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A parametric study of the vertical electric source

Louise Pellerin*, and Gerald W. Hohmannt

ABSTRACT

Measurement of the vertical magnetic field caused
by a vertical electric source (VES) is an attractive
exploration option because the measured response is
caused by only 2-D and 3-D structures. The absence of
a host response markedly increases the detectability of
confined structures. In addition, the VES configura-
tion offers advantages such as alleviating masking
resulting from conductive overburden and the option
of having a source functioning in a collapsed borehole.
Applications of the VES, as in mineral exploration,
seafloor exploration, and process monitoring such as
enhanced oil recovery, are varied, but we limit this
study to a classic mining problem-the location of a
confined, conductive target at depth in the vicinity of a
borehole. By analyzing the electromagnetic responses
of a thin, vertical prism, a horizontal slab and an
equidimensional body, we investigate the resolving
capabilities, identify survey design problems, and pro-
vide interpretational insight for vertical magnetic field
responses arising from a VES. Data acquisition prob-
lems, such as electrode contact within a borehole, are
not addressed.

Current channeling is the dominant mechanism by
which a 2-D or 3-D target is excited. The response
caused by currents induced in the target is relatively
unimportant compared to that of channeled currents.
At low frequencies, the in-phase response results from
galvanic currents from the source electrodes chan-
neled through the target. The quadrature response, at
all frequencies, results from currents induced in the
host and channeled through the target. At high fre-
qguencies, in-phase currents are also induced in the
host and channeled through the target. Hence, the

guadrature response and the high-frequency in-phase
response are quite sensitive to the host resistivity.
Time-domain magnetic field responses show the same
behavior as the quadrature component.
Interpretation of low-frequency vertical magneti
field measurements is straightforward for a sour¢e
placed along strike of the target and a profile line
traversing the target. The target is located under a sjgn
reversal or null in the field for a flat-lying or vertical
target. A dipping target has an asymmetrical responsge,
with reduced amplitude on the downdip lobe. Th
target is located between the maximum lobe and
null. Although the vertical magnetic field caused by ja
VES for a 2-D or 3-D structure is purely anomalou
the host layering can affect signal strength by more
than an order of magnitude. A general knowledge [of
the location of the target and host layering is helpful jn
maximizing signal strength.
In practice boreholes are not vertical. An anglgd
source can introduce a response because of the hori-
zontal component that can overwhelm the VES rg-
sponse. For low-frequency, in-phase, or magnetomet-
ric resistivity (MMR) measurements made with
source angled at less than 30 degrees from the vertical,
the host response caused by a horizontal electric
source (HES) is negligible, and the free space respopse
is easily computed and removed from the total re-
sponse leaving a response that can be interpreted as
that being caused by a VES. The high-frequengy,
in-phase response and the quadrature response at any
frequency caused by a HES are strongly dependent on
the host resistivity and dominate the scattered fe-
sponse. The measured response, therefore, must be
interpreted using sophisticated techniques that take
source geometry and host resistivity into account.
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44 Pellerin and Hohmann

INTRODUCTION Although the results presented apply to any of the above
applications, this numerical study is constructed within the

