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Abstract

A geoelectrical survey (VES) was performed in the Burruyacu hydrogeological basin in the northeastern sector of Tucuman Province,
Argentina. The area under study is bounded on the west by the Sierras de La Ramada and El Cajon, and on the east by Santiago del Estero
Province (SEP). The Tajamar River is the only surface runway in the area; its source is west of the study area on the eastern slope of the
mountains. The geoelectrical models, together with data from existing wells, made it possible to identify the permeable zones. Two aquifer
systems have been distinguished. An upper unconfined aquifer system has sediments with larger grain size in the piedmont zone and the
alluvial fan of Tajamar River, with aquifer levels at depths from 30 to 180 m and waters suitable for irrigation.

A lower confined aquifer system with artesian water is composed of mostly clay layers intercalated with sharp quartzy sands of medium to
thick grain size. The sands are well developed throughout the depressed plain and beyond the boundary with SEP. © 2001 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Hydrogeological and geophysical investigations were
carried out in the sedimentary basin located close to
26°30'S, in the Department of Burruyacu, in the northeast-
ern sector of Tucuman Province (Fig. 1). The study area is
bounded by the Sierras de La Ramada and El Cajon on the
west and by Santiago del Estero Province (SEP) on the east
(Fig. 2). Good roads provide access, and livestock and agri-
cultural activities make this area one of the most important
economic regions in the province. Sugar cane, citrus fruits,
grains, and extensive livestock production require intensive
use of groundwater resources. The most important river is
the Tajamar, with headwaters west of the study area and a
location on the eastern slope of the mountains. Its hydro-
graphic network is formed by mostly temporary rivers and
streams that infiltrate upon reaching the piedmont, with an
annual runoff of 22.3 hm’ and a catchment area of 250 km?.

Several papers have been published about this zone and
were used as background for this research. Stappenbeck
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(1921) delineated the artesian natural area and Mon et al.
(1971) described the structure, geomorphology, and strati-
graphy of the Sierras del Campo and La Ramada. The
hydrochemical and hydrogeological features and hydrogeo-
logical environments of the basin have been described by
Tineo et al. (1991, 1992, 1994, 1997).

The purpose of this study is to define the geometry of the
hydrogeological basin, determining the depths, dimensions,
and structures of the aquifer zones and the physical charac-
teristics of the substratum. On the basis of previous geomor-
phological, geological, hydrochemical, and climate studies,
and with the addition of the hydrogeological and geophysi-
cal results of this investigation, the morphology and the
degree of confinement of the aquifer systems have been
determined, establishing recharge and discharge zones.
Additionally, water quality has been assessed in an effort
to establish the suitability of the basin’s groundwater for
human consumption as well as for agriculture and livestock.

1.1. Climate

The Department of Burrucayu is located in a continental
subtropical region with high summer and low winter
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temperatures, i.e. with a wide thermal range. The climate is
quasi-monsoonal with a maximum of 85% of annual preci-
pitation in the summer, and the remaining in the winter.
Rainfall concentrates on the eastern mountain slopes, aver-
aging 900 mm yearly and decreasing eastward to 600 mm
on the boundary with SEP. The highest precipitation levels
thus occur in the piedmont zone, where Quaternary deposits
of high porosity and permeability exist, ensuring recharge of
the aquifers in this sector.

According to Torres Bruchman (1978), three different
climate types are found in this zone: (1) Cwak, typical of
the mountain zone, moderate temperate humid climate with
non-severe dry winters; (2) Cwah, mesothermal climate
with dry winter in the piedmont area; and (3) Bshwa, dry
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steppe climate with xerophilous vegetation, typical of the
plains area.

1.2. Geomorphology

The dominant orographic units are the Sierras del Campo
(maximum altitude of 2000 m a.s.l.) and the Sierras de La
Ramada (maximum altitude of 1160 m a.s.l.), which are
located west of the study area (Fig. 2) and extend NNE—
SSW for approximately 30 km. The two ranges are divided
from each other by a diagonal fault striking NNW-SSE
where the Tajamar River flows. The western slopes of
both ranges are steep and narrow and limited by a southern
fault; the eastern slopes are softer and extend toward the
Burruyacu plain.

At the piedmont of both ranges, there is a series of low
hills and topographic lows, made up of Tertiary deposits
covered by Quaternary sediments, mainly alluvial fans of
loess reworked by wind and hydric erosion, which is called
‘glacis’ (Fig. 3). The Burruyacu plain is formed by Quatern-
ary silty-loessic and sandy sediments, with good soil devel-
opment.

