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Resumen

En el contexto del cambio climdtico global, Nicaragua estd siendo fuertemente afectada, manifestdndose
en la marcada variacion temporal de los pardmetros climdticos e hidrométricos. Como consecuencia de estas
variaciones, en una franja paralela al Océano Pacifico que se extiende desde el extremo NO del Gran Lago
de Nicaragua (Cocibolca) hasta los Departamentos de Madriz y Nueva Segovia (frontera con Honduras); las
precipitaciones han disminuido notablemente en la dltima década, provocando intensas sequias y cambios en el
régimen de vida de la poblacidn a lo largo de esta franja (que incluye a la sub-cuenca) a causa de la escasez del
recurso hidrico, pues los niveles subterrdneos y superficiales han disminuido notablemente. Esto ha incrementado
la necesidad de explorar las fuentes de agua en la sub-cuenca desde la dptica de sistemas de flujo, aplicando
técnicas hidrogeoldgicas, geofisicas e hidrogeoquimicas para crear un modelo conceptual del funcionamiento
de dichos sistemas. Con este propdsito, se desarrollaron 11 perfiles de Sondeos Eléctricos Verticales Continuos
(SEVC) y 9 Sondeos Eléctricos Verticales (SEV), acompafiados por una evaluacion geoldgica. que en conjunto
ha permitido identificar y caracterizar en profundidad y espacialmente las formaciones acuiferas presentes en
tres sub-dreas de la subcuenca. De los resultados geofisicos se desprende que los mayores espesores acuiferos se
determinaron en las unidades cuaternarias Rio Malacatoya y Las Banderas (acuiferos no confinados). En dichas
unidades el flujo es a través del medio poroso. En Teustepe, en las unidades terciarias Rio Grande de Matagalpa,
Cerro Oluma, La Libertad y Santa Lucia, el flujo practicamente es a través del medio fracturado (acuiferos semi-
confinados).

Palabras clave: Malacatoya, SEVC, Subcuenca, hidrogeoquimica, resistividad, acuifero.

Abstract

Nicaragua is being substantially affected by climate change, whose impact is to be seen in marked seasonal
variations of climatic and hydrometric parameters. Rainfall has declined sharply over the last decade within a
strip of land that runs parallel to the Pacific Ocean and extends from the extreme northwest of Lake Nicaragua
(also known as Cocibolca) to the Departments of Madriz and Nueva Segovia and beyond the border with Hon-
duras. Droughts and water shortages have changed the way of life of local inhabitants along the strip, which
includes the Malacatoya sub-basin. Shallow aquifers and surface water levels have been notably reduced. This
has increased the need to seek new water sources in the sub-basin from a flow-systems viewpoint, applying hy-
dro-geological, geophysical and hydro-geochemical techniques to create a conceptual model of how the systems
operate. This article describes the application of 10 Continuous Vertical Electrical Soundings (CVES) and nine
Vertical Electrical Soundings (VES), accompanied by a geological evaluation. Taken together, these techniques
permit the identification and characterization — in terms of space and depth — of the aquifer formations present in
three sub-areas of the sub-basin. Geophysical results indicate that the thickest aquifers were to be encountered in
the Rio Malacatoya and Las Banderas quaternary units (unconfined aquifers). In these units, the flow is through
porous media. In Teustepe, in the Rio Grande de Matagalpa, Cerro Oluma, La Libertad and Santa Lucfa tertiary
units, the flow is through fractured media (semi-confined aquifers).

Key words: Malacatoya, CVES, sub-basin, hydro-geochemical, resistivity, aquifer.

Introduction with many decades of uncontrolled human activity. This

has been especially true in the wake of Hurricane Mitch,

Infiltration and run-off conditions have changed as a which had a marked impact on Nicaragua’s general geo-
result of extreme hydro-meteorological events, combined morphology, causing severe erosion in topographically
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high and medium-level areas, severe sedimentation at
medium and low levels, and modifications in river courses.
The result has included changes in the re-charging of
aquifers and floods in such topographically low areas as
the villages of Las Banderas, El Brasil, Malacatoya and
others close to the banks of the Rio Malacatoya and Lake
Nicaragua.