The vertical electric source (VES), a grounded source context of a classic mining problem-to locate a confined,
employed down a borehole, has intrigued geophysicists forconductive target at depth in the vicinity of a drill hole.
years because the vertical magnetic field intensity response
B, is caused by 2-D and 3-D structures only. Because the =~ COMPUTATIONAL CONSIDERATIONS AND MODEL
response of the transmitter and the layered host is absent, GEOMETRY
detectability of confined structures can be increased mark- . : : .
edly over that of other transmitter configurations. Applica- Using a direct current (DC.) algonthm descrlbed. by
tions of the VES using magnetic field measurements includeBeaSley and Ward (.1986)' we first qescnbe the behavior of
mineral exploration (Asten, 1988; Nabighian et al., 1984; Iow-frequency.eleptrlc current flow in the earth to under-_
Hohmann et al., 1978), seafloor exploration as with the ?ta”d magnetic field responses. Low-frequency magnetic
magnetometric off-shore electrical sounding technique field responses for an arbltranly oriented source are calcu-
(MOSES) of Edwards et al. (1981), and process monitoring lated using the MMR algpnthm of LaBrecque and Ward
such as enhanced oil recovery (Newman, 1994; Bartel an0(1987.)' We use the aIgon}hm of Newman et al. (1986) to
Newman, 1991). In addition to providing a purely anomalous descnb_e multi-frequency, in-phase, ar_1d quadrature electro-
response, other advantages of the VES include elimination™agnetic (I.E.M) responses due to a horizontal electric source,
of signal masking due to conductive overburden and allow- and a modification of this code (Newman, .1994.) to calculate
ance for a relatively inexpensive source that can function in EM responses .Cal.JSEd by. a VES. Em_ploymg dlﬁgrent codes
a collapsed or open borehole. overcomes limitations within a particular algorithm. For

As with any borehole technique, signal strength is en- exam_ple, the EM program cannot calculate the response
hanced over that of surface configurations because thergsultmg from_nonvgrﬂcal sources, whereas such calcula-
source or the receiver is closer to the target that is generatin ions are possible with the MMR code. However, the MMR
the secondary or anomalous response. A cross-borehol ode can calculate the response of a 3-D target only in a
configuration, where both source and receiver are relatively omogeneous half-space, whe_reas the EM code can com-
close to the target, produces the strongest response.pUte the response of a target in a Igyered host. Comparison
Nabighian et al. (1984) found that magnetometric resistivity Of. results from these various algorithms, whenever appro-
(MMR) anomaly strength increased by an order of magni- pr[?;e, en;tljgres a((j:cluracy. i ¢ d
tude with the detector placed downhole compared to surface rbee D mo eds freprﬁ.sen Ing ex fle”.‘e (I:ages, I?/Ir o(lanl
measurements. However, surface measurements are a pra@ég} ErS, r?re use Iort;[ IIS rk;ur(;]e(llfa S'mg ?‘“‘;’.‘- ol.e
tical approach worthy of investigation. Is a thin, vertical tabular body Illustrated in Figure 1;

With the VES, both cross-borehole and surface electric Ormodel VESZ, IS an eqU|d|menS|pnaI prism measuring 12Q X
magnetic field measurements can be made in either the120 x 120 m; and model VES3 is a horizontal slab measuring
frequency domain or time domain. This study concentratesﬁooﬂf tsztg Xt40 ;nth Mtodel trefsgggses _ﬁ:e computed ffor elll
on low-frequency vertical magnetic field measurements for epth fo the fop ot the target o m. the responses for a
three reasons: (1) unlike the electric field, the magnetic field
is not strongly affected by near-surface resistivity changes,
(2) the response for vertical magnetic field measurements is
caused solely by 2-D and 3-D conductivity structures, and
(3) data reduction and interpretation of low-frequency, in- .
phase measurements (MMR) are less complicated. Horizon-
tal magnetic field measurements are also purely anomalous
provided the measurements are taken at or above the earth’s /\
surface, but the natural, ambient noise is stronger for the g
horizontal components (Vozoff, 1990), thus reducing the \ s surface—
signal-to-noise ratio. Horizontal measurements will not be =~ D
considered in this study; however, it should be noted that
MMR measurements of the horizontal components are use-
ful in determining the direction to a conductor (Oppliger,
1984; Edwards and Nabighian, 1991). Time-domain results
follow the behavior of frequency-domain quadrature mea-
surements and, as we shall see, have many problems related
to data reduction and interpretation.

