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Abstract The aquifer under investigation is situated on the central
Bolivian Altiplano and covers 1000 km?. Perforated wells ranging in
| depth from 20 m to 80 m produce water whose electrical conductivity
; increases from upstream (0.5 mS cmrl) to downstream (5 mS cm).
’ Hydrogeological modelling and interpretation of isotopic data (mainly
180 with some 2H, H, ™C and !C) has been conducted on data

collected over two years from groundwater, rain, the Rio Desaguadero

and a core from the unsaturated zone. The aquifer presents two

systems. The western low salinity zone is a consequence of infiltration

from mountain runoff. Flow is northwards towards the Desaguadero

and also southeastwards parallel to the mountains. The eastern zone of

higher salinity results from a combination of recharge by the

Desaguadero, groundwater evaporation and dissolution of salty

' sediments from ancient Quaternary lakes which dried up during a drier

i hydrological regime between 8000 and 1500 years BP.

INTRODUCTION

The Altiplano is a plateau 150 km wide by 1500 km long. It is situated between the
Western and Eastern Cordilleras of the Andes which rise to altitudes in excess of
6500 m. Its own altitude ranges from 3810 m in the north (Lake Titicaca) to 3600 m in
the south (salt flats). It is the most heavily populated region in Bolivia with the economy
split between mining and agriculture. Within this endoreic hydrological system rainfall
levels diminish from Lake Titicaca (600 mm) towards the Uyuni salt flat (150 mm).
| Conversely, the salinityi of water resources increases as one travels from north to south.
|
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3 The aquifer under investigation is sited in the central Altiplano and covers most of
1 the province of Villarroel (Fig. 1) which is effectively isolated from the surrounding
I areas by the Rio Desaguadero to the north and east and by the rugged hills of the
Serrania Huayllamarca to the south and west. Around 10 000 traditional Aymaran
people inhabit the province, living almost exclusively in scdttered smallholdings. Since
3 the severe drought of 1983, a Bolivian NGO (YUNTA) has been active within the
I province, drilling wells and installing hand pumps to replace the open, hand-dug wells
3 previously used. Up to the present, nearly 100 wells have been completed and are the
it primary source of data for this study. They range in depth from 20 m to 80 m and tap
water whose electrical conductivity increases from upstream values of 0.5 mS cm! to
downstream values of 5 mS cm!, This study of an intermediary zone of the Altiplano
with respect to water salinity and climatic parameters provides valuable information
concerning the movement of groundwater and origin of its salinity. It is based on the
application of hydrogeological modelling and isotopic techniques.
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METHODS

Piezometric data were gathered during two major campaigns with ten reference wells
being selected for closer scrutiny. A 20 m contour step is used on the 1:50 000 maps
published by the Instituto Geografico Militar. In order to obtain a higher precision of
about 20 cm, surveying campaigns were carried out on 40 wells throughout the
province. .

The electrical conductivity of 110 water samples was measured during two major
campaigns (October 1992 and April 1993) and more frequently on ten reference wells.
It was measured in the field and subsequently verified by three laboratories. Water
samples for 80 analysi$ were collected at 3 different points along the river (9 analyses
conducted), from 25 wells (75 analyses) during high and base flow, from 24 monthly
rain samples and from 20 cm thick samples from a 6 m core taken from the unsaturated
zone.

Five tritium analyses were condugted on 11 samples from the Desaguadero and from
four wells. Five analyses of '*C ald C were performed on groundwater samples
obtained with the dissolved inorganic carbon (DIC) being precipitated out with barium
chloride.

All the tritium, C and *C and most of the 130 analyses were conducted at the
Centre de Recherches Géodynamiques at Thonon (France). The 2H and some of the 130
analyses were conducted in the Laboratoire d’Hydrologie et de Géochimie Isotopique
at Orsay (France). The stable isotopes (*20, 2H) are expressed in %o units with respect
to the international SMOW standard. The tritium analyses are reported in tritium units
(TU). The *C activities are expressed in % of modern carbon (pMC). The analytical
precision is greater than 0.2 %o for 20, 2 %o for 2H, 1 TU for *H, 0.8 pMC for *C and
0.2 %o for BC.

HYDROGEOLOGY

In this section we present the geology of the region, the flow of the Rio Desaguadero,
the results of our hydrogeological study and the present and paleo-climate. The central
Bolivian Altiplano is a complex Tertiary-Quaternary region of inter-mountain foreland
basins bounded to the west by the stratovolcanoes of the Western Cordillera and to the
east by the folded and thrusting Palaeozoic sequence of the Eastern Cordillera. In the
area under study (Coudrain-Ribstein ez al. , 1995), the western limit of the aquifer is the
flank of a faulted Tertiary anticline rising to 4500 m. To the east of this faulted limit,
Province Villarroel is hilly with Tertiary sandstone units. The eastern half of the
province is remarkably flat, consisting of a series of largely lacustrine Quaternary
sediments overlying Tertiary and Palacozoic formations. The province is bounded to the
east by the flank of a faulted Palacozoic system.

