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SUMMARY 
During the Tasman Project of Seafloor Magnetotelluric Exploration recordings were 
made of the natural magnetic and electric field variations along a line of seafloor 
sites crossing the Tasman Sea. Using these data and additional magnetic field 
recordings made on the Australian continent the pattern of geomagnetic induction 
in the Tasrnan Sea Region is examined. An investigation of the seafloor mag- 
netotelluric impedance tensor indicates the geomagnetic induction is influenced by 
the large-scale 3-D conductivity structure of the region. This result is confirmed by a 
study of impedance estimates obtained using the vertical gradient sounding method 
(in which the seafloor impedance is determined from the attenuation of the 
horizontal magnetic field variations through the ocean). Inversion of the E- 
polarization impedance component from sites in the central Tasman Sea indicates 
the conductivity structure at depths greater than about 100 km is laterally homoge- 
neous in this region. It is probable that the conductivity structure at these sites 
includes a high-conducting layer similar to one observed in the Pacific Ocean. One 
seafloor site, lying on the Tasmantid Seamount Chain, exhibits an increased 
conductivity at depths of less than 100 km. The increased conductivity may be due to 
heating of the lithosphere by a hotspot, one proposed source of the seamount chain. 

Key words: electromagnetic induction, magnetotelluric sounding, seafloor con- 
ductivity. 

INTRODUCTION 

Seafloor magnetotelluric (SFMT) recordings were made in 
the Tasman Sea during the Tasman Project of Seafloor 
Magnetotelluric Exploration (TPSME) in 1983-84 with the 
objectives of investigating the electrical conductivity 
structure beneath the Tasman Seafloor and the Australian 
continental margin, and studying the electromagnetic signals 
induced by the sea-water motion in the Tasman Sea. In the 
TPSME data were recorded at nine deep seafloor sites and 
at nine sites on the Australian continent, on a line extending 
from the eastern Tasman Sea to inland Australia. 
Geophysical observations included three-component record- 
ings of natural magnetic field variations at every site and 
two-component horizontal electric field recordings at seven 
of the seafloor sites. The recording period was of 
approximately 120 days duration. Fig. 1 shows the locations 
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of the recording sites, and of the Canberra Magnetic 
Observatory in Australia and the Eyrewell Magnetic 
Observatory in New Zealand which provided additional 
magnetic field recordings. Full descriptions of the TPSME 
experiment and data reduction are given by Lilly el al. 
(1989), Ferguson (1988) and Bindoff (1988). 

The magnetotelluric (MT) data from the project are used 
here to investigate the geomagnetic induction occurring in 
the Tasman Sea Region. The spatial variation of the SFMT 
impedance tensors between recording sites is examined and 
estimates of the MT response are obtained using the vertical 
gradient sounding method. Finally, 1-D models of the 
seafloor electrical conductivity structure are obtained for 
three sites in the central Tasman Sea. 

In earlier papers Lilley et al. (1989) presented electric and 
magnetic field time series recorded during the TPSME, 
induction arrows determined for each recording site, and 
preliminary SFMT impedances and Ferguson et al. (1985) 
described a preliminary SFMT analysis from a single 
recording site (TP4). White, Kellet & Lilley (1990) used the 
TPSME induction arrow data, supplemented by further 
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Figure 1. Map showing location of TPSME and the land and seafloor recording sites. Note the location of the Lord Howe Rise (LHR), the 
fossil spreading ridge (SPR) and the N-S trending Tasmantid Seamount Chain (TSC). The shaded square shows the location of a zone of 
active seismicity. Inset shows sites at which full SFMT data are available (sites TW, TP6, TP5, TP4, TP3 and TP1). The crosses indicate the 
amplitude and orientation of SFMT impedance axes at a period of 2.0 hr and the number gives the skew angle in degrees. The stars denote the 
location of the Canberra Magnetic Observatory (CMO) and the Eyrewell Magnetic Observatory (EYR). 

observations made on the Australian continental slope in 
1986, in an investigation of the electrical conductivity 
structure of the Australian continental margin. Ocean- 
ographic and goephysical recordings made during the 
TPSME have also provided information on a range of 
oceanic phenomena including tides, internal waves, and 
meso-scale eddies (see Lilley et al. 1989 for references). 

DETERMINATION OF SEAFLOOR 
MAGNETOTELLURIC IMPEDANCE 

The electric and magnetic fields recorded on the seafloor 
arise from several sources (e.g. Filloux 1987). The signals 
used here to study the underlying electrical conductivity 
structure are induced by sources in the ionosphere and 
magnetosphere. Oceanic signals are induced by the 
movement of the electrically conducting ocean water 
through the Earth's static magnetic field. Recorded time 
series may also contain noise associated with each recording 
instrument. The signal from these sources will be coherent 
over different spatial scales. The ionospheric signal is 
induced by a very large-scale source and is approximately 
coherent across the TPSME recording line. In contrast the 
oceanic signal is induced by sources with wavelengths 
ranging up to 102-104 km (for meso-scale eddies and tides) 
and will be present only at seafloor sites (e.g. Bindoff, Lilley 
& Filloux 1988). Instrumental noise is not coherent between 
different recording sites. This varying spatial coherence 
permits the ionospheric signal to be separated from the 
other signals in the recorded time series. 

In an MT sounding it is necessary to estimate a response 
parameter from the recorded electric and magnetic fields 
which is then inverted to provide information on the 
underlying conductivity structure. Here we estimate the 

magnetotelluric impedance Z, defined by 

E( w )  = Z(  w)B( w ) (1) 

where E = (El ,  E,) is the horizontal electric field strength 
and B = (BE,  Bj )  is the horizontal magnetic induction. Note 
that indices i and j refer to orthogonal horizontal directions 
and Z is a 2 x 2  tensor. The terms in equation (1) are 
functions of the frequency w ;  this dependence will not 
always be noted explicitly in following equations. 