Upon reaching the piedmont, the Tajamar River (Tineo et
al., 1992) forms an alluvial fan approximately 470 km? in
area, between 600 and 350 m a.s.l., on the SEP boundary.
Several paleochannels have been found on the fan surface;
they show recent north-to-south meandering of the river.

During part of the year, the Tajamar River is lost on the
plain due to the high permeability of the sediments and
intensive irrigation.



644 G. Galindo et al. / Journal of South American Earth Sciences 14 (2001) 641-650

1.3. Stratigraphy

Knowledge of the stratigraphy of the sedimentary basin is
limited to the outcropping units and shallow wells that pene-
trate the Quaternary sequences. The oldest units are slates
and gray phyllites of low metamorphic degree (late Precam-
brian to early Cambrian in age) that make up the nucleus of
the Sierras del Campo and La Ramada (Mon et al., 1971).
These units exhibit a high surface runoff and low-to-
medium secondary permeability due to jointing and fault-
ing. Compact red conglomerates and sandstones of early to
mid-Cretaceous age are found in unconformity; they crop
out along the Sierras del Campo and La Ramada. At some
locations, basalt bodies intrude the units in the form of dikes
and sheets attributed to the mid-Cretaceous (Pirgiia Group).

Tertiary deposits lie in unconformity and consist of sand-
stones, conglomerates, red Paleocene—Eocene claystones
(Santa Barbara Group), white sandstones, green marls,
gypsum beds, and Miocene—Pliocene tuffaceous deposits
that crop out on the mountain flanks (Rio Sali Formation;
Ruiz Huidobro, 1975). These sediments have low perme-
ability, although some sand layers behave like aquifers and
contain mostly average to poor quality water, mainly due to
chemical contamination from sulfates and carbonates.

The most productive and highest quality aquifers are
found in the Quaternary sediments.

These deposits resulted from the transport of gravel,
sands, and pelites by rivers that flow down from the moun-
tains. The coarser materials might have been formed by the
destruction of basement rocks and Cretaceous rocks, while
the pelitic materials originated in erosion of the Tertiary
deposits.

East of the mountains, the percentage of coarse material
decreases and silty level intercalations appear on the plains;
they are somehow clayey, with sands and fine gravel
embedded in them. The thickness and prevalence of fine
levels increase toward the SEP boundary, where there is a
dominance of silty-clayey levels and loess of eolian origin.

1.4. Structure

The present structure of this region is related to the
Andean Orogeny (Late Tertiary—Early Quaternary) that
influenced the basement and the sedimentary cover (Mon
et al., 1971).

Positive expressions such as the Sierras del Campo and
La Ramada belong to the system called the Sierras Suban-
dinas, where the dominant structures are N—S faults border-
ing the mountains.

A southern fault borders the western skirts of the ranges.
Gravimetric studies performed in this area (Galindo et al.,
1997) made it possible to define both the marked structural
feature represented by the fault where the Tajamar River
flows and the symmetry of the alluvial fan that developed.

A structural high in the subsurface, the Espolon de Taca-
nas, has been identified southeast of the region of study.

From analysis of the BA, it exhibits a coincidence with
the contour lines, and shapes the drainage divide of both
hydrogeological basins of the Eastern Tucuman Plain: the
Sali River and the Burruyacu Basin (Tineo et al., 1994).

2. Hydrogeology

The Burruyacu hydrogeological basin is developed in the
northeastern sector of Tucuman Province; its western border
is located in the piedmont sector of the mountains (Fig. 3),
and its southern boundary is the Espolén de Tacanas.
Hydrogeological environments of the basin have been
differentiated by Tineo et al. (1994), based on differing
Quaternary conditions and structural settings. These envir-
onments include: basin boundary, alluvial fan, glacis, and
depressed plain (Fig. 3).

The Tajamar River, with a modern fill over Tertiary struc-
tures, flows over the piedmont zone. From there on, the
Tajamar River developed an important alluvial fan (Tineo
et al., 1991) that controls the distribution and behavior of the
aquifers, with artesian conditions and excellent discharges
and quality of water in its distal part. This fan extends
beyond the boundary with SEP.

The piedmont sector of the Sierra de La Ramada toward
the depressed plain on the east is represented by glacis and a
series of low hills and topographic lows exhibiting great
subsurface heterogeneity; the water reservoirs have little
discharge and an increased salt content.

Finally, there is a area that covers the depressed plain
limited by the periphery of the artesian wells area toward
the west. Multiple confined aquifers located below the 100—
200 m depth are found there.

At the discharge zone, southeast of the study area, the best
natural artesian well outputs have been obtained; in some
cases, pressures cannot be controlled if small drilling equip-
ment is used.

