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Abstract This paper describes the results of a hydro-

chemistry and isotopic study of surface water and

groundwater dynamics at the Limarı́ River basin, arid

North-Central Chile. The study involved two sampling

campaigns, performed in April (Fall, at the end of the

irrigation season) and December 2010 (late Spring, at the

peak of the irrigation season). The main results show the

effect of La Paloma and Hurtado dams on the chemical and

isotopic compositions of the Grande and Hurtado rivers

(main tributaries of the Limarı́ River), the influence of

return flows to the Limarı́ River from surface water irri-

gation in agricultural areas, the local effects of

metallurgical operations in the El Ingenio Creek, the effect

of water–rock interaction processes, and the nearby coastal

belt influence on the Punitaqui Creek area and the lower

part of the Limarı́ River. In addition, this study shows an

active interaction between surface water and shallow

groundwater, and a minor importance of local precipitation

events, on the hydrological behavior in the study area. An

exception is the Rinconada de Punitaqui zone where the

results are consistent with the origin of the water being

associated with local precipitation. Also, sources of sulfate,

which is present in high levels especially in surface waters,

have been assessed. The results of this study, based on an

integrated use of chemical and isotopic tracers, provide

sound and useful information to establish the level of

interaction between surface water and groundwater,

allowing the development of a hydrological conceptual

model for the area.

Keywords Environmental isotopes � River-aquifer

interaction � Flow conceptual model

Introduction

Arid and semi-arid zones, i.e., areas where the ratio of

annual precipitation (P) to potential evapotranspiration

(ETp) is lower than 0.5 (Maliva and Missimer 2012),

extent for over 30 % of the earth’s surface, and are typi-

cally found between latitudes 15�–35�, both northern and

southern hemisphere (Simmers 2003; Herczeg and Leaney

2011). An increased demand for water on these hydrolog-

ically fragile zones is already occurring worldwide, due to

factors such as population growth and economic develop-

ment based on water demanding activities such as agri-

culture and mining. In addition to this increased demand,
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there is a threat of water shortage due to climate change

effects (Shi et al. 2001; CONAMA 2006; Souvignet et al.

2010). This is a common situation at several basins in

North-Central Chile, such as the Limarı́ River watershed,

which is the subject of this work.

In order to cope with these issues, the adoption of

integrated water resources management strategies is

essential. This requires proper knowledge of different

water resources or components of the hydrological cycle,

as well as of the processes affecting water composition,

under a holistic and sustainable approach. At the basin

scale, the use of environmental tracers emerge as a suitable

and relatively easy-to-use approach, in particular for a

preliminary assessment in places where there is a lack of

basic knowledge on water quality and on the relations and

dynamics of surface water–groundwater interactions (SW–

GW) (Baskaran et al. 2009). Tracers typically used include,

among others, (a) common dissolved water constituents,

such as major cations and anions, and (b) water stable

isotopes of oxygen (18O) and hydrogen (2H).

The chemical composition of surface water and

groundwater is controlled by several interrelated factors, a

major one being water–rock interaction, which in most

unpolluted catchments is the dominant source of solutes

(Drever 1997). Other important factors are related to cli-

mate, in terms of temperatures (solubility-temperatures

relations) and precipitation, mix of waters, relief, vegeta-

tion, time, and local geology, as natural acid drainage is a

major source of SO4
2-, H?, and sulphophile metals.

Finally, anthropogenic activities may also greatly affect

chemical and physical water properties (Freeze and Cherry

1979; Drever 1997; Shi et al. 2001; Güller et al. 2002).

Thus, the spatial and temporal variability in the abundance

of ions in water can provide insight on the main physical

and chemical processes controlling water chemistry, aqui-

fer heterogeneity, and SW–GW connectivity characteristics

(Thyne et al. 2004; Matter et al. 2005; Demirel and Güller

2006). Likewise, environmental isotopes such as deuterium

and oxygen-18 are used in hydrologic sciences for water

characterization and the identification of different water

sources in hydrologic and hydrogeologic systems given

that (a) they constitute the water molecule, and (b) they

experiment a fractionation process throughout the hydro-

logical cycle, as determined by evaporation and precipita-

tion processes (Clark and Fritz 1997; Mook 2001). Thus,

they become important water management tools (e.g.,

Guay et al. 2006).

Agriculture is by far the largest water demanding activity

for consumptive use in Chile (Oyarzún et al. 2008), with ca.

75 % of the country’s total water use. In arid to semiarid

North-Central Chile (18�300–32�150S latitude), the Co-

quimbo Region is by far the region with the most important

agricultural activity, and within the Coquimbo Region, the

Limarı́ basin is the most important agricultural area, where

a sustained increase in irrigated area through the years has

occurred. This situation, as well as the introduction of new

permanently water demanding crops such as avocado and

sweet orange, has further modified seasonal water con-

sumption patterns and added additional stress on the limited

water resources. This motivated the official declaration of

Limarı́ in 2005 by the Chilean Water Authority (Dirección

General de Aguas, DGA), as an ‘‘over allocated’’ catchment

(DGA 2008). The practical significance of this statement is

that no new permanent consumptive surface water right can

be granted in the basin. Therefore, groundwater resources

have become susceptible to increased demand and use,

generating a conflictive situation when groundwater is

extracted from shallow wells in the alluvial plain near the

streams. Although groundwater and surface water are leg-

ally two different resources in Chile, they normally interact

and disputes between water users due to SW–GW interac-

tion issues have reached civil suit status (Alvarez and

Oyarzún 2006). Moreover, as more recently recognized by

the DGA (Dirección General de Aguas) (2008), ‘‘in general,

in the Limarı́ basin there is very limited information on the

degree of interaction between rivers and aquifers.’’ Finally,

while there is a rather comprehensive monitoring network

of surface water quality managed by DGA (Espejo et al.

