
2
3
4

Continental crust
Continental shelf
Continental slope
Submerged continental crust
(e.g. Lord Howe Rise)
Submerged continental crust
Shallow ocean
Abyssal plain
Abyssal plain and
subduction zones

5
6
7
8

Ocean depth
range (m)

Mean ocean
depth (m)

Conductance
(S)

0— 500
500—1000

250
750

500
825
2475

1000—2000
2000—3000
3000—4000
4000—5000

1500
2500
3500
4500

4950
8250
11550
14850

5000 +

5000

16500

—

—

and the variation of apparent resistivity and phase
with increasing period), two further refinements
are addressed. The first is the matter of additional thin-sheet effects caused by sediment on
the seafloor, and the second is a procedure for
the correction or ‘dc-distortion’ of the seafloor
observations, using the calculated 3D response.
Inversions of the corrected data are then exammed for evidence of conductivity structure (uniform or otherwise) across the Tasman seafloor.

this starting model, and calculating the MT response at the base of the thin sheet for comparison with the observed seafloor data, goodness-offit of the thin sheet model to the observations is
assessed. The vertical gradient sounding (VGS)
method described by Ferguson et al. (1990) is
included in the model study.
After choosing an electrical conductivity structure which is ‘optimum’ in reproducing the major
features of the data (in particular, the anisotropy,
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Fig. 6. Models A, B and C: thin-sheet layered structures used to model the conductivity of the lithosphere. Also shown is an Occam
inversion of MT data from Site TP3.
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4. The conductivity of the lithosphere

coast effect for southeast Australia. However,
larger values have been found at other localities;
for example, an estimate of 2 X i0~ci m2 was
given by Cox et a!. (1986) from controlled-source
EM measurements on 25 Ma lithosphere, and a
similar estimate was obtained by Mackie et a!.
(1988) from 2D interpretations of coastal MT
measurements. In this section, the resistivity—
thickness product of the Tasman Sea is estimated
on the basis of thin sheet 3D calculations.
Three sub-structures beneath the Tasman Sea
were modelled to investigate published upper and
lower bounds of the resistivity—thickness product
for oceanic lithosphere. These structures, denoted Models A, B and C, are shown in Fig. 6,
with the smooth conductivity profile beneath Site
TP3 from Fig. 3 included for comparison. At a

The conductivity of mature upper lithosphere
(as beneath the Tasman Sea) is an important
physical parameter of Earth, and has wide implications for seafloor EM experiments
(Ranganayaki and Madden, 1980; Cox, 1981) and
mantle petrology (Cox et a!., 1986). However, as
the lithosphere forms a resistive layer in a seafloor
conductivity profile, seafloor MT data are most
sensitive to its resistivity—thickness product (e.g.
Constable, 1990), and the actual conductivity of
the lithosphere cannot be determined uniquely,
An estimate of the resistivity—thickness product
beneath the Tasman Sea of 2 x 10~ci m2 was
made by Lilley et al. (1989) from Tasman experiment TM data, based on the assumption of a 2D
App. Res. (ftm)

i0~

Phase

90

TE Mode

239

TE Mode

80~

40
E TP3 MT Data
30~ c~Mode1A

102

Fl

1111

~IH

70

101

~

TM Mo’e

~
20

~QO

II

HLI

i04
Period (s)

I

10•
0 II

TMMode
Ill

Perwd (s)

Fig. 7. Modelled seafloor TE and TM apparent resistivities and phases, at a grid node located close to Site TP3, for each of the
three models in Fig. 6; also shown are observed data with errors for TP3.

