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Orthogonality in CSAMT and MT measurements

David E. Boerner*, Ron D. Kurtz*, and Alan G. Jones*
the upper atmosphere and ionosphere. The fields of these
natural current sources are considered to be plane waves at
the earth’s surface. In comparison with spatially varying
source fields, the numerical modeling of conductivity structures excited by plane-wave sources is relatively simple.
CSAMT methods rely on artificial (or controlled) sources
to generate the desired EM fields. Man-made sources overcome the unpredictable nature of the atmospheric sources,
thereby making the MT methodology available for production surveying. The analogy with MT methods exists because in the far-field of any EM source distribution on a
layered earth the electric and magnetic fields obey the
impedance relation derived by Tikhonov (1950) and
Cagniard (1953). However, the exact location of the “farfield” is only strictly defined for a layered earth and is
dependent upon the (unknown) conductivity structure of the
earth, the frequency of the source field, the source characteristics, and the source/receiver separation.
While it is desirable to record CSAMT data in the far-field
of a controlled source, there are practical limits imposed by
the geometric decay of the EM fields and the requirement for
large lateral separations. The source-receiver separation
necessary for far-field conditions may become impossibly
large if the frequency is decreased, particularly in crystalline
environments. One of the most important aspects of CSAMT
survey design and interpretation is defining the frequency
range of the far-field of experimental data in order to use MT
interpretation routines. This concern represents the essence
of a discussion by Maurer (1988) and Szarka (1988) on a
paper by Bartel and Jacobson (1987) regarding the interpretation of CSAMT data with two-dimensional (2-D) MT
models. However, with the exception of excluding the
near-field response, these discussions offer no quantitative
method for determining the applicability of 1-D or 2-D MT
interpretation methods, which are often employed without
a priori justification.
This paper describes some aspects of the EM fields from a
grounded bipole source in the framework of the orthogonality of the electric and magnetic fields. The intention is to
illustrate the importance of orthogonality in EM data and to
define a criterion for deciding if EM field data are indeed

ABSTRACT
The electric and magnetic fields from a single planewave source on a one dimensional (1-D) earth, or a
plane-wave source polarized parallel or perpendicular
to strike on a two-dimensional (2-D) earth, are orthogonal. On a layered earth and in the far-field of a
controlled source, the electric and magnetic fields are
also orthogonal. Therefore, orthogonality of E and H
data is a necessary condition to justify the application
of 1-D or 2-D modeling algorithms having a plane wave
source. A strict criterion to prove orthogonality, and
thus provide a rationale for the choice of interpretation
methods, can be defined directly in terms of field data.
However, field data acquired in the intermediate and
near-field of any electromagnetic (EM) source are
generally not orthogonal, even on a plane-layered
earth. Representing these nonorthogonal data in an
orthogonal coordinate system can be misleading, particularly for the minor axis components of the polarization ellipses. Nonorthogonality also arises because
of 3-D scattering, with one common example being the
electric field response of near surface structure. An
example of field data illustrates the nonorthogonality
in CSAMT measurements caused by the response of
surficial geology. In these EM data, the angle between
E and H is a sensitive indicator of geological contacts
and faults. Quantitative analysis of these data can be
performed with the assumptions of a “bulk” 1-D earth
(i.e., orthogonal E and H in the far-field) and purely
galvanic scattering of the EM fields.

