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ABSTRACT 

   
The water stored in mountain snowpacks and glaciers provides an important water 

resource, seeding river systems that serve major populations centers and globally important 

ecosystems downstream.  Mountain river systems are facing potential hydrologic changes 

imposed from a warming climate and hundreds of recent hydropower development proposals.  

The melt-dominated hydrologic regimes of mountain river systems are prone to a gradual shift 

due to change imposed by increasing temperatures as glacier masses decline and snowpack 

accumulation is altered, whereas dam development in remote mountain basins would impose a 

more abrupt transformation.  Since these river systems play an important role in water supply 

and provide key ecosystem services, it is important to clarify their governing hydrologic 

processes.   

Despite their high societal value, we know little about many remote mountain rivers and 

they are notoriously data scarce.  To advance our understanding of remote mountain hydrologic 

processes over regional scales, this research develops a hybrid field-satellite methodology called 

Rapid Hydro Assessment (RHA) for data scarce mountain regions facing imminent change.  This 

method 1) clarifies the role of climate-sensitive snow and ice source waters to river flow and 2) 

characterizes regional hydrologic controls within a study timescale of months-to-years, not 

decades.  RHA uses targeted water chemistry and isotope data to elicit hydrologic insights not 

available from, but complemented by, remote sensing imagery.  RHA methodology is initially 
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informed by headwater scale streamflow separation work at the Niwot Ridge Long Term 

Ecological Research site in the Colorado Rocky Mountains, and is further developed via two 

case studies in Kyrgyzstan’s Tien Shan mountains and in the Peruvian Andes. 

Results of the case studies demonstrate the complex and varied role of meltwater across 

scales and sites.  Meltwater plays a critical role in surface flow and groundwater recharge in arid 

mountain areas like Colorado and Central Asia where snow makes up the vast majority of inputs.  

In contrast, in the more hydro-climatically variable Andes and Amazon, melt’s role is less 

directly important to river flow. High storage capacity in alpine wetlands provides a reservoir for 

wet season rain that appears to source baseflow through the dry season, and Amazon moisture 

systems deliver lower lying tributaries with major rain inputs.  The importance of melt in the 

Andes is instead indirectly connected to river flow, with the diminishing extent (size) of alpine 

wetland reservoirs connected to declining melt inputs as tropical glaciers melt out.  The case 

studies demonstrate the ability for the overarching RHA framework to be applied across diverse 

sites with varying levels of data availability, field access, sampling configurations and mixing 

model techniques.  This work serves as an example of the creative approaches needed to address 

mountain hydrologic knowledge gaps that will allow us to better anticipate future water 

vulnerabilities, and to inform holistic, basin-wide development strategies. 
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CHAPTER 1 

1: INTRODUCTION 

The water stored in mountain snowpacks and glaciers provides an important water 

resource, sourcing river systems that serve major populations centers and globally important 

ecosystems downstream.  These river systems provide key ecosystem services and play an 

important role in water supply, storing winter precipitation and slowly releasing it to downstream 

populations through summer months. Mountain river systems are facing potential hydrologic 

change imposed from a warming climate and hundreds of recent hydropower development 

proposals.  

In the context of a changing climate – and especially in relation to warming temperatures 

– much concern has been raised regarding the future and fate of mountain water resources 

because snow and ice are especially sensitive to temperature.  Temperature affects not only the 

volume of frozen water storage (precipitation that falls as rain versus snow) (Knowles et al., 

2006) but also its delivery of water downstream by changing when and how fast it arrives 

(Musselman et al., 2017).  Embedded in these effects are secondary impacts to meltwater volume 

available for human consumption as historical eco-hydrologic regimes respond to changes in the 

availability of melt (e.g., Barnhart et al., 2016; Goulden & Bales, 2014).    

Increasing water demands from growing desert cities of the Western US, together with 

prolonged drought periods (Cayan et al., 2010) including multi-year historically low snowpacks 



	

	

2 

in the Sierras (Griffin & Anchukaitis, 2014) emphasize the fragility of water resources in the 

American west, and the heavy reliance on snow to meet water needs. Many downstream areas 

also rely on rivers sourced by mountain glaciers. Since glacier mass balances are declining 

across all continents on the globe (IPCC, 2007), we need to identify and anticipate changes to 

global mountain water resources in a warming climate, and to better understand the role of 

meltwater in international water supplies.  

Aside from climate, new river development projects may also impose major hydrologic 

change in mountain areas.  In recent decades resource development like hydropower and mining 

projects are looking to remote, mountain river systems for new development sites.  Historically 

remote basins have presented challenges with access and energy transmission, but remote 

mountain areas are pursued today given limited viable alternative sites and persistent energy and 

mineral demands.  Hydropower and riverside mining can impose major hydrologic change to 

mountain river systems.  Dams truncate the river continuum (Vannote et al., 1980) that is critical 

for biodiversity, sediment transport and erosion control.  Integrated basin planning that aims to 

mitigate the abrupt impacts from hundreds of newly proposed dams holds promise as a smarter 

approach to hydropower development, but it requires basic environmental knowledge of subject 

basins that are relatively unstudied (Winemiller et al., 2016).   Mountain streamflow dictates 

sediment, biologic and social patterns within the river corridor, so clarifying governing mountain 

hydrological processes in these basins is an obvious priority. 

Central challenges to characterizing mountain hydrologic processes include accounting 

for high heterogeneity in mountain environments, from the headwater to the cordillera scale.  

Mountains are constantly changing in time and space:  physically (topography, aspect, steepness, 

geology, vegetation), climatically (precipitation, temperature, humidity, snowpack depth and 
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density, energy fluxes, wind), and socially (land use, water withdrawals and returns, access and 

infrastructure, reservoir storage, hydropower needs).  Few people live in headwater catchments, 

creating little water demand at that scale and necessitating the focus towards larger basins.  

Agriculture and larger population centers occupy the lower lying areas of regional river domains, 

imposing a greater need for knowledge about hydrologic processes, and thus water vulnerability, 

at these elevations. Understanding the various sources to river flow is a useful first step in water 

vulnerability assessments because the potential for changing water inputs varies across sources. 

Streamflow partitioning, the separation of river flow into its various source waters, has 

been studied at the headwater scale (Racoviteanu et al., 2013; Wilson et al., 2016), and these 

studies show flow composition to change rapidly with distance downstream even at high 

elevations.  These spatial changes to streamflow composition suggest a clear need to improve 

river flow partitioning knowledge further downstream, where water requirements are much 

greater.  

Exacerbating the challenges of heterogeneity and scale is data scarcity. Historically, field 

datasets relevant to snowpacks, glaciers and rivers were relied on to intuit mountain hydrologic 

processes, but the sparse spatial and temporal data network is largely unable to accommodate 

representativeness of the continuously changing mountain environment.  Field measurement 

records in mountain headwaters are also limited due to difficult access and work conditions in 

places prone to high winds and hostile weather.   Rapidly evolving satellite data products provide 

more accurate and higher resolution data over regional scales, allowing us profoundly improved 

data sets to tackle water resource questions across entire cordilleras.  Having said that, remote 

sensing data has its own shortfalls and is not entirely sufficient for hydrologic study: ground 

surfaces are obscured by clouds common to mountain regions, signal saturation in snowpacks 
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and forests prevents information acquisition in some areas, mixed pixel problems yield 

uncertainty in land cover designation, to name a few.  Also, subsurface information such as 

groundwater movement or geologic boundaries cannot be well-tracked at the basin scale because 

spectral satellite data only provides information at the earth’s surface.  In situ measurements 

complement satellite datasets because they identify issues not apparent from satellites and they 

ground-truth satellite information to improve interpretation and accuracy.   So, the combination 

of remotely sensed data and targeted field measurements provide a way forward for clarifying 

mountain hydrology over regional scales.  

The need for developing robust methods for regional field-satellite hydrologic studies is 

clear and urgent. Impending water stress from cryospheric (snow and ice) hydrologic shifts due 

to a changing climate are producing heightened international tension on trans-boundary rivers 

(Groll et al., 2015; The Economist, 2014).  Impacts from major hydropower development in 

ecologically and socially important basins may be mitigated with thoughtful basin-wide planning 

informed by governing environmental processes (Winemiller et al., 2016).  Little-to-no existing 

environmental data records in remote mountain river basins subject to these concerns and the 

short timescale upon which hydrologic controls need to be clarified calls for creative and new 

hydrologic methods.   

 

1.2 Research Objectives and Experimental Design 

In this dissertation, my goal is to respond to the need for large scale hydrologic 

characterization of poorly studied mountain basins. I develop a hybrid field-satellite 

methodology called Rapid Hydro Assessment (RHA) for data scarce mountain regions facing 

imminent change.  This method will 1) clarify the role of climate-sensitive snow and ice source 
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waters to river flow and 2) characterize regional hydrologic controls within a study timescale of 

months-to-years, not decades.  I aim to identify novel ways to use targeted water chemistry and 

isotope data to elicit hydrologic insights not available from, but complemented by, remote 

sensing imagery that allows for better understanding of these poorly-studied water systems.  To 

achieve this, the research objectives shown in Table 1.1 were explored, and each is the subject of 

its own main body chapter.  
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Table 1.1:  Research design via a progression of objectives and case studies en route to RHA 
development.    

 

 

Research objective #1: How does geology affect the transport of meltwater downstream, and 

how does it impact local streamflow generation mechanisms?  

While it is clear that geology has a strong control on meltwater flowpaths and streamflow 

generation, relatively little is known about the intricacies of this process because it transpires 

underground.  The physical path that meltwater takes en route to downstream users is important 

because it impacts groundwater reservoir recharge, responsiveness of streamflow to melt onset, 

and the delay in meltwater accessibility due to longer residence times.   

In a heavily instrumented and monitored headwater site on Niwot Ridge in the Rocky 

Mountains of Colorado, this research objective aims to use an extensive isotope and hydro-

chemical time series to interpret the influences of geology on the pathways of meltwater as it 
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moves downstream, as well as its impact on streamflow generation sources throughout an 

average water year.  

Key results from this long term, data-rich headwater study guides RHA method development.  

We found: 

1) Streamflow generation at the headwater scale is mostly a mixture of lateral subsurface 

interflow and overland melt run-off, emphasizing the need to sample the interflow end 

member.  The relative proportions of these sources to alpine streamflow are a function of 

the depth of colluvium overlying bedrock. 

2) This study provides insight into the variables and samples giving the most explanatory 

information to teasing out alpine and melt hydrologic process. This is a critical lesson for 

honing sample design to only the most essential locations over larger scales and 

condensed timeframes.  

3) Fracture flow through bedrock is not relevant to streamflow generation at the headwater 

spatial scale on Niwot Ridge. This prompted questions about capturing information about 

non-local melt transport (deep flowpaths) in mountain bedrock environments over larger 

scales.  

 

Research objective #2, case study 1:  Can traditional hydrologic mixing models be adapted to 

identify streamflow composition changes through space?  What role does melt play in regional 

groundwater recharge and surface flow over a 4,000m gradient in Central Asia’s Tien Shan 

Mountains?  

Research objective 1 evaluates the influence of meltwater to an alpine stream at a single 

point throughout a water year.  In objective 2, we investigate the ability to adapt this approach 
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and apply a similar hydrochemistry-based mixing model method over a 440km spatial domain to 

determine the importance of meltwater to Naryn River discharge. This research objective aims to 

evaluate the sufficiency of minimal field sample numbers for addressing the role of snow and ice 

in river discharge over regional scales.   In this study we also assess the feasibility of modifying 

traditional end member mixing models to accommodate classifications of continuously changing 

end members over the study domain.  The robustness of EMMA applications across a wide 

spectrum of hydrologic regimes within the basin is also evaluated. 

 

Research objective 3, case study 2: Can surface water hydrochemistry datasets alone be used to 

infer meltwater influence and hydrologic controls of a remote mountain hydrologic system in the 

Andean Marañón River?  

In truly austere mountain environments, access to desired sampling sites and end 

members is not always achievable.  Research objective 3 tests the ability to tease out meltwater 

influence and basic hydrologic understanding in basins without access to end member samples, 

or where sampling timeframes and/or access prescribes only a limited surface water sampling 

campaign.  The case study spans 620km of Peru’s mostly inaccessible Marañón River, headwater 

stem to the Amazon.  It moves one-step further from data richness than in research objective 2 

and tests the thresholds of targeted but minimal field sampling aspects of RHA.   

Research objective 3 is an important aspect of the RHA methodology because of the 

realities of field work limitations, and the need for adaptability to accommodate limited access to 

data within the expedited study timeframe imposed by development proposals.  

 



	

	

9 

1.3 Summary of research motivation and scope  

Climate change (specifically its impact on melt waters) and other means of disturbance 

can impose hydrologic change in mountain basins.  Our ability to anticipate water supply 

changes or inform water resource development projects requires an understanding of hydrologic 

controls over regional scales.  This knowledge is more critical in poorly studied areas with few 

data records, as these areas are increasingly subject to development and/or have little water 

supply infrastructure in place to buffer hydrologic shifts.    

This dissertation research develops and tests new methods for quickly gaining first order 

understanding of major river system controls fed by climate sensitive snowpack and glacier 

waters.  I utilize remote sensing products combined with hydrochemistry and isotope tracer 

datasets to identify the stream discharge sources and meltwater influence in basins over varying 

scales and data richness. Three study basins are subject to this research: Niwot Ridge, Colorado; 

Naryn River basin, Kyrgyzstan; Marañón River basin, Peru.  

The results of this work not only shed light on the hydrology of the subject basins, but 

more significantly it provides a contribution to the hydrology field by offering a tool for efficient 

characterization of globally important but unstudied basins.  In these places the stakes are high 

when it comes to water resources.  Through the research process I also hope to reiterate the value 

of field measurements and human observation, even amidst the power of satellite perspectives.  
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CHAPTER 2 

2:  THE FATE OF AN ALPINE SNOWPACK: GEOLOGIC INFLUENCE ON THE 
TRANSPORT MECHANISMS OF MELT TO STREAMFLOW 
 

 

Abstract 

Snow is the principal water input into the alpine regions of Colorado’s Rocky Mountains.  

Shifts in climate are changing the mountain energy balance which in turn affects snow 

accumulation and melt patterns, and thus the hydrographs of melt-sourced waterways 

downstream.  While climate principally impacts the timing and amount of meltwater, the 

underlying geology of alpine snowfields has the potential to affect the downstream hydrograph 

response because it largely dictates the flowpaths from point of melt to stream channel.  

Mountain geology is a constantly changing condition, made even more difficult to characterize 

because it lies subsurface and so is challenging to differentiate from one hillslope to the next.  

Our ability to predict subsurface flow paths is not only limited by difficulty in identifying 

changing geologies, but also by not having a firm grasp on how geology controls when and 

where water moves downslope. 

This research utilizes two adjacent but contrasting headwater geologic environments, a 

colluvial and bedrock aquifer, at the Long Term Ecological Research Site on Niwot Ridge, 

Colorado Rocky Mountains to identify how geology controls flowpaths from meltwater to 

streamflow.  We use hydrochemical and isotope tracers found in groundwater, snowpack, 
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meltwater and rain, together with a groundwater table depth record and mixing model methods, 

to calculate stream flow separations over an average water year.   

We find that streamflow generation at the headwater scale is mostly a mixture of lateral 

subsurface interflow and overland melt run-off, and that the relative proportions of these sources 

to alpine streamflow are a function of the depth of colluvium overlying bedrock. Fracture flow 

through bedrock is not relevant to streamflow generation at the headwater spatial scale on Niwot 

Ridge but may transport meltwater further afield through deep flowpaths in mountain bedrock 

environments.  Utilizing a multi-year data record, this work raises questions about the size of 

alpine groundwater reservoirs, and the time buffer they may provide for maintaining streamflow 

in the case of multi-year drought periods.  

 

2.1 Introduction  

Mountains are natural "water towers" because they provide a disproportionate amount of 

essential water resources as well as a steep hydraulic gradient to lower-lying valleys and plains 

(Viviroli et al., 2003). Their snow packs and alpine aquifers provide natural water reservoirs to 

downstream populations and agriculture, providing water to low elevations during drier seasons.  

When and how much snow water is available has implications for downstream flood prediction, 

water resource planning, temperature and chemical considerations for surface water (Taylor et 

al., 2001).  Regional groundwater systems, particularly in the western U.S., also rely on melt 

inputs (eg, Clow et al., 2003; Liu et al., 2004).   Climate forecasts suggest an increase in 

temperature as well as a change to the amount and nature of hydrologic inputs in alpine areas 

(Barnett et al., 2005; Hamlet et al., 2005; N. Knowles et al., 2006; Mote, 2003; Mote et al., 2005; 

Regonda et al., 2005), with changes to snowpack accumulation not only affecting the amount of 
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water available but also how fast and when it melts (Musselman et al., 2017).  The uncertainty 

involved in all of these climate-related factors embeds additional complexity to clarifying poorly 

understood hydrologic processes that dictate the behavior of groundwater-surface water systems 

in mountain regions.  

The route that water takes from point of melt to end user depends on both the climate and 

hydrogeology of the basin.  Safeeq et al., [2013] suggest that geologic differences in aquifer 

systems are as important to climate change induced streamflow vulnerabilities as differences 

between rain and snow dominated catchments.   Geo-climatic frameworks to address mountain 

water resource issues are needed (Tague & Grant, 2009) and a central challenge to this task is 

forecasting water movement from snowpacks to lower lying areas.   We lack a holistic 

understanding of the water balance in alpine regions over large scales in part because a) several 

black box processes including groundwater flow and sublimation losses likely play a large role in 

hydrologic partitioning of snow water and b) snow-driven groundwater flow paths and recharge 

rates are poorly understood due to mountains’ high spatial heterogeneity of snowpacks, 

topography, and geology (Blasch & Bryson, 2007).  

Clarification of mountain hydrologic processes and meltwater flow pathways is crucial 

for evaluating the vulnerability of surface and groundwater systems to climate change 

(Uhlenbrook et al., 2002).   Intensive field-based and modeling studies are needed to evaluate the 

impact of geologic factors on snowmelt-groundwater-surface water interactions.  Such studies 

may be lacking due to logistical difficulty of conducting field work and installing groundwater 

monitoring sites in often inaccessible and remote alpine areas.  The Niwot Ridge Long Term 

Ecological Research (LTER) site in the Rocky Mountain foothills outside Boulder, Colorado, is 
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one of few global research programs and data sets that affords high temporal and spatial 

monitoring of groundwater, surface water and snowmelt in a true alpine environment. 

The objective of this study is to differentiate how contrasting geologies affect the 

transport of snow melt downstream as well as how subsurface variation impacts the groundwater 

response to snowmelt, and we do this by comparing two adjacent but distinct aquifer geologies 

on Niwot Ridge.  Specifically, we ask: How do differences in catchment geology affect how and 

when snowmelt is routed from hillslopes to streams?  To address this question we investigate the 

chemical and isotopic composition of groundwater and surface water, water table height and 

stream flow over the 2008 to 2012 water years on Niwot Ridge, Colorado.  We utilize 14 alpine 

piezometers (groundwater monitoring wells) and an exhaustive source water sampling suite to 

identify snowmelt partitioning and melt water flow paths based on geochemical and isotopic 

tracers. Field data is further utilized in established mixing model methods (End Member Mixing 

Analysis (EMMA) (Christophersen et al., 1990; Hooper et al., 1990; Hooper, 2003a)) to clarify 

meltwater-groundwater-surface water interactions over a spectrum of high-to-low water years. 

 

2.2 Site  

This study was conducted on Niwot Ridge, Colorado within the Saddle and Martinelli 

catchments.  These two adjacent catchments have similar climate but have contrasting geologies 

(Figure 2.1). I adopt the geologic characterization of King (2012) which utilizes the drilling logs 

from the piezometer installation in 2008, geophysical studies conducted on Niwot Ridge, and 

historical mapping studies (Figure 2.2).   

The Saddle catchment is considered a bedrock aquifer because it has only a thin (~1-2m) 

layer of material overlying the basement rock so most of the aquifer capacity is hypothesized to 
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be stored in bedrock fractures. Water flow through bedrock aquifers is dominated by fracture 

networks that act as preferential flowpaths for infiltrating waters. Colluvial aquifers such as the 

Martinelli are made up of porous, unconsolidated material often deposited in gullies or at the 

base of hillslopes due to slope creep and water driven mass wasting.  Colluvial aquifers are 

generally assumed to be porous mediums that transport water via traditional Darcy flow.  While 

the Martinelli catchment is also underlain by bedrock at depth, the overlying colluvium is of 

significantly thicker than in the Saddle (variable, but up to 5-8m in some areas) and is anticipated 

to serve as the major water storage mechanism in this catchment.   



	

	

15	
 

  

Figure 2.1: Left: Saddle-Martinelli site displayed on LTER 2m digital surface model imagery, including sampling site locations for 
end members and surface water (both stream samples and discharge measurements taken at gauge locations).  The numbered 
groundwater well markers indicate the location of the piezometer pair (one shallow, one deep).  Inset indicates Niwot Ridge LTER site 
in Colorado. Right: The adjacent Saddle (green box in photo) and Martinelli (red box in photo) basins lie on the south facing slopes of 
Niwot Ridge. 
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Figure 2.2:  Subsurface geology characterization for the Saddle (a) and Martinelli (b) is based 
predominantly on reconstructing the core material excavated during the installation of 
groundwater monitoring piezometers in 2008.   Credit: Jessica King.  

 

The 0.24km2  Saddle catchment spans from the crest of Niwot Ridge downslope to the 

southwest.  The catchment has a 166° southerly aspect and ranges in steepness from 0.1° to 30.4° 

with a mean slope of 10° (Hanmann, 2002).  The upper catchment has vegetation characteristic 

of alpine tundra such as communities of gramminoids and forbs, and little exposed bedrock. The 



	

	

17 

hydro-geologic setting of the Saddle is generally characterized by shallow unconsolidated 

surficial materials predominantly composed of sand and gravel.  Underlying bedrock units are 

known to contain extensive fracture networks (Leopold et al., 2008; Pearson & Johnson, 1980) 

although fractures have not been mapped.  Groundwater sampling sites within the basin are 

located at 3528m ASL.  Snow accumulation in the Saddle is variable in part due to the strong 

west-northwesterly winds at the Saddle that aid in sublimation and re-distribution of snow from 

the north and east portions of the catchment to the south and west. Maximum snow depth is on 

the order of 4m in the western part of the basin.   A 1.7 km intermittent stream flows from the 

beginning of snowmelt through early fall with a 2008-2012 average annual discharge of 53,062 

m3yr-1.   

The 162° south-facing Martinelli catchment is smaller (0.14km2) and steeper than Saddle 

with an average slope of 20.5°, ranging from 4.5-39.2° (Hanmann, 2002). Martinelli is 

geologically dominated by unconsolidated material and 2-3m of diamicton (Leopold et al., 2008) 

composed of coarse sand, gravel, cobble and possible boulders underlain by crystalline bedrock.  

Due to deposition of wind-transported snow a semi-permanent snow field covers 45% of the 

basin in most years under which a 10-20cm basal ice layer has been known to form at the snow-

soil interface (Caine, 1989). Groundwater monitoring sites are located at 3425m ASL in the 

Martinelli catchment. Overland flow and artesian conditions in piezometers is common during 

snowmelt. A 0.35 km length ephemeral stream drains the snow field to the basin outlet with an 

average annual flow of 79,477 m3yr-1 over 2008-2012. Climate data is not specifically recorded 

at the Martinelli site, however its proximity to the Saddle site suggests the Saddle climate data 

(temperature, precipitation) is also applicable to Martinelli.  Wind conditions are often different 

at Martinelli than at the Saddle because Martinelli lies in the lee of the east knoll and is 
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considerably  more protected. 

Both basins are located above treeline within the Niwot Ridge Long Term Ecological 

Research (LTER) network site 35 kilometers outside of Boulder, Colorado in the front range of 

the Rocky Mountains (40°03’N, 105°35’W).   Niwot Ridge is an alpine tundra ecosystem 

extending eastward from the Continental Divide with treeline at approximately 3400m ASL. It is 

generally characterized by high temperature and precipitation gradients, low annual 

temperatures, and high solar radiation.  Strong winds from the west contribute to significant 

snow redistribution and water losses to sublimation on Niwot Ridge.  Calculated losses range 

from 15% at the Saddle (Hood et al., 1999), one-third at the 3740m elevation D-1 site on Niwot 

Ridge (Greenland, 1989), and up to 72% of winter precipitation is lost to the atmosphere within 

10 km downwind from the site (Knowles et al., 2012). 

