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The seismic reflection method has been a highly 
successful tool in oil and gas exploration for half a century, 
and it presently accounts for about 98% of all geophysical 
expenditures world-wide.  However, the relatively high cost 
of seismic exploration and its limitations in certain geologic 
environments are continuing problems.  Some help has been 
provided by the magnetotelluric (MT) sounding technique, 
but the cost of MT is also quite high due to the low natural 
signal strengths being measured.   

The controlled-source audio-frequency magnetotellurics 
(CSAMT) technique is a shallower-penetrating variation of 
MT which uses an artificial signal source.  This permits 
faster and more economical data acquisition.  CSAMT has a 
penetration of about 2 km in typical petroliferous 
environments.  CSAMT does not replace seismic but 
functions in three specific roles: (1) as a reconnaissance tool 
to help focus seismic coverage, or to help avoid ‘no-record’ 
zones; (2) to assist in static corrections and in interactive 
seismic interpretation; (3) as a primary tool in certain 
environments (volcanics, complex thrust areas) where 
seismic data acquisition is limited.   

An example of the application of CSAMT to structure 
mapping comes from data taken over Trap Spring Field, 
located in the frontier Great Basin of the western United 
States.  The field produces oil from fractured volcanics at the 
edge of a major graben fault.  The CSAMT data delineate 
the major subsurface faulting and stratigraphic relationships 
in the area.  The resolution of the CSAMT survey is 
significantly better than previously obtained induced 
polarization (IP) data.  Detailed comparisons with electric 
log, drill hole, and air-photo data show an excellent 
correlation between the CSAMT features and known 
geology.  The work suggests that CSAMT could be used in 
this area for reconnaissance mapping to develop seismic 
prospects, at approximately one sixth the cost of seismic.  
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Introduction 
Since its development in the 1930s, the seismic reflection 

technique has proved to be an invaluable geophysical tool in 
exploration for oil and natural gas.  Its inherent resolving 
power has made it particularly effective in mapping 
subsurface structure and stratigraphy.  As a result, seismic 
now represents about 98% of total world wide expenditure 
on geophysics (Montgomery 1985).  However, the steady 
trend towards increasingly difficult exploration targets has 
not only made seismic more expensive, but also has led 
explorationists into some frontiers where seismic is less 
effective.  In recent years a renewed emphasis has been 
placed upon multi-disciplinary exploration in order to offset 
these problems.   

An important group of supplementary geophysical 
techniques has been electrical and electromagnetic methods.  
The most familiar electrical technique in petroleum 
exploration has been magnetotellurics (MT) but other 
methods such as controlled source audio- frequency MT 
(CSAMT), transient electromagnetics (TEM), and induced 
polarization (IP) have been frequently used.  In general these 
techniques have had five distinct applications, in decreasing 
order of success:  (1) structure mapping; (2) mapping 
possible near- surface electrochemical alteration due to 
microseepage from deeper traps; (3) detecting and 
monitoring brine and hydrocarbon contaminants from 
injection wells and refining facilities; (4) monitoring 
secondary recovery processes; (5) direct detection of very 
shallow oil- bearing strata.  At this time the structure-
mapping application is probably the most effective and best-
documented use of electrical methods for petroleum 
exploration.   

Since seismic is superior to electrical in terms of 
resolution, electrical methods are best viewed as a 
complementary, not a competitive, geophysical approach.  In 
this context, electrical techniques have three primary 
contributions to a seismic exploration programme: (1) 
mapping frontier areas on a reconnaissance basis in order to 
isolate specific prospects for more expensive seismic 
detailing; (2) complementing seismic interpretation with 
additional structural or lithologic information; (3) replacing 
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seismic in very difficult environments, such as in basins 
where productive sediments are overlain by thick basalts.   

This paper illustrates the use of the CSAMT technique for 
mapping petroleum-related structure on a reconnaissance 
basis, and points out how the technique might be used in a 
multi-disciplinary exploration programme.   

The CSAMT technique 
Controlled-source audio-frequency magnetotellurics 

(CSAMT) is a high-resolution electromagnetic sounding 
technique which utilizes an artificial grounded dipole as a 
signal source.  It was first proposed by Goldstein & 
Strangway (1975) as a method of overcoming the weak 
ambient signal levels associated with the natural-source 
magnetotelluric (MT) technique.  The result has been a more 
economic version of MT for targets within the top few 
kilometres of the surface.   

