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ABSTRACT  

Historically, spring's hydrogeological, ecosystemic, and cultural importance has been recognized for protecting groundwater 
and surface water resources. However, in Colombia, studies on spring water are minimal, and there is no established methodology 
for their correct classification, especially in tropical zones, where the hydrogeological systems are highly complex due to abrupt 
topography, high precipitation, and the development of thick soils.  

The primary objective of this study was to elucidate the interactions of rainwater and hydrochemical processes as it infil-
trates, flows, and interacts with the underground medium in a mountainous area of the municipality of San Roque, Department 
of Antioquia, to determine whether the emerging water on the surface is groundwater or vadose water. For this purpose, hydro-
geochemical analyses and multivariate clustering were conducted within the context of the area's hydrogeological knowledge, 
using on-site physicochemical and water quality data from various water types.  

The results show that not all sampling points in the study zone can be classified as spring water; some exhibit a direct 
relationship with rainwater, without necessarily discharging from the saturated zone. Our results provide a preliminary assess-
ment of the research and classification of spring waters in Colombia, which is crucial for refining current guidelines on the 
declaration of protected zones and on soil utilization associated with the groundwater resources. 

Keywords: Vadose water, hydrometeorological interactions, tropical hydrogeology, hydrogeochemical characterization, multivariate analy-
sis, mountain aquifer systems, groundwater 

RESUMEN  

Históricamente, se ha reconocido la importancia hidrogeológica, ecosistémica y cultural de los manantiales para proteger las 
aguas subterráneas y superficiales. Sin embargo, en Colombia los estudios sobre el agua de manantial son escasos y no existe una 
metodología establecida para su correcta clasificación, especialmente en zonas tropicales, donde los sistemas hidrogeológicos 
son altamente complejos debido a la topografía abrupta, las altas precipitaciones y el desarrollo de suelos gruesos.  

El objetivo principal de este estudio fue dilucidar las interacciones del agua de lluvia y los procesos hidroquímicos a medida 
que esta se infiltra, fluye e interactúa con el medio subterráneo en una zona montañosa del municipio de San Roque, Departa-
mento de Antioquia, para determinar si el agua que emerge en la superficie es subterránea o vadosa. Para este propósito, se 
realizaron análisis hidrogeoquímicos y estadísticas de agrupación multivariada, en el contexto del conocimiento hidrogeológico 
del área, utilizando datos in situ fisicoquímicos y de calidad de distintos tipos de agua.  

Los resultados muestran que no todos los puntos de muestreo identificados en la zona de estudio pueden clasificarse como 
agua de manantial; algunos presentan una relación directa con el agua de lluvia sin necesariamente descargar de la zona satu-
rada. Nuestros resultados proporcionan una evaluación preliminar de la investigación y la clasificación de las aguas de manantial 
en Colombia, lo cual es crucial para afinar los lineamientos actuales sobre la declaración de zonas protegidas y la utilización del 
suelo asociada al recurso de agua subterránea. 

Palabras clave: agua vadosa, interacciones hidrometeorológicas, hidrogeología tropical, caracterización hidroquímica, análi-
sis multivariado, sistemas acuíferos montañosos, agua subterránea. 
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1. INTRODUCTION 

Springs are significant ecological and cultural resources be-

cause they are essential for sustaining many ecosystems, serve as 

water sources for remote communities, are culturally or recrea-

tionally relevant in some regions, and could be the most sensitive 

indicators of climate change (Stevens et al., 2012). The scientific 

study of springs and their conservation worldwide has been ham-

pered by the lack of a comprehensive classification system to 

quantify them (Alfaro and Wallace, 1994; in Springer and Ste-

vens, 2008). Springs are occasionally the source of first-order wa-

ter currents or lentic water bodies, and they are also part of a com-

plex water system that involves both groundwater and surface 

water. Therefore, their protection and preservation are essential 

for the conservation of water resources in general. 

In North America, where springs have been widely studied 

as they constitute the primary source of supply in some regions, 

the general definition of a spring is: "a place on the earth's surface 

where groundwater is discharged from the aquifer, creating a vis-

ible flow" (Kresic, 2010, p. 31). Meanwhile, in Colombia, springs 

are defined as “superficial discharge of groundwater that occurs 

through bedding planes or rock discontinuities such as fractures, 

cracks, or lithological changes, in areas where the topographic 

surface intersects the water table” (MADS, 2018, p. 13). Their 

classification, according to IDEAM et al. (2009), is limited to the 

mode of emergence at the surface (dripping or seepage), perma-

nence (perennial, seasonal, or intermittent), and the nature of the 

conduits through which the water flows (karst, fracture, or con-

tact). However, these classifications overlook the wide variety of 

geological settings across the country and the types of water dis-

charging at the surface; therefore, springs deserve a more detailed 

characterization. In tropical countries like Colombia, with thick 

soils, significant rainfall, and abundant vegetation, the classic 

definitions of what a spring is may not fully describe the ground-

water system, as they overlook other physicochemical processes 

that can create ambiguities in its definition and subsequent clas-

sification as protected zones. 

In Colombia, springs are not well studied. To date, local or 

regional research on classification, systematic methodologies for 

comprehensive assessment, and the definition of emerging water 

types is unknown. The only approach to study them comes from 

the physicochemical characterizations that are a requirement to 

carry out infrastructure, mining, transportation, renewable and 

non-renewable energy projects before government entities (Re-

gional Autonomous Corporations and the National Environmen-

tal License Authority – ANLA, by its Spanish acronym) in the 

framework of Environmental Impact Studies (EIA by its Spanish 

acronym). Therefore, many emerging bodies of water have been 

extensively referred to as springs, even though they do not meet 

the word's strict definition (Kirk,1919; Springer & Stevens, 2008; 

Stevens et al.,2012; IDEAM et al.,2009; Meinzer,1923a,b; Fet-

ter,1994; Kresic, 2010), as some have a direct and immediate re-

lationship with precipitation, flow through the vadose zone, but 

never reach the groundwater reserves. 

In such a scenario, a clear methodology is needed to ensure 

unbiased classification of springs, especially in tropical countries 

and regions dominated by crystalline rocks. The answer might lie 

in the chemical properties of the water bodies (Ravikumar & So-

mashekar, 2017; Güler et al., 2002; Jalali & Jalali, 2016; Lou-

renço et al., 2010). Therefore, with this study, we propose a first 

approach to define the origin and type of water by using hydro-

chemical data from the Gramalote mining project (GCL, Grama-

lote Colombia Limited), located in the municipality of San Roque 

in the department of Antioquia, Colombia, where all water points 

have been named a priori as springs in the EIA. 

The primary objective of this study was to elucidate the in-

teractions between rainwater and the subsoil after infiltration and 

flow, using multivariate hydrochemical, physicochemical, and 

statistical analyses within the area’s hydrogeological context. The 

final goal was to classify the emerging waters (so-called springs) 

using a methodological categorization that would allow deter-

mining whether the water sampling points discharge from the aer-

ation zone (vadose zone) or are part of the continuous discharge 

of a potential aquifer unit or saturated zone. Finally, it was possi-

ble to verify the initial hypothesis that not all points classified as 

springs can be called such; rather, some may have a unique rela-

tionship with rain or surface water and emerge at the surface due 

to slope or texture changes without necessarily being saturated-

zone fluxes or aquifers. 

2. GEOLOGICAL SETTING 

 

The study area is located in the department of Antioquia, Colom-

bia. It corresponds to the Gramalote mining project (GCL), lo-

cated on the right bank of the Nus River (Figure 1), approxi-

mately 1 km south of the township of Providencia, a jurisdiction 

of the municipality of San Roque, 80 km northeast of the city of 

Medellin. The mining project's influence area, totaling 59 km2, is 

the same one used for the analyses in this study. The predominant 

geology is the Batolito Antoqueño, composed mainly of plutonic 

igneous rocks, specifically medium- to coarse-textured tonalites 

(Integral S.A., 2015). Within the unit, textural and compositional 

variations include quartz diorites, granodiorites, diorites, gab-

bros, dacites, and, to a lesser extent, aplite. Alluvial deposits are  
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Figure 1. Location of the study area, surface geology, and existing water sampling points in the study area. Own elaboration, based on Integral S.A. 

 

 

also associated with the Nus River and the Guacas Creek. Thin 

slope deposits also rest on the saprolite, which cannot be mapped 

due to the scale and extent of Figure 1. 

Based on observations of drainage patterns, field surveys, 

photointerpretation results, and geomorphological features, a 

structural model was developed, highlighting the following struc-

tural trend: N45°W to N60°W, corresponding to the Nus River 

fault system, which controls several segments of major streams, 

including Guacas Creek. N45°E to N60°E, which controls the 

course of the Guacas creek before its confluence with the Nus 

River, and N–S ±10° and E–W ±10°. Additionally, no direct re-

lationship was identified between joint density and hydraulic sig-

nificance. Joint sets with high fracture density generally consist 

of closed or mineral-filled fractures (Integral S.A., 2015).  

