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Topographic effects in resistivity and induced-polarization
surveys

Richard C. Fox*, Gerald W. Hohmannz, Terry J. Killpacks, and
Luiz Rijo**

We have made a systematie study of dipole-dipole apparent resistivity anomalies due to topography and of
the eftect ot imegular terrain on induced-polarization {IP) anomalies, using a two-dimensional (2-1), finite-
element computer program.

A valley produces a central apparent resistivity low in the resistivity pscudosection, flanked by zones of
higher apparent resistivity, A ridge produces just the opposite anomaly pattern---a central high Ranked by
luws, A slope generates an apparent resistivity low at its base and a high at its top. Topographic effects are
impartant for slope angles of 10 degrees or more and for slope lengths of one dipote-tength or greater. The [P
response of a homogeneous earth is not affected by topography. However, irregular terrain does alfect the
observed 1P response of a polanizable body due to variations in the distance between the clectrodes and the
body.

These terrain-induced anomalies can lead to erroneous inlerpretations unless topography is included in
nimericad modeling, A field case demonstrates the importance of including wpography, where it is signifi-

etflects uses

cant, in interpretation models, A technique {or correcting apparent resistivity for lopographic 5 s
the fnite-element program to compute correction factors.

INTRODUCTION

Resistivity and induced-polarization (IP) surveys
play an important sole in geothermal and nuineral
gxploration. Resistivity surveys of geothennal areas
usually wre camied out w0 delineate low-resistivity
tones related 1o a hydrothermal system. In mineral
exploration, IP measurements are made in conjunc-
Gion with resistivily measirements o delineate zones
of sulfide mineralization. Much of this work is done
i mountainous terrain where topographic effects can
produce misleading anornalies. Hence, it is important
0 understand these effects and 1w include them in
ntempretation models.

Topagraphic cttects in resistivity surveys basically
are caused by the use of Bat-carth geometric factors
in the computation of apparent resistivity when the

measurenents are made over an imegular terrain,
Figure 1 illustrates the general effects of topography
on current lines and equipotential surfaces in 2 homo-
geneous carth for a distant current source. Current
lines diverge beneath a hill and converge beneuth a
valtey. Therelore, the associated equipotential sur-
faces, which are normal to cwirent lines, also diverge
under a hill; they produce lower potential differences
relative 1o a Nat eath, and hence low apparent resis-
tivities. In a valley, the converging equipotential sur-
laces result in high apparent resistivites. OF course,
the current lines and equipoteatial surfaces are more
complex for the dipole-dipole array. When a hill
oceurs  between  the ransmitting  and  receiving
dipoles, current focusing causes an apparent resis-
tivity high, When there is a valley between the imns-
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Fra. 1. Effect of topography on equipotential swrtaces and current lines,
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Fii. 2. Fimte-element mesh showing terrain modeling technigue.
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16, 3. Compurison between finite-element and scale-model results,

mitting and receiving dipoles, current dispersion
produces an apparent resistivity low.

Because [P is a normalized measurement, current
focusing and dispersion produced by an irregular ter-
rain surface do not significantly affect 1P data. How-
ever, topographic elfects in 1P surveys are introduced
by variations in the distance between the surface
electrodes and a polarizable body relative 1o o fat
earth,

While many computer algorithms and  model
sludies for inhomogeneities beneath a fAat surface
have been reported in the literature, there has been
no syslemalic study of wpouraphic effects. Coggon
{1971), Rallof (1970). and Rijo (1977) cach illus-
trated topopraphic effects for a few simple models.
Because topographic effects can be so importa in
geatheymal and mineral exploration. we have used
Rijo's (1977) two-dimensional (2-12), linitec-element
program o conduct a systematic study as an aid to
interpretation. The same program 18 used lor inter-
preting dara in terms of complex models with the
topoeraphic surface ineluded, if it is significant.

We present 4 summaiy of our study of o series of
ifley, nidee and slope models, illustrate the ettects
of electrode posittoning, and pive examples of the
characteristic resistivity anomulies assoctuted  with

the three basic termain features. Then we describe a
means of correcting apparvent resistivity data for
topographic etfects and demonstrate this technigue
with examples. The effect of topography on IP re-
sponse is demonstrated by comparing the anomaly of
a dike within a flat earth W anomalics of 2 dike beneath
a valley and a ridge. Our theoretival and field exam-
ples show that tpography must be included in
numerical models used o interpret resistivity and TP
data taken over irregular terrain o ensure the validity
of the interpretation. We have studied only the in-tine,
dipele-dipele electiode array becawse of its resolu-
tion, Held cHfictency, and common usage.

