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ABSTRACT 

Guatemala is highly exposed to climate change, enhanced by its geographical 
location and agriculture-based economy. During the last decade, the country has 
experienced an increase of 1.5°C in temperature with an increase of 52mm of 
precipitation compared to the average of 1961-2000. The Fuego-Acatenango alluvial 
fan is a very productive area on the Pacific coast of Guatemala, with a rapid 
development of groundwater abstractions and very poor hydrogeological knowledge. 
This study aims to close some of these gaps by integrating geological, hydrogeological 
and hydrochemical data. This integration was later translated into the development 
and calibration of a steady-state groundwater flow model using the GMS software by 
Aquaveo™. The model was then used to assess the validity of the conceptual model 
and to simulate the impact of climate change scenarios. The aquifer system shows a 
natural attenuation of diffuse agricultural contamination with a redox boundary 
located approximately 50 metres depth. Saline intrusion seems to play a minor role in 
the coastal area of the aquifer, where evidence points towards a general freshening of 
the aquifer with small exceptions. Overall, the aquifer system does not appear to be 
under major risks of overexploitation or contamination, but further monitoring and 
research is needed. Finally, some remarks are presented on a possible strategy for the 
optimization of the groundwater monitoring network in the area and other general 
recommendations. 

1.  Introduction 

Guatemala is a lower-middle income country, as 
measured by gross domestic product (GDP) per capita, 
however, 59.3% of the population lives in poverty as 
measured by local standards. Nearly half of all children 
under five (46.5%) are chronically malnourished and 
chronic malnutrition, which is associated with poverty, 
reaches 58% for indigenous groups. For a lower middle 
income country these levels of malnutrition are an 
anomaly; in fact, they are among the highest in the world 
(USAid, 2018). However, Guatemala has tremendous 
potential for expanding its agricultural production which 
would lead to rural economic growth, job creation, and 
poverty alleviation. Guatemala is recognized as a leader in 
non-traditional agriculture exports in Central America, 
such as snow peas, green beans, mini-vegetables, and 
fruits, which have grown exponentially over the past ten 
years benefitting smallholder farmers (USAid, 2018). 

The main agricultural products of the country are 
sugar, coffee, bananas, vegetables, and recently palm oil 
(Banco de Guatemala, 2018). For 2017, agriculture 
represented 13,5% of the Gross Domestic Product (GDP) 
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of the country, employing over 30% of the workforce 
(CIA, 2017). In this context, the Pacific Littoral plays a 
major role in the economy of Guatemala considering that 
a large area is dedicated to agriculture. Specifically, in the 
Fuego-Acatenango Alluvial fan, agriculture represented 
70% of the land use for the year 2010, of which 93% is 
sugar cane (MAGA, 2010). 

The Fuego-Acatenango Alluvial Fan (Figure 1) is a 
geomorphological feature arising from the deposition of 
mostly volcanogenic material from the Fuego-
Acatenango volcanic system down the Coyolate, Acomé, 
Achiguate and Maria Linda rivers. The combination of 
fluvial and volcano-sedimentary deposition makes the 
FAF a complex and dynamic geological system, where 
rapid lateral changes of sediment facies and mineralogy 
may occur. Composition wise, the active sediments can be 
divided between volcaniclastic or reworked from older 
sedimentary deposits of different origins The Fuego 
volcano, as one of the most active in the country (ACAN-
EFE, 2019) provides an important share of these active 
sediments in the form of basaltic scoria and ash. 
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Figure 1 Location of the study area. 

2.  Geology 

Offshore lithostratigraphic units of the south coast of 
Guatemala were previously defined for oil exploration, 
and later refined with the findings by the Deep Sea 
Drilling Project (DSDP) legs 63 and 84 (Coulbourn et al., 
1982). Nevertheless, little is published for the continental 
units, which account for the largest part of the mid and 
upper segments of the Fuego-Acatenango alluvial fan 
(FAF).  

In general terms, the stratigraphy of the FAF can be 
described in three major groups. The first group is formed 
by the crystalline basement of mafic and ultramafic 
affinity, dated around 100 to 180 Ma (mid Jurassic to mid 
Cretaceous). This crystalline basement is comprised 
mostly of volcanic and gabbroic rocks of ultramafic to 
mafic composition, like basalts, in ophiolitic type 
ensembles (Geldmacher et al., 2008). 

The second group of rocks is formed by sediments 
deposited in a marine environment. In this group, there 
is a facial continuum from abyssal to upper shoreface, 
although no continuous record could be identified in the 
boreholes of the area. In general, the group can be 
subdivided into three segments with differences in 
mineralogy and facies. The basal segment is composed of 
fine to very fine sediments of mostly terrigenous origin 
that were deposited in low energy environments. These 
sediments correspond to low and very low conductivities 
at the bottom of the stratigraphic column in the area. The 
middle segment was deposited in an environment with 
constant shifts in energy as evidenced by the variability of 
grain size of the deposits. The changes in grain size are 
also accompanied by the appearance of volcanic particles 
in the coarser layers pointing towards a higher influence 
of the continent. Finally, the upper segment of the marine 
sediments is composed mostly of coarse-grained deposits 
with the addition of carbonate fragments of biological 

origin (i.e. Bivalvia and Gastropoda shell fragments) that 
indicate a shoreface environment.  