Since its first commercial use in the late 1970s, CSAMT 
has been used in a variety of applications.  These include the 
mapping of small-scale and large-scale structural features for 
petroleum exploration (Hughes 1984; Hughes et al. 1984), 
mapping possible electrochemical alteration in the sediments 
above oilfields (Ostrander et al. 1983; Hughes et al. 1984), 

monitoring secondary oil recovery operations (Bartel & 
Wayland 1981; Wayland et al. 1984; Wayland & Leighton 
1985), mapping burn fronts in underground coal gasification 
projects (Bartel 1982), coal exploration (Bartel & Dobecki 
1982), exploration for geothermal resources (Sandberg & 
Hohmann 1982; Bartel & Jacobson 1987; Yamashita et al. 
1985), mapping groundwater contamination (Fryberger & 
Tinlin 1984; Zonge et al. 1985), and mapping conductive 
mineralization (Zonge et al. 1980; Lakanen 1986; Hjelt et al. 
1987).  The authors also have applied CSAMT for mapping 
structure related to occurrences of sulphur, uranium, 
precious metals, and coal, for monitoring reservoir fluids in 
geothermal fields, for mapping brine contamination of 
drinking water supplies from leaks in injection wells and 
pipelines, and for mapping spills of refined hydrocarbons.   

The CSAMT signal source consists of one or two 
grounded dipoles or inductive loops (Fig. 1).  Signals at 
levels of tens of amperes and across a frequency band of 0.1 
to 10000 Hz are used in most CSAMT surveys.  The 
measurements consist of key components of the electric and 
magnetic fields at points some 5 to 15 kilometres from the 
sources.  In complex geology, full-tensor measurements (10 
field components, two orthogonal sources) are required, as 

Fig. 1.  Field set-up for tensor CSAMT.  Areas with relatively simple geology may permit acquisition of scalar data (Ex1 and Hy1 from source No. 1 only), as in 
the present data set.   
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illustrated in Fig. 1.  The use of two distinct sources best 
simulates the multiple-polarity source used in MT work.  
Tensor CSAMT data are rotated to their principal directions 
to obtain resistivity / phase data parallel and perpendicular to 
strike, much as is done in MT.  Less complex geology may 
call for vector (four components, two sources) or scalar (two 
components, one source) measurements.  In very simple 
geology, one can utilize a variation on CSAMT known as 
controlled-source audio-frequency electrotellurics (CSAET).  
In CSAET, only a single electric field component is 
measured at each station, and occasional magnetic field 
measurements are made to generate apparent resistivity data.   

Penetration and resolution 

The penetration of CSAMT on conductive environments is 
less than a skin depth, where skin depth   in metres is 
defined as 
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where ! is the ground resistivity in ohm-metres, " is the 
angular frequency in radians per second and # is the 
magnetic permeability.  Hence, in typical petroliferous 
environments (10 to 100 ohm-metres resistivity), a 
maximum penetration of 3.5 to 11 km is possible for low 
frequencies on the order of 0.1 Hz.  In general, however, we 
have found that the practical limit is about 2 km, given 
considerations of signal strength and the need to keep all 
measurements as far from the source as possible.  Hence the 
technique does not replace conventional magnetotellurics, 
but serves as a near-surface supplement to it. 

Lateral resolution of CSAMT data is roughly equivalent to 
the electric field dipole length, which typically is 30 to 
300 m.  Vertical resolution of conductive features is roughly 
20% of the depth of burial.  This is crude by seismic 
standards, but is usually sufficient for the purposes to which 
CSAMT is applied.   

In general, tensor CSAMT costs about one fourth the cost 
of magnetotellurics.  This is partly due to the different 
frequencies measured (CSAMT 0.125 to 10000 Hz; MT 
0.001 to 200 Hz), and partly due to signal improvement with 
the CSAMT source.   

Source effects 

Unlike the MT situation, where the source is thought of as 
infinitely distant and non-polarized, the CSAMT source is 
finite in distance and is distinctly polarized in terms of 
orientation.  This leads to two important considerations in 
interpretation: non-plane-wave or geometric effects, and 
source overprint effects.   

Non-plane-wave effects arise due to the finite separation, 
r, between the source and the sounding point.  The 
measurement zone far from the source (r > 4 ) is known as 
the ‘far-field zone’; closer to the source (0.56 < r < 4 ) is the 
‘transition zone’, and very close to the source (r < 0.5 ) is 
the ‘near-field zone’.   

In the far-field zone, the impinging electromagnetic wave 
can be thought of as a plane-wave propagating vertically into 
the Earth.  This simulates the MT case and is thus the 
desired configuration for CSAMT work.  Our modelling 
(Zonge & Hughes 1988) has shown that calculated 
resistivities are within 5% of the actual ground resistivities 
when r > 4  for the electric field measurements parallel to 
the source.  Under this condition the measured resistivities 
are independent of source- sounding separation or geometry.  
The far-field apparent resistivity !a, often referred to as the 
‘Cagniard resistivity’, can be calculated from the ratio of 
orthogonal electric and magnetic field components 
according to 
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in which Ex is the electric field strength in some horizontal 
direction in nV km-1, Hy the magnetic field strength in the 
perpendicular horizontal direction in gammas, and T is the 
period in seconds, to give the resistivity in ohm-metres.  A 
second parameter, phase difference, is also measured: 

HE ϕϕϕ −=  

in which $E is the phase angle of the electric field referenced 
to the source signal, and $H is the corresponding phase angle 
of the magnetic field.  A phase difference of  /4 or 785.4 
milliradians corresponds to an homogeneous earth response; 
larger values suggest high-over-low resistivity layering; 
smaller values suggest low-over-high layering.   

In the near-field zone close to the source, the impinging 
wave does not behave like a plane wave, and the apparent 
resistivity is much more complex than in the simple 
Cagniard relationship.  In addition, the magnetic field 
becomes ‘saturated’, or independent of frequency and 
resistivity (Zonge & Hughes 1988).  This has the important 
implication that the data are no longer ‘sounding’ according 
to the skin-depth relationship, but that depth penetration is a 
direct function of geometry between the source and the 
measurement point.  Hence, near-field data behave more like 
a dipole-dipole induced polarization survey than an 
electromagnetic sounding survey.  The near-field zone is 
avoided whenever possible.  The distorting effects of the 
near-field zone on the Cagniard resistivity calculation are 
shown in Fig. 2.   

In the transition zone between the near-field and far-field 
zones, resistivities are partly a function of geometry, and 
soundings are controlled by both frequency and geometry.  
The transition zone often can be identified in Cagniard 
resistivity data as a dip or ‘notch’ and then a steep rise in 
resistivity as one progresses to lower frequencies.  The notch 
is always shallow in relatively homogeneous environments, 
but becomes more pronounced in geology where low-over-
high resistivity layering is found.  When such layering 
occurs at the depth corresponding to the effective 
penetration at the notch frequency, the notch shape becomes 
very sensitive to geologic changes.  In such a case the notch 
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is said to be ‘tuned’ by the geology.  The data presented in 
this paper illustrate how this can actually enhance 
interpretation.   

In addition to non-plane-wave effects, the source has an 
effect on the measurements known as ‘source over print’ 
(Zonge et al. 1980; Zonge & Hughes 1988).  Source 
overprint occurs when the geology beneath the source differs 
from the geology beneath the sounding.  The result is an 
overprint of the geologic effects beneath the source on to the 
data collected at the sounding point.  The effect is usually 
small in the far-field data but can be pronounced in the 
transition and near-field zones.  In particular, overprint often 
has the result of shifting the incursion of near-field effects to 
higher frequencies than normally expected.  The data in this 
paper provide a good illustration of this phenomenon.   

Static effect 

Possibly the most significant interpretational problem in 
MT and CSAMT is the so-called static effect (Larsen 1981; 
Warner et al. 1983; Sternberg et al. 1984).  As described by 
Zonge & Hughes (1988), this effect can occur due to the 
presence of a near-surface, finite, electrically 
inhomogeneous body.  The problem can be visualized as the 
result of a static charge distribution which accumulates at the 
surface of the body.  When the size of the body is smaller 
than the wavelength of the investigating signal, the body is 
no longer resolved directly.  Instead, the surface charge 
produces a frequency-independent ‘static shift’ of the 
apparent resistivity data.  The net result is that resistivity 
data, plotted versus frequency on logarithmic scales, will be 
shifted up and down, depending on the resistivity of the 
body and location of the sounding point.  This is a serious 
problem, as it can throw off estimated depths and can result 
in an erroneous interpretation of subsurface effects. 

Some investigators (Andrieux & Wightman 1984; 
Sternberg et al. 1985) have experimented with correcting 
static effects in MT data with additional transient 
electromagnetics (TEM) measurements.  An alternative 
approach, developed by Zonge (Zonge & Hughes 1988), 
involves an integration of phase difference data (which are 
unaffected by static offset) and shifting the results by a 
factor computed by average resistivities for specified 
stations and frequencies.  An example is provided in the case 
history.   

Case history: Trap Spring Field 

Geologic Setting 

Trap Spring Field is located in the Railroad Valley sub-
basin of the Great Basin, which lies in the western interior of 
the United States (Fig. 3).  Railroad Valley is a semi-arid, 
single-valley basin surrounded to the east and west by the 
Pancake and Grant mountain ranges.  The 160-km long, 
3000-km valley was formed by the late Tertiary basin-and-
range graben faulting which is typical of the western two-
thirds of the Great Basin.   

All presently known Railroad Valley oilfields lie on the 
downthrown sides of the graben faults which control the 
edges of the valley (Fig. 4).  Trap Spring Field occurs along 
the graben fault which bounds the western side of the valley 
(Fig. 5).  As described in detail by numerous authors (Duey 
1979; Foster 1979; French & Freeman 1979; Dolly 1979), 
the trap occurs in the Pritchards Station Formation, a 
multiple-flow, Oligocene ignimbrite unit.  The reservoir rock 
was deposited from local volcanic vents along relatively flat 
topography, and was later faulted and fractured by basin-
and-range tectonism.  The oil is found in joints and fractures 
formed by faulting and by the rapid cooling of the volcanics 

Fig. 2.  CSAMT Cagniard resistivity in a 1000 ohm-m homogeneous earth, illustrating near-field effects.  At a source-sounding separation, r, exceeding four 
skin-depths, the transition zone distorts the true resistivity; at r < 0.5 skin-depths, the near-field zone causes saturation of the signal and prevents proper data 
acquisition.   
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following deposition.  The reservoir is a combination 
structural-and-stratigraphic type.  It is limited laterally by 
sealed faults, the oil-water contact, and loss of reservoir 
permeability.  The top seal is provided by an ash zone which 
has been heavily altered to clay; the bottom seal is caused by 
a loss of reservoir porosity due to vitrification at the base of 
the ignimbrite flow.   

Overlying the volcanics is a thick section of 
heterogeneous alluvial overburden (Fig. 5c).  The lower 
portion of the overburden consists of sands, silts and shale 
material, and lithic fragments of the Tertiary Horse Camp 
Formation; the upper portion involves Quaternary and more 
recent clay, silty sandstones and evaporite deposits.  Within 
the sediments are considerable changes in grain size and 
groundwater salinity, as well as interbedded volcanic lenses, 
gravity slides, and lithic inclusions.   

Oil of 21° to 28° API gravity and no gas is produced from 
26 wells.  As of February 1986, some 6.4 million barrels of 
oil had been produced, and the field is still under active 
development on its northern flank.   

Exploration problems 

The 400000-km2 Great Basin is a highly underdeveloped 
frontier area which had only two producing oilfields as late 

as 1981.  However, more discoveries have been made in the 
past few years, including a spectacular 1500 BOPD per well 
producer at Grant Canyon Field.   

The exploration difficulties of the vast Great Basin are 
considerable (Dolly 1979; Foster 1979; Vreeland & Berrong 
1979).  Within the area are several dozen sub-basins like 
Railroad Valley, each of which has a unique, sometimes 
complex sedimentary sequence of heterogeneous alluvial 
fill, volcanics, metamorphics and sediments.  Source rock 
potential is poorly understood from basin to basin.  Most 
source rocks are immature, but maturity is quite variable due 
to high heat flow gradients in some areas (Duey 1983; 
French 1983).  Basement can vary unpredictably from 
volcanics to sediments to intrusives, as was found when 
drilling offsets to the Grant Canyon discovery.  Due to 
complex deposition and erosion sequences, traps may be 
found either in structural highs or lows.  The traps also occur 
in a variety of lithologies, including ignimbrites, younger 
lacustrine shales, and Palaeozoic marine carbonates.   

Seismic exploration in this area is particularly challenging 
(Vreeland & Berrong 1979).  Steep dips, complex basement 
faulting, extensive volcanics, and strong velocity gradients 
require 24-fold common midpoint data.  Soft, saturated 
surface conditions prohibit the use of heavy vehicles, 

Fig. 3.  General location of Trap Spring Field. 
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requiring dynamite surveys for the required bandwidth.  In 
many cases, the resulting data define the structural 
relationships quite well, as illustrated in the migrated section 
across Railroad Valley (Fig. 6).  However, dynamite data 
can be of variable quality due to poor signal coupling in dry, 
heterogeneous bajada slopes at the edges of the basins.   

Interpretation problems abound. In some areas volcanic 

lenses are found within the alluvial overburden, creating 
strong multiples which obscure interpretation of the deeper 
basement materials (Fig. 7).  In other areas, gravity-slide 
masses in the alluvial cover may confuse the interpretation.  
Nevada’s first oilfield, Eagle Springs, was drilled quite 
fortuitously on a gravity-slide ‘high’ which is unrelated to 
the structure at depth.  The volcanic/Palaeozoic contact is 

Fig. 4.  Generalized geologic map of Railroad and White River Valleys.  Railroad Valley fields are found along basin-margin graben faults at the western and 
eastern boundaries of the valley.  Map adapted from French (1983), with additional information from Duey (1983) and recent drilling data.   


