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Resumo 

A Guatemala é um país muito vulnerável aos impactos das alterações climáticas devido à sua 

localização geográfica e ao facto da sua economia depender em grande parte da agricultura. 

Durante a última década, o país experimentou um aumento de 1,5 ° C na temperatura, com um 

aumento de 52 mm de precipitação em comparação com a média entre 1961-2000. O cone aluvial 

dos vulcões do Fogo-Acatenango é uma área muito produtiva na costa do Pacífico da Guatemala, 

com um rápido aumento da exploração dos recursos de água subterrânea mas com um 

conhecimento hidrogeológico ainda muito reduzido. Este estudo tem como objetivo mitigar 

algumas dessas lacunas de conhecimento, integrando dados geológicos, hidrogeológicos e 

hidroquímicos. Essa integração foi posteriormente traduzida no desenvolvimento e 

calibração de um modelo de escoamento subterrâneo em estado estacionário para avaliar a 

validade do modelo conceptual do aquífero e simular o impacto dos cenários de alterações 

climáticas. O sistema aquífero mostra alguma capacidade de atenuação natural da 

contaminação agrícola difusa com um limite redox localizado a aproximadamente 50 metros 

de profundidade. A intrusão salina parece ter um papel menor na área costeira do 

aquífero, onde os processos geoquímicos evidenciam um sistema aquífero onde predomina 

essencialmente a água doce, com pontuais exceções no aquífero mais superficial junto à 

costa. Atualmente, e de acordo com os dados obtidos confirma-se que o sistema aquífero 

não está a ser sobreexplorado e que apresenta em geral boa qualidade, com alguns sinais dos 

impactos da agricultura sendo necessário, no entanto, melhorar a rede de monitorização para 

reduzir a falta de informação e continuar os trabalhos de investigação. Finalmente, são 

apresentadas algumas recomendações gerais para melhor a gestão dos recursos de água 

subterrânea na região e também algumas recomendações específicas para a otimização da 

rede de monitoração de águas subterrâneas na região de estudo minimizando os custos. 

Palavras-chave: 

Aquíferos costeiros, Modelação de fluxo, vulcões do Fogo e Acatenango, Alterações Climáticas, 

Guatemala.  



 

 

  



 

 

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 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. 

Keywords 

Costal aquifers, Flow modelling, Fuego-Acatenango volcanoes, Climate change, Guatemala.  
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1. Introduction 

Guatemala is a tropical country in Central America, located between the 13 °45' and 17° 50' north 

latitude, and 88° 46’ and 92° 15’ west longitude. Bordered by Mexico (to the northwest), Belize 

(northeast), Honduras (east) and El Salvador (southeast), it has coasts on both the Pacific and 

the Atlantic oceans (Figure 1.1 ). The country is divided into three major areas by three mountain 

ranges, namely the Cuchumatanes Cordillera, the volcanic chain and the south end of the Sierra 

Madre. These highlands host most of the urban developments and population and separate the 

southern lowlands of the Pacific littoral plain from the Petén lowlands to the north. 

 
Figure 1.1 Location of the study area. 

The country can be divided into three major drainage basins: The Pacific, the Atlantic and the 

Gulf of Mexico. The Pacific drainage basin gathers all the streams that flow towards the Pacific 
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Ocean (22% of the country and counts 18 watersheds). These streams are characterized by their 

short length, averaging in 100 km, with steep slopes in the heads of the rivers and a rapid 

flattening towards the ocean. Moreover, the streams of the Pacific drainage basin carry large 

sediment loads from the inputs of the volcanic range, where such streams have their source. The 

above-mentioned factors, along with the typical heavy rains of the area, contribute to reducing 

concentration times that increase the occurrence of flash flooding of the coastal plain. Given the 

climatic, physiographical and the anthropogenic impacts over these streams, baseflow is 

strongly affected by the seasonality. 

The Atlantic drainage basin represents the second major division of the surface waters of 

Guatemala (31% of the country and has 10 watersheds). This group of streams includes the 

longest river of the country, the Motagua River, with over 480 km long. The slopes of the 

watersheds are gentle, and the concentration times are longer, which reduces the occurrence of 

flash flooding. Instead, floods are slower and tend to last longer. Baseflow is also more stable 

throughout the year compared with the large variability of the Pacific drainage basin. 

Finally, the Gulf of Mexico drainage basin collects all the remaining streams of Guatemala (47% 

of the country and has 10 watersheds). Similar to the Atlantic drainage basin, the streams are 

long and include the rivers with the largest discharge of Guatemala. Baseflow and flooding 

behaviour is similar to the streams in the Atlantic drainage basin (INSIVUMEH, 2016). 

In terms of geology, Guatemala sits in a triple point between the North American, Cocos and 

Caribbean plates (Figure 1.2). A series of complex interactions between the three plates has 

resulted in the intricate orography of the country. Starting from the north, the subduction of the 

Cocos plate under North America created the Sierra Madre, a mountain range that extends all 

the way from Mexico to Guatemala. A broad deformation belt was formed in the suture zone 

where the North American and Caribbean plates meet. Such clash of continental masses gave 

rise to the Cuchumatanes Cordillera and the Sierra de las Minas-Chuacus orogen. Further south, 

the subduction of the Cocos plate under the North American and Caribbean plates formed the 

eastern volcanic range (Authemayou et al., 2011). 



 

3 

 

Figure 1.2. Tectonic setting of Guatemala between three plates. The limits between plates and 
location of the suture zone are approximated. Modified from Authemayou et al., 2011. 

This tectonic environment has produced over 30 volcanoes that border the Pacific coast. The 

Pacific volcanic range includes various volcanoes in constant activity, which act as a constant 

source of fertile soil. It is this fertility that constantly places people and infrastructure under 

high risk of volcanic related hazards. And, it is this duality that is deeply rooted in the identity 

and history of the country (Estrada Montiel, 2015). 

1.1. Problem statement 

The combination of its diverse physiography and geographical position gives Guatemala a wide 

spectrum of climatic conditions. Most of the country is classified as a tropical savanna and 

tropical monsoon, yet the range of climates goes from hot semi-arid to tropical rainforest 

(INSIVUMEH, 2003). It is also highly affected by El Niño and La Niña that are opposite phases 

of what is known as the El Niño-Southern Oscillation (ENSO) cycle, with the common 

occurrence of other mesoscale weather patterns like cyclonic and non-cyclonic activity. La Niña 

is sometimes referred to as the cold phase of ENSO and El Niño as the warm phase of ENSO. 

These deviations from normal surface temperatures can have large-scale impacts not only on 

ocean processes but also on global weather and climate, altering precipitation, radiation and 

temperature patterns that lead to extreme weather events with economic implications (Bardales 

Espinoza et al., 2019; INSIVUMEH, 2018; Suárez, 2016). 

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 
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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) 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 (Figure 1.3), of which 93% is sugar 

cane (MAGA, 2010). 

 
Figure 1.3. Simplified land use map for the Fuego-Acatenango alluvial fan for 2010. Modified from 
MAGA, 2010. 

The Sugar Cane Industries Association of Guatemala (ASAZGUA) gathers some of the main 

stakeholders in the agriculture sector. To better understand and cope with extreme events and 
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climate change, ASAZGUA created several institutions, including the Institute for Climate 

Change Research (ICC) in 2010. The objective of the ICC is to provide a technical perspective 

and coordinate actions to adapt and mitigate climate change in communities, productive 

processes and the infrastructure of the region. 

An anomalously strong ENSO happened during the 2014-2016 period. Known as El Niño 

Godzilla, this phenomenon reduced the precipitation by 12% for the months of May to October 

(2015-2016) in the rainy season. Furthermore, from May to August 2016 at the beginning of the 

wet season, precipitation was 50% of the total predicted. Such a decrease in precipitation carried 

an equal drop in river discharge (Kintisch, 2016). With some rivers failing to reach the ocean, 

public unrest arose in the region. To address the situation, the ICC started to regulate industrial 

water consumption from surface sources. These controls have ensured a minimum flow in the 

rivers for the driest periods. Nevertheless, industries started to drill more boreholes to provide 

the needed water. 

The competition for water, especially groundwater, can severely affect the local 

communities(ICC, 2014; Lentini, 2010). According to the National Institute of Statistics (INE), 

for 2011 only 46.5% of the households in the Esquintla Department, where this study took place, 

had a direct connection to piped water. The remaining 53.5% relied on self-procured sources like 

groundwater. There is limited knowledge of the groundwater resources and the stress the 

resource is under. Considering the social, economic and environmental relevance of 

groundwater resources in the Fuego-Acatenango alluvial fans, the ICC has turned its attention 

to improving groundwater monitoring and investigation. A collaboration with the Instituto 

Superior Técnico (IST) in Lisbon and the Erasmus Mundus Joint Master Programme on 

Groundwater and Global Change (GroundwatCH) was initiated in 2017 to improve groundwater 

knowledge and awareness aiming to improve groundwater governance. 

1.2. Objectives and research questions 

The general objective of this thesis is to further the groundwater knowledge of the Fuego and 

Acatenango volcano-sedimentary fan following the GroundwatCH MSc thesis by Gil Villalba 

(2018), which included a detailed geophysical and hydrogeological investigation to define the 

main hydrogeological units, define groundwater recharge and characterize main patterns of 

groundwater quality. Specifically, this research aims at developing a groundwater flow model, 

calculating the aquifer water balance and defining the main groundwater quality constraints. 



 

6 

The following research questions aim to answer the general objective expressed above and the 

specific problems raised within the problem statement: 

 How is groundwater flow in the Acatenango-Fuego volcanic system?  

 What are the main hydrogeological characteristics and parameters of the groundwater 

bodies? 

 Is the present-day groundwater abstraction sustainable? 

 What are the main chemical signatures of the groundwater? 

 Are there groundwater quality constrains to use the water for public supply or irrigation? 

 How can global change affect the aquifer and related surface water bodies and 

ecosystems? 

1.3. Methods 

For the present investigation, a field campaign was done between the 26th March -12th May in the 

study area and in collaboration with ICC:  

 to characterize the geology and hydrogeology; 

 to inventor and create a database of wells, boreholes and springs; 

 to monitor surface and groundwater levels; 

 to collect bore log information; 

 to get information on pumping tests and pumping rates; 

 to carry out a 2nd field campaign to sample groundwater (33 samples). 

From the collected bore log data, a conceptual model of the studied area has been developed 

and used as the starting point to generate a groundwater flow numerical model using 

Groundwater Modelling System (GMS) software (Aquaveo®). Measured piezometric levels and 

groundwater recharge estimates were used to calibrate the model under steady-state conditions. 

Information on pumping was used to simulate the impact of global changes such as pumping 

and climate change scenarios.  

Geochemical and geological data was used to validate the conceptual model and the main 

modelling assumptions and results. The integration of flow modelling results and groundwater 

quality permitted the assessment of the vulnerability of the aquifer to activities such as 

agriculture and urbanization and identify potential risks of nitrate diffuse contamination and 

saline intrusion. 
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The dissemination of the research results aims at promoting active public participation to 

improve the sustainability of groundwater management. 

The present study is divided into nine chapters. Chapters 1 to 0 cover the background 

information, as well as the conceptual model and structure that was implemented in the flow 

model in chapter 6. This steady-state flow model was used to simulate a global change scenario 

in chapter 7. Finally, chapter 8 and 9 cover the conclusions of this study and some future 

recommendations for the advancement of the hydrogeological knowledge in the area. 
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2. Geology 

Appropriate geological conditions are one of the key factors needed for the occurrence of 

groundwater. Therefore, detailed geological information is critical to properly define the 

boundary conditions and main hydrogeological characteristics of the aquifer. In this chapter, 

the geology of the Pacific plain and the Fuego-Acatenango alluvial fan (FAF) will be introduced 

and discussed since the previously available information is quite limited. A review of 

sedimentological data from borehole observations is presented and the main lithostratigraphic 

units in the study area are defined. 