The annual average precipitation ranges from 2,000 to 4,000 

mm, being higher towards the municipality of San Roque (south-

west) and lower towards San José del Nus (northeast) (Integral 

S.A., 2015). However, the seasons from April to June and August 

to November are generally the wettest of the year, and recharge 

rates range from 7 to 22 l/s/km², or approximately 10 to 30% of 

annual precipitation (Golder Associates, 2014). The mean 

monthly temperature and evaporation at the El Nus Experimental 

Farm station are 26.3°C and 108 mm, respectively (Integral S.A., 

2015). The topography consists of weathered hills with moderate 

to steep slopes and dense vegetation, with elevations ranging 

from 800 m.a.s.l. to just over 1300 m.a.s.l. (Golder Associates, 

2014). 

The surface distribution of the hydrogeological units shows 

no variation due to the predominance of the Antioquian Batho-

lith's residual soil layer. That is why the defined hydrogeological 

units for the mining project, as described by Golder Associates 

(2014), outlined below, indicate that variations within these units 

occur at depth. 
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• HGU1 – Conformed by alluvial deposits present at the 

bottom of the valleys (more extensive in the Nus River valley), 

and by slope deposits partially covering the batholith. 

• HGU2 – Residual soils as a thin layer over the entire 

area. 

• HGU3 – Extremely weathered saprolite, a product of the 

Antioquia Batholith's weathering, where all the clay-forming 

minerals have been wholly weathered. 

• HGU4 – Sandy saprolite from a mid-stage weathering 

process, in which the parent rock's crystal structure has broken 

down, but the clay-forming minerals show partial or minimal de-

composition. 

• HGU5/6 – Transition zone saprolite, product of an early 

weathering stage in which oxidation occurs, especially on the 

fracture faces, but with high rock resistance. Fractured rock is 

also included in this horizon and is likely to have hydraulic prop-

erties similar to the transition zone. 

• HGU7 – Rocky basement, almost intact. 

3. DATA AND METHOD 

3.1.Monitored data and parameters. This research used 

secondary data collected during the Gramalote mining project's 

hydrogeological baseline study, and Gramalote Colombia Lim-

ited generously provided the dataset. The information from the 

Gramalote project (hereafter referred to as GCL) included an in-

ventory of water sampling points, all of which had been classified 

as springs. The data came from four (4) campaigns carried out in 

2011 (September to November), 2012-I (August to October), 

2012-II (November to December), and 2019-2020 (December to 

July), in which 223, 250, 239, and 259 water sampling points 

(presumed springs) were inventoried, respectively. 

Additionally, two (2) hydrochemical monitoring campaigns 

were conducted in 2012. The first campaign, in which 24 samples 

were collected, was conducted from March to June, during the 

first wet period of the year. During the second campaign, 22 sam-

ples were collected in October, during the transition period from 

wet to dry season in this region of Colombia. From each cam-

paign, 21 samples met the acceptable ionic balance error criteria 

and were selected for further analysis. These 21 samples were 

from the so-called springs (13), the piezometers (6), and surface 

water (2).  

From now on, the four (4) water sampling campaigns will 

be referred to as C1, C2, C3, and C4, while the two (2) hydro-

chemical campaigns will be named Campaign 1-HQ and Cam-

paign 2-HQ or simply C1-HQ and C2-HQ. 

Fifity-eight (58) hydrochemical variables were analyzed in 

the laboratory (major ions, minor ions, trace elements), and 12 

variables were selected for multivariate statistical analyses and 

hydrogeochemical classification diagrams: electrical conductiv-

ity (EC), dissolved oxygen (DO), pH, Ca2
+, Mg2

+, Na+, K+, HCO3, 

Cl-, SO4
2-, SiO2,  and Fe. The units for the concentration of major 

ions were mg/L, and for EC were µS/cm. These variables were 

selected because they best characterize the area's water type 

based on the outcropping geological units and, according to Güler 

and Thyne (2004), generally help accurately identify almost all 

environments 

. 

3.2.Database editing - Quality data evaluation. The water 

sampling points inventory data for all campaigns were organized 

and filtered to include only the persistently flowing points during 

the information-gathering period. If a sampling point dried up in 

at least one monitoring campaign, it was excluded from the anal-

yses. The hydrochemical monitoring database was found to have 

censored data (some elements are reported as "less than"). For 

multivariate analyses, it is necessary to report a numerical value 

in each cell where this situation occurs. Therefore, a value of 0.55 

times the lower detection limit was used in this study, following 

the recommendations of Van Trump and Miesch (1977), as cited 

in Güler et al. (2002). 

The laboratory's hydrochemical data were verified as usable 

based on ionic balance (Freeze and Cherry, 1979). Although 

Hounslow (1995) and the Colombian Technical Guide GTC 30 

(ICONTEC, 2014) indicate that only those samples with an ana-

lytical error less than or equal to 10% should be used, Custodio 

and Llamas (1975) suggest that the acceptable ionic balance error 

ranges depend on the electrical conductivity value, since the 

lower the electrical conductivity, the greater the acceptable error 

in the ionic balance; we decided to use this last criteria. 

Finally, the geology, hydrogeological context, spatial distri-

bution, and elevation were reviewed in the database for each wa-

ter sampling point to understand the characteristics of these 

emerging waters, with a focus on the choice of hydrogeochemical 

diagramming and multivariate statistics at each point. 

 

3.3.Descriptive statistics. Using the filtered databases and 

hydrochemical monitoring data from the inventory campaigns of 

the water sampling points, basic descriptive statistics (mean, 

standard deviation, and data asymmetry) were calculated to de-

fine the transformations to be employed in data preprocessing and 

multivariate statistical analyses. A preliminary data exploration 

was performed using histograms, box plots, and bivariate graphs 

for some parameters. Finally, using the filtered database of per-

sistently flowing sampling points, spatial distribution maps of EC 

were generated for 100 springs across the four campaigns. 
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3.4.Data transformation and standardization.  High pos-

itive asymmetry coefficients of hydrochemical variables, which 

did not follow a normal or close to normal distribution, were log-

arithmically transformed. For DO, Na+, and SiO2, a non-linear 

transformation was used (squared), as they are negative asym-

metry parameters; this transformation compresses the scale for 

small values and expands it for large values (Marín, 2021). Af-

terward, all parameters were standardized to ensure that each var-

iable was equally weighted, allowing for comparison across dif-

ferent units, as each variable carried the same weight in the sta-

tistical analyses. The standardization is needed in hierarchical 

cluster analyses, where the Euclidean distance is estimated, be-

cause if the variables do not have the same weight, this distance 

would be influenced by the variable with the highest magnitude 

or the one with a different measurement unit (Güler et al., 2002; 

Malagón et al., 2021). 

Although electrical conductivity (EC) primarily reflects the 

major ions, tests were performed with and without EC in the Prin-

cipal Component Analysis (PCA) and Hierarchical Cluster Anal-

ysis (HCA). Because the samples continued to group similarly 

with and without this parameter, it was decided to retain it, given 

the limited number of variables. Additionally, in other studies, 

EC has been used to analyze hydrochemical data using multivar-

iate statistics (Ragno et al., 2007; Pazand and Javanshir, 2016; 

Ravikumar and Somashekar, 2017; Chen et al., 2018; Mostaza-

Colado et al., 2018; Malagón et al., 2021). 

Before selecting the optimal data treatment approach (in this 

case, transformation followed by standardization), multiple mul-

tivariate statistical analyses were conducted using the hydro-

chemical dataset. The analyses were first performed with raw 

data, then with standardized data only, then with normalized and 

standardized data, and finally, the chosen data were transformed 

and standardized, as described in the previous section. This last 

combination produced the most consistent results, in accordance 

with the hydrogeological understanding of the study area. More-

over, according to Cloutier et al. (2008), in multivariate cluster 

analysis, it is very common to apply variable transformation fol-

lowed by standardization. There were no parameters without 

data; for Cl- and SO42-, most reported values were censored by 

the method, which is why these parameters were removed from 

the EMV. 

3.5.Multivariate statistical methods 

3.5.1.Principal Component Analysis (PCA).  PCA is a mul-

tivariate technique that explains the variance of a large set of cor-

related variables (measured physical parameters, anions, and cat-

ions) by reducing them to a smaller number of components, 

known as principal components (PCs). Most of the total variance 

of the hydrochemical variables can be explained by a smaller 

number of new, uncorrelated variables; therefore, the dimension-

ality of the data is reduced (Swan and Sandilands, 1995; Güler et 

al., 2002; Ragno et al., 2007; Lourenço et al., 2010). The first 

component accounts for most of the variation in the initial data, 

and subsequent components explain a smaller proportion of that 

variation (Lourenço et al., 2010). The components selected for 

this study were those with an eigenvalue greater than one (1), as 

they explain the majority of the variance (Malagón et al., 2021). 

