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Marine controlled-source electromagnetic sounding

1. Modeling and experimental design

A. H. Flosadéttir' and S. Constable

Scripps Institution of Oceanography, University of California San Diego, La Jolla

Abstract. Numerical forward modeling, predicting an observable response given a
mathematical representation of the Earth, is an important component of practical explo-
ration work. In addition, derivatives which relate changes in response to changes in the
Earth model are useful for experimental design and are a crucial element of linearized
inversion techniques. Differentiation of kernels followed by numerical integration us-
ing a fast Hankel transform provides an efficient combination of forward and sensitivity
modeling for frequency-domain horizontal electric dipole-dipole sounding over a layered
seafloor. Our code is validated against an independent forward modeling technique us-
ing a mode analysis and against central difference derivatives. Efficiency is important
in the application of regularized inversion to large data sets; we give an example from
the East Pacific Rise, requiring 2000 elements in the Jacobian matrix. We illustrate the
use of forward modeling and discrete analogs of the Fréchet kernels to provide aid to
physical intuition and experimental design in the context of the electrical conductivity
of the oceanic lithosphere. By using the most favorable parts of range-frequency space,
experiments using current technology should be capable of distinguishing a thicker, less
resistive, from a thinner, more resistive “lithospheric resistor” layer.

Introduction

The electrical conductivity profile of normal oceanic litho-
sphere and uppermost asthenosphere still provides a subject of
lively debate. In addition to the intrinsic geophysical interest
in this problem, for example to establish limits on the oceanic
lithosphere’s water content and the submarine asthenosphere’s
melt content, this issue is of considerable technical importance
for magnetotelluric data interpretation and possibly for the inter-
pretation of motionally induced voltages in terms of large-scale
ocean circulation.

The seafloor horizontal electric dipole-dipole (HED) con-
trolled source method has been instrumental in demonstrating
the existence of highly resistive lithosphere at several locations
under the ocean basins [Young and Cox, 1981; Cox et al., 1986].
In this pair of papers, we use both sensitivity and experimental
studies to address some further contributions of this method to
the problem of the crust and uppermost mantle’s conductivity
profile. The present paper gives the necessary background on the
experimental method and presents our computational method,
an efficient combination of forward and derivative modeling for
the HED experimental configuration over a one-dimensional
seafloor. We test various aspects of our code, illustrate it in
regularized inversion of a small seafloor data set, and demon-
strate how insights obtained from forward and sensitivity mod-
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eling can be used in experimental design. In particular, we
attempt to outline the limits of this method’s deep sensitivity.
Seafloor controlled-source measurements, as well as magne-
totelluric studies using the TM (transverse magnetic) mode near
coastlines, suggest that the lithospheric mantle has a transverse
resistance (resistivity—thickness product) of around 10° ) m?
[Cox et al., 1986; Mackie et al., 1988]. Natural-source sound-
ings have characteristically assigned conductivities of between
0.1 and 0.01 S/m, or higher, to the uppermost mantle in the depth
range 50-150 km (a recent review is given by Tarits, [1994]).
Heinson and Constable [1992] noted that these conductivities
are far higher than those obtained in laboratory experiments on
subsolidus olivine and mantle rocks. Assuming a uniformly
resistive lithosphere, they obtained numerical modeling results
which supported a previous suggestion that the coast effect can
severely affect marine magnetotelluric (MT) responses even far
from coastlines [Cox, 1980; Ranganayaki and Madden, 1980].
The numerical results indicated that this effect would bias one-
dimensional (1-D) marine MT interpretations in favor of un-
derlying conductive layers, and Heinson and Constable [1992]
suggested that this might account for the discrepancy between
the laboratory results and the traditional data interpretation. On
the other hand, so might a percentage of partial melts or a va-
riety of trace materials. Tarits et al. [1993] demonstrated that
by assuming conductive pathways between ocean basins and
underlying conductors, the coast effect was reduced by about
a decade, although the resulting electric field was still signifi-
cantly smaller than in the case without coastlines. The size of
the effect, of course, depends on the conductance of the path-
ways assumed. Each position in the ensuing debate as to both
reliability of one-dimensional interpretation of marine MT data
and the presence of a submarine “electrical asthenosphere” [Tar-
its et al., 1993; Constable and Heinson, 1993] has a degree of
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self-consistency, and independent experimental evidence would
clearly provide the most unequivocal resolution. The high re-
sistivity of the lithosphere is extremely poorly sensed in one-
dimensional MT experiments, and resistivity and thickness are
highly correlated parameters in higher dimensional (TM-mode)
MT soundings. Resistivity and thickness are also difficult to
decouple in controlled-source work. In our sensitivity study,
we ask whether the resistivity and thickness of the most resis-
tive layer can be sensed separately, and whether the presence or
absence of an electrical asthenosphere can be extracted in the
presence of realistic ambient noise and other experimental lim-
itations. The companion paper [Constable and Cox, this issue]
presents the results of the PEGASUS experiment, where the
method was applied to 40-Ma-old lithosphere in the northeast
Pacific in an attempt to address these issues.

