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Abstract 

Glacier recession in the tropical Andes is generating significant concern over future 

water availability for domestic use, irrigation, and hydropower. Sparse data sets, extreme 

heterogeneity in climate patterns, and the limited understanding of groundwater and 

ecohydrological processes in these catchments make predicting the hydrologic response to 

glacier retreat difficult. Here I examine a glaciated watershed on Volcán Chimborazo, 

Ecuador. I use geospatial analysis and recent geologic studies to evaluate the vegetation 

and geologic factors that influence the hydrologic response of the watershed. Additionally, 

I utilize hydrochemical and stable isotope signatures to investigate how melt and 

groundwater contributions to streamflow have changed over time along with possible 

meltwater-groundwater connections. A new landcover map of Volcán Chimborazo, 

generated using object based image analysis, reveals a significant increase in the upper 

limit of vegetation on the mountain and expansion of crop and pasture land since 1978. 

Geologic cross-sections, based on recent studies, show that near surface geology is 

dominated by glacial deposits and underlain by relatively young volcanic bedrock. Results 

from a hydrochemical mixing model (HBCM) combined with discharge measurements 

reveal spatial variability in groundwater discharge and suggest that groundwater discharge 

during the dry season has decreased from 2012-2017. Short time scale variability is clearly 

influenced by precipitation, but long-term discharge trends remain uncertain. Lastly, stable 

isotope and solute concentrations in samples suggest groundwater in the study watershed 

is recharged by precipitation falling at high elevations where ice and snow may dominate 

the hydrologic system. 
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Chapter 1: Introduction 
 

 Mountain watersheds are an important source of fresh water (Messerli et al. 

2004; Barnett et al. 2005; Kaser et al. 2010) acting as headwaters to rivers serving over 700 

million people worldwide (Messerli et al. 2004). These watersheds are particularly key in 

the semi-arid to arid tropical regions, where up to 80% of freshwater supplies originate in 

the mountains (Messerli 2001; Vuille et al. 2008). In alpine catchments, snowpack and 

glaciers tend to dominate the hydrology and help buffer the hydrologic system on 

interannual time scales, but these water stores are sensitive to climate change (Lemke et al. 

2007). In response warming temperatures and shifting precipitation patterns mountain 

glaciers are receding at accelerated rates (Bradley 2006; IPCC 2014) and nowhere is this 

truer than the tropics. Tropical glaciers are especially sensitive to climate change 

(Hastenrath 1994; Kaser & Ostmaston 2002) and at high risk, with some climate models 

predicting the greatest warming to occur at low-latitudes and high elevations (Bradley 

2006). 99% of all tropical glaciers are located in the Andes (Kaser 1999), concentrated in 

the countries of Bolivia (20%), Peru (70%), Ecuador (4%), and Columbia and Venezuela 

(combined 4%) (Rabatel et al. 2013). Many studies have already documented pronounced 

melting of Andean glaciers (Ramírez et al. 2001; Wagnon et al. 2001; Rhoades et al. 2008; 

Rabatel et al. 2013; La Frenierre & Mark 2017) and observed decreasing discharge from 

their catchments (Mark & Seltzer 2003; Baraer et al. 2012; Rabatel et al. 2013). It is 

predicted that mountain glacier recession and the resulting hydrologic changes will have 

negative societal, economic, and ecological impacts (Braun et al. 2000; Bradley 2006; 
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Vergara et al. 2007; Vuille et al. 2008; Chevallier et al. 2011; Baraer et al. 2012; Polk et 

al. 2017; Carey et al. 2017). Being the most vulnerable, tropical glaciers therefore provide 

a window into the hydrologic perturbations that other glaciated, mountain catchments may 

experience in the future. 

 In the tropical Andes, where precipitation is highly seasonal, glaciers play a crucial 

role as hydrologic buffers. By storing a portion of precipitation as snow and ice and then 

slowly releasing it, mountain glaciers help to regulate streamflow and guarantee a 

dependable water supply during dry seasons and periods of extended drought (Mark & 

Seltzer 2003; Juen et al. 2007; Baraer et al. 2012; La Frenierre & Mark 2014). This 

hydrologic impact has been extensively studied in glaciated catchments in Peru and 

Bolivia. For example, in the glaciated Querococha watershed in Peru, discharge during the 

dry season was shown to consist of 30-45% meltwater and, year-round, to be less variable 

than runoff from nearby, non-glaciated catchments (Mark & Seltzer 2003). In Bolivia, it 

was estimated that the retreat and potential disappearance of the Chacaltaya glacier would 

lead to a 30% loss of stream discharge (Ramírez et al. 2001). Initially, as glaciers retreat, 

stream discharge increases, until a tipping point is reached where glacier volume becomes 

too small to sustain streamflow, and dry-season discharge consequently decreases (Braun 

et al. 2000; Mark 2008; Polk et al. 2017). Conceptualized as “peak water,” (Carey et al. 

2014), this loss of melt contributions leads to a decrease in mean annual discharge as well 

as an increase in discharge variability (Huss et al. 2008; Collins 2008; Baraer et al. 2012). 

Peak water has already occurred for some glacially fed streams in Peru’s Cordillera Blanca 

(Baraer et al. 2012) and with many other Andean nations depending on water from 
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glaciated catchments for hydropower generation, irrigation for agriculture, and water for 

domestic use (Kaser 1999) there is a clear need to understand how these hydrologic systems 

will evolve with continued climate change. 

 Tropical glaciers are especially sensitive to climate change owing to their low 

latitude-high altitude positions (Hastenrath 1994; Kaser & Ostmaston 2002; Rabatel et al. 

2013). The equilibrium line altitude (ELA) is the elevation at which net balance on a glacier 

is zero, meaning the annual accumulation of snow equals the net annual melting (ablation). 

On tropical mountain glaciers, the ELA is closely related to the 0˚C isotherm, or freezing 

line. At higher latitudes the ELA will shift seasonally with temperature changes, expanding 

and shrinking the ablation zone (region of melting) on a glacier. In the tropics, however, 

where there is little annual temperature variability, the elevation of the 0˚C isotherm is 

usually relatively stable and thus tropical glaciers ablate steadily year-round (Kaser & 

Ostmaston 2002). Consequently, minor increases in temperature with climate change can 

have large effects on ablation rates of these glaciers, as they shift the freezing line upslope 

thereby expanding the ablation zone as well as changing the phase of precipitation. Rainfall 

on a glacier reduces snow cover which negatively effects surface albedo and further 

induces melting (Francou 2004; Favier 2004a). In the tropical Andes, the regional 

temperature has increased by 0.7 ˚C since 1939 (Vuille et al. 2008) and since 1970, there 

has been a 20-50% (depending on location) decrease in glacierized area in the Andes (Mark 

& Seltzer 2005; Raup et al. 2007; Morris et al. 2006; Poveda & Pineda 2009; Cáceres 

2010). Rabatel et al. (2013), using NCAR reanalysis climate data, determined that between 

1955-2011 increases in mean monthly temperature had caused the freezing line to shift 
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upward by 60 m in the inner tropics and 160 m in the outer tropics. Currently, it is estimated 

that the glaciated area in the tropical Andes is decreasing by 1.2% -2% yr-1; with IPCC 

scenaRíos predicting as much as 4 ̊ C of warming in the 21st century, many of these glaciers 

could disappear by the end of this century (Rabatel et al. 2013).  

 For meltwater dependent communities to adapt their water management practices 

in the face of climate change, it is important to know how the hydrology of glaciated 

catchments will change with continued retreat. Modeling these catchments can be 

challenging, however, as physical monitoring networks are sparse and data sets often 

discontinuous, leading to a relatively poor understanding of hydrological processes in these 

remote areas (Mark 2008; Baraer et al. 2009). Many studies have focused on understanding 

tropical glacier dynamics(Francou 2004; Sicart et al. 2011; Manciati et al. 2014) and 

modeling gross, surficial runoff (Wagnon et al. 1999; Juen et al. 2007; Huss et al. 2008; 

Kaser et al. 2010), but such research leads to an oversimplification of the hydrologic 

processes in these catchments (Hood et al. 2006; Baraer et al. 2009; Rabatel et al. 2013). 

In addition to surface discharge networks, melt and precipitation may be partitioned 

between groundwater and evapotranspiration pathways. 

 Within the last decade, multiple studies have found significant groundwater 

contributions to discharge in alpine watersheds (Hood et al. 2006; Baraer et al. 2009; 

Andermann et al. 2012; Crossman et al. 2011; Godsey et al. 2014; Baraer et al. 2015; 

Markovich et al. 2016). In the Peruvian Andes, Baraer et al. (2015) even found that 

groundwater contributions in glacierized catchments could exceed 75% during the dry 

season. On Volcán Chimborazo in Ecuador, La Frenierre (2014) similarly found 
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groundwater to comprise ~60-70% of dry season discharge from a glacierized catchment. 

Clearly groundwater plays a key role in discharge, so understanding recharge mechanisms 

and subsurface flow systems is necessary to predict watershed hydrologic change. Recent 

evidence has suggested a possible melt recharge source for groundwater in tropical 

glaciated catchments. On the glaciated Volcán Antizana, in Ecuador, Favier et al. (2008) 

determined a significant portion of melt to be infiltrating at the base of the glacier and 

becoming recharge. Cauvy-Fraunie et al (2013) additionally discovered on Antizana 

meltwater resurgence in a spring from a non-glaciated catchment, suggesting melt recharge 

and groundwater flow that does not follow surface watershed boundaries. Melt signatures 

have also been identified in springs in the Cordillera Blanca, Peru (Baraer et al. 2015). On 

Volcán Chimborazo in Ecuador, reduced discharge from springs in recent years has forced 

local communities to develop new potable water sources (La Frenierre 2014; La Frenierre 

& Mark 2017). Local perceptions would suggest this reflects a decrease in effective rainfall 

not captured by local meteorological instruments (La Frenierre & Mark 2017). However, 

a melt recharge source could imply decreasing spring (groundwater) discharge is due to 

declining glacial inputs from a receding glacier past “peak water.” Thus, further resolution 

of the subsurface hydrology in Andean catchments is necessary. 

 In mountain watersheds, evapotranspiration (ET) can significantly influence the 

amount of water becoming streamflow, especially from shallow groundwater reservoirs. 

With climate change, losses to ET are likely to have an even greater impact on water 

availability, as warming temperatures across the globe are changing local vegetation 

boundaries, generally shifting species distributions both upslope in elevation and poleward 
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in latitude (Walther et al. 2005; Morueta-holme et al. 2015). In Ecuador, new vegetation 

surveys on Volcán Chimborazo, compared to those originally done by Humboldt in 1802, 

revealed an upslope shift in plant taxa of over 500 meters. This expansion in vegetated area 

is largely contributed to warming temperatures in the region and glacier recession opening 

new habit for plant colonization (Morueta-holme et al. 2015). In addition to climate driven 

change, there is significant human driven vegetation and land cover change in the tropical 

Andes. High Andean páramo ecosystems-- comprised of peat bogs, grasslands, and patches 

of shrubs and low trees—are considered key shallow groundwater reservoirs that provide 

high contributions to baseflow even in glaciated catchments (Buytaert et al. 2006; Luteyn 

1992; Buytaert et al. 2011). In recent decades, burning to improve grass quality and 

livestock grazing have intensified in the páramo and large sections of grassland have been 

converted to agricultural fields, which are drained and cultivated intensely. This activity 

has strong impacts on catchment hydrology, as it may change soil properties, thereby 

affecting groundwater storage potential, and the changes in or removal of vegetation affect 

ET rates (Buytaert et al. 2006). Clearly, climate and human-driven vegetation shifts are 

currently impacting ET rates and mechanisms the high Andes. When combined with 

predictions of higher temperatures that will likely increase ET rates, all this has the 

potential to alter available soil moisture, groundwater storage, and streamflow in glaciated 

watersheds (Buytaert et al. 2009; Buytaert et al. 2010). 

Modeling ET in high Andean settings is difficult, as standard ET estimation 

methods require parameters—such as temperature, wind speed, humidity, solar radiation—

that are poorly constrained in these systems as measurements are often sparse and 
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discontinuous (Garcia et al. 2004; Buytaert et al. 2010). Substitutions and estimations are 

commonly used, but in the tropical Andes this can lead to errors in ET predictions as large 

as 30% (Wohl et al. 2012; Cordova et al. 2015). Plant community dynamics strongly impact 

ET and runoff generation, but lack of spatial resolution on land cover and outdated maps 

make accounting for such heterogeneity difficult. Geospatial analysis of vegetation for 

inclusion in models, along with accurate climate variable data, is needed to constrain the 

water budget evolution in tropical catchments in response to climate change (Gerten et al. 

2004; Cordova et al. 2015). 

Although Ecuador’s glaciated area is small compared to that of Peru or Bolivia, 

vulnerability to glacier change is still a large concern as the capital city of Quito (population 

2.2 million; INEC, 2010) and much of the inter-Andean plateau rely on flow from these 

catchments for hydropower and domestic water supplies (Favier et al. 2008). Moreover, 

the majority of glaciers in Peru and Bolivia are in the outer tropics, while Ecuador’s reside 

in the inner tropics and between these two regions, climatic and glaciologic conditions 

differ. Though both experience minimal intra-annual temperature variability, the outer 

tropics experience more pronounced precipitation seasonality, with one distinct dry season 

and one wet season (Favier 2004a). The inner tropics on the other hand are more humid 

and, though two wet seasons (long and short) with corresponding dry seasons are identified, 

experience year-round precipitation (Kaser 2001). Additionally, in the inner tropics the 

ELA is closely associated with the freezing line, while in the outer tropics moisture 

limitations often cause the ELA to be above the freezing line (Rabatel et al. 2013). Current 

climate research indicates that shifts in temperature and precipitation along with the effect 
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on glaciers will also differ between in the inner and outer tropics. The outer tropics have 

seen a drying trend in recent decades, and its glaciers are more likely to be affected by 

accumulation losses due to changes in precipitation than they are due to warming 

temperatures. On the other hand, the inner tropics appear to be getting slightly wetter and 

higher temperatures will have the larger impact on glaciers by raising the freezing line 

(thereby the ELA) and increasing the amount of rainfall (rather than snow) that falls on the 

glacier surface (Francou 2003; Favier 2004a; Vuille et al. 2008). There is uncertainty in 

these predictions (Buytaert et al. 2010) and some evidence for heterogeneity in these 

climatic responses (La Frenierre & Mark 2017). Studying glaciers in the inner tropics (e.g. 

Ecuador) offers an opportunity to examine hydrologic perturbations to glacial melt under 

different climatic conditions in order to generalize glacial melt impacts. 

Glaciers in Ecuador exist only above 4400 m elevation; an altitude requirement that 

confines the major ice bodies to the stratovolcanoes of Antizana, Chimborazo, Cayambe, 

and Cotopaxi (Hastenrath 1981). Though there has been extensive study across glaciated 

watersheds in the outer tropics (Wagnon et al. 2001; Ramírez et al. 2001; Mark & Seltzer 

2003; Francou 2003; Vimeux et al. 2005; Baraer et al. 2009; Baraer et al. 2012; Somers et 

al. 2016; Polk et al. 2017), inner tropical glaciershed studies have been largely limited to 

the highly instrumented glaciers on Volcán Antizana (Francou 2004; Caceres et al. 2006; 

Favier 2004b; Favier et al. 2008; Manciati et al. 2014; Williams et al. 2002; Maldonado 

2016; Sicart et al. 2007). Glacier energy and mass balances and glacial melt discharge 

patterns are well-known for Antizana’s glaciers, yet knowledge of Ecuador’s other 

glaciated peaks is minimal. Research on other Ecuadorian glaciers is needed to not only 
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corroborate findings at Antizana about how inner tropical watersheds are responding to 

climate change, but also to compare across climatic conditions within the Ecuadorian 

Andes. Antizana resides on the eastern cordillera, and is exposed directly to moist easterly 

winds coming off the Amazon basin. Chimborazo, however, is on the western cordillera, 

receiving moisture from the Pacific as well as more highly evaporated moisture from the 

Amazon. Mean monthly precipitation rates differ between the two mountains, with lower 

rates on Chimborazo, as do patterns in precipitation anomalies in response to the El Niño 

Southern Oscillation (Veettil et al. 2014). 