Principal Component (PC) loadings are the eigenvectors de-

rived from a covariance or correlation matrix, which contain in-

formation about all variables combined into a single number. The 

variables with the highest positive and negative loads make the 

greatest contribution to the data set (Lourenço et al., 2010; Ra-

vikumar and Somashekar, 2017); therefore, the loads were ana-

lyzed to provide a greater understanding of the processes respon-

sible for the similarities in the variables. The software package 

used for this analysis was Minitab Release 14® (Minitab Inc., 

2021). 

3.5.2.Hierarchical Cluster Analysis (HCA).  A hierarchical 

configuration groups elements in a tree-like structure, where the 

lowest levels are clustered within higher-level groups; this type 

of graph is known as a dendrogram (Davis, 1986). This method 

involves classifying water samples by forming clusters based on 

data similarity, using predefined variables that explain the tech-

nical reasons for these groupings. One of the most intuitive dis-

tances used in hydrochemistry is the Euclidean distance, em-

ployed in this study, because it produces more distinctive clusters 

(Güler et al., 2002). 

A set of objects grouped numerically, similar to the previous 

one, forms a cluster of points in a multivariate space, and several 

algorithms are available to split them (Swan and Sandilands, 

1995). In this study, the applied algorithm was Ward's linkage, 

which joins the observations (water samples) seeking to minimize 

the variance within each cluster. Subsequently, the combination 

that gives the smallest sum of squares within each cluster is cho-

sen. This procedure creates homogeneous clusters with similar 

sizes (De la Fuente, 2011). 

As Güler et al. (2002) and Cloutier et al. (2008) mention, 

the number of clusters in the HCA is defined by moving the po-

sition of the phenon line up or down the dendrogram. This eval-

uation is subjective, which makes the HCA a semi-objective 

method. In this study, the phenon line has been defined at Euclid-

ean distances of 9 (C1-HQ) to 9.6 (C2-HQ), considering that the 

resulting groups have different chemistries and that the previ-

ously described water types (groundwater or superficial) are also 
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related to this grouping. The software package was Minitab Re-

lease 14 (Minitab Inc., 2021). 

3.5.3.Factor Analysis (FA).  The factor analysis further re-

duces the contribution of the less significant variables obtained in 

the PCA. By rotating the PCA-defined axes, a new set of varia-

bles known as the estimated varifactors (VF) is created. This 

study used the Varimax rotation after determining the principal 

components (PC) of the hydrochemical variables. The Varimax 

rotation distributes PC loadings, minimizing the number of large 

and small loadings to maximize their dispersion (Richman, 1986; 

in Singh et al., 2004). 

3.5.4.Hydrochemical characterization.For each hydrochem-

ical monitoring campaign that contains the hydrochemical varia-

bles, the water type and its relationship with different dissolved 

ionic species were evaluated to reveal the major ions' origins, the 

main hydrogeochemical processes, such as ion exchange or sili-

cate alteration, and the possible origin of each emerging water 

point through the controlling mechanisms of water chemistry 

(Ravikumar and Somashekar, 2017).  

For the hydrochemical facies classification, the Piper and 

Stiff diagrams were used to determine the degree of mineraliza-

tion at each point. Stiff diagrams were created to represent the 

average chemistry of each cluster. The free software Diagrammes 

v6.76 (Simler, 2021) was used to construct both diagrams. The 

Gibbs diagram was used to identify the originating processes of 

water chemistry (rainfall, evaporation, water-rock interactions) 

by plotting TDS vs. Na+, K+, and Ca2+ cations (Gibbs, 1970). Alt-

hough the Gibbs diagram was initially constructed for surface wa-

ter and is sometimes considered inappropriate for groundwater 

analysis, it has been used in numerous hydrogeological studies 

(Marandi and Shand, 2018). Considering this, it was used in this 

study, as it was not the only tool utilized to analyze the data. Fi-

nally, the sampling points from both campaigns were spatially 

plotted in ArcGIS V10.2 (Redlands, C.E.S.R.I., 2011) to associ-

ate the hydrochemistry with the lithology and elevation. 

3.6.Physicochemical Comparison: Springs vs. Rainwater. 

Correlation analyses were performed using a series of electrical 

conductivity measurements for three rainwater collectors and 

eight presumed springs. These data were recorded over one hy-

drological year during the GCL isotopic sampling campaign 

(2020–2021). The objective of this analysis was to identify water 

points whose electrical conductivity values were similar to those 

of rainwater. This methodological step allowed the classification 

of water points based on their physicochemical characteristics.  

4. RESULTS 

4.1.Monitored data and parameters 

4.1.1.Water sampling points database (presumed springs) 

From the inventory of sampling points for the four cam-

paigns, which contained a total of 971 sampling points, the ones 

with missing data (dry points) were omitted. A database contain-

ing 100 sampling points per campaign was obtained, yielded a 

total of 400 (Table 1). For the first three campaigns, the CE 

showed little variation in the mean and median, though a slight 

upward trend over time is noticeable. For campaign 4, an increase 

of almost 50% in this variable is evident compared to previous 

campaigns. 

Figure 2 shows that, across the four (4) water spring inven-

tory campaigns, the EC at most of the sampling points was less 

than 100 µS/cm, which is low mineralization according to Rodier 

(1981) for the emerging waters at these sampling points. Cam-

paigns C1 and C4 had the highest number of "outliers", as indi-

cated by the wider ranges of EC values (Figure 2).. 

 

Table 1. Average values of the in situ physicochemical parameters for the four inventory campaigns. 

Campaign/Pe-

riod 

Hydrological re-

gime 

Average 

rainfall 

(m)* 

Discharge 

rate (l/s) 
Temperature (oC) pH 

EC 

(µS/cm) 

TDS 

(mg/l) 

DO 

(mg/l) 

Salinity 

(%) 

C1: September- 

november 

(2011) 

Wet ("La Niña)" 0.4328 0.24 22.20 6.8  8.6-187.0  59.1 4.9 0.05 

C2: August-oc-

tubre (2012) 
Wet 0.4157 0.23 23.48 7.1 11.1-194.4 50.1 6.6 0.05 

C3: November-

December 

(2012) 

Dry 0.1585 0.24 23.48 6.9 35.7-259.0  50.7 6.1 0.05 

C4: December - 

July (2019-

2020) 

Dry (“El Niño” – 

Normal) 
0.2518 ND 23.24 7.1 42.4-327.0  73.6 6.3 0.08 

*Average monthly rainfall of the period in which the campaign was carried out. ND: No data 
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The outliers detected in C1 and C2 were not consistent 

across the subsequent campaigns. Such deviations may be at-

tributed either to human error or to measurement inaccuracies as-

sociated with the multiparameter device used during data collec-

tion 

Generally, electrical conductivity shows an inverse linear 

relationship with elevation, where the higher the elevation, the 

lower the EC, and vice versa (Toro, 2020). On the other hand, 

dissolved oxygen is directly related to elevation, as it has higher 

concentrations in recently infiltrated water or rainwater (in topo-

graphically higher areas). Hence, a low DO concentration indi-

cates that the water has had some transit time through under-

ground medium and discharge zones in lower elevations (Mazor, 

2003).  

For the four campaigns, the relationship between elevation 

and electrical conductivity is inverse (Figure 3A). For EC in cam-

paigns C3 and C4, and for DO in campaigns C2 through C4, data 

transformations were applied before ANOVA to meet its assump-

tions. When applying an ANOVA between both parameters, a 

statistically significant association was obtained, with 95% relia-

bility between the two variables (Table 2). However, the esti-

mated correlation coefficient was very low (0.3–0.4), suggesting 

that ECs at the same elevation can vary widely. 

 Hydrochemical database.  From the total of 24 sampling 

points in the database, 21 that complied with the acceptable ionic 

balance error were selected for each campaign. Table 4 and Table 

5 present the data for the two campaigns conducted in 2012, the 

C1-HQ campaign in the March-April wet season and the C2-HQ 

campaign in the October-December transition (to dry) season 

(Figure 1). The average monthly rainfall for each sampling cam-

paign was 573 mm for C1-HQ and 268 mm for C-HQ (IDEAM, 

2021).For both campaigns  SO4
2-y Cl- were reported by the labor-

atory as censored values, meaning they were below the labora-

tory’s method detection limit. These two parameters were ex-

cluded from the multivariate analysis. 

For dissolved oxygen (DO), there was also no direct rela-

tionship in most of the campaigns, as expected (Figure 3B). Like-

wise, the correlation for each regression was very low (0.1–0.2), 

despite ANOVA indicating a statistically significant association 

at a 95% confidence level (Table 3). 

In the study area, deeper groundwater with longer residence 

time generally exhibits lower pH values (as indicated by piezom-

eters). This acidity is commonly associated with sulfide minerals 

formed during auriferous mineralization

 

 
Figure 2. Map of the four campaigns (100 springs) with the EC's spatial distribution: A. Campaign C1, B. Campaign C2, C. Campaign C3, D. Campaign C4. EC 

ranges in µS/cm according to Rodier (1981): Low [<333], Medium [333-666], Moderate [666-1000], and High [>1000]. 
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Figure 3. Linear regressions between the electrical conductivity (A) and the dissolved oxygen (B) with the height (elevation in m.a.s.l.). 