2011), little attention has been granted to the geochemistry

of groundwater in this important and sensitive area, and

therefore information about groundwater quality is rather

scarce in the Limarı́ basin, both in space and in time

(Strauch et al. 2009).

The main objectives of this contribution are twofold:

first, to characterize the chemical and isotopic composition

of surface waters and shallow groundwater in the Limarı́

river basin and to gain insight about the main factors and

processes that influence them; and second, to perform a

preliminary assessment on the SW–GW relationship in the

studied area. It is envisioned that a proper and integrated

knowledge of surface waters and groundwater geochem-

istry will contribute to a more efficient water management

in this area.

Study area

The Limarı́ basin is located between 30�200–31�150S lati-

tude and 70�300–71�490W longitude, in the arid to semi-

arid Coquimbo Region, North-Central Chile. This study

focuses on the lower part of the catchment, downstream

from the La Paloma (750 Hm3, located at 350 masl) and

Recoleta (100 Hm3, located at 370 masl) water reservoirs

(Fig. 1).

Climate is characterized by frequent cloudy conditions,

mild temperature and humidity, with an annual rainfall
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average of 130 mm (concentrated from mid June to mid

September), an annual potential evapotranspiration over

1,200 mm, and a dry period of 8–9 months. There is no

snowfall in the study area. Annual average temperature is

16 �C, with a daily average minimum and maximum of

9 �C (July) and 24 �C (January) (DGA 2004).

The Limarı́ River is formed by the confluence of the

Grande and Hurtado rivers, located at an altitude of ca. 230

masl, 4 km upstream from Ovalle, the main city in the

catchment (population of ca. 100,000 inhabitants). From

the confluence of the Hurtado and Grande rivers, the

watercourse is named Limarı́, which after 60 km reaches

the Pacific Ocean. Although variable in space and time, the

average flows of the rivers Grande, Hurtado and Limarı́ are

around 3.9, 1.2, and 2.3 m3/s, respectively (DGA 2004).

Given that the flows of the Hurtado and Grande rivers are

regulated by the Recoleta and Paloma dams, respectively,

discharge downstream from the dams rarely represents the

concurrent inflows to the reservoirs. Moreover, the dams’

deliveries to the rivers, as well as river water diversions

(irrigation channels) reach their peak in the irrigation

season between November and March. Between Ovalle and

the Limarı́ River outlet, the river receives two tributaries

with low importance in term of discharge but relevant in

terms of water quality: El Ingenio and Punitaqui creeks.

Both of them originate in the Coastal Cordillera zone,

corresponding to rather small sub-basins with maximum

elevations of ca. 950 and 850 masl, respectively (DGA

2004).

The existence of the La Paloma and Recoleta reservoirs

(as well a third one, Cogotı́, outside the studied area), as

well as the use of modern water application techniques

(drip and trickle irrigation) sustain an important agricul-

tural activity with ca. 20,000 ha of permanent crops as well

as a similar extension of irrigated grasslands (INE 2007).

The general geological traits of the Limarı́ basin were

established by the classic publication of Thomas (1967),

presented at a 1:250,000 scale. Most recent studies, like

that of Emparán and Pineda (2006), presented at a

1:100,000 scale, have provided new geological details and

important radiometric age data on parts of the basin. The

dominant volcanic–plutonic geological setting of the Li-

marı́ River basin expresses the almost continuous Meso-

zoic–Cenozoic generation of calc-alkaline magmas, a

consequence of the subduction of Pacific oceanic tectonic

plates under the western edge of the Continent. Among the

plutonic rocks, granodioritic composition is dominant,

whereas basaltic andesitic composition is frequent in vol-

canic flows and andesitic to dacitic lithologies are common

in pyroclasts and clastic sedimentary beds intercalated in

Fig. 1 Major geological formations and locations of the sampling points for the study area
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the volcanic series. Main minerals are pyroxene, amphi-

bole, and Ca–Na plagioclase. Average MgO, CaO, Na2O,

and K2O contents are (in %) 3.8, 8.1, 3.7, 1.2 for andesites,

and 1.7, 4.6, 4.2, 2.0 for granitic rocks (López-Escobar

et al. 1979; Oyarzún et al. 1993). The age of the rocks is

mainly Cretaceous in the central part of the basin whereas

Jurassic volcanic-sedimentary series and batholitic rocks of

this age crop out both on its eastern Andean part, as well as

on its western coastal flank, together with Paleozoic

intrusive and metamorphic rocks.

Rock weathering, especially the chemical one, is gen-

erally weak, both on the Andean range and in that part of

the catchment considered in the current study. Aridity,

coupled with step topography in the Andes (e.g., the

Grande river runs down from the higher peaks at 4,870

masl to La Paloma water reservoir at 350 masl in only

70 km) are responsible for a strong dominance of physical

over chemical weathering. However, a large number

hydrothermal alteration zones linked to partly oxidized

sulphide minerals are an important source of SO4
2-, Na?,

Ca2?, and Mg2?, supplied to the drainage by the altered,

mainly igneous, calc-alkaline rocks. In addition, the out-

crops of granitic rocks present some degree of chemical

weathering due to its ‘‘granular’’ structure that facilitates

the breaking up of its minerals.