2.1. The Pacific Plain 

The west coast of Northern Central America started experimenting compressional tectonics as 

early as lower Cretaceous due to oceanic plate subduction under the proto Caribbean plate. This 

subduction is still active, resulting in an active volcanic arc that extends from Guatemala to 

northern Panama (Geldmacher et al., 2008; Molnar, 2008). The Pacific plain of Guatemala is a 

forearc basin limited by such active volcanic arc and the Middle America Trench (Figure 2.1). 

With an oceanic crust base and a facial continuum from marine abyssal to continental facies, 

this forearc basin is the geological setting of the Fuego-Acatenango alluvial fan (FAF) (Aubouin 

et al., 1982; MEM, 2015). 

 
Figure 2.1. Geological schematic profile of the south Pacific plain including relative position of three 
deep boreholes with stratigraphic information. Modified from MEM, 2015. 

2.2. The Fuego-Acatenango alluvial fan 

The Fuego-Acatenango alluvial fan (FAF) is the result of the accumulation of sediments from 

the Volcanic Range to the Pacific Plain down the Coyolate, Achiguate and Acomé rivers. The 
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sediments in the area are deposited by processes that can be classified into two categories: fluvial 

and volcano-sedimentary. On one hand, fluvial processes occur in a specific position in space 

(i.e. riverbed, flood plain) but are a constant in time for continental environments (Nichols, 

2009). On the other hand, volcano-sedimentary processes will usually occur in short bursts of 

activity over large areas. Examples of volcano-sedimentary processes in the area are volcanic 

avalanches, pyroclastic flows, ash falls and lahars between others. 

Contrary to fluvial related deposits, volcano-sedimentary units do not depend on the presence 

of water. In fact, only the lahar type deposits are related to water. This means that a single 

volcanic event can cover large areas and produce large quantities of sediments that are not 

spatially confined to riverbeds or flood plains (Martí et al., 2018).  

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. In Figure 2.2 an interpretation is made of a road outcrop in the vicinity of the FAF and 

where there is a superposition of fluvial and volcano-sedimentary processes. Note the limited 

lateral continuity of the layers as well as the constant changes in texture which is indicative of 

the complexity of this FAF systems.  

 
Figure 2.2. Road outcrop of a volcano-sedimentary deposit showing a paleo-valley fill and textural 
variations (approximate height is 4 m) 
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In terms of sediment composition, most of the active sediments are originated in the volcanic 

range and are transported from the headwaters to the ocean. 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. In Figure 2.3 it is well illustrated the impact and dynamism of volcanic activity over the 

sediment transport and deposition in the area. 

 
Figure 2.3. Lahar deposits of the Fuego volcano eruption on the 3rd June 2018 (From Gil Villalba, 
2018). 

The sedimentological facies of a unit are the specific and unique characteristics of a rock body, 

reflecting the transport and final deposition environment, as well as biochemical processes 
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affecting those sediments. In general, the facies of a coastal unit mostly depend on the balance 

of a three components system of absolute sea level, sedimentation rate and tectonic vertical 

movement. Changes in these three components determine the dominance of continental, 

transitional or marine facies in a given moment in space and time (Nichols, 2009).  

From borehole data, the FAF can be divided into three general areas of differentiated facies 

(Figure 2.4). The proximal zone of the FAF is dominated by sediments deposited in continental 

facies, while the distal part can be further divided in marine dominated environments and an 

additional area with a transition from marine to continental environments. This mentioned 

zonation suggests an early stage of high deposition in the Agua Fan, feeding sediment into the 

platform, followed by a shift in activity to the Acatenango-Fuego volcanic system. The marine 

dominated area would then be uplifted by tectonics or sea level changes into the present-day 

configuration. 

 
Figure 2.4. Distribution of sedimentological facies identified in borehole data (Modified from Gil 
Villalba, 2018). 

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 2.5). The anomalous hourglass shape of the Achiguate basin is interpreted as evidence 

of the influence of this feature over the FAF. 
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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 2.6). 

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). 

 
Figure 2.5. 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. 
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Figure 2.6. 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). 

It can be concluded then, that the ample diversity of processes occurring in the FAF have 

produced a highly heterogeneous association of sediments. The heterogeneity is not limited to 

textural characteristics but also compositional with different levels and types of diagenesis. The 

later can have important hydrogeological consequences on the heterogeneity and anisotropy of 

the hydraulic properties of the materials. 

2.3. Stratigraphy of the Fuego-Acatenango alluvial fan 

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 
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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 2.6). 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 this category are the fluvial and 

the volcano-sedimentary type deposits, already discussed in section 2.2. 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. 

Gil Villalba (2018) classified the FAF in the following stratigraphic units that were modified to 

account for current nomenclature according to the International Commission on Stratigraphy 

(Cohen et al., 2013). 

- Cenozoic (Miocene to Pliocene?) volcanic rocks (Ev): Fractured andesites have been 

found in deep borehole logs in the northern part of the study area. Close to the study 

area, there are volcanic outcrops dated as Cenozoic, which are formed by tuffs, lava flow, 

lahar material and volcanic sediments. Locally might show secondary porosity as 
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fractures. End-resistivity values corresponding to this unit are higher than the southern 

values, reaching end-resistivities between 15 and 25 Ωm. 

- Miocene mudstone (Nm): The deepest layer measured is most probably a massive 

mudstone Miocene formation. Low sedimentation velocity environments in the period 

when Cocos plate started subduction processes leading to vulcanism in the area. The 

resistivity of mudstone can be as low as 1Ωm, matching the low-end resistivity of VES 

results. Miocene and Pleistocene mudstone layers were found in the DSDP near to the 

study area (DSDP, 1982). 

- Pleistocene alluvial sediments (Qpa): Mainly formed by a thick succession of grey 

clayey and green silty continental and lacustrine materials leading to formation 

resistivities around 15Ωm. Fluvial coarser deposits are interbedded in the formation. 

Although seldom fluvial deposits present clayey matrix, usually these units are a target 

of borehole drilling companies, which might indicate they form deep aquifer units. 

- Pleistocene marine sediments (Qpm): Sand interbedding become less significant 

while clayey silt and clay layers become thicker in-depth. Marine fossils are found in this 

formation. Resistivity values range between 10 and 15 Ωm. Formation is significantly 

more extensive than the overlying Holocene marine sediments.  

- Pleistocene transition sediments (Qpi): Deposits of mixed alluvial and marine origin 

have been mapped in borehole core analysis. A shift in low-end VES results was also 

measured in this transition zone, reaching resistivity values around 5Ωm.  

- Holocene alluvial sediments (Qha): Alluvial deposits are superficially widespread in 

the study area, forming the main shallow aquifer unit of the alluvial fan. Although the 

formation is heterogeneous in grain size distribution, two large confining units where 

located. VES results revealed these formations have resistivities of 10 and 25. Borelog 

analysis showed the presence of alluvial deposits with clay matrix, which most probably 

corresponds with these formations. Confining units separate the alluvial coarser deposits 

creating a thin, shallow aquifer in the mid and low part of the alluvial fan and a thick 

regional semi-confined aquifer underneath. Pumice local layers can be found close to the 

coast. Salinization of this layer has been identified in the central and western part of the 

alluvial fan.  

- Holocene marine sediments (Qhm): Beach coarse deposits are formed of 

unconsolidated coarse sand-sized sediment. They are located close to the littoral area 

and can achieve thicknesses over 150 metres, becoming the thickest aquifer unit in the 

coastal zone. Local water extractions have proved this aquifer to be highly productive.  
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- Holocene volcanic debris (QvD): It is considered to be the result of mass colluvial 

movement processes. The unit is in the northernmost side of the alluvial fan, formed by 

volcanic debris. Fieldwork observations describe the unit as a structureless mixture of 

volcanic dark sand, gravel, cobbles and boulders, with sandy silt to silty clay matrix 

(Figure 5-10). Rock fragments present a subangular shape. Formation resistivity range is 

the highest measured in the study area from 250 to 800Ωm. 

Note that there is no information on bed contacts, so hiatus detection is impossible. The above 

units are informal and require further refinement and dating. The depositional environments 

and dynamics of the FAF limit the selection of guide beds to do a correlation between boreholes. 
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3. Hydrogeology 

The study of the hydrogeology of the Fuego-Acatenango alluvial fan (FAF) has until recently 

been very limited but the constant efforts of the ICC to implement monitoring programmes, to 

contract hydrogeologists and to co-fund collaborations with foreigner universities are starting 

to fill this gap. In this chapter, it is presented the general framework of the Fuego-Acatenango 

alluvial fan aquifer system regarding the hydrogeological units, their hydraulic properties, as 

well as piezometric levels and groundwater flow. A section is dedicated to the different uses in 

the area including information on groundwater abstraction and its temporal evolution. This 

information will be used later in the setup and calibration of the flow model in chapter 6. 

3.1.  General framework of the aquifer system 

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 3.1. 

Table 3.1. Conceptual distribution of the geological formations into hydrogeological units. 

Geological Formation 
Hydrogeological Formation Role 
Proximal  
section 

Distal 
section Aquifer Holocene volcanic debris (Qhv) Hidro 1 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 

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, 
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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. These properties will be discussed in 

Chapter 6. 

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 3.1). 
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Figure 3.1. 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 2.6. 

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 3.2. Two typical areas of groundwater-surface water interactions are 

illustrated by the river and a noria. A noria is a large (~2600m2) artificial lake that intersects the 

water table and is pumped to irrigate the fields. 
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Figure 3.2. 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 3.3 

shows a cross-section of the hydrogeologic semi-parallel to the regional flow path. From the 

cross-section, it is worth noting that the regional tectonic trend is followed as a gentle syncline 

geometry with the axis parallel to the coast (orthogonal to the cross-section). The thickness of 

the hydrogeological units is highly heterogeneous given the nature of the different layers that 

compose the aquitard. This heterogeneity added with the relative thickness of the aquitard had 

an impact on the modelling of the structures in MODFLOW, as will be discussed later in Chapter 

6. In general, the FAF aquifer system gets thicker closer to the sea, where the aquitard is partially 

absent or very thin. 
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Figure 3.3. 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. 

3.2. Groundwater use in the Fuego-Acatenango alluvial fan 

Groundwater in the area is used mainly by three stakeholders (Table 3.2). The largest estimated 

groundwater abstraction rates are for large scale industrial (distilleries) or agricultural facilities 

(sugar cane production). This fraction of the abstraction is done using deep (> 60m) boreholes 

with varying productivities. Additionally, the industry exploits the shallow aquifer with what is 

known as a noria (Figure 3.2). A total of 346 of such structures were mapped Using Google 

Satellite™, representing a combined surface area of over 1 square kilometre of open water (Map 

of the distribution can be found in Annex B). 

The norias are a very cheap and effective way to abstract groundwater from the shallow aquifer. 

A report from one of the companies in the area details the abstraction rates of 43 of these 

structures. In general, groundwater is pumped 24 hours a day for 160 days a year during the dry 

season. The abstraction rate varies around 0.05 to 0.1 m3 s-1 with an average annual abstraction 

rate of 2160 m3 d-1. 
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Figure 3.4. Example of a Noria in the Fuego-Acatenango alluvial fan, a groundwater and rain-fed 
pond that is used for crop irrigation. 

For the case of boreholes used for irrigation, the information available came from the borehole 

logging reports, a self-reported database by one of the companies in the area and information 

collected during the hydrochemical sampling. The report by the company details the average 

pumping rates, working hours and working days per year for 14 irrigation boreholes. The yearly 

average abstractions from this report are summarized in Table 3.2 

Table 3.2. Summary of the reported abstraction rates for irrigation 

 Minimum Mode Average Maximum 
Depth (m) 180 195 209 274 

Pumping rate (L s-1) 110 126 136 159 

Working hours 22 24 24 24 
Working days 97 129 181 347 

Annual average abstraction rate 
(m3 d-1) 2500 - 5800 12477 

Total annual abstraction (hm3) 27.6 

The other two stakeholders use groundwater for human consumption mainly. According to the 

National Institute of Statistics (INE), for 2011 only 46.5% of the households in the Escuintla 

Department, where this study took place, had a direct connection to piped water. The remaining 

53.5% relied on self-procured sources like groundwater (INE, 2011). Nevertheless, the mentioned 

statistics consider communal and other private group groundwater abstractions as piped water. 
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In the case of the private rural users, most of the abstraction is done in large diameter (~1.5m) 

dug wells using small electric pumps or buckets. 

