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Abstract 32 

An understanding of surface and subsurface water contributions to streamflow is 33 

essential for accurate predictions of water supply from mountain watersheds that often 34 

serve as water towers for downstream communities. As such, this study used the end-35 

member mixing analysis (EMMA) technique to investigate source water contributions 36 

and hydrologic flow paths of the 264 km2 Boulder Creek Watershed, which drains the 37 

Colorado Front Range, USA. Four conservative hydrochemical tracers were used to 38 

describe this watershed as a three end-member system, and tracer concentration 39 

reconstruction suggested that the application of EMMA was robust. On average from 40 

2009 to 2011, snowmelt and rain water from the subalpine zone and groundwater 41 

sampled from the upper montane zone contributed 54%, 22%, and 24% of the annual 42 

streamflow, respectively. These values demonstrate increased rain water and decreased 43 

snow water contributions to streamflow relative to area-weighted mean values derived 44 

from previous work at the headwater scale. Young water (2.3 ± 0.8 months) fractions of 45 

streamflow decreased from 18-22% in the alpine catchment to 8-10% in the lower 46 

elevation catchments and the watershed outlet with implications for subsurface storage 47 

and hydrological connectivity. These results contribute to a process-based understanding 48 

of the seasonal source water composition of a mesoscale watershed that can be used to 49 

extrapolate headwater streamflow generation predictions to larger spatial scales. 50 

 51 

Keywords: End-member mixing analysis, streamflow generation, young water fraction, 52 

hydrological connectivity, nested catchments, hysteresis, Colorado Front Range 53 

 54 

1. Introduction 55 

Snow inputs support both ecosystems and human populations downstream, 56 

through the combination of surface water runoff and subsurface recharge (Jin et al., 2012; 57 

Viviroli et al., 2007; Mankin et al., 2015). Snowmelt water delivery to streams is 58 

modified by spatio-temporal variations in hydrological connectivity that affect the 59 

residence time of water on the landscape (Hrachowitz et al., 2016). Moreover, the 60 

surface- and subsurface-water contributions to streamflow and the inherent flow paths are 61 

affected by variations in climate and disturbance. For example, subsurface water sources 62 
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are important to sustaining streamflow in high-elevation mountainous catchments 63 

throughout the year (Liu et al., 2004; Miller et al., 2016), and these sources are influenced 64 

by the timing, magnitude, and type of recharge, as well as the storage capabilities of the 65 

subsurface (Cowie et al., 2017). Consequently, effective water management and 66 

regulation of water resources in mountainous watersheds requires a thorough 67 

understanding of the seasonal mechanisms responsible for stream water recharge. 68 

Mountain flowpaths are complicated by variable topography, bedrock 69 

permeability, soil depth, and forest cover that present challenges but also opportunities 70 

for the study of hydrologic connectivity in the context of water resources (Bales et al., 71 

2006). Hydrochemical data, including ions and stable water isotopes, represent useful 72 

tracers with which we are able to gain understanding of source water and flow paths in 73 

complex terrain (Williams et al., 2006, 2011; Uchida et al., 2005; Robinson et al., 2009). 74 

In particular, End-Member Mixing Analysis (EMMA) is a hydrological mixing model 75 

that solves an over-determined set of equations by way of conservative hydrochemical or 76 

isotopic tracers to identify the various contributing source waters (Barthold et al., 2011). 77 

As a result, EMMA can be used to conceptualize streamflow generating processes and 78 

has been successfully applied to mountain catchments around the world (Hooper, 2003; 79 

Liu et al., 2004, 2008; Cras et al., 2007; Frisbee et al., 2011, 2013; Maurya et al., 2011; 80 

Baraer et al., 2015). The seasonal cycles of hydrological tracers such as δ18O can also 81 

estimate the young water (2.3 ± 0.8 months) fraction of streamflow from highly 82 

heterogeneous sub-catchments with contrasting transit-time distributions (Kirchner, 83 

