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ABSTRACT 

 

Groundwater and surface water sourced from the high Andes of Argentina are 

highly important for societal, agricultural, and domestic usage in the foothills and 

valleys, less than hundred kilometers away from the headwaters. Despite their 

importance, efforts to provide estimates and predictions of surface water and especially 

groundwater sources and sinks have been limited. During most of the year, precipitation 

in the high Andes falls primarily as snow, with minimal rainfall over the summer. A 

widespread lack of measurements and statistical analysis in the region makes it difficult 

to understand groundwater storage and flow patterns in the Andean watersheds. The 

contribution of mountain snowmelt to groundwater is a key component of recharge to 

this area. While this study is limited to a small watershed in the Altar valley of the 

Central Andes of Argentina, it is representative of most of the Dry Andes region, which 

runs from Bolivia south to a latitude of 35°S between Argentina and Chile. This region 

is characterized by steep and abrupt topography, highly fractured bedrock, and large 

fault systems. Here, we investigate the groundwater flow system through observations 

from pressure transducers and weather stations installed by a mining company exploring 

the area. We use this data to create a MODFLOW groundwater model of the watershed 

and develop then a sensitivity analysis to gain insight into the hydrologic system. We 

explore changes in hydraulic conductivity with depth and reduction in recharge due to 

uncertainties in sublimation and evaporation and potential future trends. We then 

analyze heads, surface outflows to assess the impact of these changes within the 

hydrologic system. In addition, ages distribution in particles from the one well and the 

river are analyzed. 

This research contributes to the understanding of groundwater recharge and 

discharge estimates and the hydraulic behavior of upland mountainous watersheds 

toward better water management in the area. 
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Chapter 1 

INTRODUCTION 

 Mountain water as a resource 

Mountainous regions have experienced multiple and important changes over the 

last decades as a result of climatic change and land use modification (Briner et al., 

2012; de Jong, 2015). These regions occupy 25% of the Earth’s land surface, and 

support around 40% of the world’s population who depend on rivers originating in 

mountain regions for their water supply (Viviroli et al., 2019).  Although these regions 

contain important water storage systems, there is limited understanding on 

groundwater flow due to the scarcity of field-based studies in high-elevation 

watersheds and the hardships involved in conducting them (Hayashi, 2019). In 

mountainous environments snowpack and groundwater coupled with debris-rich 

landforms such as talus slopes, fans, moraines, and rock glaciers are key components 

of the hydrologic system either for aquifers (Hayashi, 2019) or where watercourses 

run all year long (Alford, 1985; Wohl, 2000; Viviroli and Weingartner, 2004; Wilson 

and Guan, 2004; Manning and Solomon, 2005). These mountainous waters stores are 

also a highly valued source of water in semiarid and arid regions where precipitation 

and recharge are scarce at lower elevations (Alford, 1985; Smerdon et al., 2009; 

Neilsen et al., 2010). Due to the effects of environmental lapse rates, mountainous 

areas receive more precipitation than lower altitude valleys, and the winter snow 

accumulation in the high terrains is gradually released towards valleys and creeks 

during the spring/summer snowmelt season. Therefore, surface water and especially 
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groundwater flow processes in mountain systems play an important role in valley 

water recharge either for flora and fauna, water supply for downstream communities, 

irrigation, or hydropower generation (crucial for arid mountainous regions). 

 Mountain groundwater 

Despite the belief that mountain watersheds may not have a significant water 

storage capacity due to coarse sediments and steep slopes that allow water to move 

quickly through the subsurface, it has been shown that groundwater is a key 

component in mountain catchments (Clow et al., 2003; Hood et al., 2006; Williams et 

al., 2006) and a major hydrologic contributor in some parts of the Andes. For instance, 

Baraer et al. (2015) states that groundwater in Cordillera Blanca (Perú) contributes 24-

80% of the stream discharge in four proglacial watersheds during the dry season. 

Groundwater recharge and runoff in mountainous watersheds originates in 

mountain block recharge (MBR) (Figure 1.1), where groundwater flowing through 

bedrock and alluvium/colluvium is an important contribution component to basin 

aquifers (Wilson and Guan, 2004). In semi-arid mountainous regions, streams are able 

to flow year-round due to baseflow generated by deep groundwater flow through 

bedrock (Uchida et al., 2003; Katsuyama et al., 2005). Contribution of granite bedrock 

groundwater and bedrock permeability are especially important in steep slopes, which 

could be a key component to baseflow and groundwater (Uchida et al., 2003). While 

high flow periods are short with peaks during spring that depend on snowpack 

availability and timing of snowmelt, low flows during winter and summer seasons are 

steadier from season to season. Such behavior highlights that groundwater storage in 

mountain environments is crucial for maintaining flow without additional snowmelt or 

rainfall contributions (Hayashi, 2019). Groundwater flow is influenced by topography 
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and a combination of recharge and hydraulic conductivity characteristics (Forster and 

Smith, 1988; Haitjema and Mitchell-Bruker, 2005; Gleeson and Manning, 2008).  

A good understanding of groundwater flow and its recharge pattern is important 

for sustainable water resource management (Kao et al., 2012). The use of hydrological 

models has been shown to be the best approach to replicate conditions that are 

otherwise hard to assess. Such models provide insight into complex groundwater flow 

systems and predictions on future behaviors (Nyende and Vermeulen, 2013).  

Mountainous regions are usually characterized by a surficial layer of higher-

permeability weathered and fractured rock, which overlies lower-permeability 

crystalline rock (Kao et al., 2012). Due to these characteristics, groundwater is directly 

recharged through infiltration from precipitation as either rain or snow.  

 
Figure 1.1: Schematic diagram showing regional-scale watersheds. (Welch and Allen, 

2012). 

 

In alpine watersheds, the hydrologic regime is fed by basin storage through 

groundwater and snow in high altitudes that is slowly transferred to rivers when the 

weather warms in spring, and to a lesser extent rainfall (Staudinger et al., 2017). In 

mid-latitude arid regions, between 50% and 80% of the annual water supply comes 

from mountainous terrain whose headwaters are snow-covered (Wahl, 1992).  
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The importance of the Andes hydrologic system is highlighted by Mark et al. 

(2005), who suggest that snow and ice from ice-fields in Peru supply up to 58% of 

downstream water. These two transient types of stored water have seasonal 

accumulation and contribution that are critical for the hydrologic system, as only 0.5% 

of the Andes is covered by permanent snow and ice (Mulligan et al., 2012). Due to 

their dependence on both precipitation and temperature, mountainous watersheds in 

semiarid regions are extremely sensitive to climate change (Barnett et al., 2005). 

Smerdon et al. (2009) stated that groundwater recharge was found to vary from 

high recharge at higher elevations to lower recharge rates at lower elevations. 

Parameters such as precipitation, evapotranspiration, and temperature showed 

significant changes with elevation on a mountainous watershed with seasonal snow 

cover in Spain, where groundwater contribution to total outflow ranged between 70% 

and 97% (Jódar et al., 2017). Such results highlight the significance of groundwater 

recharge in high mountain areas. 

Hydrologic processes such as runoff, recharge, evapotranspiration (ET), and 

precipitation (as rain or snow) all vary in time and space, and are related to each other, 

which prompts the need to analyze them in an integrated framework and model these 

processes simultaneously. Forster and Smith (1998) describe in detail the multiple 

factors that are crucial in controlling groundwater flow and heads in mountainous 

terrains. Predicting the water table in mountainous relief can be difficult due to 

uncertainties that control and influence it, such as topography, geology, climate and 

thermal regime (Forster and Smith, 1998).  

Snow accretion and ablation are critical controls on the water budget and 

hydrological behavior during the melt season (Welch and Allen, 2012). Unfortunately, 
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data regarding these processes in mountain catchments, especially in the Andes, are 

lacking. This lack of measurements and statistics on common hydrological parameters 

due to the poor access to sites, extreme working conditions, and unpredictable 

weather, all of which inhibit any year-round research in this region. 

The groundwater processes and interactions between groundwater and surface 

water in mountainous regions have been investigated (Voeckler et al., 2014; 

Gebreyohannes et al., 2017; Smerdon et al., 2009; Jódar et al., 2017; Welch and Allen, 

2012; Welch et al., 2012) but there is little work in the Dry Andes region. Studies have 

been carried out in a variety of sites across South America, such as Chile (Urrutia et 

al., 2018; Ruelland, D., 2011; Vicuña et al., 2011), Colombia (Blessent et al., 2017), 

Ecuador (Guzman et al., 2016), and Perú (Somers et al., 2019; Somers et al., 2016; 

Baraer et al., 2015; Baraer et al., 2009). However, in the Dry Andes, especially the 

Argentinean Andes (Delbart et al., 2015), studies on groundwater flow and recharge 

are scarce and there is still a large data gap to bridge. No clear understanding exists on 

water budgets, groundwater and surface interactions, and their controlling variables. 

This research could fill a regional gap in the Andes and contribute to understanding 

important hydrological functions of groundwater in mountainous terrains. 

 

 Climate change in the Andes 

Snow-driven watersheds are expected to be severely affected by climate 

changes in common decades (Mata & Campos, 2001; Kundzewicz et al., 2008). The 

effects of both the Southern Oscillation (ENSO) (measuring standardized differences 

in atmospheric pressure) and El Niño (increase in precipitation) impact precipitation in 

the Andes (Waylen et al., 2000). However, climate changes exacerbated by 
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greenhouse gas emissions (Intergovernmental Panel on Climate Change, 2001), could 

be potentially dangerous in mountain watersheds where any change in the already low 

water budget could have significant negative impact on the environment (Clow et al., 

2003). In fact, higher temperature increases are anticipated to affect high mountains 

more than lower elevations in South American countries like Ecuador, Peru, Bolivia 

and northern Chile (Bradley et al. 2006, Souvignet et al., 2010). Results among 

models for South America are summarized by: 1-summer precipitation increase over 

the northern Andes and southeastern South America, 2-an overall decrease of winter 

precipitation, and 3-decrease of precipitation along the southern Andes for all seasons 

(Vera et al., 2006). More specifically, research on future scenarios for the Andes 

region is not encouraging because it suggests the central Andes region will likely 

experience a significant temperature increase of ≥ 2°C over the next 80 years, which 

will impact the snowpack accumulation and snowmelt-runoff (Bradley et al., 2004). 

Such rise will impact the dry Andes faster and higher than lower elevation (Bradley et 

al., 2006). By the end of the century Vicuña et al. (2011) predict a warming of 3–4°C 

and drying of 15–35% of present values along the subtropical Andes. Furthermore, 

several studies have been conducted on the Chilean side near the study site of this 

research (Schaffer et al., 2019, Souvignet et al., 2010). Findings point out a longer dry 

season and a temperature rise which will likely impact the hydrological cycle in the 

area and specially the snow accumulation and melting periods. Precipitation in north-

central Chile has decreased since measurements in the middle of the 19th century 

started (Vuille & Milana, 2007). Average precipitation in La Serena (westwards from 

the study site on the Pacific coast) has decreased from 170 mm in the early 20th 

century to less than 80 mm nowadays (Novoa & Lopez, 2001), likely due to climate 
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change. At the arid Upper-Elqui sub-basin, on the Chilean side as well, results from 

downscaling models show a negative trend on precipitation of -4.7% decade-1 on 

average and a positive trend in temperatures ranging from 0.14 to 0.58°C decade-1 in 

high altitudes and lower maximum temperature value at lower altitudes (Souvignet et 

al., 2010). 

