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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. 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. 

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. 

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

climate variability  

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. 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. 

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 
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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. 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.  

2. Study 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. 

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

rocks from the Jurassic, Cretaceous and Tertiary periods. 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).  

2.1. Hydrogeology 

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 2) 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 water in this aquifer is classified 

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

 
Figure 1. Location of the Bolo River Catchment (left, 

Green area) 
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UNIT B: This unit is the confining layer for 

unit C and it does not have a potential 

interest for groundwater exploitation. 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 (CVC, 

2000). 

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 (CVC, 2000). 

3. Methodology 

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 a sampling campaign 

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

of the recharge. The results from the chloride method were also used to evaluate the spatial variability 

of the recharge in the area. 

For the estimation of the recharge by the soil water method, 

the model developed by Nonner & Stigter (2016) was used. 

Computations are based on the water balance for the root 

zone according to the following equation 1. 

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 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).  

Recharge estimation by the chloride mass balance 

method was carried out using the equation 

(Equation 2) proposed by Allison & Hughes (1978). 

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 

 

Figure 2. Aquifer system of the Cauca valley. Source: 

(Sànchez et al., 2016) 

𝑄𝑝𝑒𝑟𝑐 = (𝑃 − 𝐸𝑇𝑟 − 𝑅) + 𝑄𝑐𝑎𝑝 − 𝑆𝑟𝑜𝑜𝑡 

Equation 1 

 

Equation 2 
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concentration in groundwater within the recharge area. In this case, rainfall chloride concentration 

represents the wet and dry chloride deposition. The chloride balance method assumes that chloride is 

a conservative, non-adsorbed environmental tracer under steady-state conditions. 

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

from shallow wells and springs were obtained from the sampling campaign in May-2017, comprising a 

total of 14 points (Figure 3). 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 wet and dry chloride deposition from rainfall is 0.8 mg/L. For this study 

the chloride concentration from one collected sample was used.  

For the temporal distribution of the recharge, the different main parameters have been summarize by 

month and subsequently a multiannual average for every month has been computed. 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. For each point, recharge was computed using the respective meteorological station 

and then those values were interpolated using the Kriging method. 

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 analysis. 

 
Figure 3. Monitoring and sampling points used in this study 

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 (Sànchez et al., 2016). For measuring groundwater 

levels, eight pressure sensors were installed in shallow wells (<15 m deep) in the Bolo catchment. 

Those sensors where installed when the field work for this study was carried out, between April 2017 
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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.   

The piezometric map for the surficial aquifer (A1) was created using the data from the eight shallow 

wells and including four of the springs using the Co-Kriging method. For each of the 26 points in Figure 

3 three samples were collected: one filtered and acidified to pH<2 with ultrapure nitric acid for the 

cations analysis (HNO3) and one filtered and non-acidified for anions. Samples were refrigerated after 

collection and sent for analysis.  

4. Groundwater Recharge Processes 

4.1. Recharge Estimation 

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 

seasons. Recharge estimation according to the chloride mass balance method for the group in the 

alluvial fans is 385 mm/year and for the plain it is 102 mm/year. 

For the soil water balance method, 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 4). 

Table 1 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). The average annual 

recharge for this scenario in the current analysis for the period 2000-2016 is 522 mm. Due to time 

constraints the analysis was carried out in a specific area. Recharge estimation is higher than in 

 

Table 1. 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 
 

Figure 4. Point selected for the recharge 

estimation and meteorological stations 
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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. 

4.2. Temporal and Spatial Variability 

The monthly multiannual average for the 

precipitation, recharge, days of rainfall, 

potential evapotranspiration and daily 

rainfall intensity have been plotted in Figure 

5. 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 5 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.  

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. In the alluvial fans in the catchment the recharge to the aquifer 

takes place from September to April with 96% of the annual recharge. 

 

 

 

 

 

 

Figure 6 shows the spatial variability for the catchment. 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 5. Multiannual average for recharge and climate 

variables for a punctual analysis in the alluvial fans 

 
Figure 6. Spatial variability of the recharge in the Bolo catchment 
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5. Surface Water – Groundwater Interactions 

5.1. Surface and Groundwater Levels Analysis 

From the piezometric map (Figure 7) 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. 

 

Figure 7. Piezometric map and flow direction of aquifer A1 at the end of the first rainy season of the year 

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. 

According to the piezometry between point 1 and point 3 the Bolo River is recharging the aquifer, this 

will be 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 flow starts 

heading 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. 

5.2. Hydrochemical Data Analysis 

Hydrochemical data was 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 and water-rock interactions. 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 
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which is interpreted as having longer residence times. Surface water has the highest SO4 

concentrations followed by the shallow groundwater. 

The EC values are higher in the groundwaters 

(Figure 8) as expected. 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. After the 

water confluence, the chemical composition in the Bolo River is much more like the Aguaclara River 

than the Bolo upstream. 

 
The classification and evolution of the waters in the 

Bolo catchment was analyzed using the Piper 

diagram (Piper, 1944) (Figure 9) which is a 

classification based on the charge percentages in 

the major ions. 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. 

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 10) that crosses the Bolo 

catchment in between the locations of the samples collected. 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. 

 
Figure 8. EC evolution in the shallow aquifer 

compared with the surface water 

 

Figure 9. Piper diagram with the samples 

classified according to their origin 

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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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 

increments in the Cl concentration and thus, increment of the apportion from the surface waters to the 

groundwaters.  

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 10) (Figure 11). 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. 

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. 

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. 

 
 

Figure 10. Flow order in the shallow 

groundwater samples for analysis and fault 

system in the Bolo catchment 

Figure 11. Na/Cl ratio in the shallow groundwater 

along a flow path 
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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.  

6. Conclusions 

- Both of the used methods to estimate recharge coincide in the spatial distribution despite the values. 

There is a reduction of about 332 mm/year from the alluvial fans (30% P) to the alluvial deposits 

(10% P). 

 

- There is one cycle for the diffuse recharge in the Bolo catchment from September to April with 

96.4% of the annual recharge in average. 

 

- The Bolo River is changing from recharging the aquifer to a discharge area at about 1000 masl 

before the confluence with the Aguaclara River. 

 

- There are two faults crossing the catchment in the alluvial fans. The first one produces 

groundwaters outflow and the second one produces inflow from surface waters being important for 

the Groundwater recharge. 

 

- There is a clear pathway towards Ca, Mg and HCO3 in the waters in the catchment. 
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