By understanding the fundamental physics of a technique,
the geophysicist can maximize positive attributes and mini-
mize negative aspects during survey design and interpreta-
tion. The intent of this numerical simulation is to investigate
the resolving capabilities, identify survey design problems,
and provide interpretational insight for magnetic anomalies

arising from a VES. This is done by varying key parameters Fic. 1. Geometry of model VESL illustrating the placement
such as target and host resistivity and electrode placement. of the vertical electric source and profile line.

profile line
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three models have similar amplitudes for a host resistivity of toward the electrode, as in Figure 3. This change in direction
100 ohm-m, a target resistivity of 1 ohm-m, and a bottom of current flow results in a change of sign in B zfield.
electrode depth of 550 m, which is the maximum coupling The low-frequency, in-phasB, response at the surface
configuration for a 3-D target in a half-space at a depth of of the earth for model VES1 is presented in contour format
500 m. We use a variety of models so as not to bias thein Figure 4, with the bottom current electrode a 550 m.
conclusions of this study. General conclusions are based onThe response is characterized by a negative lobe to one side
the results from all three models; only Model VESL1 is shown of the target and a positive lobe to the other side. Compar-
for brevity. ison of Figures 2 and 3 show polarity is determined by
The top current electrode is at the surface, transmittedelectrode depth. The sign reversal, or crossover, locates a
current is 1 ampere, and in-phase and quadrature response®rtical or flat-lying target (not shown). The quadrature
are computed at 3 Hz. Available transmitters are capable ofresponse has the same form, except with reversed polarity,
10 to 30 amperes of transmitted current; responses thereforeas the current flows in the opposite direction. In contrast, a
should be increased accordingly for comparison with field dipping target creates an asymmetric response, with an
data. The profile plots are B, (nT) versus receiver location amplitude reduction of the downdip lobe and the target
(m) along the profile line denoted in Figure 1. In all plots, located between the maximum lobe and the crossover.
open symbols depict negative values and solid symbols The vertical location of the target is best determined with

depict positive values. downhole measurements. Figure 5 depictsBe@esponse
down a borehole located xt = 200 m, y = -200 m for
Character of the vertical magnetic field response model VES1 in Figure 1. The peak in the in-phase response

(Figure 5a) defines the vertical position of the target for both
In analyzing the vertical component of the magnetic field near (550 m) and deep (1750 m) source electrodes. In
B, it is important to understand the nature of the electrical contrast, the peak for the quadrature component (Figure 5b)
current density becausB, is supported by horizontal cur- changes with electrode depth. For the near electrode a
rents flowing in an inhomogeneity. Total current for a quadrature peak, corresponding to the center of the target
preferred source-target configuration at low frequencies is occurs. For the deep electrode, the quadrature peak corre-
depicted as a vector diagram for model VES1 in Figure 2. sponds to the top of the target. Asten (1988) showed a
The cross-section view is along the Y-axis and the target iscrossover in the cross borehole MMR response when the
outlined. The bottom current electrode is at a depth of transmitter intersects the conductive target, as opposed to our
550 m, just below the top of the target. The source field is case where the borehole does not intersect the conductor.
dipolar in shape relative to the target, with current being In general, the mechanism of induction is a function of
channeled through the prism and flowing away from the source geometry, target geometry, and target resistivity.
electrode. When the bottom current electrode is lowered toCurrent channeling, on the other hand, is controlled by
a depth of 2000 m, the source field is polar and current flows source geometry, target geometry, and the resistivity con-
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Fic. 2. Vector plot of low-frequency, total electric current FiG. 3. Vector plot of low-frequency, total electric current
density for model VES1. Cross-section view is along the density for model VES1. Cross-section view is along the
y-axis ‘through the center of the body. Bottom elecirode y-axis through the center of the body. Bottom electrode
depth is 550 m. Arrows indicate direction and relative depth is 2000 m. Arrows indicate direction and relative
magnitude of the total electric field. magnitude of the total current density.
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trast between the target and host. For the VES, the shapethe host and channeled through the target, while the low-
magnitude, and polarization of tB, response are functions frequency behavior is caused by galvanic current channel-
of absolute host resistivity, target geometry, and resistivity ing. The character of in-phase and quadrature high-fre-
contrast between the host and target, butBeesponse guency responses (not shown) varies considerably for
itself is overwhelmingly due to current channeling. The type different model geometriesthus indicating that detailed