Predicted climate-driven changes could have a significant impact in the Andes. 

A shift in temperature would affect the hydrology of the region by decreasing annual 

streamflow and altering streamflow timing with a decline (increase) in streamflow 

over spring/summer (winter) when the demand is highest (Barnett et al., 2005; Vicuña 

et al., 2011). Not only would the snow accumulation process be affected, but also 

glacier retreat. These changes in temperature and precipitation may have a great 

impact on the availability of water for domestic use, agriculture, industrial activities, 

and hydropower (Bradley et al., 2006, Mata & Campos, 2001). Considering that many 

Andean countries rely on hydropower as the main source of electricity generation, 

water bodies can be highly affected by less stream discharge, higher evaporation rates 

and thus less electricity generation. 
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 Objectives 

The necessity to gain in-depth understanding of Andean watersheds and 

potential competition for limited water resources from future operations of mining 

operations in the river headwaters of the Central Argentinean Andes requires careful 

assessment of groundwater behavior and sustainability in terms of inflows and 

outflows of the basin. Mining operations require significant water resources for 

various processes but their impact must be minimal on the groundwater flow to limit 

impact on the local and down-valley environment. Toward that goal, this study aims to 

(1) characterize the hydrological flow system of a representative Dry Andes 

mountainous watershed, (2) use hydrochemical measurements to help understand the 

groundwater flow system, (3) incorporate a unique dataset of climatological data 

(precipitation and temperature) and geotechnical surveys above 3000 m a.s.l. to 

elucidate groundwater recharge and flow, (4) develop and assess a numerical flow 

model and groundwater storage in the Altar valley through MODFLOW modeling, 

and (5) assess the potential impacts of climate change on the watershed.  

 Specific objectives 

• Develop a conceptual model of the watershed and delineate the conditions and 

parameters that impact the watershed. 

• Develop a groundwater flow model using Model Muse within the study area. 

• Use precipitation data as the recharge input of the groundwater model and 

compare simulated head results with piezometers installed for this project. 

Analyze streamflow discharge from model with weir data from site.  
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 Research questions 

1. What is the effect of hydraulic conductivity changes on the 

groundwater flow system?  

Sensitivity to hydraulic conductivity will be assessed in model simulations.  

2. What impacts do sublimation and climate change have on the 

hydrologic system? 

Uncertainty regarding the volume of snow/ice lost to sublimation and the 

climate-change effects on precipitation in the Andes are assessed through a 

different recharge scenario in the watershed. 

 Hypotheses 

• Groundwater age increases with increasing hydraulic conductivity values at 

depth. 

• Stream discharge is strongly dependent on recharge from the previous season 

rather than from long-term average recharge. 

 Background of the site 

 The Andes mountain range is the longest mountain range in the world, and the 

second highest after the Himalayas. The Andes Mountains span 7200 km along the 

western region of South America, from the Caribbean coast to the southern extreme of 

the continent through 7 countries: Colombia, Venezuela, Ecuador, Bolivia, Peru, Chile 

and Argentina. The Andes range in width from 200 to 700 km, and reach a maximum 

elevation of 6961 m.a.s.l at Aconcagua Peak.  

With steep terrains, strong winds, high solar radiation rates, and variable 

weather conditions, the Andes is a large water resource for all the countries that it 

crosses through. Most of the water resource is highly demanded for agriculture, 
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industrial, and domestic activities by cities and towns. Our research site is part of the 

headwaters of the main river that feeds the population of San Juan, Argentina. These 

aspects highlight the importance of collecting data in these mountainous watersheds, 

which turn is difficult due to the lack of gauges with statistical and long period records 

especially at high elevations where access and maintenance are difficult (Ossa-Moreno 

et al., 2019). Most of the high Andes remain covered by snow and glacier bodies 

above 5500 m.a.s.l. over a rocky terrain where vegetation is sparse and mostly present 

along springs and creeks.   

At the Altar study site (Figure 2.1), research has been carried out to delineate 

aquifers. Vector Argentina (2008) stated that aquifers are more likely to be found in 

the Quaternary sedimentary filling, mainly in the alluvial plains that show a well-

developed thickness. They performed vertical electrical sounding (VES) in order to 

explore the subsurface along La Pantanosa river alluvial plain, which has an extension 

predominantly west-east. VES results showed the emplacement of two layers: (1) an 

upper layer of up to 15-20 m thickness filled the former glacier valleys and (2) a lower 

layer, corresponding to bedrock, developed likely secondary porosity in its upper 

section. Also, Teotop (2011) carried out a similar VES survey but covering a bigger 

area along the same river, reaching all the way to the headwaters of Quebrada de Mina 

valley (QDM). The same two hydrological layers were identified. The lower layer was 

correlated with intrusive and volcanic rocks (granites, andesites, and rhyolites) from 

the Choiyoi Group. These rocks were shown to be fractured and may have aquifer 

properties with secondary porosity and permeability. The upper layer showed thick 

sediment deposits correlated to glacial deposits, which form the most important 

aquifers, and secondly fluvial sediments which both fill valleys and ravines. In some 
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cases, drillings in the valley area showed a glacial till thickness of 167 m (Alfarcillo 

valley, next to Altar valley) and 224 m (P7 well, Figure 3.1) highlighting the 

significant thickness of the upper glacial layer in these locations. It is also important to 

consider the role of hillside sediments (colluvium) which have high porosity and 

permeability and therefore are a pathway for water infiltration from snow melt or 

rainfall. Because these permeable sediments are located on steep slopes, water does 

not accumulate and infiltrates rapidly. Studies carried out by Ansilta (2010) applying a 

geophysical survey have identified the same characteristics. 

Teotop (2011) estimated the water reserve in the area based on geoelectrical 

prospecting and drillings. It was determined that the area with the greatest thickness of 

sediments carrying groundwater extends along La Pantanosa river valley (west-east 

direction), about 2 km upstream and downstream of the Altar Camp, and has a 

potential volume of storage water ~3.8 x 107 m3. The estimated volume is 

approximately the same as the potential water demand for mining for a 3-year period. 

Mountain Pass (2015) has carried out annual surveys since 2010 that include 

glacial and peri-glacial landforms monitoring and contributions to the hydrological 

balance of the area, and temperature monitoring that helps to constrain permafrost 

distribution in Altar project area. Permafrost model results do not fully agree with the 

observed presence in the terrain, thus it remains a challenge to estimate the 

contribution of permafrost to the hydrological system. In this context, it is thought that 

the permafrost is likely dry, which would imply minimal impact on the hydrologic 

balance. Permafrost thickness can be highly variable in the area and influenced by 

elevation, radiation, exposure, and relief.  A geochemical study of water solutes and 

stable isotopes conducted by Burkhart (2014) states that data on stream flow did not 
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show evidence of substantial contribution of melt water from rock glaciers. Most of 

discharge in the area is apparently influenced by snowmelt, indicating that the 

seasonal snow pack is crucial for sustaining discharge from these watersheds. 

The Quaternary geology of the field site is composed of a variably thick layer 

of glacial deposits that were likely moraine deposits subsequently modified by fluvial 

processes. Groundwater recharge and flow occur within and over these layers. The 

topographic relief shows also alluvial fans, alluvial plains, and landslides on site. 

Below the Quaternary sediments, a Cretaceous marine sediment formation overlies a 

Permo-Triassic granite and andesitic volcaniclastic rock, which belong to Choiyoi 

Group and are highly weathered (Vector Argentina, 2008).  
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Chapter 2 

STUDY AREA 

 Location 

The study area is located along the Andes Main Cordillera of Argentina, in the 

center-west of the country within San Juan Province (Figure 2.1). The area is part of 

the headwaters of San Juan River, the main river of the region. This large watershed 

spans an area of around 25,500 km2 and has an annual river discharge of 2 x 109 m3/yr 

(Teotop, 2011).   

Altar and its surroundings are a typical Andean watershed presenting steep 

slopes, big boulders and outcrops, rocky terrain, and some irregular grasslands along 

the creek, which eventually become wide and green valleys called vegas. The remote 

location of the site, its high altitude, and extreme winter weather limit access to the 

site except during the summer period from January to April. The project site is located 

at an elevation of approximately 3100 m.a.s.l. and corresponds to a mining property 

named Altar. On the site there is a mining camp which is the base for all the 

operations carried out on the two main valleys and mining targets, QDM and Altar. 

The study area is located north of the Altar camp and is centered at latitude 

31°32'18" S and longitude 70°28'08" W (Figure 2.1). The Altar watershed is delimited 

at the north, east and west boundaries by mountain ridges that enclose Central and 

East Altar, respectively, and southward by a small non-permanent creek that 

discharges the surface water outflow from the valley. The watershed covers an area of 

5 km2 and spans an elevation range from 3500 to 4080 m.a.s.l. 
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Figure 2.1: Location of the study site in San Juan Province, Argentina. The map shows 

the mining camp and Altar watershed. 

 

 Climate settings 

Mountain ranges play an important role in configuring the climate of regions. 

The Dry Andes are characterized by semi-arid climate with marked seasonality 

(Figure 2.2). The summer is mostly dry with scarce rain, and most of the precipitation 
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falls mainly as snow during the months of June, July and August. Annual average 

precipitation ranges from 280-300 mm and is highly influenced by orographic effects 

causing more precipitation on the windward side (Chile) than the leeward side 

(Argentina) of the Andes (Viale and Garreaud, 2015; Viale and Nuñez, 2011). 

Moreover, high solar radiation throughout the year (Schrott, 1998) and high 

evaporation rates, in some cases up to 1200-2400 mm per year, which greatly exceed 

the annual precipitation (Albrecht, 2012) are factors that influence the area. A 

reduction in precipitation occurs from west to east as the elevations diminish. Whereas 

precipitation in this part of the Andes can reach 300 mm (snowfall and rainfall) it 

drops to an average of 135 mm in Barreal valley at the foothills of the Andes 

(31°38’S, 69°28’W, 1644m a.s.l.) or 100 mm in San Juan, the main oasis in the 

province (31°32’S, 68°31’W, 635m a.s.l.). Temperature patterns are seasonal, with 

melting processes in spring and monthly air temperatures >0°C from ~November to 

April, whereas sub-freezing temperatures occur in May throughout October. 

The climate of the Andes Cordillera is strongly influenced by the ENSO (El 

Niño Southern Oscillation) phenomenon. Precipitation tends to be higher (lower) with 

El Niño (La Niña) showing a warm phase and a periodicity ranging from 2 to 7 yr 

(Garreaud et al., 2008). Annual precipitation means of ENSO range from 60-70 mm 

during the La Nina phase and annual maximums of 1100-1200 mm during the El Nino 

phase (Montecinos and Aceituno, 2003). The passage of extratropical cold fronts 

during the austral winters contributes more than 80% of annual precipitation between 

May and August (Falvey and Garreaud, 2007). In addition, the occurrence of either 

liquid or solid depends on the zero-isotherm location which in winter is above 3000 

m.a.s.l. accumulating snow in the upper portions of the basins (Ossa-Moreno et al., 
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2019) and leading to snowmelt-dominated basins. Therefore, the hydrograph is 

dominated by the seasonal snowpack thickness, and to a lesser extent by summer melt 

contribution from permafrost and glaciers.  

