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a b s t r a c t
An example of magnetotelluric data is discussed which has distinctive phase values out of quadrant, and for
which the Zxx element of the measured tensor is greater than the Zxy element in both real and quadrature
parts. Mohr circle plots and principal value decompositions of the real and quadrature parts of the tensor
clarify its understanding. An analysis of rotational invariants of the data suggests a case of galvanic distortion
of a 2D structure. Results from phase tensor analysis are included, and the example is seen to be a dramatic
instance of phase tensor analysis reducing an apparently 3D example to 2D characteristics.
The Mohr circles of this example do not capture the axes origin, although there are phases out of quadrant. Extra
intrigue is thus added to the question, noted in Lilley, F.E.M., 1998. Magnetotelluric tensor decomposition: part I,
theory for a basic procedure. Geophysics 63, 1885–1897 and arising independently in Caldwell, T.G., Bibby, H. M.,
Brown, C., 2004. The magnetotelluric phase tensor. Geophys. J. Int. 158, 457–469 and Bibby, H.M., Caldwell, T.G.,
Brown, C., 2005. Determinable and non-determinable parameters of galvanic distortion in magnetotellurics.
Geophys. J. Int. 163, 915–930, whether the determinant values taken separately of the real and quadrature parts of
a magnetotelluric tensor should both never be negative.
For data whose Mohr circles do not capture the axes origin, simple conditions are derived regarding phase. These
conditions govern whether or not it is formally possible for observed phases of Zxy to exceed 90°, for any rotation
of the observing axes.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Central to a magnetotelluric study of Earth structure is the determination, from ﬁeld measurements of the horizontal components of the
electric ﬁeld E and the magnetic ﬁeld H as time series at a site, of values
for different periods of the magnetotelluric tensor Z for that site (Weaver,
1994). In this paper, the notation will be adopted of


Zxx
Zyx

Zxy
Zyy



for the elements of a magnetotelluric tensor, with subscripts r and q
given to the real and quadrature parts of the elements, respectively.
These tensor values are obtained for some particular orientation of the
observing axes of E and H. If the measuring axes are rotated, the tensor
values change. At the heart of this paper is ﬁrstly the graphical
demonstration of how they change, using Mohr circles, and secondly the
signiﬁcance of quantities known as invariants, which do not change
when measuring axes are rotated. The signiﬁcance of invariants has
been recognised for some time, see Ingham (1988), Park and
Livelybrooks (1989), Fischer and Masero (1994) and Lilley (1998).
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Szarka and Menvielle (1997) and Weaver et al. (2000) investigated sets
of seven invariants which, together with an eighth value in the form of
a geographic bearing, are needed to fully describe a complex magnetotelluric tensor of eight elements. Weaver et al. (2003) (reprinted as
Weaver et al., 2006) further presented three invariants which were
based on the phase tensor analysis of Caldwell et al. (2004), see also
Bibby et al. (2005).
Often the interpretation of observed magnetotelluric tensors is
straightforward, enabling a magnetotelluric study to proceed to completion. Sometimes however, individual sites may appear anomalous
and need extra attention before their interpretation can proceed. The
present paper gives a graphical analysis of an example selected for its
perplexing characteristics. The calculation and display of its invariants of
rotation has been found to be helpful. The practical application is that
other perplexing observations may beneﬁt from similar analysis.
The example is discussed against a wider background. The procedure
for 1D inversion is invariably based on the observed 1D impedance.
Similarly 2D inversion is commonly based on the TE (E-pol) and TM
(B-pol) impedances. As the subject of magnetotelluric interpretation
advances further into 3D inversion and modelling, the question of which
parameters to invert, from a wide range of possible candidates including
notably invariants as discussed in this paper, may be expected to need
frequent re-visiting.
The analysis starts with principal value decomposition of the real
and quadrature parts of the magnetotelluric tensor taken separately
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(Lilley, 1998). It then moves to the calculation and presentation of the
invariants of rotation of Weaver et al. (2000), and to the phase tensor
analysis of Caldwell et al. (2004). The recognition that just three
invariants displayed as functions of period carry much important
information is tested. To give a context, sets of other invariants are
also displayed. Phase tensor analysis, which avoids galvanic distortion effects, reduces the 3D nature of the example to 2D form,
and demonstrates that the example is strongly affected by galvanic
distortion.
2. Mohr circles
Mohr circle diagrams are included in the displays, including a set for
phase tensor analysis. It is instructive to examine all Mohr circles in such
a case, to see whether the circles enclose or capture their origin of axes.
In the present example they do not do so. Such capture, occurring for the
real (or quadrature) part of the full tensor, would mean that the
determinant value of that part of the tensor was negative (Lilley, 1998
p.1890). This matter also arises in the discussions of Caldwell et al.
(2004, p.469) and Bibby et al. (2005, p.918).
The Mohr circles show phases greater than 90° are possible for some
rotation of axes. In Section 4 below, general conditions for this
phenomenon to occur are derived in terms of two angles, both
calculated from the magnetotelluric tensor as observed. The two angles
are invariants of rotation.
In discussing phase angles, this paper implicitly assumes that an
exp(+iωt) time dependence has been taken for all time-dependent
quantities. Such is evidently the case for the example discussed, the
EMSLAB LP04 data. When an exp(− iωt) time dependence is used,