In our estimation of the SFMT impedance we wish to 
include only the parts of the electric and magnetic fields due 
to the ionospheric and magnetospheric sources. If the 
horizontal magnetic and electric fields are contaminated by 
signals other than the ionospheric signals standard 
least-squares estimates of the impedance will be biased from 
the correct value. Using the notation 

[AB1=(s sAIEt s s A J E f )  (2) 
A& AjB, 

where SA,E, is the crosspower between horizontal com- 
ponents A, and B,, the two standard least-squares estimates 
for the impedance are defined 

ZL = [EB][BB]-', (3) 
ZA = [EE][BE]-'. (4) 

(The index L indicates the standard least-squares estimate of 
the impedance and the index A indicates an impedance 
derived from the least-squares estimate for the admittance.) 
Noise on magnetic field components will bias crosspowers in 
[BB] upwards and will therefore bias ZL downwards. Noise 
on the electric field components will similarly bias ZA 
upwards. 

The remote-reference method (Gamble, Goubou & 
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remote-reference impedance magnitude at lower frequencies 
suggests the existence of noise in the TP4 magnetic field at 
these frequencies. This noise may also contribute to the 
small, consistent, differences between the phase of the 
impedance estimates. A bias similar to that of the 
impedance magnitude shown in Fig. 2 occurs on all 
impedance components and at all SFMT sites. Separation of 
the signal and noise parts of the magnetic and electric fields 
(as described by Gamble et al. 1979b) reveals that for all 
SFMT sites and for both electric and magnetic fields, the 
magnitude of noise is similar in both horizontal directions. 

Figure 3 shows remote-reference estimates of the 
impedance magnitude at site TP6 calculated using different 
sites as the remote reference. The different remote 
references give similar impedance estimates however there 
are systematic differences between the results. The 
impedance estimates obtained using CMO and EYR are 
very similar, despite the very different separations of CMO 

Clarke 1979a,b) may be used to obtain unbiased impedance 
estimates. The method uses data from a remote site, 
R = (Ri, R j ) ,  in the impedance estimate 

ZR = [ER][BR]-'. ( 5 )  

From equation (5) it is evident that only signals which are 
coherent between the SFMT and remote sites contribute to 
the remote-reference impedance estimate. (The remote 
reference is usually chosen to be the magnetic field recorded 
at the remote site.) The remote-reference impedance 
estimate is not biased by any local noise on the electric and 
magnetic time series. In addition, if a remote site is 
sufficiently far from an SFMT site that oceanic signals are 
not coherent between the two sites, then a remote-reference 
estimate of the SFMT impedance will not be biased by the 
oceanic signals in the data. 

Figure 2 shows the least-squares and remote-reference 
estimates for a component of the SFMT impedance tensor at 
site TP4. The remote-reference estimate was calculated 
using the magnetic field recordings from land site CMO as 
the remote reference. The different estimates for both the 
impedance magnitude and phase agree well in the frequency 
range between 0.06 and 1.0cph; however, at higher 
frequencies the three estimates of the impedance magnitude 
diverge rapidly. These results indicate the presence of noise 
(non-ionospheric signal) in the seafloor electric and 
magnetic fields at frequencies higher than 1 cph. In addition 
the consistent difference between the ZL least-squares and 
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Figure 2. SFMT impedance for site TP4 calculated using the two 
least-squares estimates of the impedance (Z" and Z^)  and the 
remote-reference estimate of the impedance (ZR). The impedance 
component shown is the E-polarization component (defined below). 
The magnetic field recordings from site CMO were used as the 
remote reference. 
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Figure 3. Remote-reference impedance magnitude (E-polarization 
component) at site TP6 calculated using the horizontal magnetic 
field from different sites as the remote-reference. The upper panel 
compares the results when TP5, CMO, and EYR (130, 279 and 
1886 km from TP6) are used as the remote reference. The lower 
panel compares results when CMO, TP3, and TP1 (279, 730 and 
1251 km from TP6) are used. Note that the estimates obtained using 
land sites CMO and EYR are very similar (despite being different 
distances from TP6) whereas the estimates obtained using seafloor 
sites are biased downwards. The change in slope of the impedance 
magnitude near the frequency of 1 cph is caused by E-polarization 
effects associated with the Australian coastline. 
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and EYR from site TP6. The use of magnetic field data from 
other land sites also yields impedance estimates which are 
close to those obtained when CMO or EYR is used. In 
contrast, the impedance magnitude estimated using a 
seafloor site as the remote reference differs from that 
obtained using a land site. For example, at frequencies 
greater than 0.2 cph, the impedance magnitude obtained 
using the TP5 seafloor magnetic field is biased downwards 
relative to that obtained using CMO or EYR. As shown in 
Fig. 3 a similar bias occurs for remote reference impedance 
estimates based on the seafloor magnetic field at TP3 or 
TP1. The results indicate there is a component of magnetic 
field signal which is correlated between the seafloor sites but 
is absent at the land sites. 

The magnetic field recordings made at land sites will 
contain an accurate recording of the signal induced by the 
ionospheric and magnetospheric sources (plus possible 
instrumental noise). The additional signal present at the 
seafloor sites is possibly of oceanic origin, induced by the 
movement of the ocean-water. At periods longer than 
several days signals in the electric field data can be directly 
correlated with independent estimates of the water motion 
associated with a meso-scale eddy which passed across the 
recording line during the TPSME experiment (Lilley et af. 
1986). Bindoff et af. 1988 have also shown the TPSME 
seafloor electric and magnetic fields contain signals induced 
by the ocean tides. (These signals are deterministic and have 
been removed from the spectra used in the MT analysis 
using notch filters.) 

Another possible source for the correlated signal at the 
seafloor sites is that it is related to geomagnetic induction in 
regions at large distance from the Tasman Sea. For 
example, movements in the position of ionospheric current 
systems at geomagnetic high latitudes can induce local 
magnetic field variations which are not observed at 
mid-latitudes. If the oceanic crust is sufficiently resistive, 
electric currents induced by such magnetic field variations 
could extend several thousand kilometres away from the 
auroral regions and thus be observed in the Tasman Sea. 
Further studies are required to clarify the source of the 
correlated oceanic signal. The results in Fig. 3 indicate the 
oceanic signal must have a spatial scale of at least one 
thousand kilometres (i.e. greater than the distance between 
sites TP6 and TP1). 

In addition to the ionospheric signal and the large 
spatial-scale oceanic signal, the seafloor electric and 
magnetic fields contain a signal which is not correlated 
between the different recording sites. Impedance estimates 
using magnetic field data from sites adjacent to the SFMT 
sites as the remote-reference differ from single site 
least-squares impedance estimates. Contributions to this 
local noise may come from localized water motion and 
instrumental origin. 

