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Resumo 

Um estudo detalhado dos processos de recarga e das interações entre as águas superficiais e 

subterrâneas foi realizado na bacia hidrográfica do rio Bolo que faz parte da bacia rio Cauca 

(Colômbia), uma das áreas com maior consumo de água subterrânea na região. O objetivo principal 

desta investigação centrou-se nos processos naturais de recarga subterrânea do aquífero superficial 

utilizando dois métodos de estimação diferentes, um método físico que se baseia na medição direta 

de parâmetros de solo e hidrológicos e numa técnica que utiliza traçadores químicos conservativos 

baseada no balanço de cloretos na zona saturada. Os valores médios de recarga estimados são de 

450 mm/ano pelo método dos cloretos; a recarga estimada com base no método do balanço de água 

no solo varia entre 533 mm/ano para um solo arenoso e valores praticamente nulos em solos argilosos 

consoante a geologia dos terrenos de cobertura. Foi realizada uma análise de sensibilidade do método 

de balanço de água no solo para determinar os efeitos das variações dos parâmetros considerados no 

cálculo do valor de recarga. O parâmetro mais sensível para a estimativa da recarga pelo método de 

balanço de água no solo é o número de curva e para áreas de níveis de água subterrânea pouco 

profundos a precisão na medição deste nível é também crítica.  

As interações águas superficiais e subterrâneas foram estudadas através da análise dos caudais nos 

cursos de água, da análise dos níveis piezométricos e dos resultados das análises físico-químicas. Os 

resultados confirmam que o rio Bolo e o aquífero superficial têm diferentes processos de interação na 

bacia hidrográfica, alternando áreas de recarga e descarga entre eles. Identificaram-se ainda duas 

falhas que têm um papel determinante nas interações água superficial-subterrânea com 

comportamentos hidráulicos distintos e produzindo variações no quimismo das águas superficiais e 

subterrâneas. 

O impacto das alterações climáticas e da variabilidade do clima nos valores recarga foi determinada 

utilizando cenários expectáveis concluindo-se que podem traduzir-se em diminuições da recarga 

subterrânea da ordem dos 4% em 2030. 

 

Palavras-chave: recarga subterrânea, interação água superficial-água subterrânea, balanço água no 

solo, hidrogeoquímica, variabilidade climática 
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Abstract 
 

A detailed analysis of the recharge processes and surface-groundwater flow interactions has been 

carried out in the Bolo catchment of the Cauca River (Colombia), one of the areas with highest 

groundwater demand in the region. The focus of the research is on natural processes of groundwater 

recharge of the shallow aquifer using two different estimation methods, a physical method which relies 

on direct measurements of soil and hydrological parameters and a tracer technique based on chloride 

mass balance applied to the saturated zone. Estimation of recharge is 450 mm/year by the chloride 

mass balance method; recharge by the soil water balance method depends on the cover geology and 

varies from 533 mm/year for a loam-sandy soil to null values for a clay soil. A sensitivity analysis of the 

soil water balance method was carried out to assess the effects of changes in the measured and 

estimated parameters on recharge determination. The most sensitive parameter in the recharge 

estimation by the soil water balance method is the curve number and for areas with shallow groundwater 

levels it is also important to include accurate water depth values.  

Surface water - groundwater interactions were studied through the analysis of surface water flows, 

groundwater hydraulic heads and hydrochemical analysis. The results show that the Bolo River and the 

shallow aquifer have different interactions along the catchment, producing recharge and discharge 

areas between them. Two faults in the catchment are affecting surface water – groundwater interactions 

with opposite behaviors, producing changes in the surface water and groundwater hydrochemical 

evolution. 

The impact of climate variability on recharge was assessed using expected scenarios. Climate change 

and variability in the Bolo catchment may produce decrements of about 4% in the groundwater recharge 

for 2030. 

 

Keywords: groundwater recharge, surface-groundwater interactions, soil water balance, 

hydrogeochemistry, climate variability  
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1. INTRODUCTION 
 

Groundwater recharge is the process where water from precipitation or surface water replenishes 

groundwater. Recharge may have place because of percolation of the water until it reaches the water 

table, or as an interaction between surface water bodies like rivers or wetlands that lose water to the 

aquifer in some cases. Quantifying the rate of groundwater recharge is important for the sustainable 

management of the water resources.  

Determining which of a wide variety of techniques is likely to provide reliable recharge estimates is often 

difficult. Various factors need to be considered when choosing a method for quantifying recharge. A 

thorough understanding of the attributes of the different techniques is critical. The space/time scales of 

recharge estimates are important because different study goals require recharge estimates over 

different space and/or time scales. While some studies focus on recharge estimates for water-resource 

assessment, others concentrate on estimates for contaminant transport or to evaluate aquifer 

vulnerability to contamination. The techniques to determine groundwater recharge can be divided in 

various types: water budget techniques, techniques based on surface water studies, techniques based 

on unsaturated zone studies and techniques based on saturated zone studies (Scanlon, Healy, & Cook, 

2002). 

Groundwater recharge over a certain area is normally considered to be equal to infiltration excess over 

the same area. However, not all this water necessarily reaches the water table. It might be hampered 

by low-conductivity horizons and disappear as interflow to nearby local depressions where it runs off or 

evaporates instead of joining the regional groundwater system. Another problem may arise, especially 

in shallow aquifers in relation to areal scale: a rise of the water table by recharge could initiate a local 

groundwater system with associated local seepage discharge within the considered area. The net 

recharge in that area is accordingly lower than the total downward flow to the table. A similar problem 

in areas with a high water table is associated with a time scale: water may initially join the groundwater 

reservoir but might subsequently be extracted by evapotranspiration (de Vries & Simmers, 2002). 

Groundwater and surface water are not isolated components of the hydrologic system, but instead 

interact in a variety of physiographic and climatic landscapes. Surface and groundwater interactions 

assessment is important to identify the flow direction and rate of water exchange between the systems, 

to advance in the conservancy of interdependent ecosystems, for improving the water resources 

management and to identify recharge and discharge processes of the aquifer that take place because 

of those interactions. 

Water management in the world is starting to call for an adequate and sustainable management of 

coupled surface-groundwater systems and the ecosystems dependent on those relations, and in order 

to be able to succeed in developing new policies, new and interdisciplinary research should be done. 

With growing demands on water resources and increasing uncertainties in water supply associated with 
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climate change the awareness for the need to manage groundwater (GW) and surface water (SW) as 

a single resource has steadily grown and also found its way into new legal frameworks to regulate the 

sustainable use of water resources in many countries (Fleckenstein, Krause, Hannah, & Boano, 2010). 

Conjunctive water management involves the combined use of groundwater, surface water and/or 

additional sources of water to achieve public policy and management goals. Conjunctive water 

management enables greater water supply security and stability, helps adaptation to climate variation 

and uncertainty and reduces depletion and degradation of water resources (Ross, 2017). 

The Cauca valley is located in the western part of Colombia between the Western and the Central 

Cordilleras (Figure 1). The Cauca River is the second largest river of the country and flows from the 

Colombian Macizo in the Colombian Andes in the south of the country, down to the confluence with the 

Magdalena River. 

 

Figure 1. Location of Colombia and the Cauca valley (right) and the Bolo River Catchment (left, Green 

area) 

The Cauca River and the groundwater bodies in its valley are a source of great importance for the 

region as their waters are used for domestic and industrial use, and for irrigation. The Cauca catchment 

hosts most of the Colombian sugar cane industry and an important part of the coffee production, mining 

areas and agricultural development  (CVC & UNIVALLE, 2007). The Bolo catchment is a sub-catchment 

of the larger Cauca (410 km2) (Figure 1). About half of the catchment is located in the valley of the 

Cauca aquifer, which is composed mainly of alluvial sediments. The other half is the water source area 

of the catchment and is located above the foothills. 

The highest demand for groundwater in the Valle del Cauca region is found in the municipalities of 

Palmira, Candelaria and El Cerrito. Palmira and Candelaria are also part of the Bolo catchment. The 

extractions in these three municipalities amount to about 50% of the total volume of groundwater 

pumped in the region. The Bolo Catchment is one of the areas with highest density of groundwater 

wells. 
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The water resources in the catchment are of major importance to the region, as these are used for 

human consumption, industry and to irrigate the wide areas of crops located in this agro-industrial 

sector. However, climate variability and the El Niño Southern Oscillation (ENSO) phenomenon have a 

large impact in the region producing droughts to floods in the region when El Niño or La Niña take place 

respectively. The ENSO cycle in its both phases; El Niño (warm phase) and La Niña (cold phase) 

causes global changes to the distribution of temperature and rainfall. This may result in floods and 

droughts causing disasters and economic losses in the region.  

Between 1989 and 1992 the region was affected by a strong Niño period, and a progressive drop of the 

groundwater levels was observed in the municipalities of Candelaria and Palmira. This pointed the 

necessity of being very careful with the management of the resource, mainly in the municipalities of 

Candelaria, Palmira, El Cerrito, Ginebra and Guacarí where about 90% of the wells are located (CVC 

& UNIVALLE, 2007). More recent effects of the Niño phenomena took place in 2016. The discharge in 

the Fraile and Bolo rivers decreased significantly downstream, due to the climate effects and the 

derivation of water for irrigation networks in the plain of the catchment. On the other hand, the Bolo 

River also causes floods in some areas in the towns near the river, when strong precipitation events 

take place in the catchment. 

Given the situation in the region, it is important to advance on the understanding of the hydrological-

hydrogeological system improving the understanding of recharge processes and surface-groundwater 

interactions to guarantee the sustainable management of the water resources. This assessment is 

important in order to work towards a conjunctive use of the surface and groundwater resources, 

groundwater in the region is certainly and strategic an important resource to meet the challenges of the 

global change, including climate change, climate variability, population growth and rise in agriculture 

and industrial water demand. 

Between 2014 and 2016, the project ESCACES (Evaluating Scarcity and Abundance of Groundwater 

under Climatic Extremes) was carried out between the CVC1, UNESCO-IHE2 and Deltares3 foundation. 

The purpose of the study was to improve the hydrogeological knowledge of the aquifer system with 

activities including the validation of an existing conceptual model, numerical modelling and analysis of 

interactions between wetlands and groundwater. This thesis work is framed in a project called 

Evidence4Policy and it aims to study in more detail the recharge processes in the area of alluvial 

deposits of the catchment and the surface and groundwater interactions. 

                                                      

1 The CVC (Corporación Autónoma Regional del Valle del Cauca) is the local water board of the province of Valle 

del Cauca, Colombia. 

2 UNESCO-IHE. Institute for water education. Delft, The Netherlands. 

3 Stichting Deltares. Dutch based independent institute for applied research in the field of water and subsurface. 
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1.1. Previous Studies and Investigations 

Some hydrogeological studies and measurements are already being taken in the Bolo catchment. In 

the sugar cane industrial areas, some works from improving conduction in irrigation systems to the 

development of new varieties which optimize water consumptions are being done. “Castilla Agrícola 

and Riopaila Agrícola sugar mills together with ASOBOLO4 have bought about 70 ha in the zones near 

the river to let the nature take care of the river back, while another areas are being reforested looking 

for the regulation in the river’s waters” according to Gustavo Barona, manager of the society Castilla 

Agrícola. However, in despite of the investments the community is still concerned about the Bolo River 

which is often dry when it crosses the municipality of Pradera (Portafolio, 2017). 

For this study existing reports and information have been used. Most of the geographical information 

used was obtained for the region from the study “Geographic information system of the management 

unit in the Bolo-Fraile-Desbaratado catchment” (CVC & UNAL, 2001). 

As a part of the ESCACES project, a conceptual and numerical model was developed for the southern 

part of the valley (Figure 2), encompassing the plain of the Bolo Catchment where the aquifers are 

located and highly exploited (Sànchez et al., 2016). 

In the context of the previous project, a study to investigate the effects of long term climate change and 

short term climate variability on groundwater recharge Cauca Valley was carried out in order to propose 

adaptation measures to mitigate the impact of climate change. Climate scenarios based on climate 

change projections published by the Institute of Hydrology, Meteorology and Environmental Studies of 

Colombia (IDEAM) and climate variability scenarios were developed. With those scenarios, diffuse 

recharge was computed for the area and it was used for modelling using iMOD which is a 

hydrogeological model based on MODFLOW and serves as a tool in order to analyze and visualize the 

data. The future climate projection for the Cauca Valley are divided into three scenarios; a short, mid, 

and long term period for the years 2011-2040, 2041-2070 and 2071-2100. For these periods, it is 

expected that the climate will change with an increase in precipitation, and increase in temperature. 

The main finding of this research reveal that despite the projected increase in precipitation by IDEAM, 

the recharge for the study area declines for the developed climate scenarios (Feijt, 2015). Effects of 

climate variability and climate change on recharge will be further analyzed in this study. 

Using the existing model as well, a methodology was developed to determine the hydroperiod of 

wetlands, which is the balance between the inflows and outflows and the major factor controlling 

ecological processes and therefore ecosystem functions. The methodology was constructed based on 

a case study on the Timbique wetland, the most important of the catchment, and the results show that 

                                                      

4 ASOBOLO - Association of the users of the Surface Water and Groundwaters of the Bolo River 
catchment 
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the hydroperiod is the result of the precipitation, evapotranspiration, groundwater and irrigation fluxes 

(van Wachtendonk, 2016). 

 

Figure 2. Area of the numerical model (dashed red) and Bolo catchment (green) 

 

1.2. Research Questions 

In this study, the Bolo River catchment is selected as a pilot zone to monitor river flow data, groundwater 

piezometric levels, spring location, rainfall data and also hydrochemical data, which includes major, 

minor and trace elements and tracers, all used to investigate in detail the recharge processes and the 

surface water – groundwater interactions, in order to be able to reply to the following key question: 

Consequently, the following sub-questions are formulated in order to help answering the main research 

question: 

1. What is the spatial and temporal variability of the current groundwater recharge in the Bolo 

Catchment? What are the dominant factors affecting the recharge estimation by the soil-water 

balance method?  

 

2. What are the expected impacts of climate variability on the diffuse recharge?  

 

3. How important is the Bolo River for the aquifer recharge in the catchment? 

What are the main recharge mechanisms and processes in the Bolo catchment, and how 

important are the interactions between the Bolo River and the groundwater for the 

recharge? 
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1.3. Methodology 

The methodology followed to answer the research questions can be described as follows: 

1. As this study is focused on the recharge processes and the interactions with the river, the 

instrumentation and the sampling point locations were based on the recharge areas previously 

defined by CVC and improved during the ESCACES project (Figure 3). 

 

 

Figure 3. Recharge/discharge areas and stations used for the recharge analysis 

2. Recharge was estimated using the soil-water balance, for which climate data were gathered. 

Information about crops and soil properties and geology for the region was also obtained and will 

be presented in detail in the next chapters. In the first phase the default parameters of the study 

area were used, after which a number of parameters were varied to assess their sensitivity and 

impact on the results. 

 

3. To collect information about the water levels in the field, six pressure sensors where installed in 

shallow wells (Piezometric levels), and three in deep wells. Manual measurements were also made 

at the selected locations. Two barometers were used to measure atmospheric pressure for the 

compensation of the sensors. Besides this, two more sensors in shallow wells and one in a wetland 

were used. The collected data was used to create a piezometric map of the shallow aquifer in the 

catchment, analyze water flow direction and hydraulic gradients and to analyze the behavior of the 

water table in the different zones of the area in order to include those values in the recharge 

estimation by the soil water balance method. With the piezometric map, a groundwater and terrain 

profile where compared along the Bolo River to analyze the interactions due to the differences in 

hydraulic pressure. 
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4. For the hydrochemical and isotopic analysis, samples were collected from groundwater, surface 

water and precipitation. This data was used to assess surface water – groundwater interactions 

and to study the hydrochemical evolution of surface and groundwaters in the catchment. 