2016a). The young water fraction of streamflow provides an indication of surface-84 

subsurface water interactions and subsurface storage capacity, both of which influence 85 

hydrological pathways and their response to climate change. An understanding of how 86 

and whether these pathways vary as a function of elevation, precipitation type, and 87 

catchment size is therefore critical to a process-based understanding of mountain 88 

hydrology. 89 

Mountains along the Front Range in Colorado, USA provide essential water 90 

resources for the Denver metropolitan area. Previous studies used EMMA to investigate 91 

streamflow components in first and second order catchments of the Boulder Creek 92 

watershed, and found that snowmelt contributions decreased with decreasing elevation, 93 
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while rain water contributions concomitantly increased (Cowie et al., 2017). However, 94 

the manner in which these headwater stream components integrate to larger catchments 95 

characterized by geological, ecological, and climatic gradients is not well constrained. 96 

For example, a recent summary of source water studies in complex mountain terrain 97 

contained only three of fourteen studies from catchments comparable in size (within an 98 

order of magnitude) to the Boulder Creek watershed at Orodell, and two of those 99 

catchments were dominated by warm season glacial meltwater inputs that are only 100 

nominally important to Boulder Creek at this scale (Cowie et al., 2017; Table 1). In 101 

addition, source waters can also vary within a single ecosystem type, as evidenced by Liu 102 

et al. (2004) where differences in cryospheric features and snow depth explained the 103 

variation in streamflow source waters from two adjacent alpine catchments. 104 

Scaling source water contributions to streamflow at larger spatial scales represents 105 

an outstanding problem in catchment hydrology. To address this problem, this study 106 

utilized hydrochemical tracers within a nested catchment sampling design to statistically 107 

model streamflow sources (i.e. use EMMA) within a mesoscale (264 km2) watershed that 108 

is widely representative of semi-arid mountain terrain globally. In addition, we 109 

investigated whether certain elevation zones may disproportionately control streamflow 110 

chemical characteristics and subsequent streamflow generation at the watershed outlet by 111 

coupling results from EMMA to the fraction of young water calculated from water 112 

isotopes. Specifically, using weekly stream and source water (e.g. precipitation, 113 

groundwater) chemistry measurements from 2009 to 2011, we addressed the following 114 

research questions: (1) What are the constituent source water regions to Boulder Creek’s 115 

main stem and how do they vary inter-annually? And, (2) how do these source waters 116 

relate to previously characterized headwater catchments in this spatially heterogeneous 117 

watershed? This information can be used to infer potential changes in streamflow 118 

recharge sources and/or hydrologic connectivity associated with future climate 119 

variability.  120 

 121 

2. Site description 122 

The Boulder Creek watershed ranges in elevation from 1779 m above sea level 123 

(asl) at the Orodell stream gauge (40.006°N; 105.33°W) to 4117 m asl at the summit of 124 
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North Arapahoe peak. The mean annual precipitation is 840 mm. There are four 125 

instrumented headwater catchments up-gradient from the Orodell stream gauge on 126 

Boulder Creek: Green Lakes Valley (GLV) in the alpine zone, Como Creek (CC) in the 127 

subalpine, Gordon Gulch (GG) in the montane, and Betasso (BET) in the foothill zone. 128 

Since the foothill catchment is characterized by intermittent streamflow, it was not 129 

included in this study. Streams in GLV, CC and GG all flow to North Boulder Creek, 130 

which joins Middle Boulder Creek 8 km above the Boulder Canyon Hydroelectric Plant 131 

near the Orodell stream gauge (Murphy et al., 2003). The Middle and North Boulder 132 

Creek sub-watersheds are very similar in land use and land cover, geology, elevation 133 

range, and size (Kinner, 2003; Williams et al., 2011). In general, low-flow in Boulder 134 

Creek occurs from October to March, while high-flow occurs from May to July and 135 

peaks in June, depending on snowpack depth and air temperature (Murphy et al., 2003).  136 

The instrumented headwater catchments within Boulder Creek have distinct 137 

geologic and climatic features, soil types, and land cover patterns due to their elevation 138 

and landscape location (Table 1). The GLV watershed consists of distinct upper and 139 

lower basins separated by a 90-m glaciated valley-step. The upper GLV is in an alpine 140 

environment that contains steep rock walls, talus slopes, rock and cirque glaciers, 141 

permanent snowfields, and is characterized by poorly developed soils. The lower GLV 142 

has less exposed bedrock, fewer talus slopes, and more extensive soil and vegetation 143 

cover. It was last scoured by glaciers about 18,000 years ago and subsequently has an 144 

immature and truncated Critical Zone (CZO Boulder, 2015). The CC watershed slopes 145 

from west to east approximately 8 km east of the Continental Divide. This catchment has 146 

no lakes, talus, steep cliffs, or glaciers. It contains both subalpine forest and alpine tundra 147 

ecosystems with about 69% forest coverage (Knowles et al., 2015), and has experienced 148 

minimal human impact over the last 100 years (Williams et al., 2011). The forested GG 149 

catchment is located within the Arapahoe National Forest and is divided into the upper 150 