Another important feature of the marine 
environmental group of sediments is the way they react 
to diagenesis (Figure 2). In this case, volcaniclastic 
sediments undergo diagenetic processes that always 
represent a diminished net porosity, contrary to those in 
continental environments where some processes like 
mineral dissolution may maintain or increase net 
porosity. 

The final group is the deposits of continental 
environment. In these deposits, a mixture of reworked, 
older, sedimentary units and volcaniclastic sediments is 
seen. From Borehole descriptions by the drilling 
companies, fluvial, alluvial and volcano-sedimentary 
facies are found alongside lava flows in the uppermost 
section of the FAF. 

 
Figure 2. Schematic of diagenesis of volcano-

sedimentary deposits. In green are the processes that 
preserve net porosity by preservation or generation of 
secondary porosity. In yellow are processes where net 
porosity is lost (Modified from Mathisen and 
McPherson, 1991). 

Satellite image analysis and geomorphological features 
indicate that the FAF partially overlaps an earlier (older 
or contemporary) fan to the east, in the southwest slope 
of the Agua volcano (Figure 3). The anomalous hourglass 
shape of the Achiguate basin is interpreted as evidence of 
the influence of this feature over the FAF.  

Considering the unique porosity and cementation 
evolution of volcano-sedimentary units, the presence of 
such deposits within the aquifer system will have an 
impact on the hydraulic properties of the system. 
Mathisen and McPherson (1991) identified different 
weathering paths for volcanoclastic units according to 
their deposition environment and evolution (Figure 2). 
This complex evolution can be seen in the borehole logs, 
where the same material can be productive (i.e. screened 
for groundwater abstraction) or not in different points. 

It is important to highlight that the diagenesis (i.e. 
transformation from loose sediments to rock) and 
weathering is not linear and is greatly affected by 
composition, weather, groundwater chemistry, 
hydrogeological conditions (i.e. transmissivities) between 
others (Hynek et al., 2017; Ietto et al., 2015). 
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Figure 3. Map of the FAF (green) with the location of 

the Agua Fan (orange in dashed line). The river basins of 
the Coyolate, Acomé, Achiguate and Maria Linda rivers 
are shown in yellow. The Agua volcano is in the 
northeast corner of the map (red triangle). The detail 
shows the contour lines (20m interval) of the Agua Fan. 

3.  Hydrogeology 

The FAF aquifer system is composed of an upper, 
shallow, shallow aquifer system (<30m deep) that can be 
locally semiconfined, followed by a non-continuous 
aquitard about 15 m thick. Underneath the aquitard there 
is a deep semi-confined aquifer, that may be totally 
confined in the areas closer to the coastline (distal 
section). Further inland, in the upper parts of the alluvial 
fan (proximal section), the shallow aquifer is in direct 
hydraulic connection with the deep aquifer. The 
basement of this multilayer aquifer system is formed by 
volcanic crystalline basement in the proximal part and by 
Miocene mudstones in the distal part as inferred from 
geoelectric surveys (Gil Villalba, 2018). A summary of the 
relationship between geological units, hydrogeological 
units and their hydrogeological role is given in Table 1. 

In general, the shallow aquifer is composed of alluvial 
deposits of various textures superimposed with 
paleochannels and volcano-sedimentary deposits of 
limited lateral extension. In this layer, the occurrence of 
weathered volcanic ash deposits can develop into a thick 
clayey soil. This superficial layer can locally semi-confine 
the upper aquifer and provide important contamination 
protection from agricultural activities. 

The second hydrogeological unit, the aquitard, is a 
non-continuous group of different low hydraulic 
conductivity deposits of various origins, extension and 
stratigraphic level. Poor borehole descriptions and the 
occurrence of various low permeability layers in each 
borehole is common throughout the area, making 
difficult the identification of guide layers for borehole 
correlation. In general, this unit was discretised based on 
resistivity, spontaneous potential and gamma-ray logs 
from the borehole data where a clear change could be 
detected. 

The changes in log parameters like spontaneous 
potential were interpreted as changes in porewater 
characteristics from one aquifer layer to another, 
indicating the existence of a regional aquitard layer rather 
than a local one. The observations were coherent with 
VES information from Gil Villalba (2018). The mapping of 
the regional aquitard was possible by integrating borehole 
and VES information, indicating areas where there is not 
effective confinement of the deep aquifer (Figure 4). 

 

Figure 4 Spatial distribution of the regional aquitard 
within the boundaries of the numerical model. 

The deeper aquifer has a similar composition to the 
shallow aquifer in terms of geological materials except for 
a higher occurrence of non-volcanic sediments, especially 
in the distal section. A higher terrigenous mix in the 
sediments from marine and fluvial sources could have an 
impact on the hydraulic properties of the unit, being less 
prone to experience pore-filling processes as presented in 
Figure 2. 