 

2.3 Methods 

2.3.1 Field Methods 

2.3.1.1 Groundwater  

Seven pairs of piezometers (groundwater monitoring wells) were installed in 2008.  This 

monitoring network includes 4 pairs of wells in Saddle and 3 wells in Martinelli, with each pair 

including a deep and shallow well.  The deep well depths range from 6.3-8.4m in Saddle to 3.3-

4.3m in Martinelli.  Wells are aligned east to west approximately perpendicular to the streams 

draining each basin (Figure 2.1) and were used for groundwater sampling.  Extensive field 

sampling and monitoring was conducted year round from 2008-2012 except when excessive 

snow accumulation (i.e. > 4m) prohibited sampling due to inaccessibility of the piezometers.  
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Depth-to-water table (DTW) was monitored by hand concurrently with weekly hydrochemical 

sample collection using a weighted tape measure. Pressure transducers (In-Situ Inc. Level Troll 

100, non-vented) were installed in SD3 & SD4 in January 2010 and collected groundwater data 

twice daily. Groundwater samples were collected for chemical and isotopic content using a PVC 

bailer and latex/nitrile gloves to prevent contamination.  

2.3.1.2 Surface Water 

Weekly to daily surface water grab samples were collected at the gauging locations on 

the Martinelli and Saddle streams (Figure 2.1).  Sampling at the Saddle headwater site occurred 

during snow-free months and during the snowmelt season
 
when stream channel access was 

achievable via digging through the snowpack.  For both ground and surface water, sample bottles 

were soaked overnight then rinsed five times with de-ionized water. At the study site bottles 

were rinsed three times with the subject water before collecting triplicates of water samples. 

Bottles were kept cool and stored at 4 ̊C before being transported to the laboratory for analysis.  

2.3.1.3 Precipitation 

Weekly precipitation samples were acquired at the Saddle National Atmospheric 

Deposition Program site (NADP, site CO02, Figure 2.1) within a wet precipitation collector as 

well as at a co-located Belfort (5-780) precipitation gauge. Winter precipitation was adjusted for 

61% over catch resulting from wind redistribution of snow [Williams et al., 1998]. 

2.3.1.4 Snow 

Snowpack physical and chemical properties were measured weekly at the Saddle site 

adjacent to the subnivean laboratory (Figure 2.1) using standard snow pit protocols (Williams et 

al., 1999).  Snow samples were stored frozen at -20 ̊C for 1-2 months prior to analysis and then 
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melted in sealed containers at room temperature. Twenty meters from the snowpit location, 1m2 

snowmelt lysimeters funneled snowmelt to the subnivien laboratory for meltwater grab sampling 

on a daily to weekly basis following protocols described in Williams et al. [1996b].  

2.3.1.5 Soil Water 

Soil water was collected monthly to bi-monthly in zero-tension (ZT) soil lysimeters at 

both the Saddle and Martinelli catchments (Figure 2.1). When single lysimeter water yields were 

too small for laboratory analysis, lysimeter samples were bulked. 

2.3.2 Laboratory analyses 

All water samples (groundwater, surface water, snow, snow melt, soil water) were 

analyzed at the Niwot LTER wet chemistry laboratory, the Kiowa Lab, in Boulder, Colorado. 

Analytes include pH, acid neutralizing capacity (ANC), conductance, major ions, dissolved 

silica, dissolved organic matter, δ18O and δD. Samples were filtered through pre-rinsed 47-mm 

Gelman A/E glass fiber filters with an approximate 1-µm pore size.  Instruments and methods for 

the analytes are shown in Table 2.1. Analytical precision for all solutes is less than 2%. 

Table 2.1:  Instruments and methods used for laboratory analysis of all water samples.

 

Stable water isotopes are reported as a δ (per mil) ratio of the sample to Vienna Standard 

Mean Ocean Water (VSMOW), calculated as: 

! "#$ , !& = [ )*+,-./
)01234

− 1] ∗ 10:   (1) 
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where R is the ratio of 18O/16O or 2H/1H.  Precision on stable isotope measurements was 0.020 1-

σ for δ18O and 0.158 1-σ for δD based on replicate samples, where σ is the standard deviation of 

the replicates.  

2.3.3 Data analyses 

2.3.3.1 Isotopic and chemical tracers 
 

Temporal and spatial trends of isotopes and ions in groundwater and surface water were 

evaluated to aid in parsing out sources and flow paths of water inputs to the study basins.  Stable 

isotopes are well recognized as being naturally occurring conservative tracers useful for 

determining source waters.   Groundwater recharge periods that change seasonally can be 

defined by changes in groundwater isotopic signatures in relation to new water events (Abbott et 

al., 2000; Maule et al., 1994; O’Driscoll et al., 2005).  Ion concentrations are traditionally 

considered products of water-rock interaction (Mast et al., 1990) thereby providing information 

on subsurface residence times and flow paths.    

2.3.3.2 Hydrograph separation 
 

Hydrograph separation was calculated using Principal Component Analysis (PCA) and 

End Member Mixing Analysis (EMMA) (Christophersen et al., 1990; Christophersen & Hooper, 

1992; Hooper, 2003b; Hooper et al., 1990). The methods of EMMA are well established and 

have been used to identify end-members of alpine surface water hydrochemistry by many 

researchers (e.g., Burns et al., 2001; Frisbee et al., 2011) including work in the adjacent Green 

Lakes Valley and its sub-catchments (Liu et al., 2004; Williams et al., 2006, 2007).  

Tracer and end member selection follows Hooper (2003). Tracers utilized in EMMA 

must not violate the assumptions of standard mixing models, that is to say tracers must be 

conservative (not vanish into the environment via some other process). Conservative behavior is 
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identified by randomness among residuals (de-standardized projected concentration minus 

observed concentration) when plotted against the observed concentration.  Correlation among 

residuals suggests the tracer is non-conservative, but there is no strict or prescribed R2 threshold 

for determining randomness, and thus conservativeness.  I selected R2.  > 0.5 as the threshold.  

Tracer selection is also aided by calculating residual root mean square error (RRMSE), whereby 

low RRMSE indicates a better tracer fit to the n-dimensional space.  In 2-dimensions, selection 

of tracers should minimize the change in RRMSE between 1-D and 2-D. 

End member selection is generally determined via two metrics:  

1) visual geometric inspection of U-space plots whereby stream samples and end member 

median concentrations are projected into a transformed space dictated by principal components.  

In the case of a 2-dimensional projection (3 end members), the geometry of the U-space plot will 

ideally allow for 3 end members to form a triangle that encapsulates all stream samples.   

2) Calculated Euclidean distances that describe the extent of transformation from actual-

to-projected space as a percent of original observed value.  Lower Euclidean distances suggest 

more appropriate end member selection insofar as their re-projection is more actually represented 

by the 2-D U-space plot.  End member selection is a somewhat subjective process using these 

metrics and they need to be balanced to find the most suitable solution.   

Further, end member selection may be iteratively refined using sample concentration 

reconstructions that provide feedback on model performance.  Poorly performing models suggest 

that either tracer or end member selection has gone awry, and these steps should be re-evaluated. 
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2.4 Results 

2.4.1 Climatology 

Long term climate data has been recorded continuously at the Saddle site since 1981 [eg, 

Humphries et al., 2008]. The study period affords the ability to compare hydrologic behaviors 

across average annual cumulative precipitation water years (October 1-September 30) in 2008-

2010 with a record wet (2011) and record dry (2012) year over the period of record (Figure 2.3).  

2011 had a total precipitation of 3.317m and 1.697m of SWE which is greater than the 2008-

2012 average (0.8871m) by nearly a factor of two. In 2012 Niwot Ridge experienced a record 

low snow year with peak SWE less than a quarter of the previous year’s at 0.4088m.  Despite a 

wet summer in 2012, total cumulative precipitation over the study period was lowest in 2012 at 

1.789m. An unusually early melt onset occurred on March 2 in 2012 while 2011 experienced an 

especially late melt onset on June 7. In average years such as 2008-2010, melt began between 

April 28 and May 27.  Mean daily temperatures follow a traditional seasonal cycle, with the 

2008-2012 maximum daily mean temperature of 15 degrees C and the anomalously low 

minimum daily mean of -29 degrees C. The long-term (WY 1982-2012) mean daily temperature 

is -2.16°C.    



	

	

24 

 

Figure 2.3:  Climatology on Niwot Ridge over WY2008-2012.  SWE and precipitation were 
measured at the Saddle snowpit and Saddle NADP site (CO02), respectively. Temperature is 
measured at the Tundra Lab site. 

 

2.4.2 Groundwater table height 

Water table monitoring demonstrates that the major annual groundwater recharge event 

in both basins occurs in response to snowmelt influx in late spring (Figure 2.4).   The Saddle 

wells show a higher maximum recharge but more recharge variability than Martinelli.  Martinelli 

piezometers often experience artesian conditions with the water table at or near the ground 

surface.  The water table in the Saddle basin, on the other hand, hovers between 2-8m below the 

surface for deep wells during average water years.   

Groundwater fluctuations in Martinelli over the study period were similar across all wells with 
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average annual water table rises of 3.14m (MD1), 3.06m (MD2) to 3.17m (MD3). The 

permanent snow patch in Martinelli likely contributes to the consistency in behavior of all wells 

across all years except for smaller recharges in MD2 and MD3 in 2012.  In contrast to the 

spatially consistent behavior in Martinelli, the average change in the water table height in the 

Saddle piezometers ranged from 2.22 (SD1) to 4.63m (SD4) with SD1 consistently experiencing 

the lowest water table.  Interestingly, depth to peak water table height is significantly related to 

peak SWE only in MD2 (p=0.01) and SD3 (p=0.03). 

 

Figure 2.4:  Groundwater fluctuations in the Saddle basin (4 wells ranging from 6.3-8.4 m deep) 
and the Martinelli basin (3 wells ranging from 3.3-4.3m deep) over WY2008-WY2012. 
Groundwater recharge is measured in piezometers by changes in the depth to the water table 
from the ground surface.  Gaps in DTW measurements are due to the water table falling below 
the bottom of the well, or when deep snow packs prevented locating the piezometers for 
measurement. SWE at the Saddle pit is shown. Melt onset is indicated by the annual dramatic fall 
from peak SWE.   
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2.4.3 Isotopes and chemistry  

Source water isotopes range from highly enriched summer precipitation (rain, δ18O 

median 10‰) to more depleted sources including snowpack, lysimeter meltwater, and winter 

precipitation (Figure 2.5).  Receiving aquifers (represented by groundwater as measured in 

piezometers) and streamflow isotopic profiles indicate various mixing of source waters, with all 

isotopic values encapsulated by the range of isotopic values measured at the site. 

 

Figure 2.5:  The range of dO18 values in WY2010 across all sampled waters in both basins.  
Boxes relate to interquartile range, with whiskers identifying data falling within 1.5 times the 
interquartile range. 

 

Across climate variations, snowmelt drives an isotope depletion and ion dilution pulse in 
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all groundwater wells over all years in the study period (Figure 2.6). Martinelli groundwater 

tracer composition is similar across all snow years (Figure 2.6, top panel) with the permanent 

snow field in Martinelli buffering changes to inter-annual climate variation by providing a 

consistent melt water source regardless of the seasonal snowpack.   

 

 

Figure 2.6:  Annual meltwater influence is observed in the pulse of ion dilution and isotope 
depletion of groundwaters across a spectrum of water years.  2011 experienced a record high 
snowpack, while 2012’s snowpack was a record low. Here, deep groundwater from Martinelli 
well 2 (MD2, top) Saddle well 4 (SD4, bottom) groundwater Ca2+ (red markers) and δ18O (green 
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diamonds) values are shown with the basin hydrograph (cyan) and the recorded SWE at the 
Saddle site (blue dashed line). 

 

The western Saddle groundwater system (SD4 shown in Figure 2.6 bottom panel) 

displays a memory of previous hydrologic conditions over progressively larger snow years from 

2008-2011.  Larger influxes of new melt water influence inter-annual trends in lower ion 

concentrations and more depleted waters. Notably no isotope depletion signal is observed in 

2012 in SD4 although Ca2+ concentrations increase.   This indicates that SD4 groundwater in 

2012 is likely relic from autumn 2011 and is more reacted due to additional holding time.  The 

lack of dilution mechanism in 2012 suggests that new water inputs may not have exceeded 

aquifer capacity, resulting in little-to-no groundwater flushing in 2012 and giving a general 

estimate of aquifer storage volume. 

Looking more closely at the seasonal variation during an average water year in 2010 all 

Martinelli groundwater have depleted δ18O waters ranging from -18.5‰ and -20‰ indicating the 

direct importance of snowmelt on this groundwater system (Figure 2.7, right).  Martinelli 

isotopic signatures reveal the highest depletion levels in mid-to-late summer on June 9 (MD3, -

19.8‰), July 19 (MD2, -20.7‰), and August 8 (MD1, -20.0‰). Martinelli streamflow mimics 

Martinelli’s groundwater isotopic values and response, with a plunge in response to snowmelt 

and 2‰ recovery throughout the summer. The close pairing of isotopes between groundwater 

and streamflow indicate strong correspondence between groundwater and surface waters in 

Martinelli. 
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Figure 2.7:  Isotope variations (δ18O presented here) in groundwater over an average year in 2010 in the Saddle (left) and 
Martinelli (right) wells. Martinelli and Saddle isotopic response shows the depletion signal in response to snowmelt onset.   
Depleted snowmelt sources dominate in Martinelli while a mixture of more enriched rain and snow sources are indicated for 
Saddle groundwater. 
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Isotopic signatures in groundwater across the Saddle basin in 2010 are significantly 

different than Martinelli (p<0.01) and show a rain and snow source water mix that varies largely 

even at small scales (Figure 2.7, right).  The enriched source water signal decreases from east to 

west, with SD1 having the most enriched year round isotope signatures (ie, the most rain), and 

SD4 having the most depleted (ie, the most snow). New water mixing in SD1 is considerably 

lagged from snowmelt onset with maximum depletion of -15.37‰ on July 13.  SD3 and SD4 

isotopic signatures pair closely and are affected nearly immediately by melt onset (May 27) with 

maximum depletion of -17.27‰ (June 17) and -18.16‰ (June 4), respectively.  After varying 

timeframes to allow for mixing, the Saddle wells appear to have a relatively enriched “base” 

isotopic composition for the fall, winter and early spring (e.g., -13‰ for SD1, -15 ‰ for SD2 

and between -16 and -17‰ for SD 3 and 4) when there are few new water inputs.  Saddle 

streamflow is more depleted than all Saddle groundwaters throughout the entire 2010 streamflow 

season, with a higher magnitude depletion in response to snowmelt than any sampled 

groundwater in the basin.  The discrepancy between streamflow and groundwater isotopes 

suggests direct input from depleted source waters (melt) to the stream. 

Trends in ion concentrations in the Saddle basin show two distinct regimes (Figure 2.8).  

Ca2+ concentrations were highest in the deep Saddle piezometers on the eastern side of the 

catchment in SD1 and SD2. The mean concentrations of Ca2+ in SD1 of 5,116 µeq/L
 
and SD2 of 

1,026 µeq/L, were one or two orders of magnitude higher than any other expected source of 

water or groundwater from either the Saddle or Martinelli catchments (Figure 2.8, left).  While 

the water table in SD1 and SD2 rises in response to snowmelt, indicating meltwater is routed to 

SD1 and SD2, these extremely concentrated chemical tracer results suggest that SD1 and SD2 

are essentially isolated from the groundwater-surface interactions in the study domain.  
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Meltwater entering into the SD1 and SD2 flowpaths does not appear to re-emerge in the alpine 

stream flow, at least not to the extent that it has been captured at the Saddle Stream sampling 

point (Figure 2.1).  Saddle basin snowmelt may instead service regional groundwater systems via 

deeper and/or longer flowpaths, possibly fracture flow through bedrock from SD1 and SD2, with 

outlets further afield. With little possibility of influence from the SD1 and SD2 groundwater to 

Saddle Stream water, these wells will not be discussed further.  

 

Figure 2.8:  The range of chemical tracer concentrations in WY2010 indicates two distinct 
regimes: highly concentrated groundwaters in the eastern Saddle basin (left) and moderate 
concentrations throughout all other source waters, groundwaters and surface waters (right, 
excludes SD1 and SD2).  Boxes relate to interquartile range, with whiskers identifying data 
falling within 1.5 times the interquartile range. 

 

Groundwater ion concentrations (Figure 2.9, Ca2+ shown as representative solute) across 

all wells in 2010 dip after snowmelt onset, with groundwaters exhibiting the expected dilution 

signal to old water due to new unreacted snowmelt inputs.  The annual dilution pattern is similar 

for both basins. SD3 and SD4 (western Saddle wells) remain consistently low (<500 µeq/L), 
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plotting closely to ion concentrations in Saddle stream. The western Saddle wells appear to be a 

well mixed system as evidenced by the small range in concentrations throughout the year.  

Martinelli groundwater ion concentrations have similar variation to SD3 and SD4 and have an 

overall small range.  Maximum ion concentrations for MD1, MD2 and MD3 are 227, 118 and 

131 µeq/L respectively. The maximum change in ion concentration in 2010 in Martinelli wells 

was 134 µeq/L in MD1. Maximum ion dilution from snow melt onset experienced in MD3, MD2 

and MD1 increases from west to east on June 29, July 19 and August 24, respectively, implying 

sooner and faster infiltration of new melt at MD3 than MD1.   
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Figure 2.9:  Time series of ion concentrations across all wells.  Ca2+ shown here as representative ion.  Contrasting ion concentrations 
in Saddle (left) and Martinelli (right) identify major differences between the basins and highlights spatial heterogeneity in Saddle 
groundwater behavior even at small scales.  
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2.4.4 End Member Mixing Analysis (EMMA) 

2.4.4.1  Model preparation, diagnostics and tracer selection 

In the Saddle basin residuals for all tracers showed random scatter in 2D space (R2 < 0.5) 

(Figure 2.10).  Silica had the largest RRMSE (Si = 3.5% RRMSE).  Ca2+ has the highest change 

in RRMSE between 1 and 2 D space (Ca = -5% RRMSE). Ca2+ is well known to be a generally 

conservative tracer and was retained.  In Martinelli, Cl- residuals (R2= 0.48) did not meet the R2 

threshold, and it was removed from the tracer suite.  Ca2+ showed the largest RRMSE (1.2%) 

which was still small overall in the context of other studies. Si had the largest difference in 

RRMSE when projected in 1D and 2D space of -2.5%.  In both Saddle and Martinelli basins 

despite these results Ca2+ and Si were kept in the tracer suite for further testing.  Final tracer 

combinations are the result of running the above diagnostics and trouble shooting model 

performance with concentration reconstructions, thereby allowing poorly modeled tracers to be 

removed to eliminate their influence over the EMMA projection.  
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Figure 2.10: EMMA diagnostics for Saddle (left) and Martinelli (right) show random residuals indicating conservative tracer 
behavior. 
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In general, EMMA requires a parsimonious but balanced consideration for tracer 

selection that achieves appropriate model complexity, explanation of variance in the data, and 

desired model performance.  These factors are inherently interrelated but the threshold chosen 

for complexity and performance will dictate final model architecture.  

The Final selected tracer combinations are for the Saddle basin are: Ca2+, Mg2+, Na+, Cl-,  Si, 

δ18O, with 87.2% of variance explained.  The final tracer combinations for the Martinelli basin 

were: Ca2+, Na+,  SO4
-2,  Si, δ18O, δ  with 96.3% of variance explained. 

Variation in the data explained by 2 principal components (2 dimensions, 3 end 

members) are nicely visualized in principal component biplots (Figure 2.11). Stream 

observations that lie close together have a similar chemical and isotope fingerprint because these 

variables drive the PCA axes.  Tracer vectors clustered in the same space indicate similar 

explanation in the PCA (e.g., in Martinelli, Figure 2.11 right panel, a change in δ18O corresponds 

to change in δD).  Tracers lying on the unit circle are well explained by the two principal 

components, as is the case for most of the selected tracers. Lesser distance from the center pivot 

suggests a 3rd dimension is required to more fully explain the variation presented by the tracer 

concentrations.   That δ18O lies in the inner circle in the Saddle basin (Figure 2.10, left) may 
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explain why the δ18O reconstruction is not entirely satisfying. 

 

Figure 2.11:  Bi-plots demonstrate the influence of tracers in determining the principal 
components. Stream samples (observations) are black dots and vectors are the tracers (variables) 
in the PCA.   

 

2.4.4.2  End member selection 

PCA was calculated utilizing the selected tracers, and all stream and end members were 

projected into a U-space plot (Figure 2.12).  Euclidean “S” distances calculated for each tracer 

are provided in Tables 2.2 and 2.3.  A composite S distance metric provides a single, combined 

value across tracers for S distance comparison between end members, and it is calculated as the 

root of the sum of squares across all analytes for each end member.  End members with small 

composite metrics and appropriate geometries in the U-space plot were selected for calculation 

of relative contributions to each stream sample.  Considerations and metrics for end member 

selection are summarized in Table 2.4.  
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Figure 2.12:  U-space diagrams for Saddle (left) and Martinelli (right) show transformed stream sample and end member observations 
into a space characterized by PCA’s eigen values.  Selected end members ideally enclose most (if not all) stream samples within the 
U-space geometry.  Stream samples are numbered chronologically, starting with the first sample of the season in late May. Inset in 
Saddle diagram (left) shows larger scale U-space plot incorporating end members not in main plot (SD1, SD2). 
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Table 2.2:  Euclidean distances for all possible end members in the Saddle basin derived from 
PCA using conservative tracers Ca2+, Mg2+, Na+, Cl-,  Si, δ18O.  Selected end members are in 
bold.  

End member Ca2+ Mg2+ Na+ Cl-   Si δ18O 
Composite 
metric 

Rain (NADP 
CO02) 24% 678% 

518
% 437% 270% -4% 9.96 

Soil (Subnivian) 30% 61% 28% 56% 53% -3% 1.06 

Snow pit (Saddle) 53% 102% 
112

% 102% 483% 0% 5.19 
Snowmelt  13% 47% 26% 54% 160% 0% 1.77 
SD1 45% 103% 88% 714% 326% -10% 7.98 
SD2 31% 25% 17% 390% 76% -4% 3.99 
SD3 11% 16% 8% 6% 3% 0% 0.22 
SD4 25% 38% 0% 135% 13% -1% 1.43 
SS2 27% 36% 8% 87% 18% -2% 1.00 
SS3 32% 74% 12% 147% 6% -2% 1.68 
SS4 62% 72% 2% 165% 17% -2% 1.91 
Talus (GL4) 18% 16% 18% 52% 5470% 0% 54.70 
Talus (Kiowa) 13% 25% 26% 20% 5559% -1% 55.59 
Rock Glacier 12% 10% 69% 150% 3% -4% 1.66 

 
Table 2.3:  Euclidean distances for all possible end members in the Martinelli basin derived from 
PCA basin projected into U-space using conservative tracers Ca2+, Na+,  SO4

-2,  Si, δ18O, δD.  
Selected end members are in bold.  

  Ca2+ Na+   SO4
-2 Si δ18O δD 

Composite 
metric 

PrecipCO02 177.7% 1610.4% 143.7% 4239.3% -4.9% -11.2% 45.41 
Soil water 
(ZT from 
subniv) 4.5% 19.2% 11.5% 2.8% -1.5% -2.2% 0.23 
Snow 
(Saddle) 33.1% 221.4% 36.6% 90.6% -1.4% -0.7% 2.44 
Snowmelt 5.7% 69.5% 16.9% 100.3% -1.0% -0.4% 1.23 
MD1 1.0% 4.4% 1.4% 1.3% -1.1% -1.1% 0.05 
MD2 4.1% 12.5% 8.1% 1.9% -0.3% -0.2% 0.16 
MD3 2.6% 4.5% 8.1% 6.5% -1.8% -1.0% 0.12 
MS1 5.8% 18.3% 5.4% 11.3% -0.2% -0.1% 0.23 
MS2 7.7% 17.0% 19.4% 7.1% -0.4% -0.4% 0.28 
MS3 20.5% 34.1% 29.7% 2.6% -1.4% -0.2% 0.50 
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Table 2.4:  Summary of end member selection criteria, decision making and evaluation metrics.  

Basin 
Tracers 

used 
End 

Member 

Euclidean 
distance 

(%) 
End member selection 

justification 

Saddle 
basin 

Ca2+, 
Mg2+, 
Na+,  

Cl-,  Si, 
δ18O 

Meltwater 1.77 

Obvious source water in the Saddle 
basin. Geometrically well placed to 
enclose stream samples, with much 
lower Euclidean distance than 
alternative end member (snowpack). 