GG (GGU) and lower GG (GGL) basins. Both the GGU and GGL basins are located in 151 

the montane climatic zone and are underlain by biotite gneiss. Here, northerly and 152 

southerly exposures produce contrasting environments as a result of differences in solar 153 

radiation and soil moisture dynamics (Hinckley et al., 2014). Within the montane 154 

environment, thinner soils, less-weathered rock, grasses, and Ponderosa pine (P. 155 
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ponderosa) are found on south-facing slopes, while more weathered rock, thicker soils, 156 

and dense Lodgepole pine stands (P. cortorta) are found on north-facing slopes. 157 

 158 

3. Data and Methods 159 

3.1 Data acquisition 160 

3.1.1 Discharge and streamflow sampling 161 

Daily discharge data at Orodell were recorded by the United States Geological 162 

Survey at station number 6727000 from 1920 to 1995. Recent discharge data, from the 163 

year 2000 to present, were collected by the Colorado Division Support System at gage 164 

BOCOROCO, which is the same gauge as Orodell 165 

(http://www.dwr.state.co.us/SurfaceWater/data/detail_graph.aspx?ID=BOCOROCO). 166 

Missing values in the low flow season (20 November to 20 March) were set to 0.34 m3 s-1 167 

(0.107 mm day-1), according to measured low flow data in this area (Mark Williams, 168 

unpublished data); there were no missing values during the rest of the year. At Orodell, 169 

streamflow samples for hydrochemical analysis were collected weekly as grab samples 170 

between 2009 to 2011 (http://criticalzone.org/boulder/data/dataset/2783/). At the outlets 171 

of the GG, CC, and GLV catchments, streamflow samples were collected weekly during 172 

the ice-free season and approximately monthly during the remainder of the year 173 

following protocols discussed in Williams et al. (2009).  174 

 175 

3.1.2 Soil water 176 

Monthly soil water samples were taken from tension lysimeters during May to 177 

July 2011 from the montane lower GG catchment. Tension lysimeters were also located 178 

in the subalpine CC catchment near the Niwot SNOwpack TELemetry (SNOTEL; Site 179 

663) station, and to the southwest and south of the C1 Long Term Ecological Research 180 

(LTER) meteorological site from 1 to 4 feet beneath the soil surface (Figure 1c). In the 181 

CC catchment, zero-tension lysimeters were located at the Soddie site between 30-50 cm 182 

depth, and at four locations in the alpine GLV catchment (Figure 1). Soil water sampling 183 

at CC and GLV catchments was conducted on a weekly basis. 184 

 185 

3.1.3 Groundwater 186 
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Groundwater samples were collected from wells at six locations in the montane 187 

GG catchment, numbered from wells 1 to 6. Wells 1 and 6 were deepest (17-18 m below 188 

the surface) and were located on north- and south-facing slopes, respectively, while wells 189 

2 to 5 were shallow (4-6 m below the surface) and were located on the valley floor 190 

between the north- and south-facing slopes. The samples were collected using a 1-m 191 

Teflon bailer to minimize chemical contamination after purging three well volumes 192 

(Cowie, 2014). Groundwater samples from the montane zone were collected bi-weekly 193 

during low flow season, and weekly during other seasons. Groundwater wells in the 194 

subalpine CC catchment were co-located with the tension lysimeters near the Niwot 195 