INTRODUCTION
magnetotellurics
Controlled-source
audio-frequency
(CSAMT) is an electromagnetic (EM) exploration method
based upon the natural source magnetotelluric (MT) method,
but with one important difference, the source. MT sources
are usually lightning discharges or current distributions in
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orthogonal. If data are orthogonal, the choice of subsequent
modeling and inversion can be justified solely by data
characteristics.
The controlled source example is also important in that it
can be generalized to demonstrate the general characteristics
of 3-D scattering via the equivalent source method (e.g.,
Morse and Feshbach, 1953, Chap. 7). With an understanding
of the cause of nonorthogonality, it becomes possible to
develop methods for interpreting nonorthogonal field data.
Nonorthogonality is generally a physical characteristic of the
source fields or arises because of 3-D scattering. While the
fields of an arbitrary source are easily calculated for layered
earth models and can be used to interpret one aspect of
nonorthogonal field data, understanding the 3-D scattering
response presents many problems. However, a restricted
model of 3-D scattering that assumes the response of nearsurface, small-scale structure is mostly frequency independent and dominant in the electric field. For this particular
case, a simple method of analyzing the response of the
surficial geology can be developed from orthogonality considerations.
ORTHOGONALITY IN EM DATA
The physical basis for the MT impedance relationships
introduced by Tikhonov (1950) and Cagniard (1953) and
modified by Neves (1957) is simple. A plane-wave source
over a 1-D (layered) earth or, a plane-wave source polarized
parallel or perpendicular to the strike of a 2-D earth, generate orthogonal electric and magnetic fields. For any other
situation, the resultant electric E and magnetic H field
vectors are only orthogonal in the far-field of the source on
a 1-D earth, or along common lines of symmetry about both
the source and the geological structure. Nonorthogonality of
E and H could imply that the earth (or source) structure is
3-D or that the source is not polarized along or perpendicular
to strike (resulting in a “mixing” of the fields from two
polarizations).
As a direct indication of the “dimensionality” of the
geological structure (or source), orthogonality of EM fields is
obviously important in data interpretation. Orthogonality of
E and horizontal H in any data set (e.g., MT or CSAMT) is
a necessary, but not sufficient condition to justify 1-D or 2-D
plane-wave modeling or inversion procedures. The dot product rule can easily be used to test for orthogonality in field
data,
=

+

cos
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variant on the Mann-Whitney test (a rank sum test) can then
be used to confirm or deny the hypothesis of equality. While
measurement precision can be represented in the statistical
analysis, it does not take into account the misalignment of
sensors. A preferred method would be to compute the
apparent angle between E and H with an associated variance
and compare this with 90 degrees
where is the sensor
differs from 90 degrees
alignment uncertainty. If
in a statistical sense, the fields must be considered
nonorthogonal. As the mapping from fields to is nonlinear,
the variance and mean of are best determined from Monte
Carlo realizations of the field data. That is, a synthetic
population of data, possessing a normal probability distribution, are generated from the mean and variance of the
measured data. From this population of electric and magnetic field data, several estimates of are realized and a
mean and standard deviation can be computed.
1-D CONTROLLED SOURCE DATA
Consider the fields of an infinitesimally small horizontal
electric dipole (HED). Quasi-static conditions are assumed
and the HED is situated on a uniform conducting half-space
(e.g., Bannister, 1966; Wait, 1982). The fields at any point on
the surface of the half-space are most easily expressed in
cylindrical coordinates,
=

I
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=
This approach requires a knowledge of the mean values of
E,,
and their respective variances. A student’s
test (for an approximately normal distribution) or some

(1 +

=

(1)

Parameter is the angle between the two vectors, and it is
assumed that the product
is negligible with respect to
the product of the horizontal electric and magnetic field
components.
There are a number of ways to confirm the hypothesis that
the electric and magnetic fields are orthogonal. One method
= 0 and then examine the
would be to assume cos
statistical relevance of the equation,

e r1

=
and where the horizontal separation between the receiver
= 0) and the source point
, , = 0) is given by
the law of cosines
=

+

cos

(4)

are the modified Bessel
In these expressions I, and
functions of the first and second kind, respectively. The
arguments of the modified Bessel functions have been omitwhere
=
is the EM
ted but are always
propagation constant. The conductivity of the half-space is
and the permeability of free space is
The product of
is the dipole moment. A
current and dipole length
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uniform half-space is the simplest of all earth models that
still represents the general characteristics of grounded dipole
excitation of a layered earth. This representation also contains the essential elements of layered earth excitation by a
finite length electric bipole, although there are important
differences in the near-field. Since the fields of any EM
source on any layered earth must show translational and
rotational invariance, there is no loss of generality in letting
0 so the fields become a function only of and
To simplify these expressions, consider two important
limiting cases. The high frequency (or far-field) limit can be
evaluated by letting
approach infinity. The modified
Bessel functions for large arguments are adequately approximated by the first two terms in the series expansion giving

Thus,
2

=

1
(5)

Using equations (l), (2), and (5) it can be seen that the
electric and magnetic fields are orthogonal, and the resulting
Cagniard-Tikhonov impedance definition derived from these
components is exactly that of a plane wave source over a
uniform half-space. This representation of the fields emphasizes that there is no source dependence in the transfer
relationship between orthogonal components of the electric
attenuation factor,
and magnetic field. However, the
coupled with a high-frequency response in the horizontal
, makes it
magnetic field components proportional to
difficult to acquire data with a large signal-to-noise ratio in
the far-field
1) of the source.
The low-frequency (or near-field) limit is obtained by
letting
0,
1
2
-2.
The fields in this limit are found from
=

= 1,

1
=2’

1
=- 2 .