Overall, the climate is semiarid, with a markedly wet summer (December to
February) during which the high-reaching anticyclones over the subtropical Andes
produce precipitation. From the nearest meteorological stations and the measurements
taken over 2 years in the Province itself, the mean annual rainfall in the studied zone is
estimated to be 350 mm. The three wettest months supply up to 80% of the annual rain-
fall. The annual potential evaporation is around 1.2 m in Patacamaya (Vacher et al.,
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1989) and 1.7 m at 30 km east of Eucaliptus (Herbas & Hufty, 1992). The area is also
subject to large diurnal variations of temperature (A25°C) and strong winds (Greeley et
al., 1989).

The Rio Desaguadero is the only permanent stream within the region. The average
flow out of the Lake Titicaca to the Desaguadero (Gutierrez, 1991) was around 16 m? s°!
over the 1956-1983 period, and 110 m® s! over the 5 wettest next years. It should be
noted that during the dry years around 1970 a reverse flow towards Lake Titicaca was
observed, as was in all likelihood the case during the dry period around 1940. According
to Guyot ez al. (1990), in our zone the headwaters of the Desaguadero mainly originate
from the Lake Titicaca although the Mauri river is a tributary.

Steady-state hydrogeological modelling (Coudrain ez al., 1995) was carried out in
order to simulate correctly the measured piezometric heads. At this stage of knowledge,
the piezometric levels are compatible with the hypothesis that the aquifer is continuous
across the Province Villarroel, being confined to the west and semi-confined to the east.
The results indicate two sources of recharge (Fig. 2). To the west there is infiltration of
runoff from the Huayllamarca mounts whilst to the east recharge comes from the
Desaguadero. Connections between the Desaguadero and groundwater, in the same
zone, are also indicated by a stochastic study of the Desaguadero flows (Llamas et al.,
1994). Our modelling also indicates that a net annual evaporation of 15 and 40 mm must
be introduced in the northeastern zone (X > 110 km, ¥ > 50 km in Fig. 2). The
hydraulic gradient varies from 102 to 0.65 10~ from upstream to downstream. The
permeability used in the model is in the range 10°-10* m 1.

During the Quaternary, several lacustrine transgressions occurred (Servant &
Fontes, 1978), the earliest of which was Lake Tauca occurring around 11 000 years BP
during a deglaciation period (Seltzer, 1993). This lake reached at least 3720 m and
partly covered our aquifer. Reconstruction of Lake Titicaca fluctuations over the last
7000 years (Mourguiart er al., 1992), indicate that water levels reached their minima

‘around 7500 years and maintained levels lower than the weir to the Rio Desaguadero

until 1500 years BP. From these results and peat (Gouze et al., 1986) and geochemical
(Risacher & Fritz, 1992) studies, we may infer that Lake Tauca waters may have been
connected to the aquifer under study, and afterwards from 8000 to 1500 years BP, the
rain infiltration and recharge by surface water were less than at present.

ELECTRICAL CONDUCTIVITY AND SALINITY

Present groundwater conductivity increases from western values of 0.5 mS cm™ to
eastern values of 5 mS cm'l. On each well, the standard deviation is small (SD
< 0.1mS cm), except for those submitted to the Desaguadero influence (SD
~0.3 mS cm™! for ¥ > 55 km in Fig. 2), and for those situated at the confluence of the
two flow regimes (SD =~ 0.8 mS cm! for X > 130in Fig. 2). Rain from the infiltration
zone has a conductivity of 0.03 mS cm™!. Hence, even though some rain samples may
have conductivity up to 0.17 mS cm™! near gypsum outcrops and salt flats, high salinity
of groundwater cannot originate from the rain.

The electrical conductivity of Lake Titicaca is around 1.4 mS cm™ with a TDS
around 1 + 0.2 g I'! (Fontes er al., 1979; Iltis et al., 1992). The average of our
measurements on the Desaguadero is around 1.8 mS ¢m™ with a range of 3.28-



!

Salinity and isotopic dynamics of the groundwater resources on the Bolivian Altiplano 271

68° 67°30’
I 160
] 70

17°30'

iy
o ' !g—;
17°45" —1¢

30

67°30"

Fig. 2 Measured piezometric map, direction of flow and conductivity of the ground-
water in the Province Villarroel. Axis coordinates are given in km (100 to 160 km in
X axis) and degrees and minutes according to the maps published by the Instituto
Geogrifico Militar of Bolivia.