Table 1. Conceptual distribution of the geological formations into hydrogeological units. 

Geological Formation 

Hydrogeological Formation 

Role Proximal  
section 

Distal 
section 

Holocene volcanic debris (Qhv) 
Hidro 1 Aquifer 

Holocene alluvial sediments (Qha) 
Holocene marine sediments (Qhd) Absent 

Hidro 2 
Aquitard/ Aquifer Pleistocene transition sediments (Qpi) Absent 

Pleistocene marine sediments (Qpm) Absent 
Hidro 3 

Pleistocene alluvial sediments (Qpa) Hidro 3 Aquifer 
Miocene mudstone (Nm) Absent Basement Aquiclude 

Cenozoic volcanic rocks (Ev) Basement Basement Aquiclude 
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Finally, the basement of the aquifer system is an 
aquiclude composed of crystalline rocks in the proximal 
segment of the FAF and marine clays of Miocene age in 
the distal section. These bottom units that form the 
basement of the aquifer system were identified only in 
VES probing and not on borehole data. 

The general framework of the aquifer system, as well as 
some possible flow systems, is summarized in Figure 5. 
Two typical areas of groundwater-surface water 
interactions are illustrated by the river and a noria. A 
noria is a large (~2600 m2) artificial lake that intersects 
the water table and is pumped to irrigate the fields. 

 
Figure 5. Conceptualization of the aquifer system. The 

Pacific Ocean is to the left and the volcanic range to the 
right. 

A three dimensional hydrostratigraphic model of the 
aquifer system was built in GMS using the geoelectrical 
soundings by Gil Villalba (2018) and 47 borehole logs from 
the industry. Figure 6 shows a cross-section of the 
hydrogeologic semi-parallel to the regional flow path. 

 
Figure 6. Transversal cross-section of the Fuego-

Acatenango alluvial fan. Source information is VES and 
borehole information rendered in the GMS platform. 
The Pacific Ocean is to the left of the image. Note that 
the hard information of each log is marked by the black 
line at the bottom while the true bottom is shown in a 
light blue. Vertical exaggeration is 26. 

3.1. Piezometric levels and groundwater flow 

Piezometric measurements are arguably the most 
important groundwater monitoring parameter to analyse 

general flow patterns and asses the quantity of the 
resource. In this section, an in-depth analysis of the 
piezometric level in the Fuego-Acatenango Alluvial Fall is 
presented, pointing also to important gaps in the current 
knowledge and monitoring of the aquifer system. 

Since the year 2015, the ICC has been monitoring the 
groundwater levels of the upper, shallow aquifer in 107 
dug wells used by the rural community. The 
measurements are usually done between the moths of 
February to March, June and August, with no 
observations in September and December (Figure 7). 

 
Figure 7. Distribution in time of piezometric 

observations of the shallow aquifer by the ICC. 

The piezometric map of the shallow aquifer (Figure 8) 
was calculated with 102 observation points with its 
measurements averaged for 2018. The piezometric 
information of the shallow aquifer is not a stationary 
variable because it has a very strong trend with the 
topography. The linear regression of altitude and 
piezometric has an R2 of 0.9998. The data was detrended 
and interpolated using kriging in Surfer™15. The 
variogram for the detrended data can be seen in Figure 8. 

The area in contact with the Agua fan (Figure 3) seems 
to show an inflow through this section. This is the first 
time that a possible hydraulic connection between the 
two units is described, but further information is needed. 

Finally, the contours around the coast show a 
piezometric level below the sea, showing areas that might 
be vulnerable to seawater intrusion. This is specially 
marked in the south-east corner of the area, but there is 
high uncertainty in this region due to lack of information. 

Regarding the deep aquifer, a rough estimation was 
done using the reported groundwater level in the 
borehole drilling reports (Figure 9). This information is 
clustered in space but scattered in time, with several years 
between data points. Furthermore, the data was taken 
before the start of the exploitation of the borehole which 
adds another level of uncertainty. 
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Figure 8. Piezometric contours of the superficial aquifer for the year 2018. Contours every 20m. The points represent the 

location of the monitoring network of the ICC. Vectors (green) represent the approximate flow direction of the groundwater. 
Rivers are shown in light blue. 

The deep aquifer follows a similar trend of 
groundwater flow, going from the proximal section of the 
FAF towards the ocean. Nevertheless, the map shows two 
areas of a depressed piezometric level, especially in the 
centre of the FAF where the piezometric level is below sea 
level. This depression changes the local direction of the 
groundwater flow, increasing the risk of seawater 
intrusion. 

 
Figure 9. Kriging interpolation of the piezometric 

level for the deep aquifer approximated using drilling log 
information. Contours every 10 metres. Blue dots 
represent the location of the data points. 