Here, I focus my study on Volcán Chimborazo, a glaciated stratovolcano whose 

glaciers serve as the headwaters for four major river systems (La Frenierre 2014) that 

supply water to a population of over 200,000 (INEC 2010). For a glaciated watershed on 

Chimborazo, La Frenierre (2014) used a combination of quantitative data-- meteorological 

and hydrological measurements, hydrochemical analyses and modeling, and analysis of 

remotely sensed imagery—and qualitative data – household surveys and focus groups—to 

measure glaciological and hydrological changes. He found that between 1986 and 2013, 

Chimborazo’s glacier surface area decreased by 21%, and since 2000 has been decreasing 

at a rate of 1.2% yr-1. In addition, the mean elevation for clean ice on all glaciers has 

increased by 180 m asl (meters above sea level) since 1986 (to 5,320 m) and eight of the 

17 glaciers now feature detached tongues. National meteorological station data does not 

show a statistically significant change in precipitation, though there is near unanimous 

agreement among the surveyed local population that precipitation, along with streams, 
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springs, and pond levels, have decreased. Many local residents also perceive that the 

climate has become more variable and less predictable (La Frenierre & Mark 2017).  

Research on Chimborazo has focused on a single glaciated watershed, the Upper 

Río Mocha catchment, because it contains the largest glacier on Chimborazo and it supplies 

water to the largest and most glacially dependent irrigation system on the mountain. Using 

the hydrochemical mixing model HBCM (Hydrochemical Basin Characterization 

Method), La Frenierre (2014) determined that the Upper Río Mocha is a groundwater-

dominated hydrological system, with surficial glacier melt contributing only ~5% of total 

discharge during the dry season. However, the absence of perennial meltwater streams, 

despite continued glacier mass loss, along with unexpectedly low specific discharge from 

upper glacierized subcatchments suggest that some meltwater may not be fully accounted 

for in surficial streams. This leads to the hypothesis that a substantial amount of meltwater 

may be recharging to groundwater, which may contribute to discharge at the catchment 

outlet farther downstream. Understanding meltwater infiltration is important for correctly 

quantifying melt contributions to total discharge and predict how glacier recession might 

affect discharge. Furthermore, meltwater passing through groundwater systems will likely 

have a spatiotemporal characteristic, distinct from its contributions to surface runoff, which 

influences both where and when it can contribute to accessible water resources. 

This thesis documents an evaluation of the relationships between meltwater, 

groundwater, and stream flow to address the following questions: 

1. Have the proportions of meltwater runoff and groundwater discharge in 

streamflow changed over 2012-2017? 
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2. How is glacial meltwater partitioned between surface water and groundwater 

sources within a glaciated catchment on Volcán Chimborazo? 

3. What are the climatic, hydrogeologic, and vegetation factors that affect the 

hydrologic response to glacial melt?  

 To examine these questions, I have used a combination of field methods, 

hydrogeochemical modeling, and geospatial analysis. Through two field campaigns, I have 

deployed sensor networks for measuring climate variables, stream discharge, and glacier 

change, and I have collected two sets, and acquired a third, of water chemistry samples for 

tracing water sources. To address the first research question, I utilized the HBCM 

hydrochemical mixing model with the collected water chemistry data to quantify relative 

sources of surficial meltwater and groundwater to discharge for distinct time periods. I 

compare results spanning 2012 to 2017, including different seasons as well as one strong 

El Niño year. To address the second research question, stable water isotope data were 

further examined to infer possible surface water versus groundwater pathways of meltwater 

using distinct isotope signatures.  The third research question is addressed by compiling 

both observed and reanalysis climate data, generating geologic GIS data along with 

theoretical hydrogeologic cross-sections, and creating a new land cover map using object 

based image analysis (OBIA) of aerial and remotely sensed imagery. 
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Chapter 2: Geographic, Geologic, and Ecologic 
Characterization of Volcán Chimborazo 

 

 

2.1 Study Region Overview 

2.1.1 Geographic Location  

The Ecuadorian Andes are composed of two parallel mountain ranges, the western 

Cordillera Occidental and the eastern Cordillera Oriental, separated by the Inter-Andean 

Valley. The two ranges’ average 4000-4500 m in elevation and are punctuated by a series 

of stratovolcanoes that rise to 5000 m and above. Of these, only eight are still glaciated 

Figure 2.1 Geographic location of Volcán Chimborazo. 
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(Cáceres 2010), the highest of which is Volcán Chimborazo (6268 m asl). Located 

approximately 150 km south of Quito, near the border of the Chimborazo and Tungurahua 

provinces, Volcán Chimborazo (1.47˚S, 78.82˚W) is the southernmost glaciated peak of 

the Cordillera Occidental. The mountain is a faunal preserve above 4000 m, while below 

that the hillslopes are heavily farmed, particularly to the southeast, by primarily indigenous 

communities. The capital and largest city of Chimborazo Province, Riobamba (~150,000; 

INEC 2010), is located 25 km southeast of the mountain (Figure 2.1).  

2.1.2 Geology 

Chimborazo is considered a dormant volcano, with its most recent eruptive event 

occurring sometime between 420 and 700 CE (Barba et al. 2008). Its geologic history 

(Section 2.2.2) consists of successive cone building stages that gave rise to its three main 

peaks: Whymper (6268 m asl), Politécnica (5850 m asl), and Martínez (5650 m asl). The 

three peaks are roughly aligned WNW-ESE, giving the volcano an elliptical shape (Figure 

2.2). The primary geology consists of layered lava and pyroclastic flows around the 

mountain, along with thick ash fall deposits on the western side (Barba et al. 2008; 

Samaniego et al. 2012). Additionally, two major debris avalanche deposits have been 

identified—a younger, smaller one in the Río Colorado watershed on the northern side, and 

an older, massive one on the southern flank that flowed out to fill much of the Riobamba 

basin (Samaniego et al. 2012). The morphology of the mountain has been strongly 

influenced by recent glaciations, with glacial deposits and moraines from the Last Glacial 

Maximum (LGM; ~33-14 ka), the Younger Dryas (or Late Glacial; ~13-15 ka), and the 
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Neo-Glacial period (<5 ka). Deposits from the LGM extend as far down on the eastern side 

as 3500-3600 m asl, and on the western side to 4300-4400 m asl (Clapperton 1990; 

Samaniego et al. 2012). Large glacial valleys in-filled with collapsed morainic material 

and colluvium are present on all sides of the mountain (Clapperton & McEwan 1985; 

Clapperton 1990; Samaniego et al. 2012). 

2.1.3 Climate 

 Located in the inner tropics, Chimborazo’s climate is characterized by minimal 

intra-annual temperature variation (~2˚C) and precipitation seasonality (La Frenierre 

2014).  There are typically two wet seasons, a longer one spanning February- May and one 

shorter one spanning October-November, that are separated by corresponding long and 

short dry seasons (June-September and December- January, respectively). The majority of 

precipitation comes from the Amazon Basin to the east, arriving on seasonal northeasterly 

Figure 2.2 View from the south showing all three summits. Photo credit: American 
Alpine Institute. http://www.alpineinstitute.com/catalog/ecuador-chimborazo-climb/ 
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winds (Smith et al. 2008; Vuille & Keimig 2004) and producing a steep northeast (up to 

2000 mm/yr) to southwest (<500 mm/yr) precipitation gradient across the mountain, which 

results in distinct wet and dry sides (Figure 2.3)(La Frenierre 2014). Locally, topography 

creates extreme heterogeneity in precipitation patterns, while the El Nino-Southern 

Oscillation (ENSO) drives interannual climatic variability at the regional scale. Generally, 

ENSO impacts precipitation and temperature, with El Niño (La Niña) years bringing drier, 

hotter (wetter, cooler) conditions (Vuille et al. 2000; Wagnon et al. 2001; Francou 2003; 

Bradley et al. 2003; Vuille & Keimig 2004; Smith et al. 2008). These changing conditions 

strongly influence glacier mass balance, with El Niño periods enhancing ablation (Wagnon 

et al. 2001; Favier 2004a; Francou 2004; Veettil et al. 2014). ENSO’s effect on 

precipitation and glacier mass balance has a direct impact on stream discharge in Andean 

catchments. 

Figure 2.3 Comparison of dry (West) and wet (East) sides of Chimborazo. A) Satellite view 
showing sparsely vegetated western side and heavily vegetated eastern side. B) Picture of western 
flank landscape. C) Picture eastern flank landscape. 
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Chimborazo’s extreme elevation along with the local precipitation patterns result 

in four distinct climatic zones on the mountain (Pourrut et al. 1995; La Frenierre 2014). On 

all sides, above ~4500 m asl, an alpine climate dominates with mean annual temperatures 

below freezing and snowfall as the main form of precipitation. On the eastern and northern 

slopes, the climate is more humid owing to the prevailing winds from the Amazon. On 

these sides at higher elevations, an equatorial high mountain climate exists, with 

temperatures ranging from 0˚-12˚ C, which moving downslope transitions into an 

equatorial semi-humid temperate zone, where temperatures range from 12˚-22˚ C. Mean 

annual precipitation in these zones is typically greater than 600 mm. To the southwest, in 

the rain shadow of the mountain, there is a semi-arid equatorial dry temperate climate 

where temperatures also range from 12˚-22˚ C, but mean annual precipitation is typically 

less than 600 mm with a potential moisture deficit of 600 mm. 

2.1.4 Ecology 

Though climatic conditions vary greatly around the mountain, most of the 

landscape is covered in “páramo” grasslands (Figure 2.4C) native to the high-elevation 

tropical Andes. The term páramo often refers to a collection of neotropical ecosystems that 

exist within the grassland biome, and can be subdivided into three altitudinal zones based 

on physiognomy and vegetation structure: subpáramo, páramo, and superpáramo (Buytaert 

et al. 2006; Bustamante et al. 2011). The subpáramo is the lowest zone (300-3500 m asl) 

and usually consists of shrubs and small trees alternating with grassland. The páramo 

proper (3500-4500 m asl) is largely dominated by grasslands, though woody species, like 
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Polylepis, can be found along stream valleys. Lastly, the superpáramo constitutes the 

sparsely vegetated area between the true páramo grasslands and the snowline. In all zones, 

saturated, low gradient wetlands can develop, which are locally referred to as bofedales 

(Figure 2.4A, singular: bofedal) (Buytaert et al. 2006; Luteyn 1999). Ecologically, the 

páramo has high plant diversity (>5000 species), but its vegetation mainly consists of 

tussock grasses, cushion plants, dwarf shrubs, ground rosettes, and giant rosettas. Páramo 

soils are rich in organics and can be characterized by their high infiltration rates and storage 

capacity, which are considered to be key in sustaining river discharge throughout the year 

(Podwojewski et al. 2002; Buytaert et al. 2004; Buytaert et al. 2006). The páramo and its 

associated wetlands that exist on the eastern and southern flank of Chimborazo are of 

particular importance since many communities rely on the water discharged from 

catchments there (Bustamante et al. 2011). 

Figure 2.4 A) Bofedal in Hans Meyer watershed on northern flank B) Woody shrubs and 
polyepsis trees (indicated) near stream in Gavilan Machay subcatchment. C) Typical páramo 
grassland in Upper Rio Mocha Catchment. 
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2.1.5 Glaciology 

Covering the summit of Chimborazo is a ~55 m thick mantle of ice with 17 glaciers 

radiating out from it (Ginot et al. 2010). On the eastern, more humid side, the glaciers 

extend down to 4800-5000 m asl, and on the drier western side, down to 5500-6000 m asl. 

Similar to all tropical glaciers, those on Chimborazo are highly sensitive to climate change 

and have experienced significant mass loss within recent decades. Between 1962 and 1997 

there was an overall 59.8% reduction in ice surface area, from 27.7 km2 to 11.82 km2 

(Cáceres 2010), though there is uncertainty in this value owing to the presence of snow in 

the aerial images used to obtain it (La Frenierre 2014). La Frenierre & Mark (2017) show 

that by 2013, ice surface area had shrunk to 11.1 km2, while mean annual temperature for 

the area increased 0.26˚C from 1986 to 2011, which is consistent with overall temperature 

trends in the tropical Andes (Vuille et al. 2008). Rain gauges in the Chimborazo region 

show no significant change in mean annual precipitation totals over the same time period, 

but surveys of local residents around the mountain indicate a consistent perception that 

rainfall is less frequent and less predictable (La Frenierre & Mark 2017). Glacier behavior 

on Chimborazo supports local perceptions, as the retreat rates and rise in the mean elevation 

of clean ice exceed what can be explained by temperature and topographic effects alone. 

2.1.6 Hydrology 

Chimborazo and its glaciers serve as the headwaters of four different river systems: the Río 

Colorado (NW), the Río Mocha (NE), the Río Guano (SE) and the Río Chimborazo (SW). 

The Mocha and Colorado rivers flow north into Tungurahua Province, while the Guano 
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and Chimborazo flow south into Chimborazo Province, but all eventually drain into the 

Amazon River basin (Figure 2.5). The mountain’s two largest glaciers, Reschreiter (2.55 

km2) and Hans Meyer (1.33 km2), along with two others are the only ones to produce year-

round surficial discharge. Nearly all of this water drains into the Río Mocha, except a small 

lobe of Hans Meyer that drains into the Río Colorado. All other glaciers very seldom 

produce surface runoff, with the exception of one in the Río Colorado watershed and two 

in Río Chimborazo that produce surface meltwater only after multi-day, warm, sunny 

periods (La Frenierre 2014). 

Figure 2.5 Map showing the 4 major drainage basins, spring locations, and meltwater runoff 
status in each of the 17 glaciersheds. Map adapted from La Frenierre (2014). 
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Below 4500 m asl, natural springs are common around the mountain and in the 

southern watersheds (Guano and Chimborazo) continuous streamflow only begins below 

them. Many of these springs, particularly in the eastern watersheds, are captured for either 

domestic or agricultural use. Half the domestic water supply for the city of Riobamba 

comes from the largest spring in the Río Guano watershed (La Frenierre 2014). A study of 

the Río Guano aquifers revealed that the primary source of the springs is likely a shallow, 

unconfined aquifer, 30- 100 m in depth, that exists within the Riobamba debris-avalanche 

deposit (Bigo 2013). Deuterium analyses indicate that this water likely infiltrates between 

3500-4000 m asl. The remainder of the city water supply comes from wells drilled into a 

second, deeper, confined aquifer that may be a fossil resource (possibly 8000 years old), 

according to 14C-dating results. 

2.1.7 Upper Río Mocha Watershed 

This study examines the Upper Río Mocha catchment and focuses mostly on the 

Gavilan Machay subcatchment (Figure 2.6). The Upper Río Mocha is the 30.4 km2 

watershed area upstream of Boca Toma, the diversion point for the largest irrigation system 

on Volcán Chimborazo. Approximately 13% of the watershed is glacierized, with 

meltwater from both the Reschreiter glacier and a majority of the Hans Meyer glacier 

flowing into it. Elevations range from 3895 m asl on the valley floor at Boca Toma, to 6268 

m asl on the peak of Chimborazo. The northern side the watershed is defined by the peak 

of neighboring Volcán Carihuairazo (5018 m asl). Carihuairazo, once fully glaciated, now 

has only minimal remnants of glacier ice (<1% watershed area) that are not considered 
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hydrologically significant (La Frenierre 2014). Glacial features dominate the Upper Río 

Mocha geomorphology, with talus slopes and rock falls underlying large lateral moraines, 

and fluvial and lacustrine deposits infilling deep, U-shaped valleys (Figure 2.7). 