NUMERICAL MODELING TECHNIQUE

Topography can be simulated casily with the finite-
element method due to the Bexibility of the triangular
elements wsed. The ather main awmerical technigues,
finite-ditference and integial-equation, are not casily
adapted 10 topographic analysis. In the former
method, rectangular grids we used, and m rhe later,
the mathematics become difficulr,

In the finite-element method, the earth s divided
into a mesh of rimgular elements in cachi of which
the unknown potential s expressed in terms of @
simiple hinear function defined by the unkuown poten-
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Fro. 4. Apparent resistiviey anomaly doe to a valley with 30-degree slopes, Contour interval on pseudosection

i 25 [m.

tial at elememt comners, coordinates of the clement
vertices, and eleetrical properties of the element.
Since the source is threeldimensional (3-I3), it is
necessary to remove its variation in the v-direction
(stoike direction} by Fourier transformation in order
te solve the simpler 2-P problem,

Substituting the linear functions into the Fourier-

transformed Helmholiz equation, we ubtain an error

or residual bocanse these lnear functions are only ag
approximation of the true solution at each clement.

Applying the Galerkin technique which stutes that
the residual must be orthogonal to the basts functions
(functions defined in terms of the coordinates of ver-
tices of the elements) at each element, ane oblaing 4
set of lnear eguations fram which the Fourier-trans-
formed potential is determined. This system of equu-

tions is assemnbled and sobved for cach particular A
(Fourier transform parameter for the v-direction),

The final potential is obtained by carrying out the
inverse Fourier transfurm using the solution of the
lincar systent Tor each A, The apparent resistivity is
caleulated from these potentials; caleulating the [P
response requires a second solution for pertiurbed
resizlivities,

Figtre 2 illustrates the finite-element mesh. The
topographic surface is defined by assigning a higl
resistivity to the “fair’” portion of the mash, Resis
tivity contrasts of 10% 10 102 between air and ecartl
yield wecurate results, Higher comtrasts result i
numerical instability, while lower contrasts allov

sigpificant electrical conduction in the air.

Flectrodes are located at thetr correct positions os




the terrain surface, with distances measured either
horizontally (Figure 2) or slong the slopes as in the
usual field procedure. Slope dislances are used for
computing all of the model results given here.

We have venfied our numerical solution by com-
parison with scale-mode! results. Haitof (19703 pub-
lished a limited set of scale-model cases showing
the effects of topographic features on in-line, dipole-
dipole resistivity measurements. A finite-element
mode] was designed to approximate one scale-model
case of Hallof’s study (case T-h30%250-). The scale
model is eight dipole units in length, while the finite-
element model has infinite stoke-length. However,
agreement between the numerical and analog model
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results is good, as shown in Figure 3. For all corre-
sponding points, the mean ratio and standard devia-
tion of computed values to scale-model values ure
0.99 and 0.135, respectively.

Internal checks on owr sofution consist of com-
parisons between results for smooth and sharp inflec-
tions in the terrain surface, results for different mesh
sizes and textures, and results for different air-earth
resistivity contrasts. Other checks for Alat topography
are discussed by Rijo (1977).

Depending upon mesh size and complexity, resis-
tivity and IP calculations for one model require be-
tween 3 and 4 minutes of computer time on the Univac

1108 computer.
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Fiei. 6. Apparent resistivity anomaly due to a 30-degree slope. Contour interval on pxeudosection is 25 £-m.

ANALYSIS OF TERRAIN-EFFECT
RESISTIVITY ANOMALIES

We have made a systematic study of terrain- effect
resistivity anomalics by asalyzing three basic topo
graphic features: a valley, a ridge. and u slope. For
cach topographic feature we computed the anomaly
for a scries of models with different slope lengths,
slope angles, and clectrode p(}siti{m;;‘ Examnples of
the characteristic anemalies associuted with the busic
topographic features. a summary of our study of
systemitic variations in stope angle and sope lenpth,
and an cxample of the effect of elecrrode positioning
arc presentd in this section,

As shown in Figure 4, a valley causes a central
apparent resistivity low flanked by vones of high

apparent resistivity in the pseudosection. The low s
most pronounced when the trunsmitting and reeeiving
dipoles are on extreme opposite sides of the vatley,