2.1. Hydrochemistry

Hydrochemical studies were performed on the basis of 28
wells sunk in 1992 or before (Tineo et al., 1992). In general,
the studies show the well water to be potable, with total
dissolved solid concentrations under 1000 mg/l, tempera-
tures from 17 to 45°C (at ground level), and pH from 7.1
to 8.5. Sediment grain size becomes finer and salinity
increases with groundwater flow NW-SE toward the border
of SEP. There is a remarkable decrease in the Mg/Ca ratio as
water runs off in the direction of the subsurface flow. This
trend could be attributed to an increase in Ca and SO, ion
concentration due to the presence of Tertiary sediment-
containing gypsum beds. This conclusion coincides with
the increase in sulfate ion concentration. The groundwater
of the Tajamar River alluvial fan is appropriate for human
consumption, good-to-average for irrigation, and suitable
for cattle.
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Fig. 4. Potentiometric contours map showing the direction of the free groundwater flow toward a zone of centripetal drainage network.

2.2. Methodology

In the hydrogeological study of the zone, the topographic
map and past geological information was used to interpret
the vertical soundings in the area. A well census was
performed, and the lithology, levels, discharge, depth, and
geological background as well as meteorological data were
analyzed. The isolines of free groundwater level and the
confined potentiometric contours were constructed from
well data.

Ten vertical electrical soundings (VES) were
performed in the study area, and data from two sound-
ings (VES 11 and 12) from Ponti (personal communica-
tion, 1997) (Fig. 2) were integrated. By this method, an

electrical current is injected into the earth by means of
a power generator, with a maximum of 1.5 kW, through
a pair of electrodes, usually called the current ones
(AB). This circuit is completed with a milliamperimeter,
which measures the current value. Through another pair
of electrodes (MN) colineal with AB, the potential elec-
trical difference between them is measured with a milli-
voltimeter. The distance between MN electrodes is small
compared to AB distance (Schlumberger configuration). The
half distance between current electrodes (AB/2) was varied up
to 1000 m; as the separation between current electrodes is
increased, information about greater depths is attained. It
was then possible to obtain depth information, which in
some cases reached down to 250 m. The value of apparent
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resistivity is calculated with the current i, the potential differ-
ence AV, and a geometrical factor K, which depends on the
electrode configuration.

The apparent resistivity curves were fitted initially to
theoretical models of horizontal electrical resistivity layers
using Vozoff and Jupp’s (1975) fitting method of least
squares. A revision of the inversion was carried on with
Cooper’s (1992) program, allowing a more detailed fitting.

Finally, permeable strata were identified from the litho-
logical interpretation obtained through the well census and
the geoelectrical results. Low resistivities are identified with
clayey sediments while higher resistivities are related to
sands if freshwater fills the pores. Obviously, these values
change regarding water resistivity, and salty water may
significantly lower the whole layer’s resistivity.

3. Results from the hydrogeological prospecting

On the basis of the hydrogeological background
analyzed, two types of aquifers have been identified: free
groundwater and confined groundwater.

3.1. Free groundwater

From the map of the potentiometric surface shown in Fig.
4, it can be inferred that in general, free horizon depths are
within 40 m of surface. In the study area, the depth to free
groundwater ranges from —1.5 to —40 m, depending on
topography and recharge. East of the mountains, the undu-
lating plain develops with important variations in free
groundwater levels. Close to the boundary with SEP, there
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Fig. 6. Apparent resistivity curves as a function of half distance between current electrodes (AB/2) for each sounding. Solid line shows the curve calculated

from the interpreted models in Table 1.

are circular-to-semicircular depressions due to the develop-
ment of a centripetal drainage network. These depressions
serve as intake basins favoring infiltration and thus increas-
ing the free groundwater levels at these points. The direction
of the groundwater is S—E, but the flow discharges during
the rainy season in the zone of the centripetal basin. This
great level variation could be the result of structural control

existing in the development of the sedimentary sequence of
the plain.

3.2. Confined groundwater

The map of the potentiometric surface of the confined
aquifer is shown in Fig. 5. It may be concluded that the
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Table 1

Interpreted resistivities and depths in the Burruyacu zone, Tucuman Province, Argentina

VES* Resistivity ({dm) Depth (m) VES Resistivity ({dm) Depth (m)
1 36 0.8 2 16 7.4
11 10 34 9
36 70 1000 35
7 83 103 46
57 100 0.6
21 109
Resistive
3 8.5 4.5 4 13 0.7
245 12.5 1005 11
12 42.5 66 22
418 1314 90
96
5 20 13 6 7 3
39 4 10 4.5
11 5 254 12.5
0.95 6 61 20
282 93 212 33
2.5 100
7
7 149 1.5 8 25 1.7
583 6.1 21 29
87 18 232 55
1727 80 25 70
29 10 90
3
9 45 27 10 45 2
9 60 7 4
245 72 1448 16
9 7 100
Resistive

* Vertical electrical soundings (see Fig. 2 for locations).

than 100 m deep) that catch from 2 to 10 layers. The specific
flows are variable and range from 1 to 5.6 m3/h/m, and the
artesian flows range from 2 to 130 m*/h.