 

5. Figure 4 presents the location of the deep wells, shallow wells, surface water and springs used in 

this study. Table 1 summarizes of all the points used both for monitoring levels and for the 

hydrochemical analysis. 

Table 1. Monitoring and sampling points used for the study 

Name Source Type Sensor  
installed 

Sample  
collected 

Depth 

La Milagrosa Shallow Well Shallow Groundwater X X 9.81 

El Rosario Shallow Well Shallow Groundwater X X 12.85 

Rancho Grande Shallow Well Shallow Groundwater X X 7.1 

La Camelia Shallow Well Shallow Groundwater X X 13 

La Fé Shallow Well Shallow Groundwater X X 15 

vpr-pm-10 Shallow Groundwater X X 9.97 

vp-pm-6 (P2) Shallow Groundwater X X 14.5 

vp-pm-5 (P1) Shallow Groundwater X X 8.93 

vp-h-1 Surface water-Wetland X X - 

Timbique Pluviometer Precipitation X X - 

vp-789 Deep Groundwater X 
 

89 

vp-303 Deep Groundwater X 
 

98.25 

vpr-94 Deep Groundwater X 
 

210 

vp-666 Deep Groundwater 
 

X - 

vpr-103 Deep Groundwater 
 

X 108 

vpr-16 Deep Groundwater 
 

X 90 

Nacimiento Finca Guazimal Diffuse Spring 
 

X - 

Nacimiento Lomitas 1 Diffuse Spring 
 

X - 

Nacimiento Lomitas 2 - Finca La Trinidad Diffuse Spring 
 

X - 

Nacimiento Hda Carmen - Hda Panamá Diffuse Spring 
 

X - 

Nacimiento Hda Lorena - Hda La Cabaña Diffuse Spring 
 

X - 

Nacimiento Hda El Vergel Diffuse Spring 
 

X - 

El Muerto Brook Brook-Spring 
 

X - 

Bolo River - La Italia Surface Water 
 

X - 

Bolo River - Los Minchos Surface Water 
 

X - 

Bolo River - After derivación 4 Surface Water 
 

X - 

Bolo River -Puente Pradera Surface Water 
 

X - 

Bolo River -Before confluence  
Bolo + Aguaclara 

Surface Water 
 

X - 

Aguaclara River Surface Water 
 

X - 
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Figure 4. Monitoring and sampling points used in the study 
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2. STUDY AREA 
 

2.1. Topography and Climate 

The Bolo River catchment is located in the Valle del Cauca province, southwestern of the central 

cordillera, in the Andean physiographic region, in jurisdiction of the municipalities of Pradera, Palmira 

and Candelaria. It limits to the north with the Nima-Amaime catchment, to the south with the Fraile 

catchment, to the east with the province of Tolima and to the west with the geographical valley of the 

Cauca River. The total area of the catchment is 410 km2, from which 61.4% correspond to the 

municipality of Pradera, 35.7% to Palmira and 2.92% to Candelaria. 

The Bolo catchment has a big extension and varied topography that goes from the 950 to the 4100 

masl (Figure 5), which makes possible the presence of different thermal floor from paramos to hot plains 

(Figure 6, Table 2). In average temperature rises 1°C for each 170 meters of decline in height. By the 

ecuatorial location of the catchment, where the exposure to solar bright is very high, it has a climate 

characterized by relatively high temperatures along the whole year, which also produces high 

evapotranspiration rates sometimes even exceeding precipitation rates. 

 

Figure 5. Topography in the Bolo catchment 

The precipitation and its spatial and temporal bimodal distribution are the result of different variables: 

influence of the topography, trade winds, and the predominance of the inter-tropical convergence zones; 

the pluvial regime in the region increases or decreases according to the intensity of the winds.  

Table 2. Thermal floor classification 

Height (masl) Thermal Floor 

Below 1000 Warm 

1000-2000 Temperate 

2000-3000 Cold 

3000-3400 Very cold 

Above 3400 Paramo 
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Figure 6. Thermal floors in the Bolo catchment 

The drainage area of the Bolo catchment is geographically located in the Colombian pacific region, 

where temperature and relative humidity are high all along the year and precipitation is distributed 

depending on the north-south migration of the Intertropical Convergence Zone (ITCZ). The ITCZ divides 

the year in two rainy seasons, two dry seasons and four transition seasons (Figure 7): 

First dry season: From December 16th until February 15th. In the end of this period the 

transition period begins and it lasts for 40 days. 

First rainy season: Starts in march 26th with a duration of 61 days until May 25th. The transition 

period to the next dry season takes 20 days. 

Second dry season: Goes from June 16th until August 26th followed by a transition period of 

50 days. 

Second rainy season: Starts in October 6th and goes for 61 days until December 5th. The 

transtition period to the first dry season of the year lasts just 10 days. 

 

Figure 7. Annual pluviometric calendar. Source: Cenicaña, 2010 

The precipitation distribution is highly affected by the orography and the winds regime, since those are 

the ones allowing or blocking the transit of cloud masses in the territory. The windward zone, in the 
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western flank of the central cordillera has a precipitation of 2000 mm/year and it is characterized by rain 

forests, fog forests and paramos. The rivers in this cordillera are longer and with higher flows due to the 

intersection cause by this orographic mass to the humid masses coming from the Pacific Ocean, which 

crossed the western cordillera. In the plain the precipitation can be around 1100 mm/year or less (CVC 

& UNIVALLE, 2007). 

Table 3 presents the average precipitation in each of the meteorological stations and the annual and 

monthly values for the whole catchment. This information was generated with a 30 years period data 

(1974-2003) (CVC, 2012). 

Table 3. Monthly and annual precipitation in the Bolo catchment 

Station  
Precipitation (mm)  

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

Bolo Blanco  126  124  131  151  112  67  48  49  78  173  191  148  1400  

Guachazambol
o  

55  58  101  124  127  73  44  50  85  122  107  67  1012  

La Diana  138  114  148  165  103  42  29  32  93  181  209  131  1385  

Chambú  121  140  192  206  116  58  42  48  116  199  223  143  1603  

Ing. Castilla  82  105  122  161  112  54  32  37  103  144  149  90  1191  

Average 105  108  139  162  114  59  39  43  95  164  176  116  1318  

 

2.2. Soils 

Soil texture is an important soil characteristic that influences stormwater infiltration rates. The textural 

class of a soil is determined by the percentage of sand, silt, and clay. Soils can be classified as one of 

four major textural classes according to the particle size: sands; silts; loams; and clays. Table 4 presents 

the soil texture classification by the particle size according to the U.S. Department of Agriculture 

(USDA). Numerous soil properties are influenced by texture including drainage, water holding capacity, 

aeration, and susceptibility to erosion, organic matter content, cation exchange capacity (CEC) and pH 

buffering capacity. 

Table 4. Soil texture classification 

Soil texture Size (mm) 

Gravel > 2 

Very Coarse Sand 1 - 2 

Coarse Sand 0.5 – 1 

Medium Sand 0.25 – 0.5 

Fine sand 0.1 – 0.25 

Very Fine sand 0.05 – 0.1 

Silt 0.002 – 0.05 

Clay < 0.002 

The permeability of a rock can be described as “its capacity to transmit groundwater”. The permeability 

of a rock depends on the properties of the rock itself and the water contained in the rock. Unconsolidated 

rocks are permeable where the pore spaces between the individual grains is sufficiently large. Large 

openings are normally associated with the larger grains in coarse-grained unconsolidated rocks. The 

openings are usually connected which implies that the overall rock is also permeable. Rocks with 
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smaller openings are less permeable, also as a result of the usually plate-like appearance of their grains 

(e.g. in clays) (J. C. Nonner, 2015). 

The plain of the Bolo catchment is 158 km2 from where sandy loam soils predominate with 42.5%, 

followed by rocky soils, clay loam soils and loamy soils. About 73.7% of the plain of the catchment is 

covered by loamy, sandy, silty and rocky soils; however, the clay and loamy clay soils represent 23.4% 

of the total area, located mostly in the alluvial fans and the lower part of the catchment (Figure 8). 

 

Figure 8. Soils texture distribution in the plain of the Bolo catchment. Source: CVC 

The soil use term is defined as the activities directly related to the land, through the natural use of the 

soil or indirectly through impacts from socioeconomic activities; it constitutes one of the main aspects 

in the management of the land use. In the Bolo catchment, the main use of the soil is with agricultural 

purposes with a 64.7% of the total of the area mainly located in the lower catchment, followed by a 

33.7% of protected areas located in the upper part, in the central cordillera. Urban areas represent 0.9% 

of the total area (Figure 9). 

 

Figure 9. Soil use in the Bolo catchment. Source: CVC 

Soil cover makes reference to all natural or anthropic elements covering the land surface. According to 

the characteristics of each one of the covers they can be classified in rocky outcrops, vegetal cover, 

water coverage, urban constructions, etc. The cover can be derived from natural environments including 

forests, savannas, lagoons, etc.; or from artificial environments including crops, dams, and 



 P a g e 13 | 71 

 

constructions. The soil cover is the result of the interactions between the natural environment, 

vegetation, soil use and its resources. 

The coverage of the Bolo catchment is dominated by sugar cane crops which occupy 31% of the total 

area (Figure 10). This is the most important economic activity in the plain, due to the presence of sugar 

mills and panela industry. Other of the coverages with wide extension is the cultivated grass for 

extensive cattle raising with 29% of the area, located almost totally in the hillside. Intensive cattle raising 

takes place in small extensions in the plain. The natural dense forest occupies 17% of the area, and 

the paramo vegetation represented as natural herbs represent 6% of the catchment. 

 

Figure 10. Soil cover in the Bolo catchment. Source: CVC 

 

2.3. Geology and Geomorphology 

Geologically, the western flank of the central cordillera is formed by effusive and igneous sedimentary 

rocks from the Jurassic, Cretaceous and Tertiary periods (Figure 11). The higher part of the Bolo 

catchment is composed by quartz diorites of the Santa Bárbara Batholith, which is as source of 

important quantities of materials for the channel. However these materials suffer a strong disintegration 

after travelling long distances through the higher catchment until the alluvial fans where it gets in the 

form of Quartz sands (CVC & UNIVALLE, 2007).  

The higher part of the central cordillera in the Bolo catchment is composed by rocks from the Cajamarca 

group, and the middle and lower part are conformed by igneous rocks from the Amaime formation 

(Ministry of mines and energy & INGEOMINAS, 2001). 

The static (weathering) and dynamic (erosion) processes, where water prevailed and deglaciation 

played an important role, transported and deposited sediments filling the tectonic fossa of the Cauca. 

This constituted an important deposit of gravel, sand and clays with good hydrogeological 

characteristics for the groundwater storage. The Cauca fossa has an ophiolitic base and volcanic rocks 

on which continental sedimentary rocks from the tertiary rest. The central part of the catchment is 
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composed by a wide and thick alluvial filling formed by enormous alluvial fans coming from the cordillera 

because of the tectonic activity and alluvial deposits. After the formation of the alluvial fans, it starts a 

period with intense erosion with leads to the formation of sedimentary units located in the lowest part 

of the central cordillera (CVC & UNIVALLE, 2007). 

 

Figure 11. Geology of the Bolo catchment. Source: CVC 

The geological units present in the catchment are (Ministry of mines and energy & INGEOMINAS, 2001; 

CVC & UNIVALLE, 2007; Miranda municipality, 2002): 

Qal(ab) - Qal - Alluvial deposits. Those deposits have been group in three units: the most superficial 

has an average thickness of 70 m and is conformed by gravel and sand layers with intercalations of 

clays and silt. The second unit is typically formed by clays, eventually it also presents lenses of sand 

and fine gravels with size material demining from the cordillera towards the Cauca river. The third unit 

is composed by gravels, sand and sometimes boulders, and its thickness is unknown. 

Qca - Alluvial fans. Those are complex systems in general, composed by gravels and sandy gravels 

with thin layers of sand. Usually the alluvial fans do not have an internal stratification, however, they 

tend to decrease the grain size towards the surface. The sequence of these formations and their 

relations are evident from aerial photography. 

Qd - Alluvial materials (Derrubios). They are common along the main rivers and they are formed by 

thick clastic deposits of stratified gravels, sandy gravels and sands with local silt units.  

Qc - Colluvium deposits. Those deposits are conformed by detritus taken to the valley by the washing 

of the slopes and mixed in varying amounts with the slope material, they can be found mainly in the 

foot hills. 

Qg  -Glacier deposits. They are confined in the higher parts of the central cordillera, above the 3500 

meters above sea level (masl). Those materials are composed by deposits of metamorphites blocks 

from the Cajamarca complex and other igneous material. 

Tpv  -Vilela Formation. It comprises a sequence poorly consolidated of interstratified conglomerates 

with sandy toffs exposed in the western flank of the central cordillera. This structure is understood as a 

drag along the Florida fault. The conglomerates in the Vilela formation are distinguished for being 
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oligomictics with pebbles from the basalts in the Amaime formation. The unit is assumed to have its 

origin in the Pliocene. 

Kdi - Cordoba river complex. Those are rocks composed by diorites and quartz-diorites which outcrops 

mainly in the east of Palmira, between the villages of Aguaclara and La Buitrera. They are partially 

covered by alluvial fans and it presents variations in its composition. Its age is approximately 77 million 

years. 

Ka  - Amaime formation. A group of basic vulcanites that appear all along the western flank of the 

central cordillera. The unit is composed by massive basalts with cushioned lavas horizons. The 

presence of intercalated sediments is almost null. The basalts of this unit are from the Jurassic – Early 

Cretacic age. The basalts are typically lava pads, typical from volcanic submarine eruptions. 

Kcd  - Navarco river complex. Intruded in the metamorphic rocks in the central cordillera there are small 

plutons or stock and diques. Those are biotitic quartz-diorites, free of Xenoliths, tectonized and 

weathered. Those rocks are considered from the early Cretacic because of its regional, geologic and 

structural relations with the Cordoba river complex which outcrops directly to the north, in the province 

of Quindio. 

Pzba - Metagabroides de Bolo Azul. The metagabros diorites, hornblendic pegmatites, hornblendic 

neises and amphibolites which constitute this unit are structurally a south extension from the Rosario 

Amphibolites even though its contact is through main faults. Those rocks outcrop in a narrow but well 

defined belt which varies from 1-2 km width and goes along 55-60 km. 

Pzb - Bugalagrande basic shales. Those conform most of the western flank of the central cordillera and 

they are limited by the east by the Cauca-Almaguer fault. This unit contains amphibole-cloritic shales 

and graphitic shales (black) with some quantities of Micaceous schists, quartzites and Samitas. The 

different types of shales are mixed in the unit even though there might me local predomination of some, 

the detailed cartography shows that from amphibole-chloritic they change gradually to graphitic that 

also varies between rich in graphite and quartz-sericite almost identical to the ones in the Cajamarca 

complex. Those changes are marked by an addition of graphite, quartz and sericite at expense of 

amphibole, chlorite, epitope and albite. 

Pzc - Cajamarca complex. This complex outcrops along the eastern side of the Valle del Cauca 

province for about 150 km, NE-SW orientation. It predominates two types of low-grade shales 

interleaved with quartz and locally with marble: green shales and graphitic or black shales.  

The most abundant rock in the formation are the quarzt and aluminic shales, in the outcrop they are 

green-greyish. The basic mineral paragenesis consists of chlorite actinolite, epitope, albite, sericite and 

quartz with varying amounts of zoicite, calcite and zircon. The graphitic shales can be described as 

quartz-sericitic although the graphitic or “black” denomination fits better with its field characteristics. 