 

Table 2. ANOVA results in the EC parameter for the four (4) inventory campaigns. 

Campaigns   
Degrees of free-

dom 
Sum of squares Mean Squares F-Test Critical F values 

C1 

Regression 1 26078.6 26078.6 19.4 0.0 

Residuals 95 127612.9 1343.3   

Total 96 153691.4       

C2 

Regression 1 14366.1 14366.1 9.0 0.0 

Residuals 97 154152.4 1589.2   

Total 98 168518.5       

C3 

Regression 1 238343.7 238343.7 22.6 0.0 

Residuals 97 1021054.3 10526.3   

Total 98 1259398.0       

C4 

Regression 1 0.3 0.3 10.4 0.0 

Residuals 90 2.9 0.0   

Total 91 3.2       
 

Table 3. ANOVA results in the DO parameter for the four (4) inventory campaigns 

Campaigns   
Degrees of free-

dom 
Sum of squares Mean Squares F-Test Critical F values 

C1 

Regression 1 4.8 4.8 1.9 0.2 

Residuals 98 251.7 2.6   

Total 99 256.6    

C2 

Regression 1 0.1 0.1 5.5 0.0 

Residuals 98 1.9 0.0   

Total 99 2.0    

C3 

Regression 1 0.2 0.2 5.8 0.0 

Residuals 98 2.6 0.0   

Total 99 2.8    

C4 

Regression 1 0.0 0.0 1.1 0.3 

Residuals 98 3.5 0.0   

Total 99 3.5    
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Table 4. Hydrochemical monitoring points Campaign 1-HQ-2012-I, March-April (wet season). 

Point name Type Elev.  DO pH EC 𝑪𝒂𝟐
+ 𝑴𝒈𝟐

+ 𝑵𝒂+  𝑲+  𝑯𝑪𝑶𝟑
− 𝑪𝒍−  𝑺𝑶𝟒

𝟐− 𝑭𝒆 𝑺𝒊𝑶𝟐 TDS 

M 100 Spring 1,098 4.2 6.8 96 10.1 2.6 8.0 0.8 42.4 3.5 2.75* 0.5 42.4 55 

M 105 Spring 899 5.9 6.9 68 9.0 2.3 6.1 1.1 35.7 1.1* 2.75* 0.2 33.8 40 

M 117 Spring 849 4.6 6.3 102 16.2 1.6 6.9 1.1 53.5 1.1* 2.75* 0.1 39.6 59 

M 121 Spring 846 4.7 6.7 181 20.2 5.2 11.6 1.8 85.9 1.1* 2.75* 0.2 43.7 94 

M 138 Spring 995 4.8 7.0 64 5.0 1.3 8.1 1.3 32.6 1.1* 2.75* 0.2 40.0 48 

M 189 Spring 855 4.1 6.6 199 24.6 6.3 10.4 2.8 102.8 6.5 2.75* 0.6 52.4 112 

M 219 Spring 899 3.9 6.0 58 5.0 1.3 7.7 1.0 21.7 1.1* 2.75* 1.1 30.7 35 

M 047 Spring 1,227 4.9 5.9 36 11.2 2.9 3.1 1.3 43.1 1.1* 2.75* 0.1 25.0 49 

M 055 Spring 1,149 4.9 6.1 122 8.2 3.0 9.3 0.8 42.0 7.0 2.75* 0.3 33.2 67 

M 074 Spring 1,113 3.9 6.6 64 6.7 1.7 1.6 0.3 19.2 1.1* 2.75* 0.5 5.7 20 

M 079 Spring 1,149 3.0 6.0 77 10.6 2.7 7.3 1.0 32.0 1.1* 2.75* 0.3 33.1 42 

M 087 Spring 903 3.2 6.7 79 12.9 3.3 9.1 1.4 53.1 1.1* 2.75* 0.9 50.2 57 

M 092 Spring 908 5.2 7.4 132 18.5 4.8 8.0 1.5 69.8 1.1* 2.8 0.4 48.5 76 

Aljibe224 Surface water  850 1.6 6.6 59 4.8 1.7 5.8 1.0 26.3 1.1* 2.75* 2.1 21.0 35 

PZA-12-01 Piezometer 849 2.3 5.9 90 6.4 1.0 11.2 1.1 47.9 1.1* 2.75* 5.5 52.6 49 

PZA-12-02 Piezometer 846 1.1 5.6 79 11.6 1.6 5.2 2.0 40.3 1.1* 7.8 3.5 41.5 46 

PZA-12-03 Piezometer 842 2.9 5.6 311 3.6 1.6 10.5 1.1 37.3 2.5 2.75* 6.1 35.0 42 

PZA-12-05 Piezometer 850 2.7 5.8 95 6.4 0.7 9.8 1.1 37.3 1.1* 2.75* 5.9 33.9 40 

PZR-12-08 Piezometer 955 2.2 5.8 160 10.4 0.5 7.5 2.3 29.2 2.5 2.75* 21.3 20.1 45 

PZR-12-04 Piezometer 849 2.8 6.6 93 24.8 14.4 10.6 6.2 215.4 1.1* 22.6 4.3 44.9 240 

Humedal La 
Mayoría 

Surface water  835 2.3 6.3 58 6.2 1.6 5.9 0.8 19.4 1.1* 2.8 0.9 22.1 19 

Elev.: elevation in m.a.s.l. (meters above sea level). DO: dissolved oxygen. EC: electrical conductivity. SDT: Total Dissolved Solids. Majority ion units, TDS and DO = 

(mg/l); pH = (pH Units); EC = (µS/cm). * Censured values by the laboratory interpreted as detection limit concentrations and multiplied by a factor of 0.55 for correction. 
The classification of springs is defined by the EIA, not by this study.  

 

Of the 21 points selected, 13 were classified as springs in 

the study from which the data were extracted (Integral, 2015); six 

(6) were alluvial and rock piezometers, and two points called 

"Aljibe 224" and "Humedal La Mayoría" are influenced by sur-

face water since "Humedal La Mayoría" is sustained only by a 

surface current and provides the water extracted in "Aljibe 224". 

These results are based on field observations. 

It is highlighted that, for C2-HQ, the points named PZA-12-

02 and PZA-12-05, which were sampled in C1-HQ, did not exist 

because they were dry. Therefore, they were replaced by PZR-

12-04 and PZA-12-04. Although this work focuses on the spring-

waters, due to the limited amount of data available for the area, 

information from surface water and other groundwater sampling 

points was included to examine how the presumed springs clus-

tered with different water types. 

 

4.2.Hydrogeological context. Geologically, most of the so-

called springs in the hydrochemical database emerge in the sap-

rolite of the different geochemical facies of the Antioquian bath-

olith. In contrast, only three (3) sampling points emerge from 

fractures of this same lithology. The alluvial piezometers are very 

shallow, with depths not exceeding 9 meters, while the rock pie-

zometers have depths between 42 and 75 meters. Hydrogeologi-

cally, the saprolite is a transitional unit for water, lacking exploit-

able hydrogeological properties with aquifer potential. 

Groundwater flow in the study area occurs primarily in the 

sandy saprolite and fractured rock horizons, with limited flow in 

the granodiorite, as indicated by the piezometer instrumentation 

(Golder Associates, 2014; Integral, 2015). The different hydroge-

ological units do not form an exploitable aquifer, even though 

there may be water storage and transit at the sandy saprolite 

(HGU-4) or through fractures (HGU-5 and 6), in concordance 

with the existing conceptual model's findings (Golder Associates, 

2014; Integral, 2015). 

In the monitored springs in the four (4) inventory cam-

paigns, it is observed that these points are spread throughout the 

study area at different elevations. However, most of them (51%) 

geologically emerge at slope deposits overlying the batholith's re-

sidual or saprolite. The remaining 46% emerge at the interface 

between the residual soil and the saprolite or transition zone, and 

3% directly on the rock, as evidenced by the EIA conducted by 

Integral S.A. (2015). 
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Table 5. Hydrochemical monitoring points Campaign 2-HQ 2012-II, October-December (wet-dry transition season). 