(6)

Clearly, the electric and magnetic fields in the near-field of a
grounded dipole source on a uniform half-space are not
orthogonal [from equations (l), (2), and (6)]. It is trivial to
extend this result to include the case of an arbitrary-shaped
bipole on any layered earth. The essential characteristic of
this analysis is that the magnetic field azimuth and amplitude
are only dependent upon the source/receiver geometry and
source moment while the electric field is also a function of
the 1-D conductivity structure. As the dc magnetic field
azimuth is independent of a( Z) (e.g., Edwards et al., 1978),
orthogonal components of E and H do not define a useful
impedance.

The two limits discussed above are quite restrictive
1 and
and CSAMT data in crystalline environments may be more representative of the transition zone
than either limit. A more interesting, and practical, aspect of
the half-space model is to study the orthogonality of the field
in the transition zone between the near- and far-field.
Boerner and West (1989) show that data acquired in the
intermediate zone are generally more sensitive to layeredearth structure than data in either the near- or far-field.
Figure 1 shows the EM response of a uniform half-space
model discussed by Goldstein and Strangway (1975) and
Sandberg and Hohmann (1982). The figure is a map view of
apparent resistivity data from measurements made in one
quadrant around a 500 m linear grounded bipole source for
an excitation frequency off = 32 Hz. The fields are sampled
on a 50-m grid and the source is centered at the origin and is
oriented along the x-axis. Only one quadrant is shown
because of the symmetry exhibited about the source. The
value plotted is the logarithm (base 10) of the apparent
resistivity calculated from the Cagniard-Tikhonov relationship using the electric field parallel to, and magnetic field
perpendicular to, the source axis (i.e.,
=
The half-space resistivity is = 100
l m. A reasonable
definition of the far-field is given by the region where the
apparent resistivity is equal to the half-space resistivity and
does not change appreciably with lateral distance. At large
distances from the bipole, the apparent resistivity generally
approaches the half-space resistivity, but there is substantial
topography close to the source. The near-field artifact is well
known and occurs because the fields are approximately
static at low frequency, but the apparent resistivity is
inversely proportional to frequency. Of more importance
than the near-field is the region of anomalous apparent
resistivity extending from the bipole source to very large
radial distances. Along this line, the major axis of the electric
field polarization ellipse is predominantly in the y-direction
meaning that the apparent resistivity is defined using the
minor axes components.
Figure 2 shows the angle between the major axes of the
electric and magnetic field polarization ellipses (e.g., Born
and Wolf, 1965) on the same grid as Figure 1. The angle
between the major axes tends to oscillate with distance from
the source and undergoes a step discontinuity along a line
extending from the bipole grounding point. From Figures 1
and 2, it is clear that artifacts appear in the apparent
resistivity when the minor components of nonorthogonal
polarization ellipses are used to define apparent resistivity.
The amplitude of the ridge in Figure 1 is essentially unrelated
to the half-space resistivity and would tend to infinity if the
magnetic field were linearly polarized. Similarly, if the
electric field were linearly polarized, the points at which
disappears would result in a zero apparent resistivity. However, in the transition zone between near-field and far-field
the EM fields are generally elliptically polarized. Thus, there
is always a minor axis of the polarization ellipse and the
apparent resistivity remains finite but greater than zero
(unlike the case in the near- and far-field limits).
This numerical example illustrates a case of nonorthogonal behavior in EM fields and some ramifications of analyzing orthogonal component data, particularly when the field
components are more strongly dependent upon geometry

Orthogonality in CSAMT and MT

FIG. I. A contour map of the logarithm (base 10) of the Cagniard-Tikhonov apparent resistivity calculated in one
quadrant around a linear grounded bipole on a uniform half-space = 100
The bipole extends 500 m along
the x-axis and is centered at = 0. Apparent resistivity is calculated from
and