Experimental Method

In order to measure electrical conductivity in any material an
electric or electromagnetic field is applied and its attenuation ob-
served. The natural, time-varying electromagnetic field of Earth
has been used extensively to investigate Earth’s mantle under the
oceans (e.g., reviews by Cox et al. [1971], Filloux [1987], and
Tarits [1994]). However, attenuation of high-frequency compo-
nents on passage through the water column, motion of the sen-
sors by water currents, and contamination by motional induction
of conductive seawater flowing through Earth’s magnetic field,
all serve to limit the bandwidth.

An artificial electromagnetic field, as long as it is generated
on or close to the seafloor, can replace the higher-frequency
components that are attenuated in the natural field by the overly-
ing seawater. Controlled-source marine electromagnetic (EM)
sounding methods [Cox, 1980; Edwards et al., 1981] consist
of transmitting time-varying electromagnetic signals between
two points, most often located at or near the seafloor. For
an introduction to recent experimental work, see reviews by
Constable [1990], Chave et al. [1991], and recent papers by
Webb et al. [1993], Evans et al. [1994], and Constable and
Cox [this issue]. The theory has been developed extensively
in both one- and two-dimensional structures with and without
anisotropy [Chave and Cox, 1982; Chave, 1984; Edwards and
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Chave, 1986; Flosadoéttir, 1990; Yu and Edwards, 1992; Everett
and Edwards, 1993; Unsworth, 1994; Unsworth and Oldenburg,
1995]. Jattieva et al. [1993] attempted to show that the spatial
character of the signal contains more information on the distri-
bution of electrical conductivity of the rocks below the sea than
the variation with frequency. This is only approximately true,
as our sensitivity study will show, but in practice, attenuation of
high-frequency signals by conductive seafloor and corruption of
low-frequency signals by magnetotelluric noise limits the usable
bandwidth to about 2 decades between 0.01 and 10 Hz.

In addition to the higher-frequency content, the controlled-
source method contrasts with the marine MT method in other
useful ways. It is highly sensitive to buried resistive layers, pro-
vided the attenuation on passage through overlying layers is not
too great. Furthermore, the much smaller scale of the source
fields makes distant Earth features such as coastlines and to-
pography less likely to complicate a local interpretation. The
sensitivity to buried resistive layers can also provide a very use-
ful complement to seismic methods. Many materials which are
relatively resistive in the context of porous sediments, among
them basalts, ice, massive carbonates, and evaporites, tend to be
opaque to seismic methods. Controlled-source surveying thus
offers a complementary technique in areas where seismic re-
flection techniques perform poorly, such as sediments overlain
by basalts or carbonates, regions of permafrost, and some salt
dome structures.

We will restrict this paper to the horizontal electric dipole-
dipole (HED) frequency domain sounding configuration used
by the groups with which the authors have been associated at
Scripps Institution of Oceanography (SIO) and Cambridge Uni-
versity (Figure 1). This system uses a seafloor horizontal electric
dipole source to inject an electromagnetic signal into the ocean
basement. Energy propagating through the rock leaks back up
into the ocean and is detected by a series of horizontal electric
field receivers. The experimental system has been described
in part by Webb et al. [1985], Constable [1990], Chave et al.
[1991], Sinha et al. [1990], and in the companion paper [Con-
stable and Cox, this issue]. A variant developed to complement
seismic methods of structural mapping in the context of oil and
mineral exploration on the continental shelf consists of towing
source and receiver in tandem [Constable et al., 1986].

&~
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transponders

Figure 1. Diagram of the horizontal electric dipole-dipole (HED) frequency domain sounding configuration. A
dipole transmitter is towed on, or close to, the seafloor while recording voltmeters measure electric fields that
have propagated through the seabed. The most easily deployed instrument is an electric field instrument with an
orthogonal pair of 10 m antennas (ELF), but greater signal to noise ratios can be achieved by deploying a longer
cable using the long-wire electromagnetic instrument (LEM).
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Computation

Numerical modeling is a necessary component of practi-
cal exploration work. In principle, finite difference and fi-
nite element methods can model arbitrary sources and three-
dimensional structure. Although the higher-dimensional meth-
ods developed for the marine controlled-source method in the
last few years [Everett and Edwards, 1989; Flosadottir, 1990;
Unsworth et al., 1993] have not yet been used for inversion of
multidimensional field data, the numerical capability appears to
be within reach [Unsworth and Oldenbdrg, 1995]. However,
there is still a role for one-dimensional computation. The rela-
tive uniformity of large tracts of sea floor and the effort required
to collect extensive data sets in the marine environment mean
that situations continue to exist where data are not collected in
sufficient quantity to constrain multidimensional interpretation.
One-dimensional modeling is also useful as a check of multidi-
mensional methods. It can handle long ranges and deeply pen-
etrating signals that require finite difference or element model
domains so large as to tax current computational capabilities.
Last but not least, the power of simple models as an aid to
physical intuition and sensitivity studies should not be under-
estimated. The relative simplicity of one-dimensional models
and the ease and speed of calculation invite a more thorough
exploration of the model and data spaces than might be the case
with more complex models.