of current channeled, whether a galvanic current comingtarget geometry information is in the high-frequency re-
from the source electrodes or currents induced in the host, issponse. In theory, then, it may seem advantageous to make
a function of host resistivity. To determine the relative roles multifrequency measurements in the high-frequency range,
of induction and galvanic current channeling, we varied the where the response of the target depends on the host
host and target resistivities of each model and analyzed theesistivity and the target resistivity. However, signal
response both along the profile line at 3 Hz and for a strength decreases rapidly as frequency increases because of
frequency sounding at a point on the profile line for various

bottom electrode depths.

-1
The low-frequency, in-phase response is sensitive to the a) 10
target-host resistivity contrast alone, as is expected with
channeling of galvanic current from the electrode sources. ooy
The quadrature component, on the other hand, is sensitive to 2 Pl
both the target-host resistivity contrast and to the absolute 10 o ‘pq’nﬂ‘.
s . ® °
value of the host resistivity. Quadrature currents are induced o® O oe,
in the host and then channeled through a conductive target, ’.' > o, LN
resulting in inductive current channeling. The magnitude of £ 3 " o, 'o. z=550m
currents induced in the host is a function of host resistivity, % 107 F B, %,
while the magnitude of currents channeled into the target is m Oy ‘0..
a function of target-to-host resistivity contrast. The quadra- q’q, "o..
ture response is strongly dependent on host resistivity. The 4 nﬂq:,nn 1
response with the greater magnitude can be caused by a 10 2=1750m oo
more conductive host, instead of a larger resistivity contrast.
Modeling results indicate that a frequency/host resistivity
ratio of about 1 Hz/ohm-m is the upper limit of the low- 5 Jarget ,
. . . _ 10' '
freq.uency range. For h|ghe.r.freque.n0|¢s, compll_cated be 0 500 1000 1500 2000
havior of the response exhibiting oscillations and sign rever-
sals is observed. The high-frequency behavior of the in-
phaseresponsés strongly affected by currents induced in
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transmutter Fic. 5. Downhole in-phase (a) and quadrature (b) vertical

magnetic field responses for model VES1. The receiver
Fic. 4. Contour plot of surface vertical magnetic field borehole is located ot = 200, y == 200. Bottom electrode
response for model VES1. Contour interval is 0.00025 depth is noted on the curves. Solid and open symbols denote
VES is along strike of the target. positive and negative values, respectively.
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attenuation, and there are profound difficulties in interpret- transmitter-receiver configurations. Hence multiple sources
ing the complicated signal with reduced signal-to-noise ratio. are recommended.
Interpretation of a crossover as the location of a target is not The sign of the signal changes as the source field changes
necessarily valid in the high-frequency range, thus requiring from dipolar to polar relative to the target. Figure 7 shows
higher level interpretation such as 3-D inversion or imaging MMR responses for four source electrode depths-550 m,
technigues. 750 m, 1000 m, and 1250 m-for model VES2 along a profile
Low-frequency, in-phase, or MMR measurements are
straightforward to interpret compared to both quadrature
measurements and in-phase measurements in the high-fre-
quency range. Because the source of the quadrature re-~
sponse is a result of currents induced in the host, the
qguadrature response is quite sensitive to the host resistivity.
For resistive hosts, then, target signal strength is quite low.
No interpretational techniques are presently available for
measurements in the high-frequency range and signal
strength is strongly attenuated with increasing frequency.
Also, as we shall see, a borehole angled greater than 1 degreg
from the vertical generates a primary field response that 7
masks the anomalolB, response. For sources angled less g 0
than 30 degrees from the vertical, MMR measurements canj_-':;
be corrected so that interpretational techniques based on &
purely VES can be implemented.