SD3  0.22 

Geometrically well placed to 
enclose stream samples, with much 
lower Euclidean distance than 
alternative end member (SS2). 

SS3 1.68 

Geometrically well placed, slightly 
better location and with lower 
Euclidean distance than than 
alternative end member (SS2). 

soil water 1.06 

Explains the anomolous chemistry 
in early stream samples; aids in 
geometrically capturing early 
stream samples when considering 
25/75th percentile range of soil end 
member.  

Martinelli 
basin 

Ca2+, 
Na+,  

SO4
-2,  

Si, 
δ18O, 
δD 

Meltwater 1.23 

Important for characterizing early 
season stream samples; acceptable 
Euclidean distance.  

MD1 0.05 
Well positioned in U-space plot; 
lower Euclidean distance than MD3. 

MS1 0.23 

Needed to constrain majority of 
stream samples in U-space plot; 
acceptable Euclidean distance. 

 
The Saddle basin experiences two stream generation stages, necessitating 4 end members 

(Figure 2.12, left).  An early season stage utilizes SD3 (deep groundwater), meltwater 

(lysimeters) and soil water.  From mid summer onwards, the Saddle basin end members are SD3 

(deep groundwater), meltwater (lysimeters) and SS3 (shallow groundwater).   This two-stage 

approach allows for better capturing the anomalous chemistry of the initial stream samples 

owing to the high Cl- content characteristic of soil water’s chemical signature.  For the Martinelli 

basin (Figure 2.12, right), selected end members are MD1 (deep groundwater), MS1 (shallow 
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groundwater) and meltwater (lysimeters).  Using selected end members, the PCA matrix is 

solved for relative proportions from each member to streamflow (Table 2.5). 

 

Table 2.5:  Relative end member contributions to streamflow for each stream sample.  

  Saddle basin Martinelli basin 

DOY Date melt SD3 Soil 
water SS3 melt MD1 MS1 

138 18-May 0.00% 0.00% 100% 0.00% no sample 
147 27-May 44.60% 16.90% 38.5% 0.00% 88.8% 11.2% 0.0% 
154 3-Jun 76.20% 18.80% 5.00% 0.00% 33.1% 16.7% 50.2% 
161 10-Jun 78.40% 17.90% 0.00% 3.80% 19.4% 0.0% 80.6% 
168 17-Jun 59.50% 22.00% 0.00% 18.50% 27.3% 7.1% 65.6% 
175 24-Jun 66.90% 16.00% 0.00% 17.10% 0.0% 0.0% 100% 
182 1-Jul 70.10% 25.90% 0.00% 4.00% 6.8% 0.0% 93.2% 
189 8-Jul 41.20% 31.30% 0.00% 27.50% 3.6% 19.6% 76.7% 
196 15-Jul 36.70% 27.10% 0.00% 36.20% 1.6% 11.5% 87.0% 
204 23-Jul 22.80% 30.00% 0.00% 47.10% 2.0% 27.8% 70.2% 
210 29-Jul 22.20% 36.10% 0.00% 41.70% 23.6% 40.9% 35.5% 
217 5-Aug 18.60% 36.40% 0.00% 45.00% 14.7% 43.1% 42.2% 
224 12-Aug 5.10% 30.30% 0.00% 64.60% 11.9% 44.9% 43.2% 
231 19-Aug 

no sample 

15.3% 44.7% 40.0% 
238 26-Aug 19.1% 50.1% 30.8% 
245 2-Sep 22.1% 61.6% 16.3% 

 

It is important to consider that EMMA recognizes chemical fingerprints as the 

differentiating feature between samples.  An ‘end member’ is not a physical component (ie, a 

specific point in space or sample itself) but rather a representation of water with a specific 

isotopic and chemical signature.  The end members selected here represent any water that has 

undergone a similar path and experience, and therefore looks chemically similar to the sampled 

end member.  For example, SD3 does not just denote groundwater from the deep Saddle well 3, 

but rather any water coming from other locations that has a similar chemistry profile. 
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2.4.4.3 Model performance  

To confirm end member selection and evaluate model performance, concentrations of the 

observed stream flow samples were reconstructed using the modeled relative proportions of end 

member contributions to streamflow (Table 2.5).  A perfect model fit would show model versus 

observed regression to have a slope, m, of 1 and R2 =1.  Comparing the model to the observed 

streamflow concentrations (Figure 2.13), most tracers across both basins demonstrate a 

reasonable data fit to the regression (R2> 0.75), but with both high and low bias of modeled 

concentrations. 

A notable exception to concentration reconstruction performance is in the Saddle basin 

with δ18O (R2 =0.37, m = 0.53) (Figure 2.13, bottom). This poor performance is due to two 

anomalous, non-predictable values that exert a large influence on the modeled vs. observed 

regression. The first stream flow sample of the year on May 18 has an extremely depleted δ18O 

value (-19.65 ‰) and the second sample has the second most enriched of the season at δ18O = -

17.52‰. Removing these two early samples from the analysis somewhat increases modeled 

isotope performance (R2 =0.6).  While this result calls into question the use of δ18O or δD as a 

tracer, isotope tracers are a key differentiator between rain and snow making it imperative for 

mixing modeling work.  To eliminate both δ18O and δD would restrict the model’s ability to 

differentiate these source waters, and this is an important separation in the context of this study.  

For this reason, δ18O has been retained for the Saddle model despite its mediocre reconstruction 

result.  
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Figure 2.13:  Concentration reconstructions for the conservative tracers driving EMMA models in the Saddle (left) and Martinelli 
(right).
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2.4.4.4 Exploration of temporal changes to groundwater stream flow contributions 

Saddle groundwater appears to be a well mixed combination of meltwater and rain as 

demonstrated by the small range of isotope values through out the season and the isotope value 

itself lying between summer and winter precipitation (Fig. 2.5).  Given the poor concentration 

reconstruction we hypothesized that groundwater contributions to streamflow varied temporally 

throughout the season, preventing end member selection from accurately modeling the isotope 

values found in streamflow.  

To further investigate this hypothesis and the unsatisfying concentration reconstruction of 

the Saddle EMMA model, Euclidean “S” distances were calculated treating each individual 

groundwater sample in the Saddle basin in 2010 as a possible end member.  Euclidean distances 

closer to zero indicate a better representation of the data in 2-D space, and therefore they make 

better selections for end members.   Using S distances as a diagnostic for temporal changes to 

groundwater inputs to the stream, we find that SD3 is the best end member choice throughout the 

season using only S distance as a selection criteria (Fig. 2.14).  There are no significant trends in 

the S distance data, and much data scatter especially for the shallow groundwater wells.  These 

results do not support the hypothesis that groundwater influence depends on time, but it does 

provide a helpful diagnostic for trouble shooting, or in our case ruling out, possible drivers of 

poor model performance. 
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Figure 2.14: Euclidean “S” distances calculated for all groundwater samples in the Saddle basin 
in 2010. Non-groundwater end members (seasonal medians) with small S distances also shown.   

 

2.4.4.5 Hydrograph separation  

Snowmelt is the dominant water input to Niwot Ridge, although there are small water 

inputs from summer rain. The key differentiation that we aimed to make in the hydrograph 

separations is not whether streamflow is from melt, but rather if meltwater flows overland direct 

to channel or if it is routed subsurface, and if the latter how much time does it spend 

underground?  To quantify this distinction the relative contributions to streamflow from end 

members (Table 2.5) were utilized to separate the daily hydrograph.  Streamflow samples were 

collected approximately weekly.  Daily changes in end member proportions were linearly 

interpolated between samples.  
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The dominant streamflow sources on an annual scale are direct melt inputs to the stream 

(overland flow) and shallow groundwater flow (interflow).  Comparing the two basins (Table 

2.6), these sources are present in roughly inverse proportions, with Saddle being dominated by 

direct melt runoff and interflow playing a large role in Martinelli.  Deeper, more reacted 

groundwater is a subsidiary source to stream flow in both basins. 

 

Table 2.6: Summary of overall proportions of sources to annual river flow in both basins. 

  
Melt 

(overland) 
Reacted 

groundwater Interflow 
Soil 

water 

Saddle  
Volume (m3)  33,152   10,094   4,173   4,817  

% of seasonal 
flow 63% 19% 8% 9% 

Martinelli 
Volume (m3)  14,171   7,008   45,824  

n/a 
% of seasonal 

flow 21% 10% 68% 
 

Temporal variations in streamflow sources provide insight into the streamflow generation 

mechanisms throughout the summer flow season. In the Martinelli catchment (Fig 2.15, top), 

snowmelt overland flow generates the initial streamflow pulse before interflow, rapidly moving 

shallow groundwater, supersedes as the dominant discharge source on the rising limb of the 

seasonal discharge peak in early June.  Interflow serves as the principal flow generation 

mechanism through much of the summer until late July when low flow conditions are more 

equally a combination of deep and shallow groundwater, as well as melt.  

Saddle’s streamflow is generated via two regimes (Fig 2.15, bottom).  At snowmelt onset 

through the early season flow pulse soil water is responsible for the majority of discharge.  On 

the rising limb of the hydrograph peak, snowmelt overland flow dominates as the central 

streamflow source water until late July.  A mixture of melt, deep groundwater and interflow 

contributes late season low flows.  
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Figure 2.15:  Hydrograph separations for the Martinelli (top) and Saddle (bottom) basins over 
the average 2010 season differentiate between melt that travels overland (cyan) versus 
subsurface (yellows). 
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2.5 Discussion 

2.5.1 Geology’s impact on how and when the water stored in seasonal snowpacks is routed 

downstream from the point of melt on Niwot Ridge 

Snowmelt’s path to local alpine streamflow in both geologies appears to be primarily a 

function of the depth of porous material over bedrock.  In both geologic environments snowmelt 

infiltrates into the subsurface and accounts for the vast majority of groundwater recharge.  The 

depth of the material overlying bedrock in large part dictates the capacity of the colluvial 

aquifers in each system and thus the amount of meltwater that the system can receive before 

saturation.   Once colluvium is saturated, new melt is likely forced downslope overland and 

directly into surface water channels. 

While the Saddle basin is characterized as having bedrock subsurface, more correctly this 

should be described as having a shallow overlying colluvial aquifer underlain by bedrock.  The 

bedrock of the Saddle basin has been classified as being heavily fractured, but fractures have not 

been mapped and the accessibility of overlying water to a fracture flowpath in bedrock is 

uncertain in the study site.  Depending on the size and alignment of fractures, bedrock aquifers 

with high secondary porosity have the potential to convey water efficiently and could provide an 

outlet for infiltrating waters into the overlying colluvium.  The hydrograph separation results 

suggest that fractures are not accessible in the western Saddle catchment as indicated by the 

generation of saturated overland flow in early summer, suggesting the Saddle’s thin overlying 

colluvial aquifer has reached capacity without an outlet (drain) at the bedrock-colluvium 

interface.  Without an accessible fracture in the underlying bedrock, the Saddle basin functions 

as a colluvial aquifer like Martinelli, only smaller.  Conversely, the deeper (and larger) colluvial 

aquifer in Martinelli can accommodate a larger volume of melt, routing most meltwater through 
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the subsurface prior to stream discharge and experiencing minimal overland flow.   

Many studies have shown that assumptions pertaining to groundwater recharge in 

unconsolidated sediments that act as porous media such as the colluvial components of both 

Saddle and Martinelli basins do not pertain to the underlying bedrock aquifers [e.g., Praamsma 

et al., 2009].  Snowmelt recharges bedrock aquifers in our study as observed in the water table 

changes in the deep Saddle wells.  Fracture flow paths do not likely play a role in alpine stream 

flow generation or the local transport of snowmelt in this study, but the eastern Saddle wells may 

have more direct communication to fractures that transport Niwot Ridge meltwaters further 

afield.  Uncertainty regarding important fracture characteristics such as size and alignment limits 

our ability to define specific flow paths for these areas.  Spatial heterogeneity in horizontal 

hydraulic conductivity in bedrock can yield large changes in the size of recharge and discharge 

zones (Harte, 1996; Oxtobee & Novakowski, 2002) resulting in a regional swath of potential 

discharge locations for fracture flow originating on Niwot Ridge.  

Snowmelt waters have short residence in colluvial aquifers on Niwot Ridge. The annual 

flushing and cycle (the aquifer pulse, Figure 2.6) of both ions and isotopes implies that aquifer 

waters are exchanged yearly with new incoming meltwaters. Inherent in these findings are 1) the 

alpine groundwater capacity appears to be less than or similar to the size of the snowpack itself, 

2) in average or wet years snowmelt residence time is less than one year, and 3) the water 

supplies afforded by alpine groundwater provides little insurance in the way of buffering water 

supplies from forecasted changes to the amount of snow accumulation of winter snowpacks.   

To the latter two points, the record low snowpack in 2012 demonstrates the vulnerability 

of groundwater to snow accumulation amount.  In the Saddle basin meltwater from 2011 appears 



	

	

50 

be held over through 2012 due to lack of new inputs as seen by its constant meltwater isotopic 

signature but higher ion concentration that suggests longer-than-normal residence time. In 2012, 

the low snowpack had little impact on Martinelli flow due to the semi-permanent snowpatch that 

maintained new melt inputs despite the anomalous winter precipitation. Groundwater that is 

reliant on seasonal snowmelt for recharge, as opposed to a permanent snow or rain, is most 

susceptible to depletion in a changing climate.  Climate shifts bring the potential for variability in 

snowpack size and shifts in precipitation falling as rain rather than snow.  

2.5.2 Impact of geology on alpine streamflow generation mechanisms  

Snowmelt transport paths and streamflow generation mechanisms differ substantially 

between the catchments.  As described above, most of the streamflow generation differences are 

tied to the capacity of the colluvial materials in the system. 

Martinelli’s early season pulse (prior to DOY 155) is sourced by overland meltwater 

flow, possibly a consequence of a winter ice lens observed at the ground-snow interface that 

provides an impermeable lateral surface and prevents early season infiltration.  As observed in 

similar geologies (Clow et al., 2003; Liu et al., 2008), Martinelli’s colluvial sediments generally 

provide interflow (small amounts of water-rock interaction time) yielding low solute 

concentrations.  Rapid groundwater flow is in response to changes in hydraulic head gradients 

imposed by infiltrating melt waters and Martinelli’s steep topography.  Meltwater infiltrates into 

the colluvial subsurface limited either by the infiltration capacity of the soil or by soil saturation. 

Initial infiltrating melt displaces water stored in the pores of the soil matrix (soil water) at the 

time of snow melt as supported by the similarity of δ18O in soil water with Martinelli 

groundwater (MD1 (p=0.21), MD2 (p=0.14) or MD3 (p=0.29)).   As melt progresses, the 

increased head resulting from continual melt inputs from Martinelli’s semi-permanent snow field 



	

	

51 

force the majority of meltwater to move rapidly downslope as shallow subsurface interflow.  As 

melt rates and inputs recede in later summer, groundwater levels decrease yielding a low-flow 

late summer flow regime.  While behavior across Martinelli’s wells is relatively uniform, 

variations in aquifer geometry and the sediment porosity likely affect each well’s capture zone 

that may explain the difference in the timing of peak dilution marking meltwater’s arrival.   

In the Saddle basin early season stream flow is generated by soil water that has been 

bound in the soil matrix from the previous year’s late season summer rain.  Saddle’s soil water is 

characterized by high Cl- concentrations relative to other waters in the catchment.  At the end of 

May (DOY 149), the porous colluvial material is saturated, forcing meltwater overland when it 

becomes the primary stream flow source.  Overland meltwater flow remains a prominent end 

member for the majority of the streamflow season.  The combination of meltwater overland flow, 

moderately reacted groundwater (deep piezometers representing ‘old’ groundwater from a 

previous year) and interflow persists throughout the summer, showing that meltwaters both 

infiltrate (mobilizing interflow) and produce surface runoff.  

 

2.5.3 Confounding factors 

While this paired catchment study affords similarity in site location and climate in many 

ways, several confounding factors require consideration amidst the findings presented here.  

Differences in wind protection between the two sites yields a contrast in wind redistribution 

processes.  A wind scoured eastern Saddle catchment contrasts with Martinelli’s wind deposition 

zone and its resulting semi-permanent snow field.  Thin snowpacks and sometimes bare ground 

over winter in the eastern Saddle make the topsoil susceptible to freezing over winter (Appendix 

2.7.1).  Melt infiltration varies inversely to the amount of ice in the soil at the time of snowmelt 



	

	

52 

(Maule et al., 1994), so frozen soil may create an impermeable boundary to snowmelt waters 

during the spring freshet thereby having a hydrologic impact to the melt-groundwater-surface 

water behavior.   Frozen soil may also be related to the anomalously high solute concentrations 

in the eastern Saddle wells insofar as thawing frozen soil or permafrost in the areas that lack 

insulation from winter snow cover are known to exhibit similarly concentrated chemistry 

(Toohey et al., 2016). 

Recent thermal infrared drone imagery (Figure 2.16, courtesy Oliver Wigmore, image 

acquisition on June 21, 2017) provides qualitative input regarding surface flow paths, outlets and 

ponding extent in the Saddle basin occurring mid-melt season.  The imagery identifies springs 

that daylight downslope from the Saddle wells and feed a marshy area below.  The higher and 

somewhat steep topography to the west funnel melt from persistent snow patches to this area and 

so we surmise that the ponding noted by the red oval in Figure 2.16 may extend west to areas 

underneath the snowfield downslope of wells SD3 and SD4. The springs suggest that interflow 

(rapid shallow groundwater flow) is prominent in this part of the catchment prior to their outlet at 

the surface, with saturated overland flow resulting en route to the marshy areas.  
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Figure 2.16: Thermal-infrared drone imagery (left) as compared to RGB (right) captures the 
Saddle basin mid-melt on June 21, 2017.  Black indicates snow.  Gray surface expressions 
indicate high water content.  Marshy areas identified by red oval, piezometers by red triangles.  
Image credit: Oliver Wigmore. 

 

Image acquisition in Figure 2.16 in 2017 is different than the water years studied in this 

chapter (2008-2012, with a focus on 2010).  However, annual patterns remain largely consistent 

for average water years like 2010 and 2017 with general patterns of water flow shown in Figure 

2.16 likely pertinent to 2010.  While this singular image was the only available at the time of 

writing, a time series of TIR drone imagery is a promising new data source to clarify hydrologic 

processes in mountain environments, especially for small study basins where other lower-

resolution satellite products providing TIR bands can not capture the level of detail necessary to 

parse out processes in small basins.   
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2.6 Conclusions 

Reliance on the snowpacks of the Colorado Rocky mountains and ranges around the 

globe will continue to increase as demands rise for municipal, industrial and agricultural water 

resources.  These demands necessitate clarification of how meltwater moves downstream 

because this understanding will help us forecast, plan and adapt to changes in water availability 

in a changing climate.  Groundwater moderates the stream flow response to snowmelt, and the 

moderation itself depends on the underlying geology. At the local alpine scale, streamflow 

source waters and hydrograph shape is centrally a function of the depth and capacity of the 

porous aquifer overlying bedrock.  Most melt is routed subsurface if the colluvial aquifer and 

topography can efficiently infiltrate and move water downslope as in the Martinelli basin.  

Basins with thin colluvial material like the Saddle saturate more quickly, and meltwater will be 

transferred overland directly to open channel flow.  On a regional scale, the fracture networks 

known to exist in mountain block units like the one underlying the study sites can transfer 

meltwater farther and possibly faster but details of these processes are largely unknown.   

This work assists in continually evolving conceptual models of alpine hydrologic 

systems.  Although the discipline-wide challenge of managing the high heterogeneity of 

mountain environments persist, here we show that the presence of colluvial porous material 

present on most mountain slopes is a controlling aspect to the nature and timing of melt water 

transport at a local scale. Inversely, the hydrologic response of headwater streams may inform 

hypotheses regarding geologic stratigraphy since sequence and layer depth are notoriously 

challenging data to acquire in environments like Niwot Ridge.  
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2.7 Appendices 

2.7.1 Appendix 1: Frozen soil dynamics 

 

Figure 2.17:  Soil and air temperature data on Niwot Ridge show a distinct de-coupling at snow 
scoured sites (red dashed boxes) in areas not afforded snow blanket insulation from the sub-zero 
winter temperatures.   
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CHAPTER 3 

3: HYDROLOGIC CONTROLS AND WATER VULNERABILITIES IN THE NARYN 
RIVER BASIN, KYRGYZSTAN: A SOCIO-HYDRO CASE STUDY OF WATER 
STRESSORS IN CENTRAL ASIA 

Abstract 

Water vulnerabilities in Central Asia are affected by a complex combination of climate 

sensitive water sources, trans-boundary political tensions, infrastructure deficiencies and a lack of 

water management organization from community to federal levels. This study aims to clarify the 

drivers of water stress across the 440km Naryn River basin, headwater stem to the Syr Darya and 

the disappearing North Aral Sea. We use a combination of human and physical geography 

approaches to understand the meltwater-controlled hydrology of the system (using hydrochemical 

mixing models) as well as the human-water experience (via community surveys). Surveys indicate 

that current water stress is primarily a function of water management and access issues resulting 

from the clunky transition from Soviet era large-scale agriculture to post-Soviet small plot farming.  

Snow and ice meltwaters play a dominant role in the surface and ground water supplies to 

downstream communities across the study’s 4220m elevation gradient, so future increases to water 

stress due to changes in volume and timing of water supply is likely given frozen waters’ high 

sensitivity to warming temperatures. The combined influence of social, political and climate 

induced pressures on water supplies in the Naryn basin suggest the need for proactive planning 

and adaptation strategies, and warrant concern for similar melt-sourced Central Asian watersheds.  
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This body of work is a modified version of an article published March 2017 in Water.  I 

would like to acknowledge my co-authors Cholpon Kozubekovna Minbaeva, Alana M. Wilson  

and Rysbek Satylkanov.   Published material not presented in this chapter is the social research 

and methods that I neither designed nor analyzed, and which is principally the work of Cholpon 

Minbaeva.  

 

3.1. Introduction 

Meltwater from snow and glaciers feeds downstream rivers and is a critical part of water 

supplies around the world (Barnett et al., 2005).  Peak meltwater flows in the spring and summer 

coincide with increased demand from human users for irrigation and hydropower. Rising 

temperatures associated with climate change will influence the timing and magnitude of this 

annual cycle (Wilson et al., 2017). The uncertainties associated with climate change translate to 

uncertainties about the timing and volume of meltwater contributions to river discharge 

(Immerzeel et al., 2010). 

In eastern Kyrgyzstan, the glaciers and snowpack of the Tien Shan Mountains form the 

headwaters of the Naryn River Basin.  The Naryn flows westward across Kyrgyzstan before 

crossing the border into Uzbekistan where it joins the Kara Darya (River) to create the Syr 

Darya, central source to the disappearing North Aral Sea.  The trans-boundary nature of the Syr 

Darya river basin and its tributaries, such as the Naryn, mean that there is an overtly political 

dimension to their flows.  In a semi-arid region already facing water stress, the development of 

new infrastructure such as dams or diversions have the potential to create tension with 

downstream neighbors (Wilson et al., 2017).  This will play out in yet to be determined ways in 

the Naryn River Basin, as Russian financing for the Upper Naryn cascade and Kambarata-1 
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hydropower projects is in limbo (EurasiaNet, 2016).  Similar examples of competing water 

demands as a conflict spark can be found across the trans-boundary mountain sourced rivers of 

Central Asia (Gleick & Heberger, 2014; The Economist, 2014). 

With the myriad of demands on melt sourced rivers in Central Asia, clarification of the 

stressors on these system – in terms of both water quantity as well as infrastructure issues — can 

provide a basis for water management planning and adaptation across sectors.  With this study 

we present water chemistry data from the Naryn River Basin as a method for identifying 

changing source water contributions to river discharge from the mountain headwaters 

downstream to agricultural areas serving larger populations.  In addition to collecting water 

samples, our field work included community surveys along the river in order to understand how 

water availability and access has changed over time, and to understand what challenges the 

people of the Naryn basin face in obtaining adequate water supplies. Our unique combination of 

data sets allows us to address the following objectives: 1) Utilize geochemical and isotopic 

hydrochemistry data to clarify the role that melt water plays in summer water supplies from 

mountain headwaters to downstream agricultural areas, and 2) present a narrative of community 

water issues observed along a 440 km stretch of the Naryn River.  Methods and results pertaining 

to the second objective are not presented in this dissertation, but are part of the published article.  