Private boreholes for human consumption are very common in the area. At the moment, no 

registration or permit is needed for the use or drilling of groundwater abstractions at any level, 

which hinders any efforts for the estimation of groundwater abstracted. A dataset containing 

around 200 of these boreholes with information on total depth and the maximum recommended 

abstraction rates were used to approximate this figure. For this case, the boreholes were grouped 

into 50 representative abstraction points using spatial analysis tools in QGIS. The abstraction 

rate of each of these representative boreholes was calculated as 40% of the sum of the critical 

production reported for each borehole in the group. To define the screening interval, the 

minimum depth was chosen as the start of the screen, with the deepest borehole accounting for 

the deepest screen. The grouping was done to lower the chances of overlapping and to synthesise 

and protect sensitive information. The 40% of the critical abstraction rate was chosen to account 

for the expected use of the groundwater in a private borehole with intermittent pumping, but 

still giving room for other unreported abstractions.  

A summary of the abstractions in the studied area of FAF is given in Table 3.3. 

Table 3.3. Groundwater abstraction by use, type and reported productivity. 

Use Type Depth (m)* Productivity (m3 d-1)* 

Private rural Dug well <10 n.d. 

Private/ public urbanized Borehole 90 2700 

Industrial 
Borehole 150 6600 
Noria† 6 4300 

* Mode of reported depths and productivities per year. n.d. No data. † for description see text. 

Another indirect use of groundwater is to guarantee minimum river flow rates in pre-defined 

river water transfer schemes, especially in the dry months when river flow is almost entirely 

groundwater discharge. The FAF is crossed by a series of unlined, leaking canals that import and 

export water from different basins. This network of artificial recharge zones alters the 

groundwater-surface water balance on the local scale, and potentially on the regional scale. The 

consequent redistribution of the resource could potentially mask areas of excessive abstraction 

or contamination. For example, a local community rose complains after the intervention of a 

nearby canal that triggered the lowering of piezometric levels in the dug wells of several 
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households. In this case, a potentially depleted zone of the aquifer is being artificially recharged, 

delaying the detection and intervention of the area. It also shows potential for remediation of 

overexploited areas in the shallow aquifer. 

3.3. Groundwater development in the Fuego-Acatenango alluvial fan 

In the previous section, an overview of the use of groundwater in the study area was presented. 

In this section, the available information was used to generate a timeline of the evolution of 

groundwater abstractions in the area. The calculations were done using the reported critical 

abstraction rates for each point and the results are presented in Figure 3.5. The dataset includes 

308 data points (private boreholes, norias and industrial boreholes) and no clogging or 

abandonment of the abstraction points was considered. 

The total reported capacity in the area is 464 hm3 per year for 2017. It represents between 47 to 

55% of the estimated recharge rate from precipitation (see chapter 3.6). It is important to 

mention that the information presented here is a very small sample of the boreholes, wells and 

norias with only 308 points. The real evolution of the abstractions is unknown, including the 

rapid increase in capacity since 2015. Nevertheless, this rapid increase in the number of 

abstraction points coincides with the particularly dry “El Niño Godzilla” event in 2015 (Kintisch, 

2016). 

 
Figure 3.5. Evolution of the reported abstraction capacity in the study area (308 data points). 

3.4. 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. 
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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 3.6).  

 
Figure 3.6. Distribution in time of piezometric observations of the shallow aquifer by the ICC. 

The piezometric map of the shallow aquifer (Figure 3.7) 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, almost perfectly linear. The 

data was detrended and interpolated using kriging in Surfer™15. The variogram for the 

detrended data can be seen in Figure 3.7. 

 
Figure 3.7.a. 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. 
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It can be seen that the general groundwater flow occurs from the volcanoes in the north towards 

the south, discharging into the Pacific Ocean. It is noticeable also the effect of the rivers in the 

piezometric level. In general, the rivers seem to change from mostly gaining to mostly losing, 

around the 40 masl contour. This 40 masl contour marks also a change in hydraulic gradient, 

possibly related to changes in the hydraulic properties of the aquifer, as well as changes in the 

slope of the area. The change in gradient is accentuated in the centre of the FAF, compared to 

the areas close to the boundaries, especially the eastern boundary. The variations seen in the 

hydraulic gradient seem to be related to changes in the geological material, specifically in terms 

of sedimentary facies and provenance. As discussed in section 2.2, there is a separation of 

sedimentary facies, with mostly continental to the north, mostly marine to the centre, and 

transitional variations on the sides (Figure 2.4). United with the type of weathering and pore-

filling processes described in the same section, the evidence shows a zonal anisotropy and 

heterogeneity present in the aquifer system. 

A very important feature is the effect that the Agua fan (Figure 2.5) seems to be producing in the 

eastern border, where the piezometry shows 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. 

Considering the high costs in time and energy required to measure the piezometric level in the 

area it is important to optimize the monitoring network. Optimization strategies for the 

monitoring network are discussed in section 9.1. 

At the moment, the ICC does not measure or compile piezometric information for the deep 

aquifer. The only monitoring of deep boreholes in sporadically done by some of the private users. 

In the best cases, private users declare to collect piezometric information once or twice a year 

but unfortunately, the data was not accessible for public domain. Nevertheless, a very rough 

estimation was done using the reported groundwater level in the borehole drilling reports 

(Figure 3.8). 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 3.8. 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 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. 

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 3.9).  

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 as discussed in section 2.2 and with hydrochemical data as will 
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be discussed in Section 5. Anecdotal accounts of formerly artesian wells also support the 

observations of both groundwater decline and the confinement of the deep aquifer. 

 
Figure 3.9. 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. 

The anomalous occurrence of the isolated potential discharge area in the middle eastern area of 

the FAF is located under the Achiguate river and coincides with the area where the FAF meets 

the Agua Fan. This increase in piezometric level in the deep aquifer could be caused either by a 

discharge of groundwater from the Agua fan into the FAF or a rapid change in hydraulic 

properties that forces the water upwards. There is high uncertainty in this map, with the added 

uncertainties of the original maps. This is most evident in the South-East corner of the map, 

with artefacts of the kriging process showing rapid changes in the contours.  

3.5. Hydrogeological Parameters 

The knowledge of the hydrogeological parameters in the Fuego-Acatenango alluvial fan is very 

limited, especially considering the high heterogeneity discussed in sections 2.2 and 3.1. With 

most of the hydrogeological information scattered between the private companies and an almost 

complete absence of national water regulations, the integration and coordination efforts of 

collecting drilling and monitoring data was left entirely for the ICC. As part of these efforts to 

fill the gaps in knowledge of the hydrogeology of the FAF aquifer system, three pumping tests 
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were performed and analysed for the completion of this study by the hydrogeologist Pierre 

Matran (Matran, 2019). Other reports of transmissivities (Table 3.4) fall within the same 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. 

Table 3.4. 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 

Manglares‡ Shallow 
aquifer 2.95×10-2 2070 2550 n.d. - 

San 
Francisco 

 

4.17×10-6 207 361 n.d. - 

San 
Francisco 4.17×10-6 207 361 n.d. - 

San Antonio 
E.V. 2.11×10-5 2000 2740 76 31.1 

Cerro 
Colorado 

 
Confined 
aquifer 

7.04×10-5 130 245 n.d. - 

Chipilapa 2.69×10-1 14.3 16.1 n.d. - 
CENGICAÑA 2.03×10-4 22.5 20.4 n.d. - 
Magdalena 

S.A. 8.61×10-4 894 892 n.d. - 

Malta 8.35×10-5 3002 3014 73 41.2 
La Paz 4.17×10-5 1529 1506 73 20.8 
Sevilla 2.29×10-3 881 882 n.d. - 

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. 

Field and remote sensing observations show that the shallow aquifer is highly heterogeneous, 

with multiple paleochannels offering preferential flow paths (Figure 3.10). These preferential 

flow paths are well-known for their productivity and are used for the construction of these 

structures. 

Considering the marked heterogeneity of the shallow aquifer, it can be expected for the 

continental facies of the deep aquifer to present similar characteristics. This anisotropy and 

heterogeneity highlight how important it is to perform more aquifer tests in the area to better 

understand the nature of the aquifer system. 
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Figure 3.10. Satellite image of a spring (white dot) on a Google Satellite™ natural colour (left) and 
RGB composite 5-4-3 (right) showing the paleochannels. Note the changes in scale. The RGB 
composite was built using QGIS SCP plugin. 

3.6. Recharge estimations 

Several studies have recently calculated recharge estimations for the Fuego-Acatenango alluvial 

fan (FAF) using different methodologies like fully distributed soil water balances and regional 

approximations with chloride balance. According to these studies, the recharge in the area varies 

from 831 to 984 hm3 per year (Gil Villalba, 2018; ICC, 2019a, 2019b), with peak net recharge 

occurring in the months of May, June and October with recharge values close to 90 mm (ICC, 

2019b). Because these studies were very recent, the estimation of recharge was considered out 

of the scope this thesis and the previous results were used. 

The distribution of the net recharge is also space-dependent, with most of the recharge 

occurring in the altitude band between 100 to 500 masl. In this altitudinal band, representing 

approximately 5% of the total area of the FAF, up to 11% of the recharge takes place (Gil Villalba, 

2018). 

Considering that an intermediate recharge estimation is a conservative approach from a resource 

management perspective, the recharge rates from ICC (2019a) are the ones considered for this 

study (see Figure 3.11) with a recharge rate of 893 hm3 per year. This rate corresponds to ~26% 

of the annual precipitation. 
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Figure 3.11. Voronoi polygons for the modelled area with the calculated recharge rate in mm per 
year (Modified from ICC, 2019a). 

It is important to highlight that approximately 70% per cent of the area is irrigated land with 

various methods and efficiency levels. Previous estimations of recharge only consider the 

recharge by precipitation. 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. 
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4. Climate and Climate Change 

Climate exerts an important control over the hydrological cycle by regulating energy and matter 

fluxes in a system. In the case of groundwater, the impacts of the climate are not limited to the 

inputs and outputs of the aquifer system, but also as a regulator of external stress like human 

abstractions or contamination. This means that climate is not only a boundary condition of the 

aquifer system, but also a driver of internal stresses. 

In this chapter, the general climatic patterns in Guatemala are introduced, as well as some 

sources of climate variability. A brief description of the measured and expected climate change 

for the country and the Pacific plain will be given. A summary of various recharge estimations 

will follow, to finalize with a discussion on the implications of these boundary conditions for the 

Fuego-Acatenango alluvial fan. 

4.1. General Climatic patterns 

Guatemalan climate is divided into two seasons: one rainy season from May to October, and one 

dry from November to April (Figure 4.1). These two seasons are a consequence of the tilt of the 

axis of the earth and its relative position to the sun. 

 
Figure 4.1. 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. 
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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 Central American region is strongly affected by the Pacific and Atlantic oceans. El Niño 

Southern Oscillation (ENSO) is one of the most studied sources of climate variability in the 

region. ENSO is an anomalous exchange of energy between the Pacific Ocean and the 

atmosphere (Figure 4.2). The anomaly can lead to an alteration of the normal ocean-atmosphere 

circulation with impacts extending from Oceania to Central America and beyond. In Guatemala, 

El Niño brings a decrease in precipitation and La Niña is accompanied by an increase in 

precipitation.  

The effects of ENSO over Guatemala are not limited to the rainfall, but also on the intensity, 

timing and duration of the wet and dry seasons. Furthermore, cyclonic activity is positively 

correlated with La Niña, while El Niño inhibits the development of cyclones (Bardales Espinoza 

et al., 2019; Marroquín and Gómez, 2019). 