Because of the igneous origin of most of these rocks, its

permeability is largely secondary and mainly restricted to

fracturing in fault zones. East from 71�150 (approximately

where Ovalle is located), alluvial sediments are restricted

to the narrow plains of the steep tributary rivers. However,

west of 71�150, the Limarı́ River exhibits a wider alluvial

plain and Pliocene to Quaternary fluvial and partly marine

terraces cover an important part of the basin. From Ovalle

to the town of Salala, where the alluvial sedimentary

deposits attain its maximum depth, only the upper aquifer

unit (about 20 m thick) attains favorable characteristics,

i.e., hydraulic conductivities in 10-4 to 10-2 m/s range.

(SERPLAC et al. 1979; Espinoza 2005).

Methodology

Two sampling campaigns were performed in this study:

one in April 2010 (Fall, at the end of the irrigation season),

and one in December 2010 (late Spring, at the peak of the

irrigation season). In both campaigns, 15 samples of sur-

face water (SW) and 16 of groundwater (GW) were col-

lected. The sampling points are located in the area of the

Grande (3), Hurtado (3), and Limarı́ (10) rivers and in the

areas of the El Ingenio (6) and Punitaqui (9) creeks

(Fig. 1). The selection of the surface water locations was

based on proximity to the groundwater sampling wells.

Regarding the latter, most are shallow wells (normally less

than 30 m depth) that provide drinking water to local rural

communities (‘‘Agua Potable Rural’’, APR). Prior to

groundwater sampling, wells were purged of a volume of

water equivalent to three times the volume of the well

casing and/or until field parameters stabilized (ca. 5 min

pumping). The exception corresponds to groundwater

samples taken in the Rinconada de Punitaqui area (P7, P8,

P9), which collected from shallow hand-dug wells and

springs, which are continuously used by the local rural

community.

At each sampling location, two 1-L bottles were filled.

One of them was acidified (HNO3, 2 % v/v) and used for

cations and trace elements determinations, and the second,

not acidified, was used for anions determinations. A Hanna

HI982804 multiparameter probe was used for field phys-

ico-chemical determinations of total dissolved solids

(TDS), electrical conductivity (EC), dissolved oxygen

(DO), and pH. Samples were kept refrigerated (ca. 4 �C)

during field campaigns. Also, additional samples for iso-

tope analysis were obtained in 125-ml plastic bottles fol-

lowing the recommendations of the International Atomic

Energy Agency (Aggarwal et al. 2007).

Samples were analyzed at laboratories of the Chilean

Nuclear Energy Commission (CCHEN) in Santiago.

Chemical analyses were performed on filtered (0.45 lm)

samples following the procedures established in Standard

Methods, 20th edition (Clesceri et al. 1999). ICP Optic

emission spectrometry was used for P, Li, Na?, Al, Fe, Mn,

Pb, Zn, As, Cd, Cu, K?, Ca2?, Mg2?; high precision liquid

chromatography (HPLC) for Cl-, SO4
2- and NO3

-; and

potentiometric titration for HCO3
-. Detection limits, in

mg/l were: 0.1 for P, Li, Al, Fe, Mn, Pb, Zn, Cl-, SO4
2-,

K?; 0.25 for NO3
-; 0.02 for As, Cd, and Cu; 1 for Na?,

Ca2? and Mg2?; and 20 for HCO3
-. Isotopic determination

of oxygen and deuterium were performed at the Environ-

mental Isotope Laboratory of CCHEN, using a Liquid

Water Stable Isotope Analyzer (Los Gatos Research). The

instrument uses off-axis integrated cavity output spectros-

copy to measure absolute abundances of 2HHO, HH18O

and HHO via laser absorption.

Rainfall water samples were obtained during 2009 and

2010 at three collectors installed both within and upstream

of the study area, at Carretera (214 masl), La Paloma Dam

(335 masl) and Tulahuén (Grande River, upstream from La

Paloma, 987 masl) stations. Water samples were collected

on a rainfall event-base (3 events each year), and the iso-

tope data were weighted by the rainfall amount of each

event, to obtain a representative local meteoric line

(Friedman et al. 1992).

Also, based on the chemical results obtained in the first

sampling campaign, as well as due to concerns raised by

local water users and basin stakeholders, additional sam-

ples were considered for the second sampling campaign
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(December). These additional samples were also analyzed

for sulfate isotopes (d34S–SO4
2- and d18O–SO4

2-), in

order to identify the sources of sulfate in waters (Clark and

Fritz 1997). BaSO4 precipitates, obtained by BaCl2 addi-

tion to the samples, along with a few ml of the original

water samples were sent for isotope analysis to the Envi-

ronmental Isotope Laboratory at the University of Water-

loo, Canada. At the laboratory, purified BaSO4 was

weighed in a tin capsule along with Nb2O5 and combusted

at 1,000 �C in a Costech EA to produce SO2, which was

carried in a helium stream to a Micromass IsoChrom-IRMS

where it was analyzed (Morrison et al. 1996). In addition,

the purified BaSO4 was combusted in a HEKAtech

1,350 �C Pyrolysis furnace to produce CO, which was then

carried in a helium stream to a GVI IsoPrime-IRMS where

it was analyzed for 18O (Morrison 1997). The precisions for

the sulfate isotope determination were 0.3 % for 34S and

0.5 % for 18O.