The combined forward and sensitivity computation method
described in this paper has been in use for analysis of the data
obtained by the SIO and Cambridge experimental groups for the
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Figure 2. Forward computation compared with the indepen-
dent computational method of Flosadottir [1990]. The magni-
tude of the radial and azimuthal electric field components have
been multiplied by 7~ (r in m), then plotted as functions of
source-receiver distance r along a line at a 45° angle with the
transmitter axis. The Earth model is model C of Table 1. The
calculation assumes an HED source of unit strength operating
at 1 Hz. The solid and broken lines are computed with the com-
bined sensitivity-forward code, using the fast Hankel transform.
Symbols are computed with a normal-mode expansion using 30
modes of each polarization. The mode expansion breaks down
at ranges less than about 5 km.
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Table 1. Conductivity Models for Sensitivity Study
Model R Model C
Layer  Depth o, S/m o, S/m

Seawater 0 0 km 3.2 3.2
Sediments 1 40 m 0.3 0.3
Extrusives 2 700 m 0.1 0.1
Intrusives 3 6 km 103 1073
Mantle 4 36km  1.63x107 103
Mantle 5 55km  1.63x1073 3.0x1073
Mantle 6 75km  3.0x107* 3.0x1073
Mantle 7 100 km 1073 3.0x1072
Mantle 8 102 0.1

Two models representative of a hot, dry, resistive upper mantle (R
for resistive) and relatively conductive upper mantle (C for conductive).
The most resistive layer in model R has been split into two sublayers in
order to facilitate layer-by-layer comparison with model C. Depths are
to the base of each layer, and the seawater layer is 5 km thick.

past several years [Evans et al., 1991, 1994; Constable and Cox,
this issue]. It is based on the forward-only code of Chave and
Cox [1982], which computed the seafloor horizontal electric
field as a numerically integrated continuum of Fourier-Bessel
wavenumbers, that is, a Hankel transform. The wavenumber
domain response is constructed by recursion up through a stack
of seabed layers, starting from a boundary condition in an un-
derlying half-space. Ghosh [1971] introduced a rapid digital
filtering approach to evaluating such transforms in the specific
case of Schlumberger resistivity sounding. Provided source-
receiver ranges are not too large (the integrand’s oscillatory na-
ture eventually overcomes any numerical integration method),
such methods are very suitable for the solution of the seafloor
dipole-dipole problem. The code of Chave and Cox provided
both a fast Hankel transform (FHT) [Anderson, 1979] and an
alternative method by Chave [1983]. By employing the much
slower method of Gaussian quadrature between Bessel function
zeroes and using Padé approximants to force convergence, this
method was designed to work to relatively longer ranges than
the FHT.

The advent of inversion for smoothly layered models [Con-
stable et al., 1987; Smith and Booker, 1988], and the increas-
ingly large data sets resulting from work with towed sources and
multiple stationary receivers, prompted us to develop a more
efficient computational method. In our version of Chave and
Cox’s method, we have simplified and improved the forward
performance by implementing the use of Anderson’s [1989] hy-
brid Hankel transform code, published after an interchange of
ideas on the relative merits of the two methods [Anderson, 1984].
This allows flexible use of Anderson’s improved FHT or Chave’s
quadrature method. To verify the forward computation, we com-
pare the magnitude of the seafloor electric field as a function of
range with the independent normal-mode method of Flosaddttir
[1990] (Figure 2). The Earth model (model C of Table 1, see dis-
cussion later in the text) differs little from that used for a similar
comparison using the lowest mode only by Chave et al. [1990].
Here, however, good agreement persists to much shorter ranges
(due to inclusion of 30 modes of each polarization, rather than
just the lowest mode in the earlier comparison) and to longer
ranges (due to the improved FHT). The performance of the FHT
out to ranges as long as 1000 km is remarkable. Since the FHT
can now be used for even the most attenuated signals we model,
the computation speed has greatly improved at long ranges. In
addition, Anderson’s [1989] use of spline interpolation to reduce
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the computational burden when many closely spaced ranges are
requested (FHT method only) has proved particularly useful
when inverting towed-source, stationary-receiver data, involv-
ing a near-continuum of ranges. Together with the efficiently
computed Earth-model derivative matrix, this now allows inver-
sion of the full set of source-receiver spacings in experiments
where this was previously too computationally intensive (e.g.,

the inversion example below and the companion paper [Consta-
ble and Cox, this issue]).

Sensitivity Computation

Fréchet kernels for the seafloor dipole-dipole problem were
presented by Chave [1984] (for additional references on Fréchet
derivatives and sensitivity analysis in layered models, see, for
example, Zhdanov and Keller [1994, Chapter 9]). Chave [1984]
used a predictor-corrector method to illustrate Fréchet deriva-
tives for resistive and conductive buried layers. This was used
by Cox et al. [1983] in a sensitivity study for their seafloor sys-
tem, but the computations were extremely slow. The approach
we use to evaluate the sensitivity matrix is analytical differen-
tiation of the Hankel transform kernels followed by numeri-
cal integration [e.g., Johansen, 1975; Constable et al., 1987).
Briefly, the kernel ky is obtained by a recursion rule of the type
ko = ko(k1(: - - Kunderlying hatt—space)), Where the seafloor layers are
numbered downward and £; is the kernel computed as if layer
{ were the uppermost layer. When model-parameter derivatives
are required, we save the quantities