500

VES

)

|_—— 0.001

SIGNAL STRENGTH

Strength of background signals, instrument sensitivity,
and survey design play important roles in determining
whether a signal from a target is detectable. Electrode
placement, host layering, and geologic noise influence signal 500
strength. Vertical electrode placement can affect the magni- -500 0 500
tude of the response by more than an order of magnitude. In Distance (m)
an idealized model of a half-space host with no geologic

; ; ; IG. 6. Contour plot of surface vertical magnetic field
noise, Sth as near surface conductors, maximum. Signate o snse for model VES1. Contour interval is 0.00AT
strength is attained when the bottom electrode is just below\/ES s hroadside to the target along profile line on Figure 1.

the top of the body. However, if layers in the host or surficial
conductors are present, maximum signal strength occurs at )
other electrode depths. 107
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The location of a borehole relative to a target and the 3
placement of electrodes in a borehole can have a significant 107k A 44, a o e L, A% a4 2
effect on the amplitude and character of a response. For a ambient field _— 1250m
target that is roughly equidimensional in the v-plane, such A A
as models VES2 and VES3, horizontal placement of the MRERAR I oe s %%
transmitter relative to the target is unimportant. For a 1000m
structure with the strike extent of model VES1, however,
the source should be placed in-line along the strike of the
structure, as shown in Figure 1. If a source is broadside to
the strike of the structure, current flows out from the center
in both directions resulting in a surfaB, response as
depicted in contour form in Figure 6. This source-target
configuration not only produces a reduced anomaly magni-
tude but a null value in-line with the transmitter. The null
could be erroneously interpreted as the location of a con- 10
ductive target.

Full 2-D surface coverage and borehole measurements Receiver location (m)
wherever possible are optimal. However, if only surface .
profiling is possible, the profile line should be roughly Fic. 7. Surface MMR response for different bottom electrode

perpendicular to the estimated geoelectric strike, with the glegéggéce)r (%%?ﬁ li\S/EnSO%édPrggleeggﬁ '§u$§g_t_er§g|igvgaéa§§én
transmitter located along strike, as shown in Figure 1. symbols denote positive and negative values, respectively.

Misleading or uninterpretable data may result for other The ambient noise floor at 3 Hz is shown.
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line centered over the target and a VES located 200 m fromthan magnetic field measurements because the electric field
the target center and 400 m from the profile line. The sign response results from boundary charges that are a function
reversal occurs at an electrode depth of roughly twice theof the conductivity contrast, irrespective of body size. The
depth to the target. At a depth of 1000 m, signal strength ismagnetic field, however, is a function of the volume of
near a minimum because the electrode depth is near thescattered currents. Therefore, the magnetic field responses
point at which the current reverses direction, i.e., a null. from small bodies will be negligible compared to those of
Target geometry, host layering, and borehole location influ- larger targets.
ence the electrode depth of this sign reversal. Lowering the To illustrate the effect of geological noise, we add near-
top electrode down the hole reduces the moment of thesurface conductors of 10 ohm-m to model VES1. Two bodies
source, resulting in a slightly reduced amplitude of the measuring 50 m x 50 m x 10 m are placed at a depth of 10 m
anomalous response. The decision to place the top electrodas shown in cross-section view in Figure 8. Figures 8a and 8b
at the surface or in the borehole should be based on practicallustrate the in-phase and quadrature responses, respec-
considerations. Lowering the top electrode down the hole tively, of the total horizontal electric field. Horizontal cur-
enables measurements to be taken near the borehole buents, flowing in the target, support not only a vertical
creates a problem of energizing the casing that may bemagnetic field but a horizontal electric field. A horizontal
present. Energizing the casing would change the situation toelectric field anomaly is characterized by a peak over a
that of a line or distributed source instead of a dipole or conductive target resulting from the increased current chan-
bipole source energized at two points. neled through the body, but currents also flow in the host
supporting a strong host response.