FIG. 2. A contour plot of the angle between the major axes of the horizontal electric and magnetic field polarization
ellipses around a grounded bipole on a uniform half-space described in Figure 1. Darker shading indicates angles
greater than 90 degrees. Compare the location of the discontinuity in the angle surface with the apparent resistivity
artifacts plotted in Figure 1. Note the oscillatory nature of the angle between the electric and magnetic fields as a
function of distance from the bipole.
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than conductivity. When the earth is quasi-layered, measurement locations can be restricted to regions where the
fields have little curvature, thus avoiding the problems of
nonorthogonal data. A less restrictive, yet robust, alternative is a definition of apparent resistivity calculated from the
lengths of the major axes of the ellipses of polarization
without regard for the angle between the axes. The Cagniard-Tikhonov apparent resistivity calculated using this definition is shown in Figure 3 and contains only the near-field
artifact. The nonlinear equations in (2) and (3) are easily
inverted numerically for apparent resistivity and the nearfield artifacts in Figure 3 can be eliminated.
Figure 3 is a trivial example but it illustrates how a
definition of apparent resistivity using ellipse major axes
data is natural for the near-field, transition zone, and far-field
of a grounded source on a uniform half-space. The principal
justification for this definition is that the magnitude, and not
the azimuth, of the magnetic field vector is used for defining
an EM transfer relationship. As stated earlier, the azimuth of
the magnetic field is purely dependent upon source/receiver
geometry for a I-D earth in the near-field. Thus, the major
axes apparent resistivity will also be appropriate for an
arbitrary layered earth and, in the near-field, acts as a true
normalization of the electric field for the EM source moment. However, the use of nonorthogonal data for apparent
resistivity calculations would be most useful if accompanied
by the angle between E and H which may be indicative of
geological structure.

GALVANIC SCATTERING OF ELECTRIC FIELDS
The discussion to this point has dealt with the response of
only a layered earth to electric bipole excitation. Such
examples are not only relevant in terms of idealized experiments and simplified interpretations, but are also representative of 3-D EM scattering because of the duality between
sources and boundary conditions. Duality permits any scattering body to be replaced by an “equivalent source”
distribution, subject to the constraint that the fields of the
equivalent sources match the boundary conditions imposed
by the conductivity structure of the scattering body. This
means that the scattering currents from some local heterogeneity can be represented by electric dipole sources, and
the horizontal dipole source examples from the previous
sections become relevant for understanding 3-D scattering
currents. In the context of this discussion, the fields from the
equivalent sources are generally nonorthogonal unless the
observation site is in the far-field of the entire current
distribution (including the artificial source and all equivalent
sources that represent geological structures). It is not sufficient to consider what defines the far-field of each source
distribution individually since the superposition of orthogonal fields is not necessarily orthogonal. This can be seen
algebraically by writing the dot product rule for orthogonal
vectors and assuming there are scattering bodies (superscript s) excited by the primary (superscript P) fields since

FIG. 3. A contour map of the apparent resistivity calculated for the model described in Figure 1. The surface
represents the logarithm (base 10) of the Cagniard-Tikhonov apparent resistivity calculated from the major axes
magnitudes of the electric and magnetic field polarization ellipses. The resistivities are greater than or equal to
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even if
=
and
=
for all
i. Orthogonality can only be assured in the extremely
restrictive and unrealistic scenario that the entire source
distribution is localized near the transmitter. If there is any
nonlayered geological structure (equivalent sources) near
the receiver, the total EM fields are generally nonorthogonal.
An important subset of the equivalent source scattering
model is to consider a measurement site in the near-field of
the scattering current distribution. By virtue of the almost
frequency independent nature of the near-field response, this
scenario is sometimes called galvanic scattering (e.g., Bahr,
1991, Groom and Bailey, 1991, Torres-Verdin and Bostick,
1992). Galvanic scattering occurs dominantly as the result of
charge accumulation on conductivity gradients and is a very
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important concern, particularly for crystalline terrains. This
response is seen primarily in the electric field and, to a lesser
extent, in the magnetic field. Galvanic scattering represents
important geoelectric information, and it is possible to
quantify the amount and spatial characteristics of galvanic
scattering in the measured electric fields through the use of
orthogonality arguments.
We begin by assuming that the response of surficial, local,
small scale structure is a galvanic (frequency independent)
distortion of the electric fields, but that the magnetic fields
are unaffected. Also, the underlying (bulk) earth is assumed
to be I-D. At any site around the source, and within these
assumptions, the measured electric field
is the
sum of the 1-D electric field plus the contribution of the
scattered currents. That is,

is the magnitude of the undisturbed (1-D)
where
electric field vector. Parameter is the angle between
and the x-measurement direction, and the rotation matrix
simply maps between the undisturbed electric field direction