The summer timing of our data collection is particularly valuable as a contribution to 

understanding the partition of river water between meltwater and other sources (e.g. groundwater 

and rain) during the irrigation season.  Water issues for communities in the basin range from 

irrigation infrastructure and water availability that became problematic after the fall of the Soviet 

Union to the long-lasting impacts of relocation due to construction of the Toktogul Dam when 

many communities were moved to new sites in the 1960s.    
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The human relationship with water in the Naryn River basin is multi-faceted and is 

influenced by water quality, water volume, access to water and varying degrees of reliance on 

water for livelihoods.  In the headwaters the Kumtor Gold Mine, which has been in operation 

since 1997, has accounted for up to 12% of Kyrgyzstan’s GDP and half of its exports in a given 

year (The Economist, 2013), adding a unique but complex facet touching many factors that 

define the human-water relationship.  All of these factors are in turn impacted by local, regional, 

and national government management approaches.   

Analysis of our coupled hydrologic and socio-hydro datasets responds to recent calls for 

interdisciplinary consideration of “the glacier run off problem” (Carey et al., 2017)– how glacier 

recession affects downstream populations acknowledging the sometimes disproportionate 

impacts that socio-political factors may have on melt water access.  We incorporate both the 

physical context for water resource management and the socio-political dimensions of water 

availability and use at the community level. Thus our work is able to more realistically evaluate 

and uniquely inform the need for adaptive planning and resiliency strategies for the Naryn River 

basin and basins with similar characteristics across Central Asia.  

 

3.2 Materials and Methods 

3.2.1 Quantifying the hydrologic setting  

Hydrologic inputs to the system include rain, seasonal snow and glacial melt.  Remotely 

sensed products were utilized to quantify these inputs due to the dearth of in situ data available 

for the basin.  The MODIS Snow Covered Area and Grain Size (MODSCAG) algorithm (Painter 

et al., 2009) was utilized to develop a snow probability map using snow cover fraction. 

Compared to traditional MODIS maps, this approach results in increased accuracy particularly 
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amidst complex land cover types (Rittger et al., 2013).   Snow cover probability for a pixel 

represents the chance on any given day that the pixel was snow covered, and it is calculated 

based on clear sky acquisitions by MODIS satellites from 2001-2014.  Snow probabilities less 

than 30% are ignored and re-set to 0 given the difficulties of differentiating clouds from snow 

cover. Glacier surfaces are mapped using the Randolph Glacier Inventory (RGI) (Pfeffer et al., 

2014), a product of the Global Land Ice Measurements from Space (GLIMS) glacier monitoring 

project (Raup et al., 2007).  Precipitation across the basin was calculated using downscaled 

2001-2014 MERRA reanalysis data. 

River discharge records are available at three locations within the study domain. While 

historical records are more extensive for some gauges, records overlap at all gauges for the four 

year period between 2012-2015.  

 

3.2.2 Synoptic sample design 

A central challenge of conducting field work at regional scales in austere mountain 

environments is finding the balance between achievable sample numbers given challenging 

terrain and access, and sufficient variety to characterize change throughout the basin.  The study 

domain includes an upstream glaciated alpine region that transitions through to plains over 440 

river kilometers.    

Our study area captures a diverse spectrum of characteristics and is defined as the Naryn 

River basin upstream of Uch Terek, at the head of Toktugul Reservoir.  This catchment covers an 

area of 48,085 km2 and spans an elevation range between 898 m and 5116 m. Ecosystems 

transition from a semi-desert classification at the lowest elevations, up through steppe, sub-alpine 

meadow, alpine meadow, and culminating in a glacial environment.  Vegetation is 
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predominantly grass, shrubs, with a sparse presence of small trees.  The Naryn River basin has a 

severe continental climate, with temperatures below -50oC in winter and exceeding 40oC in the 

summer.  The geologic setting is primarily metamorphic, with the Naryn-Sonkul fault zone of the 

Northern Tien Shan stretching approximately 200 km in a general east-west trend along the river 

basin. 

Our sampling design aimed to target water chemistry information to capture key 

hydrologic transitions over this diverse domain resulting in low sample numbers but highly 

explanatory data.   This is in contrast to a sample design based on sampling at a pre-determined 

distance interval or site selection triggered by any tributary input. 

Surface water sampling sites in this study initially focused on tributaries that either 

drained a significant sub-basin, thereby providing an integrated chemistry snapshot of a 

substantial drainage area, or tributaries with unusual landscape features that were hypothesized 

to have an impact on water chemistry.  In total 23 surface water samples were collected 

including 13 mainstem and 10 tributary samples (Figure 3.1) with a synoptic Lagrangian 

approach, a sampling scheme that aims to follow roughly the same plug of water as it moves 

downstream. 
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Figure 3.1:  Water sampling, surveyed communities and stream gauge locations across the 
glacier-to-plains study domain. The Upper Naryn basin is defined upstream of the Naryn town 
gauge, and the Naryn River and major tributary alignments are shown (white line). Top right 
inset: Glacial headwater source water sampling locations. Top left inset: Naryn basin study 
domain location within the Central Asian region.  

 

We utilize End Member Mixing Analysis (EMMA) to distill multi-variate water 

chemistry data from samples to quantify the contributions of river source waters to flow 

(Christophersen & Hooper, 1992).  To do this effectively, it is important to have a chemical 

fingerprint of possible end members contributing to river flow.  In the case of the Naryn River, 

much of the water inputs to the system occur at higher elevations in the form of snow.  

Accordingly, end member samples collected for this study include glacial ice (n=2, duplicate), 

snow (n=2, one snow on glacier, one snow on land), and glacial outflow (n=3).  Glacial outflow 
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is a conglomerate of individual water sources originating on or adjacent to glaciers.  These 

waters access and are routed through glacial plumbing, eventually discharging at the glacier 

snout.  Glacial outflow components include ice melt, snow melt, groundwater and rain, but are 

dominated in the Naryn basin during the study period by the cryospheric contributions.  We 

experienced no rain while conducting field work in the Naryn but rain water was acquired in the 

adjacent Kyzyl Suu basin (n=1).  

Due to the importance for acquiring spatial representation of groundwater throughout the 

domain, groundwater sites were sought across the elevation gradient from a high elevation spring 

adjacent to Bordu glacier (3707m) and at a high headwater pass (4005m) to a low lying spring 

adjacent to Toktogul Reservoir (1036m).   Samples were collected at both naturally exiting 

groundwater springs and hand-pumped wells established for community water 

supplies.  Depending on the site (well versus spring) and the level of ion concentrations in the 

waters, groundwaters are classified into three categories: reacted deep (wells), reacted shallow 

(high elevation springs), and unreacted shallow (interpreted as lateral ‘quickflow’) 

groundwater.  Higher ion concentrations in groundwater suggests longer flow paths, longer 

residence times, or tortuous paths across reactable substrate (i.e., talus fields, rock glaciers), 

whereas low concentrations imply rapid movement at shallow depths (Liu et al., 2004). 

 

3.2.3 Water sample collection and analysis 

Samples for geochemical and isotopic analysis were collected and analyzed following the 

protocols and methods described in Wilson et al. (2016), with analysis performed at the Arikaree 

Water Chemistry Laboratory (ions) and the Ecohydrology Laboratory (isotopes) at the 
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University of Colorado-Boulder.  Stable water isotopes are reported as a ratio of the sample to 

the Vienna Standard Mean Ocean Water (VSMOW): 

! "#$ , !& = [ )*+,-./
)01234

− 1] ∗ 10:    (1) 

where R is the ratio of 18O/16O or 2H/1H.  Results are reported as δ (per mil, or ‰).   

 

3.2.4 Mixing models and source water separations 

EMMA is traditionally employed with a time series of data to calculate the hysteresis of 

source waters over a relatively small spatial domain (e.g., Christophersen et al., 1990; Cowie et 

al., 2017; Liu et al., 2004).  These studies generally anticipate a set pool of end members that are 

consistent throughout the time series.  In this study, we utilize a synoptic survey in July and 

August 2016 to evaluate changes in water sources to river flow over space, not time.   End 

member options for river water sources continually change throughout the catchment due to the 

availability of new inputs and as the nature of groundwater evolves.   

To apply EMMA to this unique study, we divide the basin into two sub-regions that we 

hypothesize are controlled by separate but related source waters and processes: the headwaters 

(Upper Naryn) and the plains (Lower Naryn) (Figure 3.1).  This allows for the outflow river 

composition at the lower headwater boundary to feed the inflow river composition at the 

upstream extremity of the plains, and recognizes that there are discrete differences to possible 

inputs (i.e., melt inputs) between the headwaters and plains that warrants the systems to be 

considered separately. 

The headwaters (Upper Naryn) starts as the Kumtor River and is fed initially by the 

Petrova glacier’s terminal lake, Petrov Lake.   The Kumtor River and the Kichi Naryn River 

come together 32 km upstream of Naryn town and collectively make up the headwater sources to 
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the larger Naryn River.    The Lower Naryn sub-region spans from Naryn town to Toktogul 

reservoir over 255 km. 

End-member mixing analysis was employed separately for the Upper Naryn and Lower 

Naryn.   Following Hooper (2003a), the dimensionality of the mixing space and identification of 

conservative tracers was determined.  Conservative tracers were utilized to distill the multi-

variate chemistry dataset into two principal components for a 3-member mixing space.  The two 

principal components serve as the basis for axes in a “U-space” plot (a mixing diagram) where 

all end members and surface water samples are projected (Christophersen & Hooper, 1992). 

End member selection is derived using several diagnostics (Hooper, 2003a). Triangles 

formed by three end members will ideally encapsulate all river samples in the mixing 

diagram.  To further evaluate end member fit the distance between the projected point and the 

actual point, the so-called Euclidean distance, is calculated as a percent of the original tracer 

concentration.  Ideally the Euclidean distance is minimized for selected end members (Liu et al., 

2008).  Percent contributions of each selected end member are then quantified for each surface 

water sample.  To evaluate the model performance and confirm end member selection, tracer 

concentrations were re-constructed using end member concentrations and the percent 

contribution results from EMMA.  Poor concentration reconstructions for any tracer may prompt 

further consideration such as testing use of different conservative tracers or different end 

members in the mixing model. 
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3.3. Results 

3.3.1. Hydrologic setting 

Peak flow in the Upper Naryn occurs in late July or early August, while the Lower Naryn 

experiences an earlier peak in late May or early June.  The Naryn River hydrograph shape across 

elevations demonstrates the transition from ice-to-snow melt sourced waters as the river 

progresses downstream.  The upper gauge (Chong Naryn) exhibits a typical sustained late 

summer flow shape of a glacier sourced system, while the lower elevation gauge at Uch Terek 

shows more water mass and higher flows earlier in the year coincident with the spring snow melt 

season (Fig. 3.2).  The ‘flashy’ character of the annual hydrograph’s rising limb suggests a river 

system that is fairly responsive to the highly variable precipitation inputs over the course of the 

year (Fig. 3.2a).   

Rain during the drier months almost always comes in multi-day storms, and in the rainy 

months the intensity can vary by an order of magnitude from day to day.  Based on the 14 years 

of MERRA precipitation data across nine 500m elevation bands (500m to 4500m), 70% of the 

months record both rain and snow event within the same elevation band.   This suggests rain-on-

snow events may exacerbate the high magnitude response of stream flow to new precipitation 

inputs across elevations.   Since glaciers play a role reducing both intra- and inter-annual flow 

variability by providing a consistent ice melt supplied baseflow through the melt (summer) 

season that is independent from storm spikes, depletion of ice mass in glacier systems will lessen 

the water they supply to river systems over the long term and may impose a hydrograph that is 

even more responsive to changes in weather. 
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Figure 3.2:  Melt-dominated hydrographs at the three gauge locations in the study domain. (a) 
Time series of flow record demonstrating inter-annual variability and (b) the daily average of the 
four-year flow record over 2012-2015. Top right inset: drainage area outlines correspond to the 
color of each hydrograph.    

 

A substantial baseflow of approximately 200 m3s-1 is observed outside of the melt season 

at the regional basin scale shown at the Uch Terek gauge, while consistent but smaller baseflows 

are present in the Upper Naryn.  A small run-of-river reservoir is located immediately upstream 

of Uch Terek flow gauge and may account for the highly consistent winter flow recorded at this 

point.  

Precipitation across the basin averages 27.13 cm per year, with 63% falling as rain and 

27% falling as snow, however above 3000 m the total precipitation inputs are approximately half 

rain and half snow. In relation to the way the basin is split in this paper for analysis, 

approximately 40% of precipitation in the Upper Naryn falls as snow. Within the Lower Naryn 

Basin, annual precipitation inputs are comprised on average of 89% rain.  

In the Upper Naryn basin, 84% of the area (8632 km2) has snow probability >30% while 

this figure applies to 54% (20,424 km2) of the Lower Naryn basin area (Fig. 3.3).  Glaciers are 

present at the headwaters and provide melt inputs to both headwater stems as well as to the Ak-
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Tal, a major tributary joining the Naryn River at Dostuk.  Glacier ice covers 994 km2, or 2% of 

the entire study domain.  

 

Figure 3.3:  The Upper Naryn basin receives substantial snow cover and houses the vast majority 
of glaciated systems in the study domain, while the lower elevation Lower Naryn basin receives 
less.  Snow probability is defined as the likelihood that the pixel will be snow covered on any 
given day, and is based on all clear sky MODIS acquisitions from 2001-2014. MOD10A1 snow 
cover data provided by Karl Rittger.  

 

3.3.2. Hydro chemistry elevation gradient 

Isotope variation of Naryn River waters across the elevation gradient show a strikingly 

consistent isotope value throughout the basin (Fig 3.4a).  δ18O values for mainstem waters hover 

around -12‰ from the highest elevation sample all the way through to Toktogul 

Reservoir.   Tributary sample δ18O values vary more than the mainstem ranging from -13‰ to -

9‰.  Notably, crysopheric end member samples – snow, ice, glacial outflow and high elevation 

groundwater – bracket the isotope values found in the Naryn River.  In contrast, the rain sample 
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acquired in the adjacent Kyzyl Suu basin has a δ18O value of 0‰, suggesting that surface waters 

in the Naryn basin are dominated by melt water sources.   With the exception of the groundwater 

spring at Kazarman Pass (2299m, -16‰), groundwater isotopes throughout the basin (-13‰ to -

11‰) also hover near the isotopic values of the high elevation melt water group and are 

discretely different than rain. 
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Figure 3.4:  Hydro-chemical trends over the study domain elevation gradient.  (a) Naryn River 
δ18O values show a remarkably consistent melt source water signal, and all waters are notably 
different than rain. (b) Ca2+ and (c) SO4

2- concentrations in groundwater increase with decreased 
elevation indicating longer flow paths and/or residence times.  Mine discharge is elevated in 
some ions (c) but not in others (b).  
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The ion concentration progression demonstrates the combined influence of groundwater 

contributions and mine discharge on the chemical signature of mainstem waters (Figs. 3.4b, 

3.4c).  The mine discharge sample provides exceptionally high levels of SO4
2- (25387 µeq L-1 ) 

and Na+ (24596 µeq L-1) to the mainstem waters.  However, it is Ca2+ poor (599 µeq L-1) and 

does not account for the high Ca2+ values observed in both mainstem waters and tributaries that 

are hydrologically disconnected from the mine discharge waters (e.g., Bordu Stream and Arabel 

River).  Extremely elevated levels of Ca2+ (4116 ueq/L, twice the level of Ca2+ in the mainstem) 

were found in the Bordu alpine groundwater sample that logically also contributes to high 

elevation river flow.   These groundwaters are SO4
2- and Na+ poor (453 µeq L-1 and 238 µeq L-1, 

respectively), and so there is intuitively a joint contribution from mine discharge waters and 

groundwater that accounts for the elevated ion profile of the Kumtor (Upper Naryn) River.  

Dilution of ions with decreasing elevation likely result from added ion-poor snowmelt 

contributions as the catchment expands to include major additional sub-basins adding significant 

alpine areas and snow cover to the basin. This dilution trend is observed until 3182m in the Ca2+ 

profile (Fig. 3.4b), then reverses towards an increasing concentration pattern likely a result of 

groundwater contributing increasing proportions to the river flow. 

 

3.3.3 EMMA diagnostics and mixing model results 

3.3.3.1. Upper Naryn 

Diagnostic tests for conservative tracers examining the randomness of residuals between 

actual and projected tracers suggest that the following tracers are conservative for the Upper 

Naryn: Ca2+, Na+, Mg2+, K+, Cl-, SO42-, δ18O (Liu et al., 2008).  Solute concentration 
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reconstructions using all of the tracers and two principal components rendered poor 

concentration reconstructions for Mg2+ and Cl- so these tracers were dropped from the model and 

re-run with only Ca2+, Na+, K+, SO42-, δ18O.  With this combination of tracers, 1 dimensional 

space (two end members explains only 64% of the variance in the data.  Two principal 

components (three end members) explain 94% of the chemistry variation indicating three 

dimensions is a more appropriate model space (Fig. 3.5).   

In the Upper Naryn, three end members were used to describe stream flow compositions 

for all samples, however a change in end member selection from mine discharge waters to snow 

is due to dilution of river water with downstream distance from the mine.  Note that for the three 

samples influenced by the mine discharge, snow is not considered an end member.  Conversely, 

for all other surface water samples in the Upper Naryn, mine discharge is not considered an end 

member
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Figure 3.5:  EMMA diagrams including mainstem Naryn River and tributary samples as well as all possible end members. (a) Upper 
Naryn basin EMMA diagram shows the gradual dilution of mine discharge waters with increasing distance from the mine. (b) While 
deep groundwater does not appear to be a good geometric fit in the Lower Naryn basin EMMA diagram, it is selected due to other 
diagnostics (Table 3.1).
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End members were selected based on the quantitative tests described in ‘Methods’ 

above.   Decision making rationale for end member selection is shown in Table 3.1.  Percent 

contributions of end members to river flow across the elevation gradient are shown in Figure 3.6.  

The headwater reach is fed by Petrov Lake and deep upstream groundwater, with an influence 

from the mine discharge.   Petrov Lake is in essence a modified version of glacial outflow 

because some combination of snow and ice melt, groundwater and rain – the same combination 

expected to produce glacial outflow – combine to run-off and fill Petrov Lake.   While in Petrov 

Lake, ponded water has the potential to fractionate via evaporation, somewhat modifying the 

isotopic character of Petrov Lake as compared to glacial outflow samples that do not experience 

prolonged exposure to surface fluxes in an arid climate.   Petrov Lake is considered a proxy to 

glacial outflow in the realm of source waters while acknowledging some difference between the 

two end members’ isotopic signatures. 

Mine discharge and Upper Naryn groundwater sources are high in some ions but not in 

others.   While these end members have relatively higher ion concentrations, meltwaters that do 

not travel through the subsurface have relatively lower ion concentrations.  The source waters of 

the most upstream site (3587m) are dominated by reacted upstream ground water and glacial 

outflow, with mine discharge contributions to river flow calculated to be 5% or less at all 

headwater sites (Fig. 3.6). 
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Table 3.1:  Methodology and rationale for end member selection for Upper Naryn and Lower 
Naryn EMMA models.  

REACH Tracers 
used 

End 
members 

Sample 
used to 
characterize 
end member 

End member selection 
rationale 

UPSTREAM: 
From glacier 
snout to Naryn 
town 

Ca2+, Na+, 
K+, SO4

2-, 
δ18O 

Mine 
discharge 

Mine 
discharge 
tributary 

Clear explanatory 
power regarding 
chemical 
progression of 
upstream samples 

Seasonal 
snow Bordu snow 

Well positioned to 
constrain samples in 
EMMA diagram, 
acceptable Euclidean 
distances but 
important for 
concentration 
reconstructions 

Glacial 
outflow Petrov Lake 

Well positioned to 
constrain samples in 
EMMA diagram, Low 
Euclidean distances 

Reacted 
upstream 
groundwater 

Tash Prabat 
groundwater 
well 

Well positioned to 
constrain samples in 
EMMA diagram, Low 
Euclidean distances 

DOWNSTREAM: 
From Naryn town 
to Toktogul 
Reservoir 

 
Ca2+, 
Mg2+, 
Na+, K+, 
Cl-, SO4

2-, 
δ18O 

Upper 
Naryn River 

Naryn River 
above 
Naryn town 

Well positioned to 
constrain samples in 
EMMA diagram, Low 
Euclidean distances, 
an obvious source 
water to downstream 
flow 

Reacted 
downstream 
groundwater 

At Kiya 
well 

Low Euclidean 
distances, EMMA 
diagram location 
encapsulates samples 
despite not being a 
'tight' fit. 

Unreacted 
(lateral 
flow) 
groundwater 

Kalmak 
spring 

Well positioned to 
constrain samples in 
EMMA diagram, Low 
Euclidean distances 
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The gradual ion dilution effect observed across the elevation gradient is echoed by the 

gradual movement of the more downstream river samples in the EMMA diagram away from the 

mine discharge position (Fig. 3.5).   After the confluence of the Chong Naryn and Kichi Naryn, 

river samples are sourced by snow, reacted upstream groundwater and Petrov Lake/glacial 

outflow.   The rise of snow as an end member supports the idea of low-ion concentration dilution 

waters as the basin expands to include more snow covered area through to the confluence of the 

Chong Naryn and Kichi Naryn at the Chong Naryn gauge site (Figs. 3.1 & 3.3).   The inflow of 

the more reacted Kichi Naryn tributary waters mixes with the Chong Naryn and increases some 

ion concentrations once again. With decreasing elevation, river sources transition from being 

majorly sourced by glacial outflow with groundwater as a subsidiary contributor, to the inverse 

just above Naryn town (Fig. 3.6).  Logically, the importance of glacial waters wanes with 

distance from the glacier. 
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Figure 3.6:  Source water separation results across the 440km study site show the importance of 
both meltwater and melt-sourced groundwater to river flow. Direct contributions from glacier 
melt wane with distance from snout.   

 

Of note, the shallow ‘quickflow’ groundwater appears to be a similarly good fit as an end 

member as snow in both Euclidean distances and EMMA diagrams (Fig. 3.5a).  Utilizing 

shallow groundwater instead of snow as an end member yields a much poorer reconstruction, 

including an inverse relationship between modeled versus observed isotopes.  Snow as an end 

member appears indispensable for the mainstem above Naryn town.   Tracer concentration 

reconstructions show significant linear fits (p<0.01 for all tracers, R2>0.9 except for Cl- and 

isotopes) (Table 3.2), but there are some biases in the model with both under and over prediction 

of concentrations across tracers. 
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Table 3.2:  Summary of R2 for modeled vs. observed concentrations based on concentration 
reconstructions for model validation. All reconstructions yield significant relationships (p<0.01). 
Reconstruction plots provided in supplementary information. 

Analyte Ca2+ Mg2+ Na+ K+ Cl- NO3
- SO42- δ18O δD  

Downstream 

Naryn basin  
0.92 0.43 0.95 0.95 0.68 0.95 0.9 0.78 0.77 

Upstream Naryn 

basin  
0.84 0.84 0.96 0.83 0.94 0.79 0.9 0.92 0.85 

 

3.3.3.2 Lower Naryn  

As with the upper basin, Ca2+, Na+, Mg2+, K+, Cl-, SO42-, δ18O were deemed to be 

conservative as per the diagnostic tests from Hooper (2003a). Also as with the Upper Naryn, two 

principal components were selected for analysis as they explain 94% of the data as compared to 

78% variance explanation with 2 end members (1 dimension) (Fig. 3.5b). 

 

Naturally, the Naryn River inflow from the Upper basin feeds the downstream reach and 

is an obvious end member selection for the Lower Naryn.  While we treat the Naryn River inflow 

as an end member in and of itself, it is important to recall the composition of these waters 

derived from the Upper Naryn mixing model: 67% reacted groundwater, 24% glacial outflow 

and 9% snow. Meltwater plays an inherent role in this end member.  Along with Naryn River 

inflow, deep reacted downstream groundwater and shallow lateral flow groundwater are the 

other end members.  While we acknowledge that the deep groundwater point does not appear to 

be a geometrically tight fit to the EMMA diagram, the Euclidean distances for other end 

members ruled them out as compared to the selected point (Table 3.1).  
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The Naryn River immediately below Naryn town is naturally dominated by the Upper 

Naryn inflow end member at Naryn town.  The system progresses to a river flow roughly equally 

partitioned into water coming from the Upper Naryn (51%) and downstream groundwater 

sources (49%) just above Toktogul Reservoir (Fig. 3.6). 

Concentration reconstructions perform soundly for the Lower Naryn samples (p<0.01 for 

all tracers, R2 >0.84 except for NO3) (Table 3.2) however under prediction and some minor over 

prediction of solutes/isotopes is observed. 