240

G.S. Heinson, F.E.M. Lilley /Physics of the Earth and Planetary Interiors 81(1993) 231—251

depth of 60 kin, the conductivity of the TP3
profile is 5 x 10 ~ S rn1, and is beginning to
increase with greater depth. As the electrical
conductivity of Earth is expected to increase with
depth in the mantle owing to increasing temperature, this rise is taken to reflect a real property of
Earth, and is included in each model. At depths
greater than 400 km the conductivity is modelled
as being 0.2 S rn~,with a step to 1 S m1 at 670
km. The Occam inversion for TP3 has very little
resolution of conductivity at such depths, but
there is compelling evidence from various geomagnetic inversions that a rise in conductivity at
400 km is a global phenomenon (Banks, 1969;
Schultz, 1990).
Model MT impedance tensors were calculated
at the bottom of the sheet (corresponding to
‘seafloor’ values), and rotated to maximize the
off-diagonal elements by the method of Swift
(1967) and Weaver (1982). Figure 7 shows calculated seafloor TE and TM apparent resistivities
and phases for a grid node located close to Site
TP3 for each of Models A, B and C. For comparison, also shown are observed TE and TM apparent resistivities and phases for Site TP3. From
Fig. 7 it can clearly be seen that the anisotropy in

apparent resistivity between TE and TM modes is
diagnostic of upper-lithosphere conductivity: a
conductivity of 10 ~ S rn (Model B), or less, is
required to reproduce the observed anisotropy.
Similar calculations for TP4 and TP5, not shown,
corroborate this result. As the lithosphere becomes less conductive from Model A to Model C
the anisotropy increases, with the main differences occurring in the TM mode; it should be
noted that the shape of the TM response changes
markedly for the three sub-structure models. By
contrast, the TE mode estimates for each model
show little change (supporting the contention of
Ferguson et al. (1990) that the TE mode data
would be least affected by coastlines, and most
amenable to 1D inversion).
Modelled phases show similar trends. The observed TM phases are best reproduced by the
least conductive models (B and C); there is still
some discrepancy, which may be due to induction
within surface sediments as described in section
7, but the genera! trend is evident. The TE phases
for Models A and B reproduce observed phase
fairly well, but for Model C, phases are greater
than 90°. High phases are observed close to the
coastline (e.g. at Site TP7), but otherwise ob—
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Fig. 8. Models X, Y and Z: thin-sheet layered structures used to model the conductivity of the asthenosphere. Also shown is an
Occam inversion of MT data from TP3.
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served TE phases are less than 90° across the
Tasman Abyssal Plain. Results for a comparative
2D model of the same structure (Wannamaker et
al., 1986) suggest that the thin-sheet modelled TE
phase values may be numerical unstable, as a
result of significant round-off error.
The anisotropy in the observed MT estimates
indicates that a resistive upper lithosphere is a
necessary feature of Tasman Sea conductivity
models, and that in terms of the ‘adjustment
distance’ calculations of Lilley et al. (1989), the
Tasman Sea is not so wide that the Australian
coast can be treated as a single coastline. Rather,
the Tasman Sea is a channel between the coasts
of Australia and New Zealand, with a lithosphere
resistivity—thickness product of the order of 5 x
2.
108 11 m
App. Res. (Q.m)

i03
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5. The conductivity of the asthenosphere
The electrical conductivity at depths corresponding to the seismic low-velocity zone is of
major importance in geodynamic models. A highly
conducting zone may imply a region of partial
melt (e.g. Oldenburg, 1981; Wannamaker et al.,
1989), or the presence of a large fraction of
volatiles (Tarits, 1986). In this section, thin-sheet
modelling is used to determine the electrical conductivity asthenospheric depths beneath the Tasman Sea.
With lithosphere conductivity fixed at iO~ S
m 1, three further thin-sheet layered sub-structures (denoted Models X, Y and Z; see Fig. 8)
were used to examine the conductivity of the
asthenosphere. In these models, the asthenoPhase
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sphere
ranges
fromis iO~
S m’ to
10i S conductivity
m1 the first
value
a lower-bound

asthenosphere
of the
10—2observations.
S m1, is
most
successfulconductivity
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estimate of Heinson and Constable (1992) from
the application of laboratory measurements of
olivine to a pyrolite model of upper mantle, and
the second value is an upper-bound estimate of
Oldenburg et al. (1984) for an asthenosphere with
a substantial fraction of partial melt. These limiting values thus span most 1D seafloor MT inversions; the Ferguson et a!. conductivity over asthenospheric depths for the Tasman Sea is approximately 10—2 S m~.
Figure 9 shows the TE and TM apparent resistivities and phases for the three models at a grid
node corresponding to the location of Site TP3;
observed data are also shown. Model Y, with an