FIG. 4. The angle between the major axes of the electric and magnetic field polarization ellipses as a function of lateral position
and frequency computed for a grounded bipole on a layered earth. The length of a side on each square is proportional to the
deviation from 90 degrees. Angles less than 90 degrees are shaded. The inset illustrates the source/receiver geometry and scale.
In the far-field of the source the horizontal field components are orthogonal and the squares collapse into dots. The geometry
and station numbering is consistent with that of the field example in Figures 7 through 9.
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and the measurement direction. The direction of
is
defined here as the azimuth of the major axis of polarization,
although in the far-field
is linearly polarized, and there
is no confusion about the meaning of the direction.
and
are real, frequency-independent constants
related to the dipole moment and position of equivalent
sources that represent the galvanic response of the scattering
body. This can be seen by simply considering the HED
contribution to the equivalent source distribution and treating equations (2) and (6) as the scattered fields from a current
source proportional to
The exact values of and
can only be calculated by finding the equivalent source
distribution and integrating over the source volume. is the
scattered in the direction, while
is the
fraction of
field scattered in the perpendicular direction. When this
equation is rewritten as

it is clear that by applying the inverse rotation from the
measurement axis to the direction of the “I-D” electric field,
an estimate of the galvanic scattering can be obtained from

sin

+

(7)

The difficulty with this representation is that the azimuth of
the undisturbed (I-D) electric field is generally unknown.
However, if the data were acquired in the far-field of the
source, the I-D electric field would be orthogonal to the I-D
magnetic field (which is assumed to be undisturbed by the
local, near-surface structure). The angle is thus 90 degrees
from the magnetic field (major axis) polarization direction. If
the ratio
+
is a real constant (zero imaginary
component) over some bandwidth at hieh frequency. the
data are consistent with the assumption of galvanic scattering in the far-field of the source. This frequency-independent

FIG. 5. Orthogonality data computed for the same layered earth model used to calculate the data in Figure 4 with the addition
of an conductive thin sheet on the surface of the earth beneath the measurement sites (inset). The anomalous region is a 400
400 m square having conductance of 0.5 S.
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behavior is equivalent to the condition that the electric field
azimuth should not change as a function of frequency in the
case of galvanic scattering. The important caveat is that this
analysis is only meaningful under the above assumptions,
and, in particular, the high-frequency magnetic fields must
show evidence of 1-D behavior.
The application of the orthogonality analysis can be demonstrated with some examples. Figure 4 shows the angle
between the major axes of the polarization ellipses for
electric and magnetic fields calculated on a 1-D earth. The
earth model consists of a
. m layer 1500-m thick,
over a 6000-a l m half-space. The profile line is one kilometer in length and approximately 7.5 km from a 4 km long
bipole. This geometry will be used for the remaining examples. The data are presented as a function of frequency
(ordinate) and location along the profile line (abscissa). The
length of a side of the squares is determined by subtracting
90 degrees from the angle between the major axes of the
electric and magnetic field polarization ellipses. As expected
from Figure 4, there is an oscillatory transition between the