Isotope ratios are expressed in per mil (%) using the

usual d notation, relative to the V-SMOW standard for

oxygen and hydrogen isotopes, and the international stan-

dard Canyon Diablo Troillite (V-CDT) for sulfur isotopes.

Thus, d (%) = (Rsample/Rstandard – 1) 9 1,000, where R

stands for 18O/16O, 2H/1H, or 34S/32S. Finally, the deute-

rium excess, i.e., d-excess = d2H - 8d18O (Dansgaard

1964; Carreira et al. 2011; Yin et al. 2011), was

determined.

Results and discussion

Spatial and temporal variations in water chemistry

Physicochemical and isotope characteristics of surface

water and groundwater are listed in Table 1. According to

sampling location, type, and sampling timing, samples

were divided into five groups: Hurtado (H), Grande (G), El

Ingenio (E), Punitaqui (P), and Limarı́ (L), April and

December, and into surface waters and groundwater.

Nitrate exhibited very low concentrations (the average of

the samples were ca. 1.6 and 4 mg/l of N–NO3 for surface

waters and groundwater, respectively), whereas trace ele-

ments (P, Al, Fe, Mn, Pb, Zn, As, Cd, Cu, and Li) in

general yielded values below detection limits; therefore, all

these parameters were excluded from Table 1 and are not

part of the following data analysis. Furthermore, no major

differences were observed between the results of both

sampling campaigns. Thus, the following spatial–temporal

analysis is based on the second sampling results (although

it is addressed when some changes in water composition

were detected) considering that December is the period

when the water is most used in the basin (especially for

irrigation purposes), and therefore, when water diversion

(through irrigation channels) and water application (crop

irrigation) could be of greater importance in terms of

influencing the dynamics of surface water–groundwater

relationship.

In general, waters exhibit a neutral to slightly alkaline

pH (Table 1). Regarding the EC, the higher values in

surface waters are found at the El Ingenio Creek, and in the

lower part of the studied area (L7 and L9, Table 1). A

similar pattern is found for groundwater (in both cam-

paigns), especially in the lower part of the study area

(locations L8 and L10).

Surface waters and groundwater evolved (in the direc-

tion of the flow) from Ca–HCO3 in the upper zone (e.g.,

G1, G2, G3, H1, H2, H3, L1, L2, and L3 sample locations)

to mixed Ca–Na–Cl water types in the lower part of the

studied area, especially after the confluence of the Limarı́

River with El Ingenio Creek (e.g., from L7 to L10) (Fig. 2).

The spatial evolution of this pattern, as well as the increase

in salinity throughout the studied area, is verified from the

Stiff diagrams shown in Fig. 3. This pattern could be

associated to greater evaporation in the lower part of the

region, but can also be partly associated to input of salts

from evaporative-derived materials present in the marine

terraces, which can explain the relative high concentration

of Ca2?, Cl-, and SO4
2- in these waters.

An interesting exception to this general situation is the

El Ingenio Creek surface water sample at E3, which is Ca–

SO4 type water, very likely as a consequence of input from

a recently closed Panulcillo mining plant, an important

source of sulfate pollution, associated to the leaching of

sulfide minerals, which is located upstream of that sam-

pling point. Despite the fact that Panulcillo ended metal-

lurgical operations by 2010, its effects on water quality,

especially surface water, remain relevant for El Ingenio

Creek. Surface water in the lower part of the Ingenio Creek

basin (E4, E5), similarly than the Limarı́ River, can also be

influenced by input of salts from evaporative-derived

materials present in the marine terraces. This aspect is

further discussed in the section sulphur isotopes.

Figures 2 and 3 also includes the sampling locations P7

and P9, which are hand-dug wells and tunnels (‘‘galerias

filtrantes’’, kind of small qanat) that intercept the aquifer in

the non-irrigated (dry) land area of the Rinconada de Pu-

nitaqui sub-basin, which is not part of the main river flow

and irrigation channel network where all the other sam-

pling stations are located. It can be observed that these

locations, despite being close to the Limarı́ basin outlet,

present a different hydrochemical imprint, even distinct

from those of the Punitaqui Creek area (P1 to P6). Indeed,

the Rinconada de Punitaqui samples are classified as Na-

HCO3 (P7) and Ca-HCO3 (P9) waters, with the lowest ion

contents of all the groundwater sampled in the area of study

(EC between 433 and 692 lS/cm).
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Fig. 2 Piper diagrams for surface waters (a) and groundwater (b)

Fig. 3 Stiff diagrams for surface waters (light gray shapes) and groundwater (black polygons) for the December sampling campaign
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Finally, the hydrochemical information shows that sur-

face waters and groundwater in neighboring locations (e.g.,

G2-G3, L4-L5, P2-P3, L9-L10, and so on) exhibit rather

similar chemical compositions, which is considered

important evidence of an active local SW–GW interaction.

This is shown clearly in Fig. 4, which presents TDS, Na?,

Ca2?, Mg2?, Cl-, HCO3
-, SO4

2- variations throughout an

E-W profile following the Grande and Limarı́ rivers. Also,

a clear change is evident from sample L7, which coincides

with the widening of the floodplain, and greater accumu-

lation of alluvial deposits, which likely favor evaporation

processes (as the river increases its sinuosity and water

flow slower) and greater groundwater-aquifer sediments

interaction. Finally, both Cl- and Ca2? patterns depart

from Na? and SO4
2- respectively, exhibiting a strong

increase in their relative concentrations in the lower part of

the basin. The input of salts from the marine terraces can

explain part of this trend in the lower part of the basin. The

role of evaporation will be explored further analyzing the

isotope data in water samples.

Sources of major components

The main processes determining water chemistry were

assessed using Gibbs and van Wirdum diagrams. As shown

in Yang et al. (2012) and Xiao et al. (2012), the Gibbs

diagram represents a meaningful tool to assess the relative

importance of three major processes (i.e., atmospheric

precipitation, rock weathering, and evaporation) over water

chemistry. Thus, as shown in Fig. 5, mainly rock-dominant

processes (i.e., water–rock interaction), and evaporation

events to a lesser extent, appear to control both surface

water and groundwater composition in the study area. It is

also of interest to observe that, especially in the anion

related diagram, a sort of water evolution path arises.

Indeed, as shown in the figures, the cluster with lower total

dissolved solids (in the field of rock weathering dominance

but closest to the precipitation field when compared with

the other clusters) is the one formed by the samples taken at

the initial section (i.e., upstream) of the study area. On the

other side, the cluster that lies in the evaporation domi-

nance field corresponds to those samples taken at the end of

the El Ingenio creek and Limarı́ river (E4, E5, E6, L7, L8,

L9, L10, P4, P5, P6), i.e., water that have being under

evaporative conditions for a longer period (this is also the

case in the cation-related diagram, Panel A). Part of the

trends observed in Fig. 5 can also be explained by water-

sediments interaction in the area of marine terraces located

in the lower part of the basin, in case of the Limarı́ River,

and input of high salinity groundwater in case of the In-

genio Creek. In order to constrain the types of water–rock

interactions, the Ca2?/Na?, Mg2?/Na?, and HCO3
-/Na?

ratios can be used (Xiao et al. 2012). Indeed, for carbonate

weathering these ratios are close to 50, 10, and 120,

whereas for silicate weathering these values are close to

0.35, 0.24, and 2, respectively (Gaillardet et al. 1999; Xiao

et al. 2012). As shown in Table 2, for the Limarı́ River

basin, the obtained values point toward the latter process as
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an important factor controlling water composition, an

interpretation that is consistent with the overwhelming

dominance of igneous rocks and, therefore, igneous rock-

derived clastic sediments in the basin.

The Van Wirdum diagram (Fig. 6) gives a comple-

mentary insight. This type of diagram relates the ionic

ratio (IR = [Ca2?]/([Ca2?] ? [Cl-], with concentrations

expressed in meq/L) vs. the electrical conductivity (EC)

of the water samples (Birke et al. 2010; Tanaskovic et al.

2012). Whereas the EC is a measure of salinity, the IR

can be seen as a measure of the prevalence of Ca2?

among the cations and Cl- among the anions. Based on

the position in the diagram, water samples can be clas-

sified considering three reference water types from the

hydrological cycle as atmocline (At, i.e., rainwater),

lithocline (Li, i.e., calcium rich fresh water), thassocline

(Th, i.e., seawater) or anything in between. Figure 6

shows that most surface waters and groundwaters plot

between these three end members, but especially in an

imaginary line between the Li and Th types (although

closer to Li). Actually, those samples that lie closest to

the seawater end member are those of the lower part of

the study area, near the basin outlet (i.e., L7, L8, L9,

L10), which should be more influenced by oceanic aero-

sols (Graedel and Keene 1996). However, the local

geology of that particular area, which includes the near

surface Cenozoic marine terraces (Thomas 1967), is most

likely the main cause of the chemical imprint of the

waters. Again, no major differences were found between

the samples of both campaigns.

Oxygen and hydrogen isotopes

Figure 7 shows the isotope signature of surface waters and

groundwater in the study area considering the December
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Table 2 Selected ionic ratios for surface water and groundwater in the area of study for both sampling campaigns, and expected values as

described by Xiao et al. (2012) for carbonate weathering and silicate weathering controlled processes

Ionic ratio Water component Carbonate weathering Silicate weathering April campaign December campaign

Ca2?/Na? Surface water 50 0.35 0.68 0.84

Groundwater 0.56 0.63

Mg2?/Na? Surface water 10 0.24 0.39 0.41

Groundwater 0.34 0.36

HCO3
-/Na? Surface water 120 2 1.18 1.40

Groundwater 1.22 1.29
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Fig. 6 Van Wirdum’s diagram for surface waters (open symbol) and

groundwaters (filled symbol) for the December sampling campaign.

The diagram also includes standard compositions for atmospheric

(i.e., rainwater, At), lithrotropic (i.e., Ca-rich freshwater, Li) and

thalassotrophic (i.e., seawater, Th) related waters
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sampling campaign, as well as the local meteoric line and

the global water meteoric line.

Regarding the precipitation data, it must be acknowl-

edged that 2 years is a rather short period and therefore the

analysis and interpretation derived from this data must be

made with caution. However, at the same time, it was, to

the best of our knowledge, the only available local infor-

mation of precipitation isotopic composition for the study

area, and as such, this work represents a valuable contri-

bution and baseline for further developments and applica-

tion of these tools in North-Central Chile.

First, the isotopic composition of the precipitation

exhibits a rather stable behavior for both rainfall-collecting

seasons. Given that the local meteoric water line was

similar for both years (i.e., d2H = 8.8d18O ? 17 and

d2H = 9.0d18O ? 20.12 for 2009 and 2010, respectively,

which R2 = 0.99 in both cases), a weighted average local

meteoric water line was determined (d2H = 8.9d18O ?

18.7). Moreover, our results are in agreement, in particular

regarding the slope of the meteoric line, with results

described by Hoke et al. (2013) for the sub-tropical eastern

flanks of South-Central Andes (33�–35�S). The intercept

differences in the meteoric lines may be attributed to dif-

ferent sources of atmospheric moisture. Evaporation from

surface water creates vapor masses with isotopic contents

that plot above the global meteoric water line (Clark and

Fritz 1997). This can be the case of the study area because

of the existence of three large dams where water is affected

by evaporation. The role of this evaporation effect has been

observed in precipitation in the Eastern Mediterranean

region (Gat and Carmi 1970) and in condensed coastal fogs

in Kenya (Ingraham and Matthews 1988).

Second, there is a clear altitude effect in the isotopic

composition of the precipitation, i.e., d18O =

-0.0053z (m) -3.1381 (r2 = 0.91), considering the two

years of data. The altitude effect has been previously

documented in the Central part of the country where pre-

cipitation changed from d18O values around -5.5 % on

the coast to d18O values around -19 % at 3,500 masl

(Rozanski et al. 1993). A similar pattern have been

reported in the Elqui River valley, located 80 km to the

north of the study area, where the isotopic composition of

water changes from d18O values of around -6 % in the

coastal areas to d18O values around -16 % in the high

mountains (Strauch et al. 2006).

Considering the isotopic signature of both surface waters

and groundwater samples, these data showed that throughout

the study area their isotopic composition, with the exception

of the Punitaqui springs, do not correspond to that of local

rainfall. They are characterized by depleted isotopic signa-

tures when compared to the rainfall at La Paloma (Fig. 7).

The other pattern observed in surface water and groundwa-

ter, excepting the Punitaqui springs, is that they plotted

below the meteoric water, which is a typical pattern for water

affected by evaporation. Thus, it is possible to infer that the

water source for surface water and groundwater is heavily

controlled by rainfall-runoff processes occurring in the upper

parts of the basin, upstream of the reservoirs (Recoleta and

La Paloma Dams). Water is then affected by evaporation in

the dams, and is later conducted by the Grande, Hurtado, and

Limarı́ rivers as well as by irrigation channels, diverting

water from these rivers and dams, and thus distributed

throughout the area of study, with further evaporation

occurring in the irrigated areas and along the river’s course.

The effect of irrigation water in groundwater has been pre-

viously documented using isotopic tools in the Nile River

Valley (El Bakri et al. 1992) and in the Central part of Chile

(Fernández et al. 2013).

The effect of evaporation is clearly observed in the

water representing the dams (G1 and H1). The deuterium

excess (d-excess) is frequently used to document the role of

evaporation (Strauch et al. 2006; Carreira et al. 2011). The

values for the d-excess, for the dam water showed values

always less than 10, which are values representative of

evaporated waters. However, the other water samples, L1,
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and groundwater (b, filled symbols) for the December sampling
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the global meteoric line (segmented line) and the weighted mean

isotopic composition of the precipitation for the Carretera (Ca), La
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Environ Earth Sci (2015) 73:39–55 49

123



L3, L5, L7 and L8, representing the Limarı́ River, after the

intersection between the Grande and Hurtado Rivers, does

not follow a clear isotopic pattern associated to only

evaporation along the river course using as a water source

the dam water (Fig. 7). A similar pattern is observed for the

surface water in the Ingenio Creek basin (E2, E3, E4 and

E5). For evaporation from an open water body, a slope of

5.0 is expected for the evaporation line at a relative

humidity of 70 %, which is the average value for the study

area (Clark and Fritz 1997). The regression lines for the

Limarı́ River and Ingenio Creek are: d2H = -6.7d18O

-10.4, and d2H = -7.1d18O -7.4, respectively. Then, the

slopes are higher than expected for evaporation only.

The groundwater follows the same pattern than the sur-

face water. They plotted below the meteoric water line and

in most the cases, the isotopic composition of the ground-

water is slightly depleted or similar than the isotopic com-

position of the surface water in areas where both samples

were collected in the same area. This pattern shows a clear

link between groundwater and surface water in the study

area. One clear example is the data collected in groundwater

and surface water in the Punitaqui Basin. The isotopic

composition of the local recharge is represented by the

isotope data collected for the Punitaqui springs which are

characterized by values of -35 % and -5.6 % for d2H and

d18O, respectively (Table 1). Similar isotope values have

been reported in groundwater near coastal areas in the

Romeral basin located near the city of La Serena (Squeo

et al. 2006), which is under the same precipitation regime as

the study area. In case of the surface water of the Punitaqui

creek (P2, P5), they are characterized by values around -46

and -6.0 for d2H and d18O, respectively. These data plotted

also below the meteoric water line (Fig. 7) and indicated

that the surface water is not originated from local recharge.

The surface water seems to be part of the isotopic pattern

observed in the groundwater (P4, P6 and P6). The source of

recharge to the groundwater is the irrigation channels that

bring water from the La Paloma reservoir and the Grande

River into the Punitaqui area. The groundwater at P1 with

values of d2H around -55 % and d18O of -7.0 % is

representative of this type of water.

There are some exceptions to this general pattern, rep-

resented by the samples collected downstream from the

Recoleta dam, i.e., H2 (surface water) and H3 (ground-

water), which exhibit a more depleted isotopic signature

than the Recoleta reservoir (H1) and moderately higher

salinity (Fig. 8). This pattern, repeated in both sampling

campaigns, seems to point toward the fact that these waters

do not correspond only to infiltration-exfiltration processes

from the upstream, neighboring Recoleta reservoir but also

to waters that precipitate at higher elevations (ca. 1,100

masl) in the Hurtado River sub-basin, which then become

part of the groundwater flow system controlled by deep

rock fractures and discharge at the H2 and H3 location. The

other interesting isotopic pattern is observed in the surface

and groundwater in the Ingenio Creek. Their isotope values

are much lower than the expected values for the local

precipitation indicating that the Ingenio Creek is feed by

leakage of the Recoleta Dam.

The role of evaporation can be further evaluated

exploring the relationship between d18O values and

salinity represented by conductivity values (Fig. 8). Con-

sidering the data collected in the Limari river, it can be

observed that a significant increase in conductivity values

from *500 to 3,500 lS/cm is observed between the high

(G1, H1) and lower part of the basin (L8). A similar

pattern is observed in the Ingenio Creek watershed (E2–

E5). However, a relative small change is observed in the

d18O values, from *-8 to -7 % in case of the Limarı́

River and the Ingenio Creek. A similar pattern is observed

in the groundwater which is a reflection of its link with

the surface water. The water that showed a relative greater

evaporation effect are those samples in the Punitaqui area,

which showed an increase in salinity from *500 lS/cm

(taking into account the source of water to this area are

the La Paloma dam and the Grand River) to values over

2,500 lS/cm. This pattern is accompanied by a change in

d18O values from *-8 to -5 %, which is larger than the

change observed in Limarı́ and Ingenio areas associated to

a rather similar increase in salinity. These observations

confirmed that evaporation does not play a major role in

the chemistry of the surface and groundwater in the Li-

marı́ and Ingenio basins but it is more relevant in the

Punitaqui area.

Sulfur isotopes

Figure 9 displays the sulphate concentrations and d34S

signatures on surface waters and groundwater from the
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δ18
O

 (
o /
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)

Fig. 8 Electrical conductivity (EC) vs. 18O
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December sampling campaign. The 34S data provide

information about the sources of sulphate associated with

the increase in SO4
2- concentrations from East to West.

The sulphate in the upper parts of the study area, in the

water reservoirs and immediately downstream from them

(Hurtado and Grande rivers, and the initial reach of the

Fig. 9 Sulfate concentrations (mg/L) (top panel) and d34S (%) (bottom panel) in surface waters (white symbol) and groundwater (black symbol)

in the study area
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Limarı́ River) is characterized by d34S values ranging

between 4 and 7 %, which is a typical range for igneous

sources. Thus, these values represent water-altered rocks

interactions (hydrothermal sulphate plus SO4
2- derived

from sulphide minerals oxidation), mostly occurring

upstream of the Recoleta and Paloma dams. This is con-

sistent with the information derived from the Gibbs dia-

gram and the ion ratios described before. As water flows

downstream through the Limarı́ River, sulphate d34S values

increase, reaching a value of around 16 %. This pattern is

also accompanied by an increase in sulphate concentration,

which is evidence of additional sources of sulphate in

waters, most likely from dissolution of saline evaporates

(e.g. gypsum) existing in the marine terraces west of

Ovalle. Indeed, d34S values around 20 % could be

expected from marine evaporates in areas near the Ocean

(Pu et al. 2013). The only exception to this general pattern

corresponds to the sampling point E3, located immediately

downstream from the currently closed Panulcillo mining

facility, where d34S data show a value of 0.8 %, an iso-

topic signature most likely related with hydrothermal,

magmatic-related sulphur, present in the copper ore min-

eral formerly processed at the Panulcillo facility. Further-

more, H2SO4 used by this facility was obtained from

Chilean copper smelters, which also processed magmatic-

related sulphur ore minerals. This location is also charac-

terized by the highest sulphate concentration in the study

area (between 700 and 800 mg/l). The trend toward more

enriched d34S values from 0.8 % (E3) to 14.6 (E4) and

13.1 % (E5) along the Ingenio Creek, similarly to the

Limarı́ River, showed also the influence of marine evapo-

rates in the chemistry of these waters.

Conceptual hydrological-hydrochemical model

for the study area

Based on the analysis of the chemical and isotopic data and

the water usage in the study area, a basic conceptual model

of the geo-hydrological behavior of the area was developed

(Fig. 10). It considers local precipitation to be of low

importance in the sub-basin in terms of surface flow and

groundwater recharge. It is proposed that the hydrology

La Paloma dam

Recoleta dam

Precipitation

Recharge waters

Grande riverHurtado river

Limarí river

Punitaqui creek

El Ingenio creek

Agricultural land

Irrigation  water diversions

Panulcillo facility

N

Evapo-transpiration

Fig. 10 Conceptual model of the geo-hydrological relations in the study area (main irrigation channels are depicted as segmented white lines)
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and hydrogeology in the study area are controlled by water

stored in the reservoirs (La Paloma and Recoleta), diverted

through channels as well as from the rivers, used in irri-

gation in the agricultural lands, and returning to the stream

as irrigation excess water (surface runoff) and recharge and

discharge of shallow groundwater (return flow). In terms of

water chemistry, the following sources are relevant:

(a) Igneous and volcanic-sedimentary rocks. This includes

hydrothermal alteration zones and rock outcrops affected

by hydrothermal alteration and ARD, mainly on the

Andean heights drained by the tributary rivers, and

weathered granitoid outcrops. Both sources contribute

Na?, K?, Ca2?, Mg2?; (b) Partly marine Pliocene–Qua-

ternary terraces, contributing Ca2?, Na?, SO4
2-, and Cl-;

(c) Vegetal matter decay that determines the generation of

HCO3
-; (d) The atmosphere, that transfers NaCl aerosols

from the Pacific Ocean towards inland areas; (e) Mining-

metallurgical activities at El Ingenio creek, mainly for SO4

from the leaching of Cu minerals.

The study showed that surface waters and shallow

groundwater are actively connected, which is verified by

the similar chemical and isotopic compositions of both

components, especially in neighboring sampling locations.

The only exception corresponds to the non-irrigated part of

the Punitaqui basin (spring samples at Rinconada de Pu-

nitaqui), where local precipitation is the only source of the

scarce surface water flows and limited groundwater

resources. Finally, the historical mineral processing activ-

ities of the former Panulcillo facility still have an impor-

tant, but rather local effect on water composition, as

observed in the El Ingenio Creek.

Conclusions

In general, surface and ground water follow the same

chemical and isotopic pattern through the study area,

indicating an active level of interaction between these

water compartments. In chemical terms, these waters are

mostly classified as Ca–HCO3 in the upper part of the study

area, changing to Ca–Na–Cl towards the lower part of the

basin.

The results obtained for both surface and ground waters

indicate a general trend of increasing values in EC, TDS,

Ca2?, Mg2?, Na?, K?, Cl-, and SO4
2- from upstream to

downstream in the study area. Considering each of the five

sub-basins in this study, it can be observed that the Grande

and Hurtado rivers were characterized by the lowest ion

concentrations. The higher salinity waters were observed in

El Ingenio Creek due to the pollution effect of the old

Panulcillo facility (reflected in the high level of SO4
2-) and

in the lower part of the Limarı́ River due to the contribution

of salts from marine sediments.

Thus, based on chemical ratios and isotope data, the

main processes and factors that determine the chemical

characteristics of the waters in the complete study area are:

(a) the effect of recharge of surface water used for irriga-

tion in the agricultural areas and return flow to rivers

(supported by the stable isotope data in water), (b) input of

sulfate solutions into the waters of El Ingenio Creek

associated with a former minerals processing facility,

(c) water–rock interaction processes (silicate weathering),

and (d) input of solutes from marine terraces at the El

Ingenio and Punitaqui creeks as well as the last reaches of

the Limarı́ River that translate into increased salt concen-

trations of the waters. Moreover, at the outlet of the res-

ervoirs, the S-isotopic signal is representative of igneous

rocks that exist upstream of the dams. El Ingenio Creek has

the lowest value of d34S, and the highest SO4
2- concen-

trations, which shows that the latter comes especially from

the former processing activities performed at Panulcillo. In

the lower parts of El Ingenio Creek and the Limarı́ basin,

the d34S values and the chemical composition are indica-

tive of the contribution from marine sedimentary deposits.

Considering the water stable isotope data, the observed

patterns correspond to a combination of evaporation of

water in reservoirs, water distribution from the reservoirs

through the main course (river) and irrigation canals,

evaporation of water in the soil (soil water and irrigation)

and along the river course, and, to a lesser degree, input

from local precipitation. Groundwater discharge associated

with higher altitude recharge areas than the rest of the

water in the study area was also documented by the isotope

data in the Hurtado River. It is important to note that in

general both surface water and groundwater showed similar

isotopic patterns, which is an indication that they are

interconnected. This strengthens the hypothesis postulated

based on the chemical data of an active interaction between

these water compartments. It is important to highlight that

the use of the river water is regulated by an irrigation

council formed by member of the agriculture community

but not the use of groundwater. Due to extreme drought

conditions during the last 5 years in the study region, an

increasing pressure on groundwater use is expected,

therefore based on the results of this study, a more com-

prehensive study on groundwater–surface water interaction

using hydrogeological and hydrological tools is warranted

in the study area.
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contexto legal y análisis de casos (River-aquifer interaction:

legal context and study cases). VIII Congreso Latino Americano
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de la presencia de nitrógeno de diversas fuentes en aguas
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(2006) Contributions of the different water sources to the Elqui

river runoff (northern Chile) evaluated by H/O isotopes. Isot

Environ Health S 42(3):303–322

Strauch G, Oyarzún R, Reinstorf F, Oyarzún J, Schirmer M, Knöller
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