Models X and Z show a similar period dependence of apparent resistivity, but with responses
of significantly different magnitude. Regarding
phase, modelled and observed values show broad
agreement in both modes for all three models.
Similar results, for both apparent resistivity and
phase, are found for Sites TP4 and TP5.
We conclude that the asthenosphere conductivity beneath the Tasman Sea is of the order of
10—2 S m~, in general agreement with the 1D
interpretations of Ferguson et a!. (1990). The
possibility that coastlines many thousands of kilometres distant from the Tasman Sea may have an
influence was examined by broadening the thin
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sheet grid to include Antarctica and southeast
Asia; such calculations gave confidence that our
estimate of asthenosphere conductivity is robust
to the presence of the additional coastlines. Some
geophysical and geological implications of this
value for asthenosphere conductivity will be discussed in section 9.

6. Vertical gradient sounding method
Ferguson et al. (1990) derived estimates of
seafloor conductivity from the attenuation of the
horizontal magnetic field through the ocean: a
technique known as vertical gradient sounding
(VGS). Horizontal magnetic field measurements
from the CMO were used to approximate the
sea-surface magnetic field variations. Ferguson et
al. (1990) showed an almost period-independent
ratio of a factor of approximately two between
the impedances (approximately four in apparent
resistivity) calculated by the seafloor MT method,
and by the VGS method, with the VGS estimates
being consistently smaller. They proposed that
enhanced electric-current channelling through the
Tasman Sea would result in an enhanced horizontal magnetic field over the ocean.
In a manner similar to that described by Poehls
and von Herzen (1976), a tensor is defined which
relates the horizontal components of the seafloor
magnetic field to the horizontal components at
the sea surface. This tensor may be rotated to
maximize the off-diagonal elements by the method
of least squares (Swift, 1967); the diagonal elements then give TE and TM responses at the
seafloor site. In Fig. 10, a comparison is shown
between VGS and seafloor MT apparent resistivities and phases, calculated at the base of the thin
sheet. The VGS values are calculated in two
ways; first, ‘true’ VGS values are calculated using
the horizontal magnetic field at the same grid
node above and below the sheet; second, VGS
values which better model the use of a land-based
magnetic observatory are calculated, using the
magnetic field from two grid nodes: one approximating the position of CMO in southeast Australia, and the other approximating the seafloor
site.
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Figure 10 shows clearly that the TE apparent
resistivity from the VGS method using the landbased horizontal fields is smaller than that calculated by the MT method. The ratio is a factor of
2—3 in apparent resistivity, less than that obtamed by Ferguson et al., but of similar characteristics. TE phases from the different methods
are in good agreement (consistent with Ferguson
et al.). Both VGS and MT methods give the same
apparent resistivities and phases for the TM
mode.

7. Sediment cover over the Tasman seafloor
The high electrical conductivity of seafloor
sediments, resulting from high porosities and saturation with salt-water, can have a profound effect on seafloor MT observations (e.g. Wannamaker et al., 1989). Sediments with a porosity of
50% have a conductivity of the order of 1 5 rn’,
one-third that of the ocean itself.
Sediment thicknesses across the Tasman Sea
are of the order of 500 m, but close to the
coastlines two to three times this thickness occurs
(Ferguson, 1988). It is desirable to incorporate a
sediment layer in the thin sheet model, but the
inclusion of such highly conducting sediments is
not straightforward. From the boundary conditions outlined in section 3, sediments cannot be
included as a discrete layer beneath the thin
sheet, as the skin depth within the sediments
would then require a grid-node separation of only
5 km. Alternatively, the electrical conductance of
sediments may be added to that of the seawater,
and thus incorporated directly into the thin sheet.
This approach satisfies the conditions set out in
section 3 but leads to a more subtle problem:
thin-sheet EM fields are calculated at the top and
bottom of the sheet, equivalent to observations
on the sea surface and beneath the sediments,
whereas, for the purpose of comparison with
seafloor observations, it is desirable to calculate
the response at the top of the sediments (which is
effectively within the sheet).
Schmucker (1970) showed that the attenuation
of the horizontal components of magnetic field
through a layer in Earth is directly related to the