 
Figure 4.2. ENSO atmospheric circulation schematic during the negative phase, or El Niño, (upper) 
and the positive phase, or La Niña (lower). From NOAA, 2014. 
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Other sources of climate variability come from teleconnections, which are indirect alterations 

of the atmospheric conditions due to changes far from the zone of interest. For the Northern 

Tropical Atlantic, the teleconnection is though the Northern Atlantic Oscillation, while the 

Pacific is affected by the Pacific Decadal Oscillation. These two sources have a smaller impact 

on the climate in Guatemala. Nevertheless, the coupling of either with the ENSO can increase 

the possibility of extreme weather events in the region (Bardales Espinoza et al., 2019). 

Although these climatic patterns are common to the whole country, the diverse physiography and 
the presence of both Atlantic and Pacific oceans have an impact on regional climate. 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. 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 4.3). 

 

 

 

Figure 4.3. Isohyets in mm per year with the climate graphs for the Balsamo and San Antonio El 
Valle weather stations. Isohyets modified from INSIVUMEH (2003). 

4.2. Measured and Projected Climate Change in Guatemala 

Guatemala has been identified as a highly vulnerable region with high exposure to climate 

change due to the geographical and socioeconomic conditions of the country (Magrin et al., 

2014). Poverty, illiteracy, malnutrition, inequality and rapid demographic growth are 

accompanied by a high dependence on agriculture for economic growth (21% of the 2016 GDP) 

and employment (29% of the occupation for 2016) (Marroquín and Gómez, 2019). 
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The country has experienced an important change in precipitation and temperature patterns in 

the last decades. On a national level, precipitation has increased by 52 mm comparing the 

reference period of 1981-2000 with the average for 2001-2016. This increase in precipitation was 

measured in 62% of the weather stations and represented a change of up to 43% of the reference 

period. On the other hand, 28% of the stations reported a decrease in annual precipitation of up 

to 30% (Bardales Espinoza et al., 2019). 

The national annual average temperature has increased by 1.5 °C regarding the reference period 

of 1961-2000. This warming can be up to 3°C in certain regions of the country. The variation on 

the temperature patterns is the consequence of what seems an increased climate variability and 

global-scale climate change (Bardales Espinoza et al., 2019; INSIVUMEH, 2018). 

4.2.1. Measured climate change in the Fuego-Acatenango alluvial fan 

The San José Port weather station is part of the monitoring network of the INSIVUMEH, with 

the longest continuous record of the weather in the FAF (Figure 4.4). The following results are 

taken from the report on variability and climate change in Guatemala by the INSIVUMEH (2018). 

The precipitation in the San José Port has experienced an important change in the last 20 years 

(Figure 4.5). When comparing the 2001-2014 period with the reference, the median annual 

precipitation has increased by over 280 mm. The driest year in the period of interest corresponds 

to values between the 10th and 25th percentile for the reference period. This means that a year 

that fell between the 10th and 25th percentile in the reference period falls below the 10th percentile. 

On average, the area has experienced an increase of 29 mm per year. The increase in 

precipitation occurred not only for dry years but also for extreme years with a noticeable change 

in the skewness of the distribution. Dry years defined by the annual precipitation have become 

less common while very wet (i.e. >90th percentile in the reference period) are more common. 

For the reference period, the distribution seems symmetrical around the mean, while the period 

of interest seems to be positively skewed. Increased intensity and retardation for the start of the 

rainy season were also detected. 
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Figure 4.4. Location of the San José Port weather station. 

 
Figure 4.5. Boxplot of the annual precipitation in the San José Port for the reference period (1971-
200) and the period of interest (2001-2014). Modified from INSIVUMEH, 2018. 

Temperature, on the other hand, has experienced an increase by almost one degree from the 

reference period (Figure 4.6). The most noticeable change in the temperature compared with 

the reference period is the smaller range. This means that not only the average temperature has 

increased, but also that there is less variability. The distribution of the period of interest shows 

that the average temperature for the region has become more stable and warmer. 
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Figure 4.6. Boxplot of the annual average temperature for the reference period (1971-2000) and the 
period or interest (2001-2014) as registered by the San José Port weather station. (Modified from 
INSIVUMEH, 2018). 

A better representation of the temperature variability can be seen in Figure 4.7. The temperature 

anomaly was calculated using equation 1. 

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 =  𝑶𝑶𝑶𝑶𝑶𝑶.−  
𝟏𝟏
𝟑𝟑𝟑𝟑

� 𝑻𝑻𝒊𝒊�
𝟐𝟐𝟑𝟑𝟑𝟑𝟑𝟑

𝒊𝒊=𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
 

1 

 

The distribution of the anomalies shows that there was a change in the temperature in 1994. 

After this year the anomalies have been consistently positive with the exception of two years 

with negative or no anomaly. 

 
Figure 4.7. Temperature anomalies registered in the San José Port weather station. Negative 
anomalies are shown in blue and positive anomalies are show in red Modified from INSIVUMEH, 
2018. 
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These measured climate changes have direct impacts on the hydrological cycle, but there is very 

limited information on what those impacts are for the study area. Nevertheless, an increase in 

temperature directly implies an increase in evapotranspiration rates by altering the energy 

balance in the surface. Recharge rates are also affected by the changes in precipitation intensity, 

with a consequent increase in runoff. A delayed start of the rainy season would increase the need 

for irrigation, while also affecting the availability of surface water for irrigation by altering the 

groundwater-surface water interactions. 

Some of these effects, like decreased river baseflow, are already happening in the area forcing 

action from organizations like the ICC. Groundwater has a buffering effect on hydrological 

extreme events, which makes it a valuable asset for sustained production in a region. However, 

this buffer effect has a down-side. The lower degree of coupling between the groundwater 

system with precipitation relative to the coupling between surface water and precipitation delays 

a response to hydrological changes in the system (Vaux, 2011). This delay might mask the effects 

of overexploitation of the resource and other stressors like contamination. Under the 

circumstances here discussed, it is clear that the monitoring efforts must be strengthened to 

avoid long-term effects on the groundwater bodies of the Fuego-Acatenango alluvial fan. 

4.2.2. Climate change projections for Guatemala 

As part of the assessment of future climate change for Guatemala, the INSIVUME downscaled 

the results of the mesoscale HadRM3P regional climate model using PRECIS1 to evaluate the A2 

and B1 scenarios (INSIVUMEH, 2018; Jones et al., 2004). The results of the downscaling were 

grouped in eight climatic regions and discretized for the weather stations in those areas.  

For this study, the area of interest is covered by the San José Port station. The downscaling shows 

a continuous increase in temperature, reaching a maximum yearly average temperature of 

36.7 °C for the B1 Scenario, and of 41.4 °C for the A2 Scenario. For the precipitation, the results 

of the downscaling show an inversion of the current trend of increasing precipitation. According 

to INSIVUMEH (2018), form the 2030 decade onwards, the precipitation in the San José Port will 

decrease for both scenarios. By the end of the 2090 decade, the yearly precipitation would show 

a decrease of 36.6 mm for the B1 scenario, and of 41.4 mm for the A2 scenario (Figure 4.8).  

                                                      
1 Regional climate modelling software by the Met Office, UK. 
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Figure 4.8. Climate change expected for the San José Port station from the downscaling of a regional 
climate model. a. Changes in temperature. b. Changes in precipitation. Modified from 
INSIVUMEH, 2018.  
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5. Hydrochemistry 

Groundwater chemistry is the result of its particular path from rainwater through the aquifer 

units until it discharges along the coast or to the surface water bodies and dependent 

ecosystems. The investigation of groundwater chemistry allows the identification of main 

geochemical processes that occur in the aquifer and also to evaluate the impact of pressures in 

the groundwater system. Some of these pressures are qualitative (e.g. diffuse and point 

contamination from domestic, farm or saline intrusion) others are quantitative (recharge, 

pumping). In the following sections, chemical indicators will be used to understand main 

geochemical trends in the aquifer, to identify principal impacts on groundwater quality and to 

validate the conceptual model of the Fuego-Acatenango alluvial fan. 

5.1. Hydrochemical sampling 
During the field phase of this study, 32 water samples (Table 5.1) were collected to perform 

analysis of major, minor and trace elements, that can be used as indicators of saline intrusion 

and pollution. The sampling campaign took place from April to May during an abnormally 

delayed onset of the rainy season and was possible thanks to the support of ICC for the 

transportation and equipment; and, thanks to the direct involvement of the coordinator and 

various members of the Climate and Hydrology Department. 

Table 5.1. Water samples per source for the 2019 hydrochemistry campaign. 

Source Number of 
samples 

Surface water 5 

- Rainwater 1 

- Spring water 2 

- River water 1 

Groundwater  

- Dug wells 8 

- Shallow boreholes 10 

- Deep boreholes 9 

Rainwater was collected from hand-crafted rain totalizers that comply with the guidelines of the 

Global Network of Isotopes in Precipitation(GNIP) (IAEA/GNIP, 2014). The rain totalizers used 

accumulate, integrate and preserve all rain fallen within the sampling period (one month). The 

ICC has currently installed four rain totalizers to collect monthly samples for isotope analysis in 

partnership with the International Atomic Energy Agency (IAEA), as part of the GNIP network. 
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Groundwater samples were pumped using onsite equipment and a flow cell equipped with an 

electrical conductivity (EC/TDS) and T meter (HANNA Instruments HI98192), a pH sensor 

(Hanna Instruments HI98139), as well as a dissolved oxygen (DO) probe (Ohaus starter 300D). 

The water was allowed to flow through the flow cell until the main physico-chemical parameters 

were stable and recorded. 

Once the parameters stabilized, they were registered and two groundwater samples were 

collected for subsequent major, minor and trace element analysis. For each sampling point, two 

samples were taken and filtered in the field using 0.45 µm Milipore HA membrane filters into 

two clean high-density polyethylene Nalgene bottles. An acidified 30 mL sample (Ultrapur 1% 

v/v HNO3) was analysed for major, minor and trace elements by inductively coupled plasma-

mass spectroscopy (ICP-MS) and inductively coupled plasma - optical emission spectrometry 

(ICP-OES) if overrange. The second 60 mL sample was kept unacidified for chloride (Cl-), total 

oxidised nitrogen (NO3-N), nitrite (NO2-), bromide (Br-), fluoride (F-) and phosphate (PO43-) by 

ion chromatography. All samples were analysed at Activation Laboratories Ltd. (Actlabs) in 

Ontario, Canada. 

Total alkalinity (quoted as HCO3-) was determined on-site by acid titration using a standard 

colorimetric titration kit method (HACH alkalinity test kit, Model AL-DT). The method involved 

titrating 100 mL of the sample with sulphuric acid 1.6 N (or, 0.16 N if sample pH was less than 

6.0) to pH~4.3 using bromocresol green indicator. Each test was done at least two times to 

improve the accuracy of the measurement. Alkalinity field measurements were performed in 28 

out of the 32 samples. For the remaining four samples, three were done in the CENGICAÑA 

laboratory where liquid bromcresol green-methyl red indicator was used, as well as contrasted 

with pH measurements after the pre-packaged indicator was over. The last sample without 

alkalinity was the rainwater because there was not enough volume to carry out the 

measurement. 
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Figure 5.1. Geographical distribution of the quality sampling of 2018 (Gil Villalba, 2018) and 2019. 

5.2. Ion balance 

The principle of electroneutrality (EN) was used to assess the accuracy of the laboratory results. 

Thirty of the samples had an error < 10%, and only two samples are above that error and were 

not considered for discussion. 

 
Figure 5.2. Histogram with the frequency of absolute ionic balance error for the hydrochemical 
samples collected in 2019. 

5.3. Groundwater chemistry 

In this section, some of the most relevant hydrochemical processes occurring in the Fuego-

Acatenango alluvial fan are discussed. The first insight into these processes comes from the field 

parameters of electrical conductivity (EC), pH and alkalinity (as the concentration of HCO3
-). 
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The spatial distribution of these parameters (Figure 5.4) allows the identification of general 

circulation and hydrochemical patterns. 

5.3.1. Major hydrochemical patterns 

Groundwater residence time in the FAF is inverse to the altitude of the sample collection point 

and has an important role in the main hydrochemical characteristics of groundwater samples 

including in their mineralization (Figure 5.3). 

 
Figure 5.3. Evolution of EC along the flow path with increasing residence times. 