0.75 mS cm’'. In the Soledad lagoon (Fig. 1), the salinity is 30 g I'! (Mourguiart &
Roux, 1990), and in the salar of Coipasa it is up to 300 g I'! (Risacher & Fritz, 1991).
Hence, the oft cited gradient from north to south does indeed exist, though the inter-
annual variability is also important. At a same point on Lake Poopo, the salinity was
80 g I''in 1983 and 8 g I'! in 1987 (Mourguiart & Roux, 1990).

Chemical analyses on leachates from the 6 m deep core in the unsaturated zone
(X = 146, Y = 41 in Fig. 2) shows the profile of the present evaporation with chloride
concentration increasing from 77 mg I'! at 1.5 m depth to 800 mg I"! near the surface.
Similarly sulphate content increases from 50 mg I'! at 1 m depth to 370 mg I'! near the
surface. Ancient evaporation is also indicated by a deeper high concentration of sulphate
(420 mg I'! at 1.5 m depth) and high chloride concentration (500 mg I'! at 4.2 m).
During the last dry period (7500-1500 BP), the paleo-salinity of Lake Huiflamarca
reached 30 g 1'! (Mourguiart & Roux, 1990) and that of Lake Tauca was estimated at 60-
90 g 1! (Risacher & Fritz, 1991).

Therefore, downstream salinity in the east part comes partially from the recharge
from the Desaguadero, and the high salinity of paleo-lake Tauca could have contributed
to the present groundwater salinity by ancient infiltration and by present leaching of its
salty sediments.

OXYGEN 18 AND DEUTERIUM

Groundwater measurements of §'30 in Villarroel range between —17.6 %o and —8.9 %o
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and are distributed in three groups (Fig. 3). In the western part, values are less than
—15%o; in the northeast zone, values are greater than —10%o; and in the southeast
(X > 135; Y < 48), values are intermediary, between —14 and —10%.. It should be
noted that one well, sited at a convergence point between the two flow patterns
(X = 146, Y = 41 in Fig. 3), presents values varying between —10%o and —15 %o
while in the same time its electrical conductivity varies from 5.5 to 3 mS cm'!

Eight measurements of deuterium where conducted on groundwater. Six of them fall
on the meteoric line (§*H = 8 5'%0 + 10). The values from two wells from the salty
zone (X > 140) deviate noticeably from this line with a slope of about 5. Values of §'20
of the 6 m depth core decrease from 1.5 %o at the surface to —11%. at 3 m depth. Below
3 m, the value is stable down to the saturated level. These features are congruent with
the hypothesis of evaporation, but groundwater data from the saltier well deviates less
from the meteoric line than the other one as would be expected. This indicates the
existence of another source of salinization.

The excess in deuterium (defined by d = §’H — 8 5'%0) is between 6.22 and
—14.36 for the eight wells. These small values (d < 10) could indicate that some
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Fig. 3 Zonation of '*0 groundwater, values of *H and activity of *C in Province
Villarroel. Axis coordinates are given in km (100 to 160 km in X axis) and degrees and
minutes according to the maps published by the Instituto Geogréfico Militar of Bolivia.




Salinity and isotopic dynamics of the groundwater resources on the Bolivian Altiplano 273

portion of the recharge occurred during a cooler climate as is proposed by Stimson et
al. (1993) for the groundwater of the Bolivian Cochabamba valley with a 5 d value
(200 km east and 1500 m below our area).

The rainfall samples collected for this study between November 1992 and March
1994 show a wide 5'%0 range (-5 to —21%o). No altitude. evolution of '30 is noted
from the five pluviometers (3720-4220 m a.m.s.1.). However, 8'%0 diminishes during
the wet season and the rainfall likely to infiltrate has a mean 8'30 composition of
—17%o. Aravena et al. (1989) state that the isotopic stratification observed in summer
rains is not related to an altitude effect, but is instead linked to the location of the
convective centres that generate rainstorms whose source is the Atlantic Ocean. These
authors determined the following meteoric line for the Chilean Altiplano:

3% = 7.7 80 + 9.7 (%o) 1)

The slope of this line (7.7), which is less than that of the world meteoric line (= 8), is
confirmed by Alpers & Whittemore §1990) for the Chilean Atacama desert and by
Stimson et al. (1993) in Cochabamba.’

A study of 147 samples from Lake Titicaca collected in 1976 and 1977 from the
surface down to 250 m, shows 6'%0 values ranging between —4.42%o and —3.76%o
(Fontes er al., 1979). This publication indicates values of —50 & 5 %o for the deuterium
of the lake. A study by Lizarazu et al. (1987), on the region near the city of Oruro
(Fig. 1), presents values for the Desaguadero of ~5.27 %o 8130 and —59.6 %0 2H which
reflect an evaporation pattern. In our study, the Desaguadero shows §'%0 values varying
from —17.4%o during a flood event to —6.4 %o during the dry season. For most of the
year, out of the flood period, the mean value is —10%.. Hence, the Desaguadero
appears impoverished in oxygen-18 in our zone in comparison with the upstream lake.
This could be related to other contributions (Mauri tiver, groundwater?).