© This example shows that a valley cun produce a farge,

spurious, low-resistivity apomaly which could easily
he misinterpreied as evidence for a buried conductor,

The effect of a ridge is shown in Figure 5. Tts resis-
tivity anormaly is opposite that of a valley, showing a
central Tesistivity high Munked hy vones of low resis-
tivity, The Righ is most pronounced when the trans-
mitting and reeeiving dipoles are at the extreme
flanks of the ridge, The well-defined lTow resistivity
zones on cither side of the high coutd be mistaken as
indicative of huried condugtive hodies. On the other
hand, the terrain-effect high eould mask the expres-
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Fie. 9. Apparent resistivity over a buried dike under a valley: (a} opographic effect included, (b] correcied
for topography. Confour interval on preudosections is 25 (Fm.
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Fic. 10. Apparent resistivity over a buricd dike under a ridge: {a) topographic cffect included. (b} carrevted for

topography. Contour interval on prevdasections is 25 (Fm.
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F1. 11, Apparent resistivity aver a huried dike under a slope: (4) tapographic effect included, (b) corrected
for topagraphy . Contour interval on pseudosections is 25 Gm, )




sion of an actual conductive zone below the ridge.
The resistivity anomaly produced by a slope s
shown in Figure 6. A resistivity low occurs when the
transmitting dipole is on the slope (positions -2, — 1}
and the receiving dipole is positioned to the right at
increasing distances, A resistivily high oceurs when
the transmitting dipole is on the slope and the receiv-
ing dipole is positioned to the left at increasing dis-
tances. Again, the terrain-effeet low could be ermone-
ously interpreted as dug o a conductive zone in the
earth. '
To determine when topographic cffects are signifi-
cant, we systematically modeled cach of the basic
features for slope lengths (§£.Y of 0.5, 1.0, 1.5, 2.0,
3.0, and 6.0 dipole-lengths and for slope angles (54}
of 10, 20, 30, and 40 degrees. We computed results
for dipole separations of 1 through 6 dipole-lengths.
In general, the termain-effect wnomaly increases
with increasing slope length for all three basic Tea-

Topographic Effects 85

tures and reaches a maximum between 3 and 6 dipole-
lengths. Terrain features with slope length less than
I dipole-length produce negligible anomalies. [n all
cuses, except for some values observed at slope
fengths of 0.5 and 6 dipele-lengths, the terrain anom-
aly increases with increasing slope angle for any given
slope length. Anomalies gencrally are unimporant
for slope angles of 10 degrees or less.

For the valley vases, the maximum and minimum
computed terrain effects occur at dipote separations
of 6 and 5 dipole-lengths, respectively. Maximum
vatues greater than 200 percent and minimum values
less than 50 percent are observed. For the ridge cases,
the maximem and minimum computed values ococur
at dipole scparations of 4 and 6 dipole-lengths,
respectively, with observed values preater than 400
percent and less than 50 percent, respectively. The
maximum computed terrain-effect vatue for the slope
cases occurs at # dipole separation of 6 dipole-lengths
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Fr. 12, Apparent resistivity due 1o a dike beneath a fat surtface. Compare with Figures 8b, 10b, 1th, Contour
interval on pscutdoscetion is 25 (em,
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and the minimum at dipole separations of both 5 and
6 dipole-lengihs; they are greater than 150 percent
and less than 60 percent, respeetively.

In order to limit the number of cases, we kept the
center electrade of the dipole dipole array at the axis
of symmetry for the valley and ndge models and at
the base of the slope for the slope models. The elfect
of changing this electrode position is shown in Fig-
ures 7 and 8. When the clectrode is centered at the top
of the ridge {Figure 7), the maximum apparent resis-
tivity (174) occurs au a dipole separation of 2 dipale-
lengths, and the minimum value (71) occurs at a
dipole separation of | dipole-length. When the dipole
is centered at the top of the ridge (Figure 8), the
maximum (157) and minimum {59) values oceor at
dipole separations of | and & dipole-lengths, respec-
tively. Although the anomalies are generally similar,
the diffcrences could be important in detatled inter-

Fox et al

pretation. These results show that accurate clectrade
position, relative to the terrain feature, is required for
detailed modeling.