phase values change sign, and quadrature Mohr circles will generally
plot to the left of the vertical axis, rather than to the right (Lilley, 1998,
p.1897).
3. Example from EMSLAB site LP04
3.1. Data and basic decomposition
The example is from EMSLAB long-period site LP04 (Booker and
Chave, 1989). There are four ﬁgures presenting results for this site. The
ﬁrst (Fig. 1) shows, in its left-hand panel, apparent resistivity values
calculated from the individual Zxx, Zxy, Zyx and Zyy tensor elements as
observed. The graphs in the right-hand panel show corresponding phase
values.
Comparing the apparent resistivity values computed for the
individual tensor elements, it is seen that the Zxx apparent resistivity
is greater than the Zxy apparent resistivity. This situation is unusual
and, in the interpretation process, requires resolution. Further, the Zxy
phase moves out of its expected quadrant for periods above 103s,
though the Zyx phase is in the appropriate quadrant. The Zyy apparent
resistivity behaviour is erratic, with value increasing markedly over
the period range, and phase changing quadrant several times.
Fig. 2 shows, at the top, Mohr circles for the magnetotelluric data.
With increasing period, these circles show a consistent pattern. The
observed points are marked by the outer ends of the radial arms, and
it can be seen that with increasing period these observed points in the
real circles move upwards from the horizontal axis, and then to the
left to cross the vertical axis. Similar behaviour is seen in the
quadrature circles.

Fig. 1. The EMSLAB LP04 data. The units of apparent resistivity (rho Zxy as computed for the Zxy element, etc.) are ohm m, and phase angles are given in degrees.
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Fig. 2. Mohr circles and decomposition of the EMSLAB LP04 data, as explained in the text. The variation of period with colour in the Mohr circle diagrams is the same as for the other
plots. The centre point of each circle has the same colour as the circle, and the radial arm from the centre meets the circle at the observed (i.e. before rotation) value of (Zxy, Zxx).
Rotation of the measuring axes through 180° causes all radial arms to sweep around 360°, each arm thus drawing its own circle. For the Mohr circles, each tensor element value has
been scaled by multiplication by the square root of the period, to make the plot of a set of circles more compact.