The piezometric level of the deep aquifer can also be 
used to interpret areas of groundwater recharge and 
discharge. In recharge areas, the piezometric level of the 
superficial aquifer is higher than in the lower levels, 
promoting downward movement of groundwater. On the 
other hand, when the deeper aquifer levels have a higher 
piezometric level than the superficial layers, groundwater 
will flow in an upward direction, effectively discharging 
in that area. The rate in which this exchange happens is 
regulated by the hydraulic properties of the aquifer layers 
and the presence of aquitard layers following Darcy’s Law. 
To evaluate possible areas of groundwater discharge in 

the FAF, the difference in piezometric level for the surface 
aquifer and the deep aquifer was calculated (Figure 10). 
The results show that the deep aquifer must be confined 
in the distal section, to allow it to maintain a higher 
piezometric level than the shallow aquifer. This 
confinement is consistent with the borehole information 
and with hydrochemical data as will be discussed later. 

 
Figure 10. Piezometric difference between the upper, 

shallow aquifer and the deep aquifer. Positive differences 
(in green) show recharge zones, while negative 
differences (in red) represent groundwater discharge 
areas. The green line represents de cero contour with 
contours every 10 metres. 

 

3.2. Hydrogeological parameters  

The knowledge of the hydrogeological parameters in 
the Fuego-Acatenango alluvial fan is very limited, 
especially considering the high heterogeneity discussed 
earlier. Reports of transmissivities (Table 2) fall within the 
20-3000 m2d-1  range (ICC, 2014, 2019a; Salguero Barahona, 
2002) but lack of information on the approximate aquifer 
saturated thickness rendered them unfit for the 
calculation of hydraulic conductivity. 
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Table 2. Transmissivity and storage coefficients for the FAF. Compiled from Salguero Barahona (2002) and ICC (2019a). 

Name 
Hydrological 

unit 
Storage 
Coef. 

Transmissivity  
(m2d-1) Saturated 

thickness (m)* 

Hydraulic 
conductivity 

(md-1) † Theis 
Cooper–
Jacob 

San Antonio 
E.V. 

Unconfined 2.11×10-5 2000 2740 76 31.1 

Malta 
Confined 

8.35×10-5 3002 3014 73 41.2 
La Paz 4.17×10-5 1529 1506 73 20.8 

Legend: n.d. No Data. * Saturated thickness was approximated as total thickness from the first to the last screen. † Average hydraulic 
conductivity calculated from the two transmissivity estimations. ‡ The Manglares estimation was measured for a noria, not a borehole. 

 

4.  Climate 

Guatemalan climate is divided into two seasons: one 
rainy season from May to October, and one dry from 
November to April (Figure 11). These two seasons are a 
consequence of the tilt of the axis of the earth and its 
relative position to the sun. 

 
Figure 11. Climate graph of the Bouganvilia weather 

station. Orange area represents the monthly average 
temperature. Blue area represents the average monthly 
precipitation. Data from the ICC weather monitoring 
network for the years 2007-2018. Note the difference in 
scales for temperature and precipitation. 

During the rainy season, the Intertropical Convergence 
Zone (ITCZ) moves northward pulling moisture from 
Africa via the Westerlies. The establishment and 
strengthening of the Gulf of Mexico Anticyclone (GMA) 
in July to early August marks a break in the rain, during 
what is known as the “dog days”. This dry spell finishes 
with the weakening and disappearance of the GMA in mid 
to late August. The dry season starts with the southward 
movement of the ITCZ and the establishment of northern 
winds that bring cold, dry air from the poles. These winds 
lower the temperatures in the whole country with 
occasional appearances of cold fronts and convective 
precipitations (Marroquín and Gómez, 2019). 

The Fuego-Acatenango Alluvial fan (FAF), as part of 
both the Pacific plain and the volcanic range, enjoys a 
varied climate, enhanced by the altitudinal range 
spanning from sea-level up to 1000 masl. In terms of 
precipitation, the FAF receives an average of 1700 mm per 
year, with most of it falling in the altitudinal band above 
100 masl (Figure 12). In the case of the temperature, the 
trend is reversed with higher values along the coast and 
colder ones in the vicinity of the volcanoes. 

 
Figure 12. Isohyets in mm per year modified from 

INSIVUMEH (2003). 

 

5.  Groundwater Flow Model  

5.1. Initial Assumptions 

For the modelling of the FAF aquifer system, several 
initial assumptions were made. The first and most 
relevant is the assumption of a steady-state system. The 
spatiotemporal distribution of groundwater piezometric 
levels is inconclusive for stationarity since no statistical 
tests can be done with the current data. Other sources of 
information, like hydrochemistry, show that the 
lowermost section of the aquifer is under stress with signs 
of a variable degree of marine intrusion. 