100
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Figure 3. Derivatives from the fast Hankel transform compared
with finite differences. The abscissa is the relative finite differ-
ence step size used for a central difference derivative evaluation.
The ordinate is the magnitude of the relative difference between
the finite difference derivative of the complex radial electric
field with respect to a model parameter and the same derivative
evaluated analytically under the Hankel transform integral sign.
The power of ten indicates the number of digits in agreement
between the two methods. The Earth model is a 6-layer version
of model C, source as in Figure 2; source-receiver distance is
20 km at 45° angle with the transmitter axis. Solid lines are
layer-conductivity derivatives. Broken lines are layer-thickness
derivatives, for each of the finite layers in the model.
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during the forward computation. Afterward, the derivative of
the kernel with respect to any model-parameter, call it p;, (either
the thickness or conductivity of layer [) may be obtained from
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The electric field derivative follows from the Hankel transforms
of 8ky/dp, by the same rule used to construct the undifferenti-
ated field from ko, with a few additional terms due to any depen-
dence of this rule on p;. The entire Jacobian matrix is returned as
a byproduct of a single forward calculation. Since many quan-
tities need be evaluated only once for the entire matrix, very
significant computation savings result.

We test our analytical Earth-model derivatives by comparing
with finite difference derivatives (Figure 3). The best agreement
occurs where the step size is small enough for the first order
Taylor approximation error to be small, but before numerical
cancellation has become severe [e.g., Gill et al., 1981, p. 127
ff., p. 341 ff.]. Agreement to 5-10 digits is obtained for all
data and parameters we have tested. Satisfactory stability of the
recursion relations used in the analytical derivative calculation
isindicated by the fact that we have subdivided the Earth models
into as many as 64 layers without apparent deterioration of the
derivatives (e.g., Figure 7).

Cl l=1127"' ) (1)
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Example of Use for Regularized Data
Inversion

The computational time saved with our code is perhaps best
shown in the context of the inversion of an actual data set. This
also provides confirmation that the Earth-model derivatives are
good enough to lead to an acceptable inversion result. Figure 4a
shows a data set from the experiment at 13°N on the East Pacific
Rise (EPR), described by Evans et al. [1991, 1994]. There
are 68 data at two frequencies. The large number of layers
in regularized inversion produces a large number of columns
in the Jacobian matrix. The combination of a towed transmitter
with stationary receivers produces a large number of data having
unique source-receiver spacings (ranges) and azimuths (with
respect to the source axis), so that the number of rows can also be
large, and, because the problem is nonlinear, the Jacobian matrix
changes at each iteration. Evans et al. used an earlier version of
our code which did not incorporate the spline interpolation for
range. They made the problem tractable by taking averages of
data over a small number of range bins. The small variation in
azimuth and the apparently 1-D structure of the upper crust in
this experiment made this approach possible, but the EPR study
was unusual in this respect.

An inversion of the full data set is shown in Figure 4b. The
model consists of 29 layers, so a total of about 2000 partial
derivatives were required for each iteration. Anderson’s FHT
operates efficiently if an array of ranges are provided for com-
putation, but the azimuth of the receiver with respect to the
transmitter dipole must remain fixed. To be able to take advan-
tage of the spline interpolation for closely spaced ranges, we
perform the calculation for a fixed azimuth (45°) and afterward,
outside the forward module, apply a trigonometric transforma-
tion to obtain the radial and azimuthal field components for each
datum. The entire calculation takes on the order of a minute on
average workstations in use at the time of writing, the 2000-
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EPR 13°N at 0.25 and 8 Hz
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Figure 4. (a) Seafloor EM data taken from the East Pacific
Rise on-axis sounding described by Evans et al. [1991, 1994].
Data are the amplitudes of the maximum axis of the polarization
ellipse. Data errors have been taken at a fixed 50%, to allow for
scatter associated with surface heterogeneity. Solid lines are the
responses of the converged model shown in the bottom panel.
Kinks in this response are due to variations in azimuth for each
datum, not represented in this plot. (b) The 29-layer Occam
inversion of data shown in Figure 4a. By the third iteration the
model has almost reached the converged solution, represented
here by the eighth iteration.

derivative computation taking only about a factor of 5 longer
than a forward-only computation. The results of this inversion
are used both for the crustal model in the next section and in the
companion paper [Constable and Cox, this issue].

Sensitivity Analysis and Experimental Design

We now illustrate some uses of the sensitivity matrix com-
bined with selected forward calculations. Two models that we
consider representative of the uncertainty discussed in the intro-
duction are shown in Table 1 and Figure 5. In order to keep the
differences between the models as simple as possible, the crustal
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sections are identical. The structure of the volcanic crustal se-
quence is based on inversions of the East Pacific Rise controlled-
source experiment (see the preceding section and Evans et al.
[1994]), preliminary inversions of the PEGASUS experiment
(on 40-Ma lithosphere in the NE Pacific) [Constable and Cox,
this issue], and on borehole logging [Becker et al., 1982; Becker,
1985]. Sediment thickness varies greatly on the ocean floor.
Here we assume the average thickness at the PEGASUS site
[Constable and Cox, this issue]. The sediment conductivity
assumed makes little difference at the frequencies we discuss
here. In the uppermost mantle, model C is similar to the Pacific
reference model of Chave et al. [1990], representative of the
uppermost mantle conductivities found in MT inversions. The
lithospheric profile of model R is based on 40-Ma subsolidus
olivine profiles presented by Heinson and Constable [1992].
The lowest conductivity has been increased (such an increase
might be due to a percentage of water or trace materials limiting
the resistivity of cold mantle rock) as needed to yield the same
lithospheric transverse resistance of 3 x 10° {2 m?.