Additionally, abraded bedrock surfaces, rôche moutonnée, and valley steps are scattered 

around the Mocha valley. Layered volcanics outcrop in the valley steps and as large cliffs 

on the sides of the Río Mocha channel and its glacial tributaries (Clapperton & McEwan 

1985; Field observations) (Figure 2.7). The watershed is predominately covered by páramo 

grasses and bofedales, though small groupings of Polyepsis trees are found close to streams 

Figure 2.6 Upper Rio Mocha watershed and Gavilan Machay subcatchment. Watershed 
areas excluded from analysis (below Hans Meyer glacier) are indicated along with dominant 
source water for subcatchment areas. Map adapted from La Frenierre (2014). 
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and spring discharge points (Figure 2.4B). Above 4600 m asl little vegetation is found, 

with snow, rock, and ice dominating. 

The Hans Meyer glacier generates little surface meltwater, almost all of which, 

along with a portion of runoff from the non-glacierized part of the Gavilan Machay 

subcatchment, is diverted into the Rasourco irrigation system. In total, 2.0 km2 of the 

Gavilan Machay subcatchment and an additional 2.5 km2 of the Upper Río Mocha 

Figure 2.7 Geology and Geomorphology of Upper Rio Mocha Watershed. A) Looking up valley 
towards Reschreiter Glacier (left). Till in foreground acts as debris cover over the detached glacier 
tongue. A large lateral moraine starts in the middle of the frame and extends to the right. B) Looking 
up the Gavilan Machay valley from near Reschreiter camp. Glacial deposits from image A are 
visible upstream in the back. C) Looking northwest up the Upper Rio Mocha valley. Volcanic flows 
from Chimborazo’s basal edifice outcrop as cliffs on the left side of the valley. Below the cliffs 
(image center) moraines from the Late Glacial period extend out from the Gavilan Machay 
Subcatchment. 
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watershed below the Hans Meyer glacier drain to the Rasourco irrigation system and do 

not contribute to surficial discharge in the Río Mocha watershed (Figure 2.6) (La Frenierre 

2014). Herein, these areas are excluded from all hydrologic analyses, and surficial melt 

contributions to runoff are considered limited to the Gavilan Machay subcatchment (Figure 

2.6) that contains the Reschreiter glacier. All water discharging from the main Río Mocha 

channel, above the confluence with the Gavilan Machay stream, is assumed to be 

groundwater. The 7.5 km2 Gavilan Machay subcatchment is 34% glacierized and 

discharges into the main Mocha channel just above Boca Toma. The ecology and geology 

of this subcatchment do not differ from that of the watershed as a whole. 

2.2 Geologic Characterization: Digitization of Geologic Map & 
Generation Geologic Cross-Sections 

 
2.2.1 Introduction 

In order to evaluate the hydrogeology within the Upper Río Mocha watershed and 

Gavilan Machay subcatchment, I generated a series of geologic cross sections (Figures 2.8- 

2.11). These cross-sections were constructed using the geologic map by Barba (2006), 

which was manually digitized and geospatially referenced in separate GIS layer files for 

each major unit (Figure 2.9), based on inferred buried contacts. Further stratigraphic 

relationships and unit thicknesses in the cross-sections were interpreted from recent studies 

on the structure and volcanic history of Chimborazo (summarized below).  
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Figure 2.8 Location of cross-section and stream profile lines. 
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Figure 2.9 Geologic Maps. A) Pre-glaciation volcanic bedrock. B) Post-glaciation volcanic & glacial 
deposits. Acronyms- DAD: debris avalanche deposit, R: Riobamba, RC: Rio Colorado, PFD: pyroclastic 
flow deposit, and LGM: last glacial maximum. 



 

26 
 

 

Figure 2.10 Cross sections from the Gavilan Machay subcatchment 
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Figure 2.11 Cross sections from the Upper Rio Mocha valley 
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Cross Section Unit Abbreviation Key 

CH1 – Abraspungo and El Castillo lava flows associated with the first cone building 

stage, and basal edifice, on Chimborazo. 

CH2 – Guano lava flows & other volcanic deposits associated with the second cone 

building stage, and intermediary edifice, on Chimborazo. 

LGM – Morainic material & associated deposits from the Last Glacial Maximum. 

YD – Morainic material & associated deposits from the Late Glacial (Younger Dryas) 

period. 

YDLake – Glaciofluvial and lacustrine deposits associated with lake from the Younger 

Dryas/Pleistocene time period. 

NG – Morainic material from Neoglacial period. 

PFD – Large pyroclastic flow deposits associated with eruptive activity during the 

Holocene, as argued by Barba et al. 2008. 

UVol – Unknown Volcanics; possibly from Carihuairazo or from Chimborazo but not 

enough information available in literature to discern. 

Basement – Possibly Mid-Pliocene volcanics or Cretaceous-Paleogene volcanics and 

sediments of the Western Cordillera basement. 

 

 



 

29 
 

2.2.2 Geologic History and Stratigraphy 

Volcán Chimborazo sits atop the Western Cordillera basement, which is composed 

of Cretaceous oceanic plateau basalts and Cenozoic volcanic-sedimentary sequences 

overlain by Miocene-Pliocene volcanic arc sequences (Hughes & Pilatasig 2002; 

Samaniego et al. 2012). The earliest descriptions of Chimborazo’s geology date back to 

Humboldt (1837-1838) and Whymper (1892), while modern studies aimed at 

characterizing its volcanic stratigraphy, structure, and petrology were conducted by Killian 

(1987), Beate and Hall (1989), and Killian et al. (1995). Clapperton and McEwan (1985) 

and Clapperton (1990) studied the glacial geomorphology of the Chimborazo-Carihuairazo 

Massif and delineated glacial events. More recently, an exhaustive study of Volcán 

Chimborazo was carried out using field observations along with geochronology and 

petrologic analysis to map its geology and reconstruct its volcanic history (Barba 2006; 

Barba et al. 2005; Barba et al. 2008; Bernard et al. 2008; Samaniego et al. 2012); these 

studies resulted in a new geologic map for Chimborazo and the identification of three 

successive edifices: a basal edifice (CH-I), an intermediary edifice (CH-II), and a young 

cone (CH-III).  

Stratigraphy analyzed through various studies (Barba 2006; Barba et al. 2005; 

Barba et al. 2008; Bernard et al. 2008) and compiled in Samaniego et al (2012) indicates 

that Chimborazo’s basal edifice (CH-I) represents the earliest cone building, which 

occurred between ~120 to 60 ka and reached a summit of 6200 m asl. It is characterized by 

two major lava flow sequences (Abrasprungo and El Castillo stages), two pyroclastic flow 

deposits, and the Riobamba debris avalanche deposit (R-DAD). The Abraspungo lavas are 
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sub-horizontal (slopes <10˚) and 300-400 meters thick, while El Castillo lavas, which 

constitute the majority of CH-I, have slopes between 15˚-25˚ and are 800m thick. These 

flows outcrop on slopes from the southwest to the northeast. In the Río Colorado and Río 

Condor Palta valleys, the Peñas Blancas ashflow and Condor Palta pyroclastic flow deposit 

(>200 m thick) outcrop, respectively. The end of CH-I growth is marked by a massive 

sector collapse on the southeast side that created the R-DAD, which fills the Riobamba 

basin out to 35 km from the mountain with an average thickness of 40 m (Bernard et al. 

2008). Compositionally, the basal edifice is mainly andesitic with some dacitic portions 

(Samaniego et al. 2012).  

Between ~60 and ~35 ka, the intermediary edifice (CH-II) was constructed in the 

eastern part of the avalanche depression left by R-DAD. It possesses two main stages, the 

effusive Guano stage and the cone building Politécnica stage, which produced the 

Politécnica and Martínez peaks. The Guano stage includes the Aucacán pyroclastic 

sequence (~10 m thick) and the Guano lava flows (75-100 m thick), which cover the 

southeast side of the mountain. Following the Guano flows, the Politécnica stage gave rise 

to thick lava piles of the Politécnica (~700 m thick) and Martínez (>400 m thick) peaks. 

Explosive activity towards the end of CH-II resulted in ashflows that outcrop in the Río 

Blanco valley to the north (~8 m minimum thickness) and tephra fallout deposits (5-6 m 

thick) on the southeast flank. Compared to the basal edifice, CH-II is compositionally more 

basic and rich in magnesium. Glacial activity during the LGM strongly affected this edifice 

and many of the units are overlain by morainic material from this period.  
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The young edifice (CH-III) was the final growth stage on Chimborazo and 

produced its highest summit, Whymper. CH-III is defined by one major cone building 

stage, Muralles Rojos, which is accompanied by explosive activity contemporaneous with 

the LGM period, and followed by a flank sector collapse. The Muralles Rojos stage 

comprises scoria-flow deposits and interlayered lava flows that are distributed radially 

around the cone and stretch from the R-DAD avalanche scar to the glacier limits (5400-

6000 m asl) on the western and northern sides. The western slopes and plateau are covered 

by a 15-30 m thick sequence of tephra fallout deposits, that contain erosional 

unconformities interpreted by Barba (2006) to be glacial advances dating to the LGM 

period (~ ca 33-14 ka). The northern flank of this young cone experienced a small-volume 

sector collapse, which is visible along the Río Colorado valley terraces as a reddish debris 

avalanche deposit. The Río Colorado debris avalanche deposit (RC-DAD) is estimated to 

be 4-5 m thick on average (Samaniego et al. 2012) and is overlain by moraines from the 

Younger Dryas period (Clapperton 1990). The lower part of the amphitheater left by this 

collapse is filled by Neoglacial material and the current glacier. Deposits from CH-III range 

from basaltic-andesite to dacite-rhyolite compositions (Samaniego et al. 2012). 

Chimborazo’s young cone remained active into the Holocene with small magnitude 

eruptions that produced pyroclastic flow deposits (PFD). From the eastern to northern side 

of the mountain, stratified ash and fallout layers interbedded with paleosols lie atop 

moraines associated with the Younger Dryas (or Late Glacial) period and below Neoglacial 

deposits. The fullest exposed section is ~4-5 m thick, but in many places the ash has been 

reworked and manifests as thinner layers. Also connected with this eruptive activity are 
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red lahar deposits (1-2 m thick) in the north, west, and southwest catchments. These, too, 

overlie Late Glacial till and are covered by Neoglacial material.  

Pleistocene glaciations have strongly affected the geomorphology of Chimborazo, 

and morainic and glaciofluvial deposits can be found on all sides of the mountain 

(Clapperton & McEwan 1985; Clapperton 1990; Heine 1993). On the north, east, and south 

flanks, older moraine complexes, dated to the LGM (~33- 14 ka), consist of 5-10 m high 

inner moraines and 100-200 m high outer moraines. Several meters of paleosols and 

reworked ash cover these moraines (Clapperton & McEwan 1985). Radially distributed 

around the mountain are terminal and lateral moraine deposits corresponding to the Late 

Glacial period (~13-15 ka)(Clapperton & McEwan 1985; Heine 1993). In the Río Mocha 

valley, the lateral moraines from this period range from 3-8 m in height (Clapperton 

1990)and are associated with a sequence of interbedded glaciofluvial, till, and lacustrine 

deposits on the floor of the Río Mocha valley. A younger group of massive moraines and 

glacial deposits, found near the current glaciers all around the mountain, are ascribed to 

multiple small advances during the Neoglacial period (since ~5 ka). The true thickness of 

these deposits is unknown, but on the eastern side they rise 80-120 m above the ice and 

valley floors.  

2.2.3 Geologic Cross-Sections 

Within the Gavilan Machay subcatchment and the Upper Río Mocha main valley, 

three cross sections traversing the stream channel and one cross section running along the 

stream channel were constructed (Figure 2.8). Cross section line locations were chosen to 

obtain a representation of subsurface geology spaced according to elevation. Upper profile 
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lines follow surface and lithologic contacts were manually constructed based on 

interpretations from the geologic map and unit thicknesses in the literature. Overall, the 

near surface geology in the study watershed is dominated by glacial deposits with volcanic 

flows from the CH-I and CH-II stages outcropping on steep slopes. Owing to the extensive 

amount of poorly constrained colluvium deposits overlying older geology, cross-sections 

and unit thicknesses in the Upper Río Mocha main valley are more uncertain. 

Geomorphology and limited outcrops have been used to identify glacial moraines whose 

geomorphic heights, rather than true unit thicknesses, have been noted (Clapperton & 

McEwan 1985; Clapperton 1990; Heine 1993). Moreover, one 22 m sequence of 

glaciofluvial and glacial lacustrine sediments, resulting from moraine dams during the Late 

Glacial period, has been identified, but there may be other similar deposits associated with 

activity during the Last Glacial Maximum. The extent and origin of (Chimborazo vs. 

Carihauirazo) volcanic flows under the valley deposits is also unknown, as is depth to 

basement rocks. 

2.2.4 Hydrogeologic Interpretation 

The stratigraphy, now mapped through cross-sections, serves as a basis for inferring 

aquifers on Chimborazo. Certain types of geologic units may correlate with specific 

hydraulic properties, such as porosity and permeability, which can be used to infer major 

aquifers and subsurface flow. Various studies have identified recharge locations and 

aquifers according to geologic features in glaciated mountain catchments. In both the 

Cordillera Blanca of Peru (Baraer et al. 2015) and Frontal Range in Colorado (Clow et al. 

2003), valley side deposits and talus slopes were identified as major recharge areas and 
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aquifers. Moraines, too, have been found to convey and store groundwater flow in the 

Ecuadorian Andes (Favier et al. 2008) as well as the Canadian Rockies (Langston et al. 

2011). Additionally, poorly sorted moraine aquifers may have low but non negligible 

hydraulic conductivities that buffer hydrologic systems through slow flows and protracted 

discharge periods (Clow et al. 2003). Meltwater infiltration has been identified at the 

glacier base on Volcán Antizana, and has been hypothesized to flow through deep 

groundwater pathways before discharging at much lower elevations (Favier et al. 2008). 

On Chimborazo, such flow systems could occur in the relatively young volcanic bedrock 

that forms the base of the mountain. In the Cascade Range in Oregon, young fractured 

volcanic bedrock serves as an important reservoir (Tague et al. 2008). Chimborazo’s 

location on the Pallatanga fault zone and history of sector collapse (Samaniego et al. 2012) 

would suggest its volcanic units are fractured as well. Although, geologic stratigraphy 

cannot be assumed to directly correspond to hydrostratigraphy, the mapped features 

presented here can be used, together with hydrologic observations, as a structural basis for 

quantifying the hydrogeologic properties of different units. 

2.3 An Updated Land Cover Map of Volcán Chimborazo Using Object 

Based Image Analysis (OBIA) 

2.3.1 Introduction 

Through evapotranspiration, vegetation plays an important role in the water budget 

of a watershed, and thus mapping vegetation type and extent in the upper Río Mocha 

watershed on Volcán Chimborazo is critical for evaluating its hydrologic response to 

climate change. Before our work, the only available land cover and vegetation data comes 
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from a 1983 Ecuadorian Department of Geography (Departamento de Geografía) map that 

is based off of land surveys conducted between 1976-1978, Landsat images from that time, 

and topographic data from the Instituto Geográfico Militare del Ecuador (IGM). This map 

is unlikely to be an accurate representation of current urban, agricultural, and native plant 

cover. In the last three decades, the province containing Chimborazo has seen an 

approximately 50% population increase from 304,300 to 458,281, triggering urban and 

agricultural expansion in the region (INEC 2010). Moreover, recent studies have shown 

that warming trends and the exposure of new ground due to glacier shrinkage have 

contributed to upslope shifts in vegetation limits on Chimborazo (Morueta-holme et al. 