With the steady-state assumption comes the problem 
of calibration objectives and observations. The present 
study used the 2018 piezometric levels of the shallow 
aquifer as the only calibration objective. This calibration 
objective was carefully selected to try to represent the 
most up-to-date status of the FAF aquifer system but 
carries important uncertainties with it. For example, the 
groundwater depth was calculated using the average of 
the 2018 observations in each monitoring point. Some 
monitoring points had as few as two observations, 
sometimes very close in time. A low number of 
observations and a clustering in time means that the 
point could be reflecting the piezometric head for that 
particular season and not the average behaviour. 
Nevertheless, the observed intra-annual variability of the 
measurements is usually less than 2 meters. 
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5.2. Boundary Conditions 

Boundary conditions refer to the settings along the 
perimeter of the problem domain. Mathematically, 
boundary conditions are classified into three types 
(Anderson et al., 2015): 

The FAF aquifer system as defined in this study has 
four boundaries. One is the southern border of the model 
that corresponds to the Pacific Ocean, two are the 
Coyolate river to the Northwest and a shared boundary 
between the Achiguate and Maria Linda to the Northeast 
and Southeast respectively (Figure 13). The final boundary 
is a small section perpendicular to the flow in the 
uppermost section of the model. This boundary was 
established to reduce convergence problems due to the 
high slope (and therefore hydraulic gradient) and 
geometrical problems due to the narrow and curving 
pattern of the removed area. The boundary type selection 
for each segment will be discussed below, as well as the 
assumptions and consequences of these selections. 

 
Figure 13. Model area (purple) compared to the 

geomorphological boundaries of the Fuego-Acatenango 
alluvial fan and the different boundaries for the 
numerical model. 

5.2.1. North boundary 

The northernmost part of the FAF was excluded from 
the model due to convergence issues arising from its 
geometry and the steep slopes in the area. The boundary 
was modelled as Type 1, with the constant heads defined 
as 2 metres below the surface. This was done to represent 
the groundwater depth of a nearby observation point. 

5.2.2. South boundary 

The south boundary corresponds to the Pacific Ocean 
and represents the discharge area of the aquifer system. 
Under the conditions and time span of the model the 
Pacific Ocean is not affected by the stresses in the area of 
interest, the boundary was modelled as a Dirichlet type 
boundary with constant head. 

Several important assumptions and simplifications 
were done in the selection of the boundary. The first was 
that the head was defined by the lowermost point along 
the coastline as defined in the 15 m digital elevation 
model (DEM) by the Guatemalan Ministry of Agriculture 
(MAGA) of 2006. It is important to note that according to 
the mentioned DEM, the westernmost section of the coast 

is higher than the eastern section (cero masl compared to 
-3 masl), but it was considered that it made no physical 
sense to force a gradient along the boundary that could 
represent a forced inflow through the boundary into the 
model. The second assumption was that there was no 
significant effect from the tides over the exchange 
through the boundary. This was considered taking into 
account the time span of the model and an average tidal 
range usually less than 2 meters (INSIVUMEH, 2019). 
Finally, the most important assumption was that the 
saltwater-fresh water interface was vertical and in steady-
state. This was done considering that modelling the 
mentioned interface is out of the scope of this study. 

5.2.3. East boundary 

The east boundary is a complex one, composed of two 
tributaries to the Achiguate river, a segment in what 
seems hydraulic connection with the Agua Fan, and the 
Maria Linda River (Figure 13). The segments that 
correspond to the Achiguate and Maria Linda rivers were 
modelled using the RIV1 package in MODFLOW. This 
head-dependent boundary is defined by a riverbed 
altitude, a river stage and a conductance. 

The exchange between the river and the cell is 
mediated by the hydraulic gradient between the river and 
the cell and the riverbed conductance. The conductance 
is calculated with equation 1. 

𝑪 =  
𝑲𝒓𝒊𝒗

𝒕
𝒍𝒘 

1 

Where 𝑪 is the Conductance in m2 d-1, 𝑲𝒓𝒊𝒗 is the 
hydraulic conductivity of the riverbed material, 𝒕 is the 
thickness of the riverbed material in the direction of the 
flow and 𝒍𝒘 is the cross-sectional area perpendicular to 
the flow direction. 

GMS automatically calculates the length of the arcs 
that are used to define the location and properties of the 
RIV package. This means that the input for the software 
is simplified from equation 2 to equation 3. 

𝑪𝒂𝒓𝒄 =
 
𝑲
𝒕

𝒍𝒘

𝑳
 

2 

With 𝑪𝒂𝒓𝒄 as the conductance per unit length and 𝑳 as 
the length of the arc. 

𝑪𝒂𝒓𝒄 =
𝑲

𝒕
𝒘 

3 

A first approximation for the conductance was 
calculated with a theoretical riverbed of 2m thick and 
hydraulic conductivity of 2m d-1 assuming a loamy 
riverbed. The width was approximated using Google 
Satellite™ images of the area. The final conductance 
values were obtained by manual calibration. The results 
of the calibration are summarized in Figure 14. 
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Figure 14. Frequency distribution of riverbed 

conductance after calibration. Data from the entire 
model domain. 

The remaining two parameters to input in the RIV 
package are the riverbed elevation and the river stage. 
GMS uses the nodes between each arc to linearly 
interpolate the riverbed elevation and the stage for the 
arc. The river stage was defined between 0.5 and 1 metre 
below the cell surface and the riverbed elevation as one 
metre below the stage. In selected areas, the stage and 
riverbed elevation were calibrated with different values 
below the top of the cell. 