Steinich and Marin (1996) state that the use of electrical
methods (VES’s) in hydro- geological investigations
is important in identifying the preferential groundwater
flow patterns in accordance with the spatial anisotropy
and depth of sub-soil. According to their research,
lithologies with high permeability are identified by low

electrical resistivities and vice-versa. Marin et al, (1998),
also applied electrical methods to characterize porous
media and determine preferential directions of hydraulic
conductivity.

The area of the present study lies in the Malacatoya
Sub-basin of Basin 69 in the center of Nicaragua, shared
by the departments of Managua, Granada and Boaco, and
with UTM coordinates 605000-650000 east and 1337000-
1400000 north, zone 16 — NAD27 (Fig. 1). The aim of
the present study is to characterize, in terms of depth
and space, the Rio Malacatoya Sub-basin (Nicaragua) by
means of CVES and VES geophysical techniques (Fig.
2).
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Fig. 1. Geological map of the River Malacatoya sub-basin. Nicaragua (Adapted from Ehrenborg, 1999).
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Fig. 2. Location of CVES, VES’s and wells. a) Teustepe sub-area, b) Las Banderas sub-area, and ¢) Malacatoya sub-area. Nicaragua.

Geological setup

Geologically and geo-morphologically, the area is
located within two provinces: the Nicaraguan Depression
(Nicaraguan Graben) and the Tertiary Volcanic (Interior
Highlands; United Nations, 1974; Fenzl, 1989).

Deposits of the Late Miocene to Quaternary cover
the whole Nicaraguan Depression. Quaternary deposits
also occur locally in Nicaragua’s Central Region. The
volcanic deposits of the Nicaraguan Depression form
the Las Sierras Unit (Van Wyk de Vries, 1993). The Late
Miocene to Quaternary, Malacatoya unit is formed by
non-consolidated alluvial, fluvial and lake sediment (Fig.
1) that has been deposited in the Nicaraguan Depression
since its formative stage. The quaternary Rio Grande de
Matagalpa Unit includes non-consolidated alluvial, fluvial

and lake sediments of the Central Region (Fig. 1). Elming,
et al., (1998). The quaternary deposits of the Nicaraguan
Depression reach thicknesses of as much as 2,000 meters
(Fenzl, 1988).

The Tertiary Volcanic Province (Fig. 1) is formed by
the Coyol and Matagalpa groups. The Matagalpa Group,
probably more than 2,000 meters thick, is characterized
by rhiolytic to dacitic ignimbrites, pyroclastic sub-aerial
deposits rich in accretions of lapilli and occasionally to
thin epiplastic deposits in the Juigalpa and Cuapa units.
The Cuapa Unit is of a dark brown-violet color, while the
Juigalpa Unit includes light-green sub-aerial pyroclastic
deposits inter-stratified with reddish-brown pyroclastic
flows. The increase in thickness of individual pyroclastic
flows of the Juigalpa Unit, from 10 to 50 meters over a
distance of 20 kilometers, indicates another possible
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source north to north-east of Cuapa. Large volumes of
basaltic to andesitic fragments in the pyroclastic flows
are interpreted as indicating an older basaltic to andesitic
volcanic terrain. The Matagalpa Group is traversed by
many north-west to west-northwest striking normal
faults, which complicate the mapping of individual strata
(Elming, et al., 1998).

The Coyol Group is characterized by plateaus
of rhyolitic to dacitic pyroclastic flows, basaltic and
andesitic lava, breaches and agglomerates. This group
is traversed by northeast-leaning valleys where silicene
pyroclastic deposits of the underlying Matagalpa Group
reach the surface (Ehrenborg, 1996). Ignimbrites shield
deposits of the Coyol Group, dominated by dacitic to
rhyolitic pyroclastic flows, are known as the Las Maderas
Unit. This type of deposit is only found to the west and
northwest of Teustepe with good exposures along the Pan-
American highway north of Las Maderas where they are
interstratified by basaltic to dacitic lavas of the La Libertad
Unit. The La Libertad Unit, and the younger Santa Lucia
Unit comprise 85% of the strato-shield volcanic terrain.
The remaining 15% is included in the Cerro Oluma Unit
where it is difficult to differentiate basalts-andesite of
the Santa Lucfa Unit from those of the La Libertad Unit
(Elming, et al., 1998).

The Coyol and Matagalpa units are sub-alkaline. The
stratiform-shield volcanoes of the Coyol Group exhibit
low-K toleitic, as well as calco-alkaline, characteristics.
Geochemical characteristics could reveal a low-K toleitic
evolution to calco-alkaline compositions (Ehrenborg,
1996). The age of the Coyol Group varies 12 and 18
millions of years (My) and for the Matagalpa Group 50.8,
with a margin of error in the latter case of 1.6 My (Elming
et al, 1997). The central and southern sectors of the
province are mainly covered by tertiary volcanic deposits
(toba, basalts, andesits and ignimbrites) that belong to the
Matagalpa and Coyol groups, generally lying on top of
the tertiary sedimentary formations. The thickness of this
group is less than 2,300 meters (Fenzl, 1988).

Surface and subterranean hydrology

From north to south, drainage is provided by the
River Malacatoya and its tributaries (El Fonseca, Santa
Rita, Cusirisna, Sapomeca, El Barco, El Murciélago,
El Guayabal, La Mona, El Acoto, Los Potreros and
the Ayojd). The principal economic activities are the
cultivation of crops, rearing of livestock, and a little non-
metallic mining. Water is obtained from both subterranean
and surface sources.

Nicaragua is divided into two major hydrographic
regions: the Pacific side (12,072 km?) and the Atlantic side

30

(116,882 km?), which belongs to the Malacatoya sub-basin.
The nation’s most important groundwater deposits consist
of the quaternary formations in Ledn-Chinandega, the
Carazo Plateau and the Nicaraguan Depression, to which
the Malacatoya Sub-basin pertains. Secondary deposits
are to be found to the south of the Pacific side, mainly in
the Rivas anticline; the Tertiary Volcanic Province (valley
deposits, such as those of Sébaco, el Sauce, San Juan de
Limay and Esteli); and the Atlantic Coast Geological
Province (extensive but thin fluvial-coluvial deposits with
low transmission levels). The Nicaraguan Depression is
a region with major potential for economic development
and excellent prospects for the exploration of groundwater
sources. The tertiary volcanic rocks (Coyol and Matagalpa
Group) that predominate in the Interior Highlands have
failed to develop extensive continuous aquifers because
of their adverse hydrodynamic conditions. Access can
be had only to small local aquifers developed within the
systems of fissures, cracks and diaclases, or in porous
rock within the volcanic sequence. These small aquifers
can provide sufficient water only to meet the needs of
small communities. The accidented relief and intensive
deforestation of some basins restrict water filtration rates,
leading to the formation of aquifer zones of a certain
importance. The presence of ancient buried soils (paleo-
soils) and meteorized rock, alternating with layers of fresh
or only slightly meteorized rock, favors the formation
of hung aquifers which, on being cut in the gullies and
ravines, give rise to springs in the uplands. The hydro-
geological characteristics of the Tertiary Cretaceous rocks
that lie below the Coyol and Matagalpa Tertiary volcanic
rocks are pretty well unknown. However, considering
their lithological similarity to the Mesozoic-Cretaceous
rocks of the Rivas anticline, it can be assumed that they
are deficient in water resources (Fenzl, 1988).

The Tipitapa—Malacatoya aquifer reaches depths of
up to 120 meters, transmission rates of between 1,500
and 1,700 m*day and freatic levels of between 1 and 20
meters. Production of existing wells varies between 2,158
and 12,673 m’/day. Transmission rates of between 400
and 450 m?/day were recorded close to the village of Las
Banderas and values of between 1,500 and 1,700 m®/day
have been registered between the River Malacatoya and
Lake Tisma. The range of existing capacity so far registe-
red oscillates between 3 and 50 m*h/m. Values lower
than 10 m*h/m are to be found in the northern sectors
and the higher ones in the central sector and downstream,
especially near the River Malacatoya (40-50 m*/h/m).
Storage coefficients found in this region range between 4 x
10 and 26 x 102 The higher values have been registered
in the Tipitapa-Tisma sector (22-26 x 10) and the lowest
in Panaloya—Malacatoya (4-6 x 10-%). Table 1 sums up the
hydro-geological characteristics of the area under study
(Fenzl, 1988).
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Table 1

Hydro-geological classification of the principal geological formations. Fenzl, 1988.

CHARACTERISTIC LAS SIERRAS GROUP COYOL GROUP MATAGALPA GROUP
Physical medium Porous Fissured/porous Fissured/porous
Transmission rate High - medium High - null High - null

Porosity or hydraulic Good Variable Variable

conductivity

Yield 1308 - 6541 m*/day

Storage coefficient 2.9x10 to 0.12

Specific capacity

0.4 - 13 m*/h/m

Stratigraphic and hydrogeological conceptual models

The well lithology suggest that the hydro-geological
system in Malacatoya consists of two highly permeable
aquifers (Fig. 3). One is shallow and very thick (40
meters) and the other is deeper (10 meters), both formed
by quaternary (Qm) deposits of the Rio Malacatoya Unit
(sand, gravel, conglomerate, light and porous limestone,
and chalky material). In this area, the phreatic level that
was measured in excavated wells ranged from 10 to 20
meters. In Las Banderas, three aquifers (shallow, medium
and deep) were identified, all of them highly permeable.
They are constituted by quaternary deposits (Qlb) of the
Las Banderas Unit (muddy sand, sandy clay and alluvial
deposits). Within this area, the size of the aquifer particles

increases with depth, and the phreatic level that was
measured in excavated wells ranged from 5 to 15 meters.
The non-consolidated tertiary formation of the final
stratum (60 meters in depth) possibly corresponds to the
Coyol Group, given that the Santa Lucia Unit (Ts) surfaces
nearby. Two aquifers were identified at Teustepe with
variable permeability and transmisivity (from high to nil);
a shallow aquifer (15 meters thick) formed by quaternary
deposits (Qg) of the Rio Grande de Matagalpa Unit (clay,
sand and volcanic conglomerates), and a deeper aquifer
(Iess than 10 meters thick) formed by tertiary deposits (Ts)
of the Santa Lucfa Unit (fractured rock). The last stratum
possibly corresponds to the hydro-geological base (Santa
Lucfa Unit).

[} (1]
C | Organic soil with plastic clay G | Organic residual soil and mud c Plastic lay with sand chalk and

= Semi-compact quany-stone
and clayey conglomerates

B Sand with mud (semi-compacted) |

boulders

B | Clay, sand, volcanic
conglomerates and clayey chalk

30 ﬂ Compacted mud 220
Clay with fragments of rock
B B Sub-angular sand n W e SO, Do
E | Fractured rock
-3 Compacted mud S 30
[F0AH Smooth rock
E Sand, gravel, porots . s
= limestone, conglomerates B Very hard blue rock
= and chalky maerial
& -0 40
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=50} S0
n Linstable plastic clay
=60 e -6
Chalky conglomene, B: Granular aquifer
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A | with dark-brown clay
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Fig. 3. Column obtained from well lithology units (A, B, C, D and E) in Malacatoya, Las Banderas and Teustepe (well sectors information
from the technical archives of the Office of INETER’s Director General of Hydric Resources).
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Data acquisition

With this in mind, CVES geophysical techniques
were applied with the gradient array and VES with the
Schlumberger array (Fig. 4).

The main objective in using both types of sounding
was based on the fact that in the Rio Malacatoya Sub-
basin, the aquifer formations are generally no more than
50 meters deep, above all in the tertiary formation of the
Coyol and Matagalpa groups, where the CVES method
can be perfectly well applied to achieve greater precision
in the location of granular formations that are not very
thick and in fault zones where groundwater flows occur. In
Teustepe, the VES method was used as an auxiliary to the
CVES in order to identify the tertiary formations. In Las
Banderas and Malacatoya, the CVES method was applied
in order to achieve greater precision in the demarcation
of the strata in the first 60 meters composed of recent
pyroclastic and alluvial deposits (Nissen, J., Elming, and
Enstrom, 1986) while the VES method was used to reach
depths of more than 100 meters, given that the thickness
of the alluvial deposits in Malacatoya is approximately
120 meters (Fenzl, 1988).

The ABEM Lund Imaging System (Dahlin 1996) was
used with gradient array (Fig. 4) to carry out 10 CVES’s
in a west-east direction (Fig. 2) with a minimum spacing
between electrodes of 5 meters, and a minimum length of
400 meters and maximum of 3,500 meters. The system
consisted of an information storage system (Terrameter
SAS 4000), a switching unit to select the geometry of
the arrays automatically, four multi-connector cables, 81
electrodes and 81 connector and inter-connector cables.
In order to achieve an approximate depth of 65 meters
with the gradient array, the profile’s minimum length is
400 meters. In order to lengthen the profile, use was made
of the roll-along technique (Dahlin, 2001).

A multi-electrode investigation with the gradient array
was performed by injecting current to earth by electrodes
with a “(s+2)a” separation (Fig. 4) and simultaneously
or sequentially measuring all the differences in voltage

[P}

among the voltage “a” electrodes. Here the separation
factor “s” is a whole number that corresponds to the
maximum number of potential readings for an injection
current. The “n” factor can be defined as the relative
spacing between the dipole voltage and the nearest current
electrode. It is also practical to define the “m” or median
point as the intermediate position of the voltage dipole
closest to the intermediate point between the two current
electrodes (Dahlin, T. And Zhou, B., 2006).

The large amount of data produced by the multi-
electrode system renders automated processing necessary.
In this study, the data was fed into the Res2dinv program,
which uses the minimum squares method (Loke et al.
2003). The overflow model was presented by means of
quadratic error. Data feed used paramaters predefined
by the Gauss-Newton method to calculate the matrix of
sensibility in all the repeats (Dahlin, and Zhou, 2006).

Nine VES’s (Fig. 2) were carried out in the area using a
Terrameter SAS 4000 with Schlumberger array (Fig. 4b),
which provided more lithological information in terms
of depth while calibrating the geophysical information
together with the CVES and well lithology. The maximum
AB length used was 800 meters. In the Malacatoya and Las
Banderas sub-areas, the orientation of the corresponding
VES’s is the same as that of the CVES. In Teustepe in
particular, the VES’s do not coincide with the CVES.

The quadratic mean error (rms) in the one-dimensional
inverse model of the VES’s is between 1,5% and 7,7%
(fig 6, 7 and 9). In the CVES, rms in the data acquisition
was restricted to less than 2% and in the bidimensional
inverse model rms it is between 2,7% and 9,4% (fig 5, 7
and 8).

a)

b)

Fig. 4. a) Sketch of gradient array showing the position of the electrodes for a measurement with a current-electrode separation of (s+2)a,
where the separation factor s = 7, the n-factor = 2 and the midpoint factor m = —2. Here, the n-factor is defined as the smallest relative
spacing between a current and a potential electrode. b) Configuration of electrodes in a Schlumberger array.
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Fig. 5. Inverted 2D CVES model. Malacatoya sub-area. Malacatoya sub-basin. Nicaragua.

Results and discussion

The present study displays the results of 11 CVES’s
conducted from west to east with integrated topography
(Fig. 5, 7'y 8) and nine VES’s (Fig. 6, 7y 9). Because of
the geology itself and the distances between each site, the
results have been grouped into three sub-areas for ease
of interpretation: Malacatoya, Las Banderas and Teustepe
(Fig. 2). In correlating the results from the 2D modeling
of the CVES and the ID modeling of the VES’s with the
information on well lithology (Fig. 4 and Appendix 1) in

each of the sub-areas (INETER, 2005), five units were
identified, here named A, B, C, D and E (Fig. 5e). In each
sub-area, the granular aquifer formations are identified by
the letter B, fractured aquifers with the letter E, and the
aquitards with A, C and D. In this study, the static levels
(SWL) measured in the excavated wells are less than
20 meters. In general, according to the results that were
obtained, it is to be expected that the electrical resistences
of the hydrogeological base are greater than 300 ohm-m
(resistive base).
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Data was interpreted by RESIXYS using the Inman
(1975) inversion scheme, which adjusts data to theoretical
stock to balanced minimums. In this case, inversion was
supported by well information, taking account of the
static water level (SWL), lithology and thicknesses of
lithological groups in correlation to resistance ranges
obtained from the CVES and VES’s.

Compared withthe CVES, the VES’’s are more sensitive
of lateral geological variations. As a result, they are less
precise in measuring the limits of vertical and horizontal
geological boundaries, since they are applicable in land
that generally is horizontally stratified or with inclines of
less than 15°. These factors contribute to producing results
that are inconsistent with the CVES. However, when their
interpretation is supported by geological and lithological
information in the area under study, the VES’s provide a
good approximation of the physical nature of the sub-soil
and establish a good physical-geological correlation. For
hydro-geological/geo-physical interpretation, this study
has defined particular resistivity ranges for each sub-area
(tables 2 and 3).