Guyot & Gumiel (1990) proposed explaining the salinity of wells on the western
area of Oruro by infiltration of salty waters of inundation zone. Conversely, the isotopic
study of groundwater undertaken near Oruro (Lizarazu et al., 1987), and the present
study show that no recharge is due to occur in the inundation zones.

Therefore, *0 and ?H data corroborate the two types of recharge, that is to say the
infiltration of fresh water in the western piedmont and the Desaguadero recharge in the
eastern zone, and the hypothesis of evaporation from downstream ground water.

TRITIUM

Four wells give a value lower than 2 TU and one well, near the recharge zone, gives
5 TU. The Rio Desaguadero gives 3 TU. The IAEA network provides monthly precipi-
tation 3H concentrations, but the nearest stations are several hundred km outside our
area. Aravena et al. (1989) analysed twelve precipitation samples in 1984 from several
locations in the Chilean Cordillera. The average >H concentration was about 6 TU with
arange of 9.9-3 TU. A tritium reconstruction in Cochabamba rainfall (Stimson, 1991)
gives an estimation of 8 TU before 1952 and a peak of 70 TU around 1965. Two
measurements on 1990 rain samples gave 8 TU. The author states that it is most
probable that since the early 1980s the situation has returned to a steady-state with a
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value of 8 TU. However, it should be noted that according to IAEA (1992), the tritium
concentration diminished in Bogota from a 1981 value of 6.1 TU to a 1987 value of 4.1
and in Ecuador from a 1981 value of 7.8 TU to a 1984 value of 4.9 TU.

The data published by Fontes er al. (1979) for Lake Titicaca show the average
concentration of 31 samples taken in 1976 to be 8.0 + 0.82 TU. More recently,
Lizarazu et al. (1987) measured *H levels of 7.4 to 9.5 TU in rivers in the Oruro area.
Therefore, the H data indicate that the Villarroel groundwater is older than the 1950s
except in the western recharge zone where it is few years old, and our measurements
suggest that 3H concentrations have continued to diminish since the early 1980s,

¥

CARBON 14

From the five measurements on the Villarroel groundwater, §'C varies between
—11.7%o and —7 %o, and the activity of 1*C varies between 89.6 pMC and 37.1 pMC
(Fig. 3). A discrepancy may be noted for the two western points. The increasing C
activity from 75.2 to 89.7 is not coherent with the flow pattern, but it may be explained
by the high recharge inferred by the modelling around the point with the greater activity.
These two points are likely to be influenced by recent activity up to 120 pMC as noted
in the Oruro zone (Lizarazu er al., 1987) and around 125 pMC for C (1980-1981) in
the Northern Chile, according to Aravena & Suzuki (1990).

For the three eastern points, assuming no recharge, the travel time may be estimated
by the following equation (Mook, 1980):

AT = 8270In(a)s,/az) )

where a; " is the 14C activity of the k sample. This gives 3820 years from north to south
(13.9 km) and 4480 years from west to east (14.1 km). These figures are equivalent to
pore velocities of 3.6 and 3.1 m year™ respectively. The pore velocity may also be
approached by the following expression:

. Ki 3

V, = — €))

where K is the permeability (L T-!), i the hydraulic gradient and « the porosity.

Applying this formula, the estimated velocity is of the same order, between 2 and
5 m year'!

CONCLUSION

Two years worth of 130 analyses for rain, the river Desaguadero and groundwater
indicates that upstream in the western part of the region, groundwater has similar values
(—15 %o) to those of summer rainstorms which recharge the aquifer. In the zone where
recharge by the Rio Desaguadero is expected, the groundwater 830 values are greater
(—10%o) and correspond to the mean low water value of the Desaguadero. Evaporation
of downstream groundwater is inferred from present steady state hydrogeological
modelling, analyses of a core in the unsaturated level of the downstream zone and data
deviations in the §'%0-8%H graph. However, the relation between the electrical conduc-
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tivity and §'20 of groundwater shows that this evaporation is not sufficient to explain the
increasing salinity. Dissolution of salty Quaternary sediments is likely to contribute to
the excess salinity. Tritium and *C analyses indicate that the downstream groundwater
is 4000 years old. Research on the Quaternary climate of the Altiplano indicates a drier
climate between 8000 and 1500 years BP and that the Desaguadero was not supplied by
the lake Titicaca. Hence, the salinity of the groundwater results from a combination of
present recharge by the Desaguadero, evaporation from the groundwater and leaching
of salty sediments of ancient Quaternary lakes and of a drier climate between 8000 and
1500 years BP.
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