244

G.S. Heinson, F.E.M. Lilley/Physics of the Earth and Planetary Interiors 81 (1993) 23 1—251

orthogonal, horizontal electric-current flow within
that layer. From the recursive relationship de-

where ~ is the magnetic permeability (taken as
the absolute permeability 1a~).MT parameters of
apparent resistivity Pa and phase 4 are then
given by

rived by Schmucker (1970), the MT impedance at
the top of one layer can be related to the
impedance at the top of the layer below by the
equation

Z1=

{z2+ [1w tanh(ah)/a]}
{1 + [aZ2 tanh(cth)/tw]}

2

Pa

(1)

.

and

4

The impedances Z1 and Z2 are at the top of the
surface and underlying layers, respectively, h is
the thickness of the layer, w is the angular frequency, cT is the conductivity of the layer in
question, and
=

(1

+

i)(—~.’1
k

2

=

=

Im(Z)
R(Z

arc tan

Using these equations, the thin-sheet MT response calculated at the top or bottom of the
sheet can be related to an MT response at some
point within the sheet; that is, in the case of the
present models, at the top of the sediments.
Strictly speaking, this procedure contravenes the

(2)

1
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conditions in section 3, as ‘opening up’ the thin
sheet in this manner is inconsistent with the
mathematical approximation that the horizontal
electric field within the sheet is uniform through
it. However, as sediments have a conductivity
approaching that of seawater, the electric field
will not be substantially attenuated through either seawater or sediments, and the approximation of uniform electric field through the sheet is
very nearly satisfied. This method of ‘opening up’
the sheet thus allows an estimate of the MT
response modelled at the sediment—seawater interface on the Tasman seafloor,
To examine the effects of seafloor sediments, a
new thin-sheet model was constructed, adding
estimates of sediment conductance. A sediment

App. Res, (Q.m)
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thickness of 600 m was taken generally for the
Tasman Sea, with 1000 m at the continental margins (Ferguson, 1988). A sediment conductivity of
1 S m’ (for a porosity of 50%) then gives sediment conductances of 600 S and 1000 S for the
abyssal plain and continental margins, respectively. The Model Y structure, which had best
modelled the observed data in section 5, was used
beneath the thin sheet.
Figure 11 shows thin-sheet apparent resistivities and phases at grid nodes corresponding to
TP4 and TP5, for models with and without a
sediment layer; also shown are observed data at
both sites for comparison. It is clear that the
presence of sediments may significantly distort
the MT response, particularly at periods less than
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10000 s, and furthermore may resolve the differences between the observed MT data and the
thin-sheet model response with no sediment layer.
App. Res. (Q.m)
iO°

TE Mode

102

-

TM Mode
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~

-

There is a marked improvement in model fit,
both in apparent resistivity and phase, with the
observed MT data when sediments are included.
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8. De-distortion of Tasman experiment data
This section examines a method for the removal of calculated thin-sheet induction effects
from observed seafloor data, so that ideally the
latter are then solely a measure of the response
of the structure beneath the seafloor. A preliminary trial of the method was made by Heinson
and Lilley (1991). The method is based on the
assumption that the influence of 3D induction in
the ocean on seafloor MT data will be relatively
insensitive to the conductivity profile beneath the
seafloor observing site.
For the Tasman Sea, seafloor ages range from
55 to 90 Ma, and there is no major tectonic
activity in the region; on this basis, lateral variations in conductivity beneath the seafloor may be
expected to be small. Consequently, the assumption is made that 3D induction effects in the
Tasman Sea may, to first order, be accurately
modelled by the thin-sheet methods described. A
simple matrix method is then used to characterize
the 3D induction caused by the ocean. For the
Model Y structure in Fig. 8 with a sediment layer
of 600 m thickness, the impedance tensor calculated at the top of the sediments within the thin
sheet (ZTS) is defined to be distorted from the
1D impedance response of the underlying structure (Z 1D) by the transformation
ZTS DZID
13\
—