In contrast to the vertical magnetic field response, the
in-phase electric field response varies roughly linearly with

: : - the host resistivity, while the quadrature response is less
host layering can amplify or attenuate th_e magnitude of the ensitive to host?esistivity. Bo'?h the in-phasepand guadra-
response by more than an order of mallgnltude..COre logs r’ln?ure E, responses result from the host and near-surface

r

blacement thet will masimize sgnal Srengin. When he host CO1UCLOTS, whie responses caused by the deep target are
: : : -~ : N - essentially undetectable. At peak amplitude, approximately
S cqr_nphcated by hlgh!y resistive Is_;lyenng, S|gnql strength is 70 percent of the signal comes from the host with the
significantly reduced if the resistive material isolates thg remaining 30 percent originating from the near-surface con-
target from the bottom electrode or if the bottom electrode is uctors. The relative contributions to the response made by
at a great depth, because currents are restricted from flowin he hos.t near-surface conductors and the deep target are not
through the target. Theo.retlcally. the bottom electrode affected by electrode placement as can be seen by comparing
shou!d be placed n the highly resistive Iaygr, but .fro.m 2 the response caused by the 550-m electrode length and the
practical point of view it may be difficult to inject a signifi-

cant amount of current in such rock, lY‘?P?:]irfgr?;Ze and quadratiB, responses for the model
. : " . 2
 Sopducive lajerng. such s graphic, Schist, Sectl win gecoical nose n Fiut § e Shoun i Figures Sa ng
; . l . 9b. For magnetic field measurements, bottom electrode
economic sulfides, can influence the magnitude of the VES osition is an imoortant factor. When in the presence of
response of the target at depth. Only when the electrode i . ; portal : | de | presen
near or in the target is the response unaffected by theg|eolog|c noise, the optimal bottom electrode location is at a
conductive layer. The electrodes placed above or in theg.rea.t. depth so that the near-surface conductors are not
conductive layer, or at a great depth, produce an anomalySlgnlflcantly energlzed. The shallow (550-m) transmitter,
! ' however, energizes both the target and the noise, but the

amplitude .reduced b_y an order of m_ag.nltude from the target dominates the response because it is much larger in
corresponding anomalies when a target is in a homogeneous.

half-space. Current flows in the conductive layer instead of S1z€, even though it is at depth._ The reduced amphtudg of the
the target for all but optimal electrode placement. However signal results from the competing nature of the two signals.
when the conductive layer is in contact with the target, the Because the surficial bodies are energized by an electrode at

i . : depth, current flow is toward the transmitter, creating a
osition of the bottom electrode is not important; current . ! - '
\?vill flow in both the layer and the target bﬁt amplitude is positive to negative polarity trend in tB, field across the

slightly reduced in the response when no host layering isprofile line. The electrode is near the deep target resulting in

present. For bottom electrodes near the target, the techniqugurrent flow away from the transmitter and a negative to

is insensitive to a conductive overburden, which is a great positive polarity trend in thB, field along the profile line.

.~ Hence, the noise signal and target signal are of opposite
f\ecz:\;]a:]r?;alljgees of the VES compared to surface transmlttersignsy resulting in a reduced anomaly.