SNOTEL site numbered 1 to 4 from south to north. The average water depth at these 196 

wells ranged from 5.6 m to 18.7 m below the surface. In the alpine GLV catchment there 197 

were seven shallow and seven deep groundwater wells (four each at the Saddle and three 198 

each at Martinelli; piezometers screened at the bottom 1.5 m; Figure 1) with total depths 199 

of 6.3 to 8.4 m (Cowie, 2014) and mean water depths ranging from 1.0 m to 7.1 m below 200 

the surface. Groundwater samples at CC and GLV were taken weekly during ice-free 201 

months and monthly during the winter at the alpine Saddle site.  202 

 203 

3.1.4 Precipitation, snowmelt and snowpack samples 204 

The National Atmospheric Deposition Program (NADP) collects precipitation 205 

chemistry samples within the GG (Site CO94), CC (Site CO90), and GLV (Site CO02) 206 

catchments using shielded Belfort 5-780 type collectors mounted 2 m above the ground 207 

(Cowie, 2014). An additional site located near treeline in the CC catchment (Soddie) also 208 

collects precipitation samples on a weekly basis, following the same protocols as the 209 

NADP program (Table 2). Snowpack samples were collected from snowpits during 210 

annual snow surveys conducted in May. Snow samples were collected for chemical and 211 

oxygen isotopic analyses using beveled polyvinyl chloride (PVC) tubes (50 mm diameter, 212 

500 mm long), which had been soaked in 10% HCl and then rinsed at least five times 213 

with deionized water. Duplicate, vertical, contiguous cores in increments of 40 cm were 214 

collected from the snow-air interface to the ground. Snow was transferred from the cores 215 

into new polyethylene bags (Williams et al., 2009). Snowmelt samples were collected 216 

using snow lysimeters located at two locations within the CC catchment (Cowie et al., 217 
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2017). 218 

 219 

3.2 Laboratory analyses 220 

All water samples were analyzed in the Kiowa/Arikaree Laboratory at the 221 

Institute of Arctic and Alpine Research (INSTAAR), University of Colorado at Boulder; 222 

analytes included: calcium (Ca2+), magnesium (Mg2+), sodium (Na+), chloride (Cl-), 223 

nitrate (NO3-), sulfate (SO42-), acid neutralizing capacity (ANC) µeq L-1, and silica (Si) 224 

µmol L-1. The detection limits were 0.26 µeq L-1 for Ca2+, 0.23 µmol L-1 for Si, and less 225 

than 0.2 µeq L-1 for all other solutes (Williams et al., 2009). Stable water isotopes were 226 

analyzed using an L1102-I Isotopic Liquid Water Analyzer (Picarro Inc., Santa Clara, 227 

CA, USA). Isotopic compositions are expressed as a δ (‰) ratio of the sample to the 228 

Vienna Standard Mean Ocean Water (VSMOW), where R is the ratio of 18O/16O or 229 
2H/1H. The δ18O and δ2H of VSMOW are both 0‰ (Cook & Herczeg, 2000). The 230 

precision of δ18O and δ2H were 0.02‰ and 0.08‰, respectively, where R is calculated 231 

by: 232 

(𝛿𝛿18𝑂𝑂, 𝛿𝛿2𝐻𝐻)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  [(𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
) − 1]  ×  103     (1) 233 

 234 

3.3 Young water fraction in streamflow 235 

The δ18O values in precipitation generally follow a sinusoidal function with a 236 

period of one year: 237 

𝛿𝛿𝑖𝑖𝑖𝑖(𝑡𝑡) =  𝐴𝐴 sin(𝑤𝑤𝑡𝑡) + 𝑀𝑀1     (2) 238 

where 𝐴𝐴 and 𝑀𝑀1 represent the variation in the amplitude and mean value of δ18O, 𝑤𝑤 is the 239 

radial frequency of annual fluctuations or 0.017214 rad d-1 (DeWalle et al., 1997), and t is 240 

time in days after 1 January of each year. For measurements in one year, t represents day 241 

of year. For more than one year, t is the cumulative day since day 1 of year 1. Assuming a 242 

steady state (i.e., the flow rate and volume of water in the system are constant), a 243 

convolution integral is applied to produce the output function, which is also a sinusoidal 244 

function with a phase shift (𝜙𝜙), a mean value of δ18O (𝑀𝑀2), but a smaller amplitude (B): 245 