Point name Type Elev.  DO  pH EC 𝑪𝒂𝟐
+ 𝑴𝒈𝟐

+ 𝑵𝒂+  𝑲+  𝑯𝑪𝑶𝟑
− 𝑪𝒍−  𝑺𝑶𝟒

𝟐− 𝑭𝒆 𝑺𝒊𝑶𝟐 TDS 

M 100 Spring 1,098 5.4 7.5 94 7.8 2.9 6.8 1.6 51.0 0.0 2.75* 0.6 17.2 53 

M 105 Spring 899 6.7 6.9 160 13.8 0.0 8.5 2.6 73.6 1.1* 2.75* 0.2 31.9 88 

M 117 Spring 849 3.9 6.3 19 6.6 4.6 6.1 1.6 55.4 1.1* 2.75* 0.2 39.5 57 

M 121 Spring 846 6.4 7.5 178 13.1 5.6 16.0 3.2 98.1 1.1* 2.75* 0.1 50.9 104 

M 138 Spring 995 6.5 6.2 7 4.2 1.3 8.9 2.4 33.9 1.1* 2.75* 1.1 17.5 36 

M 189 Spring 855 3.0 6.7 191 17.4 8.2 10.5 3.3 106.2 1.1* 2.75* 0.2 21.8 110 

M 219 Spring 899 6.4 6.9 46 3.2 1.0 5.4 1.5 23.3 1.1* 2.75* 0.6 27.1 250 

M 047 Spring 1,227 5.4 7.5 94 7.8 2.9 6.8 1.6 51.0 1.1* 2.75* 0.6 17.2 53 

M 055 Spring 1,149 5.5 6.5 104 9.9 2.9 9.4 0.6 44.4 5.0 2.75* 0.3 15.5 63 

M 074 Spring 1,113 6.5 6.9 43 4.2 2.0 3.2 0.6 21.5 1.1* 2.75* 0.7 5.6 35 

M 079 Spring 1,149 3.7 6.5 62 6.2 2.2 5.9 1.1 37 1.1* 2.75* 0.6 14.9 40 

M 087 Spring 903 6.0 6.3 63 4.1 1.8 2.6 1.0 19.4 1.1* 2.75* 0.5 30.4 35 

M 092 Spring 908 6.5 6.0 108 9.2 4.0 6.6 2.1 57.6 1.1* 2.75* 0.3 17.3 61 

Aljibe224 Surface water  850 2.1 6.5 78 7.8 1.1 9.7 1.1 42.3 2.0 5.0 4.2 13.1 44 

PZA-12-01 Piezometer 849 1.4 6.8 95 4.5 1.4 15.0 1.9 43.5 1.1* 2.75* 2.8 44.6 45 

PZA-12-02 Piezometer 846 2.0 6.5 120 6.1 7.4 15.0 2.8 40.8 12.5 2.75* 8.2 29.5 45 

PZA-12-03 Piezometer 842 1.3 6.8 311 25.6 15.2 9.5 1.3 132.1 1.1* 2.75* 9.7 59.3 160 

PZA-12-05 Piezometer 850 2.0 6.1 85 5.3 1.4 8.8 3.9 30.2 1.1* 2.75* 4.1 34.9 41 

PZR-12-08 Piezometer 955 2.4 6.6 234 38.2 1.4 18.5 2.7 117 2.0 5.0 0.8 18.8 141 

PZR-12-04 Piezometer 849 3.1 7.5 391 27.6 19.6 9.7 9.5 210.5 1.1* 13.9 1.4 28.0 228 

Humedal La 
Mayoría 

Surface water  835 2.0 6.6 50 3.4 1.0 8.4 0.6 27.8 1.1* 2.75* 3.7 11.7 36 

Elev.: elevation in m.a.s.l. (meters above sea level). DO: dissolved oxygen. EC: electrical conductivity. SDT: Total Dissolved Solids. Majority ion units, TDS and DO = 

(mg/l); pH = (pH Units); EC = (µS/cm). * Censured values by the laboratory interpreted as detection limit concentrations and multiplied by a factor of 0.55 for correction. 
The classification of springs is defined by the EIA, not by this study. 

 

4.3.Multivariate statistical methods - Hydrochemical 

Database 

4.3.1.Principal Component Analysis (PCA) / Factor Analy-

sis (FA). In this study, PCA/FA was applied to compare the com-

position patterns of the analyzed water samples. Table 6 presents 

the eigenvalues, the percentage of explained variance, and the ac-

cumulated eigenvalues of the PCA for both HQ campaigns.  

In hydrochemical studies of natural waters, the literature 

shows that PC1 and PC2 typically explain only 40–55% of the 

total variance, especially in complex geological settings. There-

fore, most multivariate analyses use 3 to 5 factors—sometimes 

up to 5 or 6—to account for 70–80% of the variance (Cloutier et 

al., 2008; Lourenço et al., 2010; Pazand and Javanshir, 2016; Ra-

vikumar and Somashekar, 2017). For a more straightforward 

PCA interpretation, an FA (Factor Analysis) was applied. The 

four (4) factors that explained an acceptable level of variance in 

Table 6 ( 70%) were retained, which, for descriptive purposes, 

would require explaining 80% of the variance (Minitab Inc., 

2021). Table 7 presents the rotated load matrix, eigenvalues, and 

percentage of variance explained for both campaigns. 

Based on Helena et al. (2000), Cloutier et al. (2008), Ra-

vikumar et al. (2017), and Bodrud-Doza et al. (2016), a factor is 

considered valid when it explains more than 10% of the total var-

iance, presents strong loadings (≥ 0.5), and has a consistent hy-

drogeochemical interpretation. The global interpretation of FA is 

typically accepted when the cumulative variance of the retained 

factors exceeds 60–70%, as in our study. 

In the C1-HQ campaign, the first four factors accounted for 

85% of the total variance in the matrix (Table 7). According to 

the observations projections, when plotting the first component 

(PC1) against the second component (PC2) and the respective 

factor loads (Figure 4 and Table 7), it is observed that the first 

axis explains almost 32% of the total variance, where the highest 

and most positive parameter loads are (0.5 to 0.9), such as HCO3, 

SiO2, Ca2+, Mg2+, K+. Factor 2 accounts for about 22% of the total 

variance, with high positive loadings for SiO2, EC, and Na+. Fac-

tor 3 explains 20% of the variance, with the highest negative load 

on Fe and a positive load on DO. Factor 4 explains 11% of the 

variance and has a strong positive loading on pH. 
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In the C2-HQ campaign, the first five factors account for 

69% of the total variance of the original matrix (Table 7). Ac-

cording to the observations, projections, and the respective factor 

loadings (Figure 5 and Table 7), the first axis explains 24% of the 

total variance. The parameters with the highest and most positive 

loads (0.8 and 0.9) are HCO3-, Ca2+, and CE. 

Factor 2 explains about 17% of the total variance, with high 

loadings on HCO3-, Na+, and K+. Factor 3 explains 16% of the 

variance, and the highest load is for OD (0.8) and Fe (-0.8). Factor 

4 explains that 11% of the variance and has the highest load for 

pH (-0.96). The grouping of observations across the variables re-

vealed three similar clusters in both campaigns, with cluster 3 

comprising two presumed springs and the alluvial and rock pie-

zometers (Table 8). 

4.3.2.Hierarchical Cluster Analysis (HCA). For the two 

campaigns, a hierarchical cluster analysis was performed using 

Euclidean distance and Ward’s linkage. A total of 12 variables 

from 21 samples per campaign were used, resulting in three clus-

ters, as shown in the dendrograms (see Figure 10). The phenon 

line in both campaigns was defined based on the previous PCA 

results, which indicated three clusters that were consistent not 

only with the type of sampling point (e.g., surface water, piezom-

eters, springs) but also with the distribution of major ions and 

field parameters such as pH, DO, and EC for each water type. 

Therefore, the phenon line was drawn to produce three clusters. 

In campaign 1, cluster 1 groups the points classified as 

springs, with "Aljibe 224" and "Humedal La Mayoría" mainly re-

lated to surface water. Cluster 2, in both campaigns, grouped the 

piezometers with alluvial and rock. However, cluster 3 was the 

only one that, in both cases, included two presumed springs, 

M189 and M121, which showed higher concentrations of major 

ions and EC than the other similar sampling points and were 

grouped with water from alluvial and rock piezometers. 

 

 
Table 6. Analysis of the covariance matrix's eigenvalues and eigenvectors for the two HQ campaigns. 

  C1-HQ C2-HQ 

Principal component 1 2 3 4 5 1 2 3 4 5 

Eigenvalue 4.16 2.59 1.05 0.74 0.50 4.124 1.839 1.088 0.844 0.734 

% of explained variance 42% 26% 11% 7% 5% 41% 18% 11% 8% 7% 

Cumulative variance % 42% 68% 78% 85% 90% 41% 60% 71% 79% 86% 

 
 

Table 7. Matrix of principal components with Varimax rotation and loads of the principal components rotated. 

C1-HQ C2-HQ 

Variable Factor 1 Factor 2 Factor 3 Factor 4 Variable Factor 1 Factor 2 Factor 3 Factor 4 

DO 0.08 0.04 0.93 0.10 DO -0.20 -0.25 0.82 0.10 

pH 0.09 -0.08 0.25 0.93 pH 0.23 0.10 0.11 0.96 

EC 0.10 0.85 -0.04 -0.22 EC 0.73 0.18 -0.19 0.29 

Ca2
+ 0.89 0.09 0.23 0.02 Ca2

+ 0.94 0.33 0.03 0.05 

Mg2
+ 0.76 0.11 0.31 0.31 Mg2

+ 0.19 0.34 -0.24 0.11 

Na+ 0.26 0.89 -0.15 0.03 Na+ 0.37 0.52 -0.33 0.04 

K+ 0.82 0.22 -0.34 -0.08 K+ 0.28 0.67 0.04 0.06 

HCO3
- 0.88 0.43 0.05 0.04 HCO3

- 0.77 0.60 0.03 0.17 

Fe -0.08 0.22 -0.90 -0.22 Fe -0.09 -0.03 -0.83 -0.03 

SiO2 0.53 0.62 0.03 0.22 SiO2 0.10 0.57 -0.08 0.02 

Variance 3.20 2.20 2.02 1.12 Variance 2.38 1.73 1.58 1.07 

% Var 32% 22% 20% 11% % Var 24% 17% 16% 11% 

Cumulative 32% 54% 74% 85% Cumulative 24% 41% 57% 68% 

*Values in bold correspond to the parameters with the highest factor loadings contributing to the explained variance. 