 

 
Figure 2.2: Weather seasonality in the Andes 
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Chapter 3 

METHODOLOGY 

 Observations 

This study characterizes groundwater flow in the region using both field data 

and modeling methods. 

Since 2017, annual field campaigns have been carried out during the austral 

summer, when the mining area is accessible. These campaigns collect data from 

instruments installed in water wells that observed year-round measurements of water 

table elevation and groundwater temperature to evaluate seasonal changes in 

groundwater levels. The data are measured by HOBO pressure transducers in 

piezometers located throughout the valley near the mining camp. Such devices are 

able to provide an easy and accurate way to monitor and record water levels 

continuously for long time periods. A pressure transducer records the combined 

atmospheric pressure and pressure exerted by the overlying water column. 

Atmospheric pressure measurements were recorded by a barometric pressure 

transducer located in Altar valley. The pressure transducer data were corrected using 

records of atmospheric pressure to obtain water depth above the pressure sensor. Well 

elevation and depth-to-water data were used to determine water table elevation.  Over 

the field site a total of eight pressure transducers (Figure 3.1) were set in water wells at 

different sites. Unfortunately, after the deployment three wells went dry (P2, P3, P4, 

figure 3.1). They were installed at locations from the upper Altar Valley catchment 

(3705 m.a.s.l.) along Altar Creek as far as the La Pantanosa River, the main surface 

water path of the area. Two sensors were located next to the river. This water level 

monitoring array covered a distance of ~8 km. To obtain the data from year to year, 
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annual campaigns were carried out to download data from pressure transducers in 

piezometers. Then, the data were processed and corrected to obtain accurate water 

table elevations. 

Samples of stream water and glacial ice were taken during the 2018 campaign 

to measure hydrogen and oxygen stable isotope ratios along with solute concentrations 

to address the origin of the water. These analyses were performed at the UD 

Environmental Isotope Geochemistry Laboratory under the supervision of Dr. Neil 

Sturchio at the University of Delaware. Tritium analyses were performed by the 

University of Miami Tritium Laboratory on samples of ice from the QDM rock glacier 

next to Altar valley and in two groundwater samples, including one from monitoring 

well P5 and one from Rio Tinto 1 well (next to Altar valley and near the mining 

camp), to address subsurface residence times. SF6 concentrations were measured by 

the U.S. Geological Survey (USGS) Reston Groundwater Dating Laboratory in water 

samples from these two wells. 

Meteorological data was obtained from the site. Two weather stations are 

located in the study area, at the top and bottom of Altar valley, separated by 

approximately 8 km. Measurements were taken daily and monthly on variables 

including temperature, relative humidity, wind speed, solar radiation, and 

precipitation. In addition, the lower station is also able to measure snow height from 

an infrared sensor year-round.  

Streamflow measurements have been recorded since summer 2019 following 

the installation of three weirs across Altar Creek. Technical, geological data, and core 

logging descriptions from boreholes were provided by the mining company. 

Geological and geophysical survey data gave insight into the subsurface and depth of 
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overburden and bedrock. Together these data have been used as input parameters into 

a three-dimensional finite-difference groundwater flow model, ModelMuse (Winston, 

2009), a Graphical User Interface (GUI) for MODFLOW (Harbaugh et al., 2000) to 

simulate groundwater flow. This GUI was selected due to its applicability to different 

scenarios, ease of input file creation, relatively friendly interface, and free access on 

the USGS website.  
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Figure 3.1: Instrumentation for the Altar project. Automatic weather stations (2), 

piezometers (8), and weirs (3). Study watershed is outlined in red. 

 Data collection 

Elevation information was obtained from a digital elevation model (DEM) 

made available through the U.S.G.S. This DEM was used to account for the terrain 
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relief with 30 m spatial resolution and was masked with the boundary of the study 

area. 

 Ice and water sampling 

Ice and water samples were analyzed for tritium, sulfur hexafluoride, sulfate, 

chloride, and stable isotopes of H and O. Tritium was released to the atmosphere by 

above-ground nuclear bomb tests during the decade of the 1950’s and early 1960’s and 

its concentration may be used to constrain the subsurface residence time of 

groundwater. Sulfur hexafluoride (SF6) is a stable gas detectable in groundwater, 

which can be used to constrain the time of recharge of a given groundwater from about 

1970 to the present (Phillips et al., 2020; USGS, 2020). Concentrations of SF6 in 

natural water can be influenced by rock type, geologic history and age, aquifer 

characteristics, and elevation of recharge area. 

 Weather parameters 

Two automatic weather stations provide weather parameter measurements for 

the study site since 2011 (Figure 3.1). Data are collected either daily, hourly or by the 

minute from both sites. Sensors measure precipitation, air temperature, relative 

humidity, wind speed, wind direction, barometric pressure, solar radiation, and snow 

depth (only measured in the lower station). The sensors are installed on a 5 m high 

aluminum mast and secured with wires. The data are recorded by the stations and is 

downloaded every summer when the mining work resumes. The locations of the 

weather stations are shown in Figure 3.1 and summarized in Table 3.1. 
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 Station 1 Station 2 

Location La Pantanosa valley 

(next to mining camp) 

Altar upper watershed 

Elevation of station 

(m.a.s.l.) 

3088 3990 

Latitude and longitude -31°32’22.01’’ S 

-70°28’0.87’’ W 

-31°28’30.88’’ S 

-70°29’11.49’’ W 

Table 3.1:Location of weather stations 

Rainfall was measured using a tipping bucket rain gauge at both 

meteorological stations. Temperature and humidity were measured through a sensor 

designed to support extreme weather conditions. Another crucial parameter in the area 

is snow depth, which was only measured at the lower station. This spot is equipped 

with a Judd sensor that accounts for the time required for an ultrasonic pulse to travel 

to and from the surface of the snowpack. The instrument has a typical accuracy of ± 

0.01m. To remove noise from the snow depth data sets in locations where no snowfall 

occurs, we used moving average filters of 4 days. This method allows smoothing of 

results where snow events do not occur. Increases in snow depth greater than 3 – 4 cm 

that lead to growth in the snowpack thickness during the winter season are not 

modified and thus plotted on an hourly basis. Snowmelt is the main source for 

groundwater recharge. 
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Figure 3.2: Station 2, Upper watershed. (Extracted from Ingeniería y Proyectos Ltda, 

2019. Weather stations maintenance.) 

 

 Weirs 

Runoff was measured on the study site with a 60° v-notch weir located at the 

mouth of the watershed and few meters downhill from the piezometer P5 (Figure 3.1). 

The stream gage was built in summer 2019 but has been eroded and partially 

destroyed due to the water acidity in the area. The weir is 0.12 m wide, 0.90 m long, 

and 0.50 m high. Two more weirs were installed along Altar Creek with a rectangular 

design that performs better for creeks with greater discharge. These two weirs have 

survived in better condition. 
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Weirs are widely used to measure discharge in flumes and open channels. They 

are reliable flow measuring instruments. A triangular v-notch weir was built at the 

outlet of Altar watershed, a few meters below water well P5 to monitor streamflow 

(Figure 3.3). The mining company built three weirs (one v-notch and two rectangular 

weirs) along Altar creek during summer 2019. The weir of interest has a triangular v-

notch shape, this design was chosen since it provides greater accuracy at low flows 

and for small streams (Shen, 1981). It is 0.70 m x 0.50 x 0.12 m and has a v-notch 

angle of 60°. The materials used to build all three weirs were bricks and cement. The 

streambed, inner walls, and the weir sections were covered with cement in order to 

minimize water leakage. All three weirs were equipped with a data logger sensor that 

took pressure measurements every 15 min. 

The recorded water levels were referenced to the bottom of the v-notch. The 

sensor was located in a perforated PVC pipe and deployed on the v-notch wall. 

The flow equation for triangular v-notch weir is as follows (Henderson, 1966): 

Q = 
8

15
 × Cd × √2𝑔 × tan(

𝜃

2
) × ℎ5∕2 

where Q is the volume rate of flow or discharge (m3/s); Cd is the 

nondimensional discharge coefficient; g is the acceleration due to gravity (9.81 m/s2); 

𝜃 is the notch angle (degrees); and h is the head over the weir (m). This equation was 

used to compute discharge flows on the weir. 
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Figure 3.3: V-notch weir at the outlet of Altar watershed. After construction (left side) 

and after a year (right side). (W1, Figure 3.1). Notable erosion after a year is observed 

on the v-notch. 

 Piezometers and groundwater heads 

Groundwater elevation data in the Andes is scarce, as the location is remote 

and installation costs of water wells are large. In order to mitigate these problems, the 

mining company has installed piezometers equipped with water level loggers. Water 

level loggers or pressure transducers can record quality data constantly without human 

intervention providing a deep and crucial insight into the behavior of the water 

resource in this region of the Andes. Seven piezometers with pressure transducers 

(Onset Hobo Data Loggers) were installed across the watershed from the Altar valley 

to the La Pantanosa River. Such devices are held by a steel cable at different depths 

and are constantly measuring groundwater levels and water temperature every 30 

minutes. Piezometers are made of metal pipe partly screened at the bottom. 

Atmospheric pressure was measured by a barometric sensor located on the surface 

next to P5 (Figure 3.1). Data from the unvented pressure sensors were subsequently 

corrected to determine the phreatic surface (‘water table’). Figure 3.1 shows their 

distribution and Table 3.2 displays their main characteristics. 
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PIEZOMETER LOCATIONS 

ID Latitude (S) Longitude (W) 

Ground 

elevation 

(m.a.s.l.) 

Well 

depth (m) 

P1* -31°28’36.48’’ 70°28’21.80’’ 3705 19.50 

P2*(*) -31°29’4.60’’ -70°28’40.92’’ 3578 80 

P3*(*) -31°29’11.7’’ -70°28’54.24’’ 3508 39 

P4*(*) -31°29’11.29’’ -70°28’57.92’’ 3537 53 

P5* -31°29’22.88’’ 70°28’57.88’’ 3489 15 

P6  -31°32’5.71’’ -70°27’50.18’’ 3105 138 

P7 -31°32’36.72’’ -70°29’3.96’’ 3103 224 

P8 -31°32’46.98’’ -70°26’9.08’’ 3054 80 

P1’ (NEAR P1) * -31°28’36.48’’ -70°28’22.07’’ 3695 21 

Table 3.2:Main characteristics of piezometers in the study area. *Piezometers within 

Altar watershed. (*) Water wells have been dry most of the time. 

 Recharge rate estimates 

Although both weather stations are almost equally equipped, solely the lower 

station next to the mining camp records snow height values. In addition to not having 

an infrared snow sensor, the upper station is positioned on a northern hillside, a 

leeward location and in an opposite direction of Altar watershed. These conditions 

may not be representative of the entire watershed. Thus, we considered rainfall and 

snow height values from the lower weather station due to two reasons. First, the lower 

location brings slightly higher temperatures and an area less prone to strong winds 

located in a wide valley that help the pluviometer to capture better intensity and 
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duration of all rainfall events, as observed in Figure 4.3B. Second, the unique presence 

of the snow sensor on the lower weather station is critical to estimating recharge.   