Forward Response

We begin by looking at a view of the magnitude of the seafloor
electric field over model C as a function of range and frequency
(Figure 6). The field has been normalized to represent a unit
source strength, so that a contour labeled “—17” (indicating a
normalized field magnitude of 10~!7 V/m) corresponds to the
lowest signal levels detected in experimental work to date. The
ranges and frequencies included in Figure 6 are a generous esti-
mate of the usable part of data space. However, this domain was
chosen to delineate the intrinsic limits to experimental sensitiv-
ity, while the limitations imposed by realistic noise models are
left to a later section. The forward response shows three distinct
regimes:

1. At short ranges and all but the highest frequencies, the
signal is dominated by a frequency-independent r—3 range de-
pendence associated with the geometry of a dipole over a half-
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Figure 5. Earth conductivity models, model R based on the
40 Ma model of Heinson and Constable [1992] and model C,
similar to the model of Chave et al. [1990].
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Figure 6. Magnitude of the radial (E,, left) and azimuthal (E, right) electric field just above the seafloor
for a unit HED source over model C. The horizontal axis represents source-receiver distance ranging between
5 km and 1000 km, and the vertical axis represents transmitter frequency between 0.01 and 100 Hz. In the
left-hand panel, the source-receiver distance is measured along a line extending off the transmitter axis, and the
10-logarithm of the magnitude of the radial electric field component is contoured. In the right-hand panel the
horizontal axis represents distance along a line broadside to the transmitting dipole, and the azimuthal electric

field component is contoured.

space. This is manifest as vertical contours at frequencies where
there is no skin-depth attenuation.

2. For ranges greater than a few tens of kilometers, prop-
agation is dominated by the “down-over-up” path of least at-
tenuation [e.g., Bafios, 1966; Kraichman, 1970; Wait, 1971;
Galejs, 1972; Frieman and Kroll, 1973; Brekhovskikh, 1980],
down through the crustal section, laterally along the mantle re-
sistor, and up to the receiver. Such a signal is characterized
by a range-independent prefactor, set by the “down” and “up”
parts of the path and by an 72 geometric effect times expo-
nential decay with skin depths along the deeper, more resistive
layers. Since the logarithm of the field strength is contoured,
the slope of the contours should be approximately proportional
to —r/+/(o f). This frequency dependence explains the increase
in slope at lower frequencies.

3. At the lowest frequencies, another, much less range-
dependent mechanism takes over. This is closely related to the
sea surface, as may be demonstrated by varying the water depth
(Figure 6 assumes a 5-km water depth). The code includes the
effect of the sea/air boundary and an atmosphere of zero con-
ductivity. At most frequencies, attenuation in the seawater is
far too great for signals reaching the sea surface to have any
significance at the sea floor. By 102 Hz, however, there are
only 3.7 skin depths to the sea surface and back. The contours
show a rapid change in slope near this frequency. When the
sea surface signal begins to dominate over the seabed propa-
gation path, the sensitivity to the seabed structure is lost. In
contrast with magnetotelluric and other ambient noise sources
which begin to limit signal reception at these frequencies, the
sea surface limitation cannot be circumvented by any amount
of source strength or stacking time. The “notch” that develops
at ranges greater than 10 km and frequencies around 0.03 Hz is
probably a result of phase cancellation between the sea surface
and lithospheric paths.

Sensitivity Overview Plots

The layered-Earth derivatives can be used to plot a discrete
equivalent of the Fréchet derivative. In Figure 7, the triangles
and solid lines show results from subdividing each layer into 5
and 10 sublayers, respectively.

For a broader overview of the sensitivity to the Earth model,

Figure 8 shows separate panels for each of the Earth-model
parameters of model R over a large range of frequencies and
source-receiver separations. The quantity plotted is

d(n(d)) _ pdd
d(n(p))  ddp

where the datum d is taken to be the magnitude of an electric
field component and the Earth-model parameter p can be either
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Figure 7. Discrete analog of the Fréchet derivative in Earth
models C and R. The horizontal axis is the derivative of the
magnitude of the radial electric field with respect to a layer
conductivity, divided by the layer thickness. The source is a unit
strength HED transitting at 1 Hz, receiver located 100 km from
the source, in line with the transmitter axis (radial component).
Circles indicate layering as in Table 1. Triangles indicate each
layer subdivided into 5 sublayers. Solid lines indicate each layer
subdivided into 10 sublayers.
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Model C Amplitude