 

 



12 B o l e t í n  G e o l ó g i co 5 2 ( 2 )   

Chavarría/ Jaramillo 
 

  

 
Figure 4. A) Principal Components C1-HQ observation points. B) Principal Components C1-HQ physicochemical parameters. 

 

 

 
Figure 5. A) Principal Components C2-HQ observation points. B) Principal Components C2-HQ physicochemical parameters.  

 
Table 8. Clusters in both campaigns and hydrochemical variables associated with each cluster. 

Cluster  Samples   Associated variable 

C1-HQ-2012-I, March-April 

Cluster 1 

M 100, M105, M117, Humedal La Mayo-

ría, M138, Aljibe224, M219, M047, M055, 

M074, M079, M087,M092 

pH, DO 

Cluster 2 
PZA-12-01, PZA-12-02, PZA-12-03, PZA-

12-05, PZR-12-08 
Fe 

Cluster 3 PZR-12-04, M189, M121 
EC, K+, Na+, Ca2+, Mg2+, HCO3

- y 

SiO2. 

 C2-HQ 2012-II, October -December 

Cluster 1 
M 100, M105, M117, M138, M092, M219, 

M047, M055, M074, M079, M087 
DO, pH 

Cluster 2 
PZA-12-01, PZA-12-03, PZR-12-08,PZA-

12-04, Humedal La Mayoría, Aljibe224,  
 Fe 

Cluster 3 PZR-12-01, PZR-12-04, M121, M189 
EC, K+, Na+, Ca2+, Mg2+, HCO3

- y 

SiO2. 
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4.4. Hydrochemical characterization  

4.4.1.Water types.  The Piper diagrams for both campaigns 

(Figure 6) show that most of the samples springs, piezometers, 

and "Aljibe 224") are Ca2
+–HCO3

- waters. Some samples had so-

dium as the dominant cation and were classified as Na+–HCO3- 

(purple circle in Figure 6). 

The central hypothesis is that most of the points labeled as 

springs in the database are directly related to rainfall. Therefore, 

the Gibbs diagram was used to identify the processes driving wa-

ter chemistry and to confirm this hypothesis. For campaign 1 

(Figure 7), it was observed that springs, piezometers, "Humedal 

La Mayoría," and "Aljibe 224" were grouped in the field with a 

primary physicochemical process driven by rainfall. On the other 

hand, a rock piezometer (PZR-12-04) and two springs (M121 and 

M189) exhibited a predominance of water-rock interaction based 

on the amount of TDS and the K+, Na+, and Ca2+ cations. These 

last sampling points are part of cluster 3, previously identified in 

the multivariate analyses in the two HQ campaigns. 

For campaign 2 (Figure 7), the points with a predominant 

water-rock interaction are rock and alluvial piezometers (PZA-

12-04/PZR-12-01/ PZR-12-04), and the presumed M189, M121, 

and M219 springs, where predominates K+, Ca2+, Na+, Mg2+, 

HCO3-, SiO2, and Fe ions. Some of them are also part of the pre-

viously mentioned cluster 3, while the rest are in the rainfall field. 

The Gibbs diagram is used merely as a complementary hydro-

chemical tool to support the interpretation of cluster origins. Alt-

hough the Gibbs approach is widely recognized for identifying 

the dominant geochemical processes controlling groundwater 

composition (Sun et al., 2021b; Yin et al., 2021; Zhao et al., 

2022), it was not used in isolation to derive the final conclusions. 

 

 
Figure 6. Piper diagrams. A) Campaign C1-HQ, B) Campaign C2-HQ. 

 

 
Figure 7. Gibbs diagrams. A. Campaign C1-HQ, B. Campaign C2-HQ. 
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4.4.2.Ionic relations. The water samples were plotted ac-

cording to their corresponding cluster (Figure 8 and Figure 9). In 

Figure 8A, most of the samples were above the 1:1 line (e.g., 

M189-M121) and a few below (e.g., M92, M79, M74), reflecting 

the occurrence of either silicate alteration or CO2 hydrolysis in 

the vadose zone (Lakshmanan et al., 2003; Elango and Kannan, 

2007; Kumar et al., 2009; Zhang et al., 2020). Due to the limited 

number of samples and the scarcity of available data, and while 

fully acknowledging the limitations associated with using cen-

sored data, we chose to include these values in the hydrochemical 

(HQ) analyses to maintain data representativeness. 

In Figure 8B if the HCO3- content is greater than Na+, or 

the HCO3-/ Na+ ratio is between 1:1 and 1.18: 0.82, it means there 

is a silicate alteration (Lakshmanan et al., 2003; Elango and Kan-

nan, 2007; Zhang et al., 2020), but if they are not between these 

stoichiometric lines, it means that there is a cation exchange and 

most of the sampling points would be above-said lines.  

In Figure 8C, the (K++Na+)/total cations index indicates that 

sampling points above the (K++Na+) = 0.5 TZ+ line would be as-

sociated with silicate weathering (Lakshmanan et al., 2003). 

However, most sampling points in C1-HQ are located on the 

(K++Na+) = 0.33 line, consistent with the Ca2+/Na+ exchange pro-

cess (Lakshmanan et al., 2003; Jalali, 2007). Finally, if the molar 

ratio of Figure 5D Na+/Cl− is greater than 1, it indicates silicate 

weathering or cation exchange (Zhang et al., 2020), which occurs 

for the C1-HQ samples. The same behavior observed for C1-HQ 

also occurs for C2-HQ; the graph is shown in figure 9  

 

4.4.3.Hydrochemistry according to clusters. Average Stiff 

diagrams were plotted for the three clusters defined for each cam-

paign. For campaigns C1-HQ and C2-HQ (Figure 10), the aver-

age Stiff diagrams showed similar behavior, where the water 

samples from clusters 1 and 2 are the least mineralized. However, 

after examining the content of the 12 measured variables, it was 

evident that cluster 2 had higher concentrations of Na+ and Fe, 

while DO and pH were lower than those of cluster 1; therefore, 

they are separated into two distinct groups. 

Spatially, cluster 1 points (in both campaigns) are predomi-

nantly located in the upper part of the area, at elevations between 

900 and 1,200 m.a.s.l. (Figure 10), although there are also some 

points towards the middle and lower sections. In addition, they 

are geologically associated with tonalite and quartz diorite sapro-

lite; only two points are present in fractured rock. Cluster 2 is in 

the lower and middle sections of the area (elevations between 830 

and 870 m.a.s.l.), associated mainly with alluvial deposits. Clus-

ter 3 is in the lower section (830 to 870 m.a.s.l.), primarily emerg-

ing through the tonalite and quartz diorite fractured rock and, to 

a lesser extent, in saprolite or alluvial deposits. 

 

 

 

 

Figure 8. Ionic relations for C1-HQ. A. HCO3- + SO42+ vs Ca2++ Mg2+; B. HCO3- vs Na+; C. Total cations vs Na++ K+; D. Na+ vs Cl-. 
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Figure 9. Ionic relations for C2-HQ. A. HCO3- + SO42+ vs Ca2++ Mg2+; B. HCO3- vs Na+; C. Total cations vs Na++ K+; D. Na+ vs Cl-. 

 

 
Figure 10. Maps with the Digital Terrain Model (DTM) in m.a.s.l. with both campaigns' clusters' locations: A) Campaign 1, B) Campaign 2. HCA campaigns C1-

HQ (C) and C2-HQ (D). The dendrograms show the three main groups. Stiff diagrams represent the average concentration of major ions in milliequivalents per liter 

(meq/L). 
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Figure 11. Spatial Distribution of EC Sampling Points for 2020–2021 and C1-HQ 

 

 

4.5.Physicochemical Comparison: Springs vs. Rainwater 

Analyses were carried out using EC data from eight (8) 

springs, seven (7) surface waters, eleven (11) piezometers, and 

three (3) rainwater collectors from the GCL project, referred to 

as T1 La Mayoría, T2 Manizales, and T3 La Bella (Figure 11). It 

is worth noting that these piezometers are not the same sampling 

points used in the hydrochemical campaigns. These measure-

ments were recorded between January 2020 and March 2021  

Table 9 presents the average in-situ physicochemical pa-

rameters for each water type measured in the GCL project (SHI 

SAS, 2021). The results show that the average parameter values 

at spring-type points are more similar to those of surface water 

and rainfall than to those of groundwater. As expected, rainwater 

has the lowest electrical conductivity of the water types (IDEAM, 

2022). 