 

Identification of main hydrochemical facies in the FAF was based on the distribution of water 

types and used to divide the aquifer system in three main zones with gradually different 

hydrogeochemical characteristics. 

From the highest altitudinal area in the northern part towards the coast we can identify:  

− In the high altitudinal band (>110 masl), the dominant water type is Ca-HCO3 with pH lower 

than 7, which indicates slightly acidic conditions typical from volcanic areas. Groundwater 

temperature is below 27°C and alkalinity is approximately 100 mg L-1. Nitrate is common 

(0.15-3.72 mg L-1) but always within drinking limits (11.3 mg L-1 N as NO3
-). EC values are the 

lowest in the region with median values of 200 µS cm-1. 

− The mid altitudinal band (between 20 and 110 masl) has still dominantly Ca-HCO3
- type 

waters with occasional variation towards Na-HCO3
-, indicating the contribution of silicate 
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weathering (the observed excess of Na over Cl and the median Si around 41 mg L-1 confirm 

the importance of this process). pH is higher, ranging from 7 to 8, as well as the HCO3
- 

content with median values of 190 mg L-1. Nitrate values are usually low (<2 mg L-1 NO3-N). 

Electrical conductivity increases but still indicates very fresh groundwaters (median values 

of 300 µS cm-1). 

− The low altitudinal band (below 20 masl) has the highest variability in all the parameters. 

Median EC values are 490 µS cm-1 with extreme values of 4700 µS cm-1 indicative of localized 

salinization processes. The water type also varies highly, with most of the samples as Na-

HCO3
- as consequence of silicate weathering and cation exchange with some transition to 

Na-Cl type waters. The median values of alkalinity and pH are 240 mg L-1 and 6.8 

respectively, with a wide variability in both. 

The electrical conductivity (EC) is a measurement of the amount of ions dissolved in the water, 

indirectly showing the interactions with the porous media, mixing and other reactions (Appelo 

and Postma, 2005). In the study area, the general increment of the electrical conductivity from 

the north to the south follows the direction of the groundwater flow and residence time (Figure 

5.4.a). Several exceptions can be found to this gradient, one being the sample in the north, 

outside the boundaries of the unit. This anomalously high EC could indicate a longer residence 

time but since its located in the upper part of the alluvial fan, it mostly probably indicates a 

different source of groundwater outside this boundary. The anomalous nature of this point is 

not limited to the EC, but all the other parameters, including the presence of arsenic in 

appreciable concentrations that are not monitored in the neighbouring samples. This sample 

was collected close to an urban area so eventually its composition may be also impacted by 

pollution. 

The EC values along the coast are highly variable. This variability is partially explained by the 

different sampling depths and sources of the samples. However, there is a general increase in EC 

close to the areas with piezometric levels below sea level. This can point towards a possible saline 

intrusion, which will be discussed in section 5.4.2. 

A similar trend is followed by the alkalinity, with lower values in altitude in the vicinity of the 

volcanoes and increasing towards the coast. One of the most common sources of alkalinity in 

groundwater is the dissolution of atmospheric CO2 in rainwater, followed by a reaction with 

carbonate minerals like calcite following the reaction: 
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𝑪𝑪𝑶𝑶𝟐𝟐(𝒈𝒈) + 𝑯𝑯𝟐𝟐𝑶𝑶(𝑨𝑨) + 𝑪𝑪𝑨𝑨𝑪𝑪𝑶𝑶𝟑𝟑(𝑺𝑺) ↔ 𝑪𝑪𝑨𝑨𝟐𝟐+ + 𝟐𝟐𝑯𝑯𝑪𝑪𝑶𝑶𝟑𝟑(𝑨𝑨𝒂𝒂)
−  1 

 

  

  

Figure 5.4. Groundwater parameters in the Fuego-Acatenango alluvial fan. (a) Electrical 
conductivity. (b) Piezometric contours. (c) Alkalinity as the concentration of HCO3-. (d) pH. 

The aquifer system is composed mainly of volcaniclastic material in the proximal section with 

increasing marine fraction towards the coast, peaking in the central segment of the distal 

section. This trend is closely followed by the alkalinity in the aquifer, with maximum values in 

the area where the maximum marine contribution is expected. This higher alkalinity would 

come from the dissolution of calcite from biological fragments in the sediments. 

From its path from rainwater to groundwater, pH varies according to the processes and reactions 

in the soil (Appelo and Postma, 2005). One of the reactions that modify the pH of groundwater 

is the dissolution of calcite through the capture of hydrogen ions (H+) in: 

𝑯𝑯+ + 𝑪𝑪𝑶𝑶𝟑𝟑
𝟐𝟐−  ↔ 𝑯𝑯𝑪𝑪𝑶𝑶𝟑𝟑

− 2 
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The result is an effective increase in pH. Other important reactions that lead to a change in pH 

is the silicate weathering. In the case of the Fuego-Acatenango alluvial fan, the volcanoclastic 

levels are commonly basaltic or andesitic and commonly contain feldspar mineral olivine. The 

dissolution of forsterite, a magnesium olivine, follows the reaction (Nonner, 2016): 

𝟒𝟒𝑯𝑯𝟐𝟐𝑶𝑶+ 𝑴𝑴𝒈𝒈𝟐𝟐𝑺𝑺𝒊𝒊𝑶𝑶𝟒𝟒(𝑺𝑺)  → 𝟒𝟒𝑶𝑶𝑯𝑯− + 𝟐𝟐𝑴𝑴𝒈𝒈𝟐𝟐+ + 𝑯𝑯𝟒𝟒𝑺𝑺𝒊𝒊𝑶𝑶𝟒𝟒 3 

This reaction releases OH- ions that increase the pH of the solution. Although the weathering of 

silicate minerals is slow, it may play an important role in the aquifer system because multiple 

silicates weather to clay minerals. The weathering of those silicates is accelerated when the 

solution has a low pH (Crundwell, 2014; Nonner, 2016). This means that the volcanoclastic units 

in the unsaturated zone are more likely to follow a rapid weathering by the interaction with the 

slightly acidic rain. In close vicinity of the volcanos, the acidity of rainwater might increase 

further due to the release of SO2 accelerating the weathering and, ultimately, the formation of 

low permeability layers. As already stated, the Na-HCO3 water type confirms that silicate 

weathering is also an active geochemical process in the aquifer.  

To further investigate possible interactions that alter the pH of groundwater, pH was plotted 

against distance to the coast (Figure 5.5). In general, it can be observed that the pH tends to 

increase following the direction of the flow. Close to the coast, the trend is lost, with pH going 

from 8.3 to 6.4. It is noticeable also that the variability is not limited to a depth range or type of 

abstraction, but common to all. The anomalous pH in the shallow borehole far from the coast is 

the same sample with the anomalous EC outside the FAF area. 

 
Figure 5.5. pH evolution with distance to the coast. The green arrow shows the trend. 
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In order to compare alkalinity with pH, the evolution of bicarbonate was also plotted against 

distance to the coast, and an expected similar graph was obtained (Figure 5.6). The general trend 

is maintained but there is a steady increase in HCO3
- in the direction of the flow.  

 
Figure 5.6. Evolution of the concentration of HCO3- with distance to the coast. The green arrow 
shows the trend. 

This increase can be related to the pH increase discussed earlier, but close to the coast, the pH 

decreases instead of increasing with the HCO3
-. This pH drop together with an HCO3 increase 

means that there is a strong increase in PCO2 close to the coast, which typically happens if there 

is a H+ source below the water table such as pyrite oxidation in the presence of CaCO3, oxidation 

of dissolved organic carbon (DOC) or methane (CH4). The low dissolved oxygen contents 

(median values of 0.38 mg L-1 and the smell to H2S in several sampled wells may indicate that 

methanogenesis is active in the aquifer but certainly requires further investigation. 

5.4. Groundwater quality assessment 

In this section, the data from the 2018 and 2019 hydrochemistry sampling campaigns was 

analysed to asses diffuse source pollution, namely nitrate contamination and saline intrusion. 

5.4.1. Nitrate contamination 

The Pacific plain of Guatemala has had a long history of intensive agriculture. A succession of 

cotton, banana and Sugarcane has been intensively grown in the area for the past 50 years. Long 

exposure to fertilizers should leave a trace in groundwater. This section is dedicated to the 

nitrate contamination in the Fuego-Acatenango alluvial fan. 
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Nitrate is not very common in the groundwater of the aquifer system. Only 16 out of the 57 

samples (~28%) of the samples analysed in this study present values above the detection limit. 

Only one of the samples is above the WHO limit for drinking water of 50 mg L-1 of nitrate (or, 

11.3 mg L-1 of nitrate as N) (World Health Organization, 2017). This speaks of the attenuation 

capacity of the aquifer towards nitrate contamination. To investigate the fate of nitrate in the 

FAF, nitrate-nitrogen was plotted with the distance to the coast (Figure 5.7). 

 
Figure 5.7.Nitrate-nitrogen evolution with distance to the coast. 

All the samples with significative amounts of nitrate (as N) are shallow dug wells of 

approximately 7 m deep on average. The only exceptions are deeper boreholes with 

multiscreening that include the shallow aquifer. Most likely, in these deeper boreholes the 

nitrogen is a result of mixing of groundwater from the shallow aquifer and the deep one rather 

than the presence of nitrate contamination in the deep aquifer. Plotting the nitrate-nitrogen 

with the depth of the source brings an insight into the vertical distribution of the contamination 

(Figure 5.8). 
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Figure 5.8. Nitrate nitrogen in depth from the 2018 and 2019 sampling campaigns. 

The samples in the 150m depth mark with nitrate-nitrogen within detection limits show this 

mixing process as seen in the bore logs. It is clear that the nitrate-nitrogen is being reduced 

before reaching depths higher than 30m. There seems to be a redox boundary that limits the 

infiltration of the nitrates into the aquifer, as attested by the measurements of dissolved oxygen, 

and the presence of reduced elements like Fe and Mn (Figure 5.9). 

  
Figure 5.9. Concentration in depth of DO (left), Fe (centre) and Mn (right). Redox boundary is 
shown in the dashed blue line. Note the difference in scale. 
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The boundary is not a hard limit since each species has a different stability window. For example, 

the stability window for Mn2+ is larger than the stability window for the dissolved Fe (Figure 

5.10), therefore Mn stays in dissolution above the boundary in higher concentration than the Fe. 

 

Figure 5.10. Eh/pH diagrams with stability windows for different species of Fe (left) and Mn (right). 
pH conditions in the aquifer are shown in the green area. Modified from Takeno, 2005. 

It is important to mention that the measurement of dissolved oxygen was available in only a 

limited number of samples due to the probe failing before the end of the sampling campaign. 

Anomalously high values of dissolved oxygen of 4 mg L-1 in deep boreholes occurred due to the 

aeration of the groundwater during the pumping because the pump was pulling air with the 

water so the median values (0.38 mg L-1 ) are more representative of aquifer conditions. 

5.4.2. Saline Intrusion 

Saline intrusion is a constant threat to coastal aquifers throughout the world. In this section, 

groundwater chemistry is used to asses if saline intrusion is happening in the Fuego-Acatenango 

alluvial fan. This assessment was based on simple ionic ratios, cation exchange indicators and 

seawater fractions. 

Cation exchange is a process that modifies the relative concentration of cations in a solute by 

the interaction with the porous media. Cations have the ability to move from the solute to 

specific surfaces in certain minerals in the porous media, known as exchanger surfaces. Through 

time, an equilibrium between the exchanger in the soil and the solute is reached, and the relative 

concentration of the cations in the exchanger and the solute gets balanced. When the 

equilibrium changes, the cations that were trapped in the soil will be exchanged with new ones 
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from the solute. This exchange is seen as a gradual shift in relative cation concentration along 

flow lines (Nonner, 2016). 