This behaviour explains immediately the unusual characteristics
noted in Fig. 1. There where the Zxy phase is 90° (orange point on plot)
the real Mohr circle (orange) shows its observed point to be just
crossing the vertical axis. Similarly the last point (red) in the Zxy phase
plot shows a further change in quadrant, corresponding to the
observed point of the outermost (red) quadrature circle just crossing
the vertical axis.
The panels below the circles in Fig. 2 show principal value decompositions of the magnetotelluric tensor, taking the real and
quadrature parts of the tensor separately (Lilley, 1998). The situation
is envisaged where an ideal two-dimensional tensor is measured
using axes (say aligned north and east) relative to which the geologic

strike has bearing θh. The distortion of the electric ﬁeld from its 2D
direction is described by an angle (θe − θh). Then rotating the
magnetic axes by angle θh and the electric axes by angle θe recovers
the original two-dimensional tensor, and its E-pol and B-pol values.
Using Eqs. (107)–(114) of Lilley (1998), the panels of Fig. 2 show
the θe and θh values for the LP04 example, and below them, values of
apparent resistivity (left) and phase (right) calculated for ‘principal’
values of the tensor, ZPxy and ZPyx. In the calculation of the apparent
resistivity and phase values, the real and quadrature parts of ZPxy have
ﬁrst been combined in the usual way to give ZPxy amplitudes, even
though the real and quadrature parts of ZPxy may have resulted from
different values of θe and θh. The same description applies to ZPyx. For
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the simple 2D distortion case described, such apparent resistivity and
phase results are the undistorted E-pol and B-pol values (possibly
interchanged).
Examining the results plotted for the LP04 example in Fig. 2, it is
evident that both θe and θh are well determined and reasonably
consistent for all the period range, with θe more constant than θh. This
behaviour is consistent with 2D structure, the variation of θh indicating
some variation of geologic strike with period. The ZPxy and ZPyx apparent
resistivities are well behaved, and also consistent with 2D structure. The
ZPxy and ZPyx phases are in appropriate quadrants, and smooth.
In the Mohr circles, invariants of rotation of the measuring axes are
evident. For example the centres of the circles are ﬁxed by the

observed data, and would not change even were the measuring axes
to be rotated and so aligned differently. In the case of an ideal 2D
structure, the E-pol and B-pol impedances are given by the two points
where the circle (itself now centred on the horizontal axis) cuts the
horizontal axis.
3.2. Invariants as a function of period
The third ﬁgure (Fig. 3) moves to the calculation and presentation
of the invariants of rotation of Weaver et al. (2000), denoted as I1 to I7.
Two supplementary invariants are also included, I and I0 (Weaver
et al., 2003, 2006). The seven invariants (I1 to I7) monitor the