Since electrical conductivity is the most conclusive of the 

in-situ parameters—because it reflects the concentration of ions 

dissolved in the water, where higher electrical conductivity indi-

cates higher ion and dissolved solids content (Domenico & 

Schwartz, 1998)—the EC time series of the springs and rainfall 

in the study area were used to calculate the correlation coefficient 

between each spring and rainfall. It is worth noting that the rain-

fall collector T1 La Mayoría is located at the lowest elevation in 

the area (836 m.a.s.l.) (Figure 11). In contrast, collectors T2 and 

T3 are located at elevations of 1270 m and 1301 m.a.s.l., respec-

tively. 

Although collector T1 is geographically closer to springs 

M18, M233, M237, M191, and M2442, and collectors T2 and T3 

are closer to springs M29, M73, and M79, correlations were cal-

culated for all spring points against collectors T1 and T3 (Table 

10-Figure 11), as these had the most complete datasets. This was 

done to assess whether springs located at lower elevations could 

be related to rainfall occurring at higher elevations. According to 

the correlation results (Table 10), springs M233 and M191 

yielded positive correlation coefficients of 0.7 and 0.6, respec-

tively, with T1. Meanwhile, springs M18, M191, and M73 

showed similarly high correlations with T3 (0.6-0.7). Notably, 

M18 and M191 are located at lower elevations but still correlate 

well with rainfall measured at higher elevations. 

This result shows a correspondence between the variability 

of electrical conductivity in rainfall and that observed in the 

springs. During the months when rainfall conductivity increases 

or decreases, the springs exhibit the same trend, even though EC 

values in spring water are slightly higher than those in rainwater. 

This behaviour is expected, as once rainfall infiltrates the soil, the 

electrical conductivity can increase due to the mobilization of fine 

particles and the hydrolysis of CO₂, which promotes bicarbonate 

release and enhances mineral weathering in the vadose zone. 
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Table 10. Pearson’s Correlation Matrix between T1, T3, and Water Sampling Sites 

Correlation T1 

M233 M18 M237 M242 M191 M29 M79 M73 

0.7 0.1 -0.1 0.1 0.6 -0.2 0.0 -0.3 

Correlation T3  

M233 M18 M237 M242 M191 M29 M79 M73 

0.3 0.7 -0.1 0.0 0.6 0.4 -0.1 0.7 

 

5. DISCUSSION 

This research aimed to investigate and identify the hydro-

chemical and hydrogeological characteristics of the presumed 

springs in the study area, thereby elucidating their origin and 

confirming their classification. The results obtained from differ-

ent sources, types of information, and methodological steps 

made it possible to conclude that not all the so-called springs 

could be strictly classified as such. Instead, some of these have 

a unique relationship with rainwater. These water sampling 

points have been indiscriminately labeled as springs (in the EIA 

data source) even though they do not originate from the saturated 

zone. 

In this study, on-site physicochemical information and la-

boratory analysis of major ions were available. The on-site phys-

icochemical parameters for the four (4) sampling-point inven-

tory campaigns (Table 1) showed that these points correspond to 

oxygenated and freshwater conditions, as the DO levels are typ-

ical of recently infiltrated water, generally greater than 5 mg/L 

and similar to rainwater. The EC and the TDS for all points in-

dicated low mineralization, according to the proposed scale by 

Rodier (1981). Also, according to Güler and Thyne (2004), low 

values in said parameters reveal that these water sampling points 

(classified beforehand as springs in the EIA of the GCL) are re-

cently recharged rainwater, as there are no indicators that these 

are deep, intermediate, and local regional fluxes or that there is 

a prolonged water/rock interaction in these outcrops. 

The spatial distribution of the EC in the four inventory 

campaigns (Figure 2) did not show a defined trend related to the 

altitude or the geology, nor did the regressions assessed between 

the EC and the OD with the elevation (Figure 3), indicating that 

altitude does not influence the magnitude of either parameter. 

That is, there is no spatial variability of these so-called springs 

but a temporal variability with values that will increase slightly 

in the more recent campaigns, which may be associated with an-

thropic changes in the area related, for example, to variations in 

land cover and land use (agriculture, forest fires, artisanal min-

ing) and also this behaviour may also be associated with changes 

in precipitation, as the four sampling campaigns were carried out 

in different years and under different hydrological conditions. 

Therefore, implementing in-situ monitoring at longer intervals 

but over a longer time span could be an effective strategy to bet-

ter understand the system’s response to seasonal variability.  

The preceding demonstrates that the surface unit on which 

most of the water sampling points (previously classified as 

springs) emerge (according to EIA) exhibits almost homogene-

ous hydrogeological behavior throughout the area. The so-called 

springs emerge in the first few centimeters of residual soil, sap-

rolite, and slope deposits (vadose zone), which are part of a water 

transit hydrogeological unit and not of an exploitable aquifer. 

Therefore, the hypothesis is that most of the area's emerging wa-

ter (presumed to be spring water) originates mainly from rain-

water accumulation, because the mean electrical conductivity of 

rainfall in the study area is 50 µS/cm. In comparison, the pre-

sumed springs classified within Cluster 1 during both hydro-

chemical campaigns present EC values ranging from 72 to 81 

µS/cm, which are relatively similar to those of rainfall. 

Likewise, more than 50% of the sampling points were dry 

in at least one campaign; therefore, only the 100 points with con-

tinuous water flow across all four campaigns were analyzed. 

This fact could support the previous conclusions in the sense that 

most of the emerging water comes from recent recharge because 

these points respond very easily to rainfall and its seasonal vari-

ability since, in the area, rainfall has a high spatial variability 

(Integral S.A., 2015) and, being in a tropical climate, it is possi-

ble that streaks of days without rain occur in the winter time, or 

several rainy days could come in the summer time. 

On the other hand, numerous studies have successfully 

used HCA, PCA, and FA to identify the sources responsible for 

water quality variations (Güler et al., 2002; Güler and Thyne, 

2004; Singh et al., 2004; Jalali, 2006; Ragno et al., 2007; Clout-

ier et al., 2008; Lourenço et al., 2010; Jalali, 2016; Pazand and 

Javanshir, 2016; Ravikumar and Somashekar, 2017; Chen et al., 

2018; Mostaza-Colado et al., 2018). 

Regarding the PCA and the FA in C1-HQ, the first five fac-

tors that explain the highest data variance percentage (Table 6) 

and the respective principal component loads (Table 7) show that 

the first factor has the highest and positive loads for HCO3-, 
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SIO2, Ca2+, Mg2+, K+, which may represent a factor associated 

with the area's lithology due to a possible silicate alteration (an-

desine, orthoclase, albite biotite, and amphiboles) (Pazand and 

Javanshir, 2016) and as a result of dissolved CO₂ reacting with 

silicate minerals, cations and bicarbonate are released.  

On the other hand, the second factor shows strong positive 

loadings for Na+, SIO2, and EC, indicating the possible presence 

of silicate alteration, such as plagioclase (andesine and albite), 

which releases sodium and SIO2 and increases EC (Pazand and 

Javanshir, 2016). Fator 3 exhibits high positive loads for DO and 

negative for Fe, possibly associated with oxidation-reduction 

processes in the vadose zone and also this factor may also reflect 

the geochemical influence of the granodiorite with auriferous 

mineralization, where the presence of sulfide minerals such as 

pyrite could lead oxidation and/or progressive reduction, pro-

moting the mobilization of Fe Tesoriero, A. J. et al (2024); 

Champ D.R., (1979).  

Factor 4 has high positive pH loads, which govern the spe-

ciation and solubility of numerous trace elements (including Fe), 

and strongly influences the adsorption and ion-exchange capac-

ity of mineral surfaces (Rabajczyk and Namieśnik, 2014; von der 

Heyden & Roychoudhury, 2015). In particular, as pH increases, 

dissolved Fe concentrations typically decrease owing to Fe hy-

drolysis and precipitation, consistent with a negative Fe loading 

in our PCA (−0.22).  

Similarly, in C2-HQ, it was found that the parameters in 

Factor 1 with the highest and most positive loads were HCO3-, 

Ca2+, and CE, which may represent a factor associated with the 

area's lithology, indicating that the sampling points' EC is mainly 

explained by these two parameters (Pazand and Javanshir, 

2016). For Factor 2, the positive loadings are associated with 

Na+, K+, HCO3-, and SiO2, which are linked to silicate alteration 

processes (plagioclase and orthoclase) (Jalali, 2016; Pazand and 

Javanshir, 2016). In Factor 3, high negative loads for Fe and pos-

itive for OD predominate, possibly associated with oxidation-re-

duction processes in the vadose zone. Factor 4 shows high posi-

tive loads with pH, similar to campaign 1. As pH increases, dis-

solved Fe concentrations typically decrease owing to Fe hydrol-

ysis and precipitation, consistent with a negative Fe loading 

(−0.03). 