In the case of saline intrusion, the end members of the compositional spectrum are Na+ Cl- type 

waters in the sea and Ca+-HCO3
- type for fresh waters. The exchangers in the soil are therefore 

occupied with mostly Ca+ if saturated with fresh water, while Na+ will be the most common 

cation in the exchanger if porewater is saline. When Na+ rich saline water flows though Ca+ rich 

exchanger, the Na+ in the solute will be replaced by Ca+ that is released from the exchanger. This 

means that when saline water flushes a fresh-water area, the relative concentration of Na+ and 

Ca+ will shift towards an enrichment of Ca+. The opposite is true when fresh water flushes a 

saline porous media, with a relative enrichment of Na+ in the water. The relative concentration 

of anions does not change significantly, which means that saline water flowing through a fresh-

water aquifer will become a Ca-Cl2 type water. On the other hand, fresh water flowing through 

a saline aquifer will become Na-HCO3 type water (Appelo and Postma, 2005). 

A piper plot is a graphical representation of the relative concentration of the major chemical 

components of a sample divided into anions and cations. This representation is well suited for 

the visualization of exchange processes along flow lines, including freshening and salinization 

processes (Figure 5.11). The evolution of the groundwater along the flowlines is indicated as the 

transition from triangle (≥110 masl) to circle ( 20 ≥ Z <110 masl) to rhombus (<20 masl). The 

general trend observed is a general trend of HCO3
- rich waters type waters evolving from Ca2+ 

rich to Na+ rich waters as indicative of cation exchange and silicate weathering processes. The 

exceptions are the samples from dug wells potting in the centre and a Na+ Cl- type water plotting 

in the far right. These exceptions can indicate a mixing of waters falling almost in a 1:1 ratio of 

Na+:Ca2+and a high proportion of Cl- (30-45%) in the salinized sample, respectively. 
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Figure 5.11. Piper plot of the 2018 and 2019 groundwater sampling campaigns discretized by the 
depth of the source and its altitudinal band. The low band ranges from sea level to 20 masl. The 
mid band goes from 20 to 110 masl and the high altitude is above 110 masl. 

Considering the conservative character of the Cl-, the spatial distribution of the concentration is 

a good indicator of mixing and salinization processes. Considering the results discussed in the 
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above sections and the piezometric contour maps near the coastline, it can be observed that the 

increased salinity values (EC and Cl-) are limited to areas with piezometric level below mean sea 

level (Figure 5.12).  

It is important to say that the aquifer is still very fresh in most of the studied area and the 

hydrochemical patterns still indicate a freshening pattern in most of the coastal area. This may 

be justified by the fact that the water levels react faster that geochemical evolution of the aquifer, 

but bring to the attention areas where a closer monitoring of piezometric levels for the shallow 

and deep aquifers, as well as hydrochemical data are needed to prevent further salinization. 

 
Figure 5.12. Spatial distribution of Cl- (left) and piezometric level for 2018 (right). 
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6. Groundwater Flow Model 

The present chapter deals with the numeric steady-state flow model of the Fuego-Acatenango 

alluvial fan. In the first section, the generalities of the used modelling software are presented, 

followed by the initial assumptions that were considered for the setup and boundary conditions 

of the model. A description of the input data and data handling is given in sections 6.2 and 6.3 

with the analysis of the results in sections 6.4 and 6.6. Section A short discussion of uncertainty 

in the model and possible steps to address this uncertainty, as well as some remarks on non-

uniqueness are given in section 6.4. 

A model is a simplified representation of a complex system. Groundwater models are key 

instruments for the consolidation of field observations with conceptualized processes, but they 

rely on the quality of input and monitoring data, which may constrain the objectives of the 

modelling processes. Considering that the subsurface is hidden from sight, and that field 

observations are always scarce, the modelling tools permit a better integration of background 

knowledge and observation data. After testing the conceptual model, which was developed from 

geophysical, hydrogeological and geochemical data, against the observations, it followed the 

calibration process using (1) trial and error approach; and, (2) PEST for zonal calibration of 

hydraulic conductivity values. A model can offer a robust description of the system. If the model 

is robust enough, it can be used for quantitative analysis as well as forecasts for future actions 

(Anderson et al., 2015). 

In this study, a the finite-difference process-based deterministic MODFLOW 2000 (Harbaugh 

et al., 2000) numerical model was built with the GMS Aquaveo™ software to model the steady-

state groundwater flow in the Fuego-Acatenango alluvial fan aquifer system. 

6.1. 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. Considering the amount of information that is needed for a transient model and the 

gaps in the observation record (as described in section 3.4), it was decided to go for a steady-

state model. 
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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.  

The model represents a very important effort to consolidate and evaluate the available 

information with the potential of identifying where to direct the monitoring efforts in the future. 

6.2. 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): 

-Type 1. Specified head boundary (Dirichlet condition) is defined when the hydraulic head is set 

to a known value along the boundary. This value can vary in space, but when a single value is 

defined for the length of the boundary is called a constant head boundary. 

-Type 2. Specified flow boundary (Newmann condition) occurs when the derivate of the head at 

the boundary is specified. This means that the rate on which water crosses the boundary is 

specified. An especial case of a Newmann condition is a no-flow boundary, where the flux is 

specified to cero. 

-Type 3. Head dependent boundary (Cauchy condition) happens when the flow across the 

boundary is calculated from Darcy’s law and the hydraulic gradient between the boundary and 

the adjacent calculated heads. Examples of head-dependent boundaries are rivers, wells and ET. 

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 6.1). 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 
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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 6.1. Model area (purple) compared to the geomorphological boundaries of the Fuego-
Acatenango alluvial fan and the different boundaries for the numerical model. 

6.2.1. North boundary 

As mentioned earlier, 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. 

6.2.2. South boundary 

As discussed in section 3.4, the FAF discharges into the Pacific Ocean. This means that the main 

exchange between the model domain and the boundaries is happening in this area (see section 

6.6). Considering that 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 
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the 15m 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 -3masl), 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. 

6.2.3. 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 6.1). 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 (Figure 6.2). 

 
Figure 6.2. Conceptualization of a model cell with an RIV type boundary. Modified from Anderson 
et al., 2015. 

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 2. 
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𝑪𝑪 =  
𝑲𝑲𝒓𝒓𝒊𝒊𝒓𝒓

𝒕𝒕
𝑨𝑨𝒘𝒘 2 

Where 𝑪𝑪 is the Conductance in m2 d-1, 𝑲𝑲𝒓𝒓𝒊𝒊𝒓𝒓 is the hydraulic conductivity of the riverbed material, 

𝒕𝒕 is the thickness of the riverbed material in the direction of the flow and 𝑨𝑨𝒘𝒘 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 3 to equation 4. 

𝑪𝑪𝑨𝑨𝒓𝒓𝒂𝒂 =
 𝑲𝑲𝒕𝒕 𝑨𝑨𝒘𝒘
𝑳𝑳

 
3 

With 𝑪𝑪𝑨𝑨𝒓𝒓𝒂𝒂 as the conductance per unit length and 𝑳𝑳 as the length of the arc. 

𝑪𝑪𝑨𝑨𝒓𝒓𝒂𝒂 =
𝑲𝑲
𝒕𝒕
𝒘𝒘 4 

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 6.3. 

 
Figure 6.3. 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 
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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 as discussed in 

section 3.4. 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 6.4. 

 
Figure 6.4. General head boundary implementation in the model. 
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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 plenty of room for improvement. 

6.2.4. West boundary 

The western boundary of the model was modified to match the course of the Coyolate river 

(Figure 6.1). This was done considering the piezometric map and flownet derived in Section 3.4. 

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. 

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. 

6.3. 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.  

6.3.1. Finite-difference grid and layering 

As a finite-difference (FD) 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 6.5). The 

discretization of the conceptual model into the numerical model was done following the 

observations from borehole data and VES as described in section 3.1. Table 6.1 summarizes these 

relationships. 
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Table 6.1. Relationship between geological formation, hydrogeological formation and model layer. 

Geological Formation 
Hydrogeological Formation Model Role 
Proximal  
section 

Distal 
section Layer 1 Aquifer Holocene volcanic debris (Qhv) Hidro 1 Holocene alluvial sediments (Qha) 

Holocene marine sediments (Qhd) Absent 
Hidro 2 

Layer 2 Aquitard/ 
Aquifer 

Pleistocene transition sediments 
(Qpi) Absent 

Pleistocene marine sediments 
(Qpm) Absent 

Hidro 3 Pleistocene alluvial sediments 
(Qpa) Hidro 3 Layer 3 Aquifer 

Miocene mudstone (Nm) Absent Basement Not 
modelled Aquiclude 

Cenozoic volcanic rocks (Ev) Basement Basement Not 
modelled Aquiclude 
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Figure 6.5. 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.  
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GMS has three different methods to translate the 3D solids forming the aquifer units into the 

FD grid for MODFLOW (Figure 6.6). After trying each method to translate the solid information 

to the MODFLOW grid, the chosen method was the grid overlay. This method deforms the top 

and bottom of the grid to match the tops and bottoms of the solids, with the interior grid evenly 

spaced between the top and bottom using a simple linear interpolation. The interior grid layers 

are not changed to match the solid boundaries, which means that the material of each cell is 

defined by the intersection of the cell centre with a given solid. The other methods were 

discarded due to difficulties in the convergence of the model. 

  

  

  
Figure 6.6. GMS translation protocols from solids to MODFLOW grid. Modified form GMS 
documentation (Aquaveo, 2018). 

Considering that the material assignment is not done by layers but depending on the cell centre, 

the representativity of the aquitard layer was gravely diminished. To partially accommodate the 

layering of the aquifer system, and to allow the confinement of the deep aquifer, the initial setup 

of the model was done in a five-layer configuration with a later discretization of the second layer 

into three thinner layers (Figure 6.5.b.). 

Several important consequences arise from the mentioned treatment of the layering of the 

system. The most important is that the thickness of the hydrogeological units is not represented 

accurately, especially in the proximal section of the aquifer system. The aquitard is 

overrepresented in most of the area. This overrepresentation of the aquitard thickness could 

Boundary Matching 

Grid Overlay 

Grid Overlay with K 
Equivalent 
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have important impacts on the more local groundwater flow. One of such cases could be around 

wells and boreholes with partial penetration of the unit. Nevertheless, the author considers that 

the effective confinement of the deep aquifer was a valid trade-off compared to an accurate 

representation of the unit’s thickness. 

6.3.2. 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 2.5). The Coyolate and 

Maria Linda rivers are only boundary conditions, while the Achiguate river is a 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. See section 6.2.3 for a full description. 

6.3.3. Recharge rate 

As discussed in section 3.6, the current estimations of recharge correspond to direct recharge 

from rainfall. The author considered that a conservative approach was best suited for an initial 

estimation of the water budget in the FAF aquifer system and opted for the mid recharge 

estimation (Figure 3.11), disregarding other sources of recharge except for the river leakage. The 

final input to the model was done with the Voronoi polygons of Figure 3.11. 

6.3.4. Groundwater abstraction 

As discussed in section 3.2, groundwater is a precious asset for various stakeholders in the FAF. 

Nevertheless, groundwater use rates are uncertain. The abstractions were divided into three 

different input files in the MODFLOW model according to the different uses. The first was the 

norias, with a flat abstraction rate of 50L s-1. These values were used as a reference to set the 

abstraction rates for the rest of the industrial boreholes. By using 70% of the critical abstraction 

rate, average and maximum abstraction rates for the unreported boreholes was similar to the 

ones reported. These were the input abstraction rates for the model. 

There is no information on water efficiency, irrigation schedules or estimated ranges for 

pumping rates for any other borehole. The situation is similar for other industrial uses of 

groundwater like distilleries or sugar production, with year-round production. The highest 

uncertainty in the abstraction falls in this category, especially considering that the industry is 

relying more each year on groundwater to meet their water needs. For the screening, the depth 
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was selected from bore logs. When hard data was not available, the screening depth was set 

using a similarly deep borehole as reference.  

The limited information for the abstractions in the FAF system is summarized in Table 6.2. The 

considered yearly abstractions add up to 57% of the estimated recharge used in this model (890 

hm3 a-1). 

Table 6.2. Summary of the abstraction rates for the model. 