Fig. 3. The LP04 data: invariants as a function of period. Invariants I, I0, and I1 to I7 are from the analysis of the full tensor (Weaver et al., 2000). Invariants J1, J2 and J3 are from the
analysis of the phase tensor (Weaver et al., 2003). More information on these invariants is given in the Appendix A. The units of I1 and I2 are those of the observed tensor elements,
and I has those units squared. The invariants I0, I3 to I7, and J1 to J3 are dimensionless.
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dimensionality of the magnetotelluric tensor as a function of period.
Speciﬁcally, I1 and I2 gauge the scale of the tensor: see Eq. (24) of
Weaver et al. (2000). The quantities I3 and I4 are dimensionless,
vanish for 1D, and otherwise gauge the extent of two-dimensionality:
see Eqs. (26) and (27) of Weaver et al. (2000). The quantities I5, I6
and I7 (also dimensionless) gauge three-dimensionality, see Eqs. (51)
and (52) of Weaver et al. (2000). Of the supplementary invariants in
Fig. 3, I is related to I1 and I2. The supplementary invariant I0 is related
to I7, in that the vanishing of I0 implies that I7 is undeﬁned.
Thus in Fig. 3 for site LP04, invariants I1 and I2 show a common, wellbehaved smooth decrease with increasing period (which is seen also
in I). Invariants I3 and I4 show values non-zero for all their period range,
a clear indication of two-dimensionality or three-dimensionality in the
observed data. The values of I5 are clearly non-zero, but I6 and I7 are
weaker. Numerical ranges for the criteria of Weaver et al. (2000) are still
a matter of experiment and discussion (Marti et al., 2005; McKay and
Whaler, 2006). However if weak I6 and I7 are linked to the ideal case of
zero I6 and I7 then these criteria indicate three-dimensionality due to
‘galvanic distortion representing a pure twist, without shear, of the local
electric ﬁeld in a 2D region’ (Weaver et al., 2000, p.328).
The set of three independent invariants, J1, J2 and J3 (Weaver et al.,
2003, 2006) which can be expressed in terms of I, I0, I1, I3 and I7, are
next considered. They are closely related to the phase tensor analysis
of Caldwell et al. (2004) and summarise neatly the extent to which the
dimensionality of the data is 1D, 2D or 3D. Their values are plotted at
the bottom of Fig. 3. There it can be seen that the values of J2 are
consistently non-zero, conﬁrming two-dimensionality. The values of
J3 are close to zero at short periods, but steadily increase as period
lengthens. Thus three-dimensionality is subdued at short periods,
supporting a 2D model, but at periods greater than 2000 s nongalvanic 3D effects in the geologic structure become evident.
The invariants J1, J2 and J3 may also be displayed in Mohr circles, as
demonstrated by Weaver et al. (2003, 2006). Such Mohr circles are
presented in Fig. 4. The horizontal distance from the axes origin to the
centre of a circle is J1, and can be thought of as a basic scale for the tangent
of the magnetotelluric phase (thus a value of unity indicates a magnetotelluric phase of 45°). The radius of a circle is J2, and is a measure of
the two-dimensionality of the data (the greater J2, the greater is the twodimensionality). The offset of the circle centre from the horizontal axis is
J3, and is a measure of the three-dimensionality of the data.
Inspection of Fig. 4 shows that the circles have expanded from the
series of single points which would indicate one-dimensionality, but
the circle centres move away from the horizontal axis only at the
longest periods in the spectrum of the data. These characteristics in
the circle plots are consistent with the numerical values of J1, J2 and J3
plotted at the bottom of Fig. 3. The angles α, β and γ, presented below
the Mohr circles in Fig. 4, are auxiliary to the analysis (Weaver et al.,
2003, 2006). Angle α is the arcsine of J2/(J21 + J23)1/2, and is zero when
J2 is zero. Angle β is the arctangent of J3/J1, and is small when J3 is
small (as is the case with this example). Angle γ is the arcsine of J3/J2,
and is small in the present instance. (For a one-dimensional situation,
when both J3 and J2 are small, γ becomes unstable.)
The angle θs, plotted below α, is presented by Weaver et al. (2003,
2006) as the angle of 2D strike, when such a strike exists. It is
equivalent to the Bahr angle (Bahr, 1988). In the present example this
angle is well determined and has a value of near 90° for most of the
period range. Taken as the strike angle for a 2D model, the values
plotted for θs may be compared with the values for θh (real and
quadrature) in Fig. 2. It can be seen there is consistency between these
different determinations of 2D strike direction.
4. Conditions for Zxy and Zyx phases out of quadrant
For simple cases of induction in 1D layered media, Zxy phases will
be in the ﬁrst quadrant, and Zyx phases in the third quadrant.
However, it is not uncommon with more complicated geologic struc-
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ture to ﬁnd phases which are out of quadrant, for some orientation of
the measuring axes. The case discussed in this paper is one such
example, albeit a distinctive one. Heise and Pous (2003) and Heise
et al. (2006) present other cases, which they describe as being caused
by anisotropic structures.
To investigate phases out of quadrant, Fig. 5 shows a Mohr circle
for the real part of a tensor, with appropriate quantities marked.
Rotation of the observing axes (say by θ′) gives values for the real
parts of the tensor elements of Z′xxr, Z′xyr, Z′yxr and Z′yyr respectively.
These values, if plotted on such a diagram for a range of different
rotations, trace out the circle shown. A similar diagram may be drawn
for the quadrature part of the tensor (with subscript q for ‘quadrature’
replacing subscript r for ‘real’).
Adopting, in the rotated frame, the common deﬁnition for phase
ϕ′xy of
h
i
ϕ′xy = arctan Z′xyq =Z ′xyr