The noise on the seafloor electric and magnetic fields 
restricts the frequency range in which TPSME SFMT 
impedances can be resolved with sufficient accuracy to 
provide useful information on the underlying conductivity 
structure. At frequencies greater than approximately 5 cph 
the presence of non-ionospheric signals in the seafloor fields 
combined with decreasing ionospheric signal level (caused 
by the shielding effect of the conducting ocean) results in a 
very low signal-to-noise ratio. At frequencies less than 

0.07-0.03 cph the oceanic signal and the finite length of the 
time series (about 120 days) limit the resolution of the 
impedance estimates. The presence of non-ionospheric 
signal also means that it is essential to use a remote- 
reference method to obtain unbiased SFMT impedances. 
Because of the correlated oceanic noise between the 
different seafloor sites it is necessary to use a land site as the 
remote reference. Site CMO (Canberra Magnetic Observa- 
tory) was chosen as the remote-reference for the TPSME 
analyses because the CMO data were recorded directly in 
digital form and at periods shorter than 1 hr are more 
accurate than the data from the other land sites which were 
digitized from analogue recordings (Bindoff 1988). 

The determinations of the TPSME remote-reference 
impedances differ from the corresponding results for the 
EMSLAB experiment in the Pacific Ocean (Emslab Group 
1988) in which the choice of the remote reference, land or 
sea, did not affect the impedance estimate. Results from the 
EMSLAB experiment also indicated that at frequencies 
above 0.1 cph no significant correlation occurred between 
either electric or magnetic field components and the water 
velocity recorded by a nearby (sea-water) current meter 
(Chave et af. 1989). The EMSLAB observations suggest that 
any oceanic signals in the seafloor electric and magnetic 
fields are not related to the measured sea-water motion by a 
simple relationship. 

SPATIAL VARIATION OF IMPEDANCES 

The form of an MT impedance tensor indicates the 
complexity of the surrounding electrical conductivity 
structure. For example, if the conductivity structure is 
plane-layered (1-D) the only non-zero terms of the tensor 
[defined by equation (l)] will be the off-diagonal terms. If 
the conductivity structure varies vertically and in only one 
horizontal direction (2-D) the tensor may be rotated so that 
the coordinates of E and B are aligned parallel and 
perpendicular to the strike of the conductivity structure and 
then the two diagonal terms become zero. The non-diagonal 
impendance terms are called the principal axis impedances; 
the components corresponding to E and B parallel and 
perpendicular to the strike of the conductivity structure are 
called the E-polarization and B-polarization impedances 
respectively. 

The remote-reference impedance tensors for the TPSME 
seafloor sites have a form consistent with geomagnetic 
induction in a large-scale conductivity structure. Fig. 1 
shows the principal axis impedances at each of the TPSME 
seafloor sites (see Lilley et al. 1989 for details of 
computation). The tensors are all strongly anisotropic, 
dominated by the term corresponding to a NE electric 
field, and aligned with the trend of the Australian coastline. 
The tensors also exhibit a very systematic increase in the 
magnitude of the smaller impedance component with 
distance from the coastline (Lilley et af. 1989). These results 
persist over the whole frequency range in which the SFMT 
impedance is determined. 

The impedance tensor results suggest the geomagnetic 
induction is responding to the large-scale conductivity 
structure of the Tasman Sea Region, and in particular to the 
large-scale bathymetry of the sea. If the geomagnetic 
induction depended on only local geological structure, 
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the TPSME and we therefore estimate the VGS impedance 
using the observed magnetic field attenuation between a 
remote land site and the seafloor, Pi. If the horizontal 
magnetic fields at the ocean-surface and remote site are 
identical, then Pi will equal Pk, the VGS impedance 
estimated using Pi will equal the VGS impedance estimated 
using Pi and thus the VGS impedance estimated using Pi 
will equal the SFMT estimate of the impedance. Any 
differences between the SFMT impedance and the VGS 
impedance estimated using P i  can thus be attributed to 
differences between the ocean surface magnetic field and the 
magnetic field at the remote site. 

In the following analysis we will show that, for sites in the 
central Tasman Sea, differences do occur between the 
SFMT impedance and the VGS impedance estimated using 
Pi and CMO as the remote land site. These differences are 
interpreted in terms of differences in the horizontal 
magnetic field between CMO and the surface of the Tasman 
Sea. It will be shown the anomalous fields over the central 
Tasman can be explained only if the geomagnetic response 
in this region is from a regional 3-D electrical conductivity 
structure. 

We will compare the VGS and SFMT estimates of the 
E-polarization impedance component, and therefore 
differences between the VGS and SFMT impedance 
estimates will indicate a spatial variation in the magnetic 
field component perpendicular to the Australian coastline. 
At sites near a coastline a VGS estimate of the 
E-polarization impedance, determined using a remote land 
magnetic field, will always differ from the SFMT estimate. 
This difference is caused by the E-polarization coast-effect, 
in which a concentration of currents flowing in the ocean 
near the coast causes an increase in the ocean-surface 
magnetic field perpendicular to the coast. 2-D modelling of 
an ocean overlying a seafloor with conductivity values 
typical of those found in previous SFMT experiments (e.g. 
Filloux 1980) indicates that E-polarization coast-effect will 
extend only approximately 500 km from the coastline. 
Fischer & Weaver (1986) obtain similar results. The 
E-polarization coast-effect from the Australian coast should 
therefore be weak at site TP5 (318 km from the coast) and 
should not influence the response at sites TP4 and TP3 (548 
and 917 km from the coast). 

The values for P i  were obtained from the TPSME data 
using site CMO as the remote land site and selecting the 
E-polarization term from the least-squares estimate 

expected to vary between the recording sites, the impedance 
tensors would show much more variation between sites. The 
impedance tensor components parallel and perpendicular to 
the trend of the Australian coastline are therefore termed 
the E-polarization and B-polarization components. The 
strong anisotropy of the impedance tensors indicates the 
geomagnetic induction in the Tasman Sea has a dominantly 
2-D form. 

In general, impedance tensors measured in a 3-D 
conductivity structure will have a complicated form. In 
particular the tensors will possess a frequency-dependent 
skew angle. For each frequency it will be necessary to rotate 
E and B separately, through angles differing by the skew 
angle, in order to make the diagonal impedance tensor 
terms zero. In contrast to this fully 3-D response, the 
TPSME impedance tensors possess a relatively simple 3-D 
form, suggesting the influence of the large-scale 3-D 
conductivity structure on the geomagnetic induction. The 
tensor at all recording sites has a frequency-independent 
skew angle (varying by less than 10" in the period range 
0.3 to 16 h) which varies systematically between the sites 
(Fig. 1). 

The skew of the TPSME seafloor tensors has a form 
consistent with a simple rotation of the seafloor electric 
field. The skew angle is largest at site TP1 near the Lord 
Howe Rise, decreases smoothly towards the western edge of 
the Tasman Sea (Fig. l), and has the same sense as an 
anti-clockwise rotation of the N-S electric field (as observed 
from above). A plausible explanation for the observed skew 
angle is therefore that it is associated with a rotation of the 
electric fields in the Tasman Sea caused by presence of the 
Lord Howe Rise. The Lord Howe Rise is a major 
bathymetric feature, rising 3-4km above the 5km deep 
seafloor of the adjacent Tasman Basin and is therefore 
expected to cause a significant perturbation of the electric 
fields in the ocean. 

DETERMINATION OF VERTICAL 
GRADIENT SOUNDING IMPEDANCE 

It is possible to obtain further information on the 
geomagnetic induction in the Tasman Sea by estimating the 
seafloor impedances using the vertical gradient sounding 
(VGS) method (e.g. Law & Greenhouse 1981) in which the 
attenuation of the horizontal magnetic field through the 
ocean is used to estimate the impedance. From AmpCre's 
Law it can be shown that the attenuation of the horizontal 
magnetic field is directly related to the orthogonal horizontal 
electric field in the ocean. Denoting the ratio of the seafloor 
to the sea-surface horizontal magnetic field in direction k as 
pk, the impedance term associated with the electric field in 
the orthogonal horizontal direction j is given by 

i o [ l  - Pk cos ( e d ) ]  
2. =- j + k ,  

Ik 8 Pk sinh (Bd)  ' 

where 

e = V-U, (7) 

A is the wavenumber of the source-field and p, u and d are 
the permeability, conductivity and depth of the ocean. 

The ocean-surface magnetic field was not recorded during 

where Bsf and B,,, are the seafloor and CMO horizontal 
magnetic field components and the notation is as in equation 
(2). A correction, made to the crosspowers in this equation 
for the decrease in source-field coherence between CMO 
and the seafloor site is described in the Appendix. VGS 
estimates for the impedance were calculated from the 
magnetic field attenuation taking the ocean conductivity to 
be 3.3 S m-', p to be the permeability of free space, and 
assuming a uniform source-field (A = 0). 

Figure 4 shows the VGS and SFMT estimates of the 
E-polarization impedance for sites TP3, TP4 and TP5. The 
shape of the SFMT and VGS impedance magnitude curves 
is very similar over the available frequency range and the 
shape of the phase curves is similar at frequencies between 
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0.15 and 1.0 cph. Significant differences however exist 
between the VGS and SFMT impedance estimates. The 
magnitude of the VGS impedance is smaller than the 
magnitude of the SFMT impedance by a factor of 
approximately 2 at all frequencies. In the frequency range 
0.03-5.3cph the mean ratio of the SFMT to the VGS 
impedance magnitude is 2.0 f 0.5 at TP3, 2.3 f 0.3 at TP4, 
and 2.2 f 0.6 at TP5. 

The differences which occur between the VGS and SFMT 
phase estimates at frequencies outside the range 0.15- 
1.0 cph are most probably due to bias caused by the noise in 
the magnetic field recordings. The phase of the crosspowers 
in [B&Mo] appears to be poorly resolved when significant 
levels of noise are present. Differences between the VGS 
and SFMT estimates are largest where the signal-to-noise 
ratio on these crosspower terms is lowest, increasing at high 
and low frequencies and with increasing distance between 
CMO and the seafloor site. 

The differences between the magnitudes of the VGS and 
SFMT impedance estimates indicate a variation in the 
magnetic field between CMO and at the surface of the 
central Tasman Sea. Denoting the VGS impedance estimate 
by 5, we can derive from equation (6) the ratio of the 
E-polarization magnetic field component at CMO and the 
ocean-surface to be 

(9) 
Bo(w) - iw + Z ( w )  tanh (8d)8 1 + Z ( w ) S  

BCM,(w) iw + t ( w )  tanh (8d)B 1 + [ ( w ) S  
- 

where S = ad is the conductance of the ocean and Z ( w )  is 
the E-polarization component of the SFMT impedance. 
(The final approximation corresponds to the thin-sheet 
approximation for the ocean, and for a 5 km deep ocean is 
acceptable for frequencies less than 1 cph.) Substitution of 
the values determined for Z ( w )  and 5 ( w )  into (9) reveals 
that at the ocean-surface above sites TP3, TP4 and TP5, the 
E-polarization component of the magnetic field is 
approximately twice as large as at CMO. Attributing the 
differences in phase between the VGS and SFMT 
impedance estimates to the effects of noise, the enhance- 
ment of the field over the central Tasman is by a 
frequency-invariant, real, factor of approximately 2.2. 
Possible causes of this effect will now be considered. 

In the calculation of the VGS impedance it was assumed 
the source-field was uniform. A study of magnetic 
recordings from northeast of Hawaii however has suggested 
source-field wavelengths in the mid-latitudes are of order 
5000km (Chave et al. 1981). Recalculation of the VGS 
impedance using a wavenumber of A = 2n/5000 km-' 
reveals that approximating a source-field with this 
wavenumber by a uniform source-field will not contribute 
significantly to the observed difference between the VGS 
and SFMT impedance estimates. 

For source-fields with a finite wavelength, the magnitude 
of the horizontal magnetic field at the surface of a layered 
earth depends upon the underlying electrical conductivity. 
Assuming the E-polarization response at sites CMO and the 
sea-surface corresponds to an underlying 1-D conductivity 
structure, we can examine if this source-field effect 
contributes to the difference in magnetic field at the two 
locations. The ratio of the surface horizontal magnetic field 

at the two locations is given by 

BO l + A c C M O  -- - 
BCMO 

where c is Weidelt's MT response parameter (Weidelt 1972) 
defined by c = Z/ iw.  Previous electromagnetic soundings in 
the region of CMO in SE Australia have shown that for the 
frequency range of the SFMT impedances (0.03-5.3 cph) c 
is less than 300 km (Tammenmagi & Lilley 1971; Lilley, 
Woods & Sloane 1981) and oceanic soundings (e.g. Filloux 
1980) suggest values of c for the ocean surface are even 
smaller. Substitution of these values and a 5000km 
wavelength into equation (10) reveals that the finite 
wavelength of the source-field will cause at most a 5 per cent 
difference in the horizontal magnetic field at CMO and the 
Tasman Sea surface. 

The enhanced magnetic field over the Tasman Sea cannot 
be explained if the response in this region is assumed to be 
that of a 1-D conductivity structure. The enhanced magnetic 
field must be caused by an electric current flow within the 
Tasman Sea, parallel to the Australian coast, exceeding the 
level which would be present in a 1-D conductivity 
structure. In the central Tasman Sea this increased current 
cannot be explained by the 2-D E-polarization coast-effect. 
2-D modelling indicates that for reasonable values of sea- 
floor electrical conductivity, the sea-surface magnetic field 
will only reach twice the magnitude of the field over the 
adjacent continent at distances of less than 50 km from the 
coast. Also the E-polarization coast-effect varies strongly 
with frequency and includes a strong phase-shift, in contrast 
to the observed enhancement of the magnetic field over the 
Tasman Sea which is almost invariant with frequency and 
does not involve a significant phase-shift. 

The increased current flow in the Tasman Sea must 
therefore be related to the large-scale 3-D shape of the 
Tasman Sea. The effect is possibly related to a concentration 
of currents caused by the convergent margins of the 
Australian coast and Lord Howe Rise; however, 3-D 
thin-sheet modelling will be required to confirm such an 
interpretation. The observed skew angles of the TPSME 
impedance tensors are consistent with an interpretation in 
which electric currents are deflected towards the centre of 
the Tasman Sea by the Lord Howe Rise. 

In summary, the VGS and SFMT impedance results 
suggest the geomagnetic induction in the Tasman Sea is 
controlled in a simple manner by the large-scale bathymetry 
of the Tasman Sea and the 2-D and 3-D components of the 
impedance tensor are also qualitatively explained by the 
large-scale bathymetry of the Tasman Sea. The orientation 
of the principal axes and the smooth increase in the 
B-polarization impedance magnitude with distance from the 
coast is explained by the attenuation of transverse electric 
currents in the ocean by the Australian coastline (Lilley et 
al. 1989) and the skew angle and differences between the 
VGS and SFMT impedance estimates are explained by a 
concentration of electric currents in the central Tasman Sea. 

Since all the 2-D and 3-D aspects of the geomagnetic 
response can be explained by the large-scale conductivity 
structure there is no definitive evidence in the TPSME data 
for any significant departures from a local plane-layered 
conductivity structure near each recording site. We may 
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F i e  4. Vertical gradient sounding estimates of the seafloor E-polarization impedance at sites TP3, TP4 and TP5 calculated using a remote 
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(solid line). Error estimates for the SFMT data are shown in Fig. 5 .  
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therefore proceed with the main objective of the TPSME, 
determination of the electrical conductivity structure 
beneath the Tasman Seafloor. 

Here we investigate the conductivity structure by 
performing 1-D inversions on the E-polarization impedance 
component from sites TP3, TP4 and TP5 in the central 
Tasman Sea. The observation of a real, frequency- 
independent relationship between the VGS and SFMT 
impedance estimates at these sites indicates the enhance- 
ment of the magnetic field at the sea-surface is invariant 
with frequency. We make the assumption (discussed below) 
that observed E-polarization impedance is also related to 
the impedance corresponding to the local underlying 
conductivity structure by a real, frequency-invariant 
constant. As mentioned above, the B-polarization im- 
pedance component for the Tasman Sea sites varies with 
distance from the Australian coastline and is clearly 
distorted from a 1-D response (Lilley ei al. 1989). The 
B-polarization response will be most strongly controlled by 
the ratio of the conductance of the ocean to the integrated 
resistivity of the lithosphere (Ranganayaki & Madden 1980; 
Lilley et al. 1981) and may also be influenced by 3-D 
features of the bathymetry of the Tasman Sea, such as the 
limited southern extent of the Australian continent. In this 
paper, we therefore limit our inversions to the E- 
polarization impedance component, for which we can use 
1-D methods. 

1-D INVERSIONS 

The SFMT E-polarization responses from sites TP3, TP4 
and TP5 were first inverted using D C  algorithm of Parker 
(1980) in order to determine the best-possible fit to the data 
by a 1-D conductivity model. Examination of the model 
responses, shown in Fig. 5(a) indicates that the D+ models 
provide a reasonable fit to the data. Note that in Fig. 5 the 
MT response is plotted in apparent resistivity/phase form to 
allow a more accurate comparison of the data and the 
model. The apparent resistivity is defined by pa = pIZ12/w 
and varies less strongly with frequency than the impedance 
magnitude. 

The x z  statistical parameters for the inversions are shown 
in Table 1. These results indicate that the data are not 
exactly 1-D with the x2  values for the model fit at sites TP3 
and TP4 well exceeding the 95 per cent confidence limit. 
The misfit however is probably not as great as indicated by 
the xz  values since the errors calculated for the impedance 
(using the method of Gamble et al. 1979b) appear to be 

Table 1. Statistics of Df inversions. 
SITE Number of x 2  - 1  L 2  

Freq. Data Exp 95% con Observed 

TP3 14 28 28.0 43.0 130.5 

TP4 12 24 24.0 37.9 73 0 

TP5 10 20 20.0 32.6 24.4 
The expectation value of x 2  equals number of data N and 

the 95% confidence limit on xz approx. equals N + 2m 

If the observed x 2  value for a Df inversion exceeds the 

95 % confidence limit the response is not onedimensional. 

For a correctly fitted 1D model the observed x Z  should 

equal the expectation value. 

under-estimates of the true errors. (This result is suggested 
by a comparison of the error bars shown in Fig. 5 with the 
variation in the impedance estimates between adjacent 
frequencies.) Such an under-estimate of the errors may have 
been caused by non-stationarity of the geomagnetic signal 
and the noise. 

The responses from the three sites were next inverted 
using the Occam inversion algorithm of Constable, Parker & 
Constable (1987). In this algorithm the integral of the first 
derivative of the (logarithm of the) conductivity with depth 
is minimized. In contrast to the D’ fit which gives the best 
possible fit to the data using a very rough model, the Occam 
inversion gives the smallest model which fits the data at a 
specified level of misfit. Any structures appearing in an 
Occam model may therefore be concluded to be necessary 
features of the true conductivity profile. An Occam model 
will not define sharp conductivity boundaries in parts of the 
conductivity model where the resolution of the 1-D MT 
method is low, for example at the base of highly conducting 
layers. 

Figure 6 shows Occam conductivity models for the three 
central Tasman Sea sites, fitted to a range of misfit levels. 
Fig. 6(a) shows models which have a level of roughness 
estimated to be appropriate for the random errors on the 
impedances and Fig. 5(a) shows the response of these 
models. Conductivity models fitted to smaller xz values will 
have an increasingly rough structure. Fig. 6(b) shows models 
for each site fitted to f 1 5  per cent of the x2  level of the 
model fits in Fig. 6(a). The response of the three Occam 
models for site TP3 is compared in Fig. 5(b); the rough 
model clearly fits the data most closely. 

The model conductivity profiles at sites TP3 and TP4 are 
very similar at depths of greater than 100 km. The site TP3 
model in Fig. 6(a) contains a high conducting layer (HCL) 
between the depths of 150 and 250km. For site TP4 an 
HCL appears only in the rough model, but its similarity to 
the HCL at TP3 suggests it is a real feature of the response 
and not due to the fitting of random errors. Both the TP3 
and TP4 models include a deeper conductivity increase at 
400-500km, and at depths beneath the HCL have 
conductivity values of a similar magnitude. The deeper 
conductivity rises occur just above the maximum depth of 
inference of the impedance data [as determined using the 
method of Parker (1982)] and appear to be required by the 
data. The conductivity models indicate the deep conduc- 
tivity structure beneath the central Tasman Sea is laterally 
homogeneous, with the same conductivity profile extending 
over the 370 km distance between sites TP3 and TP4. The 
TP5 conductivity model however exhibits differences from 
the models at TP3 and TP4 and contains no corresponding 
HCL. 

At depths of less than 100 km the conductivity profile at 
site TP4 is much more conductive than at site TP3. A 1-D 
MT inversion can accurately resolve the total conductance in 
near-surface regions; however, the inversion provides poor 
depth resolution of the actual conductive layers. The Occam 
inversion method will ‘smear’ the conductance in strongly 
conducting regions near the surface into the underlying 
resistive regions of the mantle. Therefore, although Fig. 6 
shows that the TP4 profile is m0r.e conductive than the TP3 
profile at all depths above 100 km, the differences between 
the actual conductivity profiles at the two sites models may 
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Figure 5. Data and model responses for sites TP3, TP4 and TP5. The data are the E-polarization SFMT response in apparent resistivity/phase 
(pa, a) form with one standard deviation error bars. (a) The solid curve shows the fit of the D+ model and the dashed curve the response of 
the Occam model. The D+ model gives the best possible 1-D model fit to the data while the Occam model shows the smallest model with a 
level of misfit appropriate for the random errors on the data. (b) The solid curve shows the response of the TP3 Occam model fitted to a misfit 
level estimated to be appropriate for the errors on the data. The dashed curve shows a (rougher) model fitted to xz level of 15 per cent less 
than the appropriate level and the dotted curve shows a (smoother) model fitted to a x2 level of 15 per cent greater than the appropriate level. 
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Figure 5. (continued). 

occur at a much more shallow depth. The differences 
between the TP3 and TP4 models are most plausibly 
explained by an increased lithospheric or sediment 
conductance at site TP4 relative to site TP3. Estimates of 
sediment conductance at the two sites (based on the known 
sediment depth and sediment type) indicate that although 
the sediment conductance at TP4 is higher than at TP3, the 
difference is insufficient to explain all of the additional 
conductance in the TP4 conductivity profile. 

The additional conductance at site TP4 is therefore 
attributed to a variation in the lithospheric conductivity. 
Possible sources for the higher lithospheric conductivity at 
TP4 include the nearby fossil spreading ridge of the Tasman 
Sea (Fig. l), the seamount chain on which TP4 is located, or 
fracturing of the lithosphere associated with local transform 
faults or fracture zones. The most plausible of these 
explanations is that the increased conductivity is related to 
thermal effects associated with the source of the seamount 
chain. This tectonic structure is much younger than the 
spreading ridge which has been inactive for 60 Ma and is the 
most likely to be associated with a considerable increase the 
electrical conductivity in the meridional direction (as sensed 
by the E-polarization impedance estimates). Rocks from the 
Gascoyne Seamount, 120 km north of site TP4 (Fig. l), have 
been dated at 5 Ma (McDougall & Duncan 1988) and there 
is active seismicity 300km south of TP4 (Denham 1985) 
which is probably associated with the source of the 
seamounts. 

Three mechanisms have been proposed for the formation 
of the seamount chain which becomes younger towards the 
south a rate almost identical to that of the northwards 
movement of the Australian plate. McDougall & Duncan 

(1988) attribute the chain to the movement of the Australian 
plate over a fixed mantle hotspot; Sutherland (1983) 
attributes it to a movement over an extensive linear feature, 
'hot-line', extending in the E-W direction; Pilger (1982) 
attributes the chain to re-adjustments in the intraplate stress 
field in the Australian plate. Because of the limited 
resolution available to MT inversions it is difficult to 
discriminate between these mechanisms using the inverted 
conductivity models. It may be concluded that there must be 
a reasonably large volume of increased conductivity (aligned 
in the meridional direction) near TP4 and this result 
probably favours the hotspot model, with the increased 
conductivity being caused by the heating of the lithosphere 
downstream from the hotspot (e.g. Sleep 1987). 

The conductivity structure for site TP5 is very different 
from that at sites TP3 and TP4. It includes a peak in 
conductivity at 50-70 km depth and a resistive zone around 
200-300 km. It is difficult to explain the differences between 
the TP5 and TP3/TP4 models on the basis of known tectonic 
features of the Tasman Sea. It is possible that the TP5 
conductivity model is distorted by E-polarization effects 
from the Australian coastline. 

The level to which the data are fitted in an Occam 
inversion is defined using the x2 criterion and takes into 
account the number of data and the magnitude of the 
random errors on the data. The data should not be fitted 
exactly since the resulting conductivity model would be 
fitting the random errors in the data and may therefore 
contain spurious features. For data which cannot be 
statistically fitted by a layered-earth model this measure 
cannot be used because it is not possible to reduce the misfit 
below some x2 level defined by the non-1-D component of 
the observed response. It is inappropriate to fit the data to 
this minimum level of misfit because the resulting 
conductivity model will be fitting random errors in the data. 

The roughness value chosen for the conductivity models 
in Fig. 6(a) was obtained for each site using a synthetic 1-D 
data set consisting of the D+ response for the site 
(necessarily 1-D) and the error estimates for the observed 
data. The synthetic data set was fitted to the appropriate x2  
misfit using an Occam inversion and the roughness level 
recorded. The original data were then inverted, to varying 
levels of misfit, until the same roughness value was 
obtained. This method was used only as a guide to the 
appropriate level of roughness of the inverted models and is 
based on the assumption that the magnitude of the error 
estimates on the h4T response influence the roughness of the 
inversion model more than the response function itself does. 

DISCUSSION 

The smooth variation with position on the Tasman Seafloor, 
of features of the SFMT impedance tensor such as the skew, 
anisotropy and B-polarization impedance magnitude, 
indicates the geomagnetic induction in the Tasman Sea is 
influenced by the large-scale bathymetry of the ocean. This 
result may be confirmed using a thin-sheet model (e.g. 
McKirdy, Weaver & Dawson 1985) of the Tasman Sea 
Region in which the ocean bathymetry is modelled by a 
sheet of varying conductance. It is anticipated that such a 
model may quantitatively reproduce the observed skew, 
anisotropy of the observed SFh4T impedance tensors and 
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Figure 6. Occam inversion models fitted to the E-polarization SFMT impedance at sites TP3, TP4 and TP5. Note the occurrence of a high 
conducting layer (HCL) in some of the models. (a) Models fitted to a level of roughness corresponding to the observed random errors. (b) 
Models fitted to a xz misfit level of f15 per cent of the x2 value for the model shown in (a). The dashed line defines the model with the larger 
misfit. 

also show the enhancement of the ocean-surface magnetic 
field (parallel to the Australian coastline) in the central 
Tasman Sea. 

A thin-sheet model should reveal how the large-scale 
conductivity structure of the Tasman Sea Region distorts the 
observed impedance at each TPSME seafloor site from the 
impedance corresponding to the local underlying layered 
conductivity structure. The modelling could therefore 
permit the strongly distorted B-polarization impedance 
components and the E-polarization impedance components 
from sites near the Australian coastline and Lord Howe 
Rise to be used for determinations of the underlying 
conductivity structure. The modelling could also quantify 
the relationship between the E-polarization impedances in 
the central Tasman Sea and the impedance corresponding to 
the underlying conductivity structure. We assumed earlier 
that these quantities were related by a real, frequency- 
invariant constant. 

If the E-polarization impedance is equal to a local 
impedance response multiplied by a real frequency- 

independent constant K, the true conductivity models will 
have the same shape as the models shown in Fig. 6 on the 
log-log conductivity versus depth curves. The effect of the 
constant K will be to increase the depth of features in the 
conductivity model by a factor of K and to decrease the 
conductivity of features by a factor of K 2 .  Comparison of 
the inverted conductivity models with independent informa- 
tion on the seafloor conductivity structure suggests 
0.25 < K < 2.0. This conclusion is based on comparing the 
integrated conductance in the upper part of the conductivity 
model with the values expected for the seafloor, and the 
depth to the HCI in the conductivity model with the depth 
to the HCL in lithosphere of a similar age in the Pacific 
Ocean. 

An MT inversion provides an accurate estimate of the 
near-surface conductance of a conductivity profile and for 
site TP3, the I-D inversion of the SFMT E-polarization 
impedance indicates an integrated conductance of 360 S in 
the upper 50 km of the conductivity model. From previous 
SFMT soundings and measurements of the conductivity of 
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seafloor sediments, the integrated conductivity of the 
oceanic crust and sediments (400 m of pelagic clay) beneath 
site TP3 is predicted to be approximately 550s. The two 
conductance results suggest the value of K is approximately 
0.6. If K is outside the range noted above, the discrepancy 
between the two estimates becomes significant. 

It is necessary to assess the changes caused to the 
conductivity results if the distortion of the E-polarization 
(and thus K) varies with frequency. Fig. 7 compares the 
misfit between the D+ model and the data, for sites TP3, 
TP4 and TP5. A similar frequency-dependent misfit is 
observed for all three sites. The results suggest that K does 
vary slightly with frequency but this again is an effect related 
to the large-scale bathymetry of the Tasman Sea. The misfit 
at TP5 differs slightly from that at TP3 and TP4 confirming 
that the TP5 response is influenced by a 2-D or 3-D effect 
not present at the other two sites, most probably a distortion 
of the impedance caused by the presence of the Australian 
coastline. 

Final proof of the existence of the HCL beneath the 
central Tasman Sea will require 3-D modelling to show that 
the appearance of an HCL in the conductivity model is not 
caused by the distortion of the SFMT impedances. The 
existence of an HCL beneath the Tasman Sea is however 

I .  J .  Ferguson, F. E. M .  Lilley and J .  H .  Filloux 

Difference from D' Response 

n WJ 15+1 
a, - a j , q4,; 

.' '. d -9.' ,. . 
: , , 0 . 

\ I  

g o  

n 

(d 

al 
4 i 'tl - 

- 15 

TP5 A'. . *.. .A 
-80 I I I I , 1 1 1 1 1  I I I I I I I  

lo-' 1 oo 10' 
Frequency (cph) 

Figure 7. Comparison of the misfit between the data and D+ 
response at sites TP3, TP4 and TPS. The curves plotted show the 
data (in pa,@ form) minus the model response (in pa, CP form). One 
standard deviation errors on the TP3 data are also shown. The 
similarity of the misfit at sites provides evidence for the large-scale 
nature of the geomagnetic response in the Tasman Sea. The 
differences between the phase misfit at TP5 and that at TP3 and 
TP4, suggests the response at TP5 involves additional 2-D or 3-D 
effects not present in the central Tasman Sea. 

strongly supported by the occurrence of a similar feature in 
conductivity models for the seafloor of the Pacific Ocean 
(e.g. Filloux 1980). The Occam inversion models for the 
SFMT data indicate that the depth of the HCL beneath the 
60 to 80 Ma lithosphere of the Tasman Sea (Weissel & 
Hayes 1977) is 150 km. Different 1-D inversions of SFMT 
data from 72Ma lithosphere in the Pacific Ocean (Filloux 
1980; Oldenburg 1981; Oldenburg, Whittal & Parker 1984) 
place the top of the HCL at depths of 80, 140 and 180 km 
with the 80km depth being derived from a minimum- 
structure inversion. Assuming the tectonic processes are 
similar in the Tasman Sea and the Pacific Ocean, and for 
lithosphere of the same age the HCL is at the same depth in 
both locations, the results suggest a value for K of 
approximately 0.5. This estimate for K agrees well with the 
one based on the near-surface conductance in the TP3 
conductivity profile. 

Because the distortion of the impedances is almost 
identical at sites TP3 and TP4 (Fig. 7) comparisons of the 
conductivity models from the two sites will yield definite 
conclusions on the differences between the conductivity 
structure at the two sites. The spatial homogeneity of the 
deep conductivity structure at TP3 and TP4 and the higher 
conductivity near the surface at TP4 are therefore robust 
results and cannot be attributed to a distortion of the 
impedances. 

CONCLUSIONS 

The observations made during the TPSME show that the 
geomagnetic response in the Tasman Sea is dependent on a 
large-scale electrical conductivity structure, with the smooth 
spatial variation of 2-D and 3-D components of the response 
between recording sites being related to the large-scale 
bathymetry of the Tasman Sea Region. The orientation of 
the principal axes of the impedance tensors and smooth 
increase in the B-polarization impedance magnitude with 
distance from the coast is explained by the attenuation of 
transverse electric currents in the ocean by the Australian 
coastline (Lilley et al. 1989). The skew angle and differences 
between the VGS and SFh4T impedance estimates are 
explained by a frequency-independent concentration of 
electric currents in the central Tasman Sea. 

1-D modelling of the conductivity model in the central 
Tasman Sea shows the deep conductivity structure is very 
similar at sites TP3 and TP4, while TP4 is more conductive 
at shallow depths. The higher conductance at TP4 is 
interpreted as evidence of lithospheric heating by a hotspot, 
the source of an adjacent seamount chain. It is probable that 
the deep conductivity structure beneath the central Tasman 
Sea contains a high conducting layer, similar to that 
observed in Pacific Ocean results; however, the final 
resolution of the depth of the layer will require the results of 
3-D (thin-sheet) modelling of the TPSME data. Such 
modelling may allow a quantitative analysis of the 
large-scale 2-D and 3-D components of the SFMT response 
and may permit the subsequent determination of the 
conductivity structure beneath sites near the Australian 
coastline and the Lord Howe Rise where the SFMT 
response is more strongly distorted. 
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APPENDIX 

In the calculation of the VGS estimate of the impedance 
using the data from a remote site it is assumed that the 
geomagnetic field is completely coherent between the two 
sites. Because of inhomogeneities in the Earth and 
ionosphere the magnetic field will not be completely 
coherent between the two sites. This lower coherence will 
bias the crosspowers in [B,,B,-,,I (the important 
parameters in the VGS estimate) downwards and will 
therefore also bias the ratio of the magnetic field at the 
remote and seafloor sites, P i  downwards. 

In order to correct P i  it is necessary to quantify the 
decrease in coherence as a function of intersite distance. 
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This result was obtained by fitting an exponential function to 
a plot of the magnetic-field coherence parameter yij versus 
the distance between sites i and j .  An exponential function 
of the form 

yij = yii exp ( -x i j /D)  (Al) 

(where xij is the intersite distance and D is an exponential 
scale determined for each period) was chosen because it 
provides a relatively good fit to the data and also possesses 
the required properties of decreasing monotonically and 
smoothly with increasing intersite distance. yij is the square 
root of the ordinary coherence between the magnetic field 
component at sites i and j and provides a measure of the 
source-field uniformity which is proportional to the 
crosspower. 

We require the correction for the magnetic field 
component involved in the E-polarization impedance terms, 
the component perpendicular to the Australian coast. This 
component lies close to the magnetic east component of the 
magnetic field and for convenience the calculations of 
source-field coherence were based on the magnetic east 
component. This procedure does not significantly alter the 
correction to Pi. The uniformity of the magnetic field 
possibly changes with time and it was therefore necessary to 
use the same data segments in the determinations of the 
source-field uniformity as in the determination of Pf itself. 

The exponential functions fitted to the data have distance 
scales ranging from 8000 km at a frequency of 0.06 cph to 
2000 km at 0.48cph. Fig. A1 illustrates the source-field 
coherence function for east component of the magnetic field 
for two different periods. These exponential scales represent 
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Figure Al. Source-field coherence as a function of intersite 
distance. The diagram plots the coherence term y,, which is a 
measure of the coherence of the east magnetic field component 
between sites i and j ,  against the intersite distance. y is the square 
root of the ordinary coherence. The figure shows the data at the 
periods of 2.1 hr (squares) and 16.7hr (triangles) and the 
exponential curves fitted to these data. The exponential distance 
scales are used to correct the crosspowers used in VGS estimates. 

average source-field scales for the 2-10 day time segments 
used in the spectral analysis (Lilley et al. 1989). After 
calculation of the exponential scale of the source-field the 
magnetic field ratio between two sites distance x apart was 
corrected to Pz using 

= Pi exp ( x / D ) .  