𝛿𝛿𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) =  𝐵𝐵 sin(𝑤𝑤𝑡𝑡 + 𝜙𝜙) + 𝑀𝑀2     (3) 246 
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 In heterogeneous systems, seasonal cycles of conservative tracers can be 247 

unreliable estimators of catchment mean transit times (the average time that elapses 248 

between a given parcel of water entering a catchment as precipitation and leaving as 249 

streamflow) since tributary cycles will be out of phase with each other and their 250 

amplitudes may not average linearly (Kirchner, 2016a). Under this condition, the young 251 

water fraction (𝐹𝐹𝑦𝑦𝑦𝑦) is a more robust measure of hydrologic cycling than the mean transit 252 

time since the young water fraction does not assume that the catchment is homogeneous 253 

or that the transit time distribution has any particular shape (Kirchner, 2016b). The young 254 

water fraction is defined as the fraction of discharge that is younger than a threshold age 255 

of 2.3 ± 0.8 months (Kirchner, 2016a). In this study, the young water fraction is surface 256 

runoff that has not infiltrated to the subsurface, and is calculated using the δ18O 257 

amplitude of precipitation and streamflow as: 258 

𝐹𝐹𝑦𝑦𝑦𝑦 = 𝐵𝐵
𝐴𝐴

× 100%     (4) 259 

 260 

3.4 End-member mixing analysis 261 

End member mixing analysis (EMMA) utilizes conservative chemical tracers to 262 

partition source water contributions within a catchment (Hooper, 2003). EMMA assumes 263 

that stream water chemistry is controlled by physical mixing of end-members, rather than 264 

by equilibrium chemical processes. Potential flow components or end-members include 265 

precipitation, tributaries, and groundwater in various aquifers. For a three end-member 266 

system, the hydrograph separation is calculated as: 267 

𝑄𝑄𝑠𝑠𝐶𝐶𝑠𝑠 = 𝑄𝑄1𝐶𝐶1 + 𝑄𝑄2𝐶𝐶2 + 𝑄𝑄3𝐶𝐶3     (5) 268 

where Q represents flow rate, C represents tracer concentration, and the subscript 269 

represents the water source (s is streamflow, and 1, 2, and 3 represent sources 1, 2, and 270 

3). In the current study, orthogonal projections of streamflow samples and end-members 271 

were used to solve for proportions of end-member contributions to streamflow (e.g. Liu 272 

et al., 2008). In order to apply Equation (5), three additional assumptions must be 273 

satisfied: (1) the tracer concentration of each component is distinct from the other two 274 

components for one or more of the tracers; (2) the tracer concentrations of the three 275 

components are not collinear; and (3) only three components contribute to streamflow. 276 
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Tracer selection criteria specifically included (1) there was no evidence of a 277 

pattern between residual and measured solute concentrations (e.g. p > 0.05 and R2 < 0.1), 278 

(2) the root-mean-square error (RMSE) was less than 40% (Hooper, 2003), (3) the 279 

relative RMSE decreased from the 1-D (two end-members) mixing subspace to higher-280 

dimensional subspaces (e.g. 2-D subspace) (Frisbee et al., 2011), and (4) the quantitative 281 

Euclidean distance between potential end-members and projected stream water samples 282 

was less than 15% (James & Roulet, 2006). Larger catchments and longer time periods 283 

often exhibit increased spatio-temporal variability of tracer concentrations and may 284 

require the determination of more end-members. Although with an increased number of 285 

tracers, the probability that three or more end-members are identified increases, more 286 

tracers do not necessarily mean that more end-members can be identified (Barthold et al., 287 

2010). 288 

 289 

3.5 Data processing for EMMA 290 

Median values for snowmelt and snowpack at maximum snow water equivalent 291 

and volume-weighted mean solute concentrations from the NADP collectors at the 292 

montane, subalpine, and alpine catchments were selected to represent snow and rain 293 

samples, respectively (Cowie et al., 2017). If the precipitation type was rain, the data 294 

were used to calculate volume-weighted mean concentrations of each solute. If the 295 

precipitation type was a rain/snow mix, then δ18O values were used to determine rain 296 

versus snow samples. For example, a δ18O value more depleted than -15‰ was assumed 297 

to be a snow event and a δ18O value more enriched than -15‰ was assumed to be a rain 298 

event. In general, rain samples from the alpine and subalpine catchments exhibited 299 

similar solute concentrations and stable water isotope values, whereas rain samples 300 

collected from the montane catchment were relatively more concentrated than those from 301 

the higher elevation catchments. All solutes in the rain samples were relatively dilute and 302 

showed little correlation with elevation (R2 = 0.02 for NO3- and Ca2+; R2 = 0.05 for SO42-303 