Model R Amplitude
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Figure 8. Overview of the sensitivity of the magnitude of the HED radial electric field over models C and R (see
Table 1) and phase for model R only. In the amplitude plots, the quantity contoured is S = d(In(d))/d(In(p)) =
pdd/ddp, where the datum is d = | E,(r, f)|, the magnitude of the radial electric field evaluated slightly above
the seafloor, and r represents distance along a line extending off the source dipole axis. For the phase, we contour
S = 0.5 9(In(d))/d(n(p)) = pdd/dOp, where d = arctan(Im[E,(r, f)]/Re[E,(r, f)]). Each panel represents
the conductivity of a single layer, from the sediment layer (top panels), down to the layer immediately above the
underlying half-space (bottom panels). (Sensitivity to the half-space conductivity is low and has been omitted
for clarity.) A value of S = z means that if the conductivity o were perturbed by factor f, the datum would

change by factor f*.

alayer conductivity or thickness. A value of S = 1 means that if
the parameter p is perturbed by factor f, the datum changes by
the same factor. For .S = 2, the datum would change by factor
2

Some justification of our choice of logarithmic scaling for
both the data and the model parameters may be appropriate.
The primary reason is for simplicity and to be able to view a
large amount of information on one page. In specific cases, it
may be more appropriate to ask what is being sought. For in-
stance, seeking porosities through Archie’s Law with exponent
2, then +/o rather than log(c’) might be appropriate. Of course,
the Archie relationship could be used to compute sensitivities

with respect to porosities directly; once dd/ 9o is available, any
derived quantity can readily be found using the chain rule. An-
other reason to use logarithmic scaling is that this is appropriate
for comparing sensitivity with relative experimental errors.
Figure 8 contains a wealth of information about the physics
of the seafloor HED method: .
1. As in Figure 7, the physics of the down-across-up path
are evident. Derivatives for the three crustal layers, in which
propagation is mostly down and up, are largely independent of
range (the irregular patterns in the upper right-hand corner of
Figure 8 result from breakdown of the numerical integration at
very low signal levels) and only reflect changing attenuation with



5514 FLOSADOTTIR AND CONSTABLE:

frequency, high frequencies having the largest effect. Layers 4
and 5, on the other hand, show the combined effect of range and
frequency, with 2 orders of magnitude of frequency having the
same effect as 1 order of magnitude of range because of the /f
dependence of skin depth. Deep conductive layers (5-8 in C
and 6-8 in R) show a largely range-dependent behavior limited
to the band of frequencies that can penetrate to these depths.
This reflects cumulative losses from the bottom of the resistive
“waveguide”.

2. For simplicity, we have plotted only the magnitude of
the derivatives. For large magnitudes (dark areas), the deriva-
tives are negative (increasing conductivity attenuates the signal).
However, the diagonal beads of closed contours in layers 4 and
5 and the horizontal notches in deeper layers, indicate where
the derivatives change sign. For layer 6 of model R most of the
derivatives are positive, demonstrating that, as shown by the for-
ward calculations of Chave et al. [1990], providing a conductive
mantle at the base of the waveguide will actually increase signal
amplitude.

3. For the purpose of distinguishing models C and R, we are
most interested in layer 5, the lithospheric layer corresponding
to depths between 36 and 55 km. Here we find the greatest sen-
sitivity at the longest ranges and at frequencies between roughly
1 and 10 Hz. There is a significant difference between the sen-
sitivity of the two models to this layer. Model C is underlain
by a strong conductivity gradient which enhances its long-range
signal, while lower layers of model R resemble a half-space,
losing more of its energy into the mantle. Evidently, R is more
sensitive to the introduction of a deep conductivity gradient than
C is to changes in its details. The shape of the sensitivity con-
tours shows that the PEGASUS experiment’s [Constable and
Cox, this issue] emphasis on reaching long ranges at a frequency
near 8 Hz was a good choice. Near that frequency, the darkest
shade, which corresponds to S = 1, or to a relative change in the
response equal or larger than the relative conductivity perturba-
tion, comes as close as ~200 km for model R. At a range of
~100 km, the value of S = 0.3 would translate a factor 2 change
in this layer’s conductivity to a signal change of 2°3 or 23%.
As the experimental paper [Constable and Cox, this issue] will
show, with a single instrument at the longest range of ~80 km
the PEGASUS experiment came close but did not quite manage
to distinguish the two types of models.

4. The relative unimportance of the surface sediments at the
frequencies considered can be seen by the small values of the
derivatives for layer 1.

5. As noted by Constable et al. [1986], the derivatives of the
phase are very similar to the derivatives of amplitude. Although
not shown, the derivatives with respect to layer thickness mimic
the form of the conductivity derivatives.

6. Spatial aliasing of the signal caused by variations in the up-
permost layers has the potential to confuse interpretation of the
deeper parts of the profile, as has been discussed by Unsworth
[1994] and Unsworth and Oldenburg [1995]. Figure 8 shows
well-separated regions sensitive only to shallow crust param-
eters or only to the mantle parameters, implying that at least
for this one-dimensional structure it is in principle possible to
resolve surficial and deep structure independently. In a later
section, we will discuss a statistical approach to the very real
problem of near-surface heterogeneity.