“

‘

where D is a frequency-dependent distortion matrix, for a particular site. The inverse of the
distortion matrix D’ can then be applied to a
Tasman experiment MT impedance tensor, to
remove the (modelled) effects of 3D induction in
the Tasman Sea. If modelling of the actual 3D
induction effects by the thin-sheet method has
been accurate, then the ‘de-distorted’ Tasman
observations will have a near-iD form (provided
that the structure beneath the Tasman Sea is
indeed approximately 1D). The removal in this
way of the ocean induction effects from each
Tasman site should allow a check regarding lat
eral uniformity of conductivity between sites.
Figure 12 presents MT data for Sites TP3, TP4
and TP5, now ‘de-distorted’ as described. Two
sets of de-distorted data are shown at all but one
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of the modelled periods, corresponding to the
different distortion matrices obtained from the
two grids used to model the Tasman Sea; the
agreement between de-distorted estimates for
separate grids gives confidence that the modelled
sub-structure is appropriate. The consistency of
the de-distorted data in Fig. 12 shows that 3D
induction in the Tasman Sea is generally well
estimated by the thin-sheet models underlain by
the conductivity structure of Model Y. Before
de-distortion, the MT data from Sites TP3, TP4
and TP5 were very strongly 2D; de-distorted data
from Sites TP3, TP4 and TP5 appear nearly
isotropic, with little difference between TE and
TM mode estimates. Furthermore, the data are
also similar between sites; although the scatter of
the data is large and small-scale variations are
not resolved, these characteristics indicate that
there are no major lateral conductivity changes
across the Tasman Sea.
It is of interest now to reinvert the de-distorted data for 1D structure. Only TM mode
de-distorted data are inverted here, as this mode
of induction is better constrained in the thin-sheet
model by the bounding coastlines than is the TE
mode, and hence the de-distorted data are less
scattered. Rather than scaling the original error
estimates from Ferguson (1988) by the distortion
factors calculated, new 10% Gaussian errors are
assumed (in fact, the scatter of the de-distorted
estimates themselves could be used to define new
error estimates). The results of D ± reinversion of
the TM mode de-distorted data are listed in
Table 3, which should be compared with Table 1.
The data have smaller r.m.s. misfit, despite the
scatter of estimates between the two grids; furthermore, they no longer show significantly correlated D~residuals.

TABLE 3

D
+ inversions of distortion corrected Tasman Project seafloor
TM
mode data
-_____________________________________________
r.m.s.
Site
x2
TP3
TP4

TP5

10.75
11.55
35.32

0.73
0.76
1.33
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Occam inversions of the de-distorted TM mode
data for Sites TP3, TP4 and TP5 are shown in
Fig. 13, with the conductivity structure Model Y
for comparison. All three dedistorted inversions
show a rise in conductivity rise at depth 100 km,
and similar morphology over the entire depth
range. The differences between the curves in
conductivity gradient are probably more dependent on the scatter of the dc-distorted data than
on any true lateral change between the sites. This
uniformity of conductivity structure contrasts with
the different profiles obtained from Occam inversion of the basic observed TE data, shown in
Fig. 3.

