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Abstract. The study focuses on the hydrogeological characterization of the
aquifer system in the central sector of Cartago, Costa Rica. This area was se-
lected due to its significant urbanization and agricultural activities, both of
which heavily depend on groundwater resources. The conceptual hydrogeo-
logical model was developed using well records, field hydrogeological obser-
vations along rivers and material extraction pits, macroscopic sample
collection for thin-section analysis, spring and well inventories, and piezomet-
ric level analysis. A series of hydrogeological profiles were modeled to visualize
the subsurface configuration of hydrogeological units and their relationships
with existing geological materials. In areas with sufficient well density and ad-
equate geographic distribution, the groundwater flow dynamics within the hy-
drogeological units were also analyzed. The results revealed that the aquifer
system consists of a variety of materials, predominantly alluvial and laharic
deposits, which function as aquifer hydrogeological units. These materials con-
tain interspersed clay lenses, fine sands, and coarse sands, which collectively
influence the formation of saturated zones, aquitards, and aquicludes. Addi-
tionally, these characteristics determine the degree of confinement of the
aquifer units. In some sectors, this confinement results in water upwelling,
creating artesian conditions. Flow directions were predominantly oriented
from north to south, following the surface gradient, although variations in flow
direction highlighted the complexity and interconnectivity of the units. For the
first time, the hydrogeological model of the Cartago aquifer system was de-
fined. It comprises the Taras, La Chinchilla, Cartago, El Bosque, Tejar, and Dulce
Nombre hydrogeological units. Each of these units corresponds to a specific
portion of the study area within the central sector of Cartago, which lies atop
the Cartago aquifer system.
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Kiby4He peum:
Kocmapuka,

mponcka xudpozeooz2uja,
asaysujasaHe Hacaaze,
Js1axapcke Hacaaze,
8Y/IKAHCKU KOJIEKMOPU.

AncTtpaxT. Y pajy ce prKasayjy XUAporeosoluiKke KapakTepUCTHKe U3JaHU
y LleHTpa/IHOM ceKTopy rpasa Cartago (Koctapuka). OBa o6JacT je u3abpaHa
360r 3HauajHe ypbaHu3alyje U 0/bONPUBPEJHUX aKTUBHOCTH, KOje V¥ BeJIU-
KOj MepH 3aBUCe 0/ 10/j3eMHUX Bo/ia. KOHIlenTya/lH! XU/pOre0I0MKH MOZel
je pa3BujeH kopullheweM NojaTaka U3 OyLIIOTHHA, XM POTe0JIOIKHUX 0CMa-
Tpaka Ha TepeHy [y peKa U pacKolla MaTepHujaja, NpUKyl/batba MaKpo-
CKOIICKMX y30paKa 3a aHaJU3y neTporpapckux npenaparta, MUHBeHTapa
M3BOpa ¥ OyIIOTHHA, KA0 U aHa/Iu3e N1je30MeTPHUjCKUX HUBoa. MoziesioBaHa
je cepHja XUAPOreoJOLIKUX NpoduJia Kako 61 ce BU3yau30BaJia No/j3eMHa
KOHUIypaluja XUporeosoUKUX jeJUHULA U BbUXOBU OZHOCH ca MOCToje-
h¥M reosiolmIKKUM jejuHULIAMa. Y 06J1acTUMa ca JJ0BO/bHOM I'YCTUHOM OYLIOTH-
Ha U oxarosapajyhoM reorpadckoM AUCTPUOYLHMjOM, aHAJU3UpaHa je U
XUJPOJMHAMHUKA TOKA [10/j3eMHUX BO/ia YHYTap XU POreo/IOLKHUX jeJUHULIA.
PesysnTaTu cy nmokasaJu Jia je CUCTeM U3/IaHU CaCTaBJ/beH OJf Pa3JUUYUTUX
ce/luMeHaTa, IPEeTeXXHO a/lyBUja/IHUX U JlaXxapCKUX HacJara, koje pyHKIHO-
HHUIIY Kao XU POreoJIoLIKe jeJUHULIe y KoJleKTopy. OBU MaTepuja/iu cajjpxe
COYMBA IVIMHE, CHTHUX U KPYIHUX [1€CKOBA, KOjU 3aje/lHO YTU4Y Ha GOpMHU-
pame 3acuhiieHUX 30Ha, U30J1aTOpPA M BOJOHENPONYCHUX jefuHULa. [lopes
TOTa, OBe KapaKTepUCTHKe oApelyjy cTemneH 36MjeHOCTH KOJIEKTOpa KOjU Y
HEKUM CeKTOpHMa, y3pOKyje u30Hjarbe BOJe Ha MOBPIUMHY, cTBapajyhu
apreuike ycjaoBe. CMep TOKa je YIJIJaBHOM OpHjeHTHCAH 0/] ceBepa Ka jyry,
npatehy Harub TepeHa, MaKo Cy BapHjalihje y cMepy TOKa UCTakKJe KOM-
IJIEKCHOCT U MelycoOHy nmoBe3aHoCT jeAuHuna. [IpBu nyT je neduHucaH
XUJPOreosIOIIKA MoJies1 cucTteMa koJsiekTtopa Cartago. CucteM oGyxBaTa
xuzporeosouike jeaunuue Taras, La Chinchilla, Cartago, El Bosque, Tejar u
Dulce Nombre. CBaka oj OBUX jeAUHHLIAa OJiroBapa ojJpeheHoM Jeny
HCTpakKMBaHe 06J1aCTH Y LIeHTPaJIHOM ceKTopy Cartago, Koju ce Hajla3u U3HaZ,
KoJIeKTopcKor cucTeMa Cartago.

[Ipema GPS mepewuma, pacesHa 30Ha Fethiye-Burdur npeacTtaBsba jyKHY
IpaHULy erejcKe eKCTeH3HMOHe 06Js1acTU. Erejcku peruoH ce KapaKTepHIle
yjelHAaYeHUM KpeTameM MpeMa jyrosanagy 6p3unom oj 30 mm/god. y ox-
Hocy Ha EBpoaswujcky miouy. TepeHcka ocMaTpara M MOJie/IM pacefHUX
NOBPIIM HeJAaBHUX 3eMJ/bOTpeca, yHyTap U OKo obJsacTu jesepa Burdur,
oipakaBajy HOpMaJIHO U JIeBO-004YHO KOCO pacefame uMajyhu y suay CU
eKCTeH3Hjy pacefiHe 30He. [IpeMa NpesJio)KeHOM KHUHEMATCKOM MOJeJy,
pas/JMyuTa CeM3MOTEeKTOHCKa INOHallawa pacesHe 30He Fethiye-Burdur
NOTHUYY O PUTHAHOT yTUIAja Yesilova mepuOTUTCKOT MacHBa HaBJlaKe
Lycian, a koja ce pgemaBajy Ha jyrosamajy jesepa Burdur. Kunematcke
WHTepaknuje, usmehy yrnaBHoM CH BepreHTHUX MapaJsieJHUX pacefHUX
cermeHaTa Fethiye-Burdur pacegHe 30He, pe3yaTupajy pasadYUTUM
CeM3MOTEKTOHCKUM KapakTepucTHkaMa. CXoHO TOMe, f06HjeH je HOBU
KMHEeMaTCKHU Mo/ieJ1 3a jesepo Burdur u k-eroBy oKoJIMHY.
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Introduction

In Central America there is an enormous depend-
ence on groundwater, coming from sources such as
wells and springs (LosiLLA et al., 2001). With the in-
crease in population, climatic phenomena and con-
tamination of aquifers, the availability of water
resources can worsen (UNESCU, 2020), causing
greater exploitation of new water sources and social
problems in the region. In Costa Rica, the water re-
source is not well distributed and is threatened by
the absence of territorial planning, deforestation,
changes in water use, the deterioration of water-
sheds, the lack of planning and pollution (HERNANDEZ
& FERNANDEZ, 2020).

In the central area of Costa Rica, where the Central
Valley is located, four main cities of Costa Rica are lo-
cated, San José, Heredia and Alajuela, in the Western
Central Valley and Cartago in the Eastern Central Val-
ley, which are separated by the hills of Ochomogo and
the Cerros de la Carpintera (VARrGas et al., 2020). The
central area of the city of Cartago and its surround-
ings has two main sources of water supply, one de-
rived from the Orosi reservoir and the other from
springs. The wells that are distributed in different
sectors are used to reinforce the water supply and are
an important alternative for water supply, especially
at times when there is greater urbanization, charac-
terized by the construction of condominiums.

To the north of the city of Cartago is the largest
area of horticultural production in Costa Rica, how-
ever, there are also important agricultural areas
around the city that can be a potential source of con-
tamination by agrochemicals (AwaRrez et al., 2021).

Despite being an important urban area, there are
few hydrogeological investigations carried out in
the central area of Cartago, as is the case of RAMIREZ
& ZUNIGA (2014) and CASTANEDO (2015). Some other
important works around the area are RAMIREZ
(2006), Ramirez (2007), QUINTANILLA et al. (2008)
ARELLANO et al. (2012), ZoNiGA & RaMiREzZ (2015),
OBaNDO (2017), JiMENEZ (2018), however, none of
them concentrates on the central part of the city of
Cartago, so it is necessary to carry out a first char-
acterization of this area, which can serve as an input
for the generation of a conceptual hydrogeological
model which is the basis of future research.
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Study area

Costa Ricais in Central America, situated between Ni-
caragua to the north and Panama to the south (Fig. 1).
The eastern coast is bordered by the Caribbean
Sea and the western coast by the Pacific Ocean. The
country has a surface 0f 51.179,92 km? and is divided
into seven governing provinces. The city of Cartago is in
the Western Central Valley, in the central region of the
Republic of Costa Rica, in Central America (Fig. 2). The
total study area covers 25.9 km?. The study area cor-
responds to the central sector of the city of Cartago,
Costa Rica, geographically located between the coor-
dinates 506540-511640 m east and 1088350 m -
1093400 m north of the Transverse Mercator Cylindri-
cal Conformal Projection system for Costa Rica.

-86 -85 -84 -83 -82

L(\’\\J Lago de
S \Nic@ NICARAGUA

11 11

Caribbean

10 10

COSTA RICA

-86 -85 -84 -83 -82

Fig. 1. Location of Costa Rica in Central America.

The studied area is situated 24 km southeast of
San José, capital of Costa Rica, has a tropical humid
montane climate, with average temperatures rang-
ing from 12 to 20 °C, at an altitude of 1435 m above
sea level on the slopes of the Irazi Volcano, the high-
estin the country. Agriculture and livestock farming
are the main economic activities.

According to the weather station of the Costa
Rica Institute of Technology, the annual rainfall over
a 20-year period was 1399 mm. The driest average
month was March, with a value of 20.8 mm, and the
wettest average month was October, with a value of
228.4 mm. The annual mean temperature is 18.34 °C,
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Fig. 2. Location of the central area of the city of Cartago and its surroundings.

and the annual relative humidity reaches 89.4% for
the period between 1997 and 2016.

Several significant studies have been conducted
in the study area, providing valuable input for un-
derstanding this work. Basic geological information
primarily relied on the study by KRUSHENSKY (1972),
ata 1:50,000 scale, which serves as the main source
of regional information and has been the foundation
for most geological studies in the area. Additional
sources of geological information included the
works of MoNTERO & KRuUSE (2006), INsuma (2013),
So0jo (2018), and VEGaA (2018).

The primary source of hydrogeological infor-
mation for this study was obtained from the Na-
tional Service for Groundwater, Irrigation, and
Drainage (SENARA) well archive. Other hydroge-
ological sources in the study area included the
works of OBaNDO (2017), JiMENEZ (2018), and
MonTEs (2020). All these sources provided a basic
hydrogeological context for the surroundings of
the city of Cartago.
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Materials and methods

To determine the geological characteristics on
which the hydrogeological units were based, a series
of studies of the area were compiled, including
those by KRUSHENSKY (1972), QUINTANILLA et al.
(2008), ZuNiGa & RaMirez (2015) and Sojo (2017).
Based on geological studies, all the information was
digitized, and a map of geological units was created
using MapInfo software.

After completing this stage, field surveys were
conducted with the aid of topographic maps and
aerial photographs to locate outcrops of lithologi-
cal materials and collect macroscopic samples for
basic description. Lithological reconnaissance
sites included not only road cuts along farm paths
but also various locations along the Reventado,
Taras, and Toyogres rivers. The vector carto-
graphic base (contour lines and drainage) and the
aerial photographs used were obtained from the
Istari Map of the National Geographic Institute

Geol. an. Balk. poluos., 2025, 86 (1), 171-191



Characterization of hydrogeological units and hydrodynamics of a section of the aquifer system in the city of Cartago, Costa Rica

(IGN) (2012). At each site, the thicknesses of litho-
logical units were measured to relate them to well
lithology data.

Records from registered wells in the archive of
the SENARA were analyzed, allowing for hydrogeo-
logical profiles to be constructed in different areas
of the study zone. The SENARA well archive pro-
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Results and discussion
Regional geological context

The lithological description of the materials com-
prising the study area is based on KRUSHENSKY (1972).
This can be observed in Figure 3.
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Fig. 3. Map of geological units and location of wells and springs in the study area. Source: KRUSHENSKY (1972) and SENARA.

vided the hydraulic characteristics of the hydroge-
ological units in wells where such data were
available. The information from the well records
was digitized in Microsoft Excel and later imported
into Maplnfo for the construction of hydrogeological
profiles.

For the construction of hydrogeological profiles,
the topographic contours from the Istard map were
used to create a Digital Elevation Model (DEM) in
Golden Software Surfer. Profile lines were then
drawn from the DEM for each identified sector
within the study area. For each profile line, the
depths of lithological materials and piezometric lev-
els were added in Golden Software Grapher.
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Térraba-Coris

Siltstone and shale of the Térraba Formation crop
out in the western corner of the mapped area. Un-
weathered outcrops of the Térraba Formation are
rare, and weathered outcrops can easily be mistaken
for those of the Coris Formation. The Térraba For-
mation appears as a dark-greenish-gray siltstone
that weathers light olive-gray and light gray or white.

The Coris Formation is formed of sandstone and
mudstone and is generally poorly exposed in the
mapped area. It consists of light-yellowish-gray to
dark-reddish-orange fine- to medium-grained argilla-
ceous sandstone.
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Capa de Ceniza Reventado

The Capa de Ceniza Reventado member is a dis-
tinct, yet thin layer composed entirely of ash. This
unit is heavily weathered, consisting of fine ash that
is characteristically dark orange-brown to reddish-
brown.

Superior Reventado

The Superior Reventado member comprises at
least four regionally extensive major lava flows and
numerous smaller, localized flows. The Superior
Reventado member is composed primarily of in-
terbedded lava flows, up to 30 meters thick, and
lahar deposits ranging from 2 to 8 meters in thick-
ness. Ash deposits vary significantly in thickness de-
pending on proximity to the summit vent. Lahars in
the upper member are soft, easily eroded, and typi-
cally unstable in stream cuts. Rock fragments are
abundant, ranging in size from sand grains to blocks
up to 5 meters across. These fragments vary from
angular, relatively fresh, hard rock to rounded or
subrounded clay-rich remnants of the original ma-
terial, distinguishable from the matrix only by dif-
ferences in color and texture.

Alluvial Deposits

The Quircot fan comprises weathered debris de-
rived from the Reventado Formation. Coarsest ma-
terials, including porphyritic basaltic andesite
boulders and blocks up to 4 meters in diameter,
dominate the fan’s head. Sorting and bedding are
poorly developed. Individual deposits resemble
modern mudflows, consisting of chaotic mixtures of
fragments of varying size and roundness.

The Cartago Fan, located on the southern margin
of the Quircot fan, extends beneath the city of
Cartago. Bedding within the Cartago fan is spora-
dic and crudely developed, with minimal sorting,
apart from a general southward decrease in coarse
debris.

Both the Cartago and Quircot fans are composi-
tionally like the lahars of the Reventado formation
but contain significantly less clay. Comparative
analysis with the mudflows from the 1963-1965
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eruptions strongly suggests that both fans origi-
nated from similar mudflow deposition processes.

Terrace deposits

Distinguishing the deposits of the Quircot fan
from those of the Banderilla terrace is challenging,
as both units are primarily composed of mudflow
deposits derived from the Reventado formation.
However, the uppermost terrace deposits exhibit
well-bedded, moderately well-sorted pebbly sand-
stone, fine gravel, and sand. The surface of the terrace
is soil-covered and scattered with large boulders, re-
sembling the surfaces of recent lahar terraces and the
Quircot fan.

Fluviolacustrine Deposits

Consist of fine sand and silt to the west of the Rio
Reventado. It consists of flat-lying, generally well-
bedded fine- to medium-grained quartz sand, silt,
and clay. These deposits are primarily derived from
the erosion of the Coris and Térraba Formations.

Mudflows Deposits

The debris in these mudflows generally mirrors
that found in the Quircot and Cartago fans. The de-
posits are poorly sorted, with a range of sizes from
clay to boulders as large as 4 meters on each side.
All coarse lithic clasts in the deposits are hard and
relatively unaltered, while deeply weathered mate-
rials have been ground into sand and clay during the
downstream movement of the mudflows.

Groundwater quality

Of the 70 wells used as the basis for this study,
only two have recorded data on water chemical
quality. Due to the limited information, it is not pos-
sible to establish a chemical characterization of the
groundwater. The results are presented in Table 1.

The groundwater quality from wells IS-335 and
[S-93 exhibits notable differences in their chemical
characteristics, which could impact their suitability
for various uses.
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Table. 1. Chemical characteristics of the water from
wells IS335 and 15-93.

1S-335 1S-93

pH (u.t) 6.02 6.77

Turbidity (u.c) <5 0.74

Color (u.c) <5 <0.1

Electrical Conductivity (uS/cm) 324 235
Total Solids (ppm) 312 244
Disolved Solids (ppm) 312 244
Suspended Solid (ppm) <1 244
Partial Alkalinity (ppm) <l <1
Total Alkalinity (ppm) 88.2 145
Total Hardness (CaC0O3) (ppm) 145 181
Carbonate Hardness (ppm) 86.2 145
Non-Carbonate Hardness (ppm) 57 36
Calcium (Ca2+) (ppm) 33.2 439
Magnesium (Mg2+)(ppm) 15 172
Chlorides (Cl-)(ppm) 15.2 5.4
Sulfates (So4-) (ppm) 58.3 1.2
Silicie (5i02) (ppm) 60.3 68.8

Ammonium (Nh4+) (ppm) 0.81 <0.01
[ron (Fe) (ppm) 0.037 0.05

The pH of both wells is slightly acidic, with
[S-335 having a pH of 6.02 and 1S-93 at 6.77, which
is typical for many groundwater sources. Both wells
exhibit low turbidity and color, indicating that the
water is relatively clear, with 1S-93 showing lower
turbidity (0.74 NTU) and color (<0,1) compared to
[S-335 (<5 NTU). The total solids concentration is
higher in [S-335 (312 ppm) than in IS-93 (244 ppm),
which suggests a greater mineral content in IS-335,
contributing to its higher total and carbonate hard-
ness (145 ppm and 88.2 ppm, respectively) com-
pared to IS-93 (181 ppm and 145 ppm, respectively).

Notably, IS-335 has a significantly higher non-
carbonate hardness (57 ppm) than [S-93 (36 ppm),
indicating higher concentrations of minerals like
calcium and magnesium in a non-carbonate form.
[S-93 has higher calcium (43.9 ppm) and slightly
higher magnesium (17.2 ppm) levels compared to
[S-335 (33.2 ppm and 15 ppm, respectively).

The chloride concentration is notably higher in
[S-335 (15.2 ppm) compared to IS-93 (5.4 ppm),
which may suggest saline influence or contamina-
tion in IS-335, while sulfate levels are also signifi-
cantly higher in IS-335 (58.3 ppm) compared to
[S-93 (1.2 ppm), pointing to greater exposure to sul-
fate-rich sources.

Both wells show elevated silica levels (IS-335:
60.3 ppm, 1S-93: 68.8 ppm), which is common in
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groundwater but could influence corrosion in water
systems. Ammonium concentrations are higher in
[S-335 (0.81 ppm) than in IS-93, which has negligi-
ble levels (<0.01 ppm), potentially indicating or-
ganic contamination in IS-335. Iron concentrations
are low in both wells, suggesting minimal issues
with iron contamination.

Overall, while both wells provide groundwater
of generally good quality, IS-335 is higher mineral
content, including elevated sulfates, chlorides, and
ammonium, could affect its suitability for certain
uses, requiring further monitoring for potential im-
pacts on water quality. In contrast, [S-93 appears to
provide softer, cleaner water, making it more suit-
able for direct consumption and other sensitive
uses.

Hydrogeology characterization
Northwest sector

This area is dominated by the dynamics of the
Taras rivers as the main drainage, the Arriaz River,
where the spring of the same name emerges, and
the Norberta stream, where the Padre Méndez
Spring is located, upstream of the study area, both
springs are captured by the Cartago Municipality
(Fig. 4).

The lithological materials found in this sector
correspond mostly to laharic deposits, which pres-
ent a silt-clay or silt-sand matrix, with floating
grains of various sizes, between centimeters to
decimeters in some cases up to metric and most of
them sub-angular.

Sometimes alluvium layers are recognizable,
such as in the Taras River. These sequences are very
characteristic of this part of the study area and are
also present in the Toyogres River, at the other end
of the study area.

These lithological materials present an evident
relationship with the surface drainages, which de-
termines the hydrodynamics of groundwater in this
sector. This hydrogeological relationship is based on
the deposition sequences of alluvium, lahars and
mud flows and the formation of confined aquifer
systems, aquicludes and aquitards.
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Fig. 4. Left: Laharic deposits overlying a thin layer of alluvium in the Taras River. Right: Lava materials outcropping in the Norberta

Creek waterfall, where the Padre Méndez Spring is located. Laharic deposits overlie these lava flows.

Between the Arriaz and Taras Rivers, the hydro-
geological units shown in the IS-73 well correspond
to lahar materials which are found overlying a layer
of lava that in turn overlies an alluvial deposit. In
well IS-509, the stratigraphic sequence of the mate-
rials indicates the same layers except for the allu-
vium, although it could be inferred that this is
located at a greater depth.

Towards the south and southwest sector of the
Taras River, wells 1S-92, 1S-460, 1S-153 and [S-335,
show a greater thickness of the lahar materials
which also increase their clay content as one ad-
vances in the direction of the Reventado River and
which is evident in the wells 1S-422, 1S-14 and IS-15
which are further south.

In all the wells the lithological descriptions very
varied, however, it is considered that the aquifer in
these wells is in various lithological materials which
present a high degree of hydraulic connection. In the
[S-73 well it is found in the alluvium, in the IS-509
it is found in the lavas and in the wells to the south
and southwest of the Taras River (IS- 460, 1S-335,
[S-153, IS- 14 and IS-15) is found in lahars. In this
way and as is evident, the formation of the aquifer
in this sector is due to the saturated thickness of the
materials and not to a specific lithology.

The average thickness of the aquifer in the north-
west sector is between 30 m in the northern part
and varies between 20 and 12 m towards the south
and southwest. This aquifer is confined with pres-
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sure heads ranging from 7 m north of the Taras River
and between 5 m and 13 m south of the Taras River.
In some cases, the aquifer behaves freely as well
[S-153. Further to the south, the thickness of the
aquifer varies between approximately 6 and 12 m
with pressure heads of 12 m.

The variations in the thickness of the aquifer in
the northwest sector and the pressure heads that in-
dicate its degree of confinement may be due to the
different sequences of materials and the degree of
saturation they have; the aquicludes are probably
related to important clay fractions in the lahars and
that are not entirely evident in the lithological de-
scription of the well. It is likely that the Arriaz
Spring that is located to the north, outside the study
area, originates from the confinement of this aquifer.

In this sector; the lahar materials do not present ho-
mogeneity in their composition and act as aquicludes
as well as aquitards; this is the situation observed in
the IS-153 well, which is free and could show semi-
confinement behavior of this aquifer in some sectors.

The hydrogeological profiles described are pre-
sented below (Figs. 5, 6 and 7).

In this same sector, towards the south, the
aquifer manifests itself in the alluvium layer (Fig. 8),
which, unlike the previous ones, is more related to
the hydrodynamics of the Reventado River. At this
point the thickness of the aquifer varies from 6 m to
12 min a southwest direction, with variations in the
pressure head between 11 and 12 m of water column.
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Fig. 5. Hydrogeological profile 1S-73 - IS-92 - IS-335. The aquifer
originates from the saturation of the alluvium as well as the lahar
and the aquicludes are related to variations in the composition
of the lahar, probably due to clay fractions.
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Fig. 6. Hydrogeological profile 1S-73 - 1S-460 - 1S-153. The
aquifer appears between the alluvium and the lahar. The
aquicludes that generate confinement originate from variations
in the composition of the lahar. In the IS-153 well, the aquifer is
free, probably due to the alluvial layer that overlies it.

The pressure heads in this part are greater due to the
layers of clay that overlie the lahars as well as the
variations in the clay content in the lahars and that
are characteristic of the Reventado River.

Regarding the flow of groundwater in this part of
the Cartago aquifer system, it can be said that it in-
dicates a flow direction from the northeast to the
west and to the south (Fig. 9).

In Table 2 the basic characteristics of the hydro-
geological units of the northwest sector corre-
sponding to the Cartago Aquifer System are shown.

Geol. an. Balk. poluos., 2025, 86 (1), 171-191

1500

SIMBOLOGY
& soil
.Lahar
> Lahar

. Lava

1480

1460

Well IS-460

Elevation (m)

1420 1440

1400

0 400 800
Distance (m)

Fig. 7. Hydrogeological profile IS-509 - 1S-92 - 1S-460 - 1S-153.
In this profile the aquifer again manifests itself in the lahar layer.
In IS-509 well, it is not indicated where the aquifer may be, so it
could also be associated with a saturation of the lava layer and
the lahar that originates the aquifer.
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Fig. 8. Hydrogeological profile IS-422 - 1S-14 - 1S-15. The degree
of confinement that appears in this part of the sector is greater
than in the other wells, possibly due to a greater amount of clay
material present.

The nomenclature used is in accordance with the
methodology proposed by the ASTM (2004).

In the northeast sector, the location of one of the
most important springs for the Municipality of
Cartago stands out, known as Arriaz, located on the
east bank of the river of the same name.This spring
indicates that it is probably an outcrop of the
Cartago aquifer system in the northwest sector.
To the north there is likely to be thicker layer that
appears in the 1S-73 well and that overlies the
alluvium.
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Fig. 9. Piezometric surface obtained from the modeling of piezometric well levels.

Finally, just to the east, where the Cerros de la
Carpinterabegins, it is possible that one of the bor-
ders of the Cartago aquifer system can be found,
since in this sector the lava materials present a
strong clay formation and there are no drainages or
springs registered.

Table 2. Characteristics of the hydrogeological units of the north-
west sector of the Cartago Aquifer System.

Hydrogeological characteristics |Taras hydrogeological units

Lithology Alluviums and Lahars
Piezometric level depth (m) 16,52

Classification Confined
Hydraulic gradient 0,021
Thickness (m) 15,38

Pressurehead (m) 8,08
Transmissibility (m°/d) No data

Northeast sector
In this area the La Chinchilla and San Nicolas

Rivers are found as the main drainages and its bor-
der is the Toyogres River (Fig. 10), to the west.
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The materials found in this area correspond to
sequences of clays, lahars and lavas, these materials
are described lithologically in the [S-386 well.
Superficially, in the Toyogres River, lahars are reco-
gnized on surfaces overlain by layers of clay.

Fig. 10. Toyogres River channel to the west of the northeastern
area. Note the lahars on the left side of the photo.

In the northeast sector, only two wells with litho-
logical records are registered. In depth it can be

Geol. an. Balk. poluos., 2025, 86 (1), 171-191
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said that the hydrogeological units of this sector
correspond to clayey materials in the upper part,
overlying layers of lahars, which in turn are on top
of lava materials. This sequence is observable in
well 1S-386, in well 1S-419 only the lahars are no-
ticeable (Fig. 11).
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Fig. 11. Hydrogeological profile IS-386 - 1S-419. In this sector,
lahar materials do not present hydrogeological conditions for the

development of aquifers.

In this sector, the piezometric level of the
aquifer system only appears in well IS-386 since
the log from well 1S-419 indicates that the well is
dry. Considering the lithological record, it can be
noted that the aquifer system in this sector corre-
sponds to lava, like what was observed in the [S-509
well in the northwest sector. The materials in this
sector do not present saturation. The springs closest
to the study area are at a minimum distance of
approximately 700 m. These springs are the San
Blas Spring and the El Rodeo Spring captured by
the municipality of Cartago.

In Table 3 the basic characteristics of the hydro-
geological units of the northeastern sector corre-
sponding to the Cartago Aquifer System are shown.
The nomenclature used is in accordance with the
methodology proposed by the ASTM (2004).

Central sector

It is in the western sector of the city of Cartago;
it covers practically the entire Western district of
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Table 3. Characteristics of the hydrogeological units of the north-
west sector of the Cartago Aquifer System.

La Chinchilla
hydrogeological units

Hydrogeological
characteristics

Lithology Lavas
Depth of piezometric level (m) | 36
Classification Confined (probably)

Hydraulic gradient No data
Thickness (m) No data
Pressure head (m) No data
Transmissibility (m”/d) No data

the city. In this part of the study area, there are no
outcrops that allow corroborating the lithological
descriptions of the located wells. It is the area where
the most hydrogeological profiles exist and where
the complex hydrogeological dynamics of the area
are shown due to the sequences of alluvial, laharic,
and clayey materials, among others.

Although no surface drainage is observed in this
sector, the different sequences of deposition of
lithological materials that are described in the well
logs indicate that the Reventado River and the
Toyogres River have an enormous influence on this
part of the system and Cartago aquifer, both to the
west and east. Additionally, the appearance of some
surface drainage, such as the Molino stream and the
Zopilote stream can be observed, which may be re-
lated to the outcropping of springs from aquifers
confined in this sector. The presence of the La
Basilica Spring is evidence of this. Since the entire
area is urbanized, it is impossible to find outcrops
of materials, and the existing drainage systems are
piped, making it difficult to conduct a more in-
depth analysis.

The lithological descriptions of the wells [S-405,
I1S-43, 1S-264, 1S-27, 1S-28 and 1S-445 (Fig. 12)
indicate the presence at depth of alluvial materials,
which in some sectors appear as thick alluvium
(gravel) and sands. In some sectors, such as in wells
[S-43, IS-27 and IS-28, these alluviums have clay
lenses which cause the formation of aquifer layers,
as in the case of 1S-43, in which three aquifers se-
parated by clay lenses are described. Transversely,
the descriptions of wells 1S-26, 1S-43, IS-19 and
[S-23 (Fig. 13) show that the sequence of alluvium
and clays is more evident in the same way as in the
case of the descriptions of wells IS-264 and 1S-22.
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Fig. 13. Hydrogeological profile IS-26 - IS-43 - 1S-19 - IS-23. This
cross-sectional profile of the central area of Cartago shows the
alluvium and clay sequences and the formation of several
aquifers.

The aquifer hydrogeological units in this part of
the Cartago aquifer system show variable thick-
nesses, in some cases they are around 20 m as in
well IS-405 up to 56 m in well IS-445. [t is likely that
the granulometric composition of the alluvial de-
posits generates this variation in thickness, since as
described in the records, the lithologies indicate
from coarse to fine sands, gravel and sand are also
manifested in some parts and sand in others clays,
either alone or with gravel. These depositions allow
not only the formation of several aquifers but also
important variations in thickness. In the shallower
aquifer that appears in wells IS-27 and IS-19, the
thickness is around 6 m.
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The deeper hydrogeological units indicate a vari-
able degree of confinement with pressure heads from
14 m as in well [S-445, to 22 m as in well IS-23. The
piezometric surface in this part can be at a depth from
almost 2 m to 6 m for these same wells. An important
factor in these degrees of confinement is related to the
fact that clay lenses are present, which due to their
impermeability act as aquicludes and can generate
more pressure in the pore space of the alluvial de-
posits. In the case of shallower aquifer hydrogeologi-
cal units, a certain confinement occurs with pressure
heads from 4 m to 10 m. The piezometric surface of
this hydrogeological unitis at depths from 2 m to 8 m.

Further to the southwest, from the east bank of
the Reventado River, the descriptions of the wells
IS-329, 1S-265, 1S-18, 1S-23, 1S-24 and 1S-163
(Fig. 14), show the occurrence of alluvium and lahars.
In well [S-329, lahars are described throughout the
record, while in well 1S-18, sequences of alluvium,
lahars and clays are shown.
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Fig. 14. Hydrogeological profile 1S-329 - IS-265 - 1S-18 - 1S-23 -
1S-24 - 1S-163. This profile shows the relationship of alluvial ma-

terials with lahar materials. Clay lenses are additionally observed

The hydrogeological units here show saturated
thicknesses ranging from an average of 25 min the al-
luviums such as those shown in wells IS-23, IS-24 and
[S-163 and from 6 m to 18 m in the lahars of the wells
[S-18 and IS-329. Further to the south the thickness
of the alluvial materials decreases, such as the average
11 m in wells [S-321 and IS-495. As described before,
in the case of alluvial materials that present sequences
of gravel, sand and clay (all in combinations), itis nor-
mal for different aquifers to appear in the same well,
as in the case of well [S-293 where there is the aquifer
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with a thickness of 13 m and then further down with
a thickness of 7 m. In this case, it is likely that both are
separated by layers of sand with clay, which act as
aquitards and cause these aquifers to have semi-con-
fined behavior in other places.

In a north-south direction, this arrangement of ma-
terials is equally clear. In wells IS-265 and 1S-299, the
aquifers are found in alluvial materials, which, as well
[S-321 and well IS-293, are overlain by layers of clay,
while other records show the presence of laharic ma-
terials as in well IS-18 and IS-32 (Figs. 15, 16 and 17).
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Fig. 15. Hydrogeological profile I1S-321 - IS-293 - IS-495. In this
profile, the arrangement of a clay layer overlying the alluvium
described in the lithological record is notable.
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Fig. 16. Hydrogeological profile 1S-265 - 1S-321 - 1S-299. A layer
of clay is shown overlying the alluvial materials. This characteristic
occurs in many areas of this part of the Cartago aquifer system.

Regarding the thicknesses of the aquifer hydrogeo-
logical units in these profiles, they range from 12 m or
more in wells IS-321, 1S-203 and [S-32 to 18 m in well
[S-299. The pressure heads that indicate the degree of
confinement of an aquifer system are, as in the previ-
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ous cases, variable, from 4.5 m in wells IS-321 and IS-
299 to 12 m in well IS-32. The depths of the piezometric
level are 1.5 in the wells IS-321, 1S-299 and IS-32.
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Fig. 17. Hydrogeological profile 1S-18 - 1S-293 - 1S-32. The
arrangement of the materials in a north-south direction. In this
part of the Cartago aquifer system, saturated thicknesses not only

occur in alluvial materials but also in lahar materials.

Despite the considerable number of wells found in
this part of the study area, hydraulic data of the aquifers
obtained from pumping tests are not available.

In the southernmost part of the central part of the
city of Cartago, there is a clear domain of alluvial mate-
rials as in all the cases mentioned above and evidenced
from lithological records. These materials are overlying
the volcanic materials from the Irazu volcano.

In this part of the Cartago aquifer system, the avail-
able information only shows the most superficial
aquifer hydrogeological units. However, the presence
of aquifers found in volcanic deposits is to be expected
(Fig. 18).
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Fig. 18. Hydrogeological profile 1S-264 - 1S-22 - 1S-24 - 1S-274 -
1S-174 - 1S-316. The dominance of alluvial materials and how these
overlie the volcanic materials from the activity of the Irazii volcano.
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With respect to the piezometric surface derived
from the hydraulic head values of the aquifer hydro-
geological units, it can be said that these indicate di-
rection of flow from the north to the south (Fig. 19).
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Fig. 19. Piezometric surface obtained from the modeling of piezometric well levels.

Table 4 indicates the basic characteristics of the
hydrogeological units of the northwest sector cor-
responding to the Cartago Aquifer System are
shown. The nomenclature used is in accordance
with the methodology proposed by the ASTM
(2004).

Table 4. Characteristics of the hydrogeological units of the cen-
tral sector of the Cartago Aquifer System.

Hydrogeological
characteristics

Cartago
hydrogeological units

Alluvial deposit (gravel and
sands)
Depth of piezometric level (m)| 3,7

Lithology

Classification Confined
Hydraulic gradient 0,0159
Thickness (m) 22,4
Pressure head (m) 13,6
Transmissibility (m’/d) 20
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Toyogres River, which functions as the main river
and the Chinchilla and Tatiscd Rivers that act as
important drainages that must be considered in the
hydrogeological analysis in this part of the area of
study.

In this part of the study area, only one spring is
recorded, and it is the one corresponding to the Las
Brisas Spring, on the Toyogres River. This spring
is in an urban area and due to its potential conta-
mination it is not used for human consumption.
The dominant materials in this part of the study
area correspond to lahars as described in wells
[S-268, 1S-411 and 1S-93 (Fig. 20), especially on the
surface and towards the western sector. As you
go deeper, the lithological descriptions indicate
the presence of tuffs and lavas, which is related to
an area of greater influence of volcanic materials.
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Fig. 20. Hydrogeological profile IS-268 - 1S-411 - 1S-93. The ap-
pearance of lava materials at depth in well IS-93 near the Toyo-
gres River.

From the Tatiscu River sector to the southwest,
the dominant materials correspond to laharic de-
posits which are described in well [S-268 as uncon-
solidated deposits, composed of lavic blocks whose
sizes are variable, some of which are metric. These
pebbles and fragments are immersed in a sandy clay
matrix in a ratio of 20-80%. In some sectors of the
Toyogres River and the Barquero River, alluvial ma-
terials are visible overlying the lahar deposits.

Towards the San Nicolas River, the materials that
make up the hydrogeological units and that are de-
scribed in the wells [S-411, 1S-281 and 1S-235 cor-
respond to lahars composed of stones of cm to dm
sizes, even some metric, wrapped in a clay matrix
with variable percentages of sand. These lahars are
found to be overlying lava materials as the descrip-
tion deepens, as in the case of the [S-411 well, where
the lahars overlie the tuffs and lavas, while in the
[S-93 well only the lavas are described.

With respect to the information on the hydraulic
properties of the aquifer hydrogeological units in this
part of the Cartago aquifer system, it can be said that
these have thicknesses between 15 m in the [S-268
well in the eastern sector, near the Tatisct River at
20 m in the IS-235 well towards the Chinchilla River,
these saturated thicknesses correspond to the la-
haric materials which are described in the well logs
as units where sands and gravels are included in a
clay matrix. Variations in this composition imply the
formation of aquifer layers, as in the case of [S-235,
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which records three aquifer zones. The pressure
heads of these aquifer hydrogeological units corre-
sponding to the lahars indicate that these aquifers
are confined; these pressure heads vary from 3 m in
the IS-268 well to about 20 m in the IS-235 well. The
depths of the piezometric charges range from 3 to
6 m to more than 13 m.

In the case of well IS-93, it is observed that there
is an aquifer hydrogeological unit corresponding to
lava materials. The thickness of these hydrogeologi-
cal units, are around 12 m. The hydraulic loading
depth of this unit is more than 90 m. This aquifer ap-
pears confined, with a pressure head of about 12 m.

Table 5 shows the basic characteristics of the hy-
drogeological units of the northwest sector corre-
sponding to the Cartago Aquifer System are shown.
The nomenclature used is in accordance with the
methodology proposed by the ASTM (2004).

Table 5. Characteristics of the hydrogeological units of the cen-
tral sector of the Cartago Aquifer System.

Hydrogeological
characteristics

El Bosque
hydrogeological units

Lithology Lahardic deposits
Depth of piezometric level (m)| 7,5
Classification Confined

Hydraulic gradient 0,2744
Thickness (m) 17,5
Pressure head (m) 12,4
Transmissibility (m’/d) 11,9

Southwest sector

As in the case of the central sector, with which it
borders to the north, there are no surface drainages
in which outcrops of the lithological materials de-
scribed in the wells can be observed. To the south it
borders the Agua Caliente River. The dominant ma-
terials in this part of the Cartago aquifer system and
that are recognizable in the bed of the Reventado
River, correspond to laharic materials.

From the northwest, in a southeast direction, the
materials described correspond mainly to lahars and
clays, such as those described in the 1S-221 well
(Fig. 21), which vary towards the alluvium and clay
sequences, as was the case of the central sector, and
ending with the descriptions of lavas in depth further
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Fig. 21. Hydrogeological profile I1S-221 - 1S-231 - 1S-267 - IS-
174. Note the presence of lava materials towards the southeast,
on the left side of the profile.

to the southeast, which again allows us to infer that
the alluvial and laharic deposits rest on the volcanic
materials of Irazu. It is expected that, towards the
Reventado River, the presence of lahars will be de-
scribed in the wells. During the field trip through the
study area the presence of these lahars was observed.
The descriptions indicate the presence of layers of
clay, sand and alluvium as in the case of those descri-
bed in well IS-231, well IS-267 and well IS-316. These
descriptions of alluvial materials are also evidenced
to the north of these wells, in the descriptions of wells
[S-274 and IS-154. Already at depth, the descriptions
indicate the presence of lava materials at depth as in-
dicated in well IS- 174. Towards the southwest, the
materials described show layers of clay overlying al-
luvial materials such as those written in wells IS-310
and IS-275 (Fig. 22).

With respect to the hydraulic properties of the
hydrogeological units in this part of the Cartago
aquifer system, the thicknesses of the aquifers range
from approximately 20 m, as described in wells IS-
274 and 1S-221, to 8 m as well IS-267. Some other
thicknesses values are around 10 to 14 m as in wells
[S-154,1S-316 and IS-310. There is a thickness of 54 m
shown in the IS-174 well. However, in this case the
aquifer hydrogeological units are not only in alluvial
materials, but also in lava. The depths of the piezo-
metric surfaces in this part of the Cartago aquifer
system indicate levels that range from 2 m, as well
[S-316, to a maximum of 8 m, as in well IS-267, how-
ever, some descriptions indicate the presence of
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Fig. 22. Hydrogeological profile 1S-310 - IS-275. In both wells the
piezometric levels are artesian. This upwelling may be due to the
significant pressure exerted by the clays and clay sections in the

alluvium.

artesian levels as is the case of wells 1S-310 and
IS-275.

In this way the pressure heads in these hydroge-
ological units vary from heads of 10 m as in wells
[S-154 and 1S-316 to 3 m or even less, as in wells IS-
221 and IS-174. In some cases, they are so high that,
as mentioned, they imply the formation of artesian
aquifers, such as in wells IS-310 and IS-275. Regard-
ing the number of wells in this part of the study
area, hydraulic data of the aquifers obtained from
pumping tests are not available. With respect to the
piezometric surface derived from the hydraulic
head values of the aquifer hydrogeological units
(Fig. 23), it can be said that these indicate direction
of flow from the north to the south.

In Table 6 the basic characteristics of the hydro-
geological units of the northwest sector correspon-
ding to the Cartago Aquifer System are shown. The
nomenclature used is in accordance with the
methodology proposed by the ASTM (2004).

Table 6. Characteristics of the hydrogeological units of the cen-
tral sector of the Cartago Aquifer System.

Hydrogeological characteristics |Tejar hydrogeological units

Lithology Alluvial deposits
Depth of piezometric level (m)| 4

Classification Confined
Hydraulic gradient 0,0218
Thickness (m) 21
Pressure head (m) 8
Transmissibility (m’/d) No data
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Fig. 23. Piezometric surface obtained from the modeling of piezometric well levels.

South sector

Towards the east, the Toyogres River is the main
current, while the Molino and Zopilote streams act
as secondary currents.

The dominant lithological materials in this part
of the Cartago aquifer system are mainly exposed in
the bed of the Toyogres River. These materials cor-
respond to sequences of alluvial materials and la-
hars. In the case of the Toyogres River, from the
ground surface to about 4 m below, the alluvial ma-
terials show important differences which are prob-
ably not well described in lithological descriptions.
These differences correspond to the sizes of the
stones, which vary from coarse sands to gravel, the
stones can range from cm to dm sizes, the matrix is
sandy, and in some sectors a certain degree of clay is
recognizable. With respect to the lithological de-
scriptions, in this part of the study area there is an
important change in the surface lithology, probably
related to the fault system (Fig. 24). Lithological ma-
terials correspond to lahars, which overlie sequen-
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ces of tuffs and clays which in turn overlie lavas and
breccia. These materials are well described in the
lithological log of well IS-416. The descriptions indi-
cate the presence of alluvium and clay, which give
rise to aquifers hydrogeological units (Fig. 25).

In this part of the Cartago aquifer system, the aqui-
fer hydrogeological units show variations in their
thickness, in wells [S-336 and [S-279, the thicknesses
are around 14 m, while in IS-44, there is an increase of
10 m, reaching 24 m thick. The depth of the piezome-
tric surface in this part of the study area is variable,
the minimum values range from 5 m as is the case of
well IS-336 to almost 10 m in well [S-44. In the case
of the pressure heads that can be determined in this
part of the Cartago aquifer system, the minimums
are 1 and 2 m in the IS-279 and 1S-44 wells, up to
maximums that reach 18 m as in the IS-336.

In Table 7 the basic characteristics of the hydro-
geological units of the northwest sector correspon-
ding to the Cartago Aquifer System are shown. The
nomenclature used is in accordance with the
methodology proposed by the ASTM (2004).
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Fig. 24. Hydrogeological profile I1S-445 - IS-168 - 1S-416 - 1S-44
- 1§-392. The ttopographic change probably caused by the fault-
ing and which implies the manifestation of lahars in the northern
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Fig. 25. Hydrogeological profile 1S-416 - 1S-336 - 1S-279.

Table 7. Characteristics of the hydrogeological units of the cen-
tral sector of the Cartago Aquifer System.

Hydrogeological characteristics |Tejar hydrogeological units

Lithology Alluvial deposits
Depth of piezometric level (m)| 7,78

Classification Confined
Hydraulic gradient 0,01
Thickness (m) 17,3
Pressure head (m) 7,28
Transmissibility (m®/d) No data
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Conclusions

The Cartago aquifer system is in a complex area
of alluvial and laharic deposits, which present sandy
and clayey intercalations. These sequences of mate-
rials imply the formation of diverse hydrogeological
units which act as aquifers and in others as
aquitards and aquicludes. Below these deposits, vol-
canic units derived from the activity of the Irazu vol-
cano are recognized and are mainly related to lava
units and breccias. Based on the analysis of well re-
cords, field work and quantitative modeling of hydro-
geological information, the following aquifer hydro-
geological units were established: Taras, La Chin-
chilla, Cartago, El Bosque, Tejar and Dulce Nombre.

The degree of confinement, that is, the ratio of
the hydrogeological units with respect to their
piezometric head indicates that the hydrogeological
units mentioned above are confined. This degree of
confinement is variable and depends on the clay and
sand contents of the alluvial and laharic materials.
The hydrogeological units Taras, La Chinchilla,
Cartago, El Bosque and Dulce Nombre present vari-
able pressure loads in their confinement, some of
them, as in the case of the Tejar hydrogeological
unit, imply the appearance of artesian levels, which
is related to the confining aquicludes made up of
fine materials.

The drainage systems of the Reventado and Toyo-
gres Rivers constitute the main elements in the hy-
drodynamics of the Cartago aquifer system, due to
the different contributions of materials that they
make. It is likely that there is an underground contri-
bution through a hydraulic connection effluent from
the aquifer system to these drains at certain points.

Despite the existence of a certain group of wells
with information, it is necessary to indicate that this
work requires greater detail especially with new in-
formation, such as more drilling, lithological des-
criptions accompanied by a better petrographic and
mineralogical analysis, inventory of levels of wells
and springs, installation of piezometers and moni-
toring and research wells, among others. One of the
biggest drawbacks in this work involved the almost
non-existent record of pumping tests, which makes
it difficult to characterize the hydraulic properties of
the aquifer hydrogeological units.
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Numerical modeling of the aquifer system is
complex due to the absence of hydrogeological in-
formation. It is required to have data on grid length,
extraction flow, vertical and horizontal hydraulic
conductivity, transmissivity, storage coefficient,
static levels, among others.

It is recommended that some well inventory
strategies are established in the study area. As is
known, in different areas of the country there are
unregistered wells which need to be accounted for
within the hydrogeological analysis. This can only
be done through an action plan that involves private
companies and organizations.
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Pe3ume

HUHTepnpeTanuja XuporeoJa0MKUX
jeAMHMIIA U XUAPOJUHAMUYKUX
yCJI0OBa AeJia U34aHCKOT CUCTeMa Y
rpaay Cartago, Kocrapuka

Y lenTpanHoj AMepunu MNOCTOjU OrpoOMHa
3aBHUCHOCT 0o/ Kopulihewa MoJ3eMHUX BOJA U3
rn3Bopa U 6yHapa. Ca mopacToM CTaHOBHHUILTBA,
K/JIMMATCKHUM IIpOME€HaMa U KOHTaMI/IHaL[I/IjOM BO-
JIOHOCHUX CJI0jeBa, LOCTYIHOCT BOJHUX pecypca
MOXKe Cce MoropuiaTy, usasuBajyhu Behy ekcmioa-
TalMjy HOBUX U3BOPHIITA U COLlMjasiHe pobjieMe
y pervoHy. ¥ KocTapuku, BOAHHU pPecypCH HUCY
paBHOMEpPHO pacnopeheHu U YrpoxKeHU Cy OJCY-
CTBOM IPOCTOPHOT IJIAHUPAha, KPpYeHkheM 1LIyMa,
npoMeHaMa y Kopuluhewy BOJHUX pecypca U
3arabemeM.

LlenTpanHo nogpyyje rpaga Cartago u werosa
OKOJIMHA UMajy /Ba IJlaBHa U3BOpa BoJOCHabe-
Bama, je/laH noTuve U3 pesepBoapa Orosi, a Apyru
Y3 NpUPOJHUX U3BOpa. ByHapu Koju cy pacnopeb-
€HU Y Pa3JIMYUTHUM CEKTOPHMa CJIyXKe 3a ojayare
BOJIOCHAO/eBalba U Ba)KHA Cy aJiTepHAaTHBa 3a
BOJlOCHabO/leBakbe, NOCEOHO y BpeMeHUMa Behe
yp6aHHu3aIMje KOjy KapaKTepHIlle U3rpaiba eTax-
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HUX cTaHOBa. AkBUdepckH cucteM Cartago Jiexxu y
CJI0’KEHOM NOZPYYjy aJlyBUja/IHUX U JIaXapUYHUX
HacJara, Koje npejCcTaB/bajy NeCKOBUTE U TJIMHO-
BUTE UHTepKalauuje. HaM3aMeHUYHO CMemhUBame
OBUX CeIMMeHaTa YCJI0BUIIO je opMUparbe pasJiu-
YUTHUX XUJPOTeoJOUIKUX jeJUHNULA KOje ce MOoHa-
ajy Kao XUAPOTeOJIOIKHU KOJEeKTOPHU U H30Jia-
Topu. Ucnos oBUX Hac/iara yTBpheHe cy MarmMaTcke
Y BYJIKAHOKJIAaCTUYHe CTEHE KOje BOoJie TOPEKJIO Of
aKTUBHOCTH BYyJIKaHa Irazd v yrjiaBHOM ce ojiHOCe
Ha M3JMBe JlaBe U Gpedye. Ha ocHOBy aHasu3ze
eBU/leHIlMje OYIIOTHHA, TEPEHCKOT PaZia U KBAHTHU-
TaTUBHOT MOJeJINPama XUPOreosOKHX I0JaTaK-
a, yCTaHOBJbeHe cy ciefehe U3faHCcKe XUAPOTeo-
Joiike jenunuie: Taras, La Chinchilla, Cartago, El
Bosque, Tejar u Dulce Nombre. /I]peHakHU cUCTEMU
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peka Reventado u Toyogres npeicTaB/bajy rJIaBHE
eJleMeHTe y XUAPOoJJUHAMUYKOM cucTeMy Cartago,
360r passuyuTe JUTOJIONIKe rpahe. BepoBaTHo je
Jla TOCTOjU MOoJA3eMHA XHJpay/ld4yKa Be3a U3
KOJIEKTOPCKOT CHCTEMA y OBe JpeHaxke y ojjpe-
henum Taukama. U mopes nocrojama oapeheHUxX
nojilaTaka U3 rpymne 6yHapa, noTpebHO je yka3aTu
Jla Cy 3a Jla/ba UCTPAKUBabha HEONXOAHU J0JaTHU
MoJlalld M3 BUIe OYIIOTHHA, JUTOJOUIKA OMHUCH
npayeHu 60/b0M NeTporpadckoM U MHUHEpAJO-
IIKOM aHaJIU30M, MHBEHTapUCcare HUBOA OyHapa U
M3BOPa, IOCTaBJ/bakbe MHje30MeTapa U KOHTPOJTHO-
HCTpaKMBauyKUX 6yHapa, u3Mehy ocrasor.
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