TERRAIN-CORRECTION TECHNIQUE
FOR APPARENT RESISTIVITY DATA
The apparent resistivity of 4 homogeneous earth is
equal to its real or intrinsic resistivity; terain effecls
are due only to the use of an inappropriate geometry
factor in computing the apparent fesistivities. Appar-
ent resistivity p, Is given hy:

where V¥ is the measured potential difference, £ is the
applied current, and G is the geometsic factor. The
geometric factor accounts for the decrease in the
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Fig. 14, 1P anomaly of a dike buried bencath a valley.

potential Aeld with distance from the cumrent elec-
trodes and depends upen the electrode amay used.
Apparent resistivities are usually computed assuming
a ftat earth where, if the earth 15 homogencous, the
electric ficld is an anulytic function. However, the
clectric field under an irregular surface cannot be
defined analytically, and thus it would be nceessary
to compute the correct peometrie factors numerically.
If, For example, the correct geometric factars were
known for our homogencous-carth terrain models,
then the computed apparent resistivities would equal
100 3w, which is the intdasic resistivity of these
madels. Stnee we  assumed  Rat-earth  peometric
factors, our computed values can be thoupht of as
percent correction factors far p,. For example, a
computed value of 125 bndientes & 25 percent increase

iR apparenl resistivity doe to using the flat-carth
geometric factor,

For Aeld cases that are approximaicly 2-D, numeri-
cal modeling provides a straightforward means to
comect the apparent resistivitics for terrain effects,
The terrain profile along the survey line s modeled
for a | O-m homogencous carth, and the observed
apparent resistivities are divided by their correspond-
ing computed values, The adjusted data then maore
accurately show the effects of the acrual curth resis-
tivity structure, making gualitative interpretations
more valid, For quantilative interpretation using
numerical modeting, the appurent resistivitics are
frst corrected for termain effects o facilitate & pood
tnitial guess to the reststivity stucoure of the earth.

To demonstrute the significance of the apparet
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resistivity lerrain-comection scheme, we show the
apparenl tesistivity anomalies associiled with 2
buried conductive dike for the vafley, ridge., and slope
cases, uncorrected and corrected, in Figures 9, 10,
and 11, respectively. The response of the same dike
beneath a flal earth is shown in Figure 12. For the
valley case (Figure 9), correction factors are taken
from Figure 4, which shows computed apparenl
resistivity values for a 100 (-m homogencous earth
with the identical 1opography. The termain-corrected
anomaly compares favorably with the fat-carth
anomaly. The small differences remaining are duc (o
the varying distances between the body and the elec-
trodes. In like fashion, the apparent-resistivily anom-
alies for the ridee and slope cases (Figures 10and 11
are comected by the “‘comrection facters™ for the
identical, homogeneous earth, topographic models
shown in Fipures 5 and 6, respectively. Again, the
terrain-corrected anomaties compare guite well with

the Rat-earth anomaly. Obvicusly, the terrain-
comrected pseudosections give a much better indica-
tion of the resistivity structure of the eath under an
irregular (errain surface thup do the uncomected

pseudoscctions.

ANALYSIS OF TERRAIN EFFECTS
ON [P ANOMALIES

IP is measured us percent frequency effect, phase
angle, or chargeability. In each case, the [P parameter
is the ratio of polarization current to normal current,
bath of which are alfected in the same way by to-
pography, Hence. the geometric cftects which catise
topographic resistivity anomalies for a homogencous
earth are cancetied in 1P measurements by this por-
malizing process.

Howewer, an irregular topographic surface does
affect the observed IP response of a finite source




because of variations in the distance between the sur-
face electrodes and the source. This effect 1s demon-
stirated in Figures 13, 14, and 15 which show the 1P
response of a dike under a flat carth, 2 valley, and a
ridpe, respectively, It is convenient to plot the 1P
respouse as @ percentage of the inlrinsic response in
the source (B, percent) which then applies to various
IP purameters such as phase, pereeni frequency effect,
and chargeability. The depth to the responsive body
from the zero electrode is constant in all three cases,

For the flat-earth case (Fipure 13) the maximum
observed B response is 17 percent of the intrinsic
response, The [P anomaly is reduced in amplitude for
the valley case (Figure [4) since all the electrodes
except that at 7ero are farther from the body than for
the Hat earth vase, In Figure 15, the electrodes on the

Fig. 16. Apparent resistivity anomaly due to parallel ridges on & homogeneous earth, Contour interval on
] b
pseudosection is 30 {l-m.

slapes of the nidge are closer o the source relative to
the flat-garth case, thus amplifying the anomaly.