FIG. 6. Galvanic distortion analysis of the data shown in
Figure 5. The sites off the structure show little variation
throughout the entire frequency band, while those on the
inhomogeneous conductance distribution illustrate the
changing proportion of fields scattered in the
direction
(defined relative to the magnetic field azimuth). Note that the
amplitude of the distortion decreases with distance from the
edge of the sheet.
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near- and far-field with the near-field being. strongly
nonorthogonal. In the transition zone between 128 and 4 Hz,
the angle between E and H oscillates between greater than 90
degrees and less than 90 degrees. For this particular source/
receiver configuration, the near-field (low frequency) electric
and magnetic fields are all greater than 90 degrees apart.
Figure 5 shows the response of a 3-D body that is confined
to a thin sheet (Vasseur and Weidelt, 1977) at the surface of
the layered earth model used in Figure 4. The anomalous
thin sheet was a square plate, 400 x 400 m and is illustrated
in Figure 5. The source/receiver configuration is unchanged
from Figure 4 permitting direct comparisons of the far-field
frequency range. There is significant electric field scattering
from the thin sheet, and at the frequencies that were considered far-field on the layered earth, the electric and magnetic
fields are not orthogonal.
Galvanic scattering [equation (7)] was estimated for the
thin sheet modeling results and the result is shown in
Figure 6 as plots of the real and imaginary parts of the ratio
1+
Stations 14-20 produce a relatively constant
ratio that is almost entirely real. The amplitude of the ratio
(essentially a measure of the field scattered in the 1 direction) decreases with distance from the scattering body.
However, the ratios for stations 21-24 vary as a function of
frequency and are only real at low frequencies and above
100 Hz. These data illustrate the magnitude of the electric
field scattering evident in Figure 5 by the nonorthogonality
of the electric and magnetic fields. The analysis shown in
Figure 6 indicates that the data are consistent with the
galvanic scattering hypothesis and suggest that interpretation could be based on a layered earth model. Note, however, that it would be inappropriate to invert the orthogonal
components of the measured field because of the strong
percent of
for site
scattering in the direction
can only be determined to within a multi24). Also,
plicative constant from single site data since only the ratio of
the scattering constants
and
can be found.
The analysis applied assumes that the electric and magnetic fields are orthogonal, which is not true in the near-field.
Thus, while it is tempting to interpret the low-frequency
behavior exhibited in Figure 6 in terms of the geologic
structure, the estimates of the scattering in the parallel and
perpendicular directions are not quantitative in the nearfield. However, over small distances the 1-D magnetic and
electric field do not vary substantially, and qualitative information regarding the low-frequency scattering can be obtained from multiple station data.
Figure 7 is similar to Figures 4 and 5, but shows the
orthogonality plots from CSAMT field data collected in the
central volcanic belt near the Buchans Mine, Newfoundland
(Boerner et al., 1990; Boerner et al., 1992). The Buchans
group consists predominantly of a bimodal suite of basalt
and rhyolite that is thought to have formed during a period of
tectonic extension following talc-alkaline constructive arc
volcanism (Thurlow and Swanson, 1987). The structural
setting of Buchans is that of a fold and thrust belt, making
structural mapping a critical component in understanding the
nature and setting of the ore horizons. The purpose of the
CSAMT survey was to map geological features on the
surface and at a depth to complement structural interpretation based primarily upon high-resolution seismic reflection
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methods. The complete data set is large, and only a subset of
the data that illustrate the nonorthogonality of E and H will
be discussed here. The plots in Figure 7 clearly indicate that
the EM fields are not orthogonal and vary rapidly over short
distances. Consequently, the data are not representative of
the far-field response from a I-D structure. The magnetic
field data do not vary substantially along the profile in the
frequency band recorded, suggesting more lateral uniformity
than is evident in the electric fields.
Figure 8 illustrates the results of the galvanic scattering
study. There are some similarities with Figure 6. but generally the magnitude of the C ratio is much larger in the field
data and may not be adequately represented by a simple thin
sheet model. One correlation between the simple model and
the data is that the real part exhibits strong frequency
dependence for stations 20-24 (bold lines) and a relatively
flat spectrum for the remaining stations.
The anomalous regions in Figures 7 and 8 correspond well
with the mapped geological structure (Figure 9). The four
stations on the western end of the profile (stations 21 to 24)

are distinct from the rest of the line because LEH is less than
90 degrees (with the puzzling exception of site 19). These
sites were located in the felsic volcaniclastics of the Lundberg Hill formation while the rest of the line crosses the
mafic volcanics of the Ski Hill formation. The orthogonality
of the field components and the galvanic analysis highlight
the presence of geological contacts and faults in the CSAMT
measurements. Detailed fitting of these data is better accomplished in terms of the EM fields, but is hampered by the
severe limitations on the spatial sampling and restrictions on
3-D numerical modeling routines. Also, the apparent structure in the “pseudosection” of the angle plots in Figure 7 is
not necessarily representative of conductivity variations at
depth. Variations in the angle between E and Has a function
of frequency is governed by the amplitude and direction of
the scattered fields as well as the behavior of the “background” I-D fields from the bipole source. Without measurements on a grid, interpretation of this data will be, at best,
qualitative