 

3.3.3.3 Mixing model validation 

Primarily mixing model validation was performed via concentration reconstructions to 

assess adequate performance by comparing the modeled concentrations to the observed values 

(Table 3.2, Figure 3.7). 
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Figure 3.7:  Concentration reconstructions of modeled results (y axis) for all tracers, plotted 
against observed values (x axis).  

 

Model validation was also afforded on a conceptual basis by contrasting model results 

between diurnal samples collected at 1) the Bordu River tributary site adjacent to Bordu glacier 

and 2) on the mainstem Naryn above Kazarman.    On the Bordu River samples were collected at 

6pm and 6am at a site 3622m in elevation.   While isotope values are similar during both times, 

lower ion concentrations in the evening support the notion of the afternoon being a time when 

higher melt rates contribute more snow and ice melt transferred directly to the river composition 
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relative to other times.  The 6am sample has higher ion concentrations by a factor of 3-4 as 

compared to the 6pm sample. This agrees with our general understanding of diurnal fluctuations 

in glacial systems where melt-sourced groundwater makes up a larger portion of river flow in the 

early morning, after cold nights mitigate overland flow melt inputs to the channel.   

Similarly, at 1328m in the Lower Naryn basin, samples were collected at 6pm and 10am 

on the Naryn River upstream of Kazarman town.  In contrast to the diurnal hydrologic behavior 

of Bordu glacial stream, the Naryn River near Kazarman shows no significant variation in 

chemistry between early evening and mid-morning.  This is an expected result given the 

groundwater dominated source waters of the mainstem Naryn River at this location.  The 

agreement between these results and what we know about glacial melt patterns and larger river 

systems contributes to validation of Upper and Lower Naryn mixing models.   

Further validation of our two-regime hypothesis is provided by poor model performance 

when using all samples to derive a single source water separation for the entire glacier-to-plains 

study domain. 

 

3.4. Discussion 

3.4.1 Use of EMMA over regional scales  

Use of EMMA over a regional domain, especially in data-poor mountain environments, 

appears to be a useful first and best shot at hydrologic characterization in areas that we currently 

know little (or nothing) about.   Due to the large spatial domain, there are likely many small 

contributions from sources that are not captured in mixing models with 3 -- or even 4 or 5 -- end 

members.  The imperfect reconstruction of concentrations from model results implies this is the 

case, with under and over estimates of recreated concentrations.  A perfect fit is unreasonable 
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given that only major end members are represented in the model calculations (Liu et al., 2017).  

For these types of austere environments and large scale study domains, we can improve our 

understanding of major water sources to the river system by using sound methods with the little 

data we have.   Unlike the melt dominated Naryn basin, systems with more complex hydrologic 

inputs may not be well suited to this approach.  

 

3.4.2 Hydrologic controls on river flow 

The physical hydrologic results suggest that the hydrology of the Naryn basin is a 

headwater controlled system where both snow and glacial melt waters are an important element 

of sustaining river flows through direct (overland flow) and indirect (groundwater recharge) 

channels.  As compared to the more heavily studied Eastern Himalaya where monsoon rains can 

supply upwards of 50% of the precipitation inputs to a basin (Kundzewicz et al., 2009) the Naryn 

watershed and the larger Syr Darya appear especially vulnerable to climate induced changes to 

snow and ice.  

In the Upper Naryn, melt inputs directly contribute to surface water flows by way of both 

glacial outflow and snowmelt.  The isotopic values for groundwater suggest that it, too, is 

dependent on meltwater sources for recharge, compounding meltwater’s dominance in the Upper 

Naryn basin.  In the Lower Naryn basin, meltwater likely plays a similarly prominent role albeit 

indirectly.  While river flow at Naryn town is an end member for the Lower Naryn mixing 

model, embedded in this end member is an inherent combination of melt-sourced snow, glacial 

outflow and groundwater.   At lower elevations we observe increasing ion concentrations but 

similarly depleted isotopic values in groundwater, suggesting that melt-sourced groundwater 
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may be recharged at higher elevations requiring longer, more tortuous flow paths to reach lower 

lying elevations.   

These melt-controlled results bring to bear important questions about compounding water 

vulnerabilities to downstream supplies.  As observed in survey responses, local awareness of 

shifting melt timing suggests changes the amount and timing of melt sources to river flow will 

affect the livelihood of agricultural workers in the Naryn basin.  Forecasts for continued shifts 

towards earlier melt, more precipitation falling as rain than snow, and higher glacial melt rates 

suggest that historical patterns in melt dominated river basins are unreliable.   Indications from 

this study that groundwater recharge also relies on meltwaters may exacerbate water 

vulnerability. 

Groundwater has often been viewed as a buffer to water stress in times of drought, but 

what happens if this buffer wanes because it, too, is sourced by melting snow and glaciers?  A 

time lag between changes to melt patterns and volumes and groundwater supplies will depend on 

residence times but may afford additional time to adapt to altered hydrologic norms. Awareness 

of these difficult-to-observe subsurface groundwater changes during the time lag could lead to 

detrimental groundwater drawdowns before effects are realized, and a precautionary approach to 

groundwater management is recommended.  Ultimately, in a melt-dominated catchment such as 

the Naryn, climate change will inevitably induce changes in the timing and volume of river 

discharge and groundwater supplies.   

 

3.5 Conclusion 

Current water stress for communities in the study domain is closely linked to water 

management practices and distribution infrastructure as discovered by the socio-hydro research 
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coupled with this work, but not presented here.  The clumsy transition from large-scale 

agricultural practices during the Soviet era to individualized small plot farming now in place has 

led to unreliable water access in the region despite current sufficient supply.  The importance of 

melt water supplies to both surface and groundwater suggests increased future water stress across 

the region.  Over reliance on groundwater given the uncertain buffer provided by groundwater 

reserves brings about additional water vulnerability and risk, especially given the area’s reliance 

on agriculture for human livelihood.  Adaptation strategies will likely require a two-pronged 

approach addressing both infrastructure and management as well as increasing community 

resilience by diversifying income sources and farming practices in light of long term forecasts 

for changes to melt inputs in the context of a changing climate. 
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CHAPTER 4 

4:  CLARIFYING REGIONAL HYDROLGOIC CONTROLS OF THE MARAÑÓN 
RIVER, PERU THROUGH RAPID ASSESSMENT TO INFORM SYSTEM-WIDE 
BASIN PLANNING APPROACHES  
 

Abstract 

 

Remote, data-scarce river systems are under increased hydropower development pressure 

to meet rising energy demands. The upstream-downstream river continuum, which serves as a 

conduit for resource exchange across ecosystems, is at risk, potentially endangering the people, 

environments, and economies that rely on river resources. The Marañón River, one of the final 

free-flowing headwater connections between the Andes and the Amazon, is subject to myriad 

large-scale hydropower proposals. Due to challenging access, environmental data are scarce in 

the upper Marañón, limiting our ability to do system-wide river basin planning. Here we use 

remote sensing to enhance the interpretation of the first baseline dataset of hydrologic, isotopic 

and hydrochemical variables spanning 620km of the upper Marañón River, from the steep alpine 

canyons to the lower lying jungle. We capture key processes and transitions in the context of 

hydropower development. Two hydrologic regimes control the Marañón dry-season flow: in the 

higher-elevation upper reaches, a substantial baseflow is fed by groundwater recharged from wet 

season rains, in contrast to the lower reaches, the mainstem discharge is controlled by rain-fed 

tributaries that receive rain from lowland Amazon moisture systems. Sustainability of the upper 

corridor’s dry season baseflow appears to be more highly connected to the massive natural 
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storage capacity of extensive wetlands in the puna (alpine grasslands) than from cryospheric 

water inputs. The extent and conservation of puna ecosystems and glacier reservoirs may be 

interdependent, bringing to bear important conservation questions in the context of changing 

climate and land use in the region. More generally, this case study demonstrates an efficient 

combined remote sensing and field observation approach to address data scarcity across regional 

scales in mountain basins facing imminent rapid change.   

 

This chapter is under review for publication in Elementa: Science of the Anthropocene 

(submitted September 2017).  I would like to acknowledge my co-authors Robert Stallard and 

Karl Rittger.     

 

4.1 Introduction 

In response to rising energy and water demands of an increasing population, agriculture, 

and consumptive industries, rivers are being dammed and diverted in ever more remote and 

pristine parts of the world. Rivers provide an upstream-downstream continuum that is critical for 

maintaining healthy environmental, social, and economic conditions along the corridor, and for 

connecting distinct and diverse ecosystems that are geographically disparate, but that share a 

common river passage (Vannote et al., 1980). Connectivity across ecosystems is central for a 

natural system’s ability to respond to change (Groves et al., 2012). Hydropower potentially 

introduces a twofold disruption on a river system’s resilience by simultaneously imposing major 

disturbance and physically disconnecting the river continuum. 

Conserving the functioning of the river continuum is intrinsic to protecting highly valued 

environmental and social aspects of the river. Recent calls for a system-wide, holistic approach 
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to river development are gaining momentum to more accurately balance perceived economic 

benefits of hydropower with impacts to biodiversity, ecosystem services, and local communities 

(Winemiller et al., 2016). These calls, and the creative responses from federal and local 

governments, non-governmental organizations, and environmental groups (Bremer et al., 2016; 

Hartmann et al., 2013), reiterate the need to address interdisciplinary issues in conjunction with 

river development-proposals. Dams compromise historic biotic and abiotic regimes locally and 

regionally (Bruno & Siviglia, 2012; Konrad et al., 2012), so why not plan for them over the same 

scale?  

Advocates of basin-scale water-management planning acknowledge that hydropower 

plays a role in the energy mix of Latin America. As compared to a narrowly focused project-by-

project environmental evaluation that has been the norm for hydropower proposals (Brismar, 

2004), planning on a basin scale can allow for optimizing infrastructure and site selection while 

mitigating impacts to social and environmental resources (Castello & Macedo, 2016; Hartmann 

et al., 2013; Schmitt et al., 2016). It is important that this planning process takes place before 

considerable financial resources have been spent on a project, because later, after financial 

investment has been made, the ability to alter hydropower development proposals (Fearnside, 

2002) or reject them altogether (Sadler, 2000) diminishes drastically. 

Basin-scale planning, however, requires up-to-date, spatially explicit, accessible data for 

inventorying environmental and social landscapes (Hartmann et al., 2013). Limited data is a 

common challenge for scientists and planners studying remote river systems subject to current 

development pressures. Generally more easily accessible hydropower sites have been prioritized 

for development, with remote mountain rivers that pose technical construction and energy 

transmission challenges now being targeted to meet increasing energy demands. Because of 
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difficult access and steep terrain, field data and hydrologic monitoring records are deficient in 

many remote montane watersheds. Compounding field-data scarcity is a lack of financial support 

for research and science in project host countries that further limits the ability of local 

researchers to engage in such studies. Filling gaps in our knowledge of core data sets for key 

biophysical variables, such as flow, sediment transport, and biodiversity, is required to 

understand the upstream-downstream linkages across regional basins (Groves et al., 2012). More 

recently, remote sensing imagery holds promise to additional data but cloud cover in mountain 

regions often provides only intermittent clear-sky acquisitions for optical sensors while passive 

microwave sensors can see through clouds but perform poorly in forests (Chang et al., 1996; 

Foster et al., 1997), and saturate for deep snowpack (Chang et al., 1987).  

The Marañón River, which drains the eastern flanks of the Peruvian Cordillera Blanca, is 

one such poorly studied, yet highly important, river corridor under strong development pressure. 

Since the 1700s the Marañón River, when compared to the longer, but lower discharge, Ucayali 

River, is a major headwater source of the Amazon River (Lee et al., 2014), and it is one of the 

last major free-flowing connections from the glaciated crest of the Peruvian Andes to the 

Amazon jungle. As many as 81 dams have been proposed for the Marañón River and its 

tributaries (Finer & Jenkins, 2012), with plans for construction of 20 large dams on the mainstem 

itself as part of the Peruvian government’s Supreme Decree for the Marañón River, passed in 

2011 (Hill, 2015).  

After many years of aggressively pursuing pre-development site studies, in 2017 dam 

developers shelved plans of some of the originally proposed large projects on the Upper 

Marañón River including Chadin2, Rio Grande 1 and 2 and Lorena (the latter formally called 

Rentema). This postponing is the result of multiple factors including corruption scandals and 
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financial instability of the dam developer, Odebrecht, low energy prices due to a current surplus 

of supply, and local community opposition (Casey & Zarate, 2017; Cholan, 2015; Lo Lau, 2016). 

In contrast to these stalled projects, the Veracruz dam proposal on the upper Marañón, which is 

not owned by Odebrecht, is poised to commence when economic conditions are ready. The 

current Peruvian government is not publicly supporting dams in the lower-lying Amazonia but 

has also not passed binding legislation prohibiting dam development over the long term (Belling, 

2016). A change in the economic or political environment in Peru's mining sector, broader 

energy markets, and federal government may reactivate some dam proposals. 

The need to increase our holistic understanding of the important Marañón corridor 

remains throughout the changing development climate. Recent work shows the profound 

sediment trapping effect the proposed Pongo de Manseriche Dam (downstream of our study 

region) will have on the sediment and nutrient fluxes on the Marañón and in Amazonia (Forsberg 

et al., 2017), but we still lack core biophysical data sets on the upper Marañón to enable an 

informed development process. This includes records of biodiversity, hydrologic variables, and 

sediment transport above Pongo de Manseriche to begin to address basin-wide questions and fill 

the data gaps.  

Hydrology is particularly important to system-scale planning because it provides the 

context for ecosystem geography, sediment dispersal, water quality, and human-development 

patterns along the river. This paper focuses on a dry-season transect to help fill a hydrologic data 

gap for the upper Marañón River by identifying key hydrologic processes and transitions in the 

context of hydropower development. We address these goals: 

1. Map intra-basin geographical variations in precipitation inputs and cryospheric resources 

to better understand the role that new water plays in the basin’s water resources.  
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2. Utilize hydrochemical and isotopic data from samples to describe dominant hydrologic 

input processes over a 1,745m elevation gradient and spanning key ecologic transitions 

from the arid alpine (2,100m ASL) to the humid jungle (355m ASL).  

3. Clarify the relative source water contributions to the Marañón’s discharge and consider 

potential changes to the river’s long-term discharge due to climatically sensitive ice and 

snow resources found throughout the corridor. 

More broadly, to respond to data gaps on similar rivers in remote regions, we present this 

case study as an example of a combined approach using field observations and remote-sensing 

image-processing techniques to efficiently characterize mountain-basin hydrologic controls at 

regional scales.  

 

4.2 Study site 

The Marañón River originates at the glacierized crest of the Cordillera Blanca, an Andean 

sub-range with the highest concentration of tropical glaciers in the world (Kaser & Osmaston, 

2002). The river flows south to north from its mountainous headwaters before it turns eastward 

to join the Ucayali River to form the upper Amazon River near Iquitos (Fig. 4.1A). 
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Figure 4.1:  The study site spans 620km of Peru’s Marañón River.  (A) Regional location of 
study domain (red outline).  (B) The Marañón River study domain including all sampling sites 
and proposed dam locations to date. Sampled sub-basins (orange outlines) represent tributaries 
sampled for hydrochemistry, whereas the hatched Utcubamba basin is a major unsampled 
tributary, see Figure 2 for tributary names. Discharge gages are shown as green (operational) and 
purple (historical). Cellendin, the largest municipality, is also indicated (orange circle). The 
nearest Global Network of Isotopes in Precipitation (GNIP) precipitation isotope sampling sites 
are the Marcapomacocha site inland from Lima and the Puerta Almendres site below the 
Maranon-Ucayali confluence at Iquitos (blue dots on (A)).  

Our study entailed sampling at key transitions across the alpine headwaters to the humid, 

lush, lower-lying jungle (Fig. 4.2). For the purposes of defining and understanding these 

transitions, we have categorized the study domain into three reaches: alpine, transitional, and 

jungle zones (Fig. 4.2C). The alpine reach flows through a series of narrow, cascading and 

highly eroded canyons with an average gradient of 4.1m/km, whereas the transitional reach has a 

shallower fall (average gradient 2.2 m/km) through a combination of broader canyons and wide, 
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agricultural valleys. The jungle zone is characterized by lush vegetation, with the river passing 

through constrictions (pongos) in rugged moderate-elevation mountains, where high discharge 

and shallow gradient creates massive whirlpools and roller-coaster-like rapids (average gradient 

0.94 m/km). 

 

Figure 4.2:  Study domain zonal designation and river sampling elevation transect.  (A) Images 
from the edges of the study domain. The river progresses from a steep, low-volume alpine stream 
(bottom plate outlined in red, reference rafts on river edge for scale) to a high-volume jungle 
river system (top plate outlined in green, reference kayakers in river for scale). Note the 
difference in discharge and vegetation. (B) River transect along elevation gradient of the 
sampling domain. The sampling points were selected to represent the entire headwaters-to-jungle 
transition. (C) The study site was divided into three zones anticipated to represent different but 
related hydrologic regimes: alpine, transition and jungle. Sampled sub-basins are named. 

 

The Marañón River corridor runs between two geologically distinct Andean sub-ranges 

(Appendix 4.1).  Eastern tributaries drain the Marañón complex, comprising crystalline plutonic 
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and strongly metamorphosed rock. Western tributaries have geology that is dominated by a mix 

of younger marine sedimentary rocks (limestone, sandstone and fluvial conglomerates), younger 

volcanics, and some ore deposits.  

Vegetation along the study site varies dramatically. The higher elevation arid zones 

(2,100 m) are dominated by shrublands (locally called matorrales) with some open montane 

forests. In contrast, the lusher forest below 400 m is dense tropical forest as seen by the deep 

greens in satellite images and in Figure 4.2A (top plate). The puna ecosystem, a tropical Andean 

high-elevation land cover in the headwaters of the Marañón and its tributaries, is generally a 

combination of wetland and tussock grasslands including graminoids and forbs that is 

traditionally sandwiched between snowline and treeline (Young et al., 2017). Wetlands, 

peatlands, fens and bogs are common in alpine regions of the Cordillera Blanca, with ponded 

water in the wet season and still-saturated slowly draining soils during the dry season (Polk, 

2016). Puna (local term for the more general ‘páramo’) is prized for its water regulation and its 

role as an efficient water reservoir (Hall et al., 2015; Poulenard et al., 2001) thereby providing 

important ecosystem services. Alpine ecosystems have been modified over time by both people 

and climate, with changes of vegetation character and extent in the Cordillera Blanca being 

driven by agriculture, temperature fluctuations, and reductions of glacial and snow melt water 

inputs (Polk, 2016).  

Glacier surface coverage in the Marañón basin is restricted to areas that are sufficiently 

cold year round to allow for persistent perennial snow fields. Tropical glacier systems are highly 

susceptible to even small perturbations in temperature and humidity (Kaser, 1999; Wagnon et al., 

1999) as well as larger climate systems (Schauwecker et al., 2014). With increasing ambient 

temperatures recorded from the 1970s to the present, the glacial extent in the Cordillera Blanca 
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has decreased rapidly over the last few decades with glacier termini moving to higher elevations 

especially on eastern aspects (Marañón side) of the range (Racoviteanu et al., 2008). Previous 

Andean studies (Baraer et al., 2012; Bury et al., 2013) show that many basins adjacent to the 

Marañón headwaters have undergone, or are about to undergo “peak water” (Jansson et al., 

2003), a term used to describe the short term increase in glacial melt-water generation during the 

final loss of the frozen-water reserves as ice masses wane in a warming climate.  

Glacier meltwater is reported to be responsible for the majority of stream flow in some 

Cordillera Blanca headwater catchments (Mark et al., 2005) and has been shown to be especially 

critical for dry-season discharge (Baraer et al., 2012). The percent glaciated area of headwater 

catchments is significantly related to the specific discharge of that basin (Mark & Mckenzie, 

2007), with ice melt’s role diminishing for larger basins where rainfall and snowmelt dominate. 

This is also demonstrated over somewhat larger scales in the Himalaya (Racoviteanu et al., 2013; 

Wilson et al., 2016).  

Small communities with populations of generally 1,000 or less, and single-family 

subsistence farms occupy the banks of the Upper Marañón. Larger population centers developed 

adjacent to rivers on nearby road corridors many of which have existed for centuries. Celendin 

(pop. 14,600, Figure 4.1B), the major population center along the study transect, lies atop the 

deep Marañón canyon and is accessed by the only major bridge crossing the upstream reaches of 

the Marañón at Balsas. Celendin was the center for operations of, and opposition to, the 

controversial Conga mine project, one of the largest foreign-investment and energy projects 

proposed in the history of Peru. In April 2016, the Conga Project was put on hold due to local 

opposition to the project (Jamasmie, 2016). The proposed mine’s huge energy demands had in 

part motivated the demand for hydropower energy production on the Marañón (Hill, 2016). 
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4.3 Methods 

We used boats to collect a Lagrangian hydrochemistry data set, by following water 

downstream as it mixes and evolves (Moody, 1993). We sampled for 30 days, during which there 

were no major storms in our location that had a noticeable impact on discharge, covering 620 

kilometers of the upper Marañón River in July and August 2015. This data-collection design is 

ideal for evaluating the environmental response to landscape and discharge as it changes with 

distance downriver (Konrad et al., 2012). Together with the use of remotely sensed imagery and 

mapping techniques, we used hydrochemistry and isotopic tracers from water samples to address 

study goals and to estimate tributary contributions using two-end-member mixing models. Other 

research activities during this study, but not presented here, included sampling for presence and 

abundance of freshwater invertebrates, beach pebble counts and aerial filming to use for 

structure-from-motion sediment quantification. This work represents the first baseline 

biophysical data set on the upper Marañón River. 

 

4.3.1 Sample design 

The extensive study domain necessitated prioritization of sampling locations in order to 

capture the diversity of sub-basins within the system in a reasonable time frame. Sampling at 

larger tributaries was prioritized because these represent an aggregated hydrochemical signature 

of significant landscapes of the upper Marañón basin. The final sampling plan aimed to achieve a 

balance between tributaries meeting a basin-area threshold, practicality of sampling, sample 

count, spatial representation over the 620-km reach, and representativeness of landscape features 

anticipated, based on published maps and remote sensing, to have a hydrochemical impact (e.g., 
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unique geologic deposits, odd uplands, faults, geothermal source waters, etc.). Attributes of 

sampled sub-basins are summarized in Appendix 4.3. 

 

4.3.2 Field sampling 

River-water samples (n=16 mainstem, n=16 tributaries) were mostly collected in pairs to 

allow for rigorous mixing calculations of river discharge (Fig. 4.3, Appendix 4.2). Samples were 

collected upstream of the targeted confluences at locations that ensured little to no influence of 

hyporheic flow. Three additional samples were collected based on observed anomalies in the 

field: one downstream of the Vijus mine wastewater pipe (km 225), one in a low volume tufa 

limestone deposit on Rio Magdalena (km 437), and one at Rio Conjun (km 458) to increase 

representation of right bank sub-basins in the dataset. 

 

Figure 4.3:  Water sampling configuration utilized to capture tributary and mainstem samples for 
mixing analysis.  Sample design allowed for quantifying major inputs through mixing models 
while minimizing sample numbers.  
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Care was taken to access well-mixed channels for all sampling. Bottled samples were 

collected using 60-mL polypropylene Nalgene1 bottles that were triple rinsed with deionized 

water, air dried on a sterile paper towel, and capped until used for sampling. A 350-mL sampling 

container was used for sample collection. Sample bottles and the sampling container were rinsed 

three times with sample water by vigorously shaking and then emptying a capped partially filled 

bottle. The sampling container was then filled mid-channel by plunging the opening upstream at 

arm's depth from the boat or from a wading individual, whichever was feasible given the river 

depth at that point. Ultraviolet treatment (Steripen1, 1-L sterilization) was used to disinfect the 

water from live biota. Sample water was filtered using a pressure syringe filtering system and 47-

mm Gelman1 A/E glass fiber filters with an approximate 1-µm pore size. Three times the sample 

volume (3×60-mL) from the sampling container (350-mL) was pushed through the filter prior to 

filling the sterile 60-mL sample bottles. A positive meniscus was attained prior to capping to 

eliminate any air headspace in the sample. The sterilized, filtered samples were stored in a dark 

cooler for long-term transport on boats for the remainder of the expedition. 

 

4.3.3 Laboratory analysis  

All water samples were transported to the University of Colorado for analysis. 

Instruments, methods, precisions, and detection limits for all analytes are provided in the 

supplementary material (Appendix 4.5). The Geological Sciences Department’s Laboratory for 

Environmental and Geological Sciences analyzed samples for dissolved silica, copper, iron and 

																																																								
1 Any use of trade, firm, or product names is for descriptive purposes only and does not imply 
endorsement by the U.S. Government or the State of Colorado. 
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cations (Calcium – Ca2+, Magnesium – Mg2+, Sodium – Na+, Potassium – K+) by means of 

Inductively Coupled Plasma Mass Spectrometer (ICP-MS). The Kiowa wet chemistry lab at the 

Institute for Arctic and Alpine Research analyzed samples for pH, anions (Chloride – Cl-, Nitrate 

– NO3
-, Sulfate – SO4-2) and isotopes of oxygen (δ18O) and hydrogen (δD). Stable water isotopes 

are reported as a δ (per mil, or ‰) ratio of the sample to Vienna Standard Mean Ocean Water 

(VSMOW), calculated as: 

 

! "#$ , !& = [
)*+,-./

)01234
− 1] ∗ 10:   (1) 

 

where R is the ratio of stable isotopes of oxygen or hydrogen, 18O/16O or 2H/1H respectively. 

 

4.3.4 Two-end-member mixing models 

Two-end-member mixing models were used to estimate the size of each sampled 

tributary discharge relative to the Marañón mainstem. This work extends a historical legacy of 

mixing models since one of the oldest two-end-member mixing models ever implemented was 

used by Antonio Raimondi in 1879 (Raimondi, 1879) to estimate the relative discharges of the 

Marañón and Ucayali Rivers. In the present study, the two ‘end members’ are considered to be 

tributary discharge and the Marañón River discharge upstream of the tributary confluence with 

the mainstem (Appendix 4.4). Using conservative tracer concentrations, discharge contributions 

from tributaries relative to the mainstem were calculated using equation 2.  

 

;<	×	?@AB@CD	EFGH<	 + 	;J	(1 − 	?@AB@CD	EFGH<) = ;M	 (2) 
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Subscripts in equation 2 relate to the sampling configuration in Figure 3, where a refers to the 

tributary sample, b refers to the mainstem sample upstream of the confluence, and c refers to the 

mainstem sample downstream of the confluence. The tracer concentration in the sample is 

referred to as C.  

 

Discharge contributions were calculated for the suite of conservative tracers (ions and 

isotopes) analyzed in water samples yielding a range of discharge contribution fractions for each 

tributary. An error-weighted mean (EWM) was determined for each tributary to be used as the 

modeled discharge contribution for that tributary.   Tributary and mainstem discharges were 

calculated at each sub-basin using the discharge record at the Balsas gage on August 3, 2015 

(196 m3s-1), the day we passed the gage.  Discharges calculations were propagated upstream and 

downstream from the Balsas location using the EWM percent contribution solution for each sub-

basin. 

Error-weighted mean is preferred over other metrics because it considers uncertainty, w, 

in the mixing model results due to propagated analytical error as calculated by equation 3.   

 

HNOPQR	 = 	HNS-*OP/+, = 	
(TUOPQRNOPQR)

VW	(TUS-*OP/+,NS-*OP/+,)
VW	TUXYZ[*OP/+,

V

(\S-*OP/+,]	\OPQR)V
	   (3) 

 

where H\*+,-./
= 		HM	×	;^<_`ab or the method detection limit (supplementary table 3), 

whichever is greater. 

In equation 3, f refers to the fraction of discharge contribution calculated from mixing 

model, C is the constituent concentration, wC is the analytical uncertainty in laboratory analysis 
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specific to the constituent analysis, and wf is the analytical uncertainty propagated through to the 

mixing model fraction. This study did not replicate samples or perform duplicate laboratory 

analysis on samples due to limited sample volumes, therefore wC is based on the annual 

laboratory analytical precision (percent relative standard deviation) over all runs in a year 

(between 4,000-6,000 samples) for a given analyte. Accordingly, wC is the same across end 

members for each constituent and these values are provided in table ST3 in supplementary 

material.  

As is evident from equation 3, mixing model calculations with two end members of 

similar concentrations have larger associated uncertainties than models with end members that 

have disparate concentrations. Error-weighted means (EWM, equation 4) allow for the lower-

uncertainty mixing models to dominate the tributary discharge calculation while still considering 

all model results across analytes.   

 

@AAGA	H@cdℎD@f	g@hCijkJli<jm = 	
n	

oOPQRSO+Pp
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n	
q
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)V
	  (4) 

 

To understand the most influential constituents in the EWM calculation, we calculated an 

“influence metric” using equation 5 for each constituent. This provides additional guidance for 

hydro-chemical interpretation for results.  
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Total error to the final EWM mixing fraction integrates error across constituents and was 

calculated as follows (equation 6):  

 

HN,			usi<a	 = 		 (HNOPQRSO+Pp)
v	×	cCEFr@CB@<aa	Mst^ikilbti^ 	  (6) 

 

To evaluate mixing model performance for all mixed mainstem samples concentration 

reconstructions were computed using the EWM solution. Normalized error for each sample was 

calculated to compare reconstructed concentration with observed concentrations (equation 7) and 

to examine model bias, if any. 

  

CGAghFcw@f	@AAGA =
_sxbabx	\	–	sJ^bjzbx	\

sJ^bjzbx	\
		 (7) 

 

4.3.5 Discharge data 

Discharge gages at three locations on the upper Marañón River recorded data over 

varying historical periods (Figs. 4.1B): 1) Balsas (855m ASL) from 2015-present, 2) downstream 

of the Chamaya River confluence at Corral Quemado (CQ, 410m ASL) from 1977-1981, and 3) 

downstream of the Chinchipe and Utcumbamba confluences at Rentema (355m ASL) from 

1977-1981. 

The Balsas gage recorded discharge during the 2015 study period however there are no 

on-going discharge records downstream of Balsas. To understand the relationship between 

Balsas discharge and discharge records at CQ and Rentema, we examine multi-year average 

historical discharges for 1977-1981 at CQ and Rentema as compared to a smoothed historical-
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average discharge at Balsas. The smoothed Balsas hydrograph is reconstructed from graphs 

presented in the 2014-2015 Peru Ministry of the Environment National Meteorological and 

Hydrologic Service (SENAMHI) hydrologic monitoring report (Servicio Nacional de 

Meteorolgia e Hidrologia del Peru (SENAMHI), 2015). 

 

4.3.6 Precipitation 

The 620 km, south-north, linear Marañón River flows through varying hydro-climatology 

regimes related to elevation gradients and river distance from headwaters. Climate monitoring 

stations in the Peruvian Andes are sparse, and those stations with precipitation data cover time 

periods that often do not overlap. To better characterize precipitation distribution over the 

Marañón basin we used the WorldClim data set (version 1.4) (Hijmans et al., 2005). WorldClim 

utilizes an interpolated spline algorithm to produce global maps of terrestrial climate from 

weather station data that adequately represent spatial climate variations, even over remote data-

scarce regions. Monthly average precipitation inputs over the length of the dataset (1960-1990) 

were calculated at 30-arcsecond resolution (~0.93 km at the equator). These gridded monthly 

means were averaged at the sub-basin scale to assess the range of precipitation inputs to major 

tributaries across the Upper Marañón basin.  

Rain samples were not collected during the study; however, a monitoring site of the 

Global Network of Isotopes in Precipitation (GNIP) (IAEA/WMO, 2016) is located at 4477m 

ASL at Marcapomacocha near the Marañón headwaters and was used to provide representative 

rain isotopic values for precipitation inputs to the upper elevations of the Marañón basin (Figure 

4.1A). Similarly, no GNIP record exists for the lower elevations within the study domain, 

however the Puerto Almendras at Iquitos GNIP precipitation record near the eastern extreme of 
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the Marañón basin (98m ASL) provides representative isotope values for lower elevation, 

Amazonian precipitation systems likely to affect the lower sub-basins of the Marañón. 

 

4.3.7 Meltwaters 

Standard snow maps that exploit band difference ratios of snow surfaces (Dozier, 1989) 

classify a pixel as either snow covered or snow free. Their performance is degraded in alpine 

environments such as the Peruvian Andes where mixed land cover pixels are common at 

NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS) satellite (Justice et al., 

1998) resolution (500m pixel size). Spectral un-mixing algorithms that calculate the snow cover 

fraction of each pixel (Nolin et al., 1993; Rosenthal & Dozier, 1996) yield snow maps that are 

more accurate and exhibit less sensitivity to different land cover types (Rittger et al., 2013).  

Snow cover maps were created using the MODIS Snow Covered Area and Grain Size 

(MODSCAG) algorithm (Painter et al., 2009) to estimate fractional snow cover. We quantify the 

probability of snow cover in a given pixel by calculating the number of positive observations 

divided by the total number of clear-sky observations over the 2001-2014 period. Snow 

probabilities are then averaged over all pixels in each sub-basin to understand the overall 

influence that snow may have on a water sample taken just above the sub-basin’s confluence 

with the mainstem Marañón. 

Given the difficulty in separating snow from clouds with MODIS data (Rittger et al., 

2013), we ignore snow probabilities less than 30% and re-set all pixels with probabilities under 

this threshold to 0. Doing so potentially biases lower elevation sub-basin snow cover statistics 

where pixels hovering just below 30% snow cover probability are brought to 0. This bias is not 

anticipated to impact results in this study because precipitation amount, not elevation, dictates 
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snow cover. The inverse snow cover probability-elevation relationship is observed whereby 

lower-elevation sub-basins, which receive abundant precipitation, have the highest mean snow 

cover probability across the study domain.  

The Randolph Glacier Inventory (RGI) (Pfeffer et al., 2014) was used to map and 

quantify glacier surface areas in the Marañón Basin using glacier area data for the Cordillera 

Blanca (submitter analysts Cogley et al., 2015; Racoviteanu, 2007) and geographic information 

system (GIS) software. RGI is a processed subset of the Global Land Ice Measurements from 

Space (GLIMS) (Raup et al., 2007) glacier monitoring project. 

 

4.4 Results 

4.4.1 Hydro-climatology 

The Marañón basin undergoes pronounced seasonal swings in precipitation, melt patterns 

and river discharge. During the dry season (June-September) World Clim monthly mean 

precipitation decreases in all areas, but lower elevation sub-basins are noticeably wetter (47-122 

mm rain/month) than upper sub-basins (10-28 mm rain/month) (Fig. 4.4). During the wet season 

(October-March) the difference in magnitude of precipitation between lower and higher 

elevation basins is not as large as the dry season. Peak mean monthly precipitation occurs in 

March (118-178 mm/month) for all sub-basins (Fig 4.4A). 
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Figure 4.4:  Precipitation patterns across the Marañón basin. (A) Mean precipitation calculated for major sub-basins across the upper 
Marañón basin show a drier trend at higher elevations (southeastern region of the basin) year round as compared to lower lying 
watersheds. This geographic behavior is accentuated during the dry season as demonstrated by average precipitation values calculated 
across watersheds for July (right dashed vertical line) in (B) major sub-basins and (C) sampled sub-basins. Line colors in (A) match 
basin colors in (B). In (C) white areas represent tributary watersheds of the upper Marañón basin that were not sampled. 



	

	

106 

 

 

Discharge recorded at gages (Fig. 4.5A) observes a ‘flashy’ or rapid response to 

individual storms in hydrographs across the catchment (Fig. 4.5B). Rentema discharge peaks 

appear to be strongly affected by localized storms in the low-elevation, high-discharge 

tributaries, Chinchipe and Utcubamba rivers (blue and cyan in Fig 4.4B, respectively). The 

Chamaya basin (orange in Fig. 4.4B) measured at Corral Quemado (CQ), exhibits a subdued 

flashy behavior compared to Rentema that is consistent with the lower rainfall there. The three 

large lower basins, Chamaya, Chinchipe and Utcubamba, are hereafter referred to as the lower-

lying basins (LLB). Dry season in the LLB is in August and September, with rain events and 

resultant discharge peaks that are smaller than at other times of the year.  

 

Figure 4.5:  Marañón River gage locations and discharge records.   (A) The only operational 
discharge gage in the study domain is located at Balsas (blue triangle). Records were previously 
kept in the late 1970s and early 1980s at Corral Quemada (green triangle) and Rentema (red 
triangle), which is downstream of several high-discharge tributaries. (B) Representative daily 
discharge records are shown for 1978 (CQ and Rentema) and 1 June 2015 – 31 May 2016 for 
Balsas. Four-year monthly averages (dots) for CQ and Rentema gages are shown for the period 
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of record, 1977-1981. Balsas historical average was recreated from the 2014-2015 Peru Ministry 
of the Environment National Meteorological and Hydrologic Service (SENAMHI) hydrologic 
monitoring report. Discharge records indicate a highly responsive catchment, with events at 
lower elevation causing high variability year round while higher elevations demonstrate little-to-
no new inputs during the dry season such as during the study period (bracketed). 

 

In contrast, high-elevation catchments demonstrate few dry-season discharge peaks due 

to a general lack of storms over this period (Fig. 4.5B). Despite little precipitation during the 

June through September dry season, the higher-elevation reaches of the Marañón have an 

impressive 200 m3s-1 baseflow suggesting substantial groundwater or meltwater contributions 

throughout the dry season. The water storage of approximately 1.5 km3 is required to sustain this 

baseflow for the three-month dry season and equates to nearly 3.5 times the volume of 

California’s Hetch Hetchy reservoir at maximum capacity.  

The smoothed monthly average historical discharge record at Balsas indicates the 

discharge during the study period was within its normal range and that discharge observed at this 

location is considerably less than the discharges of CQ and Rentema (Figs. 4.5, 4.11).  

The fractional contribution of meltwaters from snow and ice varies considerably across 

the basin. Snow presence at the sub-basin scale in the Marañón corridor is surprisingly not 

controlled by elevation (p=0.12, R2=0.10) but is instead shows a stronger influence by dry season 

precipitation (July and August, p=0.03 R2=0.24). For example, Chinchipe, the sub-basin with the 

highest mean snow probability (19.65%) has the lowest mean elevation (1692m ASL) and the 

highest average July precipitation (62.9mm) (Fig. 4.6). In contrast, the two sub-basins with the 

highest mean elevations, Putchka (3993m ASL) and Headwaters (4031m ASL), have modest 

mean snow probabilities of 5.24% and 5.22%, but average July precipitation of less than 10mm.  

 



	

	

108 

 

Figure 4.6:  Cryospheric inputs to the Marañón basin.  (A) Snow and ice cover throughout the 
study domain. Inset: Glaciers are present in three high elevation basins: Yanomayo, Putchka and 
the uppermost Marañón basins. (B) Mean snow probabilities for each of the sampled basins 
indicate generally that lower, wetter basins have a greater chance for snow cover than higher 
(colder) and drier basins suggesting precipitation amount – not temperature – control snow 
cover.  

 

Only the three highest elevation sub-basins have glacial sources: Yanomayo, Putchka, 

and Marañón headwaters. The percent (area) of these sub-basins that is glacier covered ranges 

from 0.43% (27.6 km2) in the Marañón headwaters to 4.66% (105.8 km2) in the Yanomayo basin 

(Fig. 4.6A). Total glacier-covered area in the study domain is 168.5 km2.  Glacier mass balance 

budgets are dominated by exchanges on the glacier surface (snowfall and melt) (Cuffey & 

Paterson, 2010) suggesting low seasonal snow occurrence in the high elevation glacierized sub-

basins is unlikely to reverse glacial ablation trends in the basin. 
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4.4.2 Isotopes 

The Marcapomacocha GNIP station data demonstrates the temporal variability of 

precipitation isotopic composition throughout the year and is also used to determine the local 

meteoric water line (LMWL) for the Marañón headwaters (Fig. 4.8). This station is located at 

4,477m ASL in an arid alpine environment similar to the headwaters of the Marañón. At the 

Marcapomacocha site, the wet season (October-May, δO18 ranging -18.9‰ to -15.2‰) is more 

isotopically depleted than the dry (June-September, δO18 ranging -10.7‰ to -7.1‰) (Fig. 4.7A, 

left bars). Precipitation isotopes in the jungle are more enriched than in the alpine as 

demonstrated by the Puerto Almendras-Iquitos GNIP record at 98m ASL (Fig. 4.7A, right 

colored bars). 

Marañón basin surface-water isotopic values fall within the range of alpine GNIP 

precipitation (Fig. 4.7A), with high-elevation mainstem and tributary isotope values more closely 

related to wet-season alpine precipitation than dry-season precipitation, indicating the marginal 

role of dry-season rain in the high elevation water balance and the likelihood that wet season 

precipitation is stored in natural reservoirs for dry-season release. Prevailing air masses during 

the June-September dry season come from south easterly trade winds that move δO18-enriched 

recycled moisture from the Amazon Basin into the Andes (Windhorst et al., 2013). The dry-

season isotopic values in the jungle LLBs are consistent with receiving moisture from the 

Amazon lowlands to the east. 
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Figure 4.7:  Stable isotope and deuterium excess progression across the study domain. (A) Stable 
isotope enrichment and (B) increasing Deuterium excess are related inversely to elevation. A 
clear influence of the high-discharge rain-fed basins below 430m is observed. In (A), Global 
Network of Isotopes in Precipitation (GNIP) monthly mean isotope values indicate a contrasting 
temporal variation of precipitation isotopes throughout the year between alpine (left edge) and 
jungle (right edge) records. 
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The isotopic character of the sub-basins’ surface waters can be grouped into two regimes: 

the middle and upper sub-basins have confining slopes adjacent to the river (hereafter referred to 

as the Cordillera corridor), and the LLBs are rain-fed jungle tributaries with catchments more 

directly accessed by Amazon moisture systems. The Cordillera corridor tributaries show a 

gradual δO18 isotopic enrichment with decreasing elevation from -14.67‰ to -10.31‰. 

Enrichment of δO18 in the mainstem is observed with mixing of progressively enriched tributary 

inputs from below the confluence of the Putchka River at 1,850 m (-14.25‰) to the final 

sampling point at Montenegro (-7.41‰). The smaller tributaries in the upper reaches result in a 

gradual, incremental enrichment of the mainstem Marañón. In contrast, the abrupt isotopic 

enrichment of Marañón water downstream of the Chamaya confluence at 430 m ASL (Fig. 4.7A) 

is consistent with large-discharge, Amazonian sourced inputs from the isotopically enriched 

Chamaya, Chinchipe and Utcubamba tributaries (LLBs, Fig. 4.11).  

Downstream enrichment through the Cordillera corridor suggests the elevation effect 

(Dansgaard, 1964) is a contributing factor to the isotopic gradient of Marañón waters (Fig. 4.7A). 

Precipitation isotopic signatures affected by altitude are the result of squeezing out of moisture 

from an air mass as air is adiabatically cooled while rising to greater elevations (Gat, 1996). In 

precipitation, heavier isotopes (e.g., O18) are removed preferentially over lighter isotopes (e.g., 

O16), leaving behind water vapor that is progressively more depleted by heavier isotopes as it 

moves up in elevation.  

Previous Andean studies have shown spatial variability of isotopes is dominated by the 

elevation effect, with an range of depletion rates reported from -0.17‰ per 100m (Garcia et al., 

1998) to -0.24‰ per100m (Gonfiantini et al., 2001). Indeed these rates are similar to the globally 

established lapse rate of -0.28‰/100m (Poage & Chamberlain, 2001). In the Cordillera corridor 



	

	

112 

of the Marañón the δO18 depletion rate with elevation can be described by a linear fit correlating 

to an isotopic depletion rate of -0.37‰ per 100m:  

 

! "#$ = −0.0037 meters − 7.0261 							45 = 0.92			(8) 

 

Using the above Andean depletion rates, over the 1,520m elevation change in the 

Cordillera corridor from the Putchka River (highest tributary at 2,100m ASL) to the Silaco River 

(580m ASL) the elevation change results in a depletion of -2.58 to -3.64‰ δO18. The actual 

change observed between these tributaries, -5.87‰ δO18, suggests that additional factors, 

probably related to hypsographic effects within individual basins, contribute to the isotopic 

transition observed over the study domain. In addition to topographic effects, vegetation 

transpiration, evaporation or sublimation effects on alpine melt waters and standing water 

storage in the punas may affect isotopic signatures of surface waters. 

Deuterium excess (D-excess), relative to the meteoric-water line, in tributary waters is 

significantly related to mean snow probability across sub-basins (p=0.01, R2=0.31), with higher 

mean snow probabilities having greater Deuterium excess. This contrasts an alternative 

expectation of lower D-excess values in basins with higher evaporation and sublimation rates 

(Froehlich et al., 2001) expected from post-deposition processes in the snowier and more 

glaciated sub-basins. This result instead suggests the strong relationship between D-excess and 

snow probability is a factor of precipitation amount, moisture source and possibly water use by 

vegetation, but not related to post-deposition snowpack processes and this is logical given the far 

greater magnitude of water recirculation through the Amazon moisture systems as compared to 

the snow volumes associated with the tropical cryosphere. The increase in D-excess in 
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precipitation (indicated as the y-intercept of δO18-δDeuterium regressions in Fig. 8) of the 

LMWLs relative to the Global Meteoric Water Line (GMWL) reflects moisture recycling in 

Amazonia as systems travel across several thousand kilometers of humid, forested regions 

(Friedman, 1977; Salati et al., 1979). The Amazonian moisture system influence on precipitation 

D-excess is mirrored in surface waters receiving these rain inputs, as demonstrated by the rapid 

D-excess increase in LLB tributaries (Fig. 4.7B). 

 

Figure 4.8:  δO18- δD relationship of Marañón surface waters.  Data are grouped into three 
elevation zones (Fig. 2c), and compared to the Global Meteoric Water Line (GMWL) and the 
Local Meteoric Water Lines (LMWL) derived from GNIP records at high and low elevation 
stations. The lower slope of the δO18-δD alpine tributaries as compared to the alpine LMWL 
indicate evaporative processes may be affecting the water signature in the upper basin, whereas 
this is not the case for jungle and transitional tributaries. That the LMWLs and GMWL are 
parallel indicate higher D excess in the LMWL, likely from moisture recycling of air masses 
moving across the Amazon basin.  
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The δO18-δDeuterium bi-plot (Fig. 4.8) also sheds light on the impact of evaporation or 

sublimation fluxes to the watershed because oxygen isotopes fractionate at a higher rate during 

evaporation and sublimation than hydrogen isotopes thereby changing the slope of the relation. 

The influence of evaporation and sublimation on water surfaces in the tropical Andes appears to 

be highly site-specific, with some studies in the region reporting a high evaporation signal (M. 

Williams et al., 2001) while others do not (Baraer et al., 2015; Stichler et al., 2001). Some 

evaporative effect is observed in the alpine samples (m=7.39) relative to the LMWL (m=8.2), 

suggesting possible importance to surface water of snow, ice, or ponded (puna) water in the 

alpine reach, whereas effects from transpiration are expected to be minimal due to limited 

vegetation in the alpine zone. 

 

4.4.3 Hydrochemistry 

Ion concentrations in the mainstem Marañón generally increase as the river progresses 

downstream through the Cordillera corridor (Fig. 4.9) but are highly variable across sub-basins 

in the study domain indicating the diverse geology of the area (Appendix 4.1). Tributaries 

Yanomayo, Shuve, Conjun, Chamaya and Chinchipe are lower in Ca2+ than the mainstem, while 

all other tributaries are more concentrated, some by nearly a factor of two (e.g, Rupac = 3,206 

µeq/L Ca2+; Cresnejas = 3,371 µeq/L Ca2+; Magdalena = 3,289 µeq/L Ca2+). 

A drastic dilution of the mainstem Marañón occurs with the inputs of the Chamaya and 

Chinchipe tributaries (Fig. 4.11), demonstrating lower solute concentrations combined with 

considerable volume as compared to the mainstem. Alkalinity, SO4
2-, and Ca2+ dominate the 

constituents of Marañón waters (Fig. 4.9, Appendix 4.2). Jungle tributaries have a higher 

dominance of carbonate hardness than alpine or transitional tributaries that are balanced by other 
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anions other than the carbonates (Piper, 1944). Highly enriched stream waters are observed in the 

tufa stream at Rio Magdalena, which is also a distinct outlier in the Piper diagram (Appendix 

4.2). 

 

Figure 4.9:  Variation of ion concentrations in tributaries and the mainstem throughout the study 
domain.  Major ions gradually increase along the Marañón corridor with alpine and transition 
zone tributaries. The influx of major low-concentration tributaries in the jungle zone (Fig. 4.11) 
dilute ion concentrations of the Marañón below 430m ASL. Gaps in the mainstem alkalinity 
interpolation are due to insufficient sample quantities for lab analysis.  