; R2 < 0.01 for all other solutes). For subsurface samples, median values of soil water 304 

samples from the tension and zero-tension lysimeters were applied to the alpine and 305 

subalpine catchments, and median values of groundwater samples were applied to each 306 

groundwater well. Uncertainty analysis was performed whereby tracer concentrations in 307 
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two end-members were held constant at the median value while the third end-member 308 

was allowed to vary across the interquartile range (25%-75%). The same process was 309 

repeated for all three end-members and uncertainty is reported as the range of the relative 310 

contributions of each particular source water (Cowie et al., 2017). 311 

 312 

4. Results 313 

4.1 Discharge and stream water chemistry 314 

May to July discharge accounted for 72-78% of annual total discharge in Boulder 315 

Creek at Orodell. The average daily streamflow during 2009 (2.4 m3 s-1) and 2010 (2.4 316 

m3 s-1) were identical to the historical average (2.4 m3 s-1 between 1920 and 1995), while 317 

the average daily streamflow in 2011 (3.6 m3 s-1) was 50% higher. Solute concentrations 318 

peaked (were most enriched) in April of each year, then decreased (were depleted) 319 

throughout the summer, before increasing (becoming enriched) again during low flows in 320 

the fall (Figure 2). During peak discharge in June, solute concentrations were lowest, 321 

δ18O values were most depleted, and all of the solute concentrations except NO3- showed 322 

a clockwise hysteretic loop (Figure 3) indicative of a snowmelt-dominated recharge 323 

source. 324 

 325 

4.2 Stable water isotopes in end-members and stream water 326 

Although δ2H and δ18O relationships in precipitation generally follow the Global 327 

Meteoric Water Line (GMWL): 𝛿𝛿2𝐻𝐻 =  8𝛿𝛿18𝑂𝑂 + 10 (Craig, 1961), a local meteoric 328 

water line (LMWL) can be formed with stable water isotopes in local precipitation. The 329 

LMWL (R2 = 0.99; p < 0.05, n = 288) includes precipitation samples from the montane, 330 

subalpine, and alpine catchments, and is shown in Figure 4a. The δ18O and δ2H values in 331 

stream water from the alpine catchment (GL4) were close to the LMWL, but the δ18O and 332 

δ2H values in stream water from the montane (GG) catchment were shifted to the right of 333 

the LMWL, indicating more evaporative losses (Figure 4b). With respect to specific 334 

source waters, snow samples were generally located above the LMWL indicating 335 

sublimation loss (St Amour et al., 2005). In contrast, stable isotopes of soil water were 336 

located on the LMWL in the subalpine and alpine catchments, suggesting direct 337 

precipitation recharge, i.e. the water was not subject to secondary processes such as 338 
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evaporation prior to export (Laudon & Slaymaker, 1997). In the montane zone, both 339 

stream water and groundwater were isotopically located below the LMWL, suggesting 340 

evaporation of the groundwater/soil water recharge source, either from the snowpack or 341 

from within the unsaturated zone (Cecil et al., 2005). 342 

 343 

4.3 Young water fractions in headwater catchments and the lower main stem 344 

 Young water fractions (𝐹𝐹𝑦𝑦𝑦𝑦) were calculated for each year separately, and as an 345 

average using data over the three years (2009-2011) (Table 3). The results show that 𝐹𝐹𝑦𝑦𝑦𝑦 346 

was highest in alpine streamflow (12-22%), and was generally lower but of similar 347 

magnitude in subalpine streamflow (8-10%), montane streamflow (7-12%) and at the 348 

watershed outlet (6-11%). Not surprisingly, in the high-flow year of 2011, 𝐹𝐹𝑦𝑦𝑦𝑦 values 349 

were greater than the other years in all streamflow samples due to relatively greater 350 

precipitation inputs. In general, young water fractions below 22% throughout the Boulder 351 

Creek Watershed were consistent with the assumption that steeper watersheds contain 352 

less young water as a result of increasingly complicated flowpaths (Jasechko et al., 2016).  353 

 354 

4.4 Reservoir effects on stream water chemistry 355 

There are three major reservoirs in the Boulder Creek Watershed above Orodell. 356 

In order to constