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ABSTRACT

This research, led by the IHCIT in collaboration with the ADAPTARC project of SERNA/UNDP, forms a
crucial part of the author's doctoral and master's thesis. Focusing on the Rio Chiquito sub-basin in Tegucigalpa,
the capital of Honduras, it aims to offer a preliminary insight into the dynamics of the isophreatic curves as a
technical tool for decision-makers. Despite its relatively small size, this sub-basin features a dramatic elevation
change, ranging from 950 - 2200 meters above sea level over a 21km river length and with 30% urbanization.

The study involved meticulous information management of over 100 wells, primarily used for human
consumption, highlighting the community's dependence on groundwater. Given the intermittent and
insufficient municipal water supply, this was especially critical, emphasizing groundwater's role in meeting
basic needs and public health. The findings reveal underground water levels varying between 5 to 20 meters
on average, with peaks up to 60 meters in the subbasin's lower western area. This underground flow aligns
with the sub-basin geomorphology and surface dynamics, showing a gradient from 950 to 1200 meters in the
middle-lower part, ascending to 2200 meters in the middle-upper region.

Keywords: water table, aquifer, groundwater, sub-basin,

INTRODUCTION

Groundwater and urbanization are intimately linked '. The demand for water in urban centers is vital to their
development, where traditional capture systems through dams are not enough, and groundwater exploitation
is increasingly enhanced. These population densities increase demand and the processes of contamination of
surface waters, given the increase in treatment costs. Furthermore, costs given this global trend have been
facilitated by the reduction (and generally modest) in the cost of good construction?.

Honduras, specifically its capital Tegucigalpa, located in the Central District Municipality with over 1,300,000
inhabitants, with a density of 883.3 inhabitants/km? and with 1,199,136 inhabitants® living in its urban area,
gets its supply from the public service of its City Hall to the municipality through 5 primary sources. 99%
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comes from the surface exploitation of the sub-basins of San José (Concepcion and Miraflores), Guacerique
(Laureles), and Rio Chiquito/Choluteca Alta (Picacho System). These sources, in turn, go through a treatment
system to be distributed by large tanks for storage and subsequent distribution by gravity to the different
neighborhoods and suburbs of the MDC*. This supply system is not continuous, so the various sectors
(residential, commercial, and industrial) have had to resort to groundwater exploitation through wells located
and built according to their demand needs. Given the dynamics of city development with more technologies
such as washing machines, showers, and bathtubs, this also means a higher water consumption per person. > °

The above prioritizes the research of underground water environments, especially to have proper surveillance
and monitoring of these levels to prevent intensive exploitation, given the density of wells in the urban
environment. Furthermore, groundwater exploitation does not guarantee its suitability for human use.
Geological environments impacted by anthropogenic activities can compromise this quality. This poses a risk
to populations relying on this resource without adequate prior treatment. This issue has been evident
throughout the Choluteca River basin, where serious contamination processes have been observed in both
surface and groundwater. The construction of isophreatic curves is one of the main tools for integrated
groundwater management ’. Having this type of tool allows water managers to determine several things: The
intrinsic vulnerability of aquifers to pollution®, the phreatic dynamics due to the effects of exploitation, or
changes in water dynamics due to the effects of climate change (the effects of climate change considering that
impacts are already observed in the frequency of extreme precipitation in these urban and peri-urban
environments is increasing °), among others.

This research focused on constructing the isophreatic curves for the sub-basin of the Rio Chiquito, located
within the municipality of the Central District and its northeastern part in Santa Lucia (see Figure 1). The sub-
basin covers an approximate area of 71.66 km? and features a dramatic elevation range from 2288 meters
above sea level to 937 meters in its lower part (see Figure 2). This results in an average slope of 32.7% for the
sub-basins, marking it as the steepest within the sub-basins of the upper part of the Rio Choluteca basin.

The primary objective of this study was to construct isophreatic curves, a crucial step toward understanding
the dynamics of groundwater flow in the region. By accurately delineating these curves, we can better assess
the availability and sustainability of groundwater resources, which are vital for human consumption and
health. This knowledge becomes particularly valuable in regions with intermittent or inadequate public water
supply, such as the Rio Chiquito sub-basin. It enables informed decision-making for water resource
management, ensuring the local population can access safe and reliable groundwater, thereby significantly
contributing to public health and well-being.

This dynamic of elevations is also reflected in the surface runoff (channel length of 21.06km) where there are
minor streams that contribute to the river flow, among these: the Quebradas La Mololoa, de las Burras, and la
Orejona, among others, which together form the Rio Chiquito, which crosses the city of Tegucigalpa, where
it joins the Rio Choluteca in its lower part. In the underground context, springs are located in their upper parts
and are used by communities and the public service (AMDC through a catchment system known as the Picacho
System?).
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Figure 1. Study area location map
Source: Own elaboration based on data from SERNA -

Figure 2. Morphology map of the Rio Chiquito sub-basin
Source: Own elaboration based on the national elevation
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Figure 3. Geology map of the Rio Chiquito sub-basin
Source: Own elaboration based on data from the geological
sheets of the Property Institute and the contour lines of the
national elevation model at 12.5 m.!!

Figure 4. Land use map of the Rio Chiquito subbasin
Source: Own elaboration based on data generated by the
ICF in 2018.12

MATERIALS AND METHODS

Study Area

The Rio Chiquito sub-basin is generally made up of the Valle de Angeles Group, where the Rio Chiquito
formation consists typically of red layers distinguished from the Villa Nueva Formation by their fine texture.
These strata contain shales, limonites, sandstones, and some layers of quartz conglomerate, but the clastics are
fine-grained, and the color is dark pink-purple. There are also some thin strata of andesite like the one found
in the cut by the new road between Santa Lucia and El Eden (see Figure 3). Near Chimbo is a thin outcrop of
gray limestone within the Rio Chiquito Formation. Some sedimentary structures mainly include flat
stratifications with few crossed stratifications and graduated layers, as well as gypsum veins located in the La
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Bolsa neighborhood, and this mineral was reported in the layers of the Valle de Angeles Group by Finch
(1972, 1981) in the central zone of Honduras.'* 14

In the upper part of the sub-basin, the Padre Miguel Formation is represented in the study area by the presence
of a volcanic-clastic sequence formed by silicified pyroclastic rocks; ignimbrites, tuffs, and agglomerates,
mainly of rhyolitic and andesitic composition, and rhyolites, with different degrees of compaction. The
following lithological units were identified.'?

This geology leaves in the sub-basin Chimbo soils that are moderately deep, moderately well-drained, with
medium and fine textures, with slopes greater than 15%, as well as soils of the Valles and Epariguat Soils,
which are relatively deep soils, between moderately and excessively drained, of moderately fine textures with
more than 40% quartz gravel. Morphologically, they are rounded hills with slopes greater than 30%, with
strongly undulating to steep relief.'®

Due to the urban environment, land use in the sub-basin leaves almost 30% of the area as a continuous or
discontinuous urban zone. The agricultural issue is less, with 10% of the area and 60% of different types of
forests: coniferous, broadleaf, mixed, and pine, whether dense or sparse (see figure 4) (12). The importance
of this forest in terms of water is worth mentioning, as it is the primary recharge area for the sub-basin.!”

From the climatological data of the sub-basin, there are average annual values between 870 - 1000mm, with
the rainiest period being May - June and September - October, and the driest from November - April (see
Table 1). The average annual temperature hovers around 22°C and the average annual relative humidity is
between 71 - 83%.!%

Season May Jun Jul Agu Sept Oct Nov Dec Jan Feb  Mar Apr Annual
21 de octubre 158.2  161.4 | 90.2 1247 211.6 1546 341 159 7.8 7.6 11.7 338 9783

Santa Lucia 126.1 1719 1147 1343 2202 1651 | 47.0 152 146 114 12.0  33.1 | 1005.6

UNAH 146.6 1546 | 81.7 102.8  164.7 1124 342 9.8 4.4 5.8 122 392 | 863.1

Source: Data from relevant Water Resources Assessment stations under their 2012 natural regime'®
Table 1. Average monthly reception values of the stations within the subbasin

Regarding runoff, the required precipitation values are between 5 mm, meaning that any precipitation turns
into runoff up to 90 mm. This indicates that this amount of rainfall needs to be exceeded to generate runoff.
As expected, the months with the most runoff occur between September and October, with values that exceed
20 mm of runoff. On the contrary, during the dry months from January to March, there is a total absence of
runoff."’

Data Management of Levels

The data required for constructing isophreatic curves come from obtaining the water table levels of the wells,
whether drilled artisanally or from the elevations of the springs. With this objective, information generated in
previous studies was collected. '°2°, as well as the census and measurement of the water table levels in new
wells during the canicula (July and August 2019 - 2022), through field cards and a piezometric probe (Solinst
101 metric probe). For this measurement, it is required that the wells have what is necessary for the inspection,
resulting in the main limitation for the study being the inspection of these where in these studies in the sub-
basin more than 200 are located, of which only the data of 19 of these could be obtained and in 5 wells that
the Groundwater Unit of the Autonomous National Service of Aqueducts and Sewerage had and where
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pumping tests had been carried out. Likewise, a census of the springs located within the sub-basin was carried
out.
To complement the data on water table levels, research was carried out on tomographies and profiles by natural
potential where the water table levels were determined. The methods used were:

e Electrical tomography
The electrical resistivity method involves applying a flow of electricity on the Earth's surface and then
measuring the potential differences at specific points. This leads us to determine the distribution of resistivity
on the surface and an interpretation of the subsurface materials. It is carried out by placing four electrodes
aligned at equal distances from each other. A battery is connected to the outer electrodes, measuring the
intensity that circulates between them and the voltage between the intermediate electrodes. The expression21
defines the resistivity:

V
R = T?}T[E Equation 1

Where R is the resistivity in ohm-m, V is the voltage, I is the intensity, and d is a factor of the distance between
the electrodes, which varies depending on the electrodes' arrangement. The obtained resistivity value
represents the average of a large soil volume since the current network extends in depth. To explore soil
resistivity at different depths, this procedure is repeated with varying separations between electrodes to carry
out what is known as a vertical electrical sounding or VES. Suppose this procedure is repeated with the
electrodes at different separations and points. In that case, information can be obtained along a profile and in-
depth to perform an electrical tomography22, a 2D model.

The data are collected using the TERRAMETER SAS 4000 electrical resistivity prospecting equipment from
ABEM, which allows the connection of up to 40 electrodes. Cables are used with a maximum separation
between electrodes of Sm. With this configuration, up to 200m can be covered on the surface per profile, and
maximum depths of between 30m and 35m are reached, depending on the soil characteristics. The data are
then stored on a computer using ABEM's proprietary communication software for later analysis in the
laboratory.

e Natural Potential
The Natural Electric Field method or Natural Potential is a passive method of geophysical exploration based
on the AMT methods studied since the 1970s.
The principle of the PQWT method is based on measuring the electric potential on the surface due to the
components of the Earth's natural electromagnetic field in N different frequencies, considering planar waves
that are approximately distributed perpendicular to the ground. The sources of waves are the effects of
electrical storms or other disturbances that produce currents in the soil. These waves have frequencies ranging
from 1Hz to 20 KHz, hence Audio MT.
The variations of the measured field can be related to abnormal changes in geological structures, the presence
of solid rock, the presence of holes (Karst) in the subsoil, or the presence of groundwater, as it has been used
in recent years.?* 24,

The equipment used for the study is the PQWT model TC300 from the Chinese company Hunan Puqi Geologic
Exploration Equipment Institute. The equipment can measure up to 56 frequencies, allowing for an exploration
depth of up to 500m. After the data is collected, it is processed to generate a profile map that shows the
potential values in (millivolts) as a function of depth, allowing for the quick determination of the location of
mineralized bodies, aquifers, caves, or other geological structures.

Construction of the curves

For the construction of the isophreatic curves, the water table levels of the wells, the elevations of the springs,
and the water levels evidenced in the tomographies and the natural potential profiles were taken. A mesh of
points was created with their spatial location to proceed with an interpolation process using the Kriging
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method, defined as a method for the geostatistical analysis of data variation. This means that it analyzes the
behavior of data in space by analyzing variograms. This method has been applied in mining, geology, and
hydrology, as it is a flexible spatial interpolation method. For example, a practical application is for the design
of sampling networks since Kriging is a method that can be used for data analysis in geohydrology®®%.

RESULTS

The management of information and well census led to having 38 wells for the area, the majority in the lower
part of the sub-basin and towards the south; 14 springs in total in the upper part of the sub-basin. From the
geophysical component, seven (7) profiles were made with natural potential, and nine (9) tomographies were
located in the places where data were absent (see Figure 5 and Table 2 for results). Figure 6 shows the results
of the geophysical profiles for determining the water table levels.
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Figure 5. Location map of located wells and geophysical profiles
Source: Own elaboration from the generated data and water information of SERNA - Agua de Honduras.
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Geophysical Profiles

Electrical Tomography 9

Figure 6. Geophysical profiles (Tomography and natural potential) determine water table levels.

No Type X Y Elevation in ‘Water table Water table level in
meters above level in meters meters above sea level
sea level (masl) (masl)
1 Well 478743.69 1559180.94 958 24.67 933.33
2 Well 480177 1559143 995 22.65 972.35
3 Well 481059.73 1558903.03 1005 5.3 999.7
4 Well 477955 1558723 952 27.03 924.97
5 Well 480602 1557365 999 3.7 995.3
6 Well 478612 1557645 967 5.58 961.42
7 Well 481575 1557160 1042 18.79 1023.21
8 Well 482518.94 1557455.64 1050 25 1025
9 Well 482360.33 1559894.19 1012 8.36 1003.64
10 Well 487328 1562639 1201 35 1166
11 Well 480023 1559311 1002 20 982
12 Well 479263 1557373 989 42 947
13 Well 481793 1556913 1074 25 1049
14 Well 482529 1557671 1064 40 1024
15 Well 479587 1556978 1020 20 1000
16 Well 482828 1560149 1051 38 1013
17 Well 480181 1559315 1000 20 980
18 Well 482925 1560052 1025 25 1000
19 Well 488162 1561029 1483 13.5 1469.5
20 Well 488109 1560300 1535 26.9 1508.1
21 Well 485757 1555440 1446 0.2 1445.8
22 Well 480039 1556247 989 20 969
23 Well 480100 1556402 989 5 984
24 Well 480238 1556408 991 5 986
25 Well 479931 1556465 985 25 960
26 Well 479886 1556542 985 25 960
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27 Well 480257 1556983 1016 48 968
28 Well 478385 1557140 951 30 921
29 Well 478386 1557446 953 10 943
30 Well 488729 1558750 1679 60.96 1618.04
31 Well 488898 1560003 1622 55 1567
32 Well 488689 1560134 1637 26 1611
33 Well 488692 1560153 1631 50 1581
35 Spring 488730 1566853 1796 0 1796
36 spring 487743 1560338 1467 0 1467
37 spring 491090 1563431 1895 0 1895
38 spring 489493 1564888 1680 0 1680
39 spring 490343 1564845 1876 0 1876
40 spring 489506 1564525 1633 0 1633
41 spring 488048 1567718 1880 0 1880
42 spring 487296 1566745 1582 0 1582
43 spring 486341 1564355 1500 0 1500
44 spring 485957 1564373 1535 0 1535
45 spring 486072 1564364 1515 0 1515
46 spring 488388 1560215 1558 0 1558
47 spring 487755 1558275 1650 0 1650
48 spring 489229 1569534 2238 0 2238
49 Natural electric field 480066 1559110 992 7 985
50 Natural electric field 478012 1558971 924 7 917
51 Natural electric field 479152 1557561 976 7 969
52 Natural electric field 487486 1563880 1315 5 1310
53 Natural electric field 484768 1558386 1273 14 1259
54 Natural electric field 484501 1560871 1095 20 1075
55 Natural electric field 489445 1560916 1465 15 1450
56 Electrical tomography 488238 1560719 1532 10 1522
57 Electrical tomography 484351 1560622 1082 4 1078
58 Electrical tomography 480696 1560712 1025 10 1015
59 Electrical tomography 481138 1561535 1325 5 1320
60 Electrical tomography 481873 1558759 1030 10 1020
61 Electrical tomography 482275 1559242 1060 5 1055
62 Electrical tomography 483761 1556544 1150 9 1141
63 Electrical tomography 482409 1556897 1078 2 1076
64 Electrical tomography 488713 1558274 1718 40 1678
65 Pumping well 487399 1561534 1343 60.3 1282.7
66 Pumping well 483948.82 1557293.81 1126 16.95 1109.05
67 Pumping well 478612 1557645 967 55 961.5
68 Pumping well 477409.59 1559801.44 922 10.48 911.52
69 Pumping well 481036.94 1560289.99 1004 5.21 998.79