Snow height measured hourly at the lower station next to camp was averaged 

into daily values and analyzed for each winter season. The sum of daily negative 

changes for each seasonal snow curve was considered as the hypothetical snowmelt 

for each season. This method of estimation assumes that sublimation and evaporation 

as well as changes in snow density are negligible (any loss of snow height from day to 

day is due to melt).  

The short weather data history and the lack of direct snowmelt measurements 

led us to compare the data set with two other datasets, CORDEX and Pelambres. 

CORDEX is a regional reanalysis of climate data from the Coordinated Regional 

Downscaling Experiment (CORDEX) for the South American domain carried out by 

Brian Hanson and Michael O’Neal, professors at the University of Delaware 

(unpublished work). These data were not used directly in the recharge estimate due to 

the lack of a complete time overlap between CORDEX data and measurements (1980-

2010 for CORDEX compared to 2012 onward for measurements) (Figure 3.4) and the 

low spatial resolution of the CORDEX data (approx. 165 km latitude and 145 km 

longitude). However, the CORDEX dataset provides a full set of valuable climate 

parameters, which are generally unknown at these latitudes and extremely hard to 

obtain in alpine and remote locations. It is also a benchmark against which we can 

compare our direct measurements to identify any major inaccuracies. 

The second dataset includes direct measurements collected at Pelambres, a 

mining site located on the Chilean side 20 kilometers to the southwest of the Altar site. 
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The dataset is from 1992 onward and provides rainfall and snowmelt (Figure 3.4 and 

A.1).  

Since Altar snow height measurements needed to be converted into snowmelt, 

we used the Pelambres snowmelt record to get an average snowmelt value. The first 

step involved averaging the ten annual snowmelt values from Pelambres (1994-2014). 

The timespan only grouped the ten years prior to when the Altar measurement started 

(i.e. before 2014). Once the Pelambres average snowmelt was obtained, we divided it 

by the Altar average snow depth differences to obtain an estimated snow density. The 

snow density estimated was then used with Altar snow height differences to obtain 

snowmelt at Altar for the period 2013-2019, since both data overlap. We assumed that 

the computed snow density (250 kg/m3) remained fixed every season when computing 

Altar snowmelt. Despite the fact this is not the reality, our estimated snowmelt rates 

showed a good agreement with the Pelambres data. The mentioned snow density value 

is reasonable when considering that it fits within the category of settled snow 

according to Paterson (1994). The decision on using the Pelambres data set was based 

on two characteristics. First, the Pelambres rainfall data compares quite well with the 

Altar site, indicating that the weather is similar at the two sites. Second, the proximity 

of Pelambres to Altar (< 20 km) was thought to be more accurate and point-based than 

the comparison with the CORDEX data. 



 

 

 

2
9
 

Figure 3.4: Comparison of three different data sets (CORDEX, Pelambres, and Altar) and two parameters (rainfall and 

calculated snowmelt) according to hydrologic year. Left y-axis snowmelt. Right axis, rainfall. Note that snow density values 

calculated from the Pelambres dataset were used to calculate snowmelt using the Altar snow height values. 
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 Surface and subsurface domain 

Topography was obtained through a DEM (Earth Explorer, 2000), and then 

imported into Model Muse. To avoid large changes in pixel elevations, the DEM was 

smoothed with the kriging tool in ArcGIS. This spatial interpolation method has 

shown to work well with raster and terrains with steep elevations. The digital elevation 

model was used then to configure the other layers according to borehole data and 

geophysical surveys (Figure 3.5). 

In order to get insight into the subsurface layout, Rock Quality Designation 

(RQD) estimates within borehole data were provided by the mining company and 

analyzed. This parameter is a measure of the rock quality from the core taken from the 

borehole. It accounts for the number of fractures or joints in percentage, where values 

lower than 50% represent a fractured and weathered rock (i.e. higher K) whereas 

values towards 100% indicate good quality hard rocks (i.e. low K) (Appendix, Figure 

A.2-A.4). 

A total record of 159 boreholes covered the elevations from 3500 m.a.s.l up to 

4100 m.a.s.l. within the Altar watershed. The large size of Altar borehole dataset 

demanded processing and partitioning the dataset into a series of elevation bands. 

First, boreholes were classified into 100 m vertical elevation bands according to 

surface elevation. Secondly, the RQD percentage which was obtained every three 

meters through borehole analysis was averaged in 20 m vertical intervals for each 

borehole. Results from this process are shown in Appendix in Figures A.2-A.4. A total 

of six vertical bands were obtained which contained RQD percentages from boreholes 

within the corresponding band. Later, results from each elevation band were merged 

into a cross section profile in order to assess trends. Decisions about subsurface 
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hydraulic conductivities were based on RQD approximation values vertically within 

bands and laterally (horizontally) to assess layer extension (Figure 5.5).   

We estimated that K varied inversely with RQD. Three main layers were 

identified as: alluvial fill, fractured bedrock, and basement or bedrock. 

Geologic layer 1 represents the alluvium and top of the model that is aligned 

with the DEM which displays the topography of the watershed. This layer extends 

from land surface to a depth of 60 m representing gravel and rocky soil. Layer 2 

represents the fractured bedrock formation and it covers the area below the alluvium 

(~60m) with variable depth between 180 and 340 m deep. Within this layer, the 

borehole data showed two small layers with lower RQD values than the surroundings. 

They extended solely below 3800 m.a.s.l and 3700 m.a.s.l. As a result, these two small 

layers were setup with higher K values than the basement. The deepest layer 

corresponds to basement rocks which extend between 300 and 400 m deep. We cut off 

the model at this depth because little groundwater flow is assumed to occur in deeper 

bedrock. Although on site there are bedrock outcrops on the hillsides, these have not 

been specified in the model and alluvium is assumed to exist all across the model top. 
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Figure 3.5: Digital elevation model of Altar watershed. 

 Conceptual model 

A conceptual model is a simplified representation of the groundwater system 

which shows processes influencing the area, water inputs and outputs, boundaries and 

stratigraphic units. An approach of the conceptual model for Altar watershed is 

displayed in Figures 3.6 and 3.7. The subsurface and groundwater system is defined 

by three layers. The first layer represents the alluvium in an unconfined aquifer with a 

variable thickness across the watershed up to 60 m. Underneath the alluvium is a 

second layer of fractured rock that is defined and conceptualized as an unconfined 

aquifer. Layer 3 is part of the basement and a transition to bedrock encompassing the 

entire system.  
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The boundaries in all directions of the conceptual model are considered to be 

no-flow boundaries. Recharge of the aquifer occurs through precipitation either as 

snowmelt or rain. Discharge is assumed to occur solely through a small creek that 

drains the watershed on the southern boundary.  Although interbasin groundwater flow 

is not analyzed in the present simulations, our results would suggest that this likely 

does occur. Connected underflow beneath mountainous ridges could be an important 

component of the groundwater budget.  
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Figure 3.6: Conceptual model of Altar – Top view.  

 

 

 
Figure 3.7: Conceptual model. Cross section of Altar watershed. 
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 Numerical model description 

Movement of water through an aquifer can be computed by analytical or 

numerical approaches. However, the analytical solution is difficult to execute due to 

the complexity of hydrologic boundaries, heterogeneity, and anisotropy of aquifer 

materials that limits its application to simple systems (Kernodle et al, 1995). 

Numerical models, however, are the best approaches to solve the groundwater flow 

equation through modeling software that allow steady-state and transient groundwater 

flow in three dimensions within heterogeneous media with complex boundaries 

(Knoti, 2018). Although, simplifications and assumptions are made when modeling, it 

is by far the best tool to understand aquifer systems and groundwater and surface 

water interaction in hydrogeologic systems with the potential to assess future scenarios 

and predictions under changeable conditions (Bredehoeft 2005; Vandenbohede et al. 

2011). 

 Numerical solution / Hydrologic model 

Groundwater flow in the area is simulated using the three-dimensional 

groundwater saturated flow equation of MODFLOW (McDonald and Harbaugh, 

1998). Hydraulic heads in the equation are expressed through the Darcy’s law: 

𝑞𝑥 = −𝐾𝑥 ⋅
𝛿ℎ
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where 𝐾𝑥 , 𝐾𝑦, 𝑎𝑛𝑑 𝐾𝑧 are hydraulic conductivities along the x, y, and z 

direction (LT-1); ℎ is the hydraulic head (L); and 𝑞𝑥, 𝑞𝑦, 𝑎𝑛𝑑 𝑞𝑧 represent the 

volumetric flow rate per unit area (L). The groundwater flow equation of MODFLOW 

(2) is:   
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Where 𝐾𝑥𝑥, 𝐾𝑦𝑦, and 𝐾𝑧𝑧 are values of hydraulic conductivity along the x, y, 

and z coordinates (LT-1); ℎ is the potentiometric head (L); W is a volumetric flux per 

unit volume and represents sources and/or sinks of water (T-1); 𝑆𝑠 is the specific 

storage of the porous material (L-1); t is time (T); 𝛿ℎ 𝛿𝑥⁄ , 𝛿ℎ 𝛿𝑦⁄ , 𝛿ℎ ∕ 𝛿𝑧 are the 

respective spatial hydraulic gradients; and 𝛿ℎ ∕ 𝛿𝑡 is the temporal derivative of the 

hydraulic head. Simulations with steady-state conditions do not consider the specific 

storage term of equation (2) as inflows and outflows are constant through time. 

Solution of these equations in Modflow is carried out through the division of the 

model domain into a rectilinear cell grid setting according to layers, rows and columns 

that extend through each layer. Hydraulic heads are computed at the center of each 

model cell and aquifer properties are considered uniform within each individual cell 

(Kernodle et al, 1995). 

 Hydrological model setup / Model framework 

ModelMuse (Winston, 2009) was used to prepare model inputs for 

MODFLOW to simulate groundwater flow and investigate drain-aquifer relationship. 

Our model uses MODFLOW-2005 and implements two other packages, Drain (DRN) 

and Recharge (RCH).  

First, grid discretization was modified several times. The DEM pixel elevation 

changes were large relative to the watershed size, therefore in order to diminish these 

jumps, a small grid size of 10 x 10 m was set. The model domain has a regular mesh 

and a block-centered finite-difference grid, and it covers an area of about 7 km2 with a 

horizontal uniform cell size of 10 m in both the x and y directions, which covers a 

total of 302 columns and 229 rows. There is a total of 1030300 active cells in the 

model domain. 



 

37 

 

Vertically, the model domain was divided into three main geologic layers 

which were subsequently discretized to a total of 25 grid layers that allowed a good 

level of detail and analysis. The first two main layers were set up as unconfined layers 

and the basement or bedrock as a confined unit. Geologic layer thickness and 

hydraulic conductivities were estimated from exploration drill-hole data across the 

watershed (see section 3.4).  

Groundwater recharge into the saturated zone occurs through infiltration either 

of rain or snowmelt, outflow from the zone is drained from the ephemeral creek at the 

mouth of the watershed. No-flow boundaries were assumed around the perimeter of 

the watershed. This condition is assumed along the mountain ridges which would 

coincide with the surface watershed divide. This assumes that no cross-basin 

groundwater flow occurs. Even though this may not be a robust assumption, 

particularly on the downstream end of the watershed, it opens a potential area for 

future investigation. Recharge and the outflow exiting the basin will be considered as 

the water source and sink, respectively, for the area. Recharge has been estimated 

from meteorological data (see section 3.3) and is distributed evenly across the model 

as a specified flux into the top active cell. The MODFLOW Recharge package was 

used to simulate this input.  

The small ephemeral creek that covers a small portion at the outlet of the basin 

was simulated through the MODFLOW Drain package. The drain is designed to 

remove surplus water at the ground surface and it is assumed that creek water source is 

entirely groundwater baseflow. 
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 Model recharge 

Precipitation for the steady-state simulation was considered as an average of 

ten years of estimates from Pelambres Mining data (1993-2013). This value, (9.81E-

09 m/s) includes both rainfall and snowmelt (Figure AA). Recharge in the transient 

simulations was incorporated monthly according to field data. Monthly rainfall and 

snowmelt from 2013 to 2019 was added to create a total of 84 monthly values (i.e. 

stress periods). Figure 3.8 depicts the total recharge rates considered. 

 Model parameters and calibration 

As a first step, a steady-state model was created for Altar valley to set the 

initial conditions and hydraulic heads for the transient simulations. The percent 

discrepancy values for the MODFLOW steady-state simulation results were not higher 

than 0.05, aligning with Anderson (1993) who states: ‘’an effective numerical 

simulation is tested when the percent discrepancy result comes to 0 or is less than 1 

percent’’. 

The steady-state simulation for the base scenario (Table 3.3) was developed by 

tuning model inputs and gridding to obtain a robust solution with minimal numerical 

errors. Then, the calculated hydraulic head values from the steady-state simulation 

were used as initial conditions for the transient model, which simulated transient flow 

conditions for the period 2013-2019.  

Drain conductance parameters were aligned with the hydraulic conductivity of 

the upper layer. The small creek in Altar is very small, therefore the drain elevation 

was set at 0.30 m below the DEM, a width of 1 meter and hydraulic conductivity of 

0.1 m/sec with a total length of 246 m.  
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Model calibration was intended to be carried out with field data, but 

unfortunately the temporal and spatial distributions of head and streamflow data were 

insufficient to achieve a robust calibration. Therefore, a sensitivity analysis was 

undertaken to understand and gain insights into the groundwater system in the area.  



 

 

 

4
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Figure 3.8: Recharge rates for the transient simulation. Each month represents a stress period of a total of 84. 
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Hydraulic parameters were unknown in the area. Therefore, studies in similar 

high-elevated mountains were considered and reference values were extracted from 

Clow et al. (2003), where they estimated hydraulic conductivities for an alpine 

catchment where alluvium, talus slopes, and bedrock outcrops dominate the landscape.  

Then, K was adjusted to obtain a base case scenario that best approximated head 

measurements observed in the field. Te hydraulic conductivity distribution for the base 

case scenario is shown in Figure 3.9. 

Horizontal hydraulic conductivity (Kx) was changed through multiple 

simulations. Vertical hydraulic conductivity (Ky) was set equal to Kx and Kz at one 

tenth Kx (Kz=Kx/10).  

Different flow packages and solvers were tested to reach convergence. Best 

results were achieved using the ‘Layer Property Flow package’(LPF) and the solver 

‘Preconditioned Conjugate Gradient package’(PCG). 

As a measure to corroborate model results, head outputs were analyzed. A 

series of 4 head observation wells (HO) were positioned within the model domain 

(Figure 3.10). However, only one well (P5, Figure 3.1) at the outlet of the basin 

allowed comparison with field measurements. This well is the only one that has a 

consistent record from 2016-2020, whereas P1 (Figure 3.1) has an intermittent record 

(Figure 4.6 A-B), and is also near a rock glacier, which is not simulated. 

The model was initiated from January 2013 and run with monthly stress 

periods until December 2019. A total time lapse of 7 years was simulated, with 84 

monthly stress periods. Time steps within periods were adjusted to minimize 

convergence errors. Such errors were predominantly occurring due to lack of or low 

recharge inputs. 
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Parameter Alluvium and fractured bedrock Bedrock 

layer 

Layer type Convertible Confined 

Specific storage 1E-5* 1E-5* 

Specific yield 0.2*  

Layer thickness Alluvium: 0 to 60-80 m 

Fractured bedrock: 240 to 360 m 

270 to 360 

m 

Drain 

conductance 

((K_drain*Drain_width)/Drain_sed_thickness)= 

0.1 

 

Table 3.3:Parameters used for the base case scenario. (*) Values according to Fetter, 

C.  W. (1994).   

 
Figure 3.9: Hydraulic conductivity distribution for the base case scenario. Three main 

layers and two different zones (converted to one) with a higher zone than 

surroundings. These zones have always a K similar to the surface according to the 

scenarios. 
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 Sensitivity analysis 

In order to answer the research questions and explore watershed sensitivity 

response to model parameters, four different scenarios were considered: the base case, 

two different K values (Table 3.4), and a reduction in recharge. The scenarios chosen 

consider as a reference the base case, they were: 1) 10x higher hydraulic conductivity, 

2) 10x lower hydraulic conductivity, and 3) a decrease of 15% in precipitation 

considering sublimation, evaporation, and climate change. This latter scenario 

assumed that 10% of the snowfall sublimates and all rainfall during the summer 

evaporates. Several studies in the Andes state that sublimation is directly related to 

elevation, strong winds, and radiation (Ayala, et al., 2017; Corripio, 2003; Réveillet et 

al., 2019). At low altitudes snowmelt prevails over sublimation, but as the gradient 

increases, sublimation overcomes snowmelt and is significant above an elevation of 

5000 m.a.s.l (Figure A.9). Therefore, recharge rates in the model did not consider any 

rainfall during the summer and the sublimation percentage was subtracted every 

winter season from the total snowmelt. The other 5% reduction in recharge 

corresponds to climate change forecasts. Results from a downscaling model show an 

average negative trend in precipitation of -4.7% decade-1 (Souvignet et al., 2010) (See 

section 1.3). Although our weather dataset covers seven years, we considered a 

reduction of 5% in precipitation. 

Simulation outputs were compared and assessed to understand responses of the 

system to changes in the model parameters. Monthly drain budgets and daily 

observation heads during transient simulations were assessed. Model results were also 

analyzed with MODPATH. MODPATH (Pollock, 2016) is a particle tracking post-

processing model that uses MODFLOW outputs. This program computes flow paths 
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and transit times for water particles moving through the groundwater system. This was 

applied to reverse particle tracking for Altar Creek and Piezometer 1 (Figure 3.1).  

 

 
Figure 3.10: Location of the model observation wells (red squares). 
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Table 3.4: Plot of vertical K values versus layers. Each row represents a model layer 

(25 total). 

   

  

Geologic layers 3.00E-06 3.00E-05 3.00E-04 3.00E-03 3.00E-02

Alluvium 
(unconfined 

layer)

Bedrock 
(confined layer)

Fractured 

bedrock 
(unconfined 

layer)

Base case scenario

High K scenario

Low K scenario
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Chapter 4 

RESULTS 

 Ice and water sampling. 

Tritium activity in the ice samples ranged from undetectable (<0.09 TU) to 

0.17 TU, indicating little or no contribution of post-bomb precipitation (post-1963) (N. 

Sturchio, personal communication). Figure 4.1 shows the tritium activity with a peak 

in 1963 at about 50 TU, which would mean that precipitation from that time would 

have a tritium activity of about 2 TU today. Pre-bomb precipitation had roughly a 

tritium activity of 5 TU; therefore, precipitation from 1950 would now have a tritium 

activity of 0.2 TU or less. According to these scenarios and results, the ice samples 

taken at QDM may have formed from precipitation older than about 65 years. In the 

case of groundwater samples from P5 and Rio Tinto 1 wells (Figure 3.1), tritium 

contents were <0.2 TU, indicating mean subsurface residence times greater than 65 

years (<1950). 

Sulfur hexafluoride (SF6) results suggest a mean residence of time of about 20-

30 years in P5 well (Figure 3.1), which is consistent with a considerable storage time 

for water in the ground while Rio Tinto 1 well, groundwater has a mean residence 

time of 0-10 years. However, from tritium analyses, both P5 and Rio Tinto 1 waters 

showed tritium < 0.2 TU, implying a recharge time older than 65 years (Sturchio, 

2018). This mismatch in results likely indicates contamination of water samples with 

excess air during sampling making the samples seem younger for SF6.  Unfortunately, 

the depth of the Rio Tinto well is unknown, whereas P5 has a total depth of 15 m 

located within the alluvium layer at that point. 
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Results from stable isotopes of groundwater and surface water could not 

distinguish between snow and rock glacier ice water sources. This is because the 

isotopic fractionation of oxygen-18 between ice and water at 0°C is about +3 per mil, 

which is about the same as the mean difference between ice and water samples from 

the study area. 

 

 
Figure 4.1: Tritium activity (TU) vs. time for water recharged in 1967 during period of 

peak tritium activity (red) and for water recharged in 1950 with pre-bomb natural 

tritium activity.  Ice samples, as well as groundwater from the P5 and Rio Tinto-1 

monitoring wells, have tritium activities consistent with pre-bomb precipitation. 
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 Weather station measurements 

Slightly lower temperatures and less rainfall were observed on the upper 

station, the latter likely due to the leeward position of the weather station and colder 

temperatures. 

Rainfall is scarce in the area and mostly occurs during the austral summer 

season (November-March) whereas during the rest of the year precipitation is in the 

form of snow (Figure 4.3). Average annual precipitation is 30 mm and sometimes 

barely reaches 5 mm. The high station altitude (3990 m.a.s.l.) coupled with its leeward 

position may reduce ability of the pluviometer to accurately catch rainfall events, 

especially with high winds. This is further complicated when measuring meltwater 

from snowfall events. On the other hand, the lower station shows regular behavior 

between rainfall and snowfall. While rainfall occurs mainly in the summer during 

November through March, snowfall events occur during the winter months of July 

through October. Rainfall events observed at the lower station during the snow season 

may be due to its lower elevation and slightly higher temperature or to the partial 

melting of the snow from the pluviometer; these events were not considered into the 

recharge estimates. 

Snow measurements are recorded solely at the lower station near the mining 

camp (Figure 4.3B). Snow storms can occur from May till October and snow 

accumulation can last as long as October or be completely melted by July (i.e. season 

2019). Within the timespan covered by the sensor there were three major seasons with 

important snow accumulations (2015-2016-2017), in which snow height reached 1 m 

on the site, but since then records show a decrease in precipitation shortening the snow 

season either in time or snow accumulation.  
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Temperature (Figure 4.2) shows slightly higher values on the lower station 

compared to the upper site. Unlike the 2016 summer season, in which the upper 

station showed cooler than average temperatures, no temperature trends were 

observed. The measured range in temperature varies from -15°C to 15°C. 

 

 
Figure 4.2: Weather station temperature data from January 2013 to January 2020 (gaps 

in the data exist). 
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Figure 4.3. Weather station data from January 2013 to January 2020. A: Precipitation data from upper station. B: Precipitation 

(blue bars) and snowfall height (grey shadow) from lower station. 
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 Weir data 

After a year of recording (from April 2019 to March 2020) the data were 

collected and analyzed during summer 2020. Unfortunately, the low precipitation that 

prevailed in the region for several seasons resulted in low or non-existent flow, 

therefore only a few measurements were recorded (Figure 4.4). Most measurements 

are concentrated during two months in fall (April and May 2019) where flows are 

commonly low. There are few measurements during the melting season (September 

2019) where the record shows up to seven centimeters of water over the v-notch. 

During the summer the weir remains dry and no measurements are recorded even prior 

to the same period in 2019. The accuracy of this weir could be questioned, especially 

during the last months since by March 2020 it had shown significant signs of erosion 

and cracks on its structure. Thus, discharge measurements have been affected. The 

water acidity, which was not considered when choosing the material, deeply eroded 

not only this weir, but also others located downstream (Figure 3.3). A relationship 

between stage and discharge was computed at the weir (Figure 4.5).  Most of the 

discharge over the weir was less than three centimeters and occurred during early fall. 
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Figure 4.4: Water depth over a v-notch weir at the outlet of Altar watershed from 

April 2019 to March 2020. 

 

 
Figure 4.5: Creek water stage versus discharge for the weir at Altar watershed. 

 Water wells 

At the highest point on East Altar and directly below the only rock glacier on 

the valley, the water table elevation exhibits seasonal trends with four characteristic 

peaks that occur during the spring snowmelts (P1, Figure 4.6A). At that time, due to 

warmer weather, the snowpack that grew over the winter starts to melt, recharging the 



 

 53 

groundwater. Melt from the rock glacier may also contribute to groundwater recharge 

in this area. After November-December, groundwater levels declined throughout the 

summer, when few rain events occurred and snow and glacier meltwater decreased. 

This behavior ends with the next spring season (September-October-November) when 

the cycle resumes again. Because this site is particularly high in elevation, the 

temperatures become cool after March (fall) and the site receives less solar radiation 

(Figure A.7A). A significant head drop occurs during spring 2019, which likely is due 

to the poor previous snow season. Gaps in data are the result of groundwater levels 

dropping below the logger elevation. However, in March 2018, the logger was 

relocated deeper, close to the bottom of the well. Despite this deeper location, the 

water table appears to keep dropping beyond the pressure transducer depth. Due to the 

high elevation of the water table at this location, we suspect that the heads are 

maintained within a perched aquifer which likely appears and disappears annually. 

Temperatures are plotted in yellow in Figure A.7A and show a range between 1.5 to 

~0.25°C from winter (June through August) to summer season (November till 

February). These changes in temperature were expected to be the opposite, with water 

temperatures associated with warmer air temperatures and high solar radiation during 

the summer. These observations can be explained by the pressure transducer being 

exposed to air during the winter and then measuring the thawed recharge water during 

the spring. 
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Figure 4.6: A: Water table vs precipitation for piezometer P1. Elevation 3705 m.a.s.l. B: Water table vs precipitation for 

piezometer P5 Elevation 3480.4 m.a.s.l. Time-lapse 2016-2020. Red triangles indicate data logger removal and the start of a 

new data long-term deployment. Gaps in data indicate lacks of measurements. Snow height data from lower weather station. 
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Downstream and next to the headwaters of Altar Creek another sensor 

recorded heads in the subsurface (P5, Figure 4.6B). The water table (blue line) showed 

a strange pattern at during the first two seasons. During 2016-2017 the groundwater 

table first increased and probably groundwater overflowed the casing (time of constant 

head during the months around January 2017, and then suddenly decreased. The steep, 

but not instantaneous, decline in the water table is not completely understood. Data 

were processed and checked for errors or whether personnel removed the logger, but 

nothing has been found to explain this jump. Although the logger is located 15 meters 

deep, it is possible that there was freezing in the borehole, and that the head drop was 

due to melting but this can be arguable as well. Subsequently, seasonal changes were 

smaller and artesian conditions were not observed in the head record. Groundwater 

temperature (Figure A.6) depicts a regular cycle with increases from ~4.5 to 5.5°C 

from spring to summer in accordance with snowmelt season. The record over time 

shows a slight increase in the minimum water temperature over time.  

Another pressure transducer (P6, Figure 4.7A) is located on the alluvial fan at 

the mouth of Altar creek. The record extends from 2016 to 2018 and then from April 

2019 to 2020. More than a year of data between 2018 to 2019 was lost when the 

logger fell to the bottom of the well. Temperature shows spikes in all seasons (Figure 

A.7.B). Downward trends could be interpreted as snowmelt processes, which bring 

fresh cold water to the system, whereas upward trends may represent greater water 

circulation and thus a warmer temperature. Regarding water table elevation, two peaks 

stand out whose timing matched the beginning of the spring season, highlighting the 

influence of snowmelt processes on the water table. The two spikes observed become 
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smaller from year to year, which could imply less snow availability and thus less 

recharge into the system.  

The last two loggers are located next to the La Pantanosa River that is the main 

surface water discharge of the area. P7 (Figure 4.7B) is positioned upstream of the 

Altar Creek confluence and mining camp, whereas P8 (Figure 4.8) is downstream 

some kilometers below the camp and the Altar Creek confluence. The downstream 

logger did not show large changes either in temperature or water level elevation as it is 

an artesian well. However, the upstream well (P7, Figure 4.7B) displayed a continuous 

temperature decrease from February until September then a steady increase during 

summer months in accordance with seasonal patterns. The observed seasonal 

temperature increase was about 6°C. Minimum observed temperatures increased with 

time throughout the record, whereas maximum temperatures remained constant 

(Figure A.8). The water table showed a rising pattern and a wide bell shape (2016), 

which became smaller over time and where melting was delayed from April 2016 to 

August 2018. Such changes are interpreted as a combination of rainfall events and 

snowpack melting during 2016 (Figure 4.7B) and then a delay in snowfall and smaller 

snowpacks for the last two seasons (2017-2018). Thus, these changes brought 

diminishing recharge and less groundwater discharge to the hydrologic system that is 

reflected in the groundwater levels. 



 

 

5
7
 

 
Figure 4.7. A: Water table and precipitation for piezometer P6. Elevation 3105 m.a.s.l. B: Water table vs precipitation for 

piezometer P7. Elevation 3103 m.a.s.l. Red triangle indicates data logger removal and the start of a new data long-term 

deployment. 
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Figure 4.8: Water table vs time for piezometer P8. Time-lapse 2018-2019. Elevation 3054 

m.a.s.l. Red triangle indicates data logger removal and the start of a new data long-term 

deployment. 

 Snowpack distribution 

Snow height distribution throughout the season changes as it can be observed in 

Figure 4.9. Peaks in accumulation reached 1.05 m the during 2015 and 2017 winter 

seasons.  Most of the records show that first accumulations usually occur in May, with 

some delayed as late as July. First accumulations are usually within 0.20 cm although 

records show up to 1 meter for the first snowfall. Peaks within the records represent snow 

storm events, which contribute to the snowpack vertical growth. The same plot displays 

average temperatures for the years covered. Temperatures are around 4°C at the beginning 

of the winter season and drop up to -6°C during June and July, considered the coldest 

months in the austral hemisphere. Overall snowpack does not show negative/melting 

trends under 0°C but as the season continues, temperatures over -2°C make the snowpack 

more prone to melt and sublimate. By the end of September and beginning of October all 

the snowpack has completely melted which is 
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accompanied with temperatures that rise back up to 4°C by November. Exceptions 

are observed and the 2019 winter season depicts the shortest extension and lowest snow 

height compared to previous seasons. 

Figure 4.9: Snow height distribution and average temperature from 2013 to 2019.  

 Altar rock glacier contribution 

In order to obtain estimates of the recharge contribution of the Altar rock glacier, 

we computed estimated minimum recharge rates beneath the rock glacier for the four 

recorded years. As it is observed in Figure 4.6A, clear head increases are observed for the 

four years, and we used the 2018 and 2019 data for analysis since the sensor was deeper 

in the well and therefore the record is more complete. We computed the annual head rise 

for each year and considered a conservative value of porosity of 0.2 (Morris and Johnson, 

1967). Head rises and rock glacier recharge rates per year are in Table 4.1. The head rise 

times porosity is a conservative value of added recharge beneath the glacier because 1- the 

actual head rise is greater than measured since the sensor is dry at the beginning of the 

http://www.aqtesolv.com/aquifer-tests/aquifer-testing-references.htm#Morris_Johnson_1967
http://www.aqtesolv.com/aquifer-tests/aquifer-testing-references.htm#Morris_Johnson_1967
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season, 2- the value of porosity is likely higher than 0.2, and 3- the calculation assumes 

that there is no lateral flow away from the point of recharge, which is unlikely.  

Computed rock glacier point and volumetric contributions were obtained. 

Considering the glacier area of 65,400 m2 computed by Shumlich (2018), we estimated 

the volumetric contribution of water from the rock glacier per year. In the same line, we 

computed annual recharge rates for the watershed area (4,121,200 m2) and analyzed the 

annual rock glacier point contribution and overall contribution to recharge. The 

conservative point estimates of rock glacier recharge of 1.7 and 1.1 m/yr for the two years 

are much greater than the 0.3 m/yr for the overall watershed recharge. Multiplying by the 

area of the watershed, we obtain the annual volumetric contribution of the rock glacier. 

Despite only having 1.6% of the watershed total area, the rock glacier contributes at least 

10% of the overall recharge. Although these results are rough estimates, they give a clear 

indication that recharge contributions from rock glaciers are locally important and non-

negligible, though the overall impact on watershed-scale recharge depends on its relative 

area in the watershed. 

 

Year 
Head 

rise dh 
(m) 

Time 
duration 

(days) 

Recharge 
rate 

beneath 
rock 

glacier 
(m/yr) 

Rock glacier 
point 

contribution 
(m/yr) 

Volumetric 
rock glacier 
contribution 

(m3/yr) 

Volumetric 
watershed 
recharge 
(m3/yr) 

Rock glacier 
contribution 
to the overall 
recharge (%) 

2018 9.8 48 2 1.7 1.1E+5 1.1E+6 9.9 

2019 6.8 7 1.4 1.1 6.8E+4 4.8E+5 14.3 

Table 4.1:Altar rock glacier contribution estimates from 2016 to 2019. 
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 Groundwater simulation results (Base case scenario) 

Steady-state simulation results showed heads of 3472.7 m.a.s.l. and 3478.3 m.a.s.l. 

as the lowest and highest heads respectively, of the model domain.  

Heads in the field for P1 vary widely from 3688.6 up to 3698.9 m.a.s.l. (Figure 

4.6A, see section 4.4). The location of this sensor, next to Altar rock glacier, shows a 

strong influence of the snowmelt season which usually extends from August to October. 

Once the snowpack melts, heads slowly start dropping during the summer until the next 

thawing season. Simulated heads with ModelMuse were lower by 204.5 m (Figure 

4.10A). This discrepancy is likely because the heads in P1 are recharge from the rock 

glacier, and likely within a perched aquifer. Since recharge is applied directly to the water 

table in MODFLOW, and since the recharge from the rock glacier is incorporated, we do 

not expect the simulated and measured heads to match in this location. The average 

simulated head is 3478.8 m.a.s.l. with a maximum head increase during spring 2015 when 

heads jump near 3 m within a four-month timespan. Simulated heads increase near 3, 2, 

2.4, and 1.3 m are observed for the seasons 2015, 2016, 2017, and 2018 respectively 

within 3 to 5 months. Whereas observed heads increases are larger and shorter in time. 

Increases of 3, 2.4, and 9.8 m are observed for 2016, 2017, and 2018 respectively within 1 

and 2 months. This lack of representation between observed and simulated heads could be 

due to the existence of a perched aquifer that allows heads to stay high during times of 

high recharge, and likely disconnected from the groundwater system. 

On the other hand, heads in the field for P5 are shallow and close to the surface 

and in some cases above it (artesian conditions were observed), average head is 3480.44 

m.a.s.l. (Figure 4.6B and A.4A). In this case, the observed and simulated heads were 

taken at the real screen depth (15 m). Simulated values are on average 3474.8 m.a.s.l. 

(Figure 4.10B). However, it is difficult to directly compare elevations because 

discrepancies can be caused by the changes in DEM elevation within single MODFLOW 
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cells. In order to more directly compare simulated results to observations, we consider the 

difference between the head at the well and the water level at the stream outlet. The 

difference between the simulated heads and DEM stream elevation are smaller (~1.7 m) 

than the difference observed in the field (~6.7 m). Furthermore, DEM maximum elevation 

difference over the area of well pixel is 2.9 m. Despite the existence of this gap, it is 

though that a small average difference of 5 m is reasonable between observed and 

simulated values since there are multiple sources of error, including steep gradients within 

MODFLOW pixels, errors in the DEM, errors in well and weir location, and errors in 

surveying the elevation of the well and weir. 

Drain outflows were obtained from the model output and then converted to water 

stage over the v-notch (see section 3.2.2). Discharge varies and are correlated to recharge 

rates (Figure 4.11). Results show a range of minimum and maximum stage range over the 

notch of 0.28 and 0.38 m respectively. These values are much higher than the observed 

water levels, which vary from 0 to 2 cm but unfortunately the weir only took 

measurements constantly for two months. (Figure 4.4). The measured water levels are 

consistent with visual observations at the site. The discrepancy between measured and 

simulated values indicates that either estimated recharge rates are more than an order of 

magnitude too high or that there is substantial inter-basin flow, which is assumed 

negligible in the model. Since it is unlikely that recharge estimates are off by so much, we 

find that inter-basin flow is highly likely in this region.  

Most of the peak recharge rates for each season correspond in time with a constant 

streamflow increase through the snowmelt season, reaching maximum values at the end of 

the season (Figure 4.11). Responses to recharge are well pronounced and occur quickly 

for the 2015-2016-2017 thawing seasons, within time spans of 3, 4, and 5 months, 

respectively. Although recharge does not increase constantly during the mentioned 

months, discharge increases steadily throughout the snowmelt season and peaks at the end 
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of the melt. During summer months, although small observed rainfall events occur, 

decreases in simulated streamflow curve are observed. In fact, decreased discharge tredns 

are always visible from August/October until rates increase again in the next thawing 

season (Figure 4.11). 

In addition to evaluating heads and stream discharge, we assess groundwater ages 

with Modpath. MODPATH particles are tracked backward from the location of the well 

screen to the water table recharge location. Analysis from the 175 particles started in well 

P5 shows that particles flow deep in the system through the intermediate fractured 

bedrock and they originate up high in the watershed (Figure 4.12). The water flows 

downward and laterally through the layers to then reach after several hundreds of years 

the well. Mean travel times are estimated in 143 yr with a std dev of 14.9 yr (Table 4.2). 

When comparing same parameters in the river, it is clear that overall particles in the river 

water are younger with a faster mean travel time of 47.7 yr. As it is shown in Figure 4.12, 

river particles do not get as deep in the system as the well particles do, groundwater 

surplus that reach the top of the cell gets easier and faster discharged by the drain. 
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Figure 4.10: Base case scenario results. A: Heads observed and simulated for P1. Note that discrepancy is likely due to perched 

aquifer conditions and recharge from the rock glacier, neither of which is included in the model. B: Head observed and simulated 

for P5. Note that head discrepancy is likely a result of inaccurate elevation measurements and DEM data. 
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Figure 4.11: A: Base case scenario results. Monthly stream discharge over the v-notch weir vs recharge rates and observed weir 

levels. B: Simulated daily heads for the transient period at Piezometer 5 at the outlet of Altar watershed. Monthly recharge rates 

are shown as bars. 
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Figure 4.12: Particle tracking to well P5 and the stream. A: Plan view for well particles. 

B: Side view for well particles. C: Plan view for stream particles. D: Side view for stream 

particles. 

 Model sensitivity 

Sensitivity analysis allows for a deeper knowledge of the system through 

parameter changes. Here we explore how subsurface flow behaves when changes in 

hydraulic conductivity and recharge are made. Results are observed through simulated 

water depths at four observation wells indicated in Figure 3.10, drain flow discharge, and 

flow path. 
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 Hydraulic heads 

The following results would compare changes related to the base case scenario. 

Heads for the steady state and transient simulations for the different scenarios will be 

mentioned and its trend analyzed.  

Figures 4.13 A and B show the simulated heads during the transient simulation for 

the three sensitivity scenarios and base case in two different locations: high in the 

watershed next to the rock glacier (P1) and at the outlet of the watershed (P5). 

Low K scenario: Results from steady state showed a large head gradient of 3473.1 

m.a.s.l. and 3515.7 m.a.s.l. as the lowest and highest heads, respectively. Low and high 

head records increase by 0.4 m and 37.4 m respectively, when comparing them to the base 

case, large amplitudes are observed for both P1 and P5 with a low K distribution during 

the transient period (Figure 4.13). This scenario displays maximum increases of 50 m and 

10 m for P1 and P5 respectively. Peaks in heads occur with a lag of 1 month after end of 

snowmelt season due to measurements are simulated daily whereas recharge is considered 

monthly. Peaks in heads depend from previous recharge distribution and are reached after 

3 to 6 months from the first melting to the end of melting period. Unlike P1, P5 heads are 

above DEM surface elevation (~6 m), indicating artesian conditions. This is consistent 

with observations. During summer 2017, artesian conditions existed for approximately 3 

months, including a visit when we were able to directly observe artesian conditions 

(although this record is dubious, Figure 4.6B). For the low-K scenario, heads are on 

average 40.3 m and 8.5 m higher for P1 and P5, respectively over the base case (Figure 

4.13). Results from figure 4.13 display the control that a low K has on heads, when water 

cannot move fast through a less permeable system, higher gradients are maintained and 

variability in response to recharge changes.  

Higher K scenario: Results from steady state showed a smaller range in heads than 

a low K, where 3272.6 m.a.s.l. and 3473.4 m.a.s.l. were the lowest and highest heads, 
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respectively. This latter value decreases by 4.9 m against the base case. Conversely, the 

high-K scenario results in the lowest heads within the different scenarios and a steadier 

behavior either in P1 and P5. Amplitudes are smaller than the previous case and they 

range from 2.2 m for P1 to 0.7 m in P5.  

Reduction in precipitation:  Heads for steady state range between 3472.7 m.a.s.l. 

and 3477.5 m.a.s.l. for the lowest and highest heads, respectively. A decrease in 

maximum heads of 0.8 m is observed against the base case.  

Simulated heads for P1 next to the rock glacier and P5 are an average 1.4 m and 

0.4 m lower than the base case, respectively. However, overall the general heads follow 

the same behavior than the base case since both share the same hydraulic conductivity 

distribution. 

 Stream discharge 

Drain outflows display a synchronous behavior with recharge. (Figures 4.14). All 

scenarios except the one with less recharge have the same precipitation input.  

High-K scenarios (Figure 4.14) demonstrate a larger variability between high and 

low peaks in stream discharge. Amplitude ranges from 0.17 m to 0.53 m. The large 

discrepancy in simulated streamflow discharge would indicate that there could be an 

important component of interbasin flow in the watershed.  

The rest of the scenarios (base case, low K, and less precipitation) streamflow 

variabilities are shorter and smaller in agreement with recharge rates. Streamflow with a 

low K shows most of its variability during high recharge rates as occurs from 2015 

through 2018. Outflow peaks are greatest at the end of the snow melting season. Whereas 

the lower recharge simulation shows a regular behavior according to the reduced recharge 

rate. A flatter curve for the base case displays a slower response to changes in recharge. 
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These discharge results, which are much higher than field observations, feed the 

idea that interbasin flow is an important component on the catchment. 
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Figure 4.13: Simulated heads for the transient period A: Piezometer 1, next to Altar rock glacier. B: Piezometer 5 at the outlet of 

Altar watershed. Recharge rates are shown as bars. 
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Figure 4.14: Stream discharge for the four scenarios. 
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 Age distribution on groundwater 

Age distributions were calculated for all scenarios using backward particle 

tracking from well P5 and the river cells in order to estimate travel times and 

distributions and to gain insight into the nature of the groundwater flow system. Mean 

and standard deviation of age for both analyses are shown in tables 6 and 7.  

A total number of 175 particles are tracked backward from the location of the 

P5 well screen (15 m) to the water table. Well travel times are the highest when 

comparing both scenarios, meaning that particles take a longer time to travel from the 

location of the water table towards the well. Within this case, the base case scenario 

has the smallest estimated age and std dev with 143 yr and 14.9 respectively. The low 

K has the highest estimates with an average travel time of 184.6 yr whereas a high K 

case is between the two previous cases. Travel times are overall large if we think that 

particles have to overcome subsurface media and Ks distribution, flowing deep and 

laterally in the system before moving upward toward the well.  

The river analysis has a total of 729 particles that have been tracked backward 

as well. Travel times are smaller than the well case which is feasible since surplus 

from groundwater will discharge on the drain and move out of the watershed with 

shorter travel times. In this case, a high K scenario provides the fastest travel estimates 

with a mean and std dev of 31 and 59.2 yr, respectively. Longer travel times come 

with a low K with a mean time of 83.3 yr whereas the base case is positioned in the 

middle of both cases. For all these three cases standard deviation values are large, 

representing that times vary amply within particles.  
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Base case Low K High K 

    

P5 Well 

particles 

Mean travel times (yr) 143 184 154 

Std Dev (yr) 2 25 17 

River 

particles 

Mean travel times (yr) 45 83 31 

Std Dev (yr) 71 159 59 

Table 4.2: Backward particle tracking from P5 well and river cells. Mean travel times 

and standard deviation are given in years. 

.
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Chapter 5 

CONCLUSIONS AND OUTCOMES 

 Conclusions 

The results above demonstrate the important link that exists in the Andes 

between snow accumulation and hydraulic heads. Groundwater discharge is affected 

by conditions such as temperature, elevation, angle of exposure, solar radiation, and 

season. Heads increase significantly with the spring season (after September) which is 

correlated with warmer temperatures and the first melting of the snowpack. The end of 

the melting season contributes with the largest discharge values in the study area. 

Similar patterns are also observable in other important rivers in the Province, where 

the biggest discharge events occur during the thawing spring. The decreases in 

hydraulic head take place around early-mid summer when all the snow has melted and 

the area gets back to its bare surface of gravel and loose rock. By then, the snowpack 

has melted and disappeared from the ground surface, at which time the glacier melting 

and groundwater continue to contribute to surface water discharge. The seasonal cycle 

restarts again once the first snowfalls happen around May-June and the system begins 

to accumulate snow for the next melting season. This pattern, although not observed in 

all wells, is considered to be the general pattern in the study area. On the other hand, 

stream discharges seem to be controlled primarily by groundwater availability. 

In most cases the temperature records showed a seasonal behavior which 

corresponds to the conditions in those months. Slightly higher temperatures occurred 

during the spring and summer months, with a temperature decrease after March as the 
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winter season advance.  A longer continuous data collection will help to further 

elucidate such behavior.  

In addition to analysis of available data, the goal of assessing groundwater 

behavior and sensitivity analyses with ModelMuse was reached. Simulations predicted 

groundwater levels across the Altar watershed, however the prediction accuracy needs 

further examination. For this aim, we used available climate and borehole data, and 

certain assumptions to create a base-case scenario that approximates the Altar 

watershed. We then assess the system through sensitivity analysis to investigate its 

response to 3 different scenarios.  

Hydraulic head observations at two piezometers were compared against 

simulations. Strong seasonality is only observed on the piezometer next to the rock 

glacier (P1) which shows a substantial response to melting which could indicate an 

important rock glacier input during the spring-half summer. The piezometer at the 

outlet of the watershed (P5) shows certain behaviors that are not completely 

understood adding some uncertainties, although since March 2018 holds a steadier 

trend. 

Overall, results from simulations have not shown accurate correspondence 

with field data. A primary issue is uncertainty in the quality of the elevation data, both 

the DEM and the elevation surveys of wells and weirs. Degradation of weir structure 

was also a major problem. Lack of watershed-specific weather data, snow density 

estimates, lack of distribution and quality of hydrologic data were some field 

limitations that have added uncertainties to model outputs.  

Simulated heads responses vary according to the K scenarios. Overall, 

simulations underestimate heads (except low K at P5) and overestimate discharges 



 

 76 

according to field records. Differences may be an indication that the model is not 

adequately simulating a system, but it can also be attributed to different factors such as 

the DEM representativeness of steep terrains, survey errors, or data quality. Thus, 

better surveys are required to be able to use field data for model calibration. 

Heads are quite variable in response to changes in recharge in a low-K scenario 

and they are marked by seasonality. On the other hand, the base case scenario, high-K, 

and less precipitation show smaller signals and steadier head responses compared to a 

low-K scenario. However, topography and K distribution play an important role.  

Simulated stream discharge is much greater than observed in the field. Model 

simulated streamflow rates are more than 15x larger than field measurements. High 

streamflow rates are simulated for the base-case scenario and during the sensitivity 

analysis. Low-K and base case simulations show smaller variability than high-K 

simulations, whereas the low-recharge case has a lower discharge rate (by the amount 

of recharge reduction). The small response to changes in recharge is understandable 

since recharge is only varied by 15% in the low-recharge scenario, whereas K is varied 

by a factor of 10, and K/R is a controlling parameter. The large discrepancy in 

simulated streamflow compared to measured rates leads to think the conclusion that 

interbasin flow is an important factor in the Altar watershed.  

Results from geochemical data show that the Altar area has local water 

recharge and tritium analyses of water from two monitoring wells showed < 0.2 TU. 

This indicates longer-term (>65 years) groundwater residence time. However, SF6 

analyses for these same two wells indicated shorter-term groundwater residence times 

(~10-25 years), but these data may have been compromised by excess air 

contamination during sampling turning results seem younger. Results from 
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simulations with Modpath would support the tritium estimates. Simulated travel times 

for well particles suggest times at least of 143 yr.  

This study has presented a broad insight into Andean watersheds and the 

hydrologic system in the area. Its location and focus have been unique for a 

groundwater approach in the Argentinean Andes. It is worth mentioning that the 

climatological dataset used has been unique for its record and location.  

A continuation of research on the hydrology of alpine environment is 

encouraged, especially in semi-arid regions where the water resource is scarce and 

agricultural, industrial and hydropower activities heavily rely on discharges from 

Andean catchments. After all, any change to the hydrology system upstream in the 

Andes could subsequently have an effect downstream. 

 Uncertainties in model performance 

 Use of a DEM and elevation differences.  

Digital elevation models (DEMs) have converted nowadays in an element 

product for earth sciences research. Their availability and free access on the Internet, 

their versatility in numerous fields such as modelling, geomorphology, or ecology 

among others, and the ease to get images from anywhere around the world have 

become them in an element tool in any research (Szypuła, 2019). Despite the wide 

coverage, they lack of detail either horizontal and vertical plays a factor. In areas of 

remote locations such as the Andes where the landscape is dominated by abrupt 

changes in elevation and steep slopes, DEMs are the best tools so far to obtain 

topographic maps. Elevation differences between observed heads and stream elevation 
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versus those simulated are between 5 meters. Considering the remote location and 

terrain, it could be considered a reasonable elevation error. 

 Recharge parameters and snow density estimate. 

 Some uncertainty with the weather data can be arguable. Precipitation is 

measured with a tipping bucket, but in sites over 3500 m.a.s.l. conditions are variable 

and constantly changing which may make the device to not work properly. As it is 

mentioned by Colli, et al. (2014), under frozen precipitation or heavy rainfall the 

tipping bucket rain gauge may not operate well. Another potential error source could 

come when rain is driven by strong winds, which can impact the accuracy of 

measurements. On the other hand, the snowmelt factor computed to convert snow 

height to snowmelt was fixed throughout the seasons. Although this is not what in 

reality happens, it demonstrated a good overlap between field data and Pelambres data 

set, which hold that if there was a discrepancy, would not be a big magnitude. These 

small fixes should expose and demonstrate the lack of crucial parameters, considering 

the importance that the snowpack from previous season plays in the region. Accords 

between mining company and water government offices should be encourage to get 

better and detailed weather data at high elevation in the Andes. 

 Subsurface layout 

Little is known about the Altar subsurface domain. Mining boreholes do exist 

but they focus on ore content only, rather than hydrologic characteristics. No records 

of stratigraphy or geophysics were found. Pump tests were planned out, but once in 

the field were not feasible to carry out due to the state of the well. Observations on 

geophysics exist in the surrounding of Altar project and part of the Altar valley, but 
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unfortunately, they stop short and do not investigate the watershed itself. In order to 

understand Altar subsurface, borehole data was used. Rock quality design was used as 

a measure of hardness and core integrity. As of today, more than hundred ore drills 

exist, and in some cases reaching up 1000 m deep. A well detailed geophysics survey 

from top ridges to the bottom valley would help to define in a better way layers and 

shorten uncertainties. 

 Future work 

The present work pioneers for groundwater modeling in this part of the 

Argentinean Andes and can potentially be used as a reference for future or similar 

research. There are several potential lines of research to pursue that are identified from 

this study. A major outcome is that interbasin flow should be considered an important 

component in Andean watershed, therefore exploring other boundary conditions such 

as a constant head at the outlet of the watershed, or expanding the domain boundary 

can give insights into this process.  

The use of snow models to simulate mountain snowpack and melting processes 

could also substantially improve estimates of recharge rates and timing. Snow spatial 

distribution and temporal variability is highly important for Andean communities and 

in a wide range of environments. Several factors affect mountain snowpack that could 

be better understood with a snow-evolution model whose implementation could lower 

uncertainties in snow covered regions and model results.  

There is great interest in the influence of the Altar rock glacier on the 

hydrologic system. Located on top of the watershed, two wells were drilled but 

unfortunately one went dry and the other has not recorded successfully a complete 

record. Conservative recharge estimates from the limited data obtained indicate that 
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the rock glacier recharge is locally significant, greater than 3-5x the estimated 

recharge rate over the rest of the watershed. The overall contribution to the watershed 

recharge is smaller but non-negligible, making up at least 10% of total recharge. 

Equipping the area with deeper wells and obtaining longer head records would help to 

improve estimates and understanding of rock glacier contribution into the system. This 

is critical not only for the overall water budget but also for the mining company, 

government, and communities downstream.  

The implementation of a better and broad well network with continuous 

records would help to calibrate the model and lower uncertainties. Drilling in the 

Andes is not easy, the remote location coupled with the associated cost make it an 

important budget component. Three extra new wells up to 80 m deep were drilled 

since 2019 however, they went dry. Future work should aim to expand groundwater 

data and get accurate weather parameters. 

It is clear that gaining insight into mountain regions would benefit several 

actors and provide knowledge into Andean watersheds. This would greatly contribute 

to society by improving water management and supply downstream, as well as being 

able to predict water risks in the future. Scientific research on these aspects could help 

to understand what the future might hold for those dependent on water supplies in arid 

and semi-arid regions.  
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Appendix A 

SUPPLEMENTAL MATERIAL 

 

 
Figure Apx 10:  Precipitation from Pelambres Mining (Chile), according to the hydrologic year (April-March since 1992-2020). 

Source: Pelambres Mining 
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Figure Apx 11: Borehole data from Altar site according to elevation bands and RQD (rock 

quality design) 
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Figure Apx 12: Borehole data from Altar site according to elevation bands and RQD (rock 

quality design)  
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Figure Apx 13: Borehole data from Altar site according to elevation bands and RQD (rock 

quality design) 
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Figure Apx 14: Likely cross-section of Altar watershed 

according to borehole data. Columns represent the 6 

elevations bands (3500-4100 m.a.s.l). Numbers within 

the columns show the average RQD within the layer 

considered on the left side and standard deviation 

 on the right. 
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Figure Apx 15: A: Water table and precipitation for piezometer P5. Heads are according to DEM elevation pixel at the well 

(3477.08 m.a.s.l.). Well casing: 0.45 m. B: Water table elevation and temperature for piezometer P5. Time-lapse 2016-2020. 

Alt. 3480.4 m.a.s.l. 
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Figure Apx 16: A: Water table elevation and temperature for P1 next to a rock glacier. Alt. 3705 m a.s.l. B: Same that above 

for piezometer P6. Alt. 3105 m.a.s.l. Red triangles indicate data logger removal and the start of a new data long-term 

deployment. Gaps in data indicate lacks of measurements. 
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Figure Apx 17: Water table and temperature for piezometer P7. Alt. 3103 m.a.s.l. Red triangle indicates data logger removal 

and the start of a new data long-term deployment. 
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Figure Apx 18: Hypothesized elevation profiles of the dominant components of surface ablation on debris-free glaciers of 

the semiarid Andes of North-Central Chile during the (a) early and (b) late ablation season. Extracted from Ayala et al., 

2017.  