Host layering

Although the VESB, response for a layered host is zero,

Geologic noise Ambient noise

The response caused by near-surface conductors that are The natural magnetic field, generated primarily by electric
not a part of the target geometry is what we term geologic current in the magnetosphere below 1 Hz and by worldwide
noise. The amplitude of geologic noise can be equal to orthunderstorms above 1 Hz, is noise for all controlled source
greater than the response resulting from deeper structuresnmeasurements. Palacky and West (1990) show the overall
thereby masking the target response. Electric field measurecharacter of the magnetic field amplitude spectrum. Signal
ments are more sensitive to near-surface inhomogeneitiestrength steadily increases for frequencies less than 1 Hz.
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There is also a sharp increase in amplitude above 10 Hz

a) 104 leaving an amplitude low in the 1 to 10 Hz range. Although
amplitudes again decrease with increasing frequencies from
- 10 to 1000 Hz, frequencies near 100 Hz (e.g., 60 and 180 Hz)
. = Bt n .1750m are strongly contaminated by cultural features such as power
s " oo . L0 L it lines. Choosing a frequency in the 1 to 10 Hz range for MMR
| ° * oo ¢ o measurements is a good compromise. Frequencies are low
E °® L enough to minimize the effects of induction in the host and
S _5" 550m ¢ high enough to minimize the effects of natural magnetic field
3 10°F noise (Edwards, 1974).
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responses for the total electric field response. Bottom elec-
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symbols denote positive and negative values, respectively.
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1G. 9. In-phase (a) and quadrature (b) responses for the
ertical magnetic field response along the profile for the
noise model of Figure 8. Bottom electrode depths are noted
on each curve. Solid and open symbols denote positive and
negative values, respectively.



50 Pellerin and Hohmann

Vozoff (1990) shows typical measurements of thex, y, and response of a current-carrying wire. There is B,ohost

z components of the natural magnetic field intensity. In the response for a VES. For low-frequency, in-phase (MMR)

1 to 10 Hz range, the amplitude of the vertical field is roughly measurements made with a source angled less than
half an order of magnitude less than that of the horizontal 30 degrees from the vertical, the host response caused by an
components. The amplitude spectral density of the verticalHES is negligible, and the data can be adjusted so that

component of the natural fieS, is approximately 1C*n T/ interpretation based on a pure VES can be made. The HES
Hz? at 3 Hz. Cultural noise can be greater than the naturalquadrature response is strongly affected by the host resistiv-

signal, but such noise sources vary from site to site and willity and can only be interpreted with techniques that take host

not be considered. composition and source geometry into account. To date, no
To determine the detectability of a recorded signal, con- known interpretational techniques are available for this case.
sider the output standard deviatigof zero-mean, white To illustrate the contributions of an HES on the in-phase

noiseS, at the input of a frequency-domain receiver as and quadrature responsese partition the source into
horizontal segments as shown in Figure 10, and compute the
o= S0 response for the bold HES segment, for host resistivity
V7’ values of 10, 100, 1000, 10 000, and 100 000 ohm-m. The

] ] ] ] . in-phase and quadrature responses for each of these host
wherer is the integration time (San Filipo and Hohmann, resistivities are shown in Figures lla and Ilb, respectively:

1983). To have a 95 percent probability (ab2ottfor a For low-frequency responses, the in-phase response does
Gaussian or exponential distribution) that B2readings  not vary with half-space resistivity. The quadrature re-

are within 5 percent (1 out of 20) of the true value we want sponse, however, is strongly affected by the host resistivity,

408, even for very resistive hosts of 10 000 and 100 000 ohm-m at
B, = (20)(20) = 400 = —. 3 Hz. This is because the quadrature primary field is caused
V1 by currents induced in the host, whereas the low-frequency,
So for an intearation time of 100 sec. we require in-phase primary field is mainly a result of currents in the
9 ' q wire with a relatively small contribution from currents
B, = 4 x10~*nT/VHz. induced in the host.

; : . i N Correction for an angled source can be implemented easily
This ambient noise floor, at 3 Hz is noted in Figure 7. wjth MMR measurements. The source is first partitioned
When the bottom electrode is positioned such that signalinto horizontal contributions; then the free-space response is
polarity is about to reverse, or when the electrode is poorly computed and subtracted from the total field. Figure 12
positioned in the host layering, signal strength drops below gepicts the total angled response, the corrected response,
this minimum value. However, synchronous detection, ad- gnd the response caused by a pure VES for the model of

ditional stacking, and transmitting current of 10 to 30 am- Figure 10. The difference between the corrected and the pure
peres can increase most signals to measurable levels. These

data acquisition techniques are common and should be

regularly implemented. Commercially available receivers

have thresholds well within the capability of measuring profile line
naturally occurring magnetic fields, the predominant noise

source, and therefore, can measure signals above this level.

ANGLED SOURCE 40m \ﬁo’“
The above results assume that the borehole is within AY/ X
1 degree of vertical. Drilling technology is advanced enough \ /_\eanh's surfacemm—

to make this level of accuracy possible but, whether by\oﬁ—/'/
design or not, boreholes are rarely vertical. In this section,
then, we investigate the problem of B response caused

by an electric source inclined from the vertical. Figure 10
depicts the source in model VES1, angled 10 degrees from
the vertical in thex-direction. The MMR response along the
profile line resulting from this angled source is broad and
featureless, similar to the in-phase response in Figure lla.
The horizontal component of current introduced by an
angled source createsB,\field that completely overwhelms
the VES anomaly of the target. It would be difficult to
delineate a target from such a response.

The B, response caused by an angled source can be
decomposed into four components: a secondary (scattered)
response resulting from a vertical source component, a
secondary response from a horizontal electric source (HES)

component, a host (primary field) response caused by anFic. 10. Geometry of model VES1 illustrating an angled
HES componentand the HES Biot-Savart (free-space) borehole partitioned into horizontal components.

100 Qem

‘® VES
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VES response is the scattered field caused by the HES. In
general, the HES scattered response will not have the same

It should be noted also that the correction scheme is
appropriate for even coarse partitioning of the source. Corr

character as that of the VES. However, for about 75 percentputing the free-space response for the exact path of the

of the models tested, both responses exhibited a crossover at

source is the most accurate way to determine the effects

the location of the target resulting in an enhanced responsethe wire, but simple estimates of horizontal contributions at
For the remaining 25 percent, the HES response exhibited ahe appropriate depth are very effective. For the source of
peak rather than a crossover, which competes with the VESFigure 10, we experimented with different numbers of seg-
anomaly. For large deviation from the vertical (greater than ments. While one or two segments were insufficient to

45 degrees), the scattered HES contribution is larger than

the response caused by the VES, so possible differences inient to correct the response accurately as determined by

the character of the response can be problematic.
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lack of change in the corrected curve.
CONCLUSIONS

Modeling of EM responses caused by a vertical electric
source indicates that vertical field MMR measurements offer
many advantages over those of the other field components.
Magnetic field measurements are less sensitive to geologic
noise than are electric field measurements. The predominant
mechanism of low-frequency responses is current channel-
ing; hence MMR measurements are sufficient to capture the
target information. Because the vertical magnetic field, both
at the surface and downhole, is attributed only to 2-D and
3-D structures, a target can be delineated by locating the null
in surface vertical component MMR measurements. The
vertical position of a target is best located by the peak in a
downhole profile. MMR data can be corrected for deviations
of the source from the vertical and then interpreted assuming
a purely VES when the source is angled less than 30 degrees
from the vertical. Time-domain and quadrature measure-
ments are dependent on the host resistivity and cannot be
corrected with present software for sources deviating from
the vertical. High-frequency measurements exhibit compli-
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Fic. 11. Primary in-phase (a) and quadrature (b) vertical 1. 2. MMR response for the angled source of Figure 10

magnetic field response caused

by the horizontal electric

source shown in bold in Figure 10 for different half-space by a VES in a truly vertical hole, as noted on each curve.

resistivities, noted on each curve. Solid and open symbols

denote positive and negative values, respectively.

respectively.

remove the free-space response, three or more were suff

along with the corrected response and the response caust

Solid and open symbols denote positive and negative value:
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