If the computed [P and appurent resistivity values
for these three cases were tuken as field data, only the
Hat-carth values would yield a valid interpretative
model and true iptrinsic [P and resistivity values.
Flat-earth interpretation of the valley or ridge theo-
retical data would yield invalid models and mislead-
fng intrinsic 1P and resistivity values.

The significance of an [P anomaly often depends
upon its associaled resistivity anomaly, For example,
an 1P anomaly due to sullide minerafization may
have a corresponding resistivity low associated with
hydrothermally altered host rock. The resistivity high
caused by o ridge could minsk an actuat low -resistivity
7one associated with an 1P anomaly, supgesting a
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source in fresh rather than altered host rock. A mod- from terruin-corrected apparent resistivity anomalies,

erately anomalous [P response associated with the
resistivity low caused by a valley could be inter- RESISTIVITY INTERPRETATION EXAMPLES
preted us posilive evidence for significant sulfide
mineralization, when in reality the anomaly would
be high-background response in a high-resistivity
rock.

Both qualitative and quabtilative interpretations of
IP data taken over irregular topography can benefit

Figures 16 and 17 illustrate the coraneats interpre-
jations that resalt if one does not include topography,
where it is important, in numerical models. The resis-
tivity anomaly of Figure 16 is due to 4 homogencous
carth with two ridges. Attempting t Bt this apparent
resistivity data with a#n inhomogencous, flat-earth
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Fr6. 17. Earth resistivity structure required to fit anomaly of Figure 16 if interpreted with a flat-earth model.,
Comtour interval on pseudosection s 50 -m.




Topographic Effects

2 3 4 5 6 T 8
¥ t { t t +
p =80
EARTH
FIELD DATA

.5 -4 -3 -2 -~ O )} 2 3 4 5
P e o —p e b

0 = o - —
[ o
\0 [ 2

/e \ \
64’ a0 \igg) \Qz _|5o|4

76
156/ 67 65 90 54 TI103

23/ 57 64 66 38, 80, I
s&}j o
N

~—Zo0

/22‘1 70 55 66
(a) o e €7 64 63 9A 89
|

[1e] 97 9:’§’ |84’%

8§ 2 2

COMPUTED RESULTS

5 -4 -3 -2 -1 O | 2 3 4 5
Y e —

8 N
/ Bl 63 'R 65 6 /
G 58 TE S0 Lite] 104

(©) $6 73 64 65 69
|£o 65 76 537 A9 108 ~IOf
00/ 7o 68 627 39/ 72\ 123
N 79 5%/ a3 /55 N 134 Il 125 109,
& & % =

Fig. 18. Compurison behween (@) field duta and (b computed results for actual opography on a homogeneous
carth, Contour interval on pseudosections is 50 -m.




92 Fox et al

FIELD DATA

& 3%
49 IO\G) 76 \HQ
5] a0 54

5
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maodlel yields the erroncous subsurface resistivity
distribution showrt in Figure 17. Hxcept for the details
of the apparent resistivity highs at cach end of the
fine, the response of the inhomogeneous model is
quite similar to that of the topography on a homo-
geneous carth. The most important feature of this
erroncously interpreted modet s the farge tow-
resistivity zone at depth which could be mistaken as
evidence for a hydrothermal featre.

Comparisons between computed resuits and field
data from a resistivity survey in an area of tupged ter-
rain are shown in Figures 18 and 9. In Figure 18, the
feld data are compared with caledated vatues for the
actual topography on a homogencous carth. General
agreement is fair, and the effect of the valley is abvi-
ous, However, it is apparent that an inhomogeneeus
mode] is regetired for o goad it Figure 19 shows our
interpreted model after severul iterations. The tapo-
graphic effecrs and variable carth resistivity combine
to yield u caleulated apparent resistivity  pattern
which s in good agreement with the field data. As
Figures 16 and 17 demonstrited carlier, modeling
these field data without accounting for topugraphy
would indicate an erronepus low-resistivity zone
below the valley.

CONCLUSIONS
The results of this study show that
(1} topossaphic resistivity anomalics are sipnifi-
cant in areas where slope angles are 10 degrees
or more, lTor slope tengths of one dipoke-length

O [HT

a3

(23 the 2-D finite element computer technigue
provides a method for effectively treating this
problem; and

(3} topographic effects must be accounted for to
ensure valid interpretative models of resisfvity
and IP survey results.,

A full catalog of models front our systematic study
und a documented copy of the finite element program
are available trom rthe Earth Science [aboratory,
University of Utah Research Institute, Salt Lake City,
LT 84112,
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