9. Discussion and conclusions
Model Y has been shown to be the ‘optimum’
forward model in reproducing the observed data.
Although only a small fraction of the possible
model space has been examined, an attempt has
been made to restrict this model space by using
realistic bounds determined from previous
seafloor MT inversions, in situ resistivity measurements, controlled source EM experiments,

Removal

of MT Distortion

.‘

and from laboratory data applied to petrological
models. It is considered that this model provides
a broad representation of the conductivity structure beneath the Tasman Sea. Subtle changes in
conductivity, sediment thickness and porosity may
improve the fit of the model to the observations
slightly, but not significantly.
The conductivity of the asthenosphere at
depths greater than 80 km is found to be approximately 102 S m1. The asthenosphere, modcued to exist at depths greater than 80 km, is in
agreement with the depth to the seismic lowvelocity zone found by Sundaralingam and Denham (1987) from surface-wave analysis. On the
basis of thermally activated conduction in olivine
alone (Constable and Duba, 1990; Shankland and
Duba, 1990), the upper mantle would be required
to be anomalously hot (at temperature higher
than 1500°C)beneath the Tasman Sea, to achieve
the high conductivity of the profiles. There is
complementary geophysical evidence for high
temperatures beneath the Tasman Sea and southeast Australia, most notably from seismic tomographic inversions (Woodhouse and Dziewonski,
1984) and mantle xenolith studies (O’Reilly and
Griffin, 1985). However, such temperatures must
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be reconciled with the experimentally and theoretically determined temperature of the a
+
1~ phase change at 400 km, for which estimates
range from 1400°C(Katsura and Ito, 1989; Akaogi
et al., 1989) to 1500°C(Chopelas, 1991).
Alternatively, the high conductivity may be interpreted in terms of melt, as a consistent explanation for the seismic low-velocity zone cornmonly detected under ocean floors at asthenospheric depths; Ferguson et al. (1990) interpreted
a high-conductivity layer at a depth of the order
of 150 km (with the conductivity increase starting
at depth 100 km) as a melt zone. However, de—* a

pending on melt connection (Schrneling, 1986),
the conductivity increase needed requires a melt
fraction in the mantle material of 5—20%, which
may be too great to be gravitationally stable in
situ (Walker et al., 1978; Waff, 1980; Stolper et
al., 1981; Toramaru and Fujii, 1986).
There are, of course, a number of other causes
proposed to account for such high conductivities,
and
notbasis
possible
discriminate
between
theseitonis the
of MTtodata
alone. Such
other
explanations include volatiles (Tozer, 1981; Tarits, 1986), grain boundary effects (Shankland and
Waff (1977) including carbon on grain boundaries
(Duba and Shankland, 1982), and the presence of
a conducting phase such as garnet or clinopyroxene, for which few laboratory conductivity measurements have been made. However, recent cxperimental measurements on the conductivity of
a dunite (Constable and Duba, 1990) and on a
Iherzolite (Constable et al., 1991) suggest that
grain boundary effects and mineral phases other
than olivine may not significantly raise the conductivity above that of olivine alone.
Another possible explanation is that of free
hydrogen ions in olivine, advanced by Karato
(1990). On the basis of this hypothesis, the concentration of hydrogen must be greater than 200
ppm H/Si for the asthenospheric conductivity in
Model Y. This concentration is slightly higher
than that determined experimentally for mantle
material at 300 MPa pressures, but it may be
reasonable at pressures of 3—5 GPa (for depths
greater than 100 km). Such a concentration of
hydrogen is also proposed as being able to account for low seismic shear velocities in the upper
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mantle (Karato, 1990; Mackwell and Kohlstedt,
1990).
The conductivity of the lithosphere beneath
the Tasman Sea is required to be about iO~S
m1 to reproduce the anisotropy observed between the TE and TM apparent resistivity observations. The conductivity of sub-solidus olivine at
temperatures below 800°Cis low (much less than
10—6 S m 1; Schock et al., 1989; Shankland and
Duba, 1990); thus an extra factor or factors must
be invoked to explain the lithosphere conductivity
value, such as a small percentage of volatiles
(H
2O or C02). By Archie’s Law (Schmeling,
1986), a lithosphere conductivity of iO’~S m’
would require 0.1—0.5% H2O concentration. Such
a concentration of volatiles in the lithosphere is
consistent with petrological studies (Ringwood,
1975), and may reasonably be adopted as an
explanation in the present case. The modelled
lithospheric layer is approximately 50 km thick, so
that the resistivity—thickness product 2.
for the Tasman Sea is greater than 5 x 108 ~‘lm
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