2015) and other glaciated mountains (Schmidt et al. 2008). Such changes necessitate an 

updated land cover map, which can be created by utilizing remotely sensed imagery. 

Until recently, pixel based approaches dominated analysis of remotely sensed data. 

For moderate resolution sensors, such as Landsat, SPOT, and ASTER, an object on the 

ground is generally smaller than a pixel size, and classification is carried out by analyzing 

the spectral signatures of each pixel individually. However, the ever-increasing availability 

of finer resolution imagery has led to algorithms that examine a group of pixels that 

together make up an object in an image. This object based image analysis (OBIA) allows 

for classification based on characteristics such as shape, area, elevation, and texture in 

addition to pixel spectra, and in this way, imitates the manner in which a person would 

classify features in an image. These advantages make object based image analysis one of 

the most comprehensive methods for analyzing data (Blaschke 2010; Blaschke et al. 2014).  
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Here, object based image analysis is conducted utilizing Landsat 8 imagery, high resolution 

(30 cm) RGB orthophotos, vector data, and a digital elevation model (DEM) in order to 

delineate new land cover class boundaries and create a revised land cover map of 

Chimborazo, focusing on our intensive study watershed in the upper Río Mocha. The 

ability of OBIA to accurately classify land cover in other mountainous regions has been 

well-documented (Dorren et al. 2003). Additionally, researchers have shown that because 

object based approaches can incorporate object characteristics such as geometry, 

placement, and size, in addition to spectral information, accurate classifications can be 

achieved on high resolution, RGB images alone (Hu et al. 2013; Kressler et al. 2005). 

2.3.2 Methods 

2.3.2a Data Retrieval and Pre-eCognition Processing 

Central to the OBIA procedure here is the high 30-cm resolution RGB (red-green-

blue) imagery of Volcán Chimborazo, which is available from aerial photo surveys 

conducted by the Sistema Nacional de Informacion de Tierras Rurales e Infrastructura 

Tecnológica (SIGTIERRAS; http://www.sigtierras.gob.ec/descargas/) initiative of the 

Ecuadorian Ministry of Agriculture, Livestock, Aquaculture and Fisheries. Images over the 

Chimborazo area were collected during March-October 2011. A mosaic of two of the 

SIGTIERRAS images was needed to span the entire upper Río Mocha watershed. The 

white border surrounding each image was removed by tracing the edge of the image and 

creating a subset in ERDAS Imagine; the resulting images were then merged with the 

Mosaic Pro feature (Figure 2.12). 
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A Landsat 8 L1T (terrain corrected) satellite image from September 15th 2015 of 

the Chimborazo region (obtained using USGS Earth Explorer) is composed of 11 bands, 8 

of which were utilized in this analysis: Coastal Aerosol, Blue, Green, Red, NIR, SWIR 1 

& 2, and Panchromatic. Landsat 8 L1T satellite data delivers multispectral data at a spatial 

resolution of 30 meters and panchromatic data at 15-meter resolution. An HPF (High Pass 

Filter) resolution merge was applied using the ERDAS Imagine software to pansharpen the 

30-meter multispectral bands using the higher resolution 15-meter panchromatic band. 

ERDAS Imagine model builder was then used to create a cloud mask binary layer, 

in which a value of one indicates non-cloud cover. All pixels in the pansharpened image 

with brightness level above a certain value were assumed to represent cloud cover and were 

Figure 2.12. Mosaic of two RGB orthophotos from the SIGTIERRAS initiative. Spatial 
resolution is 30 cm. A third photo comprising the Southwest corner of the image was available, 
but processing time constraints necessitated limiting the mosaic for rule set development to only 
two images. The two shown above were selected because they included the main study 
watershed—the Upper Rio Mocha. 
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assigned values of zero. This binary layer was then applied to the original pansharpened 

image to produce an image in which the clouded pixels are masked out (Figure 2.13).  

Two additional layers were used for OBIA: a 30-meter digital elevation model 

(DEM) from ASTER global DEM version 2 (https://asterweb.jpl.nasa.gov/gdem.asp), 

which is a product of NASA and METI and a vector layer delineating the 2013 extent of 

clean and debris-covered glacier ice (La Frenierre & Mark 2017). 

All four layers-- DEM, RGB orthophoto, Landsat 8 scene, and glacier vector 

layer—were projected using ArcMap into Transverse Mercator, NAD 1983, UTM Zone 

17S and then imported into the eCognition software program for OBIA. eCognition is a 

software that can import multiple forms of geospatial data – elevation rasters, spectral data, 

lidar, vector files – and utilize them together in the generation and classification of image 

objects in order to produce a single classified image. 

 

Figure 2.13: Comparison of pansharpened Landsat 8 image (right) with cloud masked image 
created in ERDAS Imagine (left). Black areas in the top right quadrant are clouded. A standard 
deviation stretch is applied to both images—the left image appears different because the range of 
digital number (DN) values changed post masking.  
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2.3.2b Development of eCognition Rule Set 

OBIA in eCognition is based on an iterative process of segmentation, classification, 

and examination. In segmentation, eCognition uses the spectral similarities of neighboring 

pixels to group them and define image objects. There are different types of segmentation 

algorithms with parameters, such as spectral band weight, that can be adjusted to define 

the factors (i.e. shape, color, compactness) by which image objects are segmented. Vector 

layers (thematic layers) can also be used during this step to create an image objects. During 

classification, eCognition uses the unique characteristics (features), or sets of 

characteristics, of image objects to classify them. Hundreds of features can be used for 

classification including geometry (roundness, area, sinuosity, etc.), layer value (spectral 

band value, brightness, etc.), texture, and location context (i.e. proximity to water, 

elevation, etc.). Additionally, basic layer values can be used to calculate new values, such 

as the normalized difference vegetation index (NDVI) or the mean value of a spectral band, 

upon which to classify. The simplest classification method involves setting thresholds (i.e. 

mean blue > 170) to define classes. Multiple feature thresholds can be used simultaneously 

to define a single class (i.e. elevation > 3000 & red < 40), and classification can be done 

step-wise such that classified objects are excluded from subsequently executed algorithms. 

The set of segmentation and classification algorithms used to produce a classified image is 

referred to as a rule set. After both segmentation and classification, the user should examine 

the rule set results. If it has not produced a physically plausible result, parameters should 

be adjusted and the process executed again. 
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  Long rule set processing times for the high resolution orthophotos (>26 hours to 

test one rule set) made it impractical to use the automated program to separate agricultural 

areas from bare earth and native vegetation. Instead, a visual assessment of the agricultural 

area was used to generate a vector layer in ArcMap, which was then imported into 

ECognition and used to classify agriculture. Once agricultural area was established, 

different combinations of rules to classify the rest of the image were tested in eCognition, 

resulting in a final rule set involving two levels of segmentation and classification (Table 

2.1) for identifying 9 land cover types (agriculture, clean ice, debris-covered ice, bright 

buildings, lakes/ponds, rock/dirt/gravel, snow, dark trees/shrubs, native grassland and 

ground cover).  

Table 2.1. Final eCognition rule set. All weightings and conditions used by the software to 
differentiate between land cover classes are shown for each process. Segmentation and 
classification processes are shown in sequence; designations of unclassified refer to image 
objects that have not been classified by any previous process. The mosaic label signifies that data 
from the orthophoto mosaic was utilized in the process.  

Level Stage Process Specifications & Conditions
Weighted based on RGB mosaic R- 2, G- 3 , B-1
Utilized Thematic layers to isolate glaciers and agricultural area
Scale: 40, Shape: 0.1, Compactness: 0.2
Assigned Glacier area by Glacier vector layer using attribute = "Glacier_type" 
(i.e. Debris Covered vs. Clean Ice)
Assigned Agricultural area using Agriculture vector layer, attribute = "ID"
Max spectral difference: 10
Weights: DEM-1, G- 3, R- 2
Yes to weighting thematic layers
Segment on "unclassified" areas
SNOW - At image object level based on mean Blue from mosaic> 160 & 
mean DEM value>4780
ROCK/DIRT/GRAVEL - Image object level based on LS_NDVI<0.11
LAKES/PONDS- Image Object Level, acts on unclassified and agricutlure 
areas, based on mosaic R+G+B <220, Roundness< 1.05, Area>=759 pixels
DARK TREES/SHRUBS - img object level, based on mosaic R+G+B <200

BUILDINGS- Image Object Level, acts on unclassified and agriculture image 
objects, based on mean Blue from mosaic > 170 & compactness <2.2

NATIVE GRASSLAND/GROUNDCOVER- Image object level, unclassified area, 
no conditions.

Assign Class             
(all processes act on 
"unclassified" unless 

otherwise stated)

1

Classification

Segmentation Multi-resolution 

Assign Class by 
Thematic Layer

Spectral DifferenceSegmentation

2

Classification
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In the first level, a multi-resolution segmentation was executed on the RGB 

orthophoto to generate image objects. Within this segmentation, weightings were assigned 

to the red, green, and blue bands on the orthophoto, with green most heavily weighted. This 

was found to produce the best visual alignment between image objects and vegetation 

borders. The vector layers described above were used to define the glacier extent and 

agricultural area as image objects as well as directly classify them. This was done to 

distinguish debris covered glacier area from other rock/dirt/gravel, and agricultural area 

from native grassland or rock/dirt/gravel, since these may otherwise be confused in the 

second level processing. Since classes at this level were only assigned according to these 

vector layers, a scale factor of 40 was used. The scale factor controls the amount of spectral 

variation allowed within a signal image object; here 40 allows moderate variation in 

objects’ spectral signatures. Compactness and shape parameters were left at their default 

values, which proved to provide an adequate segmentation. Compactness is a weighting 

for the closeness of pixels within an image objects (i.e. do they cluster in a circle, or is their 

spread more sinuous), while shape is a weighting for how heavily the shape, as opposed to 

the color, of an object influences segmentation. Higher values of each correspond to a 

stronger effect on pixel groupings.  

In the second level, a spectral difference segmentation grouped the smaller 

segments that were not yet classified (“unclassified”: non-glacier, non-agriculture) into 

larger regions to avoid overly fragmented land-cover mapping. The spectral difference 

algorithm merges neighboring objects when the difference in the spectral band means are 

less than a given threshold (here: 10). Weightings were again assigned, but this time to the 
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DEM as well as the orthophoto green and red bands. A second round of classification then 

identified the remaining land cover types—snow, rock/dirt/gravel, buildings, ponds/lakes, 

dark trees/shrubs— using the specific conditions and rules shown in the Table 2.1. NDVI, 

in which vegetated areas appear brighter and bare earth darker, was calculated using the 

Landsat red and near infrared bands and utilized to threshold areas of rock, dirt, and gravel. 

DEM information was used to threshold the elevation of snow and calculations of RGB 

band information (sum, mean, etc.) were used in thresholding other classes. No 

classification parameters were used for the native grassland and groundcover class, as it 

was assumed that by this step any unclassified land must belong to the class. The resulting 

output was a classified raster file at 30 cm resolution. 

2.3.3 Results and Discussion 

Figure 2.14 Final Landcover Classification Using OBIA Approach. Only 8 of 9 classes are 
visible, as bright buildings are too small to discern at this viewing scale. Blue edges along the 
lower left margin are misclassified due to no data pixels. 
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Figure 2.14 shows the final land cover classification map containing nine different 

classes (note that “bright buildings” are not easily discernable at the figure scale). The 

rock/dirt/gravel class represents glacial and volcanic geologic material that cap the top and 

western side of the mountain; its extensive area in the west reflects the rain shadow effect 

that produces semi-arid conditions. The aim is to cl assify semi-permanent land-cover 

types, yet it should be noted that lake and pond extents and snow cover can be highly 

dynamic.  

A digitized version of the 1978 land cover map for this region is shown in Figure 

2.15. Though this map has slightly different classes than those used in the updated map, it 

is still possible to qualitatively evaluate major land cover changes between 1978 and 2011. 

Figure 2.15. 1978 Land cover classification for the area surrounding Chimborazo. This 
classification came from a 1983 Ecuadorian Department of Geography Map that is 
based off of land surveys conducted between 1976-1978, and was digitized by Jeff La 
Frenierre (2014). 
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The upper elevation limit migration of vegetation and the expansion of agriculture and 

pasture land are particularly noteworthy (Figure 2.16). The limit of vegetation appears to 

have moved upslope by approximately 20 m to 150 m, depending on the location. This 

shift in elevation appears most pronounced on the east to southeast side of the mountain. 

Such changes are consistent with Morueta-Holme et al. (2015), which found an upslope 

shift in vegetation on Chimborazo of over 500 m since 1802 using field surveys. Similarly, 

Figure 2.16 Comparison of 1978 (dashed) and 2011 (solid) boundaries of vegetation limit on 
Chimborazo and agricultural area in the Riobamba valley. On the mountain slopes (left) the upper 
limit of vegetation migrated upslope from between 20 to 150 m during the 1978 (pink) to 2011 
(purple) period. In the Riobamba Valley (right), from 1978 (green) to 2011 (blue), pasture land 
and agriculture have expanded appreciably both uphill on Chimborazo and further North in the 
valley. 
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from 1978 to 2011, the boundaries of agriculture and pasture land appear to have shifted 

upslope by as much as 250 m and entirely filled the southeast valley that was previously 

perennial bunchgrass (Figure 2.15). The conversion of native grasslands (called “páramo”) 

to agricultural fields with population growth has been documented across the Andes (Van 

der Hammen et al. 2002; Buytaert et al. 2006; Kintz et al. 2006), further motivating the 

need for assessing changing ecohydrologic regimes that impact water resources. 

 The map produced here is an improvement on the previous 1978 land cover 

classification in a number of ways. For instance, the 1978 map assigns the entire mountain 

top to the general class of “snow/rock”, but resolving the delineations between glacier, 

rock, and snow in the new map is valuable for future glacier change analysis. Additionally, 

this new map has a finer spatial resolution, while still covering a large area, which allows 

for analyses to be conducted at a range of scales from sub-watershed to regional. 

The map presented here demonstrates a successful OBIA rule set for land-cover 

mapping for the main study watershed (upper Río Mocha) and can be expanded in future 

work to incorporate a third orthophoto covering the southwest slopes of Chimborazo. A 

significant east-west precipitation gradient on Chimborazo results in distinct ecosystems 

on the different slopes, and land-cover shifts on the west side could differ from that found 

on the east side. Additionally, ground surveys, field observations, and new data from 

SIGTIERRAS (if available) could be synthesized to refine classifications within 

agricultural categories (e.g. crop type, pasture) and native vegetation groupings. Lastly, a 

preliminary visual accuracy check was carried out in isolated portions of the map, but a 
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more thorough comparison against the original RGB image is needed to detect mis-

classifications. 

2.4 Conclusions 

Mapping surface and subsurface geologic features and vegetation is critical for 

understanding the roles of groundwater and transpiration in the water balance and 

discharge within a watershed. Ultimately, hydrologic properties inferred from the geologic 

cross-sections and the updated vegetation map will be used in an integrated watershed 

model to quantify the hydrologic response of Chimborazo's watersheds to climate change. 

Accurate mapping of hydrologic parameters, glacier extent, bare ground, and vegetation 

types will be essential for simulating infiltration, groundwater flow, and evapotranspiration 

– key processes in determining watershed discharge.  
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Chapter 3: Using Hydrochemical Tracing to Partition Glacial 
Melt Between Surface and Groundwater Sources 

 Figure 3.1 Monitoring network (A) and water sampling sites (B) in the 
Upper Rio Mocha watershed. 
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3.1 Methods 

3.1.1 Water Sample Collection and Laboratory Analysis 

Water samples were collected using a synoptic sampling approach in June 2015 

and June 2016 during the long dry season (June to September) and in February 2017 just 

following the short dry season (December to January). Water samples from June 2015 were 

collected by Jeff La Frenierre and Helen Thompson (Gustavus Adolphus College). In 

synoptic sampling, all samples are taken over a sufficiently short period of time that they 

mainly capture the spatial variability in hydrological conditions and not temporal 

variability (Mark & Mckenzie 2007). In 2015, samples were collected between June 12th 

and 15th, in 2016 between June 25th and July 7th, and in 2017 on February 4th and 7th. 

Though logistical difficulties extended the sampling period in 2016, efforts were made in 

the 2017 season to ensure that all samples from each subcatchment (i.e. Gavilan Machay 

and the main valley of the Upper Río Mocha) were collected over short time periods on 

single days (Figure 3.1).  

In addition to avoiding long multi-day time periods over which water chemistry 

may evolve, it is necessary to ensure that diurnal hydrochemical variability due to variable 

melting is not significant. To check this, in 2017 in the Gavilan Machay subcatchment, I 

used an Atlas Scientific EZOTM conductivity probe and attached thermistor to measure 

conductivity (μS/cm) and temperature (˚C) changes in the stream at the tongue of 

Reschreiter glacier over a 24-hour period. The probe was deployed using the ALog 

Arduino Datalogger (Wickert 2014) to collect data at 1-minute intervals over the 24-hour 
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period during which water samples were taken. The conductivity data were temperature-

corrected using the formula: 

SC = AC/ (1 + R*(T-25) ), 

where SC is Specific Conductance (μS/cm), AC is Actual Conductivity (μS/cm), T is 

temperature of sample in degrees C, and R is a temperature correction coefficient for the 

sample (0.0191) (American Public Health Association, 1999). A calibration curve 

generated in the lab using a YSI Pro Plus was also applied to correct an additional offset 

detected in the Atlas EZO probe measurements. After calibration and temperature 

correction, the fine time resolution data confirmed that the diurnal variability in stream was 

negligible when compared to the spatial variability in specific conductivity across the 

Gavilan Machay subcatchment (Appendix A). 

In 2015, 16 samples were collected in the Upper Río Mocha catchment: 1 glacial 

melt, 4 groundwater (taken from springs), and 11 stream. In 2016 a total of 37 water 

samples were collected: 6 ice (melted after collection), 1 glacial melt, 3 precipitation, 11 

groundwater, 1 surficial pond, and 15 stream. Finally, in 2017, 34 samples were collected: 

1 glacial melt, 1 overland flow (representing precipitation), 12 groundwater, 23 stream. 

More stream samples were collected in 2017 owing to a duplication of samples at the 

Gavilan Machay-Boca Toma confluence and the addition of four sampling points in the 

Gavilan subcatchment that had been omitted during the 2015 and 2016 campaigns. From 

both the main Río Mocha channel and Gavilan Machay stream, samples were collected in 

sets of three at each confluence, with one sample taken from each tributary immediately 

upstream of the junction point, and then one sample in the main channel at least 50 m 
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downstream of the junction point in order to obtain mixing of the two tributaries. Glacial 

melt samples were collected from the water running out from the glacier tongue and 

groundwater samples were taken from natural springs. Springs ranged from developed 

concrete capture boxes to small seeps coming out from valley walls.  

Precipitation samples in 2016 were collected using evaporation-proof totalizing 

rain gauges constructed of a series of nested funnels feeding into 30 ml nalgene sample 

bottles, with a ping pong ball inside the funnels to prevent evaporation. Gauges were 

installed at the Boca Toma weather station (3899 masl), the Reschreiter base camp (4471 

masl), and the Hans Meyer base camp (4780 masl) (Figure 3.1) and left for 3-6 days. 

Surficial pond water was collected from a large pond in a bofedal above Reschreiter base 

camp (Lake-S7). In 2017, an overland flow sample was taken during a precipitation event 

at a normally dry location at Reschreiter base camp to capture any chemical signature in 

overland flow that is distinct from precipitation.  

Ice samples were obtained during the installation of ablation stakes (described 

below) on both Reschreiter and Hans Meyer glaciers. A drill-powered ice-auger was used 

for installing the stakes, and ice samples were taken from the chips coming up the bore 

hole. Average drill depth was ~2.5 m and bulk samples were taken from three depth 

intervals generally categorized as top, middle, and bottom. To avoid contamination by 

either snow or refrozen surface ice, snow was cleared from the glacier surface prior to 

drilling, and chips from the first ~30 cm of augering were discarded. 

For each non-ice sampling site, 30mL of water was collected, filtered in the field 

using either 0.45 μm (2016) or 0.2 μm (2017) filter, and stored in Nalgene bottles. Ice 
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samples were collected in 1 L Nalgene bottles and allowed to melt and homogenize before 

being transferred into 30 mL bottles. All bottles were capped and sealed with electrical 

tape to prevent leakage of water or vapor, and then stored near 4˚C as soon as possible. In 

both years, temperature (˚C), pH, electrical conductivity (μS), and specific conductance 

(μS/cm) were measured in situ using a YSI Professional Plus Multi Probe System. Major 

ions were measured at the Environmental Chemistry Lab at Gustavus Adolphus College. 

Cations (Na+, K+, Mg2+, Ca2+) were measured using an Agilent 7700X Inductively Coupled 

Plasma-Mass Spectrometer (ICP-MS) and Anions (F-, Cl-, SO4
2-) were measured using a 

Dionex ICS1000 Ion Chromatographer (IC). The bicarbonate (HCO3
-) concentration was 

assumed to be the charge balance residual, calculated as the difference between the sum of 

cation charge equivalence and the sum of other anion charge equivalence. The stable 

isotopes of water (δ18O and δ2H) were measured by the Biometeorology Group in the 

University of Minnesota Department of Soil, Water, and Climate using an LGR DLT-100 

Liquid Water Analyzer (a laser spectroscopy system). Reported isotope ratios are relative 

to the Vienna Standard Mean Ocean Water (VSMOW) and typical precisions are +/-1.0 ‰ 

for deuterium/hydrogen values and +/-0.25 ‰ for 18O/ 16O values. 

3.1.2 Field Instrumentation 

Stream depth measurements were collected at two locations in the Upper Río 

Mocha Watershed: in the Gavilan Machay stream 1.1 km above its confluence with the Río 

Mocha, and in the Río Mocha at the Boca Toma diversion structure (Figure 3.1). Depth 

measurements were made using Solinst Leveloggger Junior pressure transducers. 

Atmospheric pressure corrections were made on data from both Leveloggers using 
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synchronous measurements collected by a Solinst Barologger Gold sensor installed at Boca 

Toma. Depth measurements were converted to discharge volumes with rating curves 

developed by La Frenierre (2014) according to standard USGS techniques 

(https://pubs.usgs.gov/twri/twri3a8/).  

Meteorological stations installed at 4515 m asl on the debris-covered portion of the 

Reschreiter Glacier and at 3895 m asl at Boca Toma measured precipitation using Hobo 

tipping bucket rain gauges. At the Reschreiter Station, the rain gauge was deployed with 

an Onset Hobo Micro Station Data Logger, while the Boca Toma station rain gauge 

possessed a Hobo Pendant® Event Data Logger. 

 In addition to hydrological and meteorological sensors, in June 2016 six ablations 

stakes (3 each) were installed on the Hans Meyer and Reschreiter glaciers (Figure 3.1). 

Each ablation stake contained temperature and relative humidity sensors, along with a look-

down ultrasonic sensor for measuring changes in distance to the ice surface, which can be 

used to constrain an estimate of mass loss on the glacier. Ablation stakes were designed by 

Andrew Wickert and deployed using an open-source Arduino-based ALog data loggers 

(Wickert 2014). Stakes were positioned along an elevation transect from the toe of the 

Reschreiter glacier into the edge of the accumulation zone on Hans Meyer glacier. For 

installation, snow was first cleared from the ice surface and then a drill-powered ice auger 

was used to drill a hole to a depth of ~2.5 m. All sensors were mounted at the top of a 3 m 

long PVC tube, which was then sunk into hole. Though data from these stations is not 

presented here, in the future it will be used to quantify meltwater inputs to the Gavilan 

Machay stream and Upper Río Mocha catchment. 
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3.1.3 Hydrochemical Characterization and Mixing Model Method 

It is well established that dissolved ions and stable isotopes of water (δ18O and δ2H) 

can be utilized in catchment studies to track contributions of different source waters to 

watershed discharge and identify groundwater flow paths (Ryu et al. 2007; Crossman et al. 

2011; Hooper & Shoemaker 1986; Clow et al. 2003; Kendall & Doctor 2003). As water 

moves through a porous medium, physical, chemical, and biological processes mediate the 

exchange of ions between the substrate and the water, allowing for unique hydrochemical 

signatures to develop. Stable isotope signatures, on the other hand, arise from Rayleigh 

fractionation effects during the hydrologic cycle and are unaltered by interaction with a 

substrate (Sidle 1998; Kendall & Doctor 2003). During the hydrologic cycle, stable isotope 

ratios can change due to the amount of precipitation, the amount of evaporation, and the 

elevation precipitation occurs at (Dansgaard 1964). In mountainous catchments that span 

wide elevation ranges, the elevation effect tends to be an important control on the spatial 

variability in precipitation isotopes (Tappa et al. 2016), as demonstrated in many Andean 

catchments (Mosquera et al. 2016; Baraer et al. 2015; Gonfiantini et al. 2001; Rozanski & 

Araguas 1995; Vimeux et al. 2005). Aqueous concentrations and stable water isotope 

observations can thus provide information about sources and pathways of water moving 

through a watershed. Together, stable isotopes and hydrochemistry have been used in the 

Andes, and other alpine watersheds, to study the role of glaciers in local and regional 

hydrology (La Frenierre 2014; Baraer et al. 2009; Mark & Mckenzie 2007; Mark & Seltzer 

2003). 
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All water discharged at the Upper Río Mocha watershed outlet comes from either 

glacier melt, groundwater discharge, or runoff from precipitation. Here, the proportion of 

glacier melt in watershed discharge is quantified using the Hydrochemical Basin 

Characterization Model (HBCM) (Baraer et al. 2009), a multi-component hydrochemical 

mixing model that was developed for use in data-sparse, glacierized tropical watersheds. 

Given input and outflow chemistries at different mixing points throughout the watershed, 

HBCM solves an over-constrained set of mass balance equations to determine the relative 

contributions of each identified input component to surface flow at that point. By starting 

the HBCM analysis at a water source (i.e. melt, groundwater, precipitation), the results can 

be utilized to determine the successive dilution of that source water moving down a stream 

network to the outlet of the watershed. In this analysis, I assume precipitation is not a 

significant contributor to overall watershed discharge since sampling is conducted during 

the dry season, which leaves groundwater and glacier melt as the end members in our 

mixing model.  

HBCM’s calculation of relative source contributions depends on three fundamental 

assumptions. First, end member chemistry is unique and spatially homogeneous within the 

watershed. In these remote and data sparse catchments end members are typically 

represented by single samples, making this assumption necessary. Secondly, tracers must 

be conservative within the stream network, such that their concentrations are purely a result 

of mixing and not of chemical reactions during or after mixing. HBCM provides some 

flexibility in the definition of conservative tracers, as its approach of dividing a watershed 

into overlapping cells (discussed more below) requires that a tracer be conservative only 
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at the cell scale and not the entire watershed scale (Baraer et al. 2017). Lastly, HBCM 

assumes that water source mixing is instantaneous and complete (Baraer et al. 2009; 

Soulsby et al. 2003). The model is capable of analyzing multiple tracers simultaneously as 

long as they are conservative natural constituents, such as stable isotopes and major ions. 

HBCM handles spatial information within a study watershed through the 

specification of nested interconnected sub-basins called cells. For each cell, HBCM takes 

the chemistries of contributing waters and solves for the relative contribution of each 

component to cell outflow using the following set of mass balance equations: 

𝐶 =
∑ (𝐶 ∗ 𝑄 ) + 𝜀

𝑄
 

Where: 

j : represents natural tracer 

i : the input component to the cell 

Ctotj : concentration of tracer j at the cell outlet 

Cij : concentration of tracer j in component i 

n : total number of possible input components to cell 

Qtot : Total discharge at cell outlet 

Qi : Contribution to discharge from input component i 

εj : the accumulation of inaccuracies and uncertainties that occur during the sampling and 

analysis of tracer j  

HBCM solves for the unknown relative contributions of each component (Qi/Qtot) 

by minimizing the summation of the residual error: 

𝜀  
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where m represents the number of tracers. In order to over-constrain the problem, the model 

requires m =n tracers and, preferably, m>n tracers should be utilized in order to avoid the 

possibility of correlated tracers that do not independently constrain the problem. HBCM in 

its current form (HBCMQ) limits the maximum number of tracers to m = n + 4. HBCM 

checks that a tracer is conservative within each cell via three tests:  

1. A tracer value in a cell outflow cannot be outside the range bracketed by the 

possible contributors. 

2. The tracer value at the cell outflow, along with that of at least one input component, 

must be greater than the detection limit of the analytical methods (user confirmed). 

3. There must be a minimum 5% difference between the extreme input component 

tracer values. 

If any of these requirements is not met, HBCM will reject the tracer for use in the studied 

cell. 

Cells can either consist of a stream confluence or a stream reach. Reach cells 

assume groundwater (in the absence of rainfall) to be the only possible addition along the 

channel, and thus water samples taken at the start of a reach and groundwater serve as input 

components to be compared with water samples taken at the end of the reach. HBCM is 

capable of analyzing multiple groundwater sources in a single stream reach and optimizing 

for the one that best explains observed changes in chemistry between the start and end 

samples. Confluence cells are where two or more streams join; HBCM considers these 

tributaries to be the only inputs, ignoring any groundwater contribution unless otherwise 

directed. Cells are inter-connected by having the outflow of one become inflow to the 
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subsequent downstream cell. In the Upper Río Mocha catchment, HBCM is applied 

beginning at the tongue of Reschreiter Glacier (where the stream is considered 100% 

glacier meltwater) and moving downstream in the Gavilan Machay subcatchment, through 

the confluence with the main Río Mocha, and to the outlet at Boca Toma. Conceptual 

schematics of Gavilan Machay for HBCM for 2015, 2016 and 2017are shown in Figure 

3.2. The differences between the three years result from slight differences in the sample 

locations.  

Prior to executing HBCM, potential conservative tracers were identified using 

bivariate (mixing) diagrams and tracer sets were confirmed to constitute unique end-

member chemistries with hierarchical clustering analysis (HCA). Mixing diagrams using 

pairwise combinations of solute concentrations and isotopes were plotted with regression 

lines through the data to examine whether samples fell along a single mixing line. If the 

mixing line condition is met, end-members (melt and groundwater) will plot at opposite 

ends of the mixing line and all mixed samples (stream water) will fall along the line in 

between the end-members (Christophersen & Hooper 1992; Hooper 2003; James & Roulet 

2006). When this occurs, the pair of solutes or isotopes can be considered suitable 

candidate tracers, because the end-members show distinct signatures, and they appear to 

conservatively mix in the stream system. Selected tracers are shown in Figures 3.3- 3.5 in 

the Results and Discussion section.  
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June 2015 February 2017 

Figure 3.2 Schematic representation of the Upper Rio Mocha watershed for HBCM analysis for 2015-2017 sampling periods. 

June 2016 
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A hierarchical clustering analysis (HCA) was used to verify uniqueness of end 

member chemistries for each year based on the tracer combination selected with the 

bivariate diagrams. To mitigate the effect of subsurface residence time on potential tracer 

values, which typically increases absolute ion concentrations, relative ion concentrations 

(i.e. SO4
2- /ΣA-, where ΣA- is the sum of all anion concentrations) were used in the HCA 

(Baraer et al. 2017). Additionally, water stable isotope values were left out of the HCA, as 

the inclusion of isotopic values has the potential to confuse the grouping because 

groundwater isotopic signatures depend on recharge source, which here could be glacial 

melt or precipitation. The advantage of HCA over the bivariate plots is the ability to 

simultaneously account for multiple solutes, which permits confirmation that the set of 

selected tracers is conservative between precipitation, groundwater, and meltwater end 

members. If the tracer set is conservative, like sources will group together and separately 

from one another. If they do not, chosen tracers should be re-evaluated.  

Chosen tracer concentrations were utilized within each HBCM cell. Stable isotopes 

can only serve as tracers for confluence cells (Baraer et al. 2017). Isotopes cannot serve as 

tracers in reach cells for which groundwater serves as an end-member, because 

groundwater is unlikely to have a single characteristic isotopic signature throughout the 

watershed.  This is because isotopes in precipitation are highly elevation dependent, and 

assuming groundwater receives recharge at different elevations as it moves through a steep 

watershed such as the Upper Río Mocha, its isotopic signature would correspondingly 

change. For each cell, all possible unique tracer combinations are tested in gradually 
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reducing numbers, such that if the maximum number of available tracers is 7, the first run 

will include 7 tracers, and the subsequent runs will test all combinations of 6, then all 

combinations of 5, and so on until the model reaches combinations of only 2 tracers. Output 

for each tested combination is given as percent contributions from each input component 

and the corresponding cumulative residual (∑ 𝜀 ) of the solution (See example: 

Appendix B). From the output array of different results, those with cumulative residuals 

within 3x the minimum residual are selected to bracket the optimal range of solutions, and 

upper and lower bounds of possible input contributions are reported from these solutions 

(Baraer et al. 2012). Subsequently, the minimum and maximum glacial melt percent 

contribution at each sampling point is calculated by starting at the glacier tongue (where 

streamflow is assumed 100% melt) and then applying the input contribution solutions while 

moving downstream, and assuming that the meltwater is diluted by groundwater 

contributions.  

3.1.4 Isotopic and Hydrochemical Analysis of Groundwater Provenance 

The stable isotopes of water are largely unaffected by travel through the subsurface 

and thus shallow groundwater often mimics the isotopic signature of their source meteoric 

waters, assuming no fractionation occurs along the groundwater flow path (Clark & Fritz 

1997). This has allowed stable isotopes to be used in the identification of origins and 

pathways of groundwater recharge (Baraer et al. 2015; Mark & Mckenzie 2007; Windhorst 

et al. 2013). Meteoric water becomes imprinted with signatures of isotopic fractionation 

during melting, condensation, and evaporation, and meteoric water (i.e. precipitation) 
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isotope ratios are affected by rainout via Rayleigh fractionation as moisture moves inland 

and to higher elevations. Studies in the tropical Andes have shown that seasonal isotopic 

trends in precipitation track closely with volumes of precipitation (Vuille et al. 2003; 

Vimeux et al. 2005), such that mean annual δ18O and δ2H values are dominated by the 

wetter months (Gonfiantini et al. 2001). Observed spatial variability in δ18O and δ2H values 

are largely dictated by the elevation effect (Rozanski & Araguas 1995; Windhorst et al. 

2013). Generally, as water vapor rises and cools, it becomes depleted in heavier isotopes, 

resulting in decreasing δ18O and δ2H values with elevation. The rate of heavy isotope 

depletion, termed a “lapse rate”, is generally linear and measured per 100 m rise in 

elevation (Dansgaard 1964; Kendall & Doctor 2003; Blasch & Bryson 2007). In Ecuador, 

δ18O lapse rates have been measured to be between -0.17 to –0.5 per mil/100m (Garcia et 

al. 1998; Windhorst et al. 2013; Rozanski & Araguas 1995; Mosquera et al. 2016), while 

for δ2H a lapse rate of -1.12 per mil/100m has been measured (Windhorst et al. 2013).  

 The relationship between elevation and the isotopic composition of precipitation is 

used to estimate the minimum elevation of precipitation recharging springs (groundwater) 

in the Upper Río Mocha watershed. The groundwater pathways following recharge is then 

inferred from total dissolved solids (TDS) calculated as the sum of ion concentrations 

(ppm). Assuming geochemical reactions whose rates are governed by kinetics gradually 

release ions from sediment into groundwater, TDS can serve as a proxy for residence time 

and flow path length.  
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3.2 Results and Discussion 

3.2.1 Sources of Surface Discharge: Quantifying Melt Contribution to Streamflow 

Hydrochemical results for the 2015-2017 sampling campaigns (Tables 1-3 in 

Appendix C) were used to generate bivariate, or mixing, diagrams to identify potential 

tracers for use in the HBCM mixing model. Because samples were collected in the dry 

season, when precipitation runoff is minimal, stream discharge samples should consist of 

varying mixes of groundwater and surficial meltwater only. Bivariate plots of ideal tracers 

for HBCM will exhibit groundwater (represented by springs) and melt samples as end-

members plotting at opposite ends of a clear mixing line along which stream samples lie. 

For all years, stream samples from the Gavilan Machay stream do comprise an approximate 

mixing line for Mg2+, Ca2+, Na+ + K+, SO4
2-, Cl-, HCO3

-, and δ18O, and these were 

determined to be adequate tracers and selected for use in the mixing model (Figures 3.3-

3.5). Some tracers, in particular sulfate and chloride, have low regression correlation 

coefficients (R2) and similar concentrations across samples, which would imply they are 

weak tracers for mixing at the watershed scale. However, since HBCM tests and rejects 

non-conservative tracers for each cell, and only requires tracers to be conservative at the 

cell scale, the inclusion of a tracer that appears non-conservative at the watershed scale is 

not detrimental to the entire analysis. 
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Figure 3.3. Bivariate diagrams of tracers selected for June 2015 HBCM analysis. The solid black lines represent linear regressions through 
all samples and dashed black lines indicated the regressions’ 95% confidence intervals. Samples from the main Rio Mocha channel before 
and after the Gavilan stream joins it (filled green circles) consistently plot outside or away from the mixing line created between groundwater 

and meltwater. These samples are also responsible for the poor R
2
 and p-values of sulfate and chloride. 
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Figure 3.4. Bivariate diagrams of tracers selected for June 2016 HBCM analysis. The solid black lines represent linear regressions through all 
samples and dashed black lines indicated the regressions’ 95% confidence intervals. Samples from the main Rio Mocha channel before and 
after the Gavilan stream joins it (filled green circles) plot largely outside or away from the mixing line created between groundwater and 
meltwater. Precipitation samples during this sampling were collected directly from rainfall. 
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Figure 3.5. Bivariate Diagrams of tracers selected for February 2017 HBCM analysis. The solid black lines represent linear regressions 
through all samples and dashed black lines indicated the regressions’ 95% confidence intervals. Samples from the main Rio Mocha channel 
before and after the Gavilan stream joins it (filled green circles) plot largely outside or away from the mixing line created between groundwater 
and meltwater. Reschreiter overland flow is a sample of precipitation collected from flow coming off a small sheer face during a rainfall event. 
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On the bivariate diagrams, stream samples taken from the main Río Mocha channel, 

just before and after its confluence with the Gavilan Machay stream, consistently plot away 

from or outside of the melt-groundwater mixing line. This indicates that the stream water 

feeding into the main channel is chemically distinct from the stream water coming from 

the Gavilan Machay subcatchment. The precipitation (rain) samples almost always fall 

outside the range of stream samples bracketed by groundwater and melt, confirming that 

precipitation was not a major contributor to streamflow during the dry season sampling 

periods. The one exception is a slight precipitation influence in the February 2017 

sampling, when one stream sample plots outside the melt-groundwater range and towards 

precipitation. Additionally, one spring in both the 2016 and 2017 analyses plots away from 

the other spring samples and tends to have lower total cations and anions. This spring (GW-

S7) may be a mixed source sample (both groundwater and recent rainfall) or originate from 

a unique geology, and thus is not considered an appropriate end member for the HBCM 

analysis for the entire Gavilan Machay subcatchment.  

 

Figure 3.6. Hierarchical cluster analysis dendrograms for tracers used in HCBM. Sample grouping 
verifies effectiveness of selected tracers in distinguishing between source waters, as groundwater 
samples (GW) cluster separately from melt water (Melt) samples. GW-7 is considered an outlier, 
and is suspected to be a mixed source sample or to originate from a unique geology. 
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To confirm that the above selected tracer set comprise distinct end member 

chemistries, hierarchical clustering analysis (HCA) was performed using the relative 

concentrations (i.e. SO4
2- /ΣA-, where ΣA- is the sum of all anion concentrations) of the 

tracers, with the exception of δ18O. The inclusion of isotopic values has the potential to 

confuse grouping in the HCA because groundwater isotopic signatures depend on recharge 

source, which could be glacial melt or precipitation, while ionic signatures of groundwater 

depend on water passing through the subsurface and will be unique to those samples. 

Results are shown in Figure 3.6 in the form of dendrograms, where samples considered to 

be the most similar are connected by low vertical bars, and those that are the least similar 

by high vertical bars. Groundwater samples group together and separately from melt 

samples, confirming that the selected tracers provide a clear differentiation between the 

end members. Here, again, GW-S7 can be identified as distinct from other springs, 

grouping loosely with melt in 2017 and completely apart in 2016. 

 Results for 2015, 2016, and 2017 HBCM analyses, along with the 2012 results 

obtained by La Frenierre, 2014, are shown in Tables 3.1-3.5. Combined with La Frenierre’s 

2012 results, new HBCM results support the importance of groundwater in total stream 

discharge, showing that it contributes 38-72% of dry season flow in the Gavilan Machay 

subcatchment (Figure 3.7), but with significant variability among sampling periods 

(January 2012 to January 2017) for both the short (December-January) and long (June-

September) dry seasons. As compared to 38.9% in July 2012, in June 2015 and 2016 melt 

accounted for 57.8% and 51.5% of stream discharge, respectively. In February 2017, the 

melt proportion rose again to comprise 62.2% of flow, 
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Tables 3.1 – 3.5. Estimated proportional contributions of surficial glacier meltwater to total 
watershed discharge for 2012 -2017 sampling periods. Calculated estimates of minimum and 
maximum melt contribution is shown for each sampling point between the Reschreiter glacier and 
the outlet at Boca Toma.  
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as compared to 27.8% in January 2012. Taken in isolation, these results would appear to 

imply that surficial melt discharge was significantly higher in 2015-2017 compared to 

2012, which could reflect the accelerated melt rates observed on Chimborazo (La Frenierre 

& Mark 2017). However, it is important to consider absolute changes in groundwater 

discharge alongside the proportional changes in meltwater contribution. Applying 

HBCM’s relative proportions to our observed discharge measurements reveals different 

groundwater and meltwater trends, as shown in Figure 3.7. For example, although the 

Figure 3.7. Absolute and proportional contributions of groundwater and surficial melt to discharge 
in the Gavilan Machay subcatchment. Percent contributions (in parentheses), calculated using 
hydrochemical tracers and the HBCM mixing model, show an increasing percent of surficial melt 
over time. When these percentages are applied to measured discharge (top text in bars), the 
calculated absolute groundwater and melt discharges reveal that the change over time is due largely 
to decreasing groundwater inputs. 
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proportional surficial meltwater contribution in February 2017 is more than three times 

higher than in January 2012, absolute discharge is only about 50% higher; the dramatic 

change in proportional surficial meltwater contribution occurs because of the much lower 

groundwater discharge in February 2017. Clearly, to properly interpret changes in 

meltwater and groundwater discharge amounts the proportional contributions provided by 

the HBCM mixing model should be paired with absolute discharge measurements.  

Furthermore, caution should be taken in interpreting a long-term temporal trend 

from the five sampling periods in Figure 3.7. Figure 3.8 shows weekly averages for the 

entire Gavilan Machay discharge time series (2012-2017) along with data from the Boca 

Toma (2015-2017) and Reschreiter (2012-2013) rainfall gauges with periods water 

sampling periods marked. The Reschreiter gauge (4515 m asl) receives less rainfall than 

the Boca Toma gauge (3899 m asl), and therefore its precipitation has been amplified for 

comparability by a factor of 5.6 on the plot— the average difference in rainfall magnitude 

between the two stations. There is high uncertainty in this magnitude difference, as the 

windier conditions and greater chance of freezing temperatures at Reschreiter likely lead 

to an underestimation of precipitation amounts. As seen in Figure 3.7, variability in melt 

and groundwater discharge between sampling periods depends on total discharge, which is 

normally correlated with precipitation and incoming solar radiation. Indeed, in Figure 3.8, 

it can be seen that temporal discharge patterns tend to mirror those of precipitation. For 

example, greater discharge in June 2015 corresponds to higher precipitation amounts in the 

week prior to that sampling than were measured before the 2016 and 2017 sampling 
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periods. The relationship is not perfect however owing to melt contributions, which likely 

increase during warm, sunny periods with little rain.  

Though precipitation is not considered an end member in my HBCM analyses, it is 

apparent that precipitation patterns directly preceding water sampling do influence stream 

discharge. This relationship may mean our sampling times do not sufficiently cover the 

range of normal interannual discharge variability. The El Nino Southern Oscillation 

(ENSO) significantly impacts interdecadal precipitation and temperature trends, with El 

Nino (La Nina) years bringing drier, hotter (wetter, cooler) conditions (Vuille et al. 2000; 

Vuille & Keimig 2004). Consequently, ENSO strongly influences glacier mass balance and 

stream discharge in glaciated Andean catchments (Veettil et al. 2014; Francou 2004; 

Wagnon et al. 2001). Here I capture a weak La Nina year (2011-2012) and a strong El Nino 

year (2015-2016), but nothing in between, which limits our perspective on the watershed 

Figure 3.8 Comparison of average weekly discharge (m
3
/s) at Gavilan Machay (2012-2017)  

and rainfall (mm/hr) at Boca Toma (2015-2017) and Reschreiter (2012-2013) weather stations. 
Vertical black, solid lines indicate weeks where sampling occurred, and vertical dashed lines 
indicate a temporal gap in data collection. Reschreiter rainfall has been multiplied by the 
average difference in magnitude between it and Boca Toma: 5.6. Despite gaps in data, it can be 
seen that precipitation was higher in the time surrounding the 2015 sampling campaign than in 
the times surrounding the other campaigns. 
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hydrologic response to longer term climatic cycles. In addition, Figure 3.8 shows that 

precipitation dramatically increased in the period directly following the February 2017 

sampling campaign. Had samples been collected in June 2017 they may have shown an 

increase in both the relative and absolute contributions of groundwater and meltwater.  

Figure 3.9 shows for all years (2012-2017) HBCM’s calculated melt contribution 

at each sampling point moving downstream from the tongue of the Reschreiter glacier to 

the outlets at Gavilan Machay and Boca Toma. In general, the surficial melt percent 

decreases as the drainage area increases. At the outlets, the trend of increasing melt percent 

over time is apparent; however, upstream, mean HBCM estimates of melt contribution are 

variable from year to year. For instance, July 2012 maintains higher melt percentages than 

all other years, at almost all sampling points, but drops off steeply between the penultimate 

sampling point (Area = 22%) and the Gavilan Machay outlet (Area = 28%). June 2016 and 

February 2017, on the other hand, have lower melt contributions high in the catchment, 

and exhibit a much subtler drop between its penultimate sampling (Area = 26%) point and 

the Gavilan Machay outlet. As noted above, it is important to consider absolute 

groundwater discharge and not just relative melt percentage.  

Figure 3.10 reveals that the decrease in melt contribution closer to the Gavilan 

Machay outlet (Drainage Area > 22%) is due to a sudden increase in groundwater 

discharge. Up to the point where the stream drains 22-26% of the Upper Rio Mocha 

watershed, groundwater discharge into the stream appears to increase linearly, which 

corresponds with the expected stream discharge-watershed area relationship described by 

Dunne & Leopold (1978). However, near the Gavilan Machay outlet (Area > 22%) there 
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is a sudden, non-linear increase in groundwater contributions, which may be due to how 

the topography intersects the underlying geology near these sampling points. These results 

imply that while there is variability among the sampling periods, the groundwater 

contribution generally increases at the lowest reaches of the Gavilan Machay stream (Area 

≥ 22%). Higher in the catchment (Area < 22%), there is more overlap in the HBCM 

estimates of melt contribution, with relatively constant proportional surficial meltwater 

contributions in the mid-slopes of the catchment (17-22% Area). 

Figure 3.9 Percentage of stream discharge from surficial glacier meltwater versus percentage 
of total watershed area drained. HBCM was used to determine the relative contribution of 
surficial glacier melt to watershed discharge at sampling points between the Reschreiter glacier 
tongue and the Upper Rio Mocha watershed outlet at Boca Toma. Data points for January and 
July 2012 are taken from La Frenierre, 2014, while data for 2015-2017 were obtained by this 
study. Outlets of the Gavilan Machay subcatchment and Upper Rio Mocha watershed are 
indicated. The uncertainty in HBCM melt estimates are shown by vertical error bars.  
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Overall, the spatiotemporal patterns in the estimated melt and groundwater 

contributions suggest the influence of precipitation dynamics (as noted above) and geologic 

controls over the Gavilan Machay watershed. Major groundwater influx occurs each year 

near the same sampling points (Area≥ 22%). These points are located near a large break in 

slope (Figure 3.1), where there is an exposed sheer face and waterfall feature in the stream 

Figure 3.10. Calculated absolute groundwater discharge verses percentage of total watershed 
area drained for Gavilan Machay subcatchment. Measurements of discharge at Boca Toma and 
relative source proportions calculated by HBCM for each sampling point were used to calculate 
absolute groundwater discharge at each sampling location between the Reschreiter Glacier and 
Boca Toma outlet. Uncertainties in calculated groundwater discharge are shown as vertical error 
bars. The Boca Toma outlet is not pictured, only those points within the Gavilan Machay 
subcatchment are shown in order to highlight the non-linear trend in groundwater discharge 
with increasing watershed area drained.  
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valley (Figure 3.11), followed by a gentler slope down to the outlet. The valley walls on 

either side of the sheer face are largely morainic material, while the face itself is exposed 

volcanics, likely lava flows from Chimborazo’s early cone building stage (Samaniego et 

al. 2012). Above the waterfall, there are layered flows that outcrop (Samaniego et al. 2012) 

on the southern valley wall and in-field observations suggest the presence of fractures. The 

samples immediately before the Gavilan Machay outlet in 2012 (Area = 22%) were 

collected just above the waterfall slope break, and in 2015-2017 (Area = 28%) they were 

collected just below it. Given these features, it is probable that groundwater flowing in the 

Figure 3.11 Gavilan Machay waterfall. Exposed volcanic flows are visible on the wall behind the 
waterfall as well as on the cliff face above (indicated by dashed lines). The valley walls on either 
side of the waterfall are likely thin layers of glacial moraine material lying over volcanic bedrock. 
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morainic and glaciofluvial deposits of the shallow subsurface (Geologic Cross-sections, 

Ch. 2.2) is forced to discharge at and after this slope break. Groundwater flowing through 

the volcanic deposits, too, and may be discharging here.  

 Regardless of discharge point, the high proportional groundwater contribution in 

the Gavilan Machay subcatchment is anomalous for a glacierized watershed. In the 

Cordillera Blanca in Peru, Baraer et al. (2015) found there to be an exponential relationship 

between glacierized fraction of a watershed and groundwater contributions, where small 

increases in the glacierized fraction sharply decrease groundwater contributions. In fact, it 

is not until glacierized area is less than 8% of the watershed that this model predicts 

groundwater contribution to exceed 50% of discharge. By this model, at Boca Toma 

(glacierized area ~9.8%) the groundwater contribution should be between 45-75% of 

discharge, when in reality it is ~90-95%. Similarly, at Gavilan Machay (glacierized area 

~33.9%) this model would predict groundwater to be between 10-40% of discharge, but 

according to our results, it is much larger at ~37-72%. Previous studies, in addition, have 

shown that specific discharge increases with glacierized area (Baraer et al. 2009; Mark & 

Seltzer 2003), which would imply that the Gavilan Machay subcatchment should have 

greater specific discharge than the non-glaciated area of the Upper Río Mocha watershed. 

However, this is not the case: for all five sampling periods Gavilan Machay’s specific 

discharge is less than 60% of the non-glaciated area’s specific discharge. The unusually 

high groundwater contributions combined with the anomalously low specific discharge, 

may suggest that rather than discharging through surface networks, meltwater is infiltrating 
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higher in the catchment and traveling through groundwater systems that may or may not 

discharge to the Gavilan Machay stream and/or the Río Mocha. 

3.2.2 Sources of Groundwater: Examining Isotopic Signatures of Melt and 

Groundwater 

To investigate this possible recharge pathway, the stable isotopes of water (1H/2H 

& 16O/18O) were utilized to estimate the elevation of the precipitation source recharging 

the springs in the Upper Río Mocha watershed. Assuming that little fractionation occurs 

while water infiltrates through the land surface and unsaturated zone, stable isotopes in 

groundwater will reflect the elevation of the precipitation that recharges it (Clark & Fritz 

1997; Kendall & Doctor 2003; Blasch & Bryson 2007). 

Thus, to use the stable isotope values of water as indicators of precipitation source 

elevation, first I confirmed that, from infiltration to discharge, there was negligible 

fractionation of isotopes in the spring samples. This is done by comparing the δ2H/ δ18O 

value of each sample to a Local Meteoric Water Line (LMWL). No published meteoric 

water line exists for Chimborazo; instead a LMWL derived from an ice core on Volcán 

Antizana (Williams et al. 2002) and another generated from precipitation in the Zhurucay 

Ecohydrological Observatory near Cuenca (Mosquera et al. 2016), are used as to represent 

the range of possible meteoric water lines (Figure 3.12). Together these lines cover the 

range of climatic conditions across the Ecuadorian Andes as well as the range of elevations 

present on Chimborazo, with the Antizana measurements coming from 5752 m asl on the 

eastern cordillera and the Zhurucay measurements spanning 3297-3779 m asl on the 

western cordillera. One of the most common causes of fractionation is evaporation, which 
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in groundwater is likely to happen prior to recharge in the unsaturated zone and then near 

the discharge point, as the flow path becomes shallower. If fractionation due to evaporation 

occurs along their flow paths, the Upper Río Mocha samples would fall below the meteoric 

water line, towards a heavier δ18O isotopic signal as lighter isotopes of oxygen 

preferentially evaporate faster than those of hydrogen. Samples shown in Figure 3.12 

Figure 3.12 Comparison of sample isotopic signatures to global and local meteoric water lines. Two 
LMWLs from Ecuador are shown: Williams et al. 2002 (black, dashed) is from Volcán Antizana 
and Mosquera et al. 2016 (Blue, dot-dash) from the Zhurucay Ecohydrological Observatory near 
Cuenca. The global meteoric water line (green, solid) is shown for comparison. Ice samples from 
the Hans Meyer (HM) and Reschreiter (R) glaciers were collected during only the 2016 field 
campaign. Precipitation samples were collected in 2016 and 2017, near the tongue of the Reschreiter 
glacier (R) and at the Boca Toma (BT) meteorological station. Alignment of sample isotopic values 
to meteoric water lines indicate little to no post-precipitation fractionation occurring prior to 

collection. Analytical uncertainty is +/- <1.0 ‰ for 
2
H/

1
H and <0.25 ‰ for 

18
O/

16
O.  
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largely match the meteoric water lines, with no preferential scatter towards heavier isotopic 

values. This confirms that isotope fractionation is negligible in the samples and agrees with 

other studies in high Andean wet meadow settings, which have shown that evaporation in 

páramos and pampas is low and has little effect on the isotopic values of groundwater 

(Buytaert et al. 2006; Baraer et al. 2015). 

Groundwater is recharged by precipitation (rain or snow) and, in glacierized 

catchments, by glacial meltwater. Given the results above, the elevation of source 

precipitation responsible for recharging spring water in the Upper Río Mocha catchment 

can be approximated using the relationship between elevation and isotope values. On a plot 

of elevation vs. δ18O, applying the lapse rate to isotopic values from precipitation samples 

collected in situ generates a line representing the minimum precipitation source elevation. 

Many studies have calculated isotope lapse rates for Ecuador, from the scale of a single 

catchment (Windhorst et al. 2013; Mosquera et al. 2016) to across the entire country 

(Garcia et al. 1998) and the equatorial latitudinal band (Rozanski & Araguas 1995) (Table 

3.6). 

Table 3.6 Isotopic lapse rates for Ecuador. 
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Figure 3.13 shows two possible lines of minimum precipitation source elevation. 

One utilizes the mean precipitation value at the Reschreiter weather station (location shown 

in Figure 3.1) and a lapse rate (-0.31 ‰ 100m-1) calculated by Mosquera et al., 2016. This 

Figure 3.13 δ
18

O (‰VSMOW) versus sample elevation. Samples of groundwater, glacial melt 
water, ice from Reschreiter (R) and Hans Meyer (HM) glaciers, and precipitation from Boca 
Toma (BT) and the Reschreiter glacier tongue are shown. Ice samples were collected only 
during the 2016 sampling campaign. The solid black line is a line of minimum recharge 

elevation based on a regional lapse rate of -0.31 ‰ 100m
-1

 taken from Mosquera et al., 2016. 
The dashed line is a line of minimum recharge elevation based a local lapse rate of -0.63 

‰100m
-1

 calculated from a regression through greatest concentration of precipitation samples 
and highest collected ice samples. All groundwater samples fall below both lines of minimum 
recharge elevation, indicating that most groundwater is sourced from higher elevations, 
corresponding to areas where ice and melt dominate. URM precip samples represent 9 months 
of rainfall isotope data from 2012, and the circle with a cross is the mean weighted by the 
amount of rainfall each month. The ELA on Chimborazo is ~5050 m asl (La Frenierre 2014). 
All ice on the mountain originates in the accumulation zone above the ELA (indicated in lower 
right corner) and may come from a range of elevations. 
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is the lowest published lapse rate (specific to Ecuador), and therefore produces the most 

conservatively low estimate of precipitation source elevation. In addition, the study area is 

geographically similar to the Upper Río Mocha Watershed as it lies on the Cordillera 

Occidental at high elevation (>3000 m asl). The other line of minimum precipitation source 

elevation is a linear regression through the mean values of the highest collected ice samples 

and of precipitation from the Reschreiter weather station, which produces a local lapse rate 

equal to -0.63 ‰ 100m-1. Ice was selected because it more closely represents an in-situ 

precipitation sample than melt, which is a homogenization of ice from a range of 

elevations. Ice, however, is not truly in situ either as it accumulates above the ELA and 

flows downslope into the ablation zone. Reschreiter rain samples were utilized instead of 

the lower elevation rain sample (BT Precip) owing to the larger number of data points for 

the former. Isotopic values of precipitation can vary significantly between storm events 

(Kendall & Doctor 2003; Tappa et al. 2016). Reschreiter samples exhibit consistency 

across the events measured and with other samples (URM Precip) collected at similar 

elevations on the northeast slopes of Chimborazo (personal communication, Jeff La 

Frenierre, 9/20/16). In contrast, the single sample collected at Boca Toma is not sufficient 

to establish an isotope-elevation relationship there. 

Noticeably, the local isotope lapse rate is much steeper than that of Mosquera et al. 

(2016) in the Zhucuray watershed. These two lines likely bracket the range of possible 

lapse rates and uncertainties in minimum recharge source elevations on Chimborazo. The 

Mosquera et al. line is limited in its application to this catchment as the elevational range 

of the Zhurucay watershed is much lower than that in the Upper Río Mocha watershed. 
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Both Gonfiantini et al., 2001 and Rozanski and Araguas, 1995, observed in tropics that the 

δ-altitude relationship deviates from linearity at high elevations, where temperatures 

become low and condensation rates increase. Rozanski and Araguas (1995) further 

concluded that above 3000 m asl in the equatorial Andes, the average lapse rate increases 

from -0.2 to -0.5 ‰ 100m-1, which is much closer to our local lapse rate estimate of -0.63 

‰ 100m-1. Consequently, the Mosquera line may be an underestimation of the lapse rate 

on Chimborazo. Our local lapse rate may be overly steep though, owing to the fact that it 

comes from only dry-season precipitation values and ice that has flowed downslope. In 

addition to changing with elevation, isotopic values of precipitation will also change 

seasonally, with the wet season bringing more depleted (more negative) values than the dry 

season. Wetter periods tend to heavily influence the annual average isotopic value of 

groundwater at a given elevation (Kendall & Doctor 2003; Baraer et al. 2015) and, if used 

here, such values would likely decrease the local lapse rate. Moreover, as mentioned above, 

the glacier ice would have formed at higher elevations above the ELA, which on 

Chimborazo is approximately 5050 m asl (Jeff La Frenierre, personal communication, 

3/20/16), and then moved downslope into the ablation zone where it was collected. Though 

the Hans Meyer ice samples were collected above the ELA, they may still represent ice 

flowing down from higher elevations. Depending on how much higher the ice source 

precipitation occurred, the local lapse rate could be significantly lower and closer to the 

Mosquera et al. lapse rate.  Nevertheless, these two lines still provide conservative 

estimations of the possible extremes in the local lapse rate. 
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Despite the range of spring collection elevations, in Figure 3.13 springwater 

(representing groundwater) δ18O values clearly cluster near melt values as opposed to near 

values for precipitation at the spring elevation. Both melt and springwater values fall well 

below either precipitation source line, suggesting that groundwater is recharged by 

precipitation falling at higher elevations that correspond to areas where ice and snow melt 

may dominate the hydrologic system.  

Isotope seasonal variability can be large (Kendall & Doctor 2003; Baraer et al. 

2015), and to adequately develop a relationship between precipitation δ values and 

elevation it is necessary to sample precipitation isotopes, at varying elevations, over a long 

enough period of time to capture this range. Ideally, annual mean isotopic values of 

precipitation at multiple elevations would be used to generate an average lapse rate (Tappa 

et al. 2016) and line of the minimum precipitation source elevation. A mean annual isotopic 

value for precipitation in the Upper Río Mocha watershed has not been determined, as there 

is no complete 12-month precipitation isotope series.  

A 9-month series (Nov 2011 - Jul 2012) of mean monthly isotope values for 

precipitation collected at a single elevation does exist, and exhibits δ18O values that span 

the range of spring water values in this study (Figure 3.13). Typically, homogenization 

during recharge and dispersion is considered to result in groundwater representing a mix 

of seasonal precipitation isotope values that is heavily influenced by high rainfall periods 

(Kendall & Doctor 2003; Baraer et al. 2015). In Figure 3.13, the mean of the 9-month 

series, weighted by precipitation amount, falls below the sampled spring values and 

approximately matches the mean ice value. If a line were to be drawn through this weighted 
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average precipitation point and the ice samples, the slope (lapse rate) would be close to 

zero. This line is not considered to represent a plausible lapse rate, because it would suggest 

that precipitation throughout the catchment would (on average) have the same isotopic 

signal, which contradicts the many studies confirming an altitude effect in the tropical 

Andes (Garcia et al. 1998; Rozanski & Araguas 1995; Gonfiantini et al. 2001; Windhorst 

et al. 2013; Mosquera et al. 2016). Additionally, such a line would fall below the majority 

of groundwater points, problematically implying that groundwater was sourced from 

precipitation at lower elevations. Overall, these inconsistencies imply that groundwater 

does not reflect the weighted mean isotopic value of precipitation and is therefore unlikely 

to be a homogenization of annual precipitation. Instead, groundwater may have shorter 

than one-year residence times, and inferring precipitation source elevations using lapse 

rates applied to relatively recent precipitation isotopic values (as in Figure 3.13) may be 

reasonable. 

Groundwater residence times and corresponding path lengths, gleaned qualitatively 

from isotopic and hydrochemical observations, also provide evidence of higher elevation 

precipitation sources for spring samples in Figure 3.14. Mineral phase dissolution and 

desorption reactions are often kinetic and thus gradually release ions from sediments into 

groundwater (Stumm & Morgan 2013). Assuming kinetic reactions are the dominant 

geochemical process, I use calculated total dissolved solids (TDS) as a proxy for residence 

time and flow path length (Cushman & Tartakovsky 2016; Lal & Stewart 2012). Combined 

with isotopic values serving as an indicator of precipitation source elevation, our water 

samples can be placed along a two-dimensional grid corresponding to lower elevation 
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rainfall to higher elevation meltwater, and with travel over a shorter to longer flow path in 

Figure 3.14. Ice, melt, and rain samples have the lowest TDS values, as expected. One 

Reschreiter ice sample does have unusually high TDS, but this likely is due to 

contamination from the ice drill passing through an ash layer deposited by explosive 

Figure 3.14 δ18O (‰VSMOW) versus TDS (ppm). Here, sample TDS (total dissolved solids) and 
δ18O values are used to infer groundwater residence time and source, respectively. The arrows and 
overlain text shows the interpretation of these values, where, for example, a higher δ18O value and 
lower TDS value would fall in the lower right and indicate rain sourced groundwater that spent 
comparatively little time in the ground. The majority of groundwater samples have mid-length 
residence times, with TDS values between 50-150, and exhibit isotopic signatures more similar to 
melt and ice.  
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activity from nearby Tungurahua. Spring samples exhibit a range of TDS concentrations, 

indicating variable flow path lengths and residence times. Stream samples have also been 

added to this plot as well and generally cluster near spring samples, supporting the 

conclusion that the Gavilan Machay stream is groundwater-dominated, though the stream 

samples collected nearer to glacier tongue do fall near melt and ice as expected. The closer 

clustering of groundwater and spring water isotopic values to meltwater (compared to 

precipitation samples), and the scatter of groundwater and spring water TDS at high 

Figure 3.15. TDS (ppm) vs collection elevation (m asl). There is an apparent trend in 
groundwater that as discharge elevation decreases, TDS increases, indicating an increase in 
residence time. 
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concentrations (compared to meltwater and precipitation), supports the conceptual model 

that meltwater contributes notably to groundwater and then is transported to various 

distances throughout the watershed. Figure 3.15 provides further evidence of high elevation 

meltwater traveling downslope. The inverse relationship between elevation and TDS is 

consistent with a shared high elevation, low TDS meltwater source having progressively 

greater TDS before discharging at various lower elevations. 
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Chapter 4: Conclusions and Future Work 
 
4.1 Summary of Key Findings 
 

The rapid recession of tropical glaciers is generating unease about future water 

availability in Ecuador and other tropical Andean nations. The remote nature of glaciated 

watersheds has resulted in sparse data sets, making it difficult to predict hydrologic change 

in response to glacier retreat. Additionally, the heterogeneity in climatic conditions both 

latitudinally, between the inner and outer tropics, and longitudinally, across the Andean 

Cordillera, constrains the degree to which study results in one region can be applied in 

another. Here I examined a glaciated watershed on an inner tropical, western cordillera 

peak: Volcán Chimborazo. Hydrochemical and stable isotope signatures were used to 

investigate the hydrologic connections between groundwater, meltwater, and streamflow 

in the catchment. Additionally, recent geologic studies were utilized to evaluate the 

hydrogeology of the study watershed and a geospatial analysis of remotely sensed imagery 

was conducted to assess land cover change on Volcán Chimborazo since 1976. The results 

provide insight into important hydrologic processes and site characteristics that must be 

taken into consideration when evaluating the hydrologic response to climate change. Key 

findings in response to the main questions posed by this thesis as well as directions for 

future work are summarized here. 

1. Have the proportions of meltwater runoff and groundwater discharge in streamflow 

changed over 2012-2017? 

Absolute contributions of groundwater and meltwater, calculated using discharge 

measurements and the relative contributions given by the HBCM mixing model, would 
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suggest that groundwater discharge in the Gavilan Machay subcatchment has decreased 

over the five sampling periods spanning 2012-2017. However, total discharge during 

sampling periods appears to reflect recent weekly antecedent precipitation conditions, 

suggesting precipitation dynamics can influence groundwater discharge on relatively short 

time scales. Considering the documented influence of the multi-year ENSO cycle on 

precipitation in the tropical Andes, along with the limited temporal range of our data, a 

long-term trend in groundwater discharge remains uncertain. However, it is clear that short 

time-scale processes, on the order of weeks to months, create high variability in discharge 

and should be accounted for when assessing changes in the hydrologic regime of glaciated, 

alpine catchments.  

 Examinations of spatiotemporal trends in melt and groundwater contributions to 

streamflow reveal that groundwater discharge is not only temporally dynamic but also 

spatially variable, with the largest proportional groundwater discharge occurring in the 

lower Gavilan Machay reaches near a major slope break and bedrock outcropping. This 

implies linked geologic and topographic controls on groundwater-surface water processes 

in the Gavilan Machay catchment. 

2. How is glacial meltwater partitioned between surface water and groundwater 

sources within a glacierized catchment on Volcán Chimborazo? 

Stable isotope signatures of springwater resemble those of melt and ice, and suggest 

recharge from a precipitation source falling at high elevations where ice and snow melt are 

the dominant hydrologic inputs. Solute concentrations in conjunction with isotopic 

signatures further support the conceptual model of meltwater recharging at high elevation 
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and traveling downslope through an inverse relationship found between discharge 

elevation and solute concentration. Though some uncertainty remains, as the seasonal 

variability in precipitation isotopes is unknown, the presence of short time scale 

groundwater discharge response (as noted above) implies shorter residence times such that 

groundwater would only represent an average of only a few preceding months of 

precipitation, rather than an annual average. 

3. What are the climatic, hydrogeologic, and vegetation factors that affect the 

hydrologic response to glacial melt?  

As noted above, it appears meteorological conditions can control the temporal 

variability of melt and groundwater contributions on a weekly to monthly time scale. 

Continued measurements will confirm this response, which is likely mediated by both the 

hydrogeology and the vegetation within the watershed.  Cross sections of the Upper Río 

Mocha and Gavilan Machay subcatchment show that near-surface geology is dominated 

by glacial till and glaciofluvial deposits and underlain by volcanic lava flows from 

Chimborazo’s first two cone building stages. Research in the Andes, Cascades, and 

Canadian Rockies suggest that glacial moraines may act as recharge areas and aquifers for 

shallow groundwater flow systems, while fractured volcanic units could host deeper 

groundwater circulations. 

A new land cover map for Chimborazo was created using object based image 

analysis and demonstrates an upslope shift in the upper limit of vegetation around the 

mountain. The map additionally reveals that agriculture and pasture land have expanded 

further up Chimborazo’s slopes as well as filled the valley to the southeast of the mountain. 
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Both these changes are likely to affect the hydrologic regime in the catchment as they alter 

evapotranspiration rates and water demand for irrigation.  

4.2 Future Research Directions 

Additional research in several areas is needed to further support and extend the 

conclusions reached here and to understand how the hydrologic regime in the Upper Río 

Mocha will respond to climate change in the future. Isotopic and hydrochemical signatures 

here suggest a melt-groundwater path, but lack of intra-annual precipitation isotope data 

makes this uncertain. Analyzing isotopic signatures of monthly precipitation samples can 

help determine whether groundwater truly exhibits a meltwater signature, or if it more 

closely resembles the mean annual precipitation value. Further, meltwater input to the 

watershed could be quantified through mass loss and energy balance calculations using 

ablation stations measuring temperature, relative humidity, ice melt, and incoming solar 

radiation. Compared against discharge measurements taken near the tongue of the glacier, 

the results would provide insight into the amount of melt infiltrating to the water table.  

Geologic cross sections presented here provide a first approximation of subsurface 

geology in the Upper Río Mocha watershed, and can be further refined through field 

surveys and/or geospatial analysis of remotely sensed imagery. Better constraints on unit 

thicknesses and outcrop locations could be used, along with the already digitized GIS unit 

layers, to create a 3D model of subsurface geology. Such a model could be incorporated 

into a hydrological model and each geology unit assigned properties, such as hydraulic 

conductivity, to investigate detailed subsurface flow mechanisms and explain spatial 

variability in groundwater discharge.  
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Lastly, the land cover map awaits an in-depth accuracy assessment. Different 

groupings within the agricultural (e.g. crop type, pasture) and native vegetation (e.g. bunch 

grass, cushion plants) classes could be resolved with ground surveys and new geospatial 

data from the SIGTIERRAS initiative. Once that is completed, the map can also be utilized 

in a watershed model with an ecohydrological component to better simulate infiltration and 

losses to evapotranspiration. With new and extended data on vegetation, geology, and 

hydrology, an integrated watershed model can be used to further resolve the spatiotemporal 

melt and groundwater dynamics of this catchment under climate change and confirm the 

results from our hydrochemical and stable isotope analyses. 
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Appendix A: Additional Figures 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 1 24 hours of calibrated, temperature corrected conductivity measurements in 
the Gavilan Machay stream. An Atlas Scientific EZO conductivity probe was used to 
collect conductivity measurements in the stream at the tongue of the Reschreiter 
Glacier. Measurements were made over the 24-hour period in which water samples 
were collected and confirmed that no significant change in water chemistry occurred 
during the sampling period. Additionally, it revealed that diurnal variability in 
conductivity (~ 16 μS/cm) was negligible when compared to conductivity variations 
at the watershed scale (~160 μS/cm). 
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Appendix B: June 2016 Example of HBCM Output for 
Confluence Cell 

 
CELL 2: CONFLUENCE 
 
HBCM 1,0 
ETS, University of Quebec 
  
before to start, you need to place the input matrix in B; the tracer column in T; the 
goundwaters in GW and the sampling point name in S 
  
Please make sure that tracer values at the cell outflow and at least at one contributor must 
be above the detection limit of the analytical methods 
test for tracers conservation? (o or n) o 
  
out of range:  
2 rejected tracers  
 2×1 cell array 
 
  'Na' 
  'HCO3' 
 
lack of contrast between sources : 
0 rejected tracers  
  
 Tracers remaining for the HBCM application to the present cell:  
 5×1 cell array 
 
  'Mg' 
  'Ca' 
  'SO4' 
  'Cl' 
  'd18O' 
 
number of sources: 2  
number of tracers remaining: 5  
  
groundwater to be considered as water sources? (o or n) *Note: o = oui (yes) & n = no 
 
 n 
------------------------------------------------------------------------------------------------------------ 
Results for GW: 0 
number of sources incling GW: 2 
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number of used tracers: 5 
  
cumulated error         sources                 tracers 
 Columns 1 through 7 
 
  10.7988e-003  933.2786e-003  66.7214e-003   1.0000e+000   2.0000e+000   
3.0000e+000   4.0000e+000 
 
 Column 8 
 
   5.0000e+000 
 
Results for GW: 0 
number of sources incling GW: 2 
number of used tracers: 4 
  
cumulated error         sources                 tracers 
   5.3792e-003  933.3128e-003  66.6872e-003   2.0000e+000   3.0000e+000   
4.0000e+000   5.0000e+000 
   9.1740e-003  933.3227e-003  66.6773e-003   1.0000e+000   2.0000e+000   
3.0000e+000   4.0000e+000 
  11.9924e-003  918.6945e-003  81.3055e-003   1.0000e+000   2.0000e+000   
3.0000e+000   5.0000e+000 
  12.4860e-003  933.3310e-003  66.6690e-003   1.0000e+000   3.0000e+000   
4.0000e+000   5.0000e+000 
  13.4531e-003  933.3294e-003  66.6706e-003   1.0000e+000   2.0000e+000   
4.0000e+000   5.0000e+000 
 
Results for GW: 0 
number of sources incling GW: 2 
number of used tracers: 3 
  
cumulated error         sources                 tracers 
   1.4078e-003  933.3376e-003  66.6624e-003   2.0000e+000   3.0000e+000   
4.0000e+000 
   5.8235e-003  933.3272e-003  66.6728e-003   3.0000e+000   4.0000e+000   
5.0000e+000 
   6.2455e-003  918.7056e-003  81.2944e-003   2.0000e+000   3.0000e+000   
5.0000e+000 
   7.1119e-003  933.3317e-003  66.6683e-003   2.0000e+000   4.0000e+000   
5.0000e+000 
  10.6321e-003  918.6913e-003  81.3087e-003   1.0000e+000   2.0000e+000   
3.0000e+000 
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  10.8840e-003  933.3313e-003  66.6687e-003   1.0000e+000   3.0000e+000   
4.0000e+000 
  11.1075e-003  786.7455e-003  213.2545e-003   1.0000e+000   3.0000e+000   
5.0000e+000 
  12.1754e-003  933.3166e-003  66.6834e-003   1.0000e+000   2.0000e+000   
4.0000e+000 
  13.8502e-003  786.8636e-003  213.1364e-003   1.0000e+000   2.0000e+000   
5.0000e+000 
  16.5899e-003  933.3345e-003  66.6655e-003   1.0000e+000   4.0000e+000   
5.0000e+000 
 
Results for GW: 0 
number of sources incling GW: 2 
number of used tracers: 2 
  
cumulated error         sources                 tracers 
  87.5686e-006  933.3325e-003  66.6675e-003   3.0000e+000   4.0000e+000 
   1.3306e-003  918.7014e-003  81.2986e-003   2.0000e+000   3.0000e+000 
   2.0217e-003  933.3322e-003  66.6678e-003   2.0000e+000   4.0000e+000 
   2.5489e-003  786.7032e-003  213.2968e-003   1.0000e+000   5.0000e+000 
   8.0381e-003  918.6871e-003  81.3129e-003   2.0000e+000   5.0000e+000 
   8.6094e-003  932.4172e-003  67.5828e-003   3.0000e+000   5.0000e+000 
   8.6463e-003  933.3326e-003  66.6674e-003   4.0000e+000   5.0000e+000 
  14.1139e-003  786.7966e-003  213.2034e-003   1.0000e+000   3.0000e+000 
  14.6175e-003  918.6804e-003  81.3196e-003   1.0000e+000   2.0000e+000 
  16.2396e-003  933.3293e-003  66.6707e-003   1.0000e+000   4.0000e+000 
 
------------------------------------------------------------------------------------------------------------
------------------------------------------------------------------------------------------------------------ 
 summary matrix 
------------------------------------------------------------------------------------------------------------
------ 
GW 
numbers of tracers 
   5 
   4 
   3 
   2 
 
minimum reached residue  
  10.7988e-003 
   5.3792e-003 
   1.4078e-003 
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  87.5686e-006 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 2 3 4

different values of tracers number (see exact numbers in command window)
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10-1

100



 

108 
 

Appendix C: Hydrochemical Analysis Results for Major Ions & Isotopes for 2015-2017 
Sampling Campaigns 

 
 

 
 

  
 
 
 

Table 1 June 2015 Results 
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 Table 2 June & July 2016 Results 
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 Table 3 February 2017 Results 