4. Geoelectrical results

The apparent resistivity curves as a function of the half
distance between the current electrodes (AB/2) are shown in
Fig. 6. In addition, a theoretical sounding curve calculated
from the interpreted model is plotted. Table 1 shows the
resistivity and depth to the base of the different layers of
the interpreted models for each sounding. The layer model
for each site was used to make two representative profiles
(Fig. 2, AA’ and BB'). Information from nearby wells was
also used.

4.1. Interpretation of hydrogeological and geoelectrical
results

Fig. 7 presents profile AA’, which extends from the pied-
mont of the Sierra de La Ramada (VES 2) eastward on the
plain as far as La Tuna (VES 6). Free groundwater levels
from 35 to 40 m have been defined at the piedmont, from 11

to 13 m near VES 4 and 5, and down to 33 m at the eastern
end.

The recharge area is the piedmont zone where coalescent
fans begin to develop. There is evidence of an eastward
increase in the thickness of the finer material as shown by
lithological logs and VES results. The discharge zone is
located SE of the artesian area.

The artesian boundary (Fig. 5), which coincides with the
union of piedmont small alluvial fans and the Tajamar River
fan, is located at Colonia La Virginia, based on existing
wells. The artesian boundary, as it may be observed in
Fig. 7, is placed between VES 4 and 5, where the lithologi-
cal pattern changes abruptly. On the basis of stratigraphy, it
was possible to establish that in the profile’s eastern zone,
the cone cross-section has a minimum depth of 400 m.

Fig. 8 presents profile BB, which is located between the
Sierra de La Ramada piedmont at La Cruz (VES 10) and
extends northeastward as far as El Triunfo (VES 9).

In this profile, there are three sectors corresponding to the
existing fans. At VES 10, thick permeable layers prevail that
might correspond to minor cones of the Sierra de La
Ramada. Between VES 10 and 11, the Tajamar River
cone begins to show up as far as the artesian boundary.



650 G. Galindo et al. / Journal of South American Earth Sciences 14 (2001) 641-650

The depressed plain extends eastward with an important
structural step.

The free groundwater level is located about 30 m deep in
the piedmont, 5 m close to the Muerto River bed, 11 m near
the Tajamar River bed, and it is deeper than 27 m toward the
NE.

From the piedmont and under the phreatic level, there is
finer material in a layer of increasing thickness as far as the
artesian boundary. This layer includes sandy material with
water at 63 m in the piedmont, 40 m in VES 11, and 80 m in
VES 12. The structural control in the deposition of coarse
material in the depressed plain should be emphasized.

The resistivity values obtained for the two aquifer
systems confirm good water quality.

5. Conclusions

Past hydrogeological information about the Burruyacu
Basin includes local, partial, and scattered data. In this
work, a detailed study of the zone’s hydrogeology was
performed using VES soundings that allowed the establish-
ment of the free groundwater levels and the correlation of
the confined aquifers, as well as the aid of well data, which
allowed a more regional description of the basin. The depth
of investigation that may be achieved from VES results are
limited by the noise of data resulting from the complexity of
lithology.

With the support of existing wells and the VES results of
the subsurface layers, it was possible to extrapolate the
correlation of permeable zones in the low plain and to iden-
tify the different environments that make up the Burruyacu
hydrogeological basin.

In addition, two differentiated aquifer systems were iden-
tified. The first is an upper unconfined aquifer system hosted
in sediments of coarser grain size in the piedmont zone and
the alluvial fan of the Tajamar River, with aquifer levels of
30-180 m deep. This system contains good water quality
with yields apt for irrigation. Its surface and subsurface
development slightly exceeds the border of the depressed
plain.

Below, a lower confined aquifer system is formed by
clayey levels intercalated with quartzy medium-to-coarse
sands, with strong artesian pressure. These aquifer horizons
are well developed throughout the depressed plain until they
exceed the interprovincial boundary with Santiago del
Estero. Water salinity increases remarkably eastward, and
the exploitation flow volumes are lower because the sandy
horizons are less permeable.

The geoelectrical prospection method, with a higher
number of VESs and the support of subsurface geological
information, can be used for programming the future devel-
opment of the hydrogeological Burruyacu Basin.
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