Those are pyrite black shales in sheets which vary between 3-5 mm, with typical and plenty quartz 

lenses. Quartz and sericite conforms around 90-95% of the rock.  
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PTrcd - Santa Bárbara Batholith. This batholith outcrops the southeastern part of the Valle del Cauca 

province, with about 375 km2 in the municipalities of Florida and Pradera. It’s formed by a quartz  

diorite/tonalite composed by alagioclase and quartz with minor amounts of potassium feldspar. The 

batholith intrudes the Cajamarca and Arquía complexes where it produces metamorphism of limited 

contact, particularly well exposed in the places where the shales from the Cajamarca complex form 

pending roofs above the batolite. In its western contact it intrudes the amphibolites and metagabra of 

the Bolo Azul, reason why xenolites of metabasite are common. 

From a geomorphological point of view, the catchment is composed by three different landscape units 

(Figure 12): 

1. a mountain area in the central cordillera; 

2. low hills area represented by sedimentary rocks from the Tertiary or the early Quaternary; and 

3. a zone of antique and recent fans and the alluvial plain of the Cauca river, conformed by deposits 

left by the Cauca river. 

 

Figure 12. Geomorphology of the Bolo catchment. Source: CVC 

2.4. Hydrology 

The Bolo River (Figure 13) has its origin from the confluence of the rivers Bolo Azul and Bolo Blanco at 

1550 masl, and it discharges to the Guachal River which is a tributary of the Cauca River. The Bolo 

Azul River has its origin in the Los Cristales lagoon, in the central cordillera at 3900 masl. The Bolo 

Blanco River has its origin in the Pozo del Pato lagoon in the village of the same name at 3850 masl. 

The catchment has an erosional drainage pattern with a sub-dendritic drainage system of surface 

streams with all types of order, with a tendency to the order 5th according to Schumm drainage 

classification.  

The main tributaries of the Bolo River are Bolo Azul, Bolo Blanco, El Nogal, Los Negros, El Tamboral, 

El Muerto, La Leona and Aguaclara. Its length is about 66 km from the confluence of the Bolo Blanco 

and Bolo Azul in La Feria village. There are five defined sub-catchments in the area (Table 5) (Figure 

14).  
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a)  b)  

Figure 13. Bolo River. (a) Bolo upstream (b) Los Minchos station 

 

Table 5. Sub-catchments – drainage areas 

Sub-catchment Area (km2) 

Upper Bolo River zone 139.9 

Aguaclara River catchment 112.7 

La Leona Creek catchment 31.9 

Medium Bolo River zone 18.7 

Lower Bolo River zone 105.1 

 
 

 

Figure 14. Sub-catchments and main tributaries of the Bolo River. Source: CVC 
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The sub-catchments have different characteristics and uses due to their differences in topography, soils 

and climate (CVC, 2012): 

Upper Bolo River zone (Sp: Zona alta río Bolo): Includes the Bolo Azul and Bolo Blanco rivers and 

their tributaries and it has an altitude range that goes from 4050 masl to 1400 masl. The sub-catchment 

covers the thermal floors paramo, very cold, cold and temperate. The main coverage are the planted 

forest and grass for extensive cattle raising followed by vegetables.  

Medium Bolo River zone (Sp: Zona media río Bolo): It is located in the area of influence of the creeks 

Tamboral, Salsipuedes, El Rastrillo, El Nogal, Los Negros y La Cima with an altitudinal range from 3000 

masl to 1105 masl. The catchment covers the thermal floors cold and temperate.  

La Leona creek catchment (Sp: Quebrada La Leona): It has an area of influence corresponding to 

La Leona creek and its tributaries with an altitudinal range from 2150 masl to 1035 masl. Most of this 

area is located in the temperate thermal floor, with a small fraction in cold lands.  

Aguaclara River catchment (Sp: Río Aguaclara): It corresponds to the drainage network of the 

Aguaclara river and its tributaries. The altitudinal ranges vary from 1850 masl to 1000 masl. The 

predominant thermal floor is temperate, with some small areas with a warm climate in the lowest parts 

of the catchment.  

Lower Bolo River Zone (Sp: Zona baja río Bolo): Includes the drainage network of the Bolo River 

and the channels and outtakes in the plain. The altitudinal ranges vary from 1000 masl to 940 masl. 

Warm is the predominating thermal floor in the catchment. The area is characterized by an agricultural 

and industrial sector where predominates the sugar cane monoculture. Due to the economic activities 

in the catchment the water consumption is very high, which produces an intense exploitation of the 

surface waters and groundwaters. 

The Bolo River has historical information of flow rates since 1992, registered in the limnigraphic station 

Los Minchos located at 1388 masl. This data series was analyzed by the CVC in 2007 using exploratory 

analysis of the data including computation of descriptive statists, atypical or extreme values and the 

evaluation of a trend to the normal behavior of the series. The multiannual monthly average flow is 

presented in Table 6. The month with the lowest multiannual average flow is September, and the month 

with the highest flow is May (CVC & Gaiacol, 2006). According to the flow duration curve, the river has 

flow rates above 800 L/s for 95% of the time at the Los Minchos station.  

Table 7 summarizes the morphometric and hydrologic parameters of the catchment (CVC, 2012). 

Table 6. Multiannual monthly average flow in Los Minchos station (L/s) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

3302 2623 3004 3507 3871 3209 3126 2573 2497 2653 3415 3616 3115 
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Table 7. Morphometric and hydrologic parameters of the Bolo catchment 

Parameter  Value 

Area (km2) 410 

Maximum altitude (masl) 4136 

Minimum altitude (masl) 980 

Average Altitude (masl) 2140 

Perimeter (km) 153.62 

Axial length (km) 49.92 

Average width 8.76 

Average slope (%) 30.57 

Shape factor  0.18 

Gravelius coefficient 1.66 

Main river length (km) 66.61 

Average slope of the main river (%) 4.30 

Average precipitation (mm/year) 1528 

Average flow (at los Minchos) (m3/s) 3.11 

Water yield (L/s/ha) 0.25 

Runoff coefficient (%) 0.51 

Concentration time (hours) 5.58 

 

2.5. Hydrogeology 

Groundwater reserves in the Bolo catchment are located primarily in the plain of the geographical valley 

of the Cauca River. The valley has a tectonic origin and it was filled with deposits in a continental 

environment, which gave origin to the different types of rock in the central and western cordillera.  

Groundwater is one of the main natural sources of water in the Valle del Cauca. The hydrogeological 

studies made by the CVC have identified two aquifer systems (Figure 15) with well-defined locations 

and characteristics (CVC, 2000). Currently the wells are extracting water from the so called A and C 

units in the multilayer aquifer system. 

UNIT A: It is a semiconfined aquifer up to 180 m deep close to the foothills of the central cordillera and 

a maximum depth of 70 m in the area closer to the Cauca River. The average thickness is 120 m with 

40% of permeable sediments (48 m) for a total water stored of 20000 x 106 m3. The unit has an average 

recharge of 3100 x 106 m3 equivalent to 100 m3/s. The wells located in this unit have flow rates between 

40 and 150 L/s with an average range of specific flow range from 3 to 8 (L/s)/m. The water in this aquifer 

is classified as bicarbonate, calcium-magnesium, free of nitrates and with high hardness (CVC, 2000). 

UNIT B: Is located between 120 m and 200 m deep and is typically conformed of clays. It also presents 

lenses of sand and fine gravels with little hydrogeological interest. It has an average thickness of 60 m 

and at some point it increases up to 80 m, however this unit disappears near the alluvial fans as shown 

in Figure 15. This unit is the confining layer for unit C and it does not have a potential interest for 

groundwater exploitation. However, it is important for the protection of the confined aquifers (CVC, 

2000). 
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UNIT C: Is a confined aquifer with a thickness between 50 m and 400 m, the top of the aquifer is 

between 100 m and 300 m deep and the bottom can reach a depth of 500 m. The average permeable 

thickness is 60-70 m with a storage capacity of about 15000 x 106 m3 (CVC, 2000). 

Unit C is being exploited only recently and so it can be considered a future reserve. It has a specific 

flow of 61 (L/s)/m and a total capacity between 150 and 200 L/s. The water in this aquifer has excellent 

bacteriologic and pysicho-chemichal characteristics with higher quality than the water in  unit A. This 

aquifer is conformed by layers of sand, gravels and boulders sometimes. 

 

Figure 15. Aquifer system of the Cauca valley. Source: (Sànchez et al., 2016) 

The specific flow or specific capacity is the discharge produced by the aquifer for each drawdown meter 

in the well, it measures the unitary yield of the aquifer and it is determined by dividing que pumped flow 

in the drawdown and it is represented as (L/s)/m. 

The plain of the catchment includes four ranges of specific capacity in the unit A. The predominant 

capacity is between 3-8 (L/s)/m in most of the extension of the plain. Near the urban area of Pradera 

the values are around 0-3 (L/s)/m. The area close to the discharge of the Bolo River to the Guachal has 

values of 8-10 (L/s)/m. This provides an idea of the yield of the aquifer (Figure 16). 

 

Figure 16. Specific flow capacity of the unit A. Source: CVC 
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There are 192 wells registered by the CVC in the Bolo catchment. The main use of the groundwater is 

irrigation, followed by industrial use and public supply. The licensed flow for the total of the large 

consumers is 3072 L/s, for the medium is 253 L/s and for the small consumers it is 126 L/s, including 

the domestic water supply. 

The value of the hydraulic parameters of the aquifer were determined with a total of 50 pumping tests 

in observation wells and 1000 pump tests in production wells. Values for transmissivity (T), permeability 

(K) and storage coefficient (S) were computed (CVC, 2000). The parameters obtained for the different 

layers are: 

UNIT A 

Transmissivity (T)  300 – 2200 m2/day  

Hydraulic Conductivity (K) 5 – 55 m/day 

Storage coefficient (S)  1.0 x 10-3 - 5.6 x 10-3   

UNIT B 

Leakage factor   240 – 1000 m 

UNIT C 

Transmissivity (T)  1000 – 1500 m2/day  

Hydraulic Conductivity (K) 10 – 25 m/day 

Storage coefficient (S)  7.0 x 10-4   

For unit A, the values for the hydraulic parameters are much higher in the aquifers located in the 

sediments of the alluvial plain and the lower parts of the alluvial fans, and lower towards the foothills 

and the upper parts of the alluvial fans. 

The parameters for unit C have been obtained from wells only partially capturing the aquifer, there is 

not a total penetration of the aquifer so the values must be taken as a reference. Those aquifers are 

typically confined, with artesian pressure and flow. The initial artesian flow in the test wells were 39-63 

L/s and it decreases with the operation of the wells due to the decrease in the pressure of the aquifer. 

The general flow direction of the groundwater flow in the alluvial fans and the alluvial plain is 

perpendicular to the Cauca river and closer to the river, by the alluvial deposits the flow direction 

becomes parallel to the river. The average hydraulic gradient is 0.0065 in the high and medium areas 

of the alluvial fans and 0.0030 in the deposits of the alluvial plain and closer to the Cauca River (CVC, 

2000). 

The discharge of the aquifers in unit A is in the area next to the Cauca river and it contributes to the the 

baseflow of the river together with the baseflow coming from the upper catchments. The main recharge 

occurs in the zone of faults present in the hardrock, alluvial fans and alluvial channels of the tributaries. 
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3. GROUNDWATER RECHARGE PROCESSES 
 

3.1. Methods 

The challenge in the determination of the recharge rate is first to identify the main processes by which 

recharge takes place. Data collection and analysis, and field measurements are necessary for a good 

estimation of the recharge. However it is an iterative process, involving progressive aquifer-response 

evaluation. The combination of reliable local data, remote sensing, and GIS technology offers promise 

for a better understanding and quantification of recharge over large areas (de Vries & Simmers, 2002). 

As presented by Scanlon et al. (2002) there are multiple techniques to estimate recharge. There are 

different methods that can be used for different time and space scales, and different levels of complexity 

can be found among them. Some authors have summarized the different existing methods to estimate 

recharge (Simmers, Issar, & Lerner, 1990) (Simmers, 1988) (Simmers, 1997). 

Background information on potential controls on recharge is extremely valuable. The climate, 

geomorphology (including topography, soil, and vegetation) and geology of a site control the location 

and timing of recharge and therefore influence the choice of technique for its estimation. Climate plays 

a major role in controlling recharge, as shown by differences in recharge sources and rates between 

arid and humid regions. Preliminary recharge rates for a site can be estimated using available 

meteorological data and soil hydraulic-parameter data in unsaturated-zone models. Available 

hydrologic data should also be evaluated, including streamflow data (for evaluating gaining and losing 

sections of streams) and water-table depth (for determining unsaturated-zone thickness) (Scanlon et 

al., 2002). 

There are different well-known recharge processes (Simmers et al., 1990). The principal processes are: 

- Direct recharge: water added to the groundwater reservoir in excess of soil-moisture deficits and 

evapotranspiration by direct vertical percolation through the vadose zone. 

- Indirect recharge: percolation to the water table through the beds of surface-water courses. 

- Localized recharge: an intermediate form of groundwater recharge resulting from the horizontal 

(near-) surface concentration of water in the absence of well-defined channels. 

The mechanisms and rate of groundwater recharge depend on the geology, climate, soils type and 

conditions, vegetation, morphology and human practices including irrigation. The interaction of those 

factors determine the main recharge processes in a certain area. Different methods to determine 

groundwater recharge are found in the literature. Some of the most used methods (Nonner 2015) are: 

Water Balance Method: With this method, the recharge rate is estimated on the basis of the water 

balance for the root zone. The water balance for this zone above a groundwater balance area can be 
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formulated. One can carry out the water balance computations using data on the root zone that are 

determined on a daily or weekly basis for a sufficiently long monitoring period. In other words a “running  

balance” on a daily or weekly basis can be kept. The running balance includes data on precipitation 

rate, potential and actual evapotranspiration rate; runoff and water content of the root zone, and can be 

recorded and assessed at hydro-meteorological stations. 

Chloride Method: This method combines the water balance of the root zone and the transport of 

chlorides through this zone. Chlorides dissolved in precipitation and as dry deposition reach the land 

surface. These chlorides may infiltrate into the root zone and be transported downward to the 

groundwater table. Normally, chlorides on their way through the root zone do not precipitate, nor are 

chlorides added from other sources. 

Groundwater table fluctuation method: In this method the recharge from precipitation is estimated from 

an analysis of groundwater table fluctuations. Recharge causes a rise of the groundwater table. This 

rise causes an increase in the amount of water stored in the groundwater balance area. However the 

water stored is not exactly the same as the recharge, since part of the recharged water is simultaneously 

discharging from the area. In other words, the recharge is equal to the amount stored plus an amount 

that is added to discharge. 

3.2. Recharge Estimation 

In this study recharge was assessed using the water balance method with data from 2000 to 2016 in a 

daily time step, and the chloride method was also applied using the results from the sampling campaign 

carried out in May 2017. The water balance method was also used to analyze the temporal variability 

of the recharge, and to perform a sensitivity analysis of the parameters in the method. The results from 

the chloride method were also used to evaluate the spatial variability of the recharge in the area. 

3.2.1. Chloride Method  

Recharge was estimated using the equation proposed by Allison & Hughes (1978). 

 

Equation 1 

Where qR is the annual recharge, P is the long-term mean annual precipitation, CP is the concentration 

of chloride in rainfall, CD is the amount of chloride in the dry deposition and Cgw is the chloride 

concentration in groundwater within the recharge area. In this case, rainfall chloride concentration 

represents the wet and dry chloride deposition.  
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The chloride balance method assumes that chloride is a conservative, non-adsorbed environmental 

tracer under steady-state conditions, and the validity of its application is restricted by several 

assumptions:  

- The only source of chloride in groundwater is either from rainfall or from dry deposition, and 

recycling of chloride within the aquifer is not considered;  

- Chloride fallout through rainfall and atmospheric deposition (wet and dry fallout) is considered to be 

constant over long periods of time;  

- Rainfall is evaporated and/ or recharged to groundwater without any significant surface runoff;  

- No groundwater evaporation occurs upgradient from the groundwater sampling points.  