Malacatoya sub-area: None of the images shows
that the hydrogeological resistivity basement has been
reached (Nissen, J. et al., 1986). It is located at 120 meters
(Fenzl, 1988), and is perhaps composed of quaternary
sedimentary or tertiary rocks of the Coyol Group.

The final models are shown in the fig. 5, and the
RMS misfit ranges from 2.7% to 7.1%. In the images,
as is to be expected in low basins, the strata are seen as
continuous in the mid-section (Fig. 5b-5f), though not
in the proximity of the watershed, where there is severe
fracturing (Fig. 5a), through which flows of groundwater
from neighboring basins may be taking place.

On the basis of the CVES results, ranges of electrical
resistivities canbe defined in correspondence to lithological
packages (Table 2), with their respective hydrogeological

interpretation. In Figs. 5b and 5e the phreatic level can
be clearly seen to be located at a depth of less than 20
meters; the upper limit is unit C, principally composed
of organic soil, plastic clay, limestone and boulders. No
defined phreatic level is to be observed in Fig. 5a due to
fracturing of the terrain. In the images of Figs. 5¢ and 5d,
the phreatic level seems to be very superficial. This is not,
however, accurate because the level that was measured in
the calibration well was at 17 meters. The contradiction
can be explained by the infiltration of water from rice
irrigation. In CVES Malacatoya 6 (Fig. 6), the phreatic
level corresponds to the measurement of a well that was
excavated nearby (5 meters). VES’s 1, 2 and 3 (Fig. 6)
on the Malacatoya CVES 1, 3 and 5, consistent with the
previous results (Table 2). The thickness of the aquifers
ranges from 20 to 50 meters. On the basis of these results,
it is possible to conclude that the Malacatoya aquifers are
not confined.

Las Banderas sub-area: The geophysical study
was conducted on the pyroclastic flow (QIb), which is
homogenous, about 20 meters thick, and consisting of a
mixture of black volcanic rocks, and andesitic and dacitic
gray-white pumice (Ehrenborg, J., 1996). According to
measurements taken in the wells that were dug, the phreatic
level in this unit lies at between 10 and 15 meters (Fig.
7). The geo-electric results do not reflect deep horizontal
stratification; rather they reflect irregular surfaces (Fig.
7a) of the subsoil in areas near the Rio Malacatoya and
flatter surfaces west of the river (Fig. 7b). Indications of
the hydrogeological base cannot yet be appreciated with
the CVES. Results of the VES are consistent with previous
ones but are strongly affected by the lateral variations
that predominate in the area. Aquifer thicknesses range
from 30 to 55 meters. A summary of hydro-geological
interpretation is presented in Table 2 on the basis of the
CVES conducted in the area. In none of the preceding
cases was it possible to reach the hydrogeological base,
which would be reflected in resistivities very superior to
300 ohm-m. The aquifers are not confined.

Table 2

Hydrogeological interpretation based on CVES electrical resistivities.

Layer hydrogeological Resistivities
description (ohm-m)
Malacatoya sub-area Las Banderas and Teustepe sub-area

A Granular aquitard <10 <10

B Granular aquifer 10 - 25 10-25

C Granular aquitard 25 -100 25 -63

D Granular aquitard > 100 > 63

E Tertiary formation > 300
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Teustepe sub-area: The phreatic levels that were
measured at Teustepe are less than 10 meters (Figs. 8 and
9). Table 2 summarizes the corresponding geophysical and
hydrogeological interpretation. The Teustepel CVES (Fig.
8a) was done on the Rio Grande de Matagalpa (Qg) Unit,
perhaps overlaying the Cerro Oluma (To) and La Libertad
(T1) units. In the image of the resistivity generated by the
CVES, one may observe the quaternary (Qg) covering
of variable thickness throughout the profile, overlaying
the severely fractured tertiary rocks (To and Ti) through
which the water flows preferentially.

The Teustepe2 CVES (Fig. 8b) was done to the west
of the area on the Las Maderas unit (Tm) overlaying the
Santa Lucia unit (Ts). The profile is on a zone of intense
thermal activity in a northwest-southeast direction that
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reaches 41.6°C some 300 meters to the north measured
at the M5 spring. The thermal processes markedly modify
the sub-soil’s properties in this location, resulting in a
strong contrast with the Teustepel resistivity image.
Major flows of groundwater are to be observed in the
region. In the resistivity image, including in the zones
marked as granular aquitards (A), this can be assumed to
correspond to fractured and very distorted tertiary rocks
through which groundwater flows at temperatures similar
to those mentioned above.

On the Rio Grande de Matagalpa (Qg) Unit and
overlaying the Santa Lucia Unit (Ts), on the limit of the
thermal zone, CVES Teustepe3 was conducted with less
of an influence from the thermal processes. The phreatic
level measured at this location is close to 3 meters deep.
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As with the Teustepe?2 profile, the tertiary rocks (Ts) must
be distorted by the hydrothermal processes at depths
greater than those studied here using electrical methods.

In Teustepe, the VES’s were applied with the aim of
knowing the response of the tertiary rocks and therefore
the hydro-geological base. At the depths that were studied
in this investigation, the results (VES 6, 8, 9 and 10) of
electrical resistivities of less than 100 ohm-m suggest
a fractured medium with groundwater flows. Because
of the high electrical resistivity of the last layer, VES 7
appears to have reached the hydrogeological base. The
information obtained, however, is insufficient. Table 2
sums up the hydrogeological/geophysical interpretation
of Teustepe. Here, in general the aquifers are not confined.
Using the detailed results of the VES’s, Table 3 presents
a summary of the main parameters of the aquifers in the
areas in question.

Table 3

Electrical resistivity, thickness and depth of aquifer
formations in the River Malacatoya Sub-basin.

VES RESISTIVITY THICKNESS DEPTH
Ohm-m m m
1 44 54 4
2 32 32 17
3 20 33 5
4 41 56 2
5 126 31 28
6 69 7 10
47 10 30
7 102 8 12
8 95 7 10
9 No aquifer detected
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Conclusions

The geophysical research was undertaken in the Rio
Malacatoya, Las Banderas and Rio Grande de Matagalpa
Quaternary units, and in the Cerro Oluma, La Libertad,
Las Maderas and Santa Lucia Tertiary units. The thickest
aquifers (56 meters) were found to be in the first two
units, where the flow is through the granular medium
formed by pyroclastic flows (Pleistocene-Holocene),
non-consolidated sedimentary rocks, alluvial, fluvial and
lake deposits (Late Miocene to Quaternary) that generally
constitute continuous aquifers. In the Tertiary units, the
groundwater flow is mainly through the fractured media of
the Coyol and Matagalpa groups. Here it was not possible
to determine the fractured thickness.

From the geophysical results, it is inferred that the
aquifers in the three subareas are unconfined. It was
also found that, in the other geological units, the flow is
predominantly through the fractured tertiary medium (Ts,
T1, Tm and To), covered by nonconsolidated sedimentary
rocks (alluvial, fluvial and lake deposits) of the Rio
Grande de Matagalpa unit.

The phreatic levels measured at Malacatoya and Las
Banderas are less than 20 meters and at Teustepe less than
10 meters. In general, at locations where geophysics was
applied, the hydrogeological base could not be reached.

The application of geophysics (calibrated electrical
procedures) in hydrogeological research with the lithology
of well and geological information is very important in
defining, in spatial and depth terms, the type of lithology
through which groundwater moves.
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Appendix

Table 4

Geofis. Int. 49 (1), 2010

Lithology of a well in the area of the CVES’s and VES’s carried out in the Malacatoya sub-area and their correspondence
with the hydro-geological interpretation using electrical resistivities (Malacatoya Rice-Growers’ Association).

Well 1 Place: Santa Clara SWL: 16.76 m Height: 60 msnm
(New) Coordinates: 1353155N/619770E
Depth Lithology Resistivity Hydro-geology
(m) (ohm-m)
0-1.5 Yegetable soil, plastic clay, dark-brown 25 - 100 At
in color.
1.5-4.6 Clayey aggregations, brown in color. .
4.6-13.7 Semi-compact, gray quarry stone. > 100 Aquitard
13.7-21.3 Chalky sand with pumice, ivory-colored.
213-274 Brown pumice and quartz. Fine to medium
sand with chalk content.
27.44 - 35.0 Fine to medium sand with chalk content.
Gray pumice and quartz. 10 - 25 Granular aquitard
35.0-39.6 Chalky sand, mud and quartz, ivory-colored.
39.6-41.1 ‘White, limestone.
41.1-45.7 Pumice with sand and clay, dark brown.
45.7 - 54.9 Dark-brown aggregations including limestone.
549-579 Unstable plastic clay, dark brown. <10 Aquitard
57.9 - 61 Ivory-colored limestone material with clay.
61 - 68.6 Toba aggregate with chalky material, light 10 - 25 Aquifer
brown in color.
68.6-73.2 Compact toba aggregate with clay, .
dark It)>rown in C(g)z;;or.g ’ <10 Aquitard
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Table 5

Lithology of a well, typical profile of soil cover and meteorization crust in the area of the CVES’s and VES’s within the
Las Banderas sub-area and its correspondence with hydro-geological interpretation on the basis of electrical resistivities

(INETER, 1978).

Well: P92 Place: Las Banderas (Hda. La Palmita) SWL: 12.19 m Height: 57.81 m
La Palmita Coordinates: 1358 100N/619100E Depth: 67.05 m
Depth Lithology Stratum Resistivity ~ Hydro-geology
(m) (ohm-m)
0-4.6 Non-cqnsohdated uniform mud, C 25 - 63 Ayt
brown in color
4.6-16.8 Sand with .seml—compacted mud, B 10-25 Aquifer
light gray in color
16.8 -21.3 Seml-consglldated uniform mud, A <10 AT
light gray in color
21.3-259 Sub-angular non-consolidated medium sand, B 10-25 Aquifer
light gray.
25.9-33.5 Semi-compacted uniform mud, .
: : A <10 Aquitard
light gray in color.
33.5-51.8 Medium sand, semi-angular with small
amounts of non-consolidated mud.
51.8-59.4 Coarse sand and small amounts of .
. B 10 - 25 Aquifer
non-consolidated clay.
59.4 - 61 Thick, sub-angular, non-consolidated
alluvial formation.
61 -67.0 Non-cc.msohdated Tertiary exchange D - 63 At
formation.
21.3-229 Clay with abundant fragments of dark-gray A <10 Aquitar
and brown rock s.
Typical profile of soil cover and meteorization crust of the Las Banderas zone
0-1 Very plastic residual organic soil, dark brown
in color.
1-2 Thick alluvial deposits in a sandy base and C 25-63 Aquitard
clasts of volcanic rock. Occupy levels of
paleo-depression.
2-12 Fine ash, sandy locally, with gravel and
sandstone limits. Well-stratified dark-green B 10 - 25 Aquifer
color.
12-13 Disturbed vitroclastic toba of a grayish color.
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Table 6

Geofis. Int. 49 (1), 2010

Lithology of a well in tbe area of the CVES’s and VES’s within the Teustepe sub-area and its correspondence with hydro-
geological interpretation based on electrical resistivities (INETER).

Well: P14 Place: Boaco Junction SWL: 549 m Height:
Coordinates: 1373400N/636150E Depth: 35.66 m
Depth Lithology Stratum Resistivity Hydro-geology
(m) (ohm-m)
0-1.5 Very plastic clay, dark brown in color
with sand and chalk.
1.5-3.0 Plastic clay with rounded rock and boulders. C 25-63 Aquitard
3.0-6.1 Plastic clay with abundant fragments of the
angular rocks of volcanic origin and chalk.
6.1-7.6 Dark-brown chalky-plastic clay with an
abundance of medium-grain and fine sand,
and volcanic aggregations.
7.6-12.2 Volcanic aggregations with an abundance
of dark-brown plastic clay.
12.2-13.7 Clayey limestone with an abundance of
fine to medium-grain sand.
13.7-16.8 Dark-gray angular fragments of compacted B 10 - 25 Granular aquifer
rock.
16.8 -19.8 Gray compacted rock with incrustations of
green-colored fragments.
19.8 -21.3 Fragments of red, partially consolidated rock
with disturbance of clay.
21.3-229 Clay with abundant fragments of dark-gray
and brown rock.
229-274 Smooth, gray-green rock with incrustation .
of off-white amygdaloid crystalline particles. A <10 Aquitard
27.4-29 Smooth, gray-green rock with incrustation of
gray amygdaloid crystalline particles.
29-30.5 Smooth, gray-green rock with incrustation B 10 - 25 Aquifer
of greenish-brown amygdaloid crystalline
particles.
30.5-33.5 Smooth, gray-green rock with incrustation of .
reddish amygdaloid crystalline particles. <10 Aquitard
33.5-357 Very hard blue rock (Basalt) D >63 Aquitard
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