 

4.4.4 Principal component analysis (PCA) 

PCA consolidates multi-variable geochemical data into a data representation, capturing 

most of the variation of the original data with fewer degrees of freedom (the principal 
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components) (Christophersen & Hooper, 1992). PCA can be used to identify hydrochemical 

controls of the system (Fig. 4.10). Two principal components explain 74.2% of the variability in 

the data with the third PC adding only 8.7% additional explanation. PC1 explains 47.2% of the 

variability and is associated with chemical weathering products and an additional influence from 

evaporate deposits (Stallard and Edmond, 1983). The PC2 explains 31.0% of variability and is 

associated with the isotopic variables and silica. Water samples plotted on the PCA bi-plot show 

that controls of hydrochemical signatures vary over the different zones (Figs. 4.2C, 4.10). The 

95% PCA confidence ellipses for the mean of each zone show that the alpine and jungle zones 

are well discriminated. As is evident, the alpine zone is highly dependent on PC1 which is 

related to geochemical weathering products of the catchment, whereas it is rather independent of 

PC2, isotopic variables. This is not surprising given the disproportionately high contribution of 

suspended sediments and geochemical constituents contributed to Amazon waters by the high 

relief areas of the Amazon basin (Gibbs, 1967; Stallard & Edmond, 1983). Geochemical 

weathering controls in the alpine may also indicate the importance of groundwater for sustaining 

dry-season baseflow. In contrast, the confidence ellipse for the jungle samples incorporating the 

LLBs plots along the 45-degree axis indicating this zone is affected by both components and thus 

weathering products, and a defined isotopic source-water signature (associated with the influence 

of Amazon moisture systems as discussed above), are both influential.  The transition zone lies 

in between.  
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Figure 4.10:  Principal component analysis indicates that controlling factors of hydrochemistry 
differs across zones.  Principal component 1 (PC1) is described by geo-chemical weathering 
products and evaporates or marine sourced precipitations whereas Principal component 1 (PC2) 
depends on variables affecting isotopic composition (evaporative influence, type of precipitation, 
etc.) as well as Si. The confidence ellipses are shown for each zone and represent the 95% 
confidence region that the mean for each zone will be located within the ellipse.  

 

4.4.5 Tributary volumes 

Using a two end-member mixing model, relative tributary volumes are calculated using a 

suite of conservative tracers. The error-weighted mean (EWM) of mixing model results for each 

tributary are shown in Figure 4.11 and Table 4.1, with less than 2% total mixing fraction error 

for all tributaries (0.84% mean error). Of the Cordillera corridor tributaries the Putchka, 

Yanomayo and San Miguel rivers contribute the most discharge to the Marañón relative to 

mainstem discharge at their confluence (35%, 22%, 20%, respectively). This is not entirely 

unsurprising given that the Putchka and Yanomayo sub-basins make up a relatively large 
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proportion of total basin area given their location high in the catchment.  Also, the Putchka and 

Yanomayo sub-basins are glacierized whereas the San Miguel receives year round water from 

Laguna Piaz, a substantial lake 3km upstream of the Marañón confluence. The natural reservoirs 

(glacier ice and lake) in these sub-basins provide dry-season flow inputs absent in other 

tributaries. An especially significant mixing fraction result is that the Chamaya and Chinchipe 

rivers are major dry season inputs to the mainstem Marañón, with the discharge of each tributary 

nearly equaling or exceeding the discharge of the Marañón mainstem, upstream of the 

confluence (Fig. 4.11). The 67% discharge contribution calculated for the Chinchipe also 

includes the important, but unsampled, Utcubamba River flowing in from the right bank 2km 

upstream of the Chinchipe confluence. 
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Figure 4.11:  Mixing model results for tributary discharge contributions at their confluence with the Marañón. (A) Error weighted 
mean mixing fraction of tributaries (dots) indicates the relative proportion of flow the sub-basin provides relative to the mainstem. 
Whiskers identify the total propagated error to the mixing fraction.  The stacked bars show approximate discharge for the mainstem 
and tributary flows based on the EWM mixing fraction solution and the propogated observed discharge at Balsas flow gage at the time 
of sampling. Although Lagrangian sampling minimizes errors, time variations of discharge cannot be captured. Moreover, tributary 
discharges include the named tributary plus tributaries of similar composition. Likewise, the mainstem discharge includes waters from 
tributaries that are similar to the mainstem in composition. The errors in Table 1 in part reflect inputs from tributaries with 
compositions that are dissimilar from the named tributary or the mainstem. (B) Conceptual flow diagram of the study domain 
demonstrating the LLB discharge dominance of the mainstem.  (C) Sub-basins on map approximately aligned with vertical placement 
of tributaries in (A) and (B).
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Table 4.1:  Error-weighted mean mixing model results for tributary mixing fraction, total 
propagated error, and discharge results. 

Tributary 

Tributary 
mixing 
model 
fraction 
(EWM) 

Total error on 
mixing fraction 

Estimated 
tributary 
discharge 
(m3s-1)a 

Mainstem 
discharge 
downstream of 
tributary 
confluence (m3s-1)a 

Headwaters n/a n/a n/a 49 
Putchka 35.3% 0.42% 27 76 
Yanomayo 22.4% 1.25% 22 97 
Rupac 8.6% 0.42% 9 107 
Actuy 9.6% 0.53% 11 118 
Cajas 10.8% 1.47% 14 132 
San Miguel 20.0% 1.45% 33 165 
Chusgon 9.6% 1.81% 18 183 
Crisnejas 6.8% 0.56% 13 196 
Yangas 9.0% 0.84% 19 215 
Shauve 9.4% 0.64% 22 238 
Silaco 14.6% 1.02% 40 278 
Chamaya 46.1% 0.35% 238 516 
Chinchipe 66.6% 0.19% 1030 1546 
a Discharge estimates propogated from flow observed (196 m3s-1) when passing Balsas 
gage on August 3, 2015. 

 
 

Discharge volumes for tributaries and the mainstem at each sampled sub-basin (Table 

4.1) demonstrate the similar order of magnitude of inputs provided from the Cordillera Corridor 

sub-basins in contrast to the LLBs. Mainstem discharge reconstructions at the historical gage 

locations of CQ (516 m3s-1) and Rentema          (1546 m3s-1) are similar to the historical average 

flows at those locations in July which are estimated to be 600 m3s-1 and 1100 m3s-1, respectively 

(Figure 4.5).  The higher flow calculated at the Rentema gage site may be due to the timing of 

Chinchipe sampling, which occurred shortly after a precipitation event in the Chinchipe 

headwaters.  This would result in a temporary pulse in Chinchipe discharge and a higher overall 

mainstem discharge at the Rentema gage site as compared to the historical July average. Notably, 
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the mainstem discharge increases by a factor of 31 across the domain, demonstrating the scale of 

hydrologic variation observed in this study. 

Constituents that most influenced the EWM result varied depending on the tributary. SO4 

2-, Ca2+, Mg2+ and Cl- were common influential ions among most sub-basins as calculated by the 

influence metric (Table 4.2a). Isotopic variables, δO18 and δD, were important to the EWM 

calculation outside of the four high-elevation sub-basins.   
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Table 4.2:  Evaluating the impact of uncertainty on mixing fraction and EWM calculation. 
Greyed values indicate low influence (<5%) on the error weighted mean due to high constituent 
uncertainty.  See Section 3, equations 2-6 for in-depth explanation.  

a: Influential analyte indicator, the percent influence imposed by the analyte on the EWM.   
Tributary Ca+2 K+ Mg+2 Na+ Cl- ANC SO4

-2 δD δ18O 
Putchka 0.4% 0.9% 1.3% 3.5% 7.2% 0.2% 86.1% 0.3% 0.3% 
Yanomayo 59.9% 1.7% 3.8% 5.4% 13.0% 5.4% 10.8% 0.0% 0.3% 
Rupac 13.3% 3.1% 11.7% 1.1% 0.0% 0.5% 70.0% 0.4% 0.3% 
Actuy 14.4% 6.1% 23.4% 5.8% 6.9% 0.7% 42.2% 0.5% 0.2% 
Cajas 2.4% 1.0% 5.1% 0.0% 25.4% 1.1% 44.9% 20.0% 9.8% 
SanMiguel 0.0% 0.5% 14.9% 0.2% 29.1%   30.3% 24.9% 11.2% 
Chusgon 18.7% 3.4% 35.1% 2.7% 4.2% 0.0% 0.0% 35.8% 17.7% 
Crisnejas 10.4% 11.3% 22.3% 10.5% 3.2% 0.5% 33.9% 7.8% 4.7% 
Yangas 2.6% 2.1% 1.0% 13.7% 22.4% 0.7% 34.6% 22.9% 9.2% 
Shauve 13.6% 0.2% 1.2% 0.0% 4.2% 0.0% 35.1% 45.8% 17.6% 
Silaco 12.6% 0.0% 3.7% 0.4% 0.0% 3.5% 0.0% 79.8% 31.9% 
Chamaya 3.6% 0.6% 11.4% 1.2% 5.7%   43.1% 34.4% 10.5% 
Chinchipe 11.2% 0.2% 12.8% 1.8% 2.8%   52.4% 18.9% 4.5% 
b: 2-component mixing model tributary fraction results across analytes.    
Tributary Ca+2 K+ Mg+2 Na+ Cl- ANC SO4

-2 δD δ18O 
Putchka 15.8% 52.3% 47.4% 40.7% 36.3% 45.7% 34.8% 30.3% 30.6% 

Yanomayo 22.0% 1.3% 9.9% 18.4% 14.3% 16.5% 47.4% -149.4% 49.8% 
Rupac 5.9% 9.9% 8.1% 11.7% -53.7% 13.5% 9.1% 11.8% 15.0% 
Actuy 10.0% 7.1% 5.4% 7.8% 8.6% 7.0% 12.7% 0.5% 1.4% 
Cajas 30.0% -42.2% 44.3% 352.9% 12.1% 127.1% 1.7% 14.9% 14.2% 
SanMiguel 242.8% -32.1% -4.2% 54.7% 7.7%   46.7% 16.9% 18.7% 
Chusgon 15.2% 14.5% 4.9% 12.8% -3.5% -54.3% -978.4% 12.1% 12.6% 
Crisnejas 9.9% 3.7% 6.8% 5.0% 7.6% 26.5% 1.9% 29.2% 29.0% 
Yangas 1.2% 8.3% 5.2% 2.7% -0.2% 2.6% 19.7% 6.8% 5.6% 
Shauve 8.4% 1.2% 1.4% 19.8% 1.7% 853.7% 4.5% 14.3% 14.9% 
Silaco 8.3% 512.5% 17.9% 2.5% -550.5% 7.0% 33.9% 15.8% 15.9% 
Chamaya 62.1% 45.2% 45.8% 48.0% 49.1%   44.4% 46.1% 46.8% 
Chinchipe 68.5% 64.6% 71.1% 53.1% 59.3%   66.9% 64.2% 64.0% 
c: Constituent contributions for EWM calculation.       
Tributary Ca+2 K+ Mg+2 Na+ Cl- ANC SO4

-2 δD δ18O 
Putchka 0.1% 0.5% 0.6% 1.4% 2.6% 0.1% 30.0% 0.1% 0.1% 
Yanomayo 13.2% 0.0% 0.4% 1.0% 1.9% 0.9% 5.1% 0.0% 0.1% 
Rupac 0.8% 0.3% 1.0% 0.1% 0.0% 0.1% 6.4% 0.0% 0.0% 
Actuy 1.4% 0.4% 1.3% 0.5% 0.6% 0.0% 5.3% 0.0% 0.0% 
Cajas 0.7% -0.4% 2.2% 0.0% 3.1% 1.5% 0.8% 3.0% 1.4% 
SanMiguel 0.1% -0.2% -0.6% 0.1% 2.2%   14.1% 4.2% 2.1% 
Chusgon 2.8% 0.5% 1.7% 0.3% -0.1% 0.0% 0.0% 4.3% 2.2% 
Crisnejas 1.0% 0.4% 1.5% 0.5% 0.2% 0.1% 0.7% 2.3% 1.4% 
Yangas 0.0% 0.2% 0.1% 0.4% 0.0% 0.0% 6.8% 1.6% 0.5% 
Shauve 1.1% 0.0% 0.0% 0.0% 0.1% 0.0% 1.6% 6.6% 2.6% 
Silaco 1.0% 0.0% 0.7% 0.0% 0.0% 0.2% 0.0% 12.6% 5.1% 

Chamaya 2.3% 0.3% 5.2% 0.6% 2.8%   19.1% 15.9% 4.9% 
Chinchipe 7.7% 0.1% 9.1% 0.9% 1.7%   35.0% 12.1% 2.9% 

Blank entries = mixing model results unavailable..      
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Mixing-model performance was evaluated by way of comparing the mainstem 

concentrations using the EWM mixing fraction result with the observed concentrations in water 

samples (Fig. 4.12A). The modeled versus observed comparison demonstrates very good model 

performance (m=1.02, b=4.96, R2=0.99). The sample below the Cajas River confluence is an 

obvious Acid Neutralizing Capacity (ANC) outlier as marked in Figure 4.12A. In this instance 

the mixing model result is affected by an unsolvable 2-component mixing model problem 

whereby both the Cajas tributary and upstream Cajas ANC observations (the two end members) 

are smaller than the downstream Cajas sample (mixed sample result). This mathematically 

infeasible mixing situation suggests an additional but unmeasured chemical input to the Marañón 

between the mainstem samples collected upstream and downstream of the Cajas confluence. The 

EWM approach somewhat ameliorates the effect of this outlier on the final mixing fraction result 

by reducing the influence of highly uncertain mixing models like this one on the EWM.  

 

Figure 4.12:  Error analysis of mixing model results indicate good agreement between modeled 
and observed constituent values. (A) Mainstem mixing-model concentration reconstructions of 
the modeled streamflow using the EWM mixing model results as compared to the observed 
concentrations. Negative values are isotopes reported as δ (per mil) ratio to VSMOW (equation 
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1). (B) Normalized errors for mainstem-mixing-model results across analytes. Boxes relate to 
interquartile range, with whiskers identifying data falling within 1.5 times the interquartile range. 

 

Normalized errors for all analytes are shown in Figure 4.12B. The median error is near 

zero for all analytes, with a tight interquartile spread for all but Cl- and ANC which are 

highlighted as red and green points, respectively, in Figure 4.12A. All other constituent values 

are shown as black points.  

The mismatch between modeled and observed concentrations for the ‘Below Cajas’ ANC 

sample increases the magnitude of normalized error for ANC. Consideration of the overall 

magnitude of Cl- concentrations is important for interpreting chlorine’s larger normalized error 

values. Because Cl- concentrations are low (ie, generally on the order of 100-200 µeq/L), a small 

difference between modeled and observed values results in a high normalized error as compared 

to higher magnitude concentration constituents with concentrations >1,000 µeq/L.  

  Of note, the modeled isotope (δO18, δD) performance is especially good even though 

their low magnitude values make them prone to being heavily influenced by even small analytic 

laboratory error. This strong result indicates that they are reliable tracers for use in mixing 

models. 

 

4.4.6 Errors due to low sample density over a large domain 

A core assumption in this approach is that the chemistry of each tributary may represent 

inputs from additional tributaries of a similar composition. Errors arise when non-sampled inputs 

of markedly different composition enter the mainstem between the tributary confluence and the 

downstream sample point assumed to represent a fully mixed mainstem sample (Fig. 4.3). An 

example of this effect is discussed in relation the Cajas River mixing model solution in the 
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section above. Drawbacks of using the minimal-sampling approach for efficient characterization 

are also demonstrated in the spread in mixing fraction results across analytes for a given tributary 

(Table 4.2b). This problem, which we deem minor, would have been further reduced if we had 

had the capacity to take additional samples once the river became well mixed downstream closer 

to tributary confluences.   

Unmeasured inputs with unusual chemical concentrations, for example from point 

sources or geologically anomalous sub-basins, can sometimes be anticipated. For example in the 

case of San Miguel River, several notable inputs occur between the upstream (end member) and 

downstream (fully mixed) sample including wastewater byproducts associated with the town of 

Chagual, riverside Vijus mine’s discharge, and major in-channel earthworks associated with a 

bridge construction site. More constrained mixing model results with lower variability across 

constituents (Table 4.2b, e.g., Chamaya, Chinchipe tributaries) have few potentially anomalous 

inputs, with upstream and downstream sampling sites located much closer together.  

The EWM approach to mixing model fractions constrains the spread observed in mixing 

model results, collapsing the suite of results into an average value influenced proportionally by 

constituent-specific uncertainties. This approach provides a metric for identifying influential 

constituents in the EWM calculation, those with lower associated uncertainties.  As is evident by 

equation 3, uncertainty values increase rapidly as the difference in concentrations, ΔC, between 

end members (tributary and upstream sample, in this case) approach 0. Conversely, end members 

with high ΔC have smaller uncertainties. The constituents that are found to be heavily influential 

(low uncertainty) in this study (Table 4.2a, e.g., SO4-2), are those with concentrations that 

oscillate from high to low, providing continually large ΔC as the river progresses down river. 

This suggests that the presence of SO4-2 is highly variable across the domain, whereas Na+ or K+ 
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are more constrained, consistently present at high concentrations yielding higher uncertainty in 

mixing model calculations and thus less influence to the EWM.   

The suite of constituents that influence the EWM changes across the domain. Isotopic 

variables are non-influential to EWM in the higher basins when isotopic levels across sub-basins 

are comparatively homogenous. In contrast, isotopes consistently influence EWM at mid- and 

lower- basins when isotopic composition changes rapidly with elevation (refer slope changes in 

Fig. 4.7A). In summary, the ‘influence metric’ highlights constituent variability within the 

system, and high constituent variability generally relates to lower 2-component mixing model 

fraction uncertainty yielding greater influence on the EWM. Table 4.2 demonstrates this result 

visually. The greyed values in Table 4.2a, b and c are those with less than 5% influence on the 

error weighted mean calculation. These low-influence constituents (Table 4.2a) in most cases 

correlate to the outlier mixing model results (Table 4.2b) as is expected since constituents with 

high uncertainty (low influence) produce mixing fractions with higher deviation. Tables 4.2a and 

4.2b combine in Table 4.2c to determine each constituent’s contribution to the EWM. The small 

total error (Table 4.1) is a result of having relatively few dominant constituents influencing the 

EWM. 

 

4.5 Discussion 

4.5.1 Hydrologic controls on discharge 

Discharge in the upper Marañón River is not driven by the headwater hydrologic system. 

Instead, our mixing model results show that much of the discharge is derived from the low lying 

Chamaya, Chinchipe and Utcubamba basins (Fig. 4.11). (The Utcumbamba was not sampled for 

logistical reasons, but a similar regime to the Chinchipe is expected given precipitation mapping 
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results and topography. Refer hatched pattern sub-basin shown in Figure 4.1, 4.2C, 4.5A.) At 

these sub-basin confluences, Marañón discharges are controlled by high-precipitation inputs to 

the LLBs with more direct access to Amazon moisture systems. Moisture recycling (re-

evaporation cycles) also leads to increases in D-excess as observed in the Chamaya (D excess = 

14.34) and Chinchipe (D excess = 16.05) tributaries, and this is reiterated in our PCA results 

showing moisture recycling variables having strong influence on jungle water hydrochemistry.  

Given the Amazon moisture-movement patterns, the LLBs are the first sub-basins of the 

study domain to intercept the wet air masses from the east. As these masses hit the topography of 

the Andes, considerable new precipitation falls in the LLBs even during the dry winter season, as 

evidenced by greener vegetation (Fig. 4.2A) and more snow (Fig. 4.6). In contrast, sub-basins in 

the Cordillera corridor are flanked on both banks by high peaks and lie in a rain shadow imposed 

from both the east and west. The bulk of the precipitation in the Cordillera corridor comes in 

March and April, synchronized with the end of the Amazonian rainy season when occasional 

Antarctic storms reach the Amazon (Friedman, 1977). These fronts can be especially moisture 

rich and able to overcome the initial orographic rain-out effect. Additionally, a subtle east-west 

snow cover trend is observed in the Cordillera corridor with snow cover probabilities higher on 

the eastern ridges (Fig. 4.5), suggesting some Amazonian moisture spillover to the eastern flanks 

of the Marañón corridor during the colder winter months. 

Precipitation falling as snow is also more prevalent in the LLBs, where more abundant 

precipitation meets sub-freezing temperatures on the LLBs’ ridgelines and mountain tops as high 

as 3,934 m. While the Marañón headwaters are higher and colder, they lack critical winter 

precipitation inputs needed to generate substantial snow. The majority of precipitation to the 

high-elevation catchments comes during the warmer wet season months of January through 
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March when most precipitation falls as rain, as demonstrated by the flashy wet season 

hydrograph at Balsas (Fig. 4.5B). The low snow cover to the upper basins implies low 

probability for glacier regeneration, supporting observations of rapidly wasting glacier systems 

across the Cordillera Blanca region (Racoviteanu et al., 2008). Remotely sensed products have 

not yet quantified the total snow-water equivalence in the Marañón basin, but even in the 

snowier LLBs, snow water inputs are dwarfed by those from rain. 

We had initially assumed, based on naming and length expectations, that the largest water 

contribution would be from the highest elevation Marañón headwaters and its tributaries, that is, 

the river has a mainstem dominance. Our finding that the Marañón mainstem dry-season 

discharge is decidedly dominated by the high-runoff LLB sub-basins (Fig. 4.11) contradicts a 

general expectation that rivers are named for the tributary that controls annual discharge. 

Moreover, this finding shows another example that river length may not be a critical variable 

from which to anticipate relative discharge of continental-scale river systems. Instead, tributaries 

coming from northwestern Peru and Ecuador, the LLBs, drive the discharge. This would be 

expected throughout the year based on the discharge records (Fig. 4.5). 

 

4.5.2 Discharge sensitivity to climate 

A key question for this research revolved around the role that snow and ice play in the 

hydrology of the Marañón because of their high sensitivity to a warming climate (Barnett et al., 

2005). This in turn raises questions about long-term discharge sustainability, an important 

consideration for viable hydropower development. The direct role of snow and ice melt as a dry-

season river source (i.e., melt water’s direct translation to open channel flow) appears to be 
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limited due to a) lower snow probability and limited glacier coverage in the headwaters (Fig. 4.6) 

and b) the dominance of rain over snow in the snowier LLBs (Fig. 4.4).  

Flow vulnerabilities in the Cordillera corridor – the site of many of the proposed 

hydropower projects – is more likely impacted from indirect consequences of changes to water 

inputs especially regarding the substantial baseflow that provides water throughout the corridor 

during the dry winter season. The questions become, where does that baseflow come from and 

what is the character of the large base-flow reservoirs? Four possible reservoirs include glacial 

ice, seasonal snowpacks, groundwater, and puna (alpine wetland) storage.  

The glacier area is small and snow probabilities are low in the upper sub-basins limiting 

the likelihood these reservoirs provide a substantial source for dry season river discharge. Size 

and geochemical data indicate that groundwater reservoirs must dominate baseflow. The 

importance of geochemical products (a sign of subsurface flow) in defining the chemistry of the 

alpine reach (Fig. 4.10) add evidence to support groundwater’s important role in the corridor. 

Given this, the next logical question is what recharges groundwater?  

Although groundwater samples were not acquired directly, baseflow samples can serve as 

a proxy for groundwater hydrochemistry. Baseflow isotopic results in the Cordillera corridor 

show an increasingly depleted isotopic signature at higher elevation tributaries owing to both 

elevation effect and additional fractionation processes as discussed above, likely evaporation or 

sublimation on alpine melt waters (snow and ice) or standing water in punas prior to soil 

infiltration. After infiltration to groundwater, fractionation largely stops. These fractionation 

effects are a plausible explanation for the high isotope depletion observed in baseflow, but still it 

does not differentiate between cryospheric water or puna water as recharge sources. 
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Melt-sourced groundwater has been shown to be critical for river flow in the alpine areas 

of the Cordillera Blanca (Baraer et al., 2015) but data presented here shows baseflow isotopic 

values are bracketed by wet season high elevation precipitation isotopes (Fig. 4.7A), suggesting 

that wet season rain dominates groundwater recharge.  This finding indicates soil water and 

groundwater in the Cordillera Blanca may not be directly sensitive to glacier inputs but that the 

Marañón’s substantial baseflow likely relies on some other storage reservoir. 

Punas and puna-like ecosystems called páramo regulate extreme weather patterns 

(prolonged wet periods) through significant soil storage capacity, releasing water gradually 

during dry seasons to provide sustained baseflow to rivers (Balslev & Luteyn, 1992; Buytaert et 

al., 2007).   Puna water storage functions are well known to provide large volume water storage 

as ecosystem services, including serving the majority of municipal water supplies to major 

centers including Quito and Bogata (Borrelli et al., 2015; Buytaert et al., 2006). Indeed, basins 

with water reservoirs have been shown to produce substantially more runoff than basins without 

these ecosystems at least partially due to low levels of evapo-transpiration and the high storage 

capacity afforded by highly organic soils (Buytaert et al., 2006, 2007).  These distinct natural 

wetland reservoirs likely serve as critical wet season rain storage role to the Marañón. Ponded 

wet season rain present in puna ecosystems also more likely explains the increased fractionation 

signal observed in baseflow. 

However, groundwater-surface water interactions in this region are complex and shifts in 

in these interactions are possible due to secondary affects from glacial recession (Gordon et al., 

2015). Upward vegetation expansion into melt-out areas (Young et al., 2017) may increase 

evapo-transpiration and decrease available alpine groundwater reserves, although this effect may 

not be noticeable given its magnitude relative to the apparently massive groundwater volumes 
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present in the Marañón basin. Increasing fragmentation and changes to the spatial distribution of 

water-controlled ecosystems such as punas and wetlands are thought to be caused by 

compromises to subsurface connectivity due to lessening meltwater inputs (Polk, 2016; Young, 

2015). In this way glacier recession and resulting changes to meltwater generation may indirectly 

affect baseflow by way of impacting groundwater-surface water interactions and subsurface 

water storage reservoirs in the Marañón, eventually affecting the character of baseflow. 

In sum, water resource sensitivity to climate is complex in the Marañón basin. The 

massive natural, gravity-fed subsurface and puna reservoirs appear to provide ample storage of 

wet season rain to service substantial dry season baseflow through the Cordillera corridor.  

Puna’s hydrologic regulation function is compromised by anthropogenic disturbance (Ochoa-

Tocachi et al., 2016), and conservation strategies are needed to protect these central ecosystem 

services. Long term climate effects on baseflow may be more far-reaching and convoluted, and 

require further study. In contrast, in the high-runoff LLBs, long-term discharge variation due to 

climate changes would likely be caused by changes in precipitation patterns (timing and 

amount). 

 

4.6 Conclusions 

This case study demonstrates the need for a multipronged approach to the 

characterization of remote rivers such as the Marañón. Baseline information is critical to provide 

a quantitative and objective evaluation mechanism for development projects. Yet, mobilizing and 

conducting studies over large regions and in compressed timeframes is a challenging prospect. 

Using a combination of processing of remotely sensed imagery and mapping can yield targeted, 

efficient field studies and be used to represent hydrologic settings in ways that are not obvious in 



	

	

132 

the field or from a literature review. In a sense, chemical analyses of stream-water samples 

effectively represents remote sensing of this upstream watershed and provides information not 

available through satellite imagery alone. 

Dry-season discharge volume in the Marañón River, before its turn east to enter the 

amazon lowlands, is controlled by low elevation basins receiving large precipitation amounts 

from Amazonian moisture masses, and is not strongly controlled by discharge volume in the 

mainstem Marañón itself. In the upper basin the substantial dry season baseflow in the Cordillera 

corridor appears to rely on the drip feeding of wet season rain from massive natural storage 

reservoirs present in the higher elevations of the basin. Together, these high- and low-elevation 

sub-basins define the dry season response that the Marañón River will have to major hydropower 

development in terms of the long-term reliability of water supply. 

Numerous remote mountain river systems, especially those in the Andes and across the 

Hindu Kush Himalaya, are poorly understood but are targeted for large-scale development as our 

global energy demands rise. Mountain rivers serve as the connecting conduit across elevations 

and ecosystems that maintain the continuum of material and nutrient transport, with far-reaching 

environmental, social and economic consequences. There is an urgent need for the environmental 

science community to act creatively to utilize remote sensing data together with basic in situ 

observations as demonstrated here to efficiently characterize large scale systems under 

development pressure. Understanding hydrologic controls and baseline conditions allow 

evaluation of the upstream-downstream affects of development decisions before actions are 

taken, possibly resulting in irreversible effects to some of the most important and bio-diverse 

ecosystems on the planet.  
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4.8 Appendices 

4.8.1 Appendix 4.1: Geologic map of the Marañón basin.   

 
 

Figure 4.13:  Geologic map of the Marañón basin.  Geologic units are a simplified categorization 
of the 1999 1:100,000 scale Peruvian Geology map (Instituto Geologico, Minero y Metalurgico 
(INGEMMET), 1999) where similar rock types were grouped together to consolidate classes. 
Continental deposits classes include clastic sediments (sandstones, river conglomerate, facies and 
soils). Marine sediments refer to limestones and chemical sedimentary rocks generally high in 
calcium carbonate.  
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4.8.2 Appendix 4.2: Piper diagram for all water samples.  

 

Figure 4.14:  Alkalinity, SO4
2-, and Ca2+ dominate the constituents of Marañón waters. Jungle 

tributaries have a higher dominance of carbonate hardness than alpine or transitional tributaries 
that are balanced by other anion sources.  
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4.8.3 Appendix 4.3: Sampled sub-basin attributes 
Table 4.3:  Sampled sub-basin topographic, climatic and geologic attributes. 

Sub-basin 

Drainage 
area 
(km2) 

Elevation 
zone     

(Fig. 2) 

Min 
elevation 
(m ASL) 

Max 
elevation 
(m ASL) 

Mean 
elevation 
(m ASL) 

Mean 
slope 
(deg) 

Mean 
snow 
prob 

Avg July 
(dry season) 
precip (mm) 

Avg March 
(wet season) 
precipitation 

(mm) 

Avg 
annual 
precip 
(mm) Dominant geologiesb,c,d 

Headwaters 6160 Alpine 2204 6418 4032 18.5 5% 10 143 750 

Precambrian basement (Maranon complex) 
Early Cretaceous continental deposits 
Early-Late Cretaceous marine deposits 

Putchka 2673 Alpine 2126 6258 3994 22.9 5% 6 138 783 

Late Jurassic marine deposits (Chicama) 
Early Cretaceous continental deposits 
Early-Late Cretaceous marine deposits 

Yanomayo 2168 Alpine 1974 6243 3846 22.3 11% 5 132 748 
Early Cretaceous continental deposits 
Early-Late Cretaceous marine deposits 

Rupac 926 Alpine 1764 4584 3498 21.3 0% 7 116 665 

Late Jurassic marine deposits (Chicama) 
Early Cretaceous continental deposits 
Late Triassic-Early Jurassic marine deposits 
(Pucara) 

Actuy 438 Alpine 1668 4672 3638 21.9 0% 10 139 798 
Early-Late Cretaceous marine deposits 
Early Carboniferous continental deposits 

Cajas 719 Alpine 1595 4696 3545 23.1 8% 15 146 901 

Precambrian basement (Maranon complex) 
Early Carboniferous continental deposits 
Early Paleozoic granodiorite/granite 

San Miguel  455 Alpine 1302 4579 3386 26.3 15% 19 162 997 

Precambrian basement (Maranon complex) 
Early Carboniferous continental deposits 
Late Triassic-Early Jurassic marine deposits 
(Pucara) 

Chusgon 1267 Transition 1083 4667 3206 21.1 0% 17 167 982 

Late Jurassic marine deposits (Chicama) 
Early Cretaceous continental deposits 
Early-Late Cretaceous marine deposits 

Crisnejas 4693 Transition 1002 4702 3118 15.7 0% 16 160 939 

Late Jurassic marine deposits (Chicama) 
Early Cretaceous continental deposits 
Early-Late Cretaceous marine deposits 

Yangas 1188 Transition 768 4250 2993 18.8 1% 28 154 1022 
Early Cretaceous continental deposits 
Early-Late Cretaceous marine deposits 

Shauve 110 Transition 737 3811 2213 25.6 8% 28 119 819 Precambrian basement (Maranon complex) 

Silaco 2433 Transition 520 4232 2800 17.8 2% 30 141 978 

Neogene Quaternary continental deposits 
Early Cretaceous continental deposits 
Early-Late Cretaceous marine deposits 

Chamaya 7730 Jungle 425 4049 2202 21.1 7% 28 138 811 

Late Jurassic marine deposits (Chicama) 
Late Triassic-Early Jurassic marine deposits 
(Pucara) 

Early Cretaceous continental deposits 



	

	

137	

Chinchipe 7812 Jungle 353 3934 1692 20.1 20% 63 165 1199 

Late Jurassic marine deposits (Chicama) 
Late Triassic-Early Jurassic marine deposits 
(Pucara) 
Neogene Quaternary continental deposits 
Neogene Pliocene volcanics 
Precambrian basement (Maranon complex) 
Early Cretaceous continental deposits 
Early-Late Cretaceous marine deposits 

aGeology classifications derived from 1:100,000 scale Peruvian Geology map (INGEMMET, 1999).     
bContinential deposits generally refer to clastic sediments (sandstones, river conglomerate facies, soils).     
cMarine sediments typical include limestones and calcium carbonate sedimentary formations, with some clastics.   
dThe Marnaon complex is highly metamorphosed at deep levels and thus can be highly crystalline.    
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4.8.4 Appendix 4.4: Water sample data and mixing model components 
Table 4.4:  Water chemistry and isotopic data, water sample meta data, and mixing model components 

           m3s-1     all ion concentrations in µEq L-1 

Date 
sampled 

Sample description, mixing model end 
member roles 

Sample 
elev (m 
ASL) 

River 
distance 
(km) 

Elevation 
zone   
(Fig. 2) Discharge Latitude Longitude Ca+2 K+ Mg+2 Na+ Cl- SO4

-2 ANC 
7/17/15 Upstream Putchka 2302 0 Alpine    -9.073493° -76.938222° 1701.0 18.4 595.4 137.5 63.3 404.8 1991.9 
7/17/15 Putchka tributary 2186 2 Alpine 44  -9.078115° -76.945142° 1946.5 30.1 796.1 262.7 244.4 1388.6 1481.6 
7/18/15 Downstream Putchka, upstream Yanomayo 1938 39 Alpine 81  -8.895251° -77.149132° 1739.7 24.5 690.5 188.4 129.0 747.0 1758.8 
7/18/15 Yanomayo tributary 1937 40.5 Alpine 36  -8.902606° -77.161485° 868.9 18.6 564.4 134.6 47.2 871.9 764.8 
7/20/15 Downstream Yanomayo, Upstream Huaylas 1872 58 Alpine 126  -8.779101° -77.217443° 1548.3 24.5 678.0 178.5 117.3 806.2 1594.9 
7/20/15 Huaylas tributary 1870 59 Alpine bNot 

calculated 
 -8.771704° -77.221419° 2266.5 28.3 1200.1 153.0 23.6 1012.3 2628.1 

7/21/15 Downstream Huaylas, upstream Rupac 1741 101 Alpine  -8.511584° -77.359443° 1745.8 24.4 769.1 284.8 210.6 983.8 1669.9 
7/21/15 Rupac tributary 1750 102 Alpine 15  -8.508563° -77.366396° 3206.2 48.9 1557.0 404.6 199.9 2367.7 2613.0 
7/22/15 Downstream Rupac, upstream Actuy 1602 131 Alpine 162  -8.321838° -77.473847° 1831.4 26.9 833.2 298.7 216.3 1109.9 1797.6 
7/22/15 Actuy tributary 1605 132 Alpine 19  -8.318808° -77.475659° 3076.0 56.5 1778.6 530.4 487.2 2039.2 2769.7 
7/23/15 Downstream Actuy, upstream Cajas 1612 138 Alpine 177  -8.275496° -77.504101° 1956.0 29.0 884.0 316.8 239.7 1227.7 1865.5 
7/23/15 Cajas tributary 1582 138.5 Alpine 21  -8.272440° -77.505267° 2135.6 22.9 1040.9 323.6 57.6 851.6 2666.4 
7/27/15 Downstream Cajas, upstream San Miguel 1256 200 Alpine 196  -7.885920° -77.634223° 2009.9 31.5 953.5 340.6 217.6 1221.2 2883.5 
7/27/15 San Miguel tributary 1272 201 Alpine 39  -7.882844° -77.629097° 2052.9 27.2 650.3 356.5 42.5 1504.6 QNSa 
7/30/15 Downstream San Miguel, upstream Chusgon 1093 256.5 Transition 235  -7.485927° -77.743442° 2114.4 32.9 966.3 349.3 204.2 1353.6 1973.1 
7/30/15 Chusgon tributary 1082 257 Transition 23  -7.479037° -77.751896° 2575.5 40.5 1352.6 401.1 262.4 1341.9 1861.1 
8/1/15 Downstream Chusgon, upstream Cresnejas 1047 277 Transition 258  -7.366996° -77.822635° 2184.6 34.0 985.4 355.9 202.2 1467.9 2033.9 
8/1/15 Cresnejas tributary 1040 278 Transition 18  -7.347826° -77.833402° 3371.1 82.4 2017.5 710.0 362.4 2497.0 2902.2 
8/6/15 Downstream Cresnejas, upstream Yangas 761 395 Transition 275  -6.609696° -78.114522° 2302.1 35.8 1055.6 373.7 214.4 1487.7 2263.9 
8/6/15 Yangas tributary 769 396 Transition 25  -6.603928° -78.118031° 2721.9 50.0 901.5 655.6 513.2 875.2 3033.2 
8/8/15 Downstream Yangas, upstream Shuve 710 424 Transition 300  -6.458188° -78.199172° 2307.0 37.0 1047.5 381.5 214.0 1366.9 2284.0 
8/8/15 Shuve tributary 708 425 Transition 28  -6.455567° -78.206824° 1109.1 30.5 1265.7 376.4 45.9 534.9 2270.7 
8/11/15 Downstream Shuve, upstream Silaco 537 487 Transition 328  -6.087641° -78.505627° 2206.6 36.9 1050.5 380.5 211.1 1329.6 2170.1 
8/11/15 Silaco tributary 531 488 Transition 48  -6.087924° -78.508466° 2923.9 36.7 831.0 339.2 200.0 1316.6 3529.6 
8/12/15 Downstream Silaco, upstream Chamaya 431 538.5 Jungle 376  -5.798495° -78.705474° 2266.2 35.8 1011.2 379.4 272.3 1325.2 2265.9 
8/12/15 Chamaya tributary 425 539 Jungle 173  -5.785582° -78.704206° 1508.5 23.3 308.4 242.5 38.3 345.9 1782.1 
8/13/15 Downstream Chamaya, upstream Chinchipe 364 582 Jungle 549  -5.535312° -78.563920° 1795.8 30.2 689.2 313.7 157.5 890.5 QNSa 
8/13/15 Chinchipe tributary 353 583 Jungle 366  -5.516203° -78.553260° 525.7 20.5 129.5 108.6 15.9 94.4 686.0 
8/14/15 Downstream Chinchipe at Montenegro 326 618 Jungle 915  -5.311663° -78.431333° 925.8 23.9 291.3 204.8 73.5 358.2 1067.3 

7/29/15 
Not an end member; mainstem downstream Vijus 
mine waste outlet 1165 225 Alpine    -7.721448° -77.667828° 1998.7 32.5 940.9 335.0 215.1 1318.3 1942.0 

8/8/15 
Not an end member; Magdalena creek, tufa 
stream 638 437 Transition    -6.389930° -78.281343° 3289.2 160.3 2540.0 1878.4 1549.0 3626.3 2681.1 

8/9/15 
Not an end member; right bank tributary, Conjun 
River 540 458 Transition    -6.266168° -78.369008° 1128.1 19.1 600.0 206.0 28.5 305.1 1659.9 

aQNS = Sample quantity not sufficient for analysis. 
bNot calculated due to anomolous inputs observed in vicinity of Huaylas 
tributary 
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    ppb   

 µS 
L-1   parts per mil 

Date sampled 
Sample description, mixing model end 
member roles Si  Cu Fe pH cond 

D 
excess δ18O δD 

7/17/15 Upstream Putchka 3001.0 0.14 681 7.75 242.1 6.65 -13.87 -104.28 
7/17/15 Putchka tributary 2999.8 0.65 758 7.53 326.4 8.09 -14.67 -109.26 

7/18/15 
Downstream Putchka, upstream 
Yanomayo 3098.5 0.38 695 7.75 270.3 7.11 -14.11 -105.79 

7/18/15 Yanomayo tributary 2813.1 0.20 330 7.44 169.8 9.65 -14.39 -105.49 

7/20/15 
Downstream Yanomayo, Upstream 
Huaylas 3052.7 0.27 601 7.68 424.0 7.79 -14.25 -106.22 

7/20/15 Huaylas tributary 5202.6 0.10 930 7.79 364.8 7.07 -13.53 -101.20 
7/21/15 Downstream Huaylas, upstream Rupac 3175.3 0.31 717 7.78 299.2 7.3 -14.04 -105.03 
7/21/15 Rupac tributary 4685.6 0.41 1323 7.96 564.9 6.06 -13.18 -99.41 
7/22/15 Downstream Rupac, upstream Actuy 3360.8 0.52 758 7.70 324.8 6.93 -13.91 -104.37 
7/22/15 Actuy tributary 3890.7 0.35 1300 8.04 586.6 7.36 -13.25 -98.65 
7/23/15 Downstream Actuy, upstream Cajas 3357.4 0.35 818 7.79 342.8 6.89 -13.90 -104.34 
7/23/15 Cajas tributary 4480.9 0.32 904 7.83 357.6 7.21 -12.48 -92.61 
7/27/15 Downstream Cajas, upstream San Miguel 3555.2 0.36 839 7.84 350.0 7.02 -13.70 -102.60 
7/27/15 San Miguel tributary 4534.1 0.77 849 7.52 325.5 7.95 -12.31 -90.49 

7/30/15 
Downstream San Miguel, upstream 
Chusgon 3710.5 0.38 869 7.78 364.4 6.98 -13.44 -100.55 

7/30/15 Chusgon tributary 4500.3 0.51 1067 7.99 437.6 7.28 -11.93 -88.13 

8/1/15 
Downstream Chusgon, upstream 
Cresnejas 3841.6 0.29 873 7.81 377.6 6.96 -13.25 -99.04 

8/1/15 Cresnejas tributary 6165.0 0.81 1444 8.06 653.1 5.63 -10.98 -82.19 

8/6/15 
Downstream Cresnejas, upstream 
Yangas 4016.1 0.37 936 7.94 412.8 6.61 -12.59 -94.12 

8/6/15 Yangas tributary 5812.2 0.55 1147 7.98 452.5 8.89 -10.31 -73.61 
8/8/15 Downstream Yangas, upstream Shuve 4149.4 0.35 970 7.72 406.8 6.98 -12.46 -92.73 
8/8/15 Shuve tributary 7449.9 0.32 464 7.76 273.3 11.64 -8.60 -57.15 
8/11/15 Downstream Shuve, upstream Silaco 4439.1 0.31 934 7.91 384.8 7.48 -11.89 -87.63 
8/11/15 Silaco tributary 4487.3 0.53 1212 7.93 438.0 10.34 -8.80 -60.06 
8/12/15 Downstream Silaco, upstream Chamaya 4544.3 0.39 999 7.93 396.4 7.91 -11.40 -83.28 
8/12/15 Chamaya tributary 6794.2 1.13 746 7.56 203.4 14.34 -7.62 -46.66 

8/13/15 
Downstream Chamaya, upstream 
Chinchipe 5109.7 0.63 760 7.66 293.7 10.67 -9.63 -66.40 

8/13/15 Chinchipe tributary 4357.6 0.82 236 7.33 80.0 16.05 -6.16 -33.22 
8/14/15 Downstream Chinchipe at Montenegro 5109.8 0.87 417 7.43 150.6 14.18 -7.41 -45.11 

7/29/15 
Not an end member; mainstem 
downstream Vijus mine waste outlet 3645.1 0.32 841 7.88 367.6 7.02 -13.47 -100.70 

8/8/15 
Not an end member; Magdalena creek, 
tufa stream 5592.6 1.11 1355 7.87 883.0 8.44 -7.82 -54.13 

8/9/15 
Not an end member; right bank tributary, 
Conjun River 7751.8 0.19 491 7.70 192.8 12.54 -8.44 -54.96 

aQNS = Sample quantity not sufficient for analysis.         
bNot calculated due to anomolous inputs observed in vicinity of Huaylas tributary     
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4.8.5 Appendix 4.5: Laboratory equipment specifications 
 
Table 4.5:  Laboratory analysis instruments, methods, precision, and detection limits for water chemistry parameters. 

Analyte Ca+2 K+ Mg+2 Na+ Si Cu Fe Cl- SO4
-2 ANC δD δ18O 

Instrument/method 
Inductively Coupled Plasma Mass Spectrometer (ICP-

MS) 
Metrohm 840 
Compact IC 

Manual 
gran 

titration  
Picarro 
L2130-i 

Lab precision             
(% RSD) 0.24% 0.59% 0.31% 0.43% unknown 0.62% 0.17% 0.87% 0.10% 0.13% 

Analysis detection 
limit          (µeq/L 
unless otherwise 

noted) 0.49 0.09 0.11 0.1 
0.183 
ppb 

0.008 
ppb 

0.010 
ppb 0.17 0.06 n/a n/a n/a 
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CHAPTER 5 

5: FINAL THOUGHTS 

5.1 Synthesis of Results  

The primary goals of this research were to clarify the role of melt water in river and 

groundwater systems of mountain basins, and to develop and test a method for rapidly 

identifying hydrologic controls in areas facing imminent change.   To achieve these objectives, I 

utilized three studies with progressively larger study domains and progressively less data 

availability.  Some hydrology-related datasets (snow cover, ice area, rain inputs, vegetation 

presence) were interpreted from processed remote sensing data products in geographical 

information systems. Hydrochemistry and isotope data from field water samples were collected 

and analyzed to drive various mixing model methods that determined streamflow partitioning.  

Results of the case studies demonstrate the complex and varied role of meltwater across 

scales and sites.  Meltwater plays a critical role in surface flow and groundwater recharge in arid 

mountain areas like Colorado and Central Asia where snow makes up the vast majority of inputs.  

In the more hydro-climatically variable Andes and Amazon, melt play a much lesser direct role 

in river flow.  At regional (non-headwater) scales, the role of melt in surface flow diminishes 

with elevation and/or with distance from the glacier coincident with decreasing percent of snow 

and ice cover of the total basin area.  Groundwater, too, relies on melt for recharge, but both deep 

and shallow paths are influenced by the geology, topography and melt rate.  The mechanisms 
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involved with this process are varied and complex, with an apparent direct connection between 

melt and groundwater in the Saddle, Martinelli and Naryn basins but an indirect, melt connection 

in the Marañón where high storage capacity in alpine wetlands serve as an intermediary between 

melt and river flow.   

  The Rapid Hydrologic Assessment approach was designed to respond to the time-

sensitive needs for understanding key controls of the remote, data scarce mountain basins.  Two 

flavors of RHA were tested via two case studies: 1) the Naryn River draining the Tien Shan 

mountains of Kyrgyzstan and 2) the Andean headwater stem to the Amazon River, the Marañón.  

These case studies each presented unique and interesting facets to eliciting hydrologic function 

across the system.  The importance of groundwater flow paths for melt in the Naryn basin 

complicated end member designation because of the many variations to groundwater’s chemical 

fingerprint across a 4,000m elevation gradient.  In the Marañón, the inability to sample alpine 

end members required an even more streamlined approach to sampling and data interpretation, 

utilizing only surface water samples and an error-weighted mean 2-part mixing model method to 

differentiate upstream and downstream flow controls.  While these study aspects were 

unexpected, they are opportune examples of how a mountain hydrologist can modify the overall 

RHA ‘satellite+field’ approach to suit the specific limitations of the site, dataset or study.  This 

makes RHA more widely applicable to myriad conditions present across mountain environments.  

  

5.2 Implications for future research 

The case studies presented here are a very small drop in the bucket of major, unstudied 

river systems under-going or under pressure of hydrologic change, with the potential for wide 

application of RHA to mountain basins worldwide.   While the RHA method demonstrated here 
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provides an initial baseline hydrologic understanding prior to change, just as importantly, RHA 

can also be appropriately adopted for implementation after major disturbance has occurred. This 

allows for evaluation of hydrologic implications from that disturbance, for example post-fire, 

post-earthquake, post-storm, among others.  In these cases, evolving conditions from t=0 after 

disturbance requires immediate response and quick collection to capture the essence of change.  

The predictive quality assumed by a traditional hydrologic modeling frameworks may not apply 

in disturbance-based studies, highlighting the applicability and importance of the ‘satellite+field’ 

data collection technique to capture anomalous or unpredictable behaviors.  
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