Two precipitation stations were used: one in the alluvial fans and one in the plain. Chloride concentration 

values were obtained from the sampling campaign in May-2017, comprising a total of 14 points (Figure 

17). For the points located in the alluvial fans, the chloride concentration was averaged and recharge 

was computed using the mean multiannual precipitation from Chambu station and for the plain, the 

recharge was computed with their chloride concentration average and the data from Ing. La Quinta 

station. The annual average precipitation for Chambu is 1505 mm and for Ing. La Quinta is 992 mm.  

 

Figure 17. Meteorological stations and groundwater chloride measuring points 

The wet and dry chloride deposition from rainfall is 0.8 mg/L. For this study the chloride concentration 

from one collected sample was used. Chloride concentrations in rainfall have high variations and one 

sample is not very representative, the best in order to have a representative value would be to bulk 

samples or average chloride concentrations for a long period, five years monitoring is the recommended 

by the International Atomic Energy Agency (IAEA). 

The average chloride concentration for groundwater in the alluvial fans is 3.13 mg/L while for the plain 

it is 7.82 mg/L. It should be taken into account that the chloride concentrations from groundwater are 

point measurements and not long time averages all of the samples used in this part correspond to 

shallow wells. However, as the measurements were taken in the end of the strongest rainy season in 

the year, we can say that those values represent the recharge in the Bolo catchment for the rainy 
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seasons. Recharge estimation for the group in the alluvial fans is 385 mm/year and for the plain it is 

102 mm/year. 

3.2.2.    Soil Water Balance Method  

For the estimation of the recharge by the soil water method, the model developed by Nonner & Stigter 

(2016) was used. The model computes for the lower boundary of the root zone the downward 

percolation and upward capillary rise as a result of rainfall and evapotranspiration processes. The 

percolation and capillary rise correlate with - respectively - the recharge and upward flow from the 

groundwater table. 

Computations are based on the water balance for the root zone according to the following equation: 

𝑄𝑝𝑒𝑟𝑐 = (𝑃 − 𝐸𝑇𝑟 − 𝑅) + 𝑄𝑐𝑎𝑝 − 𝑆𝑟𝑜𝑜𝑡 

Equation 2 

Where Qperc is the percolation at the lower boundary of the root zone; P is for precipitation; ETr is the 

total real evapotranspiration; R is the surface runoff; Qcap is the capillary rise at lower boundary of the 

root zone and Sroot is the change in soil moisture in the root zone. 

The water balance is modeled on a daily basis with mm as the unit for volume per unit area. The physical 

processes that take place in the model are defined by the actual soil moisture content in the root zone 

and the available storage of precipitation in the root zone defined by field capacity as the upper limit 

and the wilting point as the lower limit (Nonner & Stigter, 2016). 

Soil moisture for every day is computed according to the precipitation and the actual evapotranspiration. 

Evapotranspiration takes place when precipitation plus previous soil moisture exceeds the soil moisture 

content at evaporation reduction point which is the soil moisture storage halfway field capacity and 

wilting point. Downward percolation (recharge) is estimated as the difference between the available 

water and the soil moisture content at field capacity. 

Runoff estimation is based on the daily runoff threshold coefficient that determines runoff that depends 

on characteristics as slope, soil properties and soil cover. In this study the methodology to determine 

the runoff threshold is the Curve Number Method by Jaramillo Llorente (2006), also recommended by 

Sànchez et al. (2016). Runoff q (mm) then is determined by the following equation: 

 

Equation 3 
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Where P is precipitation (mm) and Smax (mm) is a parameter that can be computed with the curve 

number. λSmax is the runoff threshold which defines the amount of rainfall required for the beginning of 

the runoff. Smax is computed using the curve number according to the following equation: 

 

Equation 4 

Where CN is the curve Number. Factors α,  β and have recommended values of 1.33, 1.15 and 0.05 

respectively for Colombian catchments (Jaramillo Llorente, 2006). 

When soil moisture is at the reduced evapotranspiration point, the physical process of capillary rise 

from the groundwater table takes place for shallow groundwater tables and depending on the extinction 

depth. For water tables below the extinction depth capillary rise for evapotranspiration can-not take 

place anymore. For periods without rain, irrigation gifts and capillary rise, the soil moisture content in 

the root zone is gradually reduced day by day (Nonner & Stigter, 2016). 

The inputs for the recharge estimation are: available soil moisture content at field capacity; depth of 

root zone, extinction depth, monthly values for groundwater table depth and a threshold value for runoff. 

Daily input values for precipitation, irrigation gifts, potential evapotranspiration and crops factors are 

also needed. The outputs are actual evapotranspiration, water deficits, percolation (recharge) and 

capillary rise. Net recharge as (gross) recharge minus capillary rise is also calculated (Nonner & Stigter, 

2016).  

A point estimation of the recharge in the alluvial fans (1020 masl) was carried out using the previously 

mentioned method. For the precipitation data, the pluviographic station Chambu (1255 masl) was used 

and for the temperature data the climatologic station CIAT Palmira (970 masl) was used (Figure 18). 

 

Figure 18. Point selected for the recharge estimation and meteorological stations 
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The total series used for the analysis is from 2000-2016. Precipitation data had no missing values, and 

for the average, maximum and minimum data for temperature, the missing data was replaced with the 

average of the average, maximum and minimum values for that day of the year from all the series. 

The point for the recharge calculation is 500 m higher than the temperature station. The temperature in 

the valley has a strong spatial correlation and a strong correlation with the altitude as well. The relation 

between the altitude (adiabatic gradient) is established by a regression between the annual values in 

each station and the terrain elevation. In this area the computed adiabatic gradient is -0.55°C, -0.61°C 

and -0.69°C for each 100 m in altitude for the minimum, average and maximum temperature 

respectively (Sànchez et al., 2016).  

Potential evapotranspiration was computed according to the formula proposed by Hargreaves (1994): 

𝐸𝑡
𝑝𝑜𝑡

= 0.0023𝑅𝑔(𝑇𝑡 + 17.8)√𝑇𝑡
𝑚𝑎𝑥 − 𝑇𝑡

𝑚𝑖𝑛 

Equation 5 

Where 𝐸𝑡
𝑝𝑜𝑡

 is the potential evapotranspiration for the day 𝑡 and 𝑇𝑡, 𝑇𝑡
𝑚𝑎𝑥 and 𝑇𝑡

𝑚𝑖𝑛 are the average, 

maximum and minimum temperature for the same day. 𝑅𝑔 is the global radiation factor which is a 

function of the latitude in the area and varies along the year (Table 8).  

Table 8. Global radiation factor for every month in the Bolo catchment (Latitud: 3.42) 

Month Rg 

Jan 15.3 

Feb 15.6 

Mar 15.5 

Apr 14.7 

May 13.6 

Jun 13.0 

Jul 13.2 

Aug 14.1 

Sep 15.1 

Oct 15.5 

Nov 15.3 

Dec 15.2 

 

From the soil use map sugarcane was considered the main crop (Sp: caña) (Figure 10). The initial water 

table level is taken from one of the sensors located in the catchment for this study. The sensor in the 

shallow well La Milagrosa is located 900 m from the analysis point. The record shows the groundwater 

depth from April 12th until May 10th, April is considered the most rainy month of the year and 2017 is 

particularly a year with heaviest rains in this period. For this reason, a groundwater table of 450 cm 

deep is considered for the analysis (Figure 19). 
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Figure 19. Water table - La Milagrosa shallow well 

Curve number was selected from the map (Figure 20) used for the recharge estimation from ESCACES 

project (Sànchez et al., 2016). In the selected point, the CN is 59 that correspond to dense crops and 

to a soil from the group A as those are loam-sandy soils. Soils from group A have high infiltration rates 

even with high soil moisture content and a high rate of water transmission. 

 

Figure 20. Curve Number in the plain of the Bolo catchment 

The irrigation scenario used is the one determined by previous modelling efforts (Sànchez et al., 2016) 

as it is the most probable scenario, and was built with the information shared by Cenicaña regarding to 

irrigation methods. “Medium Irrigation 180 days” (Sp: Riego Medio 180 días) is a programmed irrigation 

applied by the approximate 180 days in the dry period. Daily dotation is computed as a function of the 

multianual average precipitation. Sugarcane requires a total of 1800 mm per year and the multiannual 

average precipitation is 1522 mm, so irrigation should be 278 mm per year, and 1,54 mm/day for the 

180 dry days of every year. 

Soil and crop properties supplied by the Colombian Sugar Cane Research Center - Cenicaña were 

used to get the depth of the root zone, extinction depth, available water reserve –RAU (Sp: Reserva de 

agua útil) which is the difference between Field capacity and Permanent wilting point, and crop factor. 

Table 9 summarizes the parameters used in the recharge estimation. Previous recharge estimations 

resulted in an (spatial) average recharge value of 432 mm per year under the selected irrigation 

scenario for the area where Bolo catchment is located (Sànchez et al., 2016).  
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Table 9. Parameters used for the recharge calculation 

Groundwater Table 450 cm 

Crop Type Sugarcane 

RAU 90 

Curve Number - CN 59 

Depth of the root zone 60 cm 

Extinction depth 120 cm  

Irrigation 
Medium Irrigation 180 days  
1,54 mm 180 days at year 

The average annual recharge for this scenario in the current analysis for the period 2000-2016 is 522 

mm (Table 10). Due to time constraints the analysis was carried out in a specific area. Recharge 

estimation is higher than in previous studies as it is in this specific area, namely the alluvial fans that 

form the main recharge area, on soils with good infiltration properties. The analyzed period is also 

different: 2000-2009 vs. 2000-2016 used in this analysis. 

Table 10. Recharge estimation for the selected point 

Year Recharge (mm) 

2000 450 

2001 404 

2002 362 

2003 460 

2004 338 

2005 480 

2006 626 

2007 442 

2008 658 

2009 182 

2010 777 

2011 1254 

2012 328 

2013 627 

2014 709 

2015 326 

2016 443 

Average 522 

 

3.3. Sensitivity Analysis of the Recharge Estimation 

In order to analyze the relations between groundwater recharge and climate, and the different 

parameters used under the soil water balance method, a sensitivity analysis divided in two parts was 

carried out. An analysis between recharge and meteorological factors, and a sensitivity analysis in the 

soil water balance method to estimate recharge are presented next. 

3.3.1.  Recharge and Climate  

A comparison between total annual precipitation, annual potential evapotranspiration (ETp), annual 

average daily rainfall intensity and recharge was carried out to analyze the relations between those 

factors. Annual average daily rainfall intensity was computed by dividing the total annual rainfall of every 
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year by the number of days of precipitation for the same year. The catchment shows and average 

annual ETp of 1650 mm (Figure 22) while the average annual rainfall is 1500 m (Figure 21). This 

difference may produce that recharge is affected by evapotranspiration in a high way. 

 

 

Figure 21. Annual Rainfall 

 

Figure 22. Annual ETp 

Five years were selected in this step, marked with light blue bars in the bars graphs and in red circles 

in the scatter plots (Figure 23). 

- 2015 is the year with lowest precipitation, highest daily rainfall intensity and lowest number of rain 

days in the year. 

 

- 2008 is one of the years with the highest total precipitation and lowest daily rainfall intensity and 

the one with highest number of rain days. 

 

- 2007, 2013 and 2014 are years with similar total precipitation, rising daily rainfall intensity and 

decreasing number of rain days in the year, in the same order.  
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The year with the lowest precipitation is showing to be the one with the highest annual rainfall intensity 

(Figure 23). Years 2007, 2013 and 2014 are showing an increment in the annual precipitation in that 

order and daily rainfall intensities increase in the same order as well. 

 

Figure 23. Annual Precipitation, average daily rainfall intensity and days of precipitation 

 

Figure 24. Annual average daily intensity vs. Annual rainfall 

There is not a clear relation between rainfall intensity and recharge as shown in Figure 25 and Figure 

26. For instance, years 2008 and 2013 have similar recharge values with different daily intensities; there 

is not a trend just between those variables. The same holds for 2007 and 2015. 

 

Figure 25. Recharge vs. average daily rainfall 
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Figure 26. Recharge (%P) vs. average daily rainfall 

In order to analyze better those relations, a graph with the years in ascendant order according of annual 

precipitation is presented (Figure 27). Numbers above the green bars indicate the number of rain days 

per year and the percentage next to the years label is the annual recharge as a percentage of 

precipitation. The number of days of rain in the year is inversely proportional to the average rainfall 

intensity. 

 

Figure 27. Annual precipitation compared with different meteorological variables 

Normally recharge could be expected to be higher when precipitation increases, but in the graph we 

can see that for some years there is a lower recharge even when total precipitation is higher or very 

similar. It is the case of the couples of years: 2005-2001, 2003-2007, 2014-2006 and 2006-2008. For 

those couples, all they have in common that even though the total precipitation is higher or similar, the 

years with lower recharge both in magnitude and as percentage of the recharge, have also always more 

rain days in the year and lower average daily rainfall intensity.  

Years with fewer days of rainfall per year and so with higher daily rainfall intensity are better for recharge 

as those years are more likely to have days of rain preceded by a higher number of dry days than other 

years.  

Table 11 presents the changes in precipitation, recharge, days of rain and daily rainfall intensity 

between those couples of years. Years 2005-2001 have the highest difference in recharge in mm and 
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in % of rainfall, and they have as well the smallest difference in the days of rain between them and the 

smallest increment in the daily intensity. 

Table 11. Differences in the variables between the selected couples of years 

Years 
Difference in 

Annual 
Precipitation (mm) 

Difference in 
Recharge 

(mm) 

Difference in 
Recharge 

(%) 

Difference 
in  days of 
rain (days) 

Difference in daily 
rainfall intensity 

(mm/day) 

2005-2001 43 -44 -4.0% 9 -0.33 

2003-2007 53 -39 -3.5% 18 -1.00 

2014-2006 14 -42 -2.7% 26 -2.66 

2006-2008 93 -24 -2.9% 48 -2.62 

Years 2006-2008 show the lowest reduction in recharge even though the increment in the total 

precipitation is the highest, those years also show to be the ones with the highest increment in the days 

of rain and the highest reduction in the daily rainfall intensity. 

Reduction in the daily rainfall intensity and increment of the days of rain in the year produces less 

recharge even though there are increments in precipitation. 

3.3.2. Sensitivity Analysis of the Water Soil Balance Method 

A sensitivity analysis of the soil water balance method to estimate recharge is presented. In this section, 

the different parameters used for estimating recharge will vary and the effects of those variations in the 

recharge estimation are presented. Parameters vary according to the ranges of the different values 

present in the Bolo catchment. This part of the analysis has the objective of determine those parameters 

that should be paid more attention as they have a big influence in the results. 

 

3.3.2.1. Groundwater Table  

Changes in the groundwater table may change the capillary rise produced in a region. In areas with 

very deep groundwater table or areas with coarse texture soils capillary rise is not very important, 

however shallow groundwater tables and fine texture soils may produce considerable losses to the 

aquifer due to the capillary rise, and thus it may change the net recharge. Table 12 summarizes the 

parameters used in this part of the analysis. 

Table 12. Parameters used to assess the changes in recharge due to changes in groundwater table 

Groundwater Table 120, 100, 80 and 60 cm 

Crop Type Sugarcane 

RAU 90 

Curve Number - CN 59 

Depth of the root zone 60 cm 

Extinction depth 120 cm  

Irrigation 
Medium Irrigation 180 days  
1,54 mm 180 days at year 
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Figure 28 shows that the diffuse recharge does not have big changes with the groundwater table 

fluctuation, however those changes affect capillary rise in a considerable way. Figure 29 shows a 

comparison between the recharge and the capillary rise for every year. 

 

Figure 28. Recharge under different groundwater table depths 

 

Figure 29. Recharge and capillary rise under different scenarios 

Capillary rise is computed using a factor which varies according to the position of the groundwater table. 

Capillary factor goes from 0 to 1 and it changes with the fluctuation of the groundwater table between 

the extinction depth and root zone depth. When groundwater table is below extinction depth, capillary 

rise does not take place and the Capillary factor is 0 (GW: 120 cm). A groundwater table above 

extinction depth and root zone depth produce the maximum capillary rice and the factor is 1 (GW: 60 

cm).  

In order to analyze the effect between those possible different scenarios a summary with the differences 

is presented. Differences in recharge and capillary rise using groundwater tables of 60 cm and 120 cm 

are presented in Table 13. A maximum change in the groundwater table correspondent to 600 mm, 

produces the extremes for the capillary factor (0 or 1). The maximum difference in the recharge is 63.78 
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mm for 2007, which corresponds to a 14.4%. Although the changes in the recharge are not very high, 

the changes in the capillary rise as a product of the rise in the GW table increase producing up to 842 

mm of rise which is evapotranspirated subsequently.  This produces a change in the net recharge and 

it can even get to be negative for years with very low precipitation and areas with shallow groundwater 

levels. As Figure 29 shows, a groundwater table of 60 cm may produce a negative net recharge for 6 

of the 17 years of the series, and this may change in a significant way the water balance for a catchment. 

 
Table 13. Differences in recharge and capillary rise between a groundwater table of 60 cm and 120 cm 

Year 
Differences in Recharge 

(mm) 
Differences in 
Recharge (%) 

Differences in  
Capillary Rise (mm) 

2000 21 4.7% -353 

2001 32 7.9% -271 

2002 39 11.0% -494 

2003 36 8.0% -282 

2004 38 11.5% -454 

2005 30 6.3% -232 

2006 33 5.3% -349 

2007 63 14.4% -188 

2008 9 1.4% -23 

2009 0 0.0% -842 

2010 24 3.2% -45 

2011 23 1.9% -72 

2012 20 6.3% -504 

2013 57 9.2% -159 

2014 29 4.2% -404 

2015 24 7.4% -678 

2016 57 13.0% -440 

 
Even though capillary rise is not affecting very much the recharge coming from precipitation, it is 

showing that high levels can produce high water loss for evapotranspiration from the water present in 

the aquifer. In this case, the most critic water table deep (60 cm) is producing losses up to 842 mm 

when the recharge was 182 mm for the same year. 

3.3.2.2. Curve Number 

The runoff curve number (CN) is a parameter used to predict runoff and infiltration from rainfall excess. 

Changes in CN may increase the runoff and decrease infiltration and it might affect recharge. Table 14. 

Parameters used to assess the changes in recharge due to changes in groundwater table the 

parameters used in this step. 

Table 14. Parameters used to assess the changes in recharge due to changes in groundwater table 

Groundwater Table 450 cm 

Crop Type Sugarcane 

RAU 90 

Curve Number – CN 50, 60, 70, 80 and 90 

Depth of the root zone 60 cm 

Extinction depth 120 cm  

Irrigation 
Medium Irrigation 180 days  
1,54 mm 180 days at year 
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The predominant values in the plain in the catchment are between 50 and 80, while in the alluvial fans 

the predominant values are between 80 and 90 (Figure 20). The selected point for the analysis has a 

CN of 59, however higher values predominate in the surroundings and in the alluvial fan itself. For this 

reason, the original setting is taken for this analysis while CN varies between 50 and 90. 

Results show that changes in CN can change dramatically the recharge. The years with higher 

differences are the most rainy years (in red in Figure 30). However the big differences are between the 

results from using values for 70 and 80 in the CN. Values of 80 and higher correspond either to loam-

clay soils or clay soils, or impervious surfaces or both of them. 

In this case, a change from using a CN 50 to a CN 90 is producing a reduction of 100% in the recharge 

and an increase in the runoff. For 2011, the year with the highest annual precipitation, the decrease in 

the total recharge is 1314 mm while runoff increased in 1760 mm. With a good texture soils map, slopes 

and a map with the urban areas, the use of wrong very high values for the curve number can be avoided. 

 

Figure 30. Recharge under different curve numbers 

The increment in the runoff produces a direct reduction in the recharge (Figure 31). There is a very high 

influence from the soil texture in the definition of the CN. In particular, in the alluvial fans in the Bolo 

catchment there are predominalty clayey soils, loam-sandy soils and sand-loamy soils and the curve 

numbers in this area are 59 and 86 (Figure 32). Besides that, in the plain the predominant curve number 

values are 59 and 74. 
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Figure 31. Recharge and runoff under different curve numbers 

a)  b)  

Figure 32. Curve number (a) and soil texture (b) in the alluvial fans 

As most of the CN values in the catchment are between 60 and 80, the results for recharge and runoff 

are compared for this range (Figure 33). The differences between the 70-80 numbers are much higher 

than the difference between the 60-70 pair. And in total, the differences for the results between using a 

CN 60 and a CN 80 (as the differences found in the alluvial fans) can produce an average annual 

reduction in the recharge of 479 mm and an increase in the runoff of 522 mm. Both represent a change 

of 94%, as a decrease for the recharge and a as increment for the runoff. 

CN values between 70 and 80 have a critical behavior in the final recharge calculation, as in between 

those two the highest differences can be expected. In this particular case, where the alluvial fans have 

CN values of 59 and 84, it becomes a very important parameter to be assessed in order to get reliable 

recharge values. 
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Figure 33. Recharge and runoff differences under different curve numbers 

 

3.3.2.3. Available Water Reserve - RAU  

RAU is defined as the difference between field capacity and permanent wilting point. It is a value 

dependent on the soil material and texture. The change in this parameter changes the capacity of the 

soil to hold water. summarizes the parameters used to assess the effect of the changes of the RAU in 

the recharge. 

Table 15. Parameters used to assess the changes in recharge due to changes in the RAU 

Groundwater Table 450 cm 

Crop Type Sugarcane 

RAU 60, 90 and 110 cm 

Curve Number - CN 59 

Depth of the root zone 60 cm 

Extinction depth 120 cm  

Irrigation Medium Irrigation 180 days - 1,54 mm 180 days at year 

RAU is a parameter that affects the moisture content in the soil at the end of every day, and the soil 

evapotranspiration. In the catchment the predominant RAU values in the plain area are 90 and 110 with 

some small zones with values of 60 (Figure 34).  

 

Figure 34. RAU values in the Bolo catchment 
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Recharge was modeled using values of 60, 90 and 110 for the RAU. Using RAU values of 60, 90 and 

110 does not produce a big difference in the recharge (Figure 35). 

 

 

Figure 35. Recharge under different RAU values 

The RAU affects directly the ET from soil moisture (Figure 36), for the same year, an increment in the 

RAU produces a decrease in the recharge and an increment in the ET from soil moisture. A change 

from 60 to 110 in the RAU produces a reduction in the annual recharge of 65 mm as multiannual 

average which corresponds to 13% (Table 16).  

 

Figure 36. Recharge and ET under different RAU values 

 
Table 16. Parameters used to assess the changes in recharge due to changes in the RAU 

Year 
RCH decrease 

RAU 60-110 (mm) 
RCH decrease 

RAU 60-110 (%) 

2000 45 9% 

2001 98 21% 

2002 100 23% 

2003 67 13% 

2004 75 19% 

2005 55 11% 

2006 76 11% 
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Year 
RCH decrease 

RAU 60-110 (mm) 
RCH decrease 

RAU 60-110 (%) 

2007 95 19% 

2008 39 6% 

2009 16 8% 

2010 68 8% 

2011 52 4% 

2012 41 12% 

2013 93 14% 

2014 50 7% 

2015 47 13% 

2016 83 17% 

Average 65 13% 

 

3.3.2.4. Crop: Root Zone Depth and Crop Factor 

The depth of the root zone and the crop factor are parameters that depend on the crop in the area. The 

root zone depth affects the capillary processes and thus, it only affects recharge when water table is 

shallow enough to produce capillary rise, so it might affect the portion of ET produced by capillary rise. 

The crop factor affects the ET from soil moisture which will be traduced in a change in the total ET and 

thus, in the final recharge. Table 17 presents the parameters used in this section. 

The predominant crop in the plain of the catchment is sugar cane, followed by cultivated grass and 

some dense shrubs in the alluvial fans (Figure 10). 

Table 17. Parameters used to assess the changes in recharge due to crop changes 

Groundwater Table 450 cm 

Crop Type Grass, Sugarcane and Dense Shrubs 

RAU 90 

Curve Number - CN 59 

Depth of the root zone 30, 60 and 80 cm 

Extinction depth 120 cm  

Irrigation 
Medium Irrigation 180 days  
1,54 mm 180 days at year 

 

For the root zone depth, the predominant value in the plain area is 60 cm (sugar cane), followed by 30 

(cultivated grass) and 80 (dense shrubs) (Figure 37). Recharge is modeled using the three main crops 

present in the catchment, with their respective root zone depths and crop factors. 

Results show small differences in the recharge when the crop type is changed (Figure 38). In this case, 

the root zone depth is not affecting as the groundwater table is low enough to avoid capillary rise, in 

cases when shallow water table exist, it might affect directly the capillary rise or “depletion” of the aquifer 

but it doesn’t affect in a big way the recharge coming from precipitation as seen before. 
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Figure 37. Root zone depth 

 

Figure 38. Recharge under different crops 

The changes in the results are produced in this case because of the crop factor, which varies between 

0.8 - 0.85 and 0.9 for Grass, Sugar Cane and Dense Shrubs respectively. The decrease in the recharge 

as a product of a change in the crop type affects directly the ET from soil moisture (Figure 39). 

A crop change from sugarcane to grass (or other crops with a crop factor of 0.80) may produce changes 

between 8% and 16% (52 mm per year in average) depending on the actual temperature and total 

precipitation for every year (Table 18).  

A change from sugar cane to natural environments covered by dense shrubs (or any other crop with a 

crop factor of 0.90) would produce a reduction in the multiannual average recharge of 10.2% in average, 

which corresponds to 47.93 mm. 
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Figure 39. Recharge and ET under different crops 

Table 18. Changes in recharge under crop changes 

Year 
RCH difference (mm) 

Sugar Cane-Grass 
RCH difference (%) 
Sugar Cane-Grass 

RCH difference (mm) 
Sugar Cane-Shrubs 

RCH difference (%) 
Sugar Cane-Shrubs 

2000 40 9.3% -39 -9.2% 

2001 49 13.2% -33 -9.0% 

2002 32 9.7% -30 -9.2% 

2003 43 9.9% -39 -9.0% 

2004 41 13.2% -39 -12.7% 

2005 55 12.1% -50 -11.0% 

2006 52 8.6% -50 -8.3% 

2007 64 15.8% -57 -14.0% 

2008 81 12.6% -72 -11.1% 

2009 16 9.2% -16 -9.2% 

2010 73 9.7% -66 -8.8% 

2011 75 6.1% -70 -5.7% 

2012 40 12.8% -39 -12.7% 

2013 68 11.4% -65 -10.9% 

2014 55 8.0% -53 -7.7% 

2015 37 12.2% -37 -12.1% 

2016 50 12.2% -49 -12.0% 

Average 51 10.9% -47 -10.2% 

 

3.3.2.5. Extinction Depth 

The extinction depth is the point below which evaporation from water table ceases. It depends both on 

the vegetation cover and on the soil type. The extinction depth is important for computing recharge 

when groundwater levels are higher than its value. For water tables below extinction depth, capillary 

rise takes no place and then it does not affect the recharge neither is evaporating from the water table. 

This parameter is only sensitive for shallow groundwater levels and fluctuating around or above 

extinction depth.  
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The assessment in section 3.3.2.1 about changes in groundwater table is directly related to this one 

and the effects have been presented before. However an overview of the relation between soil type, 

land cover and extinction depth is presented in order to show the characteristics of the areas that may 

present deep extinction depth (up to 7 m) and then it may also affect areas with not very shallow 

groundwater tables (7 m or less). 

According to Shah et al. 2007, extinction depths can vary from 50 cm to 820 cm depending on the land 

cover type and the soil type (Table 19). The land cover options are bare soil, shallow-rooted vegetation 

(shrubs and grasses) and deep-rooted vegetation (trees and forests). 

Recharge was modeled with an extinction depth of 120 cm, however for a loamy sand soil and under 

sugarcane; the extinction depth should be around 170 cm according to the table. In the Bolo catchment, 

the predominant soil types are loamy sand, loamy clay, loam and clay soil; and in the plain area the 

main covers are grass type (sugar cane, grass and shrubs). 

Table 19. Extinction depths for different soil land covers  

 

In this section, recharge is estimated using a grass soil type and the extinction depths corresponding 

to the four predominant soils in the catchment. As the extinction depth only affects the balance when 

capillary rise takes place, groundwater table has been set in 300 cm. Table 20 summarizes the 

parameters used in this part to model recharge. 

Table 20. Parameters used to assess the changes in recharge due to changes in the extinction depth 

Groundwater Table 300 cm 

Crop Type Sugarcane  (Grass) 

RAU 90 

Curve Number - CN 59 

Depth of the root zone 60 cm 

Extinction depth 170, 230, 505 and 715 cm  

Irrigation 
Medium Irrigation 180 days  
1,54 mm 180 days at year 
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Capillary rise is much stronger when the difference between water table and extinction depth is higher 

(Figure 40). As example, 2009 is the year with the second lowest precipitation, lowest average daily 

precipitation intensity and lowest recharge, and however it has a very high capillary rise. When a 

groundwater table of 300 cm is considered, the total capillary rise decreases but it can be up to 600 

mm for 2009, almost three times the recharge for that year.  

Years 2008, 2010 and 2011 are the ones with highest annual recharge and also the ones with the three 

highest total annual precipitation and the three years with more rainy days. For these years capillary 

rise was very little, never representing more than 5% than the annual recharge. 

In general for the other years, when capillary rise takes place it’s representing at least 50% of the total 

annual recharge, or even more than the recharge as discussed before. In those cases it is very 

important to assess this value in the balance as it might be producing a depletion in the aquifer with a 

magnitude even higher than the recharge for some years.  

 

Figure 40. Recharge and capillary rise under the four selected extinction depths 

As in the Bolo catchment the predominant soil types are loamy sand, clay loam, loam and clay soils the 

water table affects the capillary rise in different ways. Table 21 shows the different extinction depths for 

those soil types, areas with water tables higher than those values should be taken into account as they 

may produce negative recharge due to capillary rise in the aquifer for some years. 

 
Table 21. Extinction depth for the predominant soils in the Bolo catchment 

Soil Type Extinction Depth-Grass (cm) 

Loamy sand 170 

Loam 370 

Clay loam 505 

Clay 715 
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3.4. Recharge in the Alluvial Fans and in the Plain 

In this section, a summary of the main aspects that should be taken into account for the recharge 

estimation is presented according to the characteristics in the alluvial fans and in the plain in the Bolo 

catchment. 

 

3.4.1. Recharge in the Alluvial Fans 

In the alluvial fans, the main differences that may affect the recharge computation is the Runoff which 

is determined by the CN. In the recharge area, there is a big zone with clay soils which takes a CN of 

86, the other soil types found in the area are loamy sand, sandy loam and loam soils which have a CN 

of 59.  

In Table 22 the difference in the recharge under these two scenarios is presented. A change from 59 

to 86 in the CN is producing a reduction of 100% in the recharge while this amount of water is in the 

balance as runoff, so it is a very sensitive parameter. Previously it was showed how a change in the 

CN values between 70 and 80 might already produce big changes in the recharge, so it is very important 

to assess the CN in the best possible way so runoff is not strongly over or underestimated. 

Table 22. Recharge under different curve numbers 

Year RCH-CN59 (mm) RCH-CN86 (mm) 

2000 442.7 0 

2001 388.4 0 

2002 346.3 0 

2003 449.6 0 

2004 324.8 0 

2005 470.7 0 

2006 613.8 0 

2007 424.7 0 

2008 653.6 0 

2009 182.2 0 

2010 768.1 0 

2011 1247.0 0 

2012 320.8 0 

2013 611.2 0 

2014 700.0 0 

2015 318.7 0 

2016 429.5 0 

Average 511.1 0 

 

3.4.2. Recharge in the Alluvial Deposits 

In the plain, at least one third of the total is covered by loam, loamy clay, loamy silt and clay soils. Those 

are soils with very high extinction depth and at the same time are areas very likely to have shallow 

levels. Most of the diffuse springs found in the catchment and Timbique wetland are located in those 

areas.  
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For the groundwater table, the data from the piezometer vp-pm-106 was used (Figure 41). The record 

shows that between December 2015 and May 2017 the deepest groundwater level was about 350 cm. 

If we consider that the highest extinction depth for the soils in the area is 505 cm then capillary rise 

would always take place in those areas. The groundwater table was set as an average, as 100 cm for 

the rainy months and 200 cm for the dry months. 

 

Figure 41. Groundwater table vp-pm-106 

As the soil type influences in a high way both capillary rise and runoff, extinction depths and CN are 

changed to compute the recharge under those different conditions (Table 23). 

Table 23. Extinction depths and CN for different soil types 

Soil Type Extinction Depth – Grass (cm) CN 

Loam 370 59 

Clay Loam 505 74 

Silt Loam 515 74 

Clay 715 86 

Clay loam and silt loam soils are showing very similar for runoff, recharge and capillary rise, as the both 

have the same curve number and the difference in the extinction depth is not small as well (Figure 42, 

Figure 43). 

 

 

Figure 42. Comparison recharge-runoff in the plain 
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Figure 43. Comparison recharge-capillary rise in the plain 

 
When a soil in the plain is clay loam or silt loam it shows to have less than half the recharge than when 

it’s a loam soil. Just this change in the soil type may reduce the recharge in 318 mm per year in average, 

a 67%. Also, the same change produces an increment of 61 mm per year in average in the water 

extracted and evaporated by capillary rise, which corresponds to a 40%. 

With a change from loam soil to a clay soil recharge becomes zero and capillary rise increases 522 mm 

per year in average. Appendix A presents a detailed summary for the recharge and capillary rise when 

a loam soil is changed for a clay or loamy soil. A change from a loam soil to a silt or clay loam soil can 

produce up to 378 mm of losses per year for the aquifer in average, and a change from loam to a clay 

soil can produce losses of 1000 mm per year in average. 

3.5. Temporal Variability 

For the temporal distribution under the selected scenario, the different main parameters have been 

summarize by month and subsequently a multiannual average for every month have been computed. 

Figure 44 shows the monthly multiannual average for the precipitation, recharge, days of rainfall, 

potential evapotranspiration and daily rainfall intensity. The value next to the months labels are the 

recharge as a percentage of precipitation and the values above the green bars is the average of days 

of precipitation per month. 

 

Figure 44. Multiannual average for recharge and climate variables for a punctual analysis in the alluvial 

fans 
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To analyze the correspondence between the recharge of every month in comparison to the total 

recharge, the percentage of the recharge of every month with the total recharge for that year’s month 

have been computed, then those values have been averaged (Table 24).  

The months with highest average monthly recharge are October, November, March and February and 

those months represent 60% of the total annual recharge in average. January, September, April and 

December are the months that complete the recharge to the aquifer. May, August, June and July 

represent just 3% of the annual recharge. The four months with the highest recharge are preceded by 

the months from the dry periods. However, October and November are preceded by the driest period 

in the year with little precipitation from May to August and almost zero recharge. March and February 

are preceded by more rainy months which produces an increment in the soil moisture in the soil, 

increasing the runoff and then decreasing the recharge. 

The average monthly precipitation for the Bolo catchment is 125 mm, however months May to August 

are all under 75 mm, while all the other months are above this value. In addition, the precipitation 

intensities and days of rainfall are the lowest for those months. Those conditions produce that in the 

alluvial fans in the catchment the recharge to the aquifer takes place from September to April. 

Table 24. Average monthly recharge in the Bolo catchment 

Month 
Average monthly 

recharge (mm) 

Average monthly recharge 
Percentage of the annual 

recharge (%) 

Jan 56.6 10.0% 

Feb 71.9 16.0% 

Mar 77.5 14.6% 

Apr 46.2 9.1% 

May 13.5 2.3% 

Jun 1.6 0.4% 

Jul 1.2 0.1% 

Aug 5.1 0.6% 

Sep 50.1 9.1% 

Oct 78.8 14.0% 

Nov 77.7 15.0% 

Dec 41.5 8.6% 

Total 521.7 100% 

3.6. Spatial Variability 

The spatial distribution of recharge in the Bolo catchment was computed using the chloride mass 

method for each one of the shallow wells and springs sampled and those values were interpolated in 

order to analyze its spatial variability. 

Two precipitation stations were used: one in the alluvial fans and one in the plain. Chloride concentration 

values were obtained from the sampling campaign in May-2017, a total of 14 points are used in this 

step. For the points located in the alluvial fans, the mean multiannual precipitation is taken from Chambu 

station and for the other points data from Ing. La Quinta station are used. The annual average 
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precipitation for Chambu is 1505 mm and for Ing. La Quinta is 992 mm. The wet and dry chloride 

deposition from rainfall is 0.8 mg/L.  

For each point, recharge was computed using the respective meteorological station and then those 

values were interpolated using the Kriging method. Figure 45 shows the recharge map for this analysis. 

The map represents the variability for a punctual measurement in the end of the first rainy season and 

for the shallow aquifer. However, as the measurements were taken in the end of the strongest rainy 

season in the year, we can say that those values represent the recharge in the Bolo catchment for the 

rainy seasons. 

The higher diffuse recharge in the Bolo River is in the alluvial fans with recharge values from 200 

mm/year up to 450 mm/year. The plain of the catchment presents much lower values, from 130 mm/year 

up to 200 mm/year.  

 

Figure 45. Spatial variability of the recharge in the Bolo catchment 

In the alluvial fans sandy-loam (CN 59), loam-sand (CN 59) and clay soils (CN 86) are predominant. In 

the alluvial deposits most of the area is covered with loam-sand, loam-clay (CN 74) and loam silt (CN 

74) soils. From the recharge calculation and the sensitivity analysis using the soil water balance method, 

recharge estimation is 511 mm/year for a CN of 59, 0 mm/year for a CN of 86 and 162 mm/year for a 

CN of 74.  

This means that in the alluvial fans values of recharge of around 511 mm/year are expected in areas 

not covered by clay soils according to the soil water balance method. The effect of the clays seems to 

be reflected in the spatial distribution as after the clays and following the groundwater flow direction 

there is a reduction of the recharge from about 325 mm/year before the clays to about 175 mm/year 

after the clays (Figure 45). In the alluvial deposits area recharge estimation is 162 mm/year according 

to the soil water balance method without taking into account capillary rise. Even though the recharge 

estimation values differ between both methods, the reduction observed in the spatial distribution is in 

agreement with the reduction expected by the results obtained through the soil water balance method 

along the catchment. 
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3.7. Climate Variability Impacts in the Recharge 

The document “Study of the effects of climate variability and climate change in climatic variables and 

its relation with environmental and socioeconomic factors in a model catchment in the Valle del Cauca 

socioeconomic factors in a model catchment in the Valle del Cauca” (CVC & IREHISA, 2009) was used 

to assess the impacts of climate trends in the recharge in the Bolo catchment. In the study, the climate 

trends in the Cauca catchment were analyzed with the climatic series of monthly precipitation and 

average air temperature for the period 1975-2006. The determination of the trends was carried out 

through the temporal and spatial analysis in the climatic series. The test used to detect the existence 

of changes in the average was Mann-Kendall test. Additionally, to find the magnitude of the temporal 

change in the series the Theil-Sen test was used. 

Results show that air temperature has the 83% as the most percentage of significant changes in the 

average; the opposite happens with precipitation where only 22% of the stations show significant 

changes in the average. It shows then indication of significant changes in the air temperature and 

stability in the monthly precipitation in the period 1975-2006. However, in the Bolo catchment both 

precipitation and temperature are showing increasing trends with significant changes. 

The station Chambu was used in the mentioned study and it shows significant changes of +0.02% per 

year, for the region of the Bolo catchment temperature is showing a significant trend of +0.045°C per 

year. For the study an analysis of climate change and climate variability were carried out for two of the 

catchments in the Cauca valley. A similar methodology was followed to create a point scenario for 2030 

in the alluvial fans using the data from Chambu and CIAT Palmira stations used previously. The 

development of the current scenario was carried out computing the monthly average of the climatic 

series.  

The linear projection was done using the results previously mentioned. From the Theil-Sen results an 

annual change is determined for every month of the climatic variables. As Theil-Sen indicates a linear 

change in the average of the catchment, this change was multiplied by the number of years between 

the end of the register and 2030 which are 14 years. Then every monthly average was affected by those 

values in order to get the projection for 2030. Temperature data was projected and potential 

evapotranspiration was computed with those values using the Hargreaves method. 

In this case as the projections are monthly the conventional Penman-Grindley method (Penman 1948, 

1949; Grindley 1967, 1969) was used to estimate recharge. In this method, the soil water balance 

equation is defined for a uniform zone and certain interval of time as follows: 

 

P + Irr = ETr + R + ΔS  

⇓ 

ΔS = P +Irr − ETr – R 

Equation 6 
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Where P is precipitation, Irr is irrigation, ETr is the real evapotranspiration, R is runoff and ΔS is the 

change in the soil water storage. 

Assuming that the maximum volume of stored water for plants use is equal to RAU = 90 mm and that 

the volume of water stored at the beginning of the calculation period is 90 mm sequential water budget 

was carried out. It was assumed that irrigation required was equal to ETp-P for the years when ETp is 

higher than P in order to maintain the water available for plants at RAU capacity and 0 for the other 

years. The method was used for the current and projected scenarios in order to compare. Results 

obtained are summarized in Table 25. 

Table 25. Sequential water budget for the Bolo catchment 
 

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL 

Current Scenario 

P 101 121 195 196 120 63 34 35 93 206 212 159 1534 

Irr 55 16 0 0 28 83 122 125 61 0 0 0 490 

ETp 156 137 152 144 148 145 156 160 154 150 142 145 1790 

P-ETp 0 0 43 52 0 0 0 0 0 56 69 14 234 

ΔPl 90 90 90 90 90 90 90 90 90 90 90 90 1080 

ETr 156 137 152 144 148 145 156 160 154 150 142 145 1790 

EXC 0 0 43 52 0 0 0 0 0 56 69 14 234 

DEF 0 0 0 0 0 0 0 0 0 0 0 0 0 

Projected Scenario 

P 101 122 195 196 120 63 34 35 93 207 212 160 1539 

Irr 57 18 0 0 30 85 124 127 63 0 0 0 504 

ETp 158 139 154 146 150 148 158 163 156 153 145 148 1817 

P-ETp 0 0 42 50 0 0 0 0 0 54 68 12 226 

ΔPl 90 90 90 90 90 90 90 90 90 90 90 90 1080 

ETr 158 139 154 146 150 148 158 163 156 153 145 148 1817 

EXC 0 0 42 50 0 0 0 0 0 54 68 12 226 

DEF 0 0 0 0 0 0 0 0 0 0 0 0 0 

P – Precipitation 

Irr – Irrigation 

ETp – Potential Evapotranspiration  

ΔPl – Reserve for Plants 

ETr – Real Evapotranspiration 

EXC – Runoff, R + Stored Water,  ΔS 

DEF – Water Deficit 

From the results from section 3 it was assumed that runoff is about 7% of the EXC, the recharge volume 

would be 218 mm (14% of the P) for the current scenario and 210 mm (13% of the P) for the projected 

scenario which indicates a decrement of 4% in the recharge. Those results differ very much from the 

results got in section 3 due to the time scale used in each section, however it gives an idea of the 

expected changes in recharge produced by climate change and climate variability. 

In section 3 an average recharge of 522 mm for the period 2000-2016 was obtained. Applying the 

change for that value the projected recharge for 2030 would be 513 mm. 
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4. SURFACE WATER – GROUNDWATER INTERACTIONS 
 

Traditionally, management of water resources has focused on surface water or groundwater as if they 

were separate entities. As development of land and water resources increases, it is apparent that 

development of either of these resources affects the quantity and quality of the other (Hirsh, 2016).  

Different approaches and areas of knowledge including meteorology, hydrology, hydrogeology and 

ecology can be used to analyze the exchanges and relations between the surface and groundwater 

bodies. Studies to assess those relations can include the use of direct flow measurements, electrical 

conductivity (EC) determinations, hydraulic head and gradient measurements, mass balance 

approaches using tracer methods, hydrochemical studies and numerical modelling. 

The type of SW-GW interactions are linked to the different types of flow systems: local, intermediate 

and regional, and those are nested in hierarchical order. Regional flow systems are at the top of the 

organization and the waters in it often discharge to major rivers, large lakes or to the oceans. 

Intermediate flow systems are characterized by one or more topographic highs and lows but does not 

occupy the major topographic high and low of the catchment as the regional system does. Water in a 

regional flow system flows to nearby discharge areas such as a pond or a stream.  

The interactions of streams, lakes and wetlands with groundwater are governed by the positions of the 

water bodies with respect to groundwater flow systems, geological characteristics of their beds and 

their climatic settings (Winter, 1999). New trends in the research of SW-GW interactions show a shift 

from larger scale questions focused on water quantity management to smaller scale and process 

oriented questions of exchange dynamics and the associated biogeochemical processes and ecological 

functions.  

In the Bolo catchment most of the surface water bodies (rivers, streams and wetlands) interact with 

groundwater in many different ways, with surface water bodies gaining water and solutes from 

groundwater bodies or being a source of groundwater recharge and influencing groundwater quality.  

4.1. Methods 

In this section, relations between the Bolo River and the shallow aquifer are evaluated analyzing the 

hydraulic head differences between the aquifer and the river, EC and hydrochemistry. The methodology 

included: (1) measurement of groundwater hydraulic heads and gradient; (2) groundwater quality 

sampling for chemical and isotopic analysis. 

As described already in section 1.3, salt tracer tests were carried out to determine river discharge in 

three different locations and evaluate losses or gains from the river to the aquifer. For measuring 

groundwater levels, eight pressure sensors were installed in shallow wells (<15 m deep) in the Bolo 
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catchment (Figure 46-a). Those sensors where installed when the field work for this study was carried 

out, between April 2017 and May 2017. Water levels were collected with a time step of one hour. The  

piezometric heads from May 2017 (end of rainy season) together with six diffuse spring discharge 

locations were used to create a piezometric map of the shallow aquifer in the Bolo catchment.  

 

a)  b)  

c)  d)  

Figure 46. Data collection. (a) Installation of pressure sensors in shallow wells. (b) Pumping and 

stabilization of parameters in shallow well. (c) Diffuse spring. (d) Sampling from a deep well 

For each of the 26 points three samples were collected: one filtered and acidified to pH<2 with ultrapure 

nitric acid for the cations analysis (HNO3), one filtered and non-acidified for anions and one non-filtered 

for isotopic analysis. Samples were refrigerated after collection and sent for analysis (Figure 48).  

The analysis of major and minor ions of the samples were performed at the Activation Laboratories in 

Ontario (Canada). Stable isotopes (δ2H and δ18O) determination of the samples was carried out at IHE-

Institute for Water Education, Delft (The Netherlands). Hydrogen-2 (Deuterium) and Oxigen-18 were 

reported as parts per thousand (‰). Major and minor ions were reported as mg/L and μg/L. 

 

https://es.wiktionary.org/wiki/%CE%BC
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a)  b)  

Figure 47. (a) EC measurement in a spring (b) Determination of alkalinity by titration  

 

a)  b)  

c)  d)  

Figure 48. (a) Filtering sample for major and minor ions analysis (b) Acidification of samples collected for 

cations (c) Collecting samples for isotopic analysis (d) Samples collected 
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4.2. Surface and groundwater levels analysis 

A piezometric map for the surficial aquifer (A1) was created using the data from the eight shallow wells 

and including four of the springs. The map was created with the Co-Kriging interpolation method using 

the terrain levels as second input for the interpolation; this was done as groundwater table has a high 

correlation with the relief. With the trend analysis from the geo-statistical analysis it was observed that 

the values show a trend that can be represented as a second order polynomial, this tendency was 

removed in order to model the local variation of the data. When the global trend is removed and the 

analysis is carried out modelling the residuals, the local surface variation is better modeled. A variogram 

was adjusted for the interpolation taking into account the anisotropy and its main directions which 

indicated major changes in the east-west direction than in the north-south direction (Figure 49). A major 

range of 12 km and a minor range of 10 km were chosen, even though stronger relations between 

measurements are stronger correlated for closer points those distances were used due to the number 

of points available to create the map. This can be improved using more points in the future. A root-

mean square of 0.86 was obtained from the cross validation of the interpolation. 

 

Figure 49. Variogram adjusted for the Kriging interpolation 

The piezometric map (Figure 50) was created with data from May 2017 at the end of the first rainy 

season as showed in section 2.1. This is also the end of the period of biggest aquifer diffuse recharge 

as it was presented in the temporal variation of the recharge in the Bolo catchment. Analyzing the 

piezometric map (Figure 50) it can be inferred that flow direction in the alluvial fans is parallel to the 

Bolo River before the confluence with the Aguaclara River following the terrain variations. Before the 

confluence, close to the location of Rancho Grande shallow well the flow lines start heading to the river, 

which shows the change from a Bolo River recharging the aquifer to an aquifer discharge area. 

The hydraulic gradient is 0.01 in average in the alluvial fans, higher than in the flat area after the 

confluence between Bolo and Aguaclara where it is about 0.005. Using the piezometric map and the 

digital elevation model, a terrain vs. groundwater profile was created along the Bolo River. The digital 

elevation model does not represent the river channel and its bed due to the resolution (100 m x 100 m). 
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At Bolo Arriba station in the Bolo river (Figure 50 - Point 4) the difference between the terrain level and 

the riverbed is around 8 m (Figure 51) and in the area where the water levels have been measured, 

differences of around 6 m and more have been observed between the terrain and the riverbed. For this 

reason, 6 m were subtracted from the terrain profile as it is in an approximation of the difference between 

the terrain level and the riverbed. 

Five points were selected in order to analyze the changes in the relations between the river and the 

aquifer. Points 1 and 5 represent the most upstream and most downstream points with measurements 

used to create the map, point 2 is after the Municipality of Pradera, at Bolo River – Puente Pradera 

point, point 3 represents the change in the relation between the river and the aquifer and point 4 is 

located at the confluence between Bolo and Aguaclara rivers. 

 

Figure 50. Piezometric map and flow direction of aquifer A1 at the end of the first rainy season of the year 

 

Figure 51. Bolo River cross section at Bolo Arriba station 

The comparison between the groundwater level and the riverbed reinforces what was observed with 

the flow lines (Figure 52). According to the piezometry, point 1 and point 2 are showing a terrain level 

higher than the water level, between those points there is a change in the behavior, which will be 
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analyzed in more detail in the next section benefitting from hydrochemical data. At point three, at the 

end of the highest hydraulic gradients in the aquifer there is a change and groundwater level goes 

above the riverbed, this behavior continues downwards as it can be observed in points 4 and 5 as well, 

which represents discharge from the aquifer to the river. At point 3 at about 1000 masl there is a change 

from a Bolo River recharging the aquifer to an aquifer discharge area. 

 

Figure 52. Terrain and groundwater profile along the Bolo River 

 

4.3. Hydrochemical data analysis 

Hydrochemical data were used to analyze surface and groundwater patterns in the groundwater flow 

and to understand the relations between groundwater and surface water bodies. The analysis from the 

collected samples were used also to infer the main geochemical processes in the catchment including 

mixing processes, water-rock interactions and human impacts on groundwater.  

Field parameters, major ion concentrations and isotopes results are presented in Appendix B. The 

analytical error of the analysis were computed for the samples through the calculation of the ionic mass 

balance. Errors of less than 10% were obtained for 22 from the 26 samples and 4 samples show higher 

errors; it might be because of errors in the alkalinity titration carried out in the field. Appendix C 

summarizes the errors and the presence of every cation and anion as a % of the total charge in the 

samples. 

For the analysis, results were divided in three groups: shallow groundwater (SGW), deep groundwater 

(DGW), surface water (SW) and rainwater (RW). The pH from SGW, DGW and RW is close to the 

neutral value, the mean value of 7.8 for SW indicate slightly alkaline waters. All ions except SO4 have 

higher concentrations for the groundwater than surface water which is interpreted as having longer 

residence times. Surface water has the highest SO4 concentrations followed by the shallow 

groundwater (Table 26). 
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The EC values are higher in the groundwaters (Figure 53) as expected with a higher standard deviation 

for the shallow wells than for the deep wells. EC in the shallow groundwater increases with the flow 

direction as it increases the residence time of the waters in the aquifer and it represents a higher water-

rock interaction. EC is lower than 148 μS/cm in the Bolo River before the point where it was showed 

the change in the interactions in the previous section, after that point it starts rising with values around 

178 μS/cm and after the confluence between Aguaclara and Bolo rivers the EC rises up to 250 μS/cm. 

After the confluence the Bolo River receives water with higher EC from Aguaclara (189 μS/cm) and 

starts receiving water from the aquifer which explains the significant change in the EC before and after 

the confluence (Figure 54). After the water confluence, the chemical composition in the Bolo River is 

much more like the Aguaclara River than the Bolo upstream. 

Table 26. Statistics of hydrochemistry for every group 

Group Statistic pH 
EC 

(S/cm) 

Ca Mg Na K Si HCO3 SO4 Cl NO3 

(mg/L) 

Mean 7.1 596.9 73.6 29.2 13.0 1.0 19.0 315.6 24.9 6.8 12.2 

Minimum 6.5 297.0 31.7 9.7 5.1 0.3 0.3 125.6 6.2 2.0 0.0 

Maximum 7.7 914.0 108.0 61.6 22.0 1.9 28.0 559.6 41.5 18.9 38.5 

Standard Deviation 0.3 239.3 33.0 15.3 6.6 0.5 6.4 157.0 10.6 5.2 15.0 

Minimum 7.3 515.0 80.6 45.1 16.8 1.2 29.6 266.6 12.9 3.4 1.3 

Maximum 7.2 490.0 53.5 33.6 9.7 0.3 15.6 260.9 4.6 2.0 0.0 

Standard Deviation 7.5 558.0 134.0 57.9 25.5 1.9 42.3 273.1 19.8 5.6 2.1 

Minimum 0.1 37.4 46.2 12.2 8.0 0.8 13.4 6.1 7.7 1.9 1.1 

Minimum 7.8 289.6 32.3 10.4 5.3 1.3 12.5 129.2 27.8 2.5 0.4 

Maximum 6.8 136.3 17.4 2.7 2.5 0.5 6.3 41.5 3.6 1.0 0.0 

Standard Deviation 8.2 1060.0 109.0 35.4 19.3 4.5 21.7 481.6 149.0 6.1 1.5 

Minimum 0.4 313.9 31.3 10.8 5.7 1.3 5.7 146.2 49.2 1.8 0.6 

RW  7.3 21.3 1.3 0.3 0.3 0.4 22.5 2.2 2.9 0.8 0.7 

 

Figure 53. EC evolution in the shallow aquifer compared with the surface water 

Chloride is a conservative tracer and in the Bolo catchment it is assumed that its only source for 

groundwater is from rainfall or dry deposition, then chloride concentrations can be used to analyze 

either if the groundwater has been recently recharged from precipitation or from surface water 

contributions. Chloride measurements in the shallow groundwaters have concentrations from 0.8 mg/L 

https://es.wiktionary.org/wiki/%CE%BC
https://es.wiktionary.org/wiki/%CE%BC
https://es.wiktionary.org/wiki/%CE%BC
https://es.wiktionary.org/wiki/%CE%BC
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to 20 mg/L (Figure 55). The highest concentrations are found in the alluvial fans along the Bolo River 

in the recharge area, however the Aguaclara River is showing low chloride concentrations which 

together with the high EC is an indicator of apportion from groundwaters to the river. 

 

Figure 54. EC evolution for the surface waters 

 

Figure 55. Chloride concentration map 

Nitrate concentration values were found high (up to 38 mg/L) in three of the sampling points. This is 

probably due to fertilizers injection as it is an agricultural area (Figure 56). 

The classification and evolution of the waters in the Bolo catchment was analyzed using the Piper 

diagram (Piper, 1944) (Figure 57) which is a classification based on the charge percentages in the 

major ions and the Stiff diagram (Stiff, 1951) (Figure 58) which a widely used tool to display major ion 

compositions of samples. In the stiff diagram, a polygonal shape represents the miliequivalents per liter 

of cations in the left side of the polygon and anions in the right side, it is a very useful tool to make rapid 

visual comparisons and see the evolution of the water from different sources in a map. 

Distribution of the samples indicates that all groundwater samples are of Ca-Mg-HCO3 type, surface 

water samples are Ca-(Mg)-HCO3-(SO4) type except the samples from the Aguaclara River and El 

Muerto Creek which are Ca-Mg-HCO3 type similar to the groundwater samples. Rainwater is Ca-(Mg)-

(HCO3)-SO4. There is a clear pathway towards Ca, Mg and HCO3 in the waters in the catchment. 
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Figure 56. Nitrate concentrations in the shallow groundwater 

 

Figure 57. Piper diagram with the samples classified according to their origin 

The evolution in the groundwaters and surface waters seems to be influenced by the Fault Systems 

Southwest-Northwest, Guabas-Pradera and the fault Palmira-Buga (Figure 59) that crosses the Bolo 

catchment in between the locations of the samples collected (Figure 59). However, in general in surface 

water Ca concentrations decrease while Mg and HCO3 concentrations increase, for groundwaters Ca 

and HCO3 concentrations increase while Mg decreases. The evolution of the surface waters and springs 

seems to be affected by the faults while the shallow groundwater seems to have more relation with the 

recharge/discharge relations between the Bolo River and the aquifer. 
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Figure 58. Stiff diagram with the samples classified according to their origin: Springs (green), shallow 

wells (red), deep wells (purple) and surface water (blue). 

 

 

Figure 59. Flow order in the shallow groundwater samples for analysis and fault system in the Bolo 

catchment 

Shallow groundwater points were ordered and a Na/Cl ratio graph was created in order to analyze the 

changes in the concentrations in the ions (Figure 59) (Figure 60). Red lines are representing the 

presence of faults along the flow path and the green line represents the change from a river losing 

waters to the aquifer to a gaining river. Points 1, 2, 3 and 5 represent the springs.  

Chloride concentration is higher in the surface waters as its main source is the rainfall. Na 

concentrations are very stable in the waters with about 10% of the charge of the cations, while Cl 

concentrations are higher for surface waters with higher variations. The increment in the Na/Cl ratio can 

be related to Cl concentrations and to origin of water contributions. The increment in the ratio after the 

first fault represents a decrement in Cl which represents a decrease in the waters coming from the river 

to the aquifer after this point. After the second fault a drop in the ratio is observed, which represents 



 P a g e 63 | 71 

 

increments in the Cl concentration and thus, increment of the apportion from the surface waters to the 

groundwaters.  

In order to analyze better those aspects a detailed review of the Ca, HCO3 and Cl concentrations was 

carried out. After the first fault (southwest-northwest) the Ca and HCO3 concentrations in the Bolo river 

are increasing while Cl concentrations are decreasing down to a value close to the Cl concentrations in 

the springs before the fault. Springs are showing a similar behavior with Ca and HCO3 concentrations 

increasing and no big changes in the Cl concentration after the first fault were found. This can be 

understood as a fault with a mechanism that produces outflow from groundwaters to surface waters. 

 

Figure 60. Na/Cl ratio in the shallow groundwater along a flow path 

The second fault (Guabas-Pradera) is showing an opposite behavior. Ca and HCO3 concentrations in 

surface water decrease after the fault while Cl keeps a similar value. Cl concentrations in the springs 

after the fault rise from 5.12 mg/L to 18.9 mg/L. After this fault springs are very influenced by the 

concentrations from the river while surface water concentrations are not being affected as in the 

previous case. Then the Guabas-Pradera faults system can be understood as a mechanism that 

produces inflow from the surface waters to the groundwaters. 

In the case of the groundwaters from the shallow wells, the changes are observed before and after 

Rancho Grande shallow well, approximately where the river changes its interaction with the aquifer. 

After this point Cl and SO4 concentrations increase while HCO3 stops increasing and starts decreasing. 

The Bolo River has a big influence in the shallow groundwaters chemistry when it becomes a gaining 

river as residence time of the groundwater is lower and the waters start discharging to the river after 

this point. The water source can also be analyzed through the meteoric genesis index (Soltan, 1999): 

 

Equation 7 

Values of r2<1 indicate waters of deep meteoric percolation while r2>1 values indicate waters of shallow 

meteoric percolation type. All of the springs are showing to be deep meteoric percolation type and deep 
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wells are shallow meteoric percolation type. Shallow wells samples are divided in both groups, however 

the sample from vpr-pm-10 which has a value of 0 shows a deep meteoric percolation type, and it is a 

well located right after the second fault, which reinforces what was presented previously. The next value 

lower than 1 for the shallow wells is the Rancho Grande shallow well, which is the one following to the 

previous one in the groundwater flow direction. 

 

Figure 61. Meteoric Genesis Index (r2) 

Isotopes 18O and 2H can be used as well to identify water sources. Isotopic results where compared 

with the Meteoric Water Line for Colombia (Rodríguez, 2004). Results show a deviation from the local 

meteoric line but the slope is very similar. Just one of the points which correspond to one of the springs 

in the upper part is showing a strong deviation in the isotopic signature which shows the evaporation 

effect in the point. This point is Finca Guazimal, the spring right after the second fault where a 

groundwater outflow was observed previously. 

 

Figure 62. Stable isotope variation in the Bolo catchment 

The hydrochemical data analysis is in agreement with the hydraulic heads analysis and it allows to infer 

the surface water – groundwater interactions and exchanges. 
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5. CONCLUSIONS AND RECOMMENDATIONS 
 

5.1. Conclusions 

1. Both the soil water balance method and the chloride mass balance method have different 

challenges for their application in the recharge estimation. For the soil water balance method it is 

important to have long term daily precipitation and average, maximum and minimum temperature 

data, besides soil and crop properties which have an important impact in the results. The chloride 

balance method requires long term average annual precipitation and chloride measurements in 

time and well distributed along the catchment in order to get accurate recharge results. 

 

2. Even though both of the methods used to estimate recharge differ in their values, both of them 

show similarities in the spatial distribution showing a reduction in the recharge from the alluvial fans 

to the alluvial deposits. According to the soil water balance method, recharge in the alluvial fans is 

about 511 mm/year (34% of the average annual precipitation - P) in the soils with good infiltration 

properties and 162 mm/year (11% P) in the alluvial deposits without taking into account capillary 

rise. The chloride balance method is showing a reduction from 450 mm/year (30% P) in the fans to 

135 mm/year (9% P) in the alluvial deposits area. 

 

3. Most of the diffuse recharge in the Bolo catchment takes place between September and April with 

96.4% percent of the recharge of the year in average. May, June, July and August represent just 

3.4% of the annual diffuse recharge in average. There is one cycle for the diffuse recharge in the 

catchment that ends between the end of April and the beginning of May. 

 

4. High rates of total precipitation in a year should not be necessarily traduced to high recharge rates. 

Another factors as potential evapotranspiration, rainfall intensity, number of days of rain and the 

previous climatic conditions have an effect in the recharge in different ways. Years with fewer days 

of rainfall and with higher rainfall intensity are better for recharge as those years are more likely to 

have days of rain preceded by a higher number of dry days than other years.  

 

5. The most sensitive parameter in the recharge estimation by the soil water balance method is the 

curve number. Most of the curve number values in the Bolo catchment are between 60 and 80, and 

the differences between those values may change dramatically the balance producing reduction in 

the recharge up to 479 mm per year. Accurate information on soil texture, slopes, and soil cover 

are important in order to get accurate curve number and a better recharge estimation. 

 

6. It is important to have accurate knowledge of the water table fluctuations in areas where levels are 

shallow and depending on the soil texture as they have strong effects on capillary rise which affects 

the net recharge in certain conditions. Areas with coarse texture soils as sandy and loamy soils 
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have low extinction depths and water tables only produces capillary rise and  affects the balance if 

it is 4 m deep or less in average. For fine texture soils as clayey and silty soils water tables up to 7 

m may produce capillary rise and affect net recharge. 

 

7. In the alluvial fans the main parameter that may affect the recharge computation is the runoff which 

is determined by the CN while in the alluvial deposits, at least one third of the total area has loam, 

loamy clay, loamy silt and clay soils. Those are soils with very high extinction depth and at the same 

time the plain is very likely to have shallow levels. Most of the diffuse springs found in the catchment 

and Timbique wetland are located in those areas and important losses for capillary rise might be 

take place. 

 

8. Flow direction in the alluvial fans is parallel to the Bolo River before the confluence with the 

Aguaclara River, following the terrain variations. Before the confluence the flow lines start heading 

to the river, which shows the change from a Bolo River recharging the aquifer to an aquifer 

discharge area.  

 

9. EC in the shallow groundwater increases with the flow direction as it increases the residence time 

of the waters in the aquifer and it represents a higher water-rock interaction. EC is lower than 148 

μS/cm in the Bolo River before the point where there is a change in the interactions between the 

river and the aquifer, after that point it starts rising with values around 178 μS/cm and after the 

confluence between Aguaclara and Bolo rivers the EC rises up to 250 μS/cm. After the confluence 

the Bolo River receives water with higher EC from Aguaclara (189 μS/cm) and starts receiving water 

from the aquifer which explains the big change in the EC before and after the confluence.  

 

10. Groundwaters in the Bolo catchment are of Ca-Mg-HCO3 type, surface water samples are Ca-(Mg)-

HCO3-(SO4) type except the samples from the Aguaclara River and El Muerto Creek which are Ca-

Mg-HCO3 type similar to the groundwater samples. Rainwater is Ca-(Mg)-(HCO3)-SO4. There is a 

clear pathway towards Ca, Mg and HCO3 in the waters in the catchment. 

 

11. The Bolo catchment is crossed by the Fault Systems Southwest-Northwest (Sp. Suroeste-Noreste) 

and Guabas-Pradera in the alluvial fans which seems to affect the evolution in the groundwaters 

and surface waters. The Southwest-Northwest fault seems to have a mechanism that produces 

outflow from groundwaters to surface waters. The Guabas-Pradera fault seems to have a 

mechanism that produces inflow from the surface waters to the groundwaters. 

 

12. All of the springs in the catchment are deep meteoric percolation type and deep wells are shallow 

meteoric percolation type. Shallow wells samples are divided in both groups, however the water 

from vpr-pm-10 is deep meteoric percolation type and it is a well located right after the second fault, 

which reinforces what was concluded previously. The following two sampling points in the 

https://es.wiktionary.org/wiki/%CE%BC
https://es.wiktionary.org/wiki/%CE%BC
https://es.wiktionary.org/wiki/%CE%BC
https://es.wiktionary.org/wiki/%CE%BC
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groundwater flow direction are also deep meteoric percolation type although they have meteoric 

genesis index closer to 1, in the direction of becoming of shallow meteoric percolation type. 

 

13. Isotopic results show a deviation from the local meteoric line but the slope is very similar. Just one 

of the points which correspond to one of the springs in the upper part is showing a strong deviation 

in the isotopic signature which shows the evaporation effect in the point. This point is Finca 

Guazimal, the spring right after the second fault where a groundwater outflow was observed. 

 

14. The climate trends study used to analyzed the effect of climate trends in the recharge presents that 

in Bolo catchment both precipitation and temperature have increasing trends with significant 

changes of +0.02% per year for precipitation and +0.0045°C per year for the temperature. Those 

changes in the climate would produce an increment of about 119% in the recharge in average for 

2030. 

5.2. Recommendations 

1. In order to gather reliable data to estimate recharge by the chloride mass balance method, it is 

recommended to collect rain samples during 5 years and to obtain chloride concentrations every 

month or bulk samples from different months in order to have a better estimation of chloride 

concentration from the rainfall which might vary a lot. It is also recommended to get chloride 

concentrations from groundwater twice at year, one during a rainy season and one during a dry 

season for 5 years. Distribution of the samples should be well done over the catchment in order to 

get better spatial analysis of the recharge. 

 

2. In areas with groundwater tables up to 7 m and fine texture soils it is important to introduce accurate 

water depth values in order to evaluate water losses from the aquifer due to capillary rise. It is 

important to validate the soil texture map as the clay areas present in the catchment may produce 

high runoff rates affecting the recharge besides the losses by capillary rise. 

 

3. In order to have a better knowledge of the groundwater fluctuations in the catchment it is 

recommended to install more pressure sensors in the alluvial deposits and in areas further from the 

river as well. It is recommended as well to generate piezometric maps for another periods in the 

year, it would be interesting to analyze the relations of discharge-recharge processes between the 

river and the shallow aquifer for a dry season. 

 

4. Flow measurements in the Bolo River before and after the mentioned faults would help to improve 

the analysis of their discharge and recharge mechanisms. 
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Appendix A. Changes in recharge and capillary rise due to change in the soil type 

 

Year 
Decrement in RCH 

Loam to Clay or 

Loamy soil (mm) 

Decrement in RCH 

Loam to Clay soil 

(mm) 

Increment in 

Capillary Rise 

Loam to Clay or 

Loamy soil (mm) 

Increment in 

Capillary Rise 

Loam to Clay soil 

(mm) 

Total losses 

Loam to Clay or 

Loamy soil (mm) 

Total losses 

Loam to Clay soil 

(mm) 

2000 230 419 26 375 257 794 

2001 249 362 59 631 308 992 

2002 196 303 75 489 270 792 

2003 293 414 48 563 341 976 

2004 188 279 55 493 243 773 

2005 284 440 30 547 314 987 

2006 383 583 45 475 428 1058 

2007 262 366 115 631 377 997 

2008 406 648 11 654 417 1302 

2009 123 182 122 430 244 613 

2010 467 743 67 542 534 1285 

2011 766 1225 18 335 784 1560 

2012 217 297 52 549 269 847 

2013 375 565 23 569 398 1134 

2014 440 669 48 470 488 1140 

2015 222 295 135 557 357 851 

2016 304 375 106 564 410 939 

Average 318 480 61 522 379 1002 

 

 



 

Appendix B. Field parameters and laboratory results from May 2017 sampling campaign 

 

Code Name 
TYPE 

Temp 
(°C) 

pH 
EC 

(uS/cm) 
Ca 

(mg/L) 
Mg 

(mg/L) 
Na 

(mg/L) 
K 

(mg/L) 
HCO3 
(mg/L) 

SO4 
(mg/L) 

Cl 
(mg/L) 

NO3 
(mg/L) 

δ2H 
(‰) 

δ18O 
(‰) 

B-2  El Muerto Brook SW 20.5 8.22 198 20.6 10.4 3.42 0.45 112 4.2 1.5 1.51 -67.3 -7.9 

B-4  Bolo River - La Italia SW 22.4 7.72 263 30.4 12.8 4.59 1.14 137 11.7 1.93 0.22 -72.5 -10.8 

B-5  Nacimiento Finca Guazimal SGW 22.9 6.83 310 37.6 9.66 7.13 1.91 157 12 5.12 38.51 -46.3 -5.2 

B-6  Nacimiento Lomitas 1 SGW 22.1 7.32 297 32.7 15.7 6.31 0.69 154 15.8 1.96 9.92 -69.0 -10.4 

B-7  Nacimiento Lomitas 2 - Finca La Trinidad SGW 24.1 6.89 336 31.7 18.6 5.13 0.27 126 16.4 5.49 31.47 -63.3 -9.9 

B-8  Nacimiento Hda Carmen - Hda Panamá SGW 29.8 7.72 482 62.5 20.7 9.49 0.83 250 21 2.98 11.95 -67.7 -10.8 

B-9  Nacimiento Hda Lorena - Hda La Cabaña SGW 25.7 7.28 549 68.1 17 11.6 1.14 210 38.7 18.9 0.27 -72.1 -10.9 

B-10  Nacimiento Hda El Vergel SGW 24.6 6.91 366 37.1 17.7 9.43 0.89 165 18.4 4.51 0.22 -68.7 -10.3 

B-11  Bolo River - Los Minchos SW 16.1 7.84 145 19.1 2.69 2.47 4.47 41 13.7 4.33 1.11 -79.8 -12.3 

B-12  Bolo River - After derivación 4 SW 18.9 7.88 136 19.6 2.87 2.49 0.89 52 13.2 1.01 0.00 -80.3 -12.1 

B-13  Bolo River -Puente Pradera SW 20.1 7.90 148 17.4 3.33 2.63 0.81 50 13.3 1.07 0.00 -81.3 -12.5 

B-14  Bolo River -Before confluence Bolo + Aguaclara SW 21.1 7.75 178 23.5 5.56 3.46 1 67 13.7 2.06 0.00 -81.2 -12.2 

B-15  La Milagrosa Shallow Well SGW 23.8 7.49 325 35.5 16.1 5.46 1.49 184 6.22 2.72 0.00 -61.2 -9.9 

B-16  Aguaclara River SW 22.2 8.13 189 18.4 10.5 3.82 0.76 93 3.6 2.08 0.00 -67.0 -10.8 

B-17  vpr-pm-10 SGW 27.1 6.47 683 93.8 24.5 9.3 1.82 297 41.5 17.1 0.84 -70.2 -10.9 

B-18  El Rosario Shallow Well SGW 25.2 6.88 884 108 46.7 20.9 0.86 560 25.3 3.73 3.81 -69.6 -10.8 

B-19  Rancho Grande Shallow Well SGW 24.5 7.05 914 108 61.6 17.9 0.77 540 31.7 10.2 3.01 -66.1 -10.3 

B-20  vp-666 DGW 25.3 7.35 558 53.5 33.6 9.68 0.34 266 4.57 5.55 2.08 -62.3 -9.5 

B-21  La Camelia Shallow Well SGW 25.2 7.09 776 108 41.6 14.3 0.46 460 26.3 6.17 31.52 -66.3 -10.4 

B-22  La Fé Shallow Well SGW 25.3 7.23 798 101 38.9 22 0.9 415 38.7 5.94 0.00 -68.6 -11.1 

B-23  Timbique Pluviometer RW 31.4 7.30 21 1.3 0.323 0.349 0.35 2 2.85 0.8 0.71 -143.1 -20.7 

B-24  vp-pm-6 (P2) SGW 25.4 7.12 819 103 38.6 21.9 0.99 447 27.3 5.17 3.67 -68.9 -11.4 

B-25  vp-pm-5 (P1) SGW 24.9 7.09 818 104 40.8 21.8 0.63 455 28.9 4.62 35.77 -68.6 -11.5 

B-26  vp-h-1 SW 23.9 6.82 1060 109 35.4 19.3 0.94 482 149 6.05 0.00 -68.0 -11.6 

B-27  vpr-103 DGW 23.2 7.22 490 134 57.9 25.5 1.33 261 19.8 1.98 1.68 -75.0 -12.0 

B-28  vpr-16 DGW 23.6 7.45 497 54.4 43.8 15.2 1.93 273 14.3 2.8 0.00 -71.7 -11.2 

 



 

Appendix C. Laboratory analysis errors and percentages of the ions for all samples 
 

Code Name 
EC/100 

Sum 
Cations 

Sum 
Anions 

Error Ca Mg Na K HCO3- SO4 Cl NO3 

uS/cm meq/L meq/L % % % % % % % % % 

B-2 El Muerto Brook 2.0 2.0 2.0 1.3 50 42 7 1 92 4 2 2 

B-4 Bolo River - La Italia 2.6 2.8 2.6 4.4 54 38 7 1 87 10 2 1 

B-5 Nacimiento Finca Guazimal 3.1 3.0 3.0 1.1 62 26 10 2 87 8 5 0 

B-6 Nacimiento Lomitas 1 3.0 3.2 2.9 4.9 51 40 9 1 86 11 2 0 

B-7 Nacimiento Lomitas 2 - Finca La Trinidad 3.4 3.3 3.2 2.6 47 46 7 0 65 11 5 20 

B-8 Nacimiento Hda Carmen - Hda Panamá 4.8 5.3 4.8 4.8 59 32 8 0 86 9 2 3 

B-9 Nacimiento Hda Lorena - Hda La Cabaña 5.5 5.3 5.3 0.4 64 26 9 1 65 15 10 10 

B-10 Nacimiento Hda El Vergel 3.7 3.7 3.4 4.6 49 39 11 1 79 11 4 6 

B-11 Bolo River - Los Minchos 1.4 1.4 1.1 12.3 68 16 8 8 62 26 11 0 

B-12 Bolo River - After derivación 4 1.4 1.3 1.2 7.1 73 18 8 2 74 24 2 0 

B-13 Bolo River -Puente Pradera 1.5 1.3 1.1 6.3 68 21 9 2 73 25 3 0 

B-14 
Bolo River -Before confluence Bolo + 
Aguaclara 

1.8 1.8 1.5 10.7 65 25 8 1 75 20 4 1 

B-15 La Milagrosa Shallow Well 3.3 3.4 3.3 1.3 53 39 7 1 92 4 2 2 

B-16 Aguaclara River 1.9 2.0 1.7 7.3 47 44 8 1 89 4 3 3 

B-17 vpr-pm-10 6.8 7.1 6.7 3.0 65 28 6 1 72 13 7 8 

B-18 El Rosario Shallow Well 8.8 10.2 9.8 1.8 53 38 9 0 94 5 1 0 

B-19 Rancho Grande Shallow Well 9.1 11.3 9.9 6.6 48 45 7 0 90 7 3 1 

B-20 vp-666 5.6 5.9 5.2 6.1 46 47 7 0 84 2 3 11 

B-21 La Camelia Shallow Well 7.8 9.4 8.3 6.6 57 36 7 0 91 7 2 0 

B-22 La Fé Shallow Well 8.0 9.2 7.8 8.5 55 35 10 0 87 10 2 0 

B-23 Timbique Pluviometer 0.2 0.1 0.1 -8.0 56 23 13 8 26 44 17 13 

B-24 vp-pm-6 (P2) 8.2 9.3 8.0 7.2 55 34 10 0 91 7 2 0 

B-25 vp-pm-5 (P1) 8.2 9.5 8.2 7.5 55 35 10 0 91 7 2 0 

B-26 vp-h-1 10.6 9.2 11.2 -9.6 59 32 9 0 71 28 2 0 

B-27 vpr-103 4.9 12.6 4.7 45.3 53 38 9 0 90 9 1 0 

B-28 vpr-16 5.0 7.0 4.9 18.3 39 51 9 1 92 6 2 0 

 


