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ABSTRACT

Cerro Bolivar, the largest iron-ore deposit in Venezuela, 
is located in the Imataca Iron Belt, a long strip of Precam- 
brian rocks which extends along the south margin of the 
Orinoco river, from the Guyana border almost to the Colom
bian border.

Unpredicted appearance of barren blocks during mining 
caused the Orinoco Mining Company, lessor of the mine, to 
become interested in the application of geophysical methods.

On this basis some DC-resistivity profiling, in its 
Schlumberger and pole-dipole modes, were done. Along with 
this, surface samples was collected at the mine, and pro
cessed in the laboratory in order to obtain some idea about 
the resistivity of the materials in the mine.

Based on these resistivity determinations and on the geo
metry of the facies distribution in the mine, some computer 
modeling was done using a program (DIKE.F4) for vertical out
cropping dikes, which I wrote, and a program written by 
Barnett (1972) for arbitrary shaped bodies (IP2D.F4).
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A good match was obtained between surface-model curves 
and field curves, making it possible to recognize buried 
bodies by means of residual curves.

Processing of more samples and further modeling is recom
mended to improve the method.
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INTRODUCTION

In 1970, measured reserves of iron ore in Venezuela 
amounted to nearly 1600 million tons of high grade ore 
(Fe 58-69 percent) and indicated reserves approached 4 80 
million tons with an iron content of 45-64 percent (United 
Nations, 1970).

All the iron ore deposits are in the Imataca Iron Belt
2which covers an area of approximately 94000 km , extending 

from the Guyana border toward the east, to Galeras de Cinaruco 
in the District of San Fernando de Apure, toward the west.
(see fig. 1-1) . __

Practically all the proven reserves of iron ore in 
Venezuela are located within the Bolivar Iron Quadrilateral, 
on which the large deposits of Cerro Bolivar and San Isidro 
occur.

The Cerro Bolivar group of deposits, leased to the Orin
oco Mining Company, has 845 million tons of measured reserves 
(1970) with an iron content varying between 62 and 64 percent. 
The San Isidro group belongs to the Venezuelan National Re
serve, and is being actively prospected by the Ministerio 
de Minas e Hidrocarburos (Bureau of Mines of Venezuela).
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The deposits at Cerro Bolivar are intensively mined for 
exportation as well as on a minor scale for local consumption 
(domestic ferrous metals industry). These exports are mainly 
for the United States of America, the Federal Republic of 
Germany and for the United Kingdom, and on a minor scale for 
Italy, Japan, Netherlands and Canada.

The larger deposit at the Cerro Bolivar group is Cerro 
Bolivar hill which is mined by the open pit method, working 
from the top of the hill downwards, in benches 15 m high.
The ore is transported from the pits to Puerto Ordaz on the 
Caroni river, along a privately-owned standard-gauge railway 
line, 146 km long.

The distribution of materials in the mine is studied 
by the Mining Engineering Department using surface geology 
survey and drilling. The drill hole network at Cerro Bolivar 
is approximately 50x50 m, and on the basis of this network, 
the footwall of the different orebodies is determined.

However, the company has found problems with near-surface 
barren blocks or "pinnacles" of non ore material, which can 
not be predicted by either of the two methods already out
lined, surface geology or drilling.

These unpredicted pinnacles cause problems in the sense 
that the equipment that was programmed to work in an area.



T-1597 4

mainly electric shovels, has to be moved sometimes relatively 
long distances in order to load the specific type of ore that 
was predicted for the originally programmed area. Moving 
this equipment causes loss of time and money.

In addition to this, short range planning has to be 
changed in a relatively short time with the consequent impro
visation.

In 1969 the Orinoco Mining Company became interested in 
the application of geophysical methods to solve this type 
of problem. At that time the author, together with the 
geologist, Mr. Gustavo Ascanio, did some magnetic, gravi
metric, seismic and DC-resistivity surveying in the area.

The qualitative analysis of the data indicated that DC- 
resistivity profiling provided the best resolution for the 
specific problem in which we were interested.

In the summer of 1972 the author returned to the mine 
and completed some pole-dipole DC-resistivity profiles.

At the same time surface samples were collected at the 
mine and data from the area on which the Schlumberger profiles 
were done were compiled. This area had been found mined on 
several levels which made it possible to do the interpreta
tion of the Schlumberger profiles using a well established 
model.

The samples were processed at the Colorado School of 
Mines in the Geophysics Department.
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This report deals with the quantitative interpretation 
of both types of profiles on the basis of the material resis
tivities determined and some computer modeling .
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GEOLOGY

Guayana Shield
This physiographic province is located south of the 

Orinoco river, extending to the Guyana and Brasilian borders 
in the east and south, and to the Colombian border in the 
west*

It is a mining region par excellence, with gold and 
diamond placers, and large reserves of iron ore (Lexico Estra- 
tigrafico de Venezuela, 1970, p. 17).

Rocks on this shield are the oldest ones in the Venezue
lan territory (early Precambrian). The lower part of the 
section has been strongly metamorphozed and intruded by igneous 
rocks, mainly acidic; the upper part of the section does not 
show any important metamorphism and its bedding is almost 
horizontal.

Physiography
To the southern part of the shield is the Roraima Forma

tion, which is characterized by the presence of "tepuis", or 
high tablelands with altitudes up to 2775 m.

Toward the north are the savannas of Guayana, which com
prise an extensive strip with an average altitude of 400 m.

6
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In this area one can see from open flat terrain to dense 
tropical jungles.

To the north are the Imataca highlands, with altitudes 
of 300 to 600 m. This strip, in which the iron orebodies are 
the distinctive feature, is nearly parallel to the Orinoco 
river and has a length of 510 km. The ferruginous quarzites 
constitute ridges that rise sharply from the flat terrain, 
while gneisses and granite outcrops present rounded shapes 
or are strongly weathered at the savanna level.

At the southern shore of the Orinoco river, the Imataca 
highlands are flanked by plains smoothly inclined toward the 
river. The main component of these plains are Holocene sands.

Through this thin covering, rounded igneous masses are 
evident and form "monadnocks'1.

Geologic History
During the early Precambrian, the sedimentary sequence 

at Imataca was deposited in a broad depression.
This sequence is formed by silica-and-iron-rich sediments, 

products of chemical precipitation, quartz-feldspar sediments, 
and some lava effusions. It was folded and metamorphozed to 
a depth of approximately 2 0 km, and intruded by granitic 
rocks.
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The age of this sequence ranges from approximately 3080 
to 3136 million of years (Rb/Sr), determined isotopically on 
the quartz-feldspar gneisses.

After a long period of erosion a sedimentary-volcanic 
sequence of graywacke composition was deposited in a deep 
trench, later to be metamorphized to the amphibolites facies 
(Carichapo Group). This process was accompanied by the in
trusion of ultraraaphic complexes.

This period was followed by the deposition of manganese- 
ferric sediments in shallow waters, along with lava flows, 
pyroclastics, graywacke and turbidite sediments (Yuruari 
and Caballape Formations). This sequence was folded and meta 
morphized to a greenrock facies and was affected by basic 
and granitic intrusions.

Toward the eastern edge of the basin, a coarse clastic 
sequence was deposited, followed by great thicknesses of acid 
volcanic effusions (Cuchivero Group). This sequence was 
slightly folded and metamorphozed.

Toward the south and after a long period of erosion, con 
glomerates, sands and shales were deposited in thick beds on 
a coastal-estuarine environment. They were strongly eroded, 
resulting in the present thickness of about 3000 m. After 
its deposition, this sequence was intruded by diabase sills.
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The whole Precambrian shield was rejuvenated by succes
sive uplifts (900-1000 million years ago).

Later, in the Paleozoic-Mesozoic eras, the sequence was 
intruded by minor diabase dikes (400-200 million years ago).

The subsequent history of the shield was one of intensive 
erosion until the Pleistocene, when the Mesa Formation was 
deposited.

Imataca Group
The Imataca Group is exposed along the southern margin 

of the Orinoco river for a distance of 300 miles, from the 
Guyana border to the basin of the Caura river (McCandless,
G.C., 1966).

The main body of the Imataca rocks is in the amphibolite 
facies of the regional metamorphism; it is composed of quartz- 
feldspar gneisses, and to a minor degree of schists, migmatites, 
charnokitic gabbros, amphibolites and "iron formations".

The general characteristics of the unit suggests that 
the rocks are derived from volcanic materials and possibly 
also from related sediments.

Imataca iron formations are of special interest because 
they are the original rock in which the iron orebodies precipi
tated syngenetically; they are intercalated through all the 
section. They do not constitute more than 1 percent of the 
whole unit.
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Typically iron formation beds have a thickness of 1 to 
10 m, but locally they are up to 200 m at the main iron ore 
district in the Cerro San Isidro-Cerro Bolivar area.

Iron formation units came from the volcanic 
detritusdeposited together with the general deposi
tion, mainly chemical, which allowed the precipita
tion of cherts and metallic carbonates from the 
water volcanically charged, during periods of 
quiescence in the filling of the mobil strip. 
(McCandless, 1966).

Cerro Bolivar
Cerro Bolivar is a prominent ridge in south

eastern Venezuela, 45 miles south of the Orinoco 
river and 7.5 degrees north of the equator.
(Ruckmick, 1963).
It is 6 miles long and 2 miles wide, and its maximum 

elevation is 2600 feet above the sea level, and 1700 feet 
above the surrounding savanna.

Cerro Bolivar is interpreted to be a greatly thickened 
portion of an iron formation horizon on the north limb of an 
anticlinal structure.
Structure - The thickening already mentioned is in part 
stratigraphic and in part structural. The original strati- 
graphic thickenss of this iron formation (30 ft.) increases 
to approximately 700 ft., and this sequence is repeated by 
right folding and imbricate reverse faulting.
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Probably there are two important generations of folding: 
the first is isoclinal which trends NE-SW across the ridge, 
and generally plunges 4 0° SW. The second generation of fold
ing, relative open folds, trends NW and plunges 50° to 80° N.

These structures are further complicated at some places
by primary diagenetic slump structures and by secondary col
lapse structures caused by leaching of silica.

A prominent pattern of faulting oriented NE-SW consists 
of reverse faults probably related to both stages of folding.

A set of more recent normal faults oriented more nearly 
N-S and toward the western portion of the hill, NW-SE, tran
sects all the other structures (see figure 2-1[a]).
Iron Formation - The Imataca iron formations are interpreted 
to be recrystallized ferruginous cherts.

Where unweathered they are hard rocks which contain,
by volume, 60 percent quartz and 40 percent iron oxides,
magnetite and hematite, the first being predominant.

They are very fine grained (0.08 to 0.1 mm average grain 
size), most of them exhibiting a thin, continuous, parallel 
lamination typical of chemical sediments. This lamination 
is composed by layers alternately rich and lean in iron oxides 
versus quartz.

Another type of iron formation which exhibits little or 
no distinct mineral banding exists; it is termed massive iron

I

formation. i
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In several areas sodic amphiboles and pyroxenes are 
conspicuous constituents of the iron formation; some specimens 
also contain minor amounts of biotite, apatite, chlorite and 
carbonates.
Diabases - The iron formations on Cerro Bolivar, as well as 
the Imataca metasediments throughout the region, have been in
truded by dikes, sills and irregular small bodies of diabase. 
These rocks are not metamorphosed and must have been emplaced 
after metamorphism of the Imataca series (Ruckmick, J. C., 
1963).

This rock has been weathered to a clay laterite. The 
general form of the sill and^ its thin apical selvage demon
strate the fluidity of basic magma.
Iron Ore - Iron ores occur on and under the surface of the 
hill, in broad pockets which follow the major fold axes. The 
more extensive orebodies are in the flanks of the hill, gene
rally in synclinal structures. Therefore, the shapes of the 
orebodies in cross section generally reflect the major struc
tures in the iron formation (see figure 2-1[b]).

Roughly there are two physical types of ore: crust or
hard ore, and soft or friable ore.

Crust ore mantles all portions of the orebodies to an 
average depth of approximately 50 ft. It is composed of 
primary grains of hematite, well cemented in a vuggy matrix 
of secondary goethite.
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There are two different types of crust: laminar or
banded crust which shows the bedding planes inherited from 
the iron formations, and massive crust composed essentially 
of hard, porous goethite (up to 67 and 62 percent iron con
tent respectively).

The friable ores are developed in the iron formations 
below the crust ores to depths as great as 800 feet from the 
pre-mining surface of the hill.

Friable ores are also called fines, and there are two 
types: black fines and brown fines. Black fines are formed
mainly by loose grains of hematite and characterized by the 
absence of hydrated minerals; they have up to 69 percent iron 
content.

Brown fines have, in addition to hematite, hydrated iron 
oxides such as goethite and limonite (64 percent iron content).

All of the friable ores are porous in direct relation to 
the amount of quartz leached out of them and, because the iron 
formations typically contain approximately 60 percent quartz 
by volume, some of the higher grade friable ores have porosi
ties of more than 50 percent.

Another type of ore is a soft, yellow, ochorous limonite, 
which is present in bands up to 70 feet in thickness. Some 
of the bands are essentially pure iron hydroxides, but most 
also contain considerable alumina. Its iron content generally 
ranges from 56 to 60 percent.
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Origin of the Ores - The origin of the ores is due to the 
fact that the silica of the iron formations is mildly soluble 
in meteoric water, and that the ferric oxides and hydroxides 
are essentially insoluble (Ruckmick, 1963) .

These meteoric waters descend through the hill causing 
gradual solution and removal of the quartz, and residual con
centration of the insoluble ferric oxides.

Ferric oxides are dissolved only where the water contain 
organic compounds, being re-precipitated as the hydroxide 
goethite as soon as the water evaporates, or as soon as the 
organic vehicle is oxidized. This movement of dissolved iron 
oxides generally is restricted to a relatively narrow zone 
at or near the surface, and it is the cause of the crust ore 
formation. ^

During periods of heavy f'ainfull, the meteoric waters 
descending into the ores are almost free of organic compounds 
Ferric oxides and hydroxides are insoluble in this water, 
while quartz is soluble in significant quantities.

Ruckmick (1963) considering the average dissolved silica 
content and the estimated annual rates of flow of the waters 
that emerge at the surface as springs localized all along 
the flanks of Cerro Bolivar, calculated a total of approxi
mately 9 tons of dissolved silica each year. Therefore, the 
present climatic conditions would require only a little more 
than 20 million years, or since the Oligocene, to produce the 
amount of ore in Cerro Bolivar.
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RESISTIVITY DETERMINATIONS

Laboratory Measurements
In order to get some idea about the resistivity of the 

materials that comprise the mine, laboratory measurements 
were done using 30 surface samples collected at Cerro Bolivar. 
These samples were colle'cted-jCh such a way that each type of 
material was equally represented.

The measurements were accomplished at the Colorado 
School of Mines in the Geophysics Depax Lment.

To obtain information about the pore fluid resistivity,
3 special samples were processed with their original water 
content during the field work.

Sample Preparation
Samples were prepared in two different ways, depending 

on their nature. Friable samples (fines and laterites) were 
put in 6.2 cm-length and 2.2 cm-diameter plastic flasks with
4 electrodes inside: two current electrodes separated 6.0 cm,
and two intermediate potential electrodes separated 2.54 cm.

Hard samples (crust and quarzite) were cut as cores with 
1.91 cm diameter and an average length of 3.80 cm. A two- 
electrode system was used for the cores.

16
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Both types of samples were put in an oven and dried.
After this process the samples were weighted to get the dry
weight (Wd). For friable samples, the container and electrode
weights were taken into account.

After the samples were dried, they were put in a vacuum
chamber and saturated with a 4 ohm-m-resistivity water. I
will assume that the samples were 100 percent saturated.

The samples already saturated were weighed again, and
their porosity calculated with the following formula

4> = Ws - Wd/o Vm (3-1)
Vm = tt (d)2l/4 (for cores)

2t = (tt (d) 1/4) - Ve (for friable samples)
where

<f> = Fractional porosity 
Ws = Saturated weight 
Wd = Dry weight
0 = Brine density (assumed to be unity)

Vm = Sample volume
d = Sample diameter
1 = Sample length

Ve = Electrode volume

Resistivity Equipment
The equipment used was designed and built by Guy Towle 

(Towle ■, G. , 1973).
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A block diagram of the circuit has four sections: an
oscillator, a constant current source, a high impedance dif
ferential voltage detector, and a metering circuit (see 
figure 3-1).

The oscillator was designed to function at approximately 
100 Hz and a constant output is obtained by using a zener 
diode in the feedback circuit.
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-Vol t a g e  

Det eo t c r

C o nstan t 
C urren t

S o u r c e
Oscillator

Fig. 3-1 - Circuit used to make resistivity measurements 
in the laboratory.

Current is supplied to the resistivity cell through the 
feedback, loop of an inverter amplifier that is driven by the 
oscillator. The selector switch allows selection of input 
currents from approximately 0.2U a to 2.0 ma being constant 
for each switch position, provided the voltage does not ex
ceed a limiting voltage of approximately 6 v.

The metering amplifier is a constant current source for 
the meter that provides a linear output current as a function 
of input voltage.

The equipment was designed to give a direct reading of 
resistivity when the cell used is a 1/8 in.-diameter plastic 
tube with potential electrodes inserted through it at a 2.54 cm 
spacing. Therefore, when using another geometry the reading 
has to be multiplied by an appropriate constant to obtain the 
resistivity.

In our case this constant turned to be 49.0 for friable 
samples, and 36.0/1 for cores, where 1 is the length of the 
core in inches.
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Resistivity Calculations for Saturated Samples
A four-electrode system was used for measuring resisti

vities on friable samples, and a two-electrode system for
/  ̂ courehtcores (see figure 3-2).

C  o  R. £

T oTEMTIA l
E.LfiCTRo'DiS

Fig. 3-2 - Set up for measuring resistivities on friable 
samples and cores.

For both set ups the resistivity can be calculated from 
the following formula

p = ir(d)2AV/4LI (3-2)
where

p = Resistivity 
d = Sample diameter 
L = Potential-electrode separation 
AV = Potential drop 
I = Current

As previously mentioned, due to the special equipment 
used, readings from the instrument were multiplied by 49.0 
for friable samples and by 36.0/1 for cores, being 1 the 
length of the core in inches.
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It has been observed that the resistivity of a rock 
varies nearly as the inverse square of the porosity when 
the rock is fully saturated with water (Keller, 1966).

A more exact relationship between resistivity and poro
sity is given by the Archie's law

p = apW(j> m (3-3)
where

p = Resistivity of the fully saturated rock 
pw = Resistivity of the pore fluid 
<J> = Porosity

a and m = Parameters that are assigned arbitrarily 
to make the equation fit a particular 
group of measurements.

The value of a varies slightly around unity for most 
types of rocks, while the "cementation factor" m, varies 
around 2.0 (Keller, G. V., and Frischknecht, F. C., 1966,
p.21).

Figures 3-3 and 3-4 show plots of this relation for fines, 
laterites and crust.

Black and brown fines have the texture of unconsolidatedI
sands and values of 0.74 and 2.0 were obtained for parameters 
a and m for these types of materials.

Weathered gneisses, schists and diabases which we are 
calling with the generic name of "laterites", as well as limo- 
nites, are actually clays.
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Clay minerals have the property of sorbing certain 
anions and cations and retaining them in an exchangeable 
state (Keller, G. V., and Frischknecht, F. C., 1966, p. 23)„ 

The quantity of exchangeable ions attached to a clay is 
usually expressed in terms of the weight of ions in milliequi 
valents adsorbed per 100 g of clay.

In clay-water mixtures where there is more water than 
needed to make the clay plastic, the exchangeable ions may 
separate from the clay mineral in a process resembling ion
ization; therefore the conductivity of an electrolyte will 
always be increased by ions supplied by desorption.

The formula used to calculate resistivity of the water 
in a clay-water mixture is based on a determination of equiva 
lent concentration of sodium chloride:

CClNa = i^a 23.0 c w / (m^ + mcl) *
where

C ' C l N a  = Equivalent concentration of sodium 
chloride

— 8m^ = Sodium ion mobility (4.35 10 )
— om ^  = Chlorine ion mobility (6.55 10 ) 

c = Exchange capacity of the clay
3w = Weight of clay per cm of rock 

<j> = Fractional porosity 
(Note: one milliequivalent of sodium ion weighs 23.0 mg)
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In our case the clay is kaolinite with a density of
3approximately 2.0 g per cm . Taking a value of 5 milliequi- 

valent per 100 g for c and a fractional porosity of 0.6, we 
got an equivalent sodium chloride concentration of 1.53 g 
per liter.

If we add this to the original NaCl concentration in 
the water used to saturate the samples (1.5 g per 1), we 
obtain a value of 3.03 g per 1, which in turn give us a water 
resistivity of 2.0 ohm-m (see figure 3-14). This value was 
used in the calculation of formation factors (p/pw) for 
laterites, giving us 1.2 and 2.3 for parameters a and m.

Analyzing the results for crust-type samples, (see 
figures 3-4), we divided them in 3 groups: the first one
with an average porosity of 0.20 and a formation factor of 
10.0; the second one with porosity 0.15 and formation factor 
30.0; and the third group with a porosity of 0.08 and a 
formation factor of 350.

Values for the cementation factor m were 1.4, 1.8, and 
2.4 respectively.

Considering this type of rock as a "tube-vug" system 
(see Towle, G., 1962), we can analyze values for the para
meters c and d (see figure 3-5).



T-1597 25

r
e <»

!r: *̂_C cN

Fig. 3-5 - (a) Unit cell for a "tube-vug" system (from 
Towle, G., 1962, (b) Crustal ore composed by
hematite and geothite (white). Black areas 
are vugs. Polished section, incident light.
X70. (from Ruckmick, J. C., 1963).

A relation between formation factor, porosity and para
meters c and d is shown in figure 3-6.

These relations give values for c and d of 0.13 and 
0.72 for the first group of crust, 0.11 and 0.65 for the 
second group, and 0.04 and 0*45 for the third one.
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u- 1 0 0 -

001 .1.01 1.
Fig. 3-6 - Relation between porosity, formation factor, and 

c and d parameters for a "tube-vug" system (from 
Towle, G., 1962).

Then if we accept the "tube-vug1 system for this type of 
rock, it can be said that the progressive variation of poro
sity is due mainly to the decreasing size of the vugs, while 
the big change in formation factors between the first two 
groups and the third one is due to the fact that the inter
connecting "tubes" are very small in this third group with res
pect to the other two.
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This assumption can be verified by processing a greater 
number of samples, in which case the analysis might be done 
over a statistically significant basis.

Resistivity Calculations for Quarzites
Porosity of quarzites was found to be very low (in the 

order of 0.001) and as Zablocki says in his work about the 
electrical properties of iron formations in the Lake Superior 
region (Zablocki, C. J., 1966), electrical conductivity of 
these rocks depend almost entirely on their conductive-mineral 
content and continuity, with^magnetite being the main conduc
tive mineral in our case.

Figure 3-7 shows a thin section of a typical iron forma
tion (quarzite), containing only hematite, magnetite and 
quartz, and cut perpendicular to the bedding planes.

Fig. 3-7 - Typical iron formation containing only hematite, 
magnetite (opaque) and quartz (clear). Section 
cut perpendicular to bedding. X15. Thin section, 
transmitted light (from Ruckmick, J. C., 19 63).
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From this type of rock we can expect a very strong aniso
tropy, with conductivity being much larger in the direction 
parallel to bedding, than perpendicular to it.

Four samples of this type of rock were processed with 
cores cut parallel and perpendicular to bedding, with average 
values of 1000 and 12000 ohm-m respectively being obtained.

There is a second kind of quarzite which is usually called 
massive iron formation. These rocks do not show any bedding. 
Figure 3-8 shows a thin section of a typical massive iron 
formation.

Fig. 3-8 - Massive iron formation composed by hemative and 
magnetite (opaque), quatz and acmite (clear). 
Transmitted light. X25 (from Ruckmick, J. C., 
1963).

Three cores of this type of rock were tested giving an 
average resistivity of 10,000 ohm-m.
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We might say that eventually quarzites can reach much 
higher or lower values than the ones obtained, depending on 
the amount of magnetite present and on its continuity.

Resistivity Calculations on Partially Saturated Samples 
The transition from complete saturation of the pore 

space to partial desaturation above the water table is grad
ual and difficult to pinpoint. There is a transition from 
a surficial zone through which meteoric waters percolate in 
an erratic way to a region in which water content is static, 
or moving very slowly (Keller, G. V., and Frischknecht, F. C., 
1966, p. 27-28).

At Cerro Bolivar, the water table stands at the bottom 
of the deeper ore bodies. Because we are dealing with sur
ficial materials in the mine, we must assume that they are 
partially desaturated.

A quantity which is frequently used in electrical log 
calculations is the resistivity index, the ratio of the re
sistivity of a rock partially saturated with water to the 
resistivity of the same rock when fully saturated.

I = pSw/plOO = Sw~n
where

I = Resistivity index 
pSw = Resistivity of a rock at saturation Sw 

plOO = Resistivity of a rock fully water saturated 
n = Saturation exponent
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Keller has shown (Keller, G. V., 1953) that this equa
tion is accurate for samples having high water saturations.
An equation that fits the data more generally could be

I = Sw nl Sw > Swc
I = bSw n2 Sw < Swc

where
n^ = Saturation exponent for large water 

saturations
n£ = Saturation exponent for low water 

saturations
Swc = Critical saturation which distinguishes 

high saturations from low saturations
b = Multiplying factor which enters the 

equation below the critical water 
saturation.

It is possible to visualize fluid distributions which 
may qualitatively account for these result by considering 
how the water content is displaced from a core during evapor
ation (see figure 3-9).

When the rock is fully saturated, the water forms a 
continuous wetting phase. As evaporation proceeds, gas bubbles 
appear and enlarge in the larger pores as water escapes through 
the porelet exits.
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(at (i) (c ) (d)

Fig. 3-9 - Fluid distributions at various saturations. (a)
Fully saturated, (b) saturation greater than criti
cal, (c) critical saturation, and (d) saturation 
less than critical (from Keller, G. V., 1953).

This process continues until there is a uniform coating 
of water over all pore surfaces. This is the critical satur
ation.

Further removal of water results in the formation of 
discrete drops within the pore.

This results in a relatively uniform increase in resis
tance at saturations greater than the critical saturation, 
and in a more rapid increase in resistance below critical 
saturation.

Going back to our laboratory work, samples were put back 
in the oven. As they evaporated their weights and resisti
vities were measured at intervals. Evaporation rates were 
quite variable with an average of 1.5 g being lost of water 
per hr.

The instantaneous water saturation of the sample was 
determined from its instantaneous weight by means of the 
following formula
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Sw = Wi - Wd/Ws - Wd (3-5)
where

Sw = Water saturation (as a fraction of total <}>) 
Wi = Instantaneous weight 
Ws - Saturated weight 
Wd = Dry weight 

Data from these experiments were recorded as values of 
rock resistivity for a variety of values of water saturation 
(see figures 3-11, 3-12, 3-13, and 3-14).

Curves obtained directly from experiments were corrected 
for the increasing salinity of the water due to evaporation. 
This correction was accomplished using a curve that relates 
water resistivity and water salinity for 20°C (see figure 
3-10).

The water which was-used""-’to saturate the samples had 
a NaCl concentration of 1.5 g per 1, which corresponds to
4.0 ohm-m.

In the case of laterites, water resistivity was corrected 
also for increasing number of desorbed ions.
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Fig. 3-10 - Resistivity of solutions of sodium chloride as
a function of concentration of 20° C (from Keller, 
G. V., and Frischknecht, F. C. , 1966, p. 19).

Three special samples were collected with their original 
water content and processed (see C and P data in figure 3-11, 
and C data in figure 3-12).

A value of 7.6 ohm-m was obtained for the original water 
resistivity and all curves were corrected for this value.

Based on a study about moisture of the ore throughout 
the year done by the Orinoco Mining Company (Orinoco Mining 
Co., 1968), and using average porosities, I calculated average, 
maximum, and minimum water saturations for the months during 
which the field work was done. These water saturations corres
pond to average, maximum and minimum resistivities on our 
curves.

Resistivities of all types of material based on this 
process, are shown in figure 3-15.
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Black fines 

Brown fines 

Crust 1 

Crust Z 

L a te r  ite
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, RESiST IV ITY (/^«m )

Fig. 3-15 — Resistivity range and average for each one of 
the materials tested.

Outcrop Measurements
Nine measurements were done in the field over each 

specific material in order to provide some verification of 
laboratory measurements.

A Schlumberger array was used with a separation of
8.0 m between current electrodes, and of 1.0 m between 
potential electrodes.

Results are shown in table 3-1.
As we can see these resistivity values correspond 

reasonably well with the ones determined in the laboratory.
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TABLE 3-1
Resistivity values determined on outcrops

Material_________________Resistivity (ohm-m)
Quarzite 8270
Quarzite 3060
Quarzite 8413
Quarzite 11750
Quarzite 21480
Crust 7315
Fines 1840
Laterite 330
Laterite 770

3
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COMPUTER MODELING

Facies Material - Distribution Analysis
Reflection Coeff'cient Choice - We will define reflec

tion coefficient of two media as

Considering the results of laboratory measurements, we 
see that all materials exhibit a wide range of resistivities; 
however averages can be taken to calculate reflection co
efficients.

On this basis 4 types of material might be recognized 
because of their resistivities: fines with 1200 ohm-m average
resistivity, type-2 crust with 5600 ohm-m, massive and bedded 
quarzites when the last ones are considered perpendicular to 
bedding with 10,000 ohm-m, and laterites and limonites with 
400 ohm-m.

where
K^ 2  = Reflection coefficient 
p2  = Resistivity of the second medium 

= Resistivity of the first medium

40
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Crust types 1 and 3 have approximately the same resis
tivity as fines and quarzites (massive and perpendicular to 
bedding) respectively.

Quarzites taken parallel to bedding have relatively low 
resistivities which might be hardly distinguishable from fines 
or laterites.

Table 4-1 shows the reflection coefficient calculated 
taking the fines (12 00 ohm-m) as surrounding medium.

TABLE 4-1
Reflection coefficients considering fines (1200 ohm-m) as 
____________________ the surrounding medium.______

Material Average resistivity K,9
• (ohm-m) . .

Crust (type 2) 5600
Laterite 400
Quarzite (massive and
perpendicular to bedd.) 10000

Geometry
Before designing models, I will make an analysis about 

how the materials facies in the mine are distributed.
At the' present time materials with less than 55 percent 

of iron content are considered non-ore materials; these are 
quarzites and laterites.

0.65
-0.50

0.87
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We can consider these two types of rocks as bodies lying 
in a medium constituted by fines.

If we take into account only near-surface features, 
quarzite structures can be seen as dike-like, in which the 
variable parameters are width, depth and dip.

Laterite-fine relation can be viewed in the same way, 
but while quarzite structures go deep into the ground (it 
can be considered theoretically as going to infinity in view 
of the electrode separation used in the field work), laterite 
structures usually have some finite length, with the exception 
when this laterite represents the limit of the ore-body, and 
it has to be considered as a vertical contact going to infinity.

Crust type ore comprises only surface structures with 
bottoms usually not reaching more than one or two levels 
(15-30 ml in the center portion of the mine, where field 
measurements were done.

Modeling
Two different computer programs were used to accomplish 

the modeling of the structures present in this type of mine.
The first one (DIKE.F4), written by the author, is based on 
image theory, and was applied to outcropping dikes with 
vertical sides going to infinity.
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The second program (IP2D.F4) was written by Barnett 
at Colorado School of Mines (see Barnett, C., 1972) and is 
based on equivalent charge distributions which accumulate 
at discontinuities in resistivity. This is a two-dimensional 
program and considers the current source to be an infinite 
line source oriented parallel to the strike of the body which 
gives rise to a logarithmic potential. ,

This program was used to model buried dikes, dipping 
structures and bodies of finite length.

Vertical Dikes at Surface - Pole-pole expressions were 
taken from Keller and Frischknecht (1966). Formulas for the 
specific arrays in which we are interested (pole-dipole and 
Schlumberger arrays) were derived later.

In the case of an outcropping vertical dike we have to 
consider 6 possible locations for a pole-pole array.

The first one is when both current and potential poles 
are on the left side of the dike (see figure 4-1).

Fig. 4-1 - Current and potential poles at left side of the

X V

dike.
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’he expression to u:se in this case is
(4-1)

where
V = Potential at potential electrode 
I = Current 

p-̂  = Resistivity of the,surrounding medium

fa = Distance between current and potential electrodes
da = Distance between current electrode and left 

side of the dike
ta = Width of the dike

A second case is that in which the current electrode is
on the left side of the dike, while the potential electrode
is on the dike (see figure 4-2)..

a

ta

Fig. 4-2 - Current pole at left side of dike and potential 
pole on the dike.



T-1597 45

V =

The expression for this situation is

I p  u  oo k
d  + K ) 2 2mta+ fa K12 (1 " K12)m=02ir
oo
z K 2m

12 } (4-2)
m = 0 2 (m + 1) ta+ 2da- fa

A third situation arises when the current pole is at 
the left side of the dike, and the potential pole is at the 
right side of it (see figure 4-3).

H---------- -fa ------- *1
------- *--------

I ---------- » .. —V

|< ■ d a  — **— t a — >
ft Pi P.

Fig. 4-3 - Current pole at left side of dike and potential 
pole at right side of it.

In this case the expression is

IP-
V = 2tt

v 2m00 K2 12
12 -i 2mta+ fam=l

(4-3)

The fourth situation arises when both poles are on the 
dike (see figure 4-4).
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P. fl. ft

Fig. 4-4 - Current pole and potential pole on the dike. 
For this situation the expression is

V - ( £ )
(1 + k 121
I1 “■ K12) V

K

1 , 4Kn 2 E K12 (ltl + I)ta
*  m=0 V4(m V  l) 2ta2 -ma2

2m 00 tt 2m
12

"̂12  ̂ 2inta + 2<h + fm=u
_ K12 E K12

m=0 2 (na + 1) ta - 2ch. - fe.
(4-4)

Fifth case is when the current pole is on the dike and 
the potential pole is at the right side of the dike (see 
figure 4-5).

•fa

-----*
--------»- ...

, x 
dia |*—
<— ta  —»

p, Pt tft

Fig. 4-5 - Current electrode on '-Vie dike, potential electrode 
at the right side of it.
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For this case we can use formula (4 02) and the principle 
of reciprocity. The expression is

V = (i + k 12) E K 2m
12 K

(4-5) 
2m ^

- K. 12
m=0 2mta + fa 12 m=0 2mta+ 2da+ fa 

The sixth and last situation is that in which the current 
and potential poles are both at the right side of the dike 
(see figure 4-6).

|<—  -fa — *|
---- *.---------0I V

f-------- -da
-is — ^

p. Pi ft

Fig. 4-6 - Both poles at the right side of the dike

Using formula (4-1) and the principle of reciprocity 
we have

V = Ipl\Jl K12 2
2t t / ] f  + 2.(d - t) + K 12 (1 K 12 * ^

(4-6) 
2mK12

m=0 2mta + 2da+ fa

We will first consider the pole-dipole array. In this 
case a current electrode is at infinity, and the distance from 
the other current electrode to the nearest potential electrode
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is a multiple of the separation between potential electrodes 
(see figure 4-7).

 ----   B>

Ai M K

|------  na  1— a - |

Fig. 4-7 - Pole-dipole array. Electrode B has to be at a
distance equal to 4-5 times AM. (Keller, G. V. , 
and Frischknecht, F. C., 1966, p. 180).

Apparent resistivity obtained from this array is

Pa = KgAv/I = 2Tran (n + 1) Av/I
where

Pa = Apparent resistivity 
K = Geometric factor. g
AV = Potential drop between M and N 
I = Current

If we let
AV = VN (f,d) = (Ip^/2ira) Gn (f,d) 

where N indicates the case number of equations (4-1) through 
(4-6), we have

Pa/P^ = n(n + 1) (GN (n,d) - GN (n + l,d)) (4-7)

Program DIKE.F4, which is shown in Appendix I of this 
work, calculates the functions G^ (n,d) and G^ (n + l,d) from
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formulas (4-1) through (4-6), and values of apparent resis
tivity from (4-7).

The Schlumberger array is designed to measure approxi
mately the potential gradient (Keller, G. V. , and Frischknecht, 
t. C. , 1966, p. 95). In this array the two potential elec
trodes are closely spaced and placed midway between two 
current electrodes (see figure 4-8).

A M M
— 1 t t—

|<- - - - - - - - - -  a  -̂---  a -------- >|

Fig.x 4-8 - Schlumberger array. Distance b has to be less
than 0.435 times the spacing factor a.

Apparent resistivity obtained from this array will be
Pa = K AV/I = 7T (a2/b - b/4)AV/I y

where
a = Distance between current electrodes and the 

middle point of the array
b = Distance between potential electrodes.

It can be demonstrated (see Keller, G. V., and Frischknecht, 
F. C., 1966, p. 96), that if we set distance b to be less than
0.435 times the spacing factor a, the ratio of measured voltage
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to separation equals, within a 5 percent error, the voltage 
gradient at the midpoint of the current spread.

In this case, when b<<a, we have 
pa = (7ra2 /b) Av/I

As in the case of the pole-dipole array, and defining d 
as the distance from the left current electrode to the left 
side of the dike, we have

(4-8)
pa/ = (a/b)2(GN (a - b/ 2  ,d) - GN (a + b/2 ,d) -

(a + b/2 , d - 2 a> + GN ( 2 - b/2 , d -’ 2 a))

Program DIKE,F4 calculates G^'s functions and from for
mula (4-8) values of apparent resistivity over resistivity 
of the surrounding medium.

Buried, Dipping and Length-Limited Bodies
We wish to determine the apparent resistivity observed 

about a two-dimensional body of arbitrary cross section 
with resistivity 9^, set in a semi-infinite medium of resis
tivity p̂ .

Deriving a general expression for the potential at a 
point M, due to a constant current being fed into the ground 
at a point A (see figure 4-9) , we can use the principle of
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superposition to develop an expression for apparent resis
tivity for any electrode configuration.

Barnett (1972) derived a general expression for the 
potential at any point M arising from a source in medium 1, 
starting from Ohm's law, the divergence condition and four 
boundary conditions.

f.

A t A M M

Fig. 4-9 - The basic problem: a single body in a halfspace
(from Barnett, C., 1972, p. 16).

Ohm's law states that the current density vector is equal 
to the electric field vector divided by the resistivity of the 
medium

j = E/p
Divergence condition establishes that the divergence of 

the current density vector is zero everywhere except at sources 
in the medium
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V, 5  = (l/p)V.E + E .V(1 /p)

Boundary conditions are:
1 )

2 )

3)

4)

There can be no vertical component of current flow 
through the z= 0  plane (earth's surface)

3u
3z

= 0
z = 0

There must be continuity of potential across inter
faces between regions of different conductivity.

UQ- A = U A
Normal flow of current across the interfaces must 
be continuous

3U
1_
Pi

Q-
3-n

3UQ'
A 3-n A

In the vicinity of the current electrode the expres
sion for potential must converge to the potential 
expression for a line source in a homogenous half
space*

Ip.
U +- IT In R (near source placed at surface)

and denote points in regions 1  and 2 respectively, 
both close to a point Q which lies on the surface S which 
separates the two regions, n is the outward-directed normal 
to the interface at Q.

The logarithmic term in the fourth-boundary-condition 
expression arises because of the consideration that the source 
is an infinite-line source. This assumption simplifies con
siderably the analytical approach for two dimensional bodies.
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The general expression for the potential is
(4-9)

UM = (p^/ir) In (l/rM ) + (1/ir) \ap In (l/rpM) dr
P

where is the source density at an arbitrary point P on 
the contour r,r ^ is the distance from P to the measuring 
point M, and is the distance from the source A to the
measuring point.

A second expression will be

P
where Oq is the source density at a particular point Q on the 
contour T,k is the reflection coefficient, I" is all the con
tour T except the section at Q,P is the image point of P and 
T is the contour of the image body with respect to the plane 
z=0 (see figure 4-10).

Solution of the pair of equations (4-9) and (4-10) is 
the solution of the problem for the potential due to a cur
rent I being introduced at a surface line source in a half
space containing a cylindrical body of arbitrary cross section.
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Fig. 4_-10 - Geometry of the halfspace problem. The image 
terms are indicated by tildes over the letters 
(from Barnett, C., 1972, p. 33).

To solve these equations Barnett used a technique known 
as the method of point matching over subsectional bases taken 
from Harrington (Harrington, 1968), in which the basic inte
grals will be approximated as a summation of integrals over 
smaller intervals (for details see Barnett, C., 1972, p. 34-49).

The program IP2D.F4, written by Barnett on this base, can 
be seen in his doctoral thesis.

It computes horizontal profiles of normalized apparent 
resistivity (and polarizability) across an arbitrary-shaped 
two-dimensional body (or bodies) of resistivity (and 
polarizability Y| ^) set an otherwise homogenous half space 
of resistivity (and polarizability )̂ .
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Fig. 4-10a. - Relation of x - axis with dike structures for 
model graphs.
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Variable parameters in this program are: type of array
(dipole-dipole, pole-dipole, gradient, three-electrode,
Wenner and Downhole configuration are available; with a small 
change in the Wenner array it is possible to get also the 
Schlumberger array), depth, reflection coefficient, dip of 
the body, and number of bodies contained in the halfspace.

Models
In figures 4-11 through 4-14 we show models of single 

quarzite bodies set in a surrounding medium of fines (K=0.87) 
analyzing the effect of increasing width, depth and dip of the 
body for pole-dipole and Schlumberger arrays. Figure 4-13 
shows the effect of dipping on the left-to-right profile 
(current electrode at the left side of potential electrodes) 
as well as on the right-to-left profile (current electrode 
at the right side of potential electrodes); for symmetrical 
bodies the left-to-right profile will have the same shape 
as the right-to-left one, only that inversed.

Figure 4-15 through 4-17 show the effect of the same 
parameters for the laterite-fine case (K=-0.50); figure 4-18 
shows a special model in which the laterite body has a smaller 
width (e=a) and a finite length (L=4a).
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Figure 4-19 shows the profile for a crust body set 
in a medium of fines; because crustal bodies are surface 
structures, we analyze only the effect of increasing width 
for this system (K = 0.65).

Diminuation of Anomalies with Depth
In figures 4-20 we present the diminuation of the anomaly 

with respect to the depth of the body, for pole-dipole and 
Schlumberger arrays, assuming a dike model of width e = 2a.

For the quarzite-fine system, maximum depth of the dike 
at which the anomaly is over a 5 percent error is approxi
mately 4 times the potential electrode separation for n = 4, 
and about 3 times the same distance for n = 2, considering the 
pole-dipole array.

For the Schlumberger array with a ratio a'/k=3.5 (a1 is 
the distance from current electrodes to the midpoint of the 
array), the diminuation rate is bigger than in the pole-dipole 
case, and for the model assumed the maximum depth at which 
the anomaly can be distinguished is approximately 2 . 6  times 
the potential electrode separation.

In the laterite-fine system these values of depth decrease 
because of the smaller reflection coefficient. For the pole- 
dipole array and n = 4, maximum depth detectable is about 3 
times the potential electrode separation, and for n = 2 is 
about 2.5 times the same distance.
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In the Schlumberger array this depth is approximately 
1.7 times the distance between potential electrodes.

This maximum depth will increase as the width of the 
dike increases, or as the values or n or a'/b ratio go up.

Multiple Bodies
The problem of several discrete but different bodies 

set in an otherwise homogeneous medium, is seen to be a rela
tively single extension of the single-body problem (see 
Barnett, C., 1972, p. 67-78).

As a matter of fact, the computer program IP2D.F4 is 
able to calculate resistivity profiles for more than one body, 
with the restriction that they have to have the same reflection 
coefficient with respect to the surrounding medium.

In Table 4-2 and figure 4-21, I show a profile produced 
by two spheres of radius a which centers are separated a 
distance 3a, at a depth of 1.5a and with a reflection co
efficient of 0.30, compared with the multiplication of the 
profiles produced by two single spheres for the dipole-dipole 
array.
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TABLE 4-2
Comparison of Pa/P^ values between profiles produced by two 
spheres and multiplication of profiles produced by two single 
spheres (radius=a, center separations=3a, depth=1.5a, K=0.30) 
for the dipole-dipole array.

X Pa/Pl(1) Pa/Pl(2) Pa/Pl (1x2) Pa/Pl(2 spheres) error(

0 •1 1.240 0.982 1.218 1.095 1 1 . 0

-3.5 1.260 0.980 1.235 1.190 3.8
-3.0 1 . 2 0 0 0.975 1.170 1 . 2 2 0 4.0
-2.5 1.135 0.970 1 . 1 0 0 1.180 6.7
-2 . 0 1.090 1.005 1.095 1.145 4.3
-1.5 1.085 1.090 1.182 1.160 1.9
-1 . 0 1.090 1.240 1.351 1.260 7.2
-0.5 1.135 1.260 1.430 1.370 4.4

o
•
o

1 . 2 0 0 1 . 2 0 0 1.440 1.415 1.7
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1-5-r
M ULTIPUCATIO M

1.4-

LSFT SPHERE
I.* - MODiL

Fig. 4-21 - Comparison between profiles produced by two
spheres and multiplication of profiles produced 
by two single spheres for the dipole-dipole array.

Table 4-3 and figure 4-2*1 show the same comparison for 
two spheres of radius 0.5a, centers separated 1.10a, at a 
depth of a and with a reflection coefficient of -0.30 for 
the pole-dipole array.
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TABLE 4-3
Comparison of Pa/Pl values between profile produced by two 
spheres and multiplication of profiles produced by two single 
spheres for the pole-dipole array (radius=0 .5a, center separa
tion^.10a, depth=a, and K=-0.30).

x Pa/Pl(1) Pa/Pl (2) pa/pl(lx2) pa/pl(2 spheres) error(%)

-4.0 0.975 1 . 0 1 2 0.986 1 . 0 1 1 2.4
-3.5 0.935 1.006 0.941 0.952 1 . 1

-3.0 0.892 0.982 0.876 0.885 1 . 0

-2.5 0.920 0.942 0 . 8 6 6 0.860 0.7
-2 . 0 0.970 0.900 0.873 0.861 1.4
-1.5 1 . 0 0 1 0.900 1.901 0.907 0 . 6

i H • O 1.013 0.952 0.964 0.979 1.5
-0.5 1 . 0 1 2 0.995 1.007 1.017 0.9

o • o 1.009 1.009 1.018 1.027 0 . 8

0.5 1.007 1 . 0 1 0 1.017 1.025 0.7
o•H 0.998 1 . 0 1 1 1.008 1.015 0 . 6

1.5 0.988 1.009 0.997 0.999 0 . 2

o•CM 0.982 0.999 0.981 0.986 0.5

in•CM 0.985 0.988 0.973 0.976 0.3
3.0 0.989 0.982 0.971 0.973 0 . 2

3.5 0.995 0.986 0.981 0.978 0.3
4.0 0.998 0.989 0.977 0.984 0.7
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As we can see values obtained from the profile done by 
multiplication of the two single spheres lie around a 5 percent 
difference with respect to the profile for the two spheres 
calculated from the IP2D.F4 program.

In the future we will multiply anomalies of single bodies 
to obtain composite profiles, which correspond to adding seg
ments on a logarithmic scale.

fcVCcl+T SfHERE. L

® ®MOOEtm u l t i  p l i c a t i o n

T W O  SV’ttt.RES

O.So

Fig. 4-22 - Comparison between profiles produced by two spheres 
and multiplication of profiles produced by two 
single spheres for the pole-dipole array.



T-1597

FIELD WORK

In 1969 the Orinoco Mining Company became interested in 
the application of geophysical methods to solve the problem 
of location of quarzite "pinnacles" and laterite bodies which 
could not be located by means of the regular drill network 
at Cerro Bolivar, and, in general, as an aid for the geolo
gist in the searching of a better picture about the ore-non 
ore distribution in the mine^

At that time, along with other methods, the author tried 
some DC-resistivity profiling at Cerro Bolivar, using the 
Schlumberger array; these profiles were interpreted on a 
qualitative basis.

During the summer of 1972 the author returned to the mine 
to do some pole-dipole profiles and compile more data about 
the area on which the Schlumberger profiles were done. This 
area had been mined for several levels, which made possible a 
quantitative analysis of those profiles on the basis of a 
real model.

72
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In the present chapter I show the Schlumberger and.pole- 
dipole profiles and their quantitative interpretation 
based on the computer modeling presented in the preceding 
chapter.

Equipment
Schlumberger profiles were done with a R-40-model resis

tivity equipment from Soil-test Inc. This instrument uses a 
squarewave 65-Hz current, generated from two 6 -v batteries 
and a transistorized generator -which produces the square 
wave. The maximum current intensity produced is 100 ma and 
by means of a galvanometer the instrument gives a direct reading 
of 2 aV/I, from 0.1 to 1000 ohms. The accuracy of the instru
ment is 2  percent of the maximum value of the scale used.

Pole-dipole profiles were done with a GR-16-model resis
tivity set designed at the Central University of Venezuela.
This equipment has an AC-current generator driven by a motor.
The generator produces a 50-Hz current with a peak intensity 
of 12 amp; maximum power generated is 1250 w.

The power source gives a DC current with a maximum in
tensity of 3.0 amp, which is measured with a milliampmeter 
in 4 scales (100, 300, 1000, and 3000 ma respectively). The 
accuracy of current readings is 2  percent of the maximum value 
of the scale used. A manually-operated current invertor was 
used to avoid polarization at the potential electrodes.



T-1597 74

The potential measuring unit is a millivoltmeter which 
can read from 1 mv to 300 v, with an accuracy of 2 percent.

Arrays
A discussion about Schlumberger and pole-dipole arrays 

might be seen in the preceding chapter (see pages 48 and 49 
and figures 4-7 and 4-8 of this thesis) .

Values of 2 and 4 were used for n in the pole-dipole array, 
with a potential electrode separation a of 5m; the far elec
trode was placed at a distance of 2 0 0  m from the rest of the 
array, which corresponds to 1 0  times the maximum electrode 
separation ( 2 0  m); this is far enough to be considered as 
placed at infinite for the mathematical treatment of the pro
blem.

For this array the general apparent resistivity formula
is

Pa = 2Tran(n + l)Av/I
Measurements of a were within 1 percent error (a=5 m + 0.05) 

taking 2 percent error for Ay and I, we have that apparent 
resistivity measurements were within 5 percent error.

Schlumberger profiles were done with a a/b ratio of 3.5.
For this array the general apparent resistivity formula is
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pa = (ira2 /b)AV/I = 12.25 bAV/I

Distance between potential electrodes was 6 m, being 
measured within about 1 percent error. Taking 2 percent 
error for AV and I, we have 5 percent error for pa measure
ments.

Profiles
A total of 5 pole-dipole profiles were carried out on 

the 625 level of the central orebody of Cerro Bolivar (see 
figure 5-1); an additional one (CB-4-1), was made on the 
western orebody in which the left-to-right and right-to-left 
moods were tested.

Values of 2 and 4 were used for n, and the potential 
electrode separation was 5 m ( 6 m for profile CB-4-1).

Three Schlumberger profiles were done at the 655 level 
of the central orebody of Cerro Bolivar. A ratio a/b of 3.5 
and 6  m for b were used.

Comments on the Schlumberger Profiles
All these profiles were done along lines perpendicular 

to the local quarzite strike; because of this we can assume 
a high resistivity for quarzites.

In order to match field curves with model curves we had 
to assume water saturation distributions for the fines, which 
we are taking as surrouding medium in our analysis. These
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changes in saturation produce changes in the resistivity 
of the fines, resistivity over which we are dividing our 
field measurements to get the pa/p so profiles.

As we can see in profiles CB-2-1, CB-2-4 and CB-2-6 
(figures 5-2, 5-3, and 5-4), the model curves match reason
ably well with the model curves; then, what remains is to 
try to explain those water-saturation changes.

In profiles CB-2-1 and 4 it appears to be a smaller soft 
ore water saturation in the southern part of the big quarzite 
outcrop, than in the southern part; this can be due to the 
fact that the material in the southern part is more clayey 
than that of the northern part, retaining a bigger amount of 
moisture (see the big laterite body at the right of both pro
files) .

On profiles CB-2-6 the clay disappears and the water 
saturation appears to be more uniform along the line.

On profiles CB-2-4 and CB-2-6 we can see a rising in 
soft ore resistivity at the northern end of the line; this 
can be due to a decreasing water saturation of the soft ore 
because of the vicinity of the slope between levels 655 and 
640.

This slope has been blasted, and because of the cracking 
produced in the material, it has been more susceptible to a 
loss in moisture than the rest of the fines along the line.
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Comments on the Pole-dipole Profiles
In figure 5-5(a) we show the profile CB-1-18. As we 

can see the model curve matches rather well with the field 
curve, with the exception of the area at the north of the 
quarzite outcrop. For this area we calculated a residual 
anomaly in the following way

RC = FC - SC
where

RM = Residual model curve
FC * Field curve
SM = Surface model curve

This subtraction was accomplished on a logarithmic 
scale which corresponds to a division on an arithmetic scale.

In figure 5-5(b) we show this residual curve and a drill 
hole (CDH-2 60) that we deliberately did not take into account 
on the original profile. As can be seen, this residual curve 
matches rather well with the underlying model that comes from 
the drill hole already mentioned, for both values of n, 2 and 
4.

Figures 5-6 (a) and (b) show profiles CB-4-1 in its two 
moods, left-to-right and right-to-left.

This profile, together with the ones shown in figures 5-7 
and 5-8 (CB-1-2 0 and CB-1-29), match with reasonable approxi
mation to the model curves.
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For these profiles a constant soft-ore resistivity value 
was considered; this value was taken around 12 00 ohm-m in 
accordance to the best match between field and model curves.

In profiles CB-1-2 7 (figure 5-9) the matching is not so 
good; this is possibly due to the fact that the model chosen 
for the soft-ore resistivity (constant and equal to 12 00 ohm-m) 
was too simple. This model might be more complicated and 
difficult to define without a special study of the water 
saturation of the materials along the line.
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SUMMARY AND RECOMMENDATIONS

Summary
1) In general there are 5 types of material in Cerro 

Bolivar: iron formation which is interpreted to be recrystal
lized ferruginous cherts, laterites which are clay products
or the weathering of diabases, crust ores which mantle all 
portions of the orebody, friable ores which are developed 
in the iron formations below the crust ores, and limonites.

2) Even when the number of laboratory and "outcrop" 
measurements were too small to consider the resistivity deter
mination as having a statistically reliable basis, they are 
enough to give some idea about the distribution of this pro
perty on the materials that comprise the mine.

3) While fines and laterites presented very regular curves 
of porosity against formation factor, analysis of this data
on crust type ores directs us to subdivide them in at least 
three groups in accordance to the assumption that their por
ous system corresponds to a "tube-vug" system. These groups 
are characterized by their porosity-formation factor relation 
which corresponds to different ratios of tug and interconnect
ing tubes sizes.
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4) Because of the fact that the region of the mine in 
which we are interested is at or near the surface, we have 
to deal with partially saturated materials.

5) Based on moisture studies of the materials and curves 
of bulk resistivity against water saturation, we determined 
average, maximum and minimum values for the resistivity of 
each material.

6) Resistivity of bedded quarzites depends on the orien
tation along which we take them (parallel or perpendicular
to strike) because of the continuity of conductive minerals 
in them (magnetite). Resistivity of massive quarzites is 
comparable with that of the bedded quarzite taken perpendi
cular to strike.

7) There are 4 types of-,materials that can be differen
tiated because of their resistivities. They are fines, crust 
(group 2), laterites, and massive or bedded quarzites when 
the last ones are taken perpendicular to bedding. Crustal 
type 1, limonites and bedded quarzites taken parallel to 
bedding are hardly distinguishible from fines or laterites
by their resistivities; type 3 crust present the same resis
tivity range as massive quarzites.

8) Quarzite or laterite structures can be seen as 
dike-like in a surrounding medium of fines, in which variable
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parameters are width, depth, length and dip of the bodies. 
Crustal structures are at the surface.

9) Reflection coefficients chosen are: K=0.8 for
quarzite-fines, K=-0.50 for laterite-fines, and K=0.65 for 
crust-fines.

10) Models obtained from computer programs DIKE.F4 and 
IP2D.F4 are similar to those shown in the literature for the 
specific arrays considered (see for example Keller and Frisch- 
knecht, 1966, p. 183-186, and Van Nostrand and Cook, 1966).

11) To obtain profiles of more than one single body, addi
tion of segments in logarithmic scale of the anomalies pro
duced by single bodies, appears to lie within or around a
§ percent error.

12) Maximum depth at which a body can be recognized by 
the anomaly produced depends on the width of the body, the 
electrode separation considered, being different for quarzites 
than for laterites because of their different reflection co
efficients .

13) Matching of field curves, for Schlumberger and pole- 
dipole arrays, with model curves based on outcrops along the 
profile appears to be reasonably good, being possible to ob
tain residual curves (field curve minus model curve) which 
correspond with buried bodies.

14) Water saturation distribution in the materials along 
the line of a profile appears to be non-uniform in some cases;
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then a logical distribution of this parameter has to be 
chosen to get the best matching between field and model curves 
Another possibility is to do a special study of the water sat
uration of the materials along the line of these profiles (to 
get soft-ore resistivity distributions).

15) As a general conclusion, DC-resistivity profiling 
would be a great help to the geologist in the search for a 
more realistic distribution of the materials in the mine; also 
in orebodies over which some amount of exploration is yet 
to be done, DC-resistivity profiling rises as a useful tool 
to help the geologist in getting a more efficient drill-hole 
network.

Recommendation s
1) In order to improve the matching between surface model 

curves and field curves, and so to obtain better residual 
profiles which allow us to do better interpretations on 
buried structures, we recommend the following procedures: 
a) To process a bigger number of sampesl in order to determine 
resistivities with a real statistical basis. b) To determine 
with a better degree of accuracy the electrode position and 
the contacts between the different materials along the line 
of the profile. Because of the sharp shape of the anomalies, 
for single bodies a small error in this parameter might pro
duce relatively important changes in the shape of the com
posed anomaly, when several bodies are involved. c) In
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problematic profiles, we recommend determination of the true 
resistivity of the materials along the line with some degree 
of accuracy.

2) Other types of electrode arrays can be tested.



APPENDIX I

COMPUTER PROGRAM DIKE.F4



c c c c c c c ccccccccccc  dike.fz* cccccccccccc c c c c c c c c c c c c c c  
c
C THIS PROGRAM CALCULATES PROFILES OF APPARENT RESISTIVITY 
C OVER RESISTIVITY OF THE SURROUNDING MEDIUM OF SURFACE
C AND VERTICAL DIKES,IT IS BASED ON THE IMAGE THEORY
C AND VARIABLE PARAMETERS ARE WIDTH OF THE DIKE AND RE-
C FLECTION COEFFICIENT,DATA IS CONTAINED IN THE PROGRAM
C ITSELF.AVAILABLE ARRAYS ARE POLE_DIPQLE AND SCHLUMBERGER. 
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C
C IF XARRAY=1 PROGRAM CALCULATES POLE-DIPOLE PROFILES.
C IF XARRAY=2 PROGRAM CALCULATES SCHLUMBERGER PROFILES.

XARRAY=1.
C XARRAY=2.

DIMENSION XK(5),T(5),DM(35),N(10)jUA(10),UAM(10), 
1UAN(10),RH0(10),RH01(35,10),DPM(35),JJJ(35),RH02(10)

C XK IS REFLECTION COEFFICIENT UP TO 3 VALUES)
DATA(XK(I),1=1,2)/0.90,-0.50/

C T IS THE WIDTH OF THE DIKE(UP TO 5 VALUES)
DATA(T(I),I=1,3)/2.0,4.0,6.0/

C DM IS THE DISTANCE BETWEEN LEFT’CURRENT ELECTRODE AND
C LEFT SIDE OF THE DIKE(UP TO 35 VALUES)

DATA(DM(I),l=:1,32)/7.5,7.0,6.5,6.0,5.5,5.0,if.5,4.0,
13.5,3.0,2.5,2.0,1.5,1.0,0.5,0.0,-0.5,-1.0,-1.5,-2.0,
2-2.5,-3.0,-3.5,-**.0,-4.5,-5.0,-5.5,-6.0,-6.5,-7.0,
3-7.5,-8.0/

C N IS THE NUMBER OF TIMES THAT THE POTENTIAL-ELECTRODE
C SEPARATION IS REPEATED TO OBTAIN. THE DISTANCE BETWEEN
C LEFT CURRENT ELECTRODE AND POTENTIAL ELECTRODES

DATA(N( I), 1=1 ,6)/1 ,2,3,*+, 5,6/
DO 900 1=1,2 
WRITE(2,10)XK(I)

10 F0RMAT(/15X,*REFL. COEFF.=•,F5.2)
DO 900 K=1,3 
WRITE(2,20)T(K)

20 F0RMAT(/15X,'T/Ai*,F5.2)



DO 850 L=1,32 
WRIT.E(2,30)DM(L)

30 Jf*0RMAT(15X,,D=',F5.2)
WRITE(2,50KN(MM) ,MM=1 ,6)

50 FORMAT(5X,'N=»,6l8)
DO 800 M=1,6
KK=0
NN=N(M)

60 IF(DM(L).GE.0.0)GO TO 100
IF(DM(L).LT.O.O.AND.(-DM(L)).LE.T(K))G0 TO 110 
IF(-DM(L).GT.T(K))GO TO 180

100 IF(DM(L).GE.FLOAT(NN))G0 TO 130
IF(DM(L).LT.FLOAT(NN).AND.FLOAT(NN)-DM(L).LE.
1T(K))G0 TO 1*+0 
IF(DM(L).LT.FLOAT(NN).AND.FLOAT(NN)-DM(L).GT.
1T(K))G0 TO 150

110 IF(-DM(L)+FLOAT(NN).LE.T(K))G0 TO 160 
IF(-DM(L)+FLOAT(NN.GT.T(K))G0 TO 170

130 CALL SUB1(XK(I),T(K),DM(L),NN,UA(M))
GO .TO 500

1Z+0 CALL SUB2(XK( I) ,T(K) ,DM(L) ,NN,UA(M))
GO TO 500

150 CALL SUB3(XK(I),T(K),DM(L),NN,UA(M))
GO TO 500

160 CALL SUB4(XK(I),T(K),DM(L),NN,UA(M))
GO TO 500

170 CALL SUB5(XK(I),T(K),DM(L),NN,UA(M))
GO TO 500

180 CALL SUB6(XK(I),T(K),DM(L),NN,UA(M))
500 kk=p:k-+-i

GO TO(200,210),KK
200 UAM(M)=UA(M)

NN=N(M)+1 
GO TO 60



210 UAN(M)=UA(M)
800 CONTINUE

DO 810 J=1,6
RHO(J)=(FLOAT(N(J)*(N(J)+1)))*((UAM(J))-(UAN(J)))

810 CONTINUE
GO T0(811,830),XARRAY

811 WRITE(2,820)(RH0(J),J=1,6)
820 FORMAT (7X, 6F8 • )

GO TO 900 
830 DO 8̂ +0 J=1 ,6

RH01(L,J)=RHO(J)
840 CONTINUE

DO 850 J=1,6
DPM(L)=FL0AT(2*N(J)-T(K)-DM(L))
JJJ(L)=2*(8-IFIX(DPM(L)))
RH02(vJ) = RH01 (L, J) + RH01 (JJJ(L) , J)/2.

850 CONTINUE 
900 CONTINUE 

STOP 3 ,

END
C
CCCCCCCCCC SUBROUTINE SUB1 CCCCCCCCCCCCCCCCCCCCCC
C
C THIS SUBROUTINE CALCULATES THE POTENTIAL FOR A POLE-
C POLE ARRAY WHEN BOTH POLES ARE ON THE LEFT SIDE OF
C THE DIKE 
C I
CCC.CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

SUBROUTINE SUB1(CK,TH,D,ND,U)
R=2* *TH
Q=(2.*D)-FL0AT(ND)
CALL SUB7(CK,R,Q,SUM1)
U=(1•/FLOAT(ND)) + (CK/(2* *D-FLOAT(ND)) )-(CK*(1.-CK
1**2.)*SUM1)
RETURN
END



CCCCCCCCCCCC SUBROUTINE SUB2 CCCCCCCCCCCCCCCCCCCCCC
c
C THIS SUBROUTINE CALCULATES THE POTENTIAL FOR A POLE-
C POLE ARRAY WHEN CURRENT POLE IS ON THE LEFT OF THE
C DIKE,AND POTENTIAL POLE IS ON THE DIKE.
C
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c

SUBROUTINE SUB2(CK,TH,D,ND,U)
•R=2. *TH.
Q=(2.*D)-FLOAT(ND)
CALL SUB7(CK,R,Q,SUM2)
Q=FLOAT(ND)
CALL SUB8(CK,R,Q,SUM3)
U=((1. + CK)*SUM3)-(CK *(1. + CK)*SUM2)
RETURN
END

CCCCCCCCCCCC SUBROUTINE SUB3 CCCCCCCCCCCCCCCCCCCCCC 
C
C THIS SUBROUTINE CALCULATES THE POTENTIAL FOR A POLE-
C POLE ARRAY WHEN CURRENT POLE IS AT LEFT SIDE OF THE
C DIKE,AND POTENTIAL ELECTRODE IS AT RIGHT SIDE OF THE
C DIKE.
C
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c  

SUBROUTINE SUB3(CK,TH,D,ND,U)
R=2.*TH
Q=FLOAT(ND)
CALL SUB8(CK,R,Q,SUMZf)
U=(1.+CK)*(1.-CK)*SUM4
RETURN
END



CCCCCCCCCCCCCC SUBROUTINE SUBJ+ CCCCCCCCCCCCCCCCCCCCCC
c

C THIS SUBROUTINE CALCULATES THE POTENTIAL FOR A POLE-
C POLE ARRAY WHEN CURRENT ELECTRODE AND POTENTIAL ELEC-
C TRODE ARE BOTH ON THE DIKE.
C
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c

SUBROUTINE SUBif(CK ,TH,D,ND,U)
D=-D 
R=2.*TH 
Q=FLOAT(ND)
CALL SUB?(CK,R,Q,SUM5)
Q=-FLOAT(ND)
CALL SUB7(CK,R,Q,SUM6)
Q=2.*D+FLOAT(ND)
CALL SUB8(CK,R,Q,SUM7)
Q=(-2.*D)-(FL0AT(ND))
CALL SUB7(CK,R,Q,SUM8)
U=((1.+CK)/(1.-CK))*((1•/FLOAT(ND))+((CK**2.)
1 *(SUM5+SUM6))-(CK*SUM7)-(CK*SUM8))
D=-D,
RETURN
END

CCCCCCCCCCCCCCCC SUBROUTINE SUB5 CCCCCCCCCCCCCCCCCCCC 
C
C THIS SUBROUTINE CALCULATES THE POTENTIAL FOR A POLE-
C POLE ARRAY WHEN CURRENT POLE IS ON THE DIKE AND
C POTENTIAL POLE IS AT THE RIGHT SIDE OF THE DIKE.
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

SUBROUTINE SUB5(CK,TH,D,ND,U)
D=-D
R=2.*TH
Q=FLOAT(ND)
CALL SUB8(CK,R,Q,SUM9)
Q=(2.*D) +1*1.0 AT (ND )



CALL SUB8(CK,R,Q,SUM10)
U=((1.+CK)*SUM9)-(CK*(1.+CK)*SUM10)
D=-D
RETURN
END

CCCCCCCCCCCCCCC SUBROUTINE SUB6 CCCCCCCCCCCCCCCCCCCCC 
C
C THIS SUBROUTINE CALCULATES THE POTENTIAL FOR A POLE-
C POLE ARRAY WHEN BOTH POLES ARE AT THE RIGHT SIDE OF
C THE DIKE.
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

SUBROUTINE SUb'6(CK,TH,D,ND,U)
D=-D
R*2.*TH
Q=(2.*D)+FL0AT(ND)
CALL SUB8(CK,R,Q,SUM11)
U=(1./FL0AT(ND))+(CK/((2.*(D-TH))+ LOAT(ND)))
1-(CK*(1.-CK**2.)*SUM11)
D=-D
RETURN
END

CCCCCCCCCCCCCCCC SUBROUTINE SUB7 CCCCCCCCCCCCCCCCCCCC
c
C THIS SUBROUTINE CALCULATES THE SUMMATION 
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

SUBROUTINE SUB7CCK,R,Q,SUMA)
SUMA-0.0 
XM1=-1 .0 

k XM1=XM1+1•
IF(5.-XM1)6,5,5

5 E=2.*XM1 
SUM=(CK**E)/(R*(XM1+1.)+Q)
SUMA= SUMA+ SUM
GO TO k

6 RETURN 
END



CCCCCCCCCCCCCCCCC SUBROUTINE SUB8 CCCCCCCCCCCCCCCCC
c
C THIS SUBROUTINE CALCULATES THE SUMMATION
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccc 

SUBROUTINE SUB8(CK,R,Q,SUMO)
SUM0=0.0 
XM1=-1*0 

1 XM1=XM1+1.0 
IF(5.-XM1)3,2,2 

• 2 E=2.*XM1
SUM=(CK**E)/(R*XM1 + Q)
SUMO=SUMO+ SUM 
GO TO 1 

3 RETURN 
END
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