 
Average 

(m3 d-1) 

Modal 

(m3 d-1) 

Yearly 

(hm3 a-1) 

Industrial 6100 8800 145 

Private 1244 1090 91 

Norias 2160 2160 273 

Total   509 

6.3.5. Other sources and sinks 

The above mentioned are the sources and sinks that were modelled in this study. Nevertheless, 

it is important to highlight some other sources and sinks that were not modelled and can have 

an impact on the accuracy of the present study. As mentioned in section 3.6, there is an 

important number of unlined canals that import and export water from and to the various river 

basins in the FAF that are not mapped and can have a large impact on river dynamics as well as 

recharge from leakage. In a similar way, the models used to calculate the recharge only consider 

precipitation, while excluding the importance of irrigation return.  

Another sink that is not being taken into consideration in this model is the direct loss of 

groundwater through capillary rise and evapotranspiration. This component of the hydrological 

system might be of high relevance in the case of the FAF, where according to the data on depth 

to groundwater, the phreatic level is on average 3.2m below the surface and with a mode of only 

0.6m. With shallow groundwater and areas with up to 4mm d-1 of potential evapotranspiration, 

the potential flux of water into the atmosphere can be significant. 

A final source for groundwater that needs further investigation is the possible hydraulic 

connection between the Fuego-Acatenango alluvial fan with the Agua fan. This component of 

the groundwater system of the FAF is completely unknown and could prove an important 

groundwater inflow. 
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6.3.6. Hydraulic parameters 

The information of the hydraulic parameters described in section 3.5 was combined with the 

facial distribution of the geological formations (Figure 2.4) and the piezometric levels (Figure 

3.7), a zonation for the aquifer parameters was done (Figure 6.7). This zonation, although simple, 

aims to merge the observed changes in the piezometric levels with the hydrogeological 

information available. 

 
Figure 6.7. Spatial discretization of hydraulic conductivity zones and values for the shallow aquifer. 

A similar methodology was used to input the hydraulic properties in GMS. Table 6.3 summarizes 

the hydraulic properties used in the model after calibration. 

Table 6.3. Hydraulic conductivities for the different geologic and hydrogeological units used in the 
model. 

Geological Formation 
K (m d-1) 

Role 
Proximal Distal 

Holocene volcanic debris (Qhv) 2-20 

25-42 
Aquifer 1 

Holocene alluvial sediments (Qha) 20-45 

Holocene marine sediments (Qhd) 25-45 

Aquifer/Aquitard Pleistocene transition sediments (Qpi) 
1-26 1-40 

Pleistocene marine sediments (Qpm) 

Pleistocene alluvial sediments (Qpa) 25-40 30-45 Aquifer 2 
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6.4. Model Calibration 

The final model presented in this study is the result of an iterative process with no less than 15 

different approaches in grid resolution, solid construction and translation method, grid 

refinement and vertical discretization. Each rendition gave key insights on the model itself, as 

well as general technics and prophylaxis for proper modelling. 

An early version of the model without abstractions was used as an approximation to the pre-

development state of the area. Nevertheless, the lack of observation data, united with the 

uncertainty in aquifer parameters, boundary conditions and recharge rates made the initial 

model unsuitable for rigorous analysis. More on this will be discussed later. 

The process of calibrating a pre-development model allowed a better understanding of the 

interactions between the model domain and the boundaries. An initial zonation of hydraulic 

parameters was done, as well as a calibration for river transmissivities, stages and riverbed 

altitude. 

For the final model, the performance objectives were set using 69 observation points from the 

monitoring network (Figure 6.8). For the areas far from observations, the model was calibrated 

to the piezometric contours of 2018 for the upper, shallow aquifer. 

 

Figure 6.8. Calibration objectives. Computed (left) and residual (right) versus observed piezometric 
level. 
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Figure 6.9.a. Piezometric contours from observations for 2018. b. Piezometric contours calculated 
in the model output. 

The model approximates but does not to reproduce accurately two important features of the 

shallow aquifer, namely the inflow of water from the Agua fan on the eastern side and the 

depression in the mid area. The first problem arose from a wrong initial assumption in the 

boundary condition of the model, while the second might be related to underestimated 

abstraction and heterogeneities in the hydraulic properties of the different aquifer layers. The 

model is also overestimating the groundwater levels in the south-eastern part of the coast due 

to boundary controlled by the river. More on this excess of water in the mid-section will be 

discussed in the next section. 

Groundwater flow models use Darcy’s Law and the continuity equation to calculate the 

distribution of piezometric levels inside the model’s domain. The distribution and 

characteristics of these piezometric levels are constrained by the boundary conditions and other 

parameters inside the model. Nevertheless, a number of different parameters and configurations 

can yield the same result. This problem is known as non-uniqueness. The degree of non-

uniqueness depends on how constraining the parameters inside the model are and how closely 

the reality of the model is known (Anderson et al., 2015; Yeh et al., 2015). 

Non-uniqueness is a problem when a model is expected to be used in forecasting or for decision 

making because that specific configuration might not represent the nature of the process to be 

forecasted or decided upon. (Anderson et al., 2015)  
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Considering the level of uncertainty and scarcity of field data is safe to assume a high degree of 

non-uniqueness in the model presented in this study. To support decisions and provide probable 

forecasts, the model needs to be constrained as much as possible. 

The uncertainties in this model are certainly very high. Some of the initial assumptions were 

found null in a later point but were carried into the final stages of the process. The boundaries 

of the model, including the possible interaction with the Agua fan are some of such initial 

conditions. 

Other sources of uncertainty arise from the limited information on aquifer parameters, 

piezometric observations and other possible calibration objectives. The heterogeneity of the 

geological materials united with the heterogeneity of the quality of borehole data really hinders 

the definition of a more detailed hydrogeologic model. 

Finally, some intrinsic characteristics of the aquifer system like the high slopes, extension and 

geometry make the implementation of a finite-difference model a challenge. 

6.5. Flooded cells 

Despite multiple efforts during the calibration period, several cells were flooded (Figure 6.10). A 

flooded cell occurs when the calculated head is above the top of the cell. These flooded cells 

were not sensitive to changes in hydraulic conductivity for the shallow aquifer, the aquitard or 

the deep aquifer. The stage, riverbed altitude and conductance of the rivers made no difference 

either. 

Three of the clusters can be explained by the definition of the boundary conditions (Figure 6.10 

1,2 and 3). The Flooded cells in the north boundary occur because of the constant head boundary. 

The slope of the terrain makes the calibration of this segment very sensitive. Changing the heads 

in the boundary made this segment flood or run dry. 

For the second cluster, located in the upper eastern border (number 2 in Figure 6.10), the 

flooding occurred because of the boundary geometry. The general head boundary is not allowing 

enough water to flow out of the model domain.  

The third cluster (number 4 in Figure 6.10), is a combined phenomenon of very low topography 

(down to -5 masl) and the definition of the general head boundary. Being so low in altitude with 

the constant head boundary of the ocean so close means that the piezometric level in the area 
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is strongly controlled by the boundary. The general head representing the Pacific Ocean is set 

to -3 masl. 

 
Figure 6.10. Flooded cells after calibration. 

The last cluster (number 3 in Figure 6.10) occurs in an area where the deep aquifer shows a higher 

piezometric head than the shallow. This increased hydraulic head is represented by the 

curvature of the equipotential line underneath the flooded cells (Figure 6.11). 

 
Figure 6.11. Cross-section of the flooded cells in cluster 3. Vertical lines represent the equipotential 
lines. Flooded cells are represented by the blue triangle. 

This increased piezometric level in the area loosely matches the discharge area (Figure 3.9) 

defined in section 3.4, but it is hard to link the definitely. 
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6.6. Groundwater budget 

One of the primary tools for the assessment of the correct conceptualization and 

parameterization of a model is the water budget. In this model, the main component of the 

budget is the recharge, accounting for 57% of the total inflows of the model (Figure 6.12). The 

total recharge in the model domain in 2.15 hm3 d-1. 

 

Figure 6.12. Partition of the in the MODFLOW model for the entire domain  

6.6.1. 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 6.13). 

 
Figure 6.13. Partition of flows as a percentage of the recharge in the area 
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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. 

6.6.2. 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 6.14). 
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Figure 6.14. Flow discretization for the three hydrogeological layers of the model. 

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 flows indicate 

that the aquitard is allowing the leakage of groundwater from the deep aquifer into the shallow. 

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 6.4. 
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Table 6.4. 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. 

The above-mentioned interactions and exchanges are merely descriptive of the flows within the 

model and might not represent the reality of the aquifer system. The results discussed here are 

the consequence of the specific relations between the parameters used in the calibration, which 

most likely are not unique, as discussed in section 6.4.
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7. Modelling Global Change in the Fuego-Acatenango 
alluvial fan 

One of the objectives of this study was to analyse possible impacts of global changes, be it climate 

change or land use and the related stressors. Using the expected and measured climate change 

forecasts for Guatemala, a simple approximation was taken to reflect those stressors inside the 

model.  

As described in section 4.2, precipitation is one of the climatic variables that has experienced 

more change in the last decades. This trend is expected to continue and possibly accelerate in 

the midterm future. Climate change and global change share contact points in the possible 

effects over the water cycle in the FAF. Some of these contact points are the rates of groundwater 

abstraction, changes in rates of recharge from precipitation and irrigation return, and losses by 

evapotranspiration. 

7.1. Abstraction rates 

To account for the expected changes mentioned before, the abstraction rates in all industrial 

boreholes was increased to account for a longer and dryer season. Currently, the abstraction is 

concentrated in 170 days of the year with most of the boreholes working 24/7. By increasing the 

duration of the dry season to the 90 th percentile of the current distribution, the final duration 

of the dry season was modelled with 200 days. The current median abstraction rate for the 14 

reported boreholes is 0.139 m3 s-1. Assuming that the trend of increasing development in 

groundwater abstraction is real, and disregarding the critical pumping rates reported, a flat 

pumping rate was used in all industrial boreholes of the 80th percentile of the reported 

abstractions. This was done to accommodate for possible new boreholes. The new pumping rate 

was 0.152 m3 s-1. The annual abstraction for the climate change scenario was 7190 m3 d-1. 

For the norias, the same 0.050 m3 s-1 rate was maintained but the days of pumping were increased 

to 200. The final annual abstraction was set to 2370 m3 d-1. Finally, private boreholes were 

increased to 60% of the critical rate. 

A summary of the used abstractions and total abstraction is given in Table 7.1. 
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Table 7.1. Summary of the abstraction rates used in the global change scenario. 

Type Rate 
(m3 d-1) 

Annual abstraction 
(hm3) 

Industrial 7190 181 
Norias 2370 300 
Private 7500 137 
Total  618 

7.2. Recharge rate 

According to the climate change projections by INSIVUMEH (2018), for the 2050’s decade, the 

annual precipitation in the San José Port weather station might be lower by 6.2%. Assuming a 

homogeneous decrease of 6.2% in the precipitation in the study area, the new annual 

precipitation would be 3088 hm3. The measured changes in the climatic patterns in the FAF 

indicate an increased intensity in the precipitation events. This increased intensity could 

translate into a higher runoff generation, which could, in turn, become a lowered infiltration 

rate.  

On the other hand, the temperature for the same decade is expected to increase a minimum of 

2.1°C over the baseline period. That increment would place the annual average temperature in 

30.3°C. An increment in temperature can trigger increased evapotranspiration. This increased 

evapotranspiration could, in turn, lower the effective infiltration. 

Uniting an increased intensity in the precipitation events with lower annual precipitation and 

an increased temperature with less effective infiltration, a recharge fraction of 20% was chosen. 

The current one is estimated to be between 25 to 29%. 

Using this new recharge ratio, the recharge rate for the global change scenario was 618 hm3 per 

year. This would represent an effective decrease in recharge close to 30%. 

7.3. Piezometric levels under global change 

The first result of the model is the piezometric contours for the new conditions (Figure 7.1). The 

stressors inside the new model had a limited visible impact on the piezometric levels of the 

shallow aquifer due to the size of the aquifer. In general, there was a lowering of the piezometric 

level, evidenced in a shift northward of various hundreds of meters for the most extreme places. 



 

81 

 

Figure 7.1. Piezometric contours for the calibrated model (a.) and the global change scenario (b.). 
Contours in masl every 10m. 

The relatively small changes inside the model domain can be explained by how sensible the 

model is to the boundary conditions. Since no changes were used for the boundary conditions 

like a modification of the head stage of the rivers or over the general head boundaries. These 

boundaries behave as hard constraints to the changes in the piezometric level. This should be 

considered for future modelling of global change scenarios. 

7.4. Water budget for the modelled global change 

The changes in the conditions for the modelling of the global change meant an overall reduction 

of the total flows of 15%. Considering that the reduction in recharge was close to 30%, the other 

sources and sinks in the model became more relevant (Figure 7.2). However, the largest flow is 

still the recharge with a total of 1.49 hm3 d-1.  

 
Figure 7.2. Pie charts for the partition of the flows in the global change scenario. 
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The partition of the flows relative to the recharge (Figure 7.3) shows that the aquifer has an 

abstraction od 108% of the recharge. This means that the model is representing groundwater 

mining if other sources of recharge are ignored as mentioned in section 6.3.3. 

 
Figure 7.3. Partition of the flows relative to the recharge for the global change scenario. 

To compare the two scenarios, the per cent difference was calculated using the equation: 

𝒅𝒅𝒊𝒊𝒅𝒅 % =  
𝑩𝑩𝑨𝑨𝑶𝑶𝑩𝑩𝑨𝑨𝒊𝒊𝑨𝑨𝑩𝑩 −  𝑮𝑮𝑨𝑨𝑨𝑨𝑶𝑶𝑨𝑨𝑨𝑨 𝑪𝑪𝑪𝑪𝑨𝑨𝑨𝑨𝒈𝒈𝑩𝑩

𝑩𝑩𝑨𝑨𝑶𝑶𝑩𝑩𝑨𝑨𝒊𝒊𝑨𝑨𝑩𝑩
 𝒙𝒙 𝟏𝟏𝟑𝟑𝟑𝟑 

5 

 

A decrease relative to the baseline is a positive value, while negative values represent an increase. 

Compared to the baseline scenario, the largest impact was on the general head boundaries with 

a decreased inflow of 58%. For the outflow, the maximum change came from the river leakage 

with a relative decrease of 53% while experiencing an increase of 38% for the inflow. Table 7.2 

summarizes the changes in the flows in the model. 

Table 7.2. Changes in flows inside the global change scenario relative to the baseline. 

 Inflow Outflow 
Constant 

head 4% 18% 

Wells 0% -14% 
River 

leakage -38% 53% 

General 
head 58% -28% 

Recharge 31% 0% 
Total flow 15% 15% 
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38%
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The zonal budgets were also calculated as the percentage difference with the baseline scenario 

(Figure 7.4). The largest changes in the model are with the head-dependent boundaries. There 

was a relative increase in inflow from the river leakage for the shallow aquifer. For the aquitard 

and the deep aquifer, all the influxes showed a decrease with a total change of 100% for the 

aquitard. 

 

Figure 7.4. Relative change of the flows compared to the baseline scenario. A negative percentage 
represents an increment in the flow, while a positive one represents a decrease. 

In this case, recharge appears as an inflow term for the aquitard because the shallow aquifer runs 

dry in the proximal section. The model setup puts the recharge on the highest active cell with 

water. Another anomalous term in the aquitard is the abstraction. The abstraction depths were 

input as a single continuous screen from the top screen to the bottom one as registered in the 

borehole log, as described in the input data section. Some of these screens start very close or 

above the aquitard, which means that the aquitard is actively being pumped. Downward 

movement of groundwater from the shallow aquifer through the aquitard and ending in the deep 

aquifer increased by 4%, most likely induced by the increased pumping in the deep aquifer. 

The major changes in the water budget are a consequence of the reduced recharge. Directly 

affecting the total flows in the system, the constraint imposed by the recharge in the baseline is 

shared with the boundaries for the global change scenario. 
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8. 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 
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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. 

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 µS 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. 
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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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9. General recommendations and observations 

During the development of this study, several key aspects of groundwater management were 

lacking. This section aims to maximize the impact of the efforts for sustainable use of 

groundwater in the Fuego-Acatenango alluvial fan. 

9.1. Groundwater water levels monitoring 

An effective monitoring network is optimized in time and space to obtain the most of each 

observation point. The final objective of the monitoring network is to give accurate and updated 

information about the processes that are being monitored. Currently, the ICC has a monitoring 

network of 102 observation points in the surficial aquifer (Figure 9.1) that are sampled on 

irregular intervals. Ideally, a monitoring network should provide information on space and time 

variability of the observed variables. 

 
Figure 9.1. Kriging standard deviation for the 2018 monitoring network. + Sampling points. n=102. 

The first parameter for optimization is the distribution of the observation points in space. The 

density of an ideal monitoring network should be proportional to the spatial variability of the 

observed variable. If the variable has a large variability in space, the accurate observation of that 

variability demands a denser network. A statistical measure of the spatial variability of a set of 

observations is the variogram. By using the kriging standard deviation as a proxy for the accuracy 

of the network, a sub-optimal network can be obtained from trial and error to minimize the 
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maximum kriging standard deviation (Zhou, 2009). For the current monitoring network with 

102 pints, the maximum standard deviation is 85m. The monitoring network is clustered with 

various areas of interest without ani observation (Figure 9.1). By using trial and error with some 

knowledge of the points of interest for the monitoring network, a sub-optimal monitoring 

network with 83 points was modelled. The resulting kriging standard deviation was decreased 

to 65 and was limited to the highest segment, far from the areas of interest (Figure 9.2). 

 
Figure 9.2. Sub-optimal monitoring network with a maximum standard deviation of 65 m. Sampling 
points in black rhombus. n=83. 

This sub-optimal monitoring network can be further refined to use fewer observation points and 

trade density in space for density in time because it is important that the monitoring is 

economically feasible for ICC.  

The periodicity in the sampling in a monitoring network is important to allow the use of 

statistical tools like trend detection and time series analysis. The periodicity of the sampling is 

dictated by the periodicity of the phenomenon that is under monitoring. The ideal frequency of 

the sampling is less than half the period of oscillation of the observed phenomenon (Figure 9.3). 

If the sampling interval is larger than the period, the observations will provide the wrong 

information about the process. On the other hand, a frequency of sampling higher than half the 

period might give redundant information (Zhou, 2009).  
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Figure 9.3. Sampling frequency and frequency of the phenomenon. a. Aliasing of the sampling 
masks the real oscillation of the observed phenomenon. b. The optimal sampling frequency is half 
the period of the oscillation. Modified from Zhou, 2009. 

This information, united with the knowledge of the periodicity of the rainy season, indicates 

that a good sampling frequency would be every 45 days. This frequency would allow detecting 

the four inflexions per year in the precipitation. 

Another key information is the piezometric level for the deep aquifer but since most of the deep 

boreholes are private, the setup of a monitoring network would require an agreement with the 

borehole owners. The only way to improve the assessment of the groundwater resource in the 

FAF is by knowing the long-term trends in all layers of the aquifer system. 

9.2. Groundwater water baseline quality monitoring 

A groundwater baseline monitoring network should be set up with long-term observations of 

data - EC, pH, T, DO; Na, Ca, K, Cl, SO4, NO3-N, NH4, Fe, Mn and As that contribute to an 

improved understanding of the flow system and for identification of controlling geochemical 

processes and trends. A low frequency of sampling may be considered (1-2 times a year, 

coinciding with wet and dry seasons) and standardised measurements of sampling and analysis. 

Results should provide key information for aquifer management and guarantee the long-term 

sustainability of groundwater quality for present and future generations. 

9.3. Borehole log information and description 

At the moment there is no repository for the information of the geological variation in depth in 

the studied area. The unification and storage of borehole data should be a priority in the FAF 

aquifer, that would allow a full description of its layering, materials and properties. This 
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information could be used to elaborate abstraction plans according to long-term safe abstraction 

rates, the definition of pollution-prone areas between others. The current fragmentation of the 

information hinders the management efforts that are needed to face climate change. 

The ICC as a private organization could provide the storage and retrieval of the information 

without granting public access. 
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11. Annexes 

A. Examples of borehole logs from the Fuego-Acatenango alluvial fan 
and the Agua alluvial fan. 
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B. Location of norias in the study area. 

 

 

C. Global water budget 
   

  In Out 
Constant Head 3.33.E+05 -9.64.E+05 
Wells 0 -1.41.E+06 
River leakage 9.13.E+05 -1.19.E+06 
General head 
boundary 3.74.E+05 -2.08.E+05 

Recharge 2.15.E+06 0 
Total Source/Sink 3.77.E+06 -3.77.E+06 

     
TOTAL FLOW 3.77.E+06 -3.77.E+06 

     

Summary In - Out % 
difference 

Sources/Sinks 2.69.E+00 7.15.E-05 
Cell To Cell 0.00.E+00 0.00.E+00 

Total 2.69.E+00 7.15.E-05 
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D. Zonal water budget 

 

Flow Budget the shallow aquifer  

IN:   

CONSTANT HEAD 1.08.E+04 0.3% 
WELLS 0 0% 
RIVER LEAKAGE 8.82.E+05 23% 
HEAD DEP BOUNDS 0 0% 
RECHARGE 2.15.E+06 56% 
Zone 2 to zone 1 7.72.E+05 20% 
Zone 3 to zone 1 0 0% 
Total IN 3.81.E+06 100% 
OUT:     
CONSTANT HEAD 2.01.E+05 5% 
WELLS 7.52.E+05 20% 
RIVER LEAKAGE 8.29.E+05 22% 
HEAD DEP BOUNDS 0 0% 
RECHARGE 0 0% 
Zone 1 to zone 2 2.03.E+06 53% 
Zone 1 to zone 3 0 0% 
Total OUT 3.81.E+06 100% 
SUMMARY:   
IN - OUT 3.16.E+00  

Percent Discrepancy 8.28.E-05  

 

Flow Budget the 
aquitard    

IN:    

CONSTANT HEAD 4.27.E+04 1.5% 
WELLS 0 0.0% 
RIVER LEAKAGE 5.59.E+03 0.2% 
HEAD DEP BOUNDS 7.36.E+04 2.6% 
RECHARGE 1.13.E+02 0.0% 
Zone 1 to zone 2 2.03.E+06 72.2% 
Zone 3 to zone 2 6.61.E+05 23.5% 
Total IN 2.81.E+06 100.0% 
OUT:     
CONSTANT HEAD 2.24.E+04 0.8% 
WELLS 1.35.E+03 0.0% 
RIVER LEAKAGE 7.59.E+04 2.7% 
HEAD DEP BOUNDS 6.70.E+04 2.4% 



 

100 

RECHARGE 0 0.0% 
Zone 2 to zone 1 7.72.E+05 27.4% 
Zone 2 to zone 3 1.88.E+06 66.7% 
Total OUT 2.81.E+06 100.0% 
SUMMARY:    

IN - OUT -4.84.E-
01 

 

Percent Discrepancy -1.72.E-
05 

 

 

Flow Budget the deep aquifer 
IN:   

CONSTANT HEAD 2.80.E+05 11.3% 
WELLS 0 0.0% 
RIVER LEAKAGE 2.60.E+04 1.0% 
HEAD DEP 
BOUNDS 3.00.E+05 12.1% 

RECHARGE 0 0.0% 
Zone 1 to zone 3 0 0.0% 
Zone 2 to zone 3 1.88.E+06 75.6% 
Total IN 2.48.E+06 100.0% 
OUT:    

CONSTANT HEAD 7.40.E+05 29.8% 
WELLS 6.53.E+05 26.3% 
RIVER LEAKAGE 2.86.E+05 11.5% 
HEAD DEP 
BOUNDS 1.41.E+05 5.7% 

RECHARGE 0 0.0% 
Zone 3 to zone 1 0 0.0% 
Zone 3 to zone 2 6.61.E+05 26.6% 
Total OUT 2.48.E+06 100.0% 
SUMMARY:  

IN - OUT 2.15.E-02  

Percent 
Discrepancy 8.68.E-07  
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