The lines connecting the hydrochemical variables (Figures 

4 and 5) indicate the contribution of these variables to the data 

(Ravikumar and Somashekar, 2017). The grouping of the water 

sampling points concerning the different ions shows that there 

are three similar groups in both campaigns, except for the "Aljibe 

224" and “Humedal La Mayoría” surface water samples, which 

were not grouped in cluster 1 for C2-HQ but in cluster 2, since 

for that temporality, their chemistry was more alike to the allu-

vial piezometers. For both campaigns, the multivariate analyses 

revealed that, in general, the sampling points of clusters 2 and 3 

are more closely correlated with the concentrations of CE, K+, 

Ca2+, Na+, Mg2+, HCO3-, SiO2, and Fe (Figures 4 and 5). Since 

these elements originate from silicate alterations, these clusters 

indicate a greater degree of water-rock interaction. In contrast, 

cluster 1 is associated with pH and DO, indicative of vadose-

zone processes involving organic matter oxidation and CO2 hy-

drolysis, which decrease pH and DO (Singh et al., 2004). 

The grouping of the 21 data points using multivariate sta-

tistics revealed coherence within each cluster (e.g., spring water, 

alluvial or rock piezometer, surface water) and across the degree 

of mineralization. For instance, cluster 3 has the highest major 

ions and EC values and was the only one that, in both campaigns, 

grouped two presumed springs (M189, M121) with groundwater 

from alluvial and rock piezometers, revealing that some of the 

sampling points classified as presumed springs have origins and 

processes more associated with rainwater and surface water bod-

ies. In contrast, other presumed springs originate from deeper pi-

ezometric levels or longer subsoil residence times, such as those 

evidenced by cluster 3. 

With Piper's diagram, it is not possible to evaluate other 

processes that occur at each sampling point, nor to discriminate 

groups based on their chemistry (Güler et al., 2002), as was done 

previously in the statistical analysis, for which other techniques 

indicative of hydrochemical processes (such as the Gibbs dia-

gram) were employed. The Gibbs diagram allows differentiation 

of the processes that gave rise to the water chemistry. Even 

though this graph was initially conceived for surface water anal-

ysis (Marandi and Shand, 2018), it has been widely used to de-

termine the relationship between the lithological features of hy-

drogeological units and water composition (Kumar et al., 2009). 

The diagram showed that, for both campaigns, there were 

two presumed springs whose primary water chemistry process 

was water-rock interaction. These were the M121 and M189, 

which, as previously seen, were grouped by multivariate statis-

tics with groundwater (cluster 3). It is worth noting that in C2-

HQ, the M219 spring was grouped in this process, whereas in 

C1-HQ, the same point was not associated with this field. Fur-

thermore, according to previous statistical analysis results, its 

grouping cluster is associated with surface water. It is then in-

ferred that its appearance in the water-rock interaction process 

reflects a temporary variation, likely related to anthropogenic 

contamination or to the fact that C2-HQ was conducted during 

the transition to the dry season, which resulted in higher ion con-

centrations. 



19 

Tracing Neotropical springs in crystalline rocks: Hydrogeochemical and statistical insights 

S e r v i c i o  G e o l ó g i co Co l o m b i a n o   

 

 

Another tool to assess water hydrochemistry was the biva-

riate ionic relationship. Among the 13 points designated before-

hand as springs by the EIA, these relationships indicated that the 

emerging water is associated with CO2 hydrolysis and silicate 

alteration in the vadose zone (Lakshmanan et al., 2003; Elango 

and Kannan, 2007; Kumar et al., 2009; Zhang et al., 2020). In 

addition, cation exchange can also occur (Lakshmanan et al., 

2003; Jalali, 2007; Zhang et al., 2020). Such exchange is con-

sistent with the bicarbonate anion presence as the dominant one 

at all sampling points since rainfall contains CO2(g) that, once it 

enters the vadose zone and reacts with the organic matter, re-

leases more CO2(g), which, in contact with soil water, produces 

carbonic acid (aqueous) that, when dissociated, produces HCO3 

and H+ which also allows soil mineral alteration and thus, in-

creasing HCO3 concentration in water, especially on thick soil 

profiles such as those in the study area, where SiO2 is also re-

leased (Appelo and Postma, 2005). 

The ionic relationship of HCO3-+SO42- vs Ca2+Mg2+ (Fig-

ure 8 and Figure 9) was evaluated, indicating a possible silicate 

alteration (Lakshmanan et al., 2003; Elango and Kannan, 2007; 

Kumar et al., 2009; Zhang et al., 2020). In this case, most of the 

springs were clustered slightly above or on the 1:1 stoichiometric 

line, suggesting that silicate alteration processes may be at work. 

However, there are sampling points below this line, such as M92, 

M79, and M74, where it is presumed that the release of bicar-

bonates and calcium is associated with CO2 hydrolysis by or-

ganic matter oxidation in the vadose zone. 

Since practically all of the region's waters emerge at resid-

ual soils or saprolite, which have been subjected to chemical 

weathering for thousands of years as well as very slow degrada-

tion and mineral transformation processes (Appelo and Postma, 

2005), it was also clear from the other ionic relationship dia-

grams (Figures 8 and 9) that silicate alteration and cation ex-

change are occurring in some samples. However, it was previ-

ously shown that the so-called spring points, which present these 

hydrochemical processes, were grouped in cluster 1 and are re-

lated to rain and surface water. This indicates that, for cation ex-

change or silicate alteration to occur, water does not necessarily 

require a long storage time for a soil/rock interaction. Still, it 

only requires the availability of ions associated with the geology 

through which the water is flowing, consistent with the abundant 

clay in the soil profile. 

Regarding the average Stiff diagrams of clusters 1 and 2 

(Figure 10), they are very similar; however, when evaluating Fe 

concentration, it was observed that cluster 2 has a higher Fe con-

tent than cluster 1. The oxidation-reduction reactions that release 

Fe occur over a long period, which explains why this variable 

does not appear in cluster 1, as this group would be mainly re-

lated to recent rainwater. 

Finally, it was possible to classify the 13 springs on which 

the hydrochemical and statistical analyses for the area were fo-

cused. For two different sampling dates, 11 water sampling 

points can be classified as vadose water since their chemistry is 

very similar to that of surface and rainwater, is not well mineral-

ized, and emerges in the first layer of saprolite, predominating in 

the upper and middle sections of the study area. On these points, 

the hydrochemical processes show an origin associated with pre-

cipitation and CO2 hydrolysis processes in the vadose zone, 

which generates calcium bicarbonate waters.  

On the other hand, points M121 and M189 exhibit opposite 

behavior, with higher ion concentrations, and are not associated 

with local contamination processes; their chemistry is similar to 

that of deep rock or alluvial piezometers. Additionally, these 

sampling points were grouped according to the water-rock inter-

action process depicted in the Gibbs diagram. Additionally, in 

the Stiff diagrams, both points are among the zone's most min-

eralized. They are located at the lowest elevations, which allows 

them to be classified as strictly springs for this study. Beyond the 

hydrochemical and statistical analyses, the correlation between 

rainfall EC data and the presumed springs enabled the identifi-

cation of those springs most strongly influenced by precipitation. 

A limitation of this study is that the water spring classifica-

tion did not consider factors such as vegetation cover, multitem-

poral vegetation cover analyses, and land use, which are other 

characteristics that can help define and classify springs. Another 

limitation is the availability of data for all the analyses carried 

out, as this information in Colombia is restricted to private stud-

ies that become public domain once the environmental licenses 

are obtained. 

This study has achieved a preliminary technical classifica-

tion of water outcrops, supported by several areas of knowledge, 

which enables the protection of the water resource and also de-

fines the cases in which the soil can be used for purposes other 

than protection without detriment to this vital natural resource. 

These kinds of studies are crucial for the region's economic pro-

gress, not only from an extractive approach, such as mining, but 

also from the energy, environmental, and infrastructure perspec-

tives required for the sustainable development of a country like 

Colombia. 

6. CONCLUSIONS 

This study proposes a methodology for classifying water 

sampling points between springs or vadose water discharges us-

ing multivariate cluster and hydrogeochemical techniques. We 
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verified that the interplay between hydrogeochemical techniques 

and statistical results enables highly consistent classification of 

the emerging water type based on its origins and processes. 

In the study area, there are no exploitable regional or local 

aquifers. However, there is evidence of a hydrogeological unit 

of transit water, within which numerous water-emerging points 

can be found and classified as vadose water, which discharges 

onto the ground and has a rainwater-like physicochemical com-

position. It was also possible to verify that deep zones associated 

with the weathering profile and fresh rock can serve as ground-

water storage, resulting in water outcrops with longer water-rock 

interaction times, which were strictly classified as springs. 

The next step in this research is to conduct the same anal-

yses using more extensive data across various lithologies and hy-

drogeological contexts to verify whether springs can be classi-

fied using multivariate statistics and hydrogeochemistry, as pre-

sented here. 
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