BULLETIN OF THE EARTHQUAKE
RESEARCH INSTITUTE

Vol. 55 (1980), pp. 43-54

3. Report of Heat Flow Measurements in Bolivia.

By Teruhiko WATANABE, Seiya UYEDA,

Farthquake Research Institute,

Jaime A. GuzMAN Roa, Ramon CABRE,

Observatorié San Calixto, Casilla 283, La Paz, Bolivia,

and Hiroji KURONUMA™,

Nitto Bolivia Mining Company, Yaesu 2-5, Chuo-ku, Tokyo.
(Received Feb. 25, 1980)

Abstract

Results of terrestrial heat flow measurements in Bolivia, conducted
in 1969, are reported. Nine different sites (all metal mines) were
visited for underground temperature measurement. However, data
from only five sites was usable. The geothermal gradient data from
one oil field was referenced. The sites investigated were mostly in
the area of the Altiplano and the western Cordillera Oriental. Heat
flow in this area is found to be generally high: The average of the
five values is 3.21+1.03HFU (185+43mWm™).

Introduction

Field work on heat flow measurement in Bolivia was conducted by
us as a part of a US-Japan Science Cooperation Program with a group
of scientists of Secripps Institution of Oceanography, University of
California at San Diego. We made the measurement on land by visit-
ing various mines while US scientists conducted ship-borne measure-
ments on Lake Titicaca (SCLATER et al., 1970). We have also tried to
make use of existing temperature data in oil-wells of the area, but,
due to the unavailability of rock samples for thermal conductivity
measurements, oil-well data is used only for reference. - The thermal
conductivity of rocks from mines visited was measured by the QTM
(Quick Thermal Conductivity Meter, Showa Denko Company, SUzUKkI
et al., 1975). In an earlier report, the results on the geothermal
gradients were published (UYEDA and WATANABE, 1970). The present
report is a part of series of papers describing the heat flow measure-
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Fig. 1. Heat flow values in Bolivia in HFU. Value at Lake Titcaca after
SCLATER et al., 1970, data at the Santa Cruz oil-field in gradient only.

Table 1. Summary of heat flow measurement in Bolivia

Station Station Approx. Max. T- Conduc- Heat flow Descrip-

name type Location A]%fll)lde dalr)lt)h gradient! tivity? (HFU) (81 tion’

Chojlla ‘W, Sn  16°25’S 2,000 600 1.95 8.31 1.62 68 H
mine 67°44'W

Corocoro Cu mine 17°11’S 3,900 485 5.75 7.60  4.37 183 H
68°30'W

Chacarilla Cu mine 17°34’S 3,800 150 5.00 6.52 3.26 137 V and H
68°14/'W

Santa Fe Sn mine 18°10’S 4,350 213 3.7 8.11 3.01 126 H and I
66°49'W

Catavi Sn mine 18°25’S 4,500 593 3.00 12.95 3.78 159 H and I
66°39'W ’

1 T-gradient; 10~* °C/em
% Conductivity; 10~* cal/em sec °C
3 Heat flow; (HFU) 10~¢ cal/cm? sec
4 Heat flow; (SI) mWm™2
5 V: vertical hole

H: horizontal hole

I: inclined hole
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ments at individual sites of different South American countries visited
(UYEDA et al., 1978, a, b; 1980).

Results

Heat Flow Values in Bolivia:

Figure 1 and Table 1 summarize the heat flow data in  Bolivia.
Quite high heat flow values were obtained in four mines (Corocoro,
Chacarilla, Santa Fe, and Catavi), while a value only slightly higher
than the continental average was obtained in one mine (Chojlla). The
average of the five sites is 3.214-1.08HFU (185+43mWm™?). The sites
studied are unevenly distributed in Bolivia. All are in the Altiplano
and Cordillera Oriental zones, which are tectonically more active than
the Brazilian shield part to the east. The higher four values were
obtained in the Altiplano. Since the heat flow value at Chojlla is not so
high, the Cordillera Oriental may not have regionally high heat flow.
This point has to be checked by further measurements. Although we
visited the Colquiri mine (Fig. 1) which is also in the Cordillera
Oriental, the measurement was not successful. In the eastern part
of the country, the heat flow appears to be lower, as inferred from
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Fig. 2. Positions of temperature measurements in the Chojlla mine. (local
coordinates).
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the gradient data at an oil-well (2°C/100m at Santa Cruz, UYEDA and
WATANABE, 1970).

CHOJLLA Mine: 16°25'S, 67°44'W

This is a tungsten-tin mine operated by the International Mining
Company and located at about 40km east of the city of La Paz.
Mineralization at this site took place in the Mesozoic time. A K-A
data by AHLFELD and SCNNEIDER-SCHERBINA (1964) for muscovite in a
tin-ore vein gives 183 x 10° years.

The mine was visited on May 10th, 1969 and Ing. A. Martinez and
Ing. A. Bedoya kindly guided us into the mine in which temperature
measurements were conducted through horizontal holes at four points
on three levels. Thermistors were inserted 15 meters into the hole
at each point. The locations of each point are shown in Fig. 2. The
measured temperatures are plotted against the depth from the surface
in Fig. 3: the temperature gradient is 1.95°C/100m. Two representa-
tive samples of slate gave the mean thermal conduectivity of 8.31x10°
cal/cm sec °C in wet state. These values gave 1.62 HFU (68mWm™)
as the heat flow at Chojlla. ‘
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Fig. 3. Temperature-depth relation in the Chojlla mine.
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Fig: 4. Locations of temperature measurements in the Corocoro mine. (local
coordinates).
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Fig. .. Temperature-depth plot for the Corocoro mine..



48 T. WATANARE, S. Uvepa, J. A. GuzMaN Roa, R. CABRE and H. KURONUMA

COROCORO Mine: 17°11'S, 68°30'W

Corocoro is a copper mine situated at about 130km southwest of
the city of La Paz. The mine is operated by COMIBOL (Corporacion
Minera de Bolivia). The copper ore (either native copper or chalocite)
is found in upper Tertiary red sandstone and conglomerates, forming
a typical so called Corocoro type copper deposit. The ore deposits of
this type are widely scattered in the Altiplano. The mine was visited
on May 8th, 1969. Ing. Luis Ramos, Ing. Walter de La Fuente and
Ing. Marwin Columba of COMIBOL kindly assisted the authors’ work.
Temperature measurements were made through horizontal holes drilled
at two levels (level 12 and level 14) by inserting the thermistor about
15m into the holes. The locations of holes are indicated in Fig 4. The
results plotted against the depth from the surface (Fig. 5), although
there are only three points, indicate that the gradient may be
5.75°/100m. Two representative red sandstone samples yielded the
mean wet thermal conductivty of 7.60x 10 %cal/em sec °C. The heat
flow at this site is estimated as 4.87 HFU (188mWm=%). This value
is extremely high for a continental heat flow apart from an active
voleanic zone.

CHACARILLA Mine: 17°34'S, 68°14'W

This is also one of the Corocoro type copper mine situated about
60km south of the Corocoro mine, and was operated by the Nitto Bolivia
Mining Company when the authors visited on April 27th, 1969.

Two nearby vertical holes No. 96 and No. 97 (Fig. 6) were first

Fig. 6. Locations of temperature measurements in the Chacarilla mine.
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Fig. 7. Temperature-depth plots for the Chacarilla mine.

tried for temperature measurements. The results are shown in Fig. 7.
Then, temperature measurements deeper in the mine were conducted
at three levels (levels 60, 90 and 120) by using horizontal holes. The
results are also plotted in Fig. 7 against the depth from the surface.
Locations of measurements at level 60 are indicated by SF. These
two points are separated from the sites at levels 90 and 120, which
were close together in plan view. If we take the results from
these latter points, the gradient turns out to be 5.00°C/100m whereas
that from the vertical holes is about 2.4°C/100m. Because of the
slight non-linearity of the T—d relations in the vertical holes and
their relative shallowness from the surface, here we take that the
deeper values of 5.00°C/100m may be more reliable. We have meas-
ured the thermal conductivity of seven samples of typical sandstone.
The mean value of the wet conductivity was (6.5241.95) X 10~%cal/cm
sec®. Thus, the heat flow at the Chacarilla mine is estimated to be
3.26 HFU (13TmWm™).

SANTA FE Mine: 18°10'S, 66°49'W

Santa Fe, operated by COMIBOL (Corporacion Minera de Bolivia)
is a tin mine, located at about 40km southeast of the City of Oruro
in the Altiplano. The tin mineralization at the Santa Fe mine, as in



50 T. WATANABE, S. UYEDa, J. A. GuzMaN Roa, R. CABRE and H. KURONUMA

the cases of other nearby tin mines such as Catavi and Potosi, was
associated with the upper Tertiary igneous activity. The mine was
visited on May 2nd, 1969. Ing. Jorge Defilippis (Chief Geologist), Ing.
Raul Arce (Superintendent) and Ing. Julian Vega of the mine have
assisted the authors a great deal.

In this mine, the temperature measurements were made at three
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Fig. 8. Locations of temperature measurements in the Santa Fe mine. (local
coordinates). :



Report of Heat Flow Measurements in Bolivia 51

SANTAFE
) v . . . 10 . SN |- ey 20T,

TP ey

e

100k tevel6 ™~

~ . -
~_6.9C/100m 395°C/100m
3.71°C/100m ~

~

200}
d(m)

Fig. 9. Temperature-depth plots for the Santa Fe mine.

levels (levels 6, 108 and 172), utilizing horizontal and inclined holes.
The locations of temperature measurements were widely scattered as
shown in Fig. 8. The results of the measurement are plotted against
the depth from the surface (Fig. 9). TL10 and TL11 are close to
each other, giving the gradient of 8.71°C/100m. The other points (TL6,
TC43 and TC29), if they are considered together, seem to give geothermal
gradient of 6.9°C/100m. However, being different from the case in
Chacarilla, these three points are so far apart that this value has little
reliability. We, therefore, adopt the value from TL10. Although TL6
is too far away, TC48 and TC29 occupy more or less symmetric positions
with respect to the valley as shown in the lower part of Fig. 8. There-
fore, it may not be too unreasonable to assume that the isotherms may
also be symmetric. With this assumption, the gradient from these two
points is 3.95°C/100m, partially supporting the value from TL10.

The rocks concerned are mainly dolerite of which thermal conduc-
tivity (dry) was measured to be 8.11x10°cal/em sec °C. Heat flow
at this site is estimated to be 3.01 HFU (126mWm~2). Again this
value is high for a continental heat flow.

CATAVI Mine: 18°25'S, 66°3YW

The Catavi mine is the largest tin mine operated by COMIBOL.
It is located at about 80km southeast of the city of Oruro. Ing. Feliz
Lunario and Ing. Arnaldo Rivero of the mine rendered assistance to
the authors’ work, conducted on May 6th and 7th, 1969. The minerali-
zation at the Catavi mine was associated with the late Tertiary intrusion
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of quartz porphyry (Salvadora stocks) into the Silurian formations.
The temperature measurements were made at levels 205, 481, 650 and
685 of the mine using horizontal and inclined drill holes. The locations
of measurements are shown in Fig. 10 and the temperatures against
the depth are in Fig. 11. The temperatures are somewhat scattered
but this may be due to the scattered positions of measurements. If
an average straight line is drawn through all the points, the apparent
gradient comes out as 1.9°C/100m. However, it is noticed in the plan
view of the points of measurement in Fig. 10 that, DDH593, DDH31,
DDH383, DDH110 are relatively close together and DD234 and DDH612
form another group at a deeper level. If we treat these two groups
separately and disregard other points that are isolated (DDHG602,
DDH623 and DDH432), the gradients are given as 8.0°C/100m and
4.1°C/100m respectively. Having no more information, here we tenta-
tively take the middle of the above three estimates for the gradient
of the area. This is given as 8.0°C/100m. Four representative rock
samples were provided for the thermal conductivity measurements.
Average of wet conductivity of these was obtained as (12.59+2.11) x 10-°

CATAVI

Fig. 10. Locations of temperature measurements in the Catavi mine. (local
coordinates).
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Fig. 11. Temperature-depth plots for the Catavi mine.

cal/em sec °C. These values of gradient and thermal conductivity
yielded heat flow at Catavi as 3.78 HFU (159mWm™*).
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