Effect of Noise on Experimental Design

Inferences from model sensitivities involve extrapolation
from infinitesimal model perturbations. Since Earth conduc-
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tivity is often unknown to orders of magnitude, it is clearly
important to confirm such inferences by selected forward com-
putations. Furthermore, neither Earth model derivatives nor dif-
ferences between theoretical forward curves have much meaning
unless they are carefully weighed against the experimental lim-
itations. We will consider two types of limitations; a detection
threshold (i.e., whether a signal is large enough to emerge from
a noise background) and noise more or less proportional to the
signal strength.

At the typical controlled-source frequencies within a decade
or two of 1 Hz, the deep seafloor is electrically a very quiet envi-
ronment. Above about 1 Hz, the main source of noise is caused
by the receiving equipment [Webb et al., 1985] rather than am-
bient noise levels. Receiver sensitivity may be increased by
increasing antenna length, producing a larger recorded voltage
for a given electric field. Synchronous stacking can also be
used to recover a repetitive signal from a random background of
either instrumental or natural ambient noise. Because transmit-
ter power, stacking time (or bandwidth), and receiver antenna
length are all under the control of the experimenters, no absolute
limit on the detection threshold above 1 Hz has been reached.
The best accomplished to date is about 10717 V/Am? using a
3-km antenna on a long-wire electromagnetic (LEM) type re-
ceiver [Constable and Cox, this issue]. The shorter arms on the
other electric field (ELF-type) instruments reduce this to about
10~'% V/Am?. For evaluating the differences between the re-
sponse to our two models, we use an instrumental and ambient
noise spectrum based on Figure 7 of Webb et al. [1985]. The in-
strumental part of the noise spectrum (including electrode noise)
is taken to vary as f~!, leveling out above 1 Hz at a value of
1012 (V/m)/+/Hz for the case of a 1000-m antenna. At lower
frequencies, first ionospheric and then ocean-induced fields be-
gin to contaminate seafloor electric dipole-dipole sounding sig-
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Figure 9. Instrumental and ambient noise spectra assumed in
our comparisons of model response. The spectra are based on
experimental results reported in Figure 7 of Webb et al. [1985].
Instrumental (including electrode) noise is taken to produce a
voltage independent of the receiver antenna length, so that when
this is interpreted as an electric field value, it scales with the
reciprocal of the antenna length. The two lengths shown cor-
respond to the two noise models discussed later in the text and
used in the middle and bottom panels of Figure 10. This part of
the noise spectrum is taken to vary as =, leveling out above
1 Hz at a value of 1.0 x 1072 (V/m)/\/Hz in the case of a
1000 m antenna. The ambient noise spectrum is taken to vary
as f~2 throughout the frequency range, passing through a value
of 10719 (V/m)/+/Hz at 0.1 Hz.
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nals. To model this, the ambient noise spectrum is taken to vary
as f~2 throughout the frequency range shown, passing through
avalue of 1071° (V/m)//Hz at 0.1 Hz. Figure 9 shows the com-
bination of these two sources of noise for two different antenna
lengths.

In addition to the instrumental and ambient sources of noise,
errors more or less proportional to the signal strength also need
to be considered. Because of the very sharp falloff of electric
field with range (on the order of 1/7* for short ranges and e™"
at long ranges), there are ordinarily very few data for which
instrument noise is comparable to the size of the signal; most
are either below the detection threshold or have an extremely
high signal to instrument noise ratio. For those data above the
detection threshold, instrumental error rapidly becomes only a
few percent or less and ceases to be the most important source
of noise. From the interpretational standpoint, uncertainty in
source-receiver range, transmitter azimuth, and receiver orien-
tation all contribute random errors which are larger than this.
However, the dominant source of measurement degradation over
thinly sedimented seafloor is data scatter believed to be related
to near-surface geological structure and topography [Cox et al.,
1986; Evans et al., 1994]. Inspection of Figure 4a provides an
illustration; the data scatter about the theoretical response and
the error bars have to be set at 50% of the electric field magnitude
before an adequate fit can be obtained using inverse modeling.
These data were collected from two receivers and from four
transmitter paths which spanned ranges from 500 m to 10 km.
Although crustal heterogeneity is, in principle, deterministic in
the sense that it could be included by a sufficiently complex
modeling algorithm, the scatter exhibits all the characteristics
of random noise. That is, there is no correlation between data
collected at adjacent ranges, and there is no trend or bias in
the layered-seafloor fit as a function of range (except for a few
0.25 Hz data at 2- to 4-km range). Examination of the electric
field magnitude and phase during this experiment showed that
fluctuations occurred on the same scale lengths as the transmitter
antenna length, or 100 m. Each datum in Figure 4 is the result of
15-min synchronous stacking of the transmitter signal, during
which time the transmitter antenna was towed about 500 m, or 5
times its length. Thus even for a similar receiver and transmitter
path, the near-surface structure has an essentially independent
effect on adjacent data.

The example just discussed is an extreme case, at relatively
short ranges over fresh volcanic terrain; the effect is reduced
over sediments and at longer ranges [Constable and Cox, this
issue]. Even so, a 50% error level for individual data is not
as grave a problem as it may seem. With multiple receivers
and a towed source or with tandem-towed source-receiver sys-
tems, it is easy to obtain redundant data and use some form of
averaging to reduce the scatter associated with surface hetero-
geneity. Evans et al. [1991] reduced the error on each datum
in the example data set to 10%-20% by taking groups of data
in range bins and computing the standard error of the mean for
each bin. The measurement error estimates were discarded and
only the variance in each range bin was used for the error cal-
culation. This approach was made possible by the apparently
1-D response in this short-range experiment and by an exper-
imental design which resulted in very little azimuth variation.
It proved self-consistent for this data set in the sense that 1-D
models could easily be fit at a root-mean-square misfit level of
1.0. However, the method is not generally applicable, since az-
imuths relative to the transmitter dipole may vary freely. Also,
the choice of bin boundaries can have a significant effect on the
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outcome. With the efficient modeling algorithm presented here,
all of the mostly redundant data can be included in inversion.
The effective data error is then given by the square root of the
variance of fit at convergence, which goes as 1/1/N where N is
the number of data with independent transmitter and receiver lo-
cations [e.g., Bevington, 1969]. With a towed source, collecting
on the order of 100 data per decade of range will generally be
possible (the EPR example had a relatively short transmission
time). With multiple receivers, an effective error level of 5%
seems very reasonable. Over thickly sedimented structures, the
scatter will be much less, but other experimental parameters,
especially the strong dependence on range, will contribute to
random error and likely bring the effective error back into the
5% level. Also, large-scale deviations from 1-D structure are
likely to affect the data at least this much.

In the next section, we will model noise for two different
types of experiments. The first case considered represents an
experiment where the emphasis has been put on reducing scatter
due to near-surface geology and other relative “noise” by col-
lecting large numbers of redundant data. The easily deployed
ELFs with 10-m receiving antennas would be the first choice for
such an experiment but do not provide strong enough signals,
so we show results for 100-m antennas and assume a relative
error of 5%. We also assume a source strength of 3.6 x 10* Am
and stack time of 15 min, typical of towed-source experiments
to date. The second case we consider is an experiment where
more emphasis has been put on receiving weak signals than on
gathering redundant data. We assume a receiver antenna length
equal to the longest achieved to date, 3 km, and since we are
trying to illustrate an extreme case, assume a very long stack
time of 12 hours. While signals over 12 hours were stacked
for one of the instruments in the PEGASUS experient [Con-
stable and Cox, this issue], such stack times are perhaps more
appropriately viewed as an example of what could be done with
moored or island sources rather than towed sources (C.S. Cox,

_personal communication, 1983). In keeping with the empha-

sis on receiving weak signals, we assume a somewhat stronger
transmitter than in the previous noise model, or 1.0 x 10° Am,
but lack of redundant data implies a larger relative error of 20%.
Both noise models assume numbers that have been already been
achieved with current technology. Technological advances (for
instance improvements in electrode construction (C.S. Cox and
X. Qian, personal communication, 1993) or increased experi-
mental resources may well make it possible to go beyond these
boundaries.

Can the Two Models Be Distinguished?

The top panels of Figure 10 show the forward response of
models R and C. The lower panels show the difference in field
magnitude, scaled by the estimated noise levels for the two types
of experiments discussed above. The results are fairly similar,
even though the middle and bottom panels involve 5% and 20%
relative noise, respectively. In both cases, for frequencies be-
tween roughly 1 and 10 Hz, at least for the radial field compo-
nent, the differences between the models reach twice the noise
level at ranges of the order of 100 km. This should be sufficient
to distinguish the two models experimentally. The PEGASUS
experiment, with its emphasis on reaching long ranges at 8 Hz,
was clearly well designed for this purpose. As the companion
paper [Constable and Cox, this issue] shows, however, while
differences in fit are beginning to show up at the longest ranges,
both models more or less fit the data after minor adjustments
to the crustal profile. Our conclusion from both the model and
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Figure 10. Forward calculations and noise-scaled differences testing sensitivity to the difference between mantle
models R and C. As in Figures 5 and 7, the horizontal axis is HED source-receiver distance between 5 and 1000
km, and the vertical axis is transmitter frequency between 0.01 and 100 Hz. In the left-hand panels, the receiver
is assumed to be located along a line oriented at endfire relative to the transmitting dipole, and we consider the
radial component of the seafloor electric field. The right-hand panels are similar to those on the left, except that
the receiver is assumed to be located along a line broadside to the transmitter, and we consider the azimuthal
field component. The top panels show the forward response of models R (solid) and C (broken). In the lower
two panels, we contour the difference of the electric field in the two Earth models, divided by an estimated noise
level. In the middle panels, the noise level is given by the 100-m antenna curve of Figure 9, plus 5% relative
noise. In the bottom panels, the noise level is that of the 3-km antenna curve of Figure 9, plus 20% relative noise.

the experimental study is that the ranges reached stopped just
short of beginning to distinguish between the two types of mod-
els, and, that in experiments using current technology, ranges
only need to be pushed slightly further to distinguish the dif-
ferences between a thinner, more resistive lithospheric resistor
layer underlain by a deeper conductivity gradient, such as the
one in model C, and a thicker, less resistive layer, as in model R.
This is the case even for our relatively minor model differences,
identical transverse resistance, and in the presence of reasonably
realistic noise models.
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