ð1Þ

where the signs of the numerator and denominator are taken into
account, then ϕ′xy is in the ﬁrst quadrant when both Z′xyr and Z′xyq are
positive.
The condition for the phase of Z′xy to go out of quadrant is that one
or both of its real and quadrature parts should be negative. On the
Mohr circle diagram, this condition is equivalent to either or both of
the real and quadrature circles for the data crossing the vertical axis.
(The circle in Fig. 5 does not cross the vertical Z′xxr axis, but many
circles in Fig. 2 do.) Phases greater than 90° are then possible for Z′xy. If
the circles however remain to the right of their vertical axes, the Z′xy
phase will be in quadrant for any orientation of the measuring axes.
Returning to Fig. 5, for the crossing of the vertical axis to occur, it
can be seen that λr and μ r must together be greater than 90°.
According to Lilley (1993), λr is given by

λr = arctan

½ðZxx −Zyy Þ2 + ðZxy
r

r

r

+ Zyxr Þ

2

1
2

2ðZxxr Zyyr −Zxyr Zyxr Þ

1

2

ð2Þ

where if the positive square root is always taken λr will always be in
the ﬁrst quadrant.
Also, μ r is given by
"
#
Zyyr + Zxxr
μ r = arctan
Zxyr −Zyxr

ð3Þ

and may be positive or negative. Thus the condition for phases out of
quadrant regarding the real part of the tensor is
λr + jμ r j N 90∘

ð4Þ

A similar inequality for the quadrature part of a magnetotelluric
tensor may be derived in the same way as
λq + jμ q j N 90∘ :

ð5Þ

The Z′yyr and Z′yxr axes are included in Fig. 5, so that the consequences
for the phases of these elements are also clear. The symmetry of the
ﬁgure is such that if the circle crosses the Z′xxr axis to the left, it will also
cross the Z′yyr axis to the right. Thus if phases out of quadrant are possible
for Z′xy, so are they also possible for Z′yx. However, the latter will occur for
rotations 90° different from the former.
Similar considerations will give rules regarding the quadrants to
be expected for Z′xx and Z′yy phases. An analysis of Fig. 5 shows that
these phases will generally change quadrants with a rotation of the
observing axes. An exception, when they would not do so, would be if
the circle in Fig. 5 did not cross the horizontal Z′xyr axis, but stayed
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′ and T21
′ plotted to give the phase-tensor Mohr circles are dimensionless. For 1D data (points on
Fig. 4. Mohr circles for the phase-tensor decomposition of the LP04 data. The quantities T11
the horizontal axis) T′11 is the trigonometric tangent of the phase value of the magnetotelluric impedance. The variation of period with colour in the Mohr circles is the same as for the other
plots. The centre point of each circle has the same colour as the circle itself, and the radial arm from the centre meets the circle at the observed (i.e. before rotation) value of (T11, T21).
Rotation of the measuring axes through 180° causes all radial arms to sweep around 360°, each arm thus drawing its own circle. Angles α, β, θs and γ are explained in the Appendix A.

completely above (or below) this axis (and the circle for the quadrature part of the tensor behaved similarly).
5. Conclusions
The observed behaviour of the magnetotelluric ﬁeld at site LP04, at
ﬁrst inspection perplexing, is seen as a distinctive consequence of the
particular orientation which the observing axes happened to have
with the geologic structure. When invariants of rotation are calculated
and examined, the criteria of Weaver et al. (2000) suggest galvanic

distortion of a 2D region. Phase tensor analysis also reduces the
apparent 3D behaviour of the example to 2D behaviour, and demonstrates that the case is one of galvanic distortion of a 2D situation.
Some 3D behaviour remains at long periods, however.
More generally, when phases out of quadrant are recognised as
Mohr circles which have crossed their vertical axis, it is clear that such
phases are potentially of common occurrence. Whether they are
realised or not in observed data then depends on the orientation of the
observing axes. As derived in the previous section, a necessary and
sufﬁcient condition for the Zxy phase to exceed 90° for some rotation
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Fig. 5. The angles λr and μ r which arise in the discussion of the possibility of phases out
of quadrant.

of the observing axes is the satisfaction of one of inequalities (4) and
(5).
However, notwithstanding having phases out of quadrant, it is
very uncommon for Mohr circles of magnetotelluric data to capture
their axes origin. The example in this paper, with its unusual
characteristics, was considered to be a candidate which might exhibit
‘axes origin capture’ behaviour. That it does not do so keeps pertinent
the question of whether the determinant values taken separately of
the real and quadrature parts of a magnetotelluric tensor should both
never be negative.
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Appendix A. Summary of quantities arising in invariant analysis
From Lilley (1998):
θer and θeq are the angles of rotation of the electric axes to give the
real and quadrature parts of a tensor, respectively, a 2D form.
θhr and θhq are the angles of rotation of the magnetic axes to give
the real and quadrature parts of a tensor, respectively, a 2D form.
θhr and θhq are taken to be estimates of 2D strike. (θer − θhr) is
shown, in Fig. 5 above, by angle μ r.
ZPxy is the impedance (E-pol or B-pol) when a tensor is reduced to
2D form. With reference to Fig. 5 above, ZPxyr is distance OC less the
circle radius.
ZPyx is the impedance (B-pol or E-pol) when a tensor is reduced to
2D form. With reference to Fig. 5 above, ZPyxr is distance OC plus
the circle radius.
From Weaver et al. (2000):
I1 is a measure of the 1D character of the real part of a tensor. With
reference to Fig. 5 above, I1 is distance OC.
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I2 is a measure of the 1D character of the quadrature part of a
tensor. I2 would be the distance OC in an equivalent version of
Fig. 5 drawn for the quadrature part of a tensor.
I3 is a measure of the 2D character of the real part of a tensor. With
reference to Fig. 5 above, I3 is sinλr.
I4 is a measure of the 2D character of the quadrature part of a tensor.
In an equivalent version of Fig. 5 above drawn for the quadrature part
of a tensor, I4 would be sinλq.
I5 is a measure of the 3D character of the real part of a tensor. With
reference to Fig. 5 above and to an equivalent ﬁgure drawn for the
quadrature part of the tensor, I5 is sin(μ q + μ r).
I6 is a measure of the 3D character of the quadrature part of a
tensor. With reference to Fig. 5 above and to an equivalent ﬁgure
drawn for the quadrature part of the tensor, I6 is sin(μq − μr).
I7 is the third measure of the 3D character of a tensor. With
reference to Fig. 5 above and to an equivalent ﬁgure drawn for the
quadrature part of the tensor, with radial arms to the observed
data points drawn for both circles, then I7 most importantly takes
into account the angle between those two radial arms. I7 appears
again below, depicted simply, as J3/J2 (i.e. as sinγ) in the Mohr
circles for a phase tensor.
I is a supplementary invariant, related to I1 and I2.
I0 is a supplementary invariant, related to I7. (If I0 vanishes, I7 is
undeﬁned.)
From Weaver et al. (2003), reprinted as Weaver et al. (2006):
The invariants J1, J2 and J3 may be described in terms of Fig. 4
above. In that ﬁgure:
′ and T21
′ are elements of a phase tensor after rotation.
T11
J1 is the horizontal distance to a circle centre from the origin of
axes, and gives a basic measure for the tangent of the phase angles
in the phase tensor.
J2 is the radius of a circle, and gives a measure of the 2D character
of the phase tensor.
J3 is the vertical distance by which a circle centre is offset from the
horizontal axis, and gives a measure of the 3D character of the
phase tensor.
α is a supplementary measure of 2D character, comparable, in
Fig. 5 above, to angle λr.
β is a supplementary measure of 3D character, comparable, in
Fig. 5 above, to angle μ r.
γ is a supplementary measure of 3D character relative to 2D
character, and is given by arcsine(J3/J2). γ/2 may be regarded as a
measure of uncertainty in the strike angle θs.
θs is angle of 2D strike.
References
Bahr, K., 1988. Interpretation of the magnetotelluric impedance tensor: regional induction
and local telluric distortion. J. Geophys. 62, 119–127.
Bibby, H.M., Caldwell, T.G., Brown, C., 2005. Determinable and non-determinable parameters of galvanic distortion in magnetotellurics. Geophys. J. Int. 163, 915–930.
Booker, J.R., Chave, A.D., 1989. Introduction to the special section on the EMSLAB — Juan
de Fuca experiment. J. Geophys. Res. 94, 14093–14098.
Caldwell, T.G., Bibby, H.M., Brown, C., 2004. The magnetotelluric phase tensor. Geophys.
J. Int. 158, 457–469.
Fischer, G., Masero, M., 1994. Rotational properties of the magnetotelluric impedance
tensor: the example of the Araguainha Crater, Brazil. Geophys. J. Int. 119, 548–560.
Heise, W., Pous, J., 2003. Anomalous phases exceeding 90 deg in magnetotellurics:
anisotropic model studies and a ﬁeld example. Geophys. J. Int. 155, 308–318.
Heise, W., Caldwell, T.G., Bibby, H.M., Brown, C., 2006. Anisotropy and phase splits in
magnetotellurics. Phys. Earth Planet. Inter. 158, 107–121.
Ingham, M.R., 1988. The use of invariant impedances in magnetotelluric interpretation.
Geophys. J. R. Astron. Soc. 92, 165–169.
Lilley, F.E.M., 1993. Magnetotelluric analysis using Mohr circles. Geophysics 58, 1498–1506.

Author's personal copy
16

F.E.M. Lilley, J.T. Weaver / Journal of Applied Geophysics 70 (2010) 9–16

Lilley, F.E.M., 1998. Magnetotelluric tensor decomposition: part I, theory for a basic
procedure. Geophysics 63, 1885–1897.
Marti, A., Queralt, P., Jones, A.G., Ledo, J., 2005. Improving Bahr's invariant parameters
using the WAL approach. Geophys. J. Int. 163, 38–41.
McKay, A.J., Whaler, K.A., 2006. The electric ﬁeld in northern England and southern
Scotland: implications for geomagnetically induced currents. Geophys. J. Int. 167,
613–625.
Park, S.W., Livelybrooks, D.W., 1989. Quantitative interpretation of rotationally invariant
parameters in magnetotellurics. Geophysics 54, 1483–1490.
Szarka, L., Menvielle, M., 1997. Analysis of rotational invariants of the magnetotelluric
impedance tensor. Geophys. J. Int. 129, 133–142.
Weaver, J.T., 1994. Mathematical methods for geo-electromagnetic induction. Research
Studies Press.

Weaver, J.T., Agarwal, A.K., Lilley, F.E.M., 2000. Characterization of the magnetotelluric
tensor in terms of its invariants. Geophys. J. Int. 141, 321–336.
Weaver, J.T., Agarwal, A.K., Lilley, F.E.M., 2003. The relationship between the
magnetotelluric tensor invariants and the phase tensor of Caldwell, Bibby and
Brown. In: Macnae, J., Liu, G. (Eds.), Three-Dimensional Electromagnetics III. No. 43
in Paper. Australian Society of Exploration Geophysicists, pp. 1–8.
Weaver, J.T., Agarwal, A.K., Lilley, F.E.M., 2006. The relationship between the magnetotelluric tensor invariants and the phase tensor of Caldwell, Bibby and Brown. Explor.
Geophys. 37, 261–267.
Wessel, P., Smith, W.H.F., 1998. New improved version the generic mapping tools
released. Eos (Trans. AGU) 79, 579.