Source: Own elaboration based on generated data.
Table 2, Data of the obtained water table levels.

The above, with the 69 points in the 71.66 km?, allows us to have a mesh of points to construct the isophreatic
curves. After several interactions and geostatistical analysis, we build these curves every 50 meters, ranging
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from 0 - 61 meters, from elevation 950 to 2220 masl. From the lower-middle part, these elevations remain
from 950 to 1200 masl; concerning the middle-high part, there is a jump from 1200 to 2200, consistent with
the geomorphological context. The wells where the most profound levels were identified are in the lower part
towards the southwest (see Figure 7). The direction of the flow is shown from east to west, from the upper
part to the lower part of the basin.

1676000
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1563000

1560000

1658000

Figure 7. Map of isofreatic courses for the Rio Chiquito sub-basin
Source: Own elaboration based on generated data and sub-basin from SERNA - Agua de Honduras.

DISCUSSION

The construction of the isophreatic curves for the Rio Chiquito sub-basin is a proposal constructed from the
managed data from wells and geophysical methods. This work requires more data to strengthen the proposal;
however, it can be used as a baseline for the hydrogeological study of the basin. Geomorphology plays a
significant role in this dynamic, as the flow obeys the surface dynamic because 75% of the basin is a single
formation (Rio Chiquito Formation) formed by data known from these wells by multilayer aquifers. The
proposed curves obey this first aquifer given that the levels mainly fluctuate between 5 - 20 meters, except in
the lower part of the sub-basin in the west area, where it deepens, given the rise in elevations due to the hills
in this area.

These curves can also show the relationship between the Rio Chiquito and other runoffs in the sub-basin, even
more so the aquifer's contributions to it. For this, it is recommended that the necessary tests be carried out to
verify this relationship.

Another aspect to consider would be the depth of the wells. From the data obtained, we know that the depths
of these wells are between 80 and 120 meters. No deeper wells were evident in the census for the sub-basin,
so there is no data on the medium. However, this hydrogeological unit, which we suppose is composed of
multilayer aquifers and from the data obtained in the profiles that were able to reach depths of 300 meters,
shows us deeper aquifers between 200 - 250 meters, which can be part of the water reserves of this unit,
especially in the lower part of the sub-basin.

The information from the geophysical profiles was crucial to constructing these curves, given that the way
wells are constructed prevents their surveillance and monitoring; this information can be obtained with these
profiles. Both methods worked for the objective of locating the water table level. The tomographies turned out
to be more enlightening to identify this level.
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The methods used for interpolation are essential for better construction of these tools. In addition, specialized
software for hydrogeology allows a better construction of these, correlating with the geology. Therefore,
developing these types of models should be done through specialized software.

CONCLUSIONS

The dynamics of the water table level are dominated by the geomorphology of the sub-basin for this upper
aquifer, according to the data from the wells and the geophysical profiles, built from a network of 69 points,
with values mostly between 5-20 meters of water table level. The maximum depth is 60 meters west of the
sub-basin in its lower part.

The behavior of the isophreatic curves corresponds to the surface runoff, wherein the upper part, at least 14
springs are identified, these in the Padre Miguel formation and the wells located in the Rio Chiquito formation,
both within the Valle de Angeles Group.

Municipal water managers and decision-makers need to establish measures to facilitate the recharge of this
aquifer, given its importance in the city's dynamics and mainly due to the effects of land degradation that
occurs in the sub-basin, increased by the impact of climate change.
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