FIG. 7. Deviations from orthogonality calculated from actual field data collected near the Buchans mine in central
Newfoundland. The “normal” earth model in the vicinity is similar to the layered model used in calculating Figure 5, but there
are obvious 3-D effects in the field data that preclude modeling with MT plane-wave algorithms. Uncertainties are not illustrated
in this figure, but below 1000 Hz, the variation in is usually less than 2 degrees. Sensors were aligned to within I degree.
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DISCUSSION
Orthogonality of the electric and magnetic fields is a
necessary but not sufficient condition for using plane-wave
source models over 1-D and 2-D earths (assuming the
sources are either parallel or perpendicular to strike).
Nonorthogonality in field data implies that the earth is 3-D,
that the source is not polarized parallel or perpendicular to
strike, or that data were not acquired in the far-field of the
source. The requirement for orthogonality has strong implications for the interpretation of CSAMT data and provides a
means of justifying the use of plane-wave source numerical
modeling algorithms. Although, in general, CSAMT surveys
are best planned and interpreted with explicit consideration
of the source characteristics.
Establishing the orthogonality of E and H requires at least
“vector” (four components of the horizontal EM field components) measurements of the electric and magnetic field.
“Scalar” (one set of orthogonal components of E and H)
CSAMT measurements provide absolutely no independent
information about whether plane-wave modeling of the
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source field is appropriate and could produce highly misleading results. Tensor CSAMT (e.g., Li and Pedersen, 1991) is
an attractive means of dealing with some of the problems of
data nonorthogonality on a layered earth, but at the price of
nearly doubling data acquisition costs and imposing restrictions on the field logistics. Multiple sources are, without
doubt, the optimal method of resolving 3-D structure, but are
redundant on a purely layered earth.
Misalignment of electric and magnetic sensors is an important factor to consider in assessing the orthogonality of
field data. Field layout errors of a few degrees in orientation
could result in the appearance of nonorthogonality, even
when the EM fields are truly orthogonal. Furthermore,
misalignment of a controlled source near a 2-D earth would
generate nonorthogonal fields. In this regard, some care
must be taken to ensure that the field experiment provides
the appropriate data required for interpretation.
When the EM fields are judged to be nonorthogonal, the
value of an impedance calculated from a ratio of orthogonal
components of E and H becomes questionable. Of course,
the actual definition of the impedance is irrelevant for
modeling if a consistent system is used for both the data and
the calculated model response and if the model is an adequate representation of the earth. For example, in the
near-field H is nearly independent of a( Z) and the magnitude
of the magnetic field is essentially an estimate of source
moment. The magnitude of the orthogonal components of H
are, however, dependent on the source/receiver geometry
and the source moment. With single source data, a robust
apparent resistivity can be defined from the length of the
polarization ellipse major axes. For multiple source data,
such estimates could be derived from rotationally invariant
measures of the impedance tensor (e.g., Li and Pedersen,
1991). However, these measures inevitably reduce the information content, and one very important result of this study
is that the degree of nonorthogonality in EM data is a strong
indicator of lateral structure.
It is possible to test for the presence of galvanic scattering
in controlled-source EM data based on an assumed orthogonality of the electric and magnetic fields. This analysis has
proved quite useful in appraising and understanding field
data as it gives a direct (but fractional) estimate of the
scattered electric fields. Moreover, the analysis lends some
confidence to the interpretation of EM data in terms of
simplified (e.g., 1 -D) models.
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band from 100 to 2000 Hz the field data can be approximately
represented by far-field galvanic scattering. Heavy lines
indicate stations on the felsic volcanics and the numbers
refer to the sites shown in Figure 9.

It is a pleasure to acknowledge stimulating discussions
with Prof. L. B. Pedersen and his careful review of the
manuscript. Jim Craven and Ross Groom are thanked for
their enthusiastic, timely, and insightful reviews and discussions. Laurie Reed stimulated many aspects of the Buchans
project, and his guidance and insight have proven very
valuable. The data were acquired with joint funding from B.
P. Canada Ltd. (Mining Division), Lithoprobe, and the GSC.
This is Geological Survey of Canada publication number
2789 1. Lithoprobe publication number 440.

934

Boerner et al.

FIG. 9. Detailed geological map of the CSAMT receiver site locations to indicate the location of known or inferred contacts,
faults, and thrust faults. The presence of the tear fault between stations 20 and 21 is clearly indicated in the nonorthogonality
of the EM field data shown in Figures 7 and 8.
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