In general, the boundary was modelled as a fully 
penetrating groundwater divide considering the 
neighbouring structures and the characteristics of the 
groundwater flow (Figure 8). A no-flow boundary was 
chosen for those segments. Nevertheless, some segments 
exhibit different behaviour. For those segments, the 
boundary below layer 1 was modelled as a general head 
boundary. 

A general head boundary is another Type 3 boundary 
that is used to represent sources or sinks of water outside 
the model domain. This type of boundary allows the 
model domain to virtually interact with this entity 
without the need for directly modelling it. General head 
boundaries can add large errors in the water budget of the 
model, but add flexibility to the boundaries (Anderson et 
al., 2015). 

The sections that were modelled with the general head 
boundary are located where the model boundary does not 
match the geomorphological limit and the piezometric 
contours suggest a subsurface flow through the model 
boundary. These areas are highlighted in Figure 15. 

 
Figure 15. General head boundary implementation in 

the model. 

Lack of information about the precise geometry, 
materials, head stage, thickness of the riverbed and 

piezometric levels in the Agua Fan and the FAF seriously 
limit the possibility of a better parametrization of this 
boundary. Nevertheless, the results of the model show 
that the definition is conceptually sound, but with room 
for improvement. 

5.2.4. West boundary 

The western boundary of the model was modified to 
match the course of the Coyolate river (Figure 13). This 
was done considering the piezometric map and the 
derived flownet. Several sections of the river behave as a 
no-flow boundary with the piezometric contours running 
perpendicular to the boundary. This configuration points 
to a limited or total absence of regional exchange through 
those segments (Anderson et al., 2015). Nevertheless, the 
river presents other segments where an exchange is 
evidenced in the piezometric level, either as a source or a 
sink of groundwater for the shallow aquifer through 
leakage. 

The boundary was modelled entirely as a Type 3 
boundary for the shallow aquifer and a type 2 with no-
flow for the aquitard and deep aquifer. As done with the 
east boundary, the Type 3 boundary was modelled with 
the RIV package. The same procedure was used to 
approximate and calibrate the transmissivity values.  

 

Figure 16. MODFLOW grid of the aquifer system. a.3D 
grid structure of the aquifer. Note the distribution of the 
units from the translation of the solids into the model 
grid. b. Detail of the layering in the model. 

5.3. Model structure, sources and sinks 

In this section, the discretization and parametrization 
of the model grid and its sources and sinks are discussed, 
including the limitations and uncertainty related to those 
elections.  

5.3.1. Finite-difference grid and layering 

As a finite-difference based code, MODFLOW relies 
upon a three-dimensional grid of rectangular 
parallelepiped cells where the flow is calculated for the six 
faces of each cell. The present study is based on a 250 
*250m grid with variable thickness. In total, the model is 
composed of 208805 cells divided into seven layers of 
varying thickness (Figure 16). 

5.3.2. Rivers 

The Fuego-Acatenango alluvial fan partially contains 
the basins of the Coyolate, Achiguate and Maria Linda 
rivers, while fully containing the Acomé river basin 
(Figure 3). The Coyolate and Maria Linda rivers are only 
boundary conditions, while the Achiguate river is a 
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boundary condition as well as part of the model domain. 
The Acomé river is entirely within the model domain. The 
Acomé and Achiguate rivers were modelled using the 
same RIV package and methodology used to model the 
boundary conditions. 

5.3.3. Recharge rate 

The current estimations of recharge correspond to 
direct recharge from rainfall (Figure 17). This recharge 
does not include irrigation return (ICC, 2019b). 
Approximately 70% per cent of the area is irrigated land 
(MAGA, 2010) with various methods and efficiency levels. 

By not taking into consideration the effects of 
irrigation return and other sources of recharge like 
transmission leakage, between others, the actual recharge 
in the FAF is expected to be higher 

 
Figure 17. Voronoi polygons for the modelled area 

with the calculated recharge rate in mm per year 
(Modified from ICC, 2019a). 

6.  Results  

The results of the model were evaluated by analysing 
the resulting water budgets in terms of a global and 
several zonal water budgets given that those are powerful 
tools for the assessment of the correct conceptualization 
and parameterization of a model.  

In this model, the main component of the budget is the 
recharge, accounting for 57% of the total inflows of the 
model (Figure 0.18). The total recharge in the model 
domain in 2.15 hm3 d-1. 

 

Figure 0.18. Partition of the in the MODFLOW model 
for the entire domain  

6.1. Global water budget 

Considering the relevance of the recharge in the water 
budget and in nature, the analysis of the partition of the 

different components of the budget was be done in 
proportion to this term (Figure 0.19). 

 
Figure 0.19. Partition of flows as a percentage of the 

recharge in the area 

The first observation is that abstraction corresponds to 
the second largest flow in the model followed by the 
groundwater-surface water interactions. The leakage 
between the rivers and the aquifer account for 0.93 hm3 d-

1 for the inflow and 1.19 hm3 d-1 for the outflow. This term 
could be exaggerated for the outflow considering that the 
eastern boundary was considered as fully penetrating 
groundwater divide with a no-flow boundary in depth. 
Nevertheless, leakage of groundwater to the rivers is 
expected to be high, since the baseflow of the rivers in the 
dry season depends on this leakage. It is important to 
highlight that the gaining or losing character of a river is 
a transient state and the model is in steady-state. 

The general head boundaries show a net inflow of 0.17 
hm3 d-1 representing 8% of the recharge flow. 
Conceptually, the net flow through these boundaries 
appears to be correct if the hydraulic connection between 
the FAF and the Agua fan exists. 

The final component of the water budget of the model 
is the general head boundary, which represents the north 
boundary and the Pacific Ocean. The net flow through 
these boundaries is approximately 30% of the recharge 
with a net discharge of 0.65 hm3 d-1. 

6.2. Zonal water budget 

To better understand the flow between the 
hydrogeological units as defined in the model, a zonal 
budget was calculated for the three units. 

The shallow aquifer presents the largest flow, followed 
by the aquitard. The smallest exchange occurs in the deep 
aquifer. These results reflect the dynamism of the aquifer 
system, where the shallow aquifer is subject to fluxes by 
recharge and river leakage while the aquitard and deep 
aquifer are not (Figure 0.20). 

For the aquitard, the flow occurs mostly in vertical 
exchanges (i.e. leakage), with a net downward exchange 
of 2% of the recharge. The proportion is much higher if 
only the leakage between the shallow aquifer and the 
aquitard is considered, with 59% of the recharge. These 
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flows indicate that the aquitard is allowing the leakage of 
groundwater from the deep aquifer into the shallow. 

 
Figure 0.20. Flow discretization for the three 

hydrogeological layers of the model. 

For the deep aquifer, the most important flow is 
downwards from the aquitard (i.e. leakage from the 
shallow aquifer into the deep aquifer through the 
aquitard), which represents 75% of the influxes of the 
layer. This large flow means that the deep aquifer is 
replenished mainly through leakage from the upper 
layers, and not from other boundaries. In terms of 
outflow, the maximum exchange occurs through the 
constant head boundary, with close to 30% of the total 
outflow. The abstractions and upwards leakage towards 
the aquitard represent 26% of the outflow each. This high 
leakage to the aquitard may point towards the possibility 
of further developing abstractions in this aquifer layer. 

Regarding the Pacific Ocean boundary, the model 
shows given that under the current scenario, the aquifer 
system is discharging in the entire length of the boundary. 
The total discharge into the Ocean corresponds to ~12% 
of the recharge, representing an annual volume of 94 hm3. 
This flow, discretised by layers, is summarized in Table 
0.3. 

Table 0.3. Summary per layer of the discharge through 
the south boundary. 

 Flow 
(m3 d⁻¹) 

Flow 
(%) 

% of 
recharge 

Annual 
discharge 
(hm³ a⁻¹) 

Shallow 
aquifer 

7.8.E+04 29.2% 3.6% 28 

Aquitard 4.2.E+03 1.6% 0.2% 2 

Deep 
aquifer 

1.8.E+05 66.0% 8.2% 64 

Total 2.7.E+05 100.0% 12.4% 94 

The discharge of groundwater to the ocean through the 
south boundary represents a volume of groundwater that 
is not being taped. According to the model, the 
abstraction can be increased by 94 hm³ a⁻¹ without 
inducing a large-scale salinization problem. This value 
does not consider the possible effects of concentrated 
exploitation, anisotropy or heterogeneity in the aquifer. 
Under real conditions, the maximum volume would have 
to consider this variability y aquifer parameters and 
spatial distribution of abstraction points to fully ensure a 
sustainable exploitation. 

7.  Conclusions 

The Fuego-Acatenango alluvial fan (FAF) is a key and 
strategic area in the sugar cane industry for Guatemala. 
Recent changes in public perception, climate variability 
and the effects of climate change have increased the 
pressures in the aquifer system with a rapid increase in 
reported abstractions since 2015. Even though at the 
present time the aquifer system does not give signs of 
overexploitation, careful monitoring of the piezometric 
levels and quality parameters of the two aquifer systems 
is needed for the detection of early signs of changes in the 
system. 

The FAF is composed of sediments with high lateral 
variability, ranging from purely volcano-sedimentary in 
the upper parts, to volcaniclastic and continental 
terrigenous in the central part, to terrigenous facies 
offshore. These facies represent a continuous evolution 
but the records of the boreholes are very heterogeneous 
in terminology, precision and objectives, hindering any 
correlation efforts. The geology of the Agua fan is still 
largely unknown, but the findings of this study indicate 
that there is an important interaction between the 
Acatenango-Fuego system with the Agua fan. Further 
investigation is encouraged to better understand the 
extent of the hydraulic connection, possible water quality 
interactions and long-term interaction between the two 
systems. 

The hydrogeology of the FAF is starting to be 
understood thanks to the constant efforts by the ICC in 
filling the gaps. Conceptually, the aquifer system is 
composed of three layers. The shallow aquifer with an 
average approximate depth of 40 m is highly 
heterogeneous and anisotropic due to the constant 
interaction between volcano-sedimentary and fluvial 
processes. The underlying aquitard is a collection of 
discontinuous, low permeability units from different 
origins, composition, stratigraphic level and extension. 
The presence of a regional aquitard is backed by 
piezometric, hydrochemical, geophysical and borehole 
data. The third hydrogeological unit is the deep aquifer. 
This unit seems to be in direct hydraulic connection with 
the shallow layer in the proximal section of the alluvial 
fan, where most of the recharge takes place. Further down 
the flow path, the two units are separated, and their 
hydraulic connection severed by the regional aquitard. 
The bedrock of the aquifer system is formed by low 
hydraulic conductivity mudstones and volcanic rocks 
formations of Miocene and Cenozoic age, respectively. 

The main discharge flows for the deep aquifer are the 
Pacific Ocean and the shallow aquifer through leakage to 
the aquitard. In terms of material, the deep aquifer 
exhibits a gradual transition from purely continental 
materials and facies in the proximal section, towards a 
marine-dominated facies and materials in the distal 
section. This trend is present also by the eastern and 
western boundaries, starting in transitional facies and 
finishing in marine facies in the mid-section of the unit. 
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The complex geology of the sedimentary units of the 
FAF exerts control over most of the hydrochemical 
characteristics of the groundwater. Certain exceptions 
occur where agricultural contamination seems to modify 
the natural quality along the flow direction. The gradient 
in geological materials appears to control this evolution 
of the water with an increasing dissolution of volcanic 
silicates followed by carbonates in the marine layers. 

The available information from two hydrochemical 
sampling campaigns characterized the groundwater 
chemistry trending in this coastal aquifer from Ca-HCO3 
type in the upper parts of the FAF, which results from 
calcite dissolution, to Na-HCO3 in the rest of the aquifer 
and close to the coast due to cation exchange and silicate 
weathering. EC increases to the coast with residence time 
but the natural background is still remarkably low (EC 

median around 400 S cm-1). Just localized salinization 
has been identified in areas where groundwater levels are 
below sea level but the hydrochemical patterns still 
indicate a freshening aquifer in most of its extension. 
However, this requires detailed and improved 
groundwater quantity and quality with more 
representative monitoring to prevent further 
deterioration. 

The aquifer has a strong redox pattern with prevailing 
low oxygen content groundwaters (DO median around 
0.38 mg L-1) which most certainly contributes to minimise 
the impacts of more than 50 years of intensive agriculture 
in the area. This redox boundary was located at around 50 
metres deep, similar to the average depth of the shallow 
aquifer. The redox boundary supports the existence of a 
regional aquitard that separates a reduced deep regional 
flow from a shallower local flow with exchange of oxygen 
and CO2. 

The groundwater steady-state flow model gave 
important insights into the large unknowns in the aquifer 
system, mainly in the definition of the boundary 
conditions. Better understanding and parametrization of 
the boundaries, as well as the aquifer parameters, would 
allow addressing the problem of non-uniqueness that the 
model currently has. The lack of constraints from hard 
data allows the model to reproduce partially the 
piezometric level by several possible combinations of 
parameters, limiting the usefulness of the model for 
decision making and forecasting. Redefinition of the 
boundary conditions with depth is necessary and were 
indeed tested in some parts of the model improving its 
performance. 

Besides showing the most relevant gaps in knowledge 
of the area, the model worked to aggregate multiple 
sources of information that were unified in a conceptual 
model that appears to be an accurate description of the 
system. Part of the unification and articulation of 
information was the collection and management of the 
abstraction datasets that allowed the first approximation 
to the temporal evolution of the abstractions in the FAF. 
This study is a stepping stone for further endeavours in 
modelling the aquifer system, as well as a solid foundation 
for the definition of management strategies in the area. 

The south coast of Guatemala is already experiencing 
the effects of increased climate variability and climate 
change. The impacts of which can greatly affect the 
aquifer system and the stressors operating over it. To 
grasp some possible effects of the already measured and 
expected climate change for the area, a global change 
scenario was run using the calibrated model. The 
controlling parameters for this run were the boundary 
conditions, which were kept from the baseline scenario. 
This highlights the sensitivity of the model to changes in 
the boundaries, with probably the highest uncertainty in 
the parametrization. 

Future efforts in the modelling of the area should aim 
for the inclusion of the Agua fan inside the model domain 
once the unit is better known. A redefinition of the 
monitoring network for assertive collection of 
information of spatiotemporal relevance should be one of 
the priorities of the authorities and the ICC. The addition 
of current information on the piezometric levels of the 
deep aquifer as well as a better understanding of the river 
dynamics in the area should reduce the level of 
uncertainty and non-uniqueness in the model. Basic 
water accounting strategies could help highlight trends 
and stakeholders in an early and effective manner without 
the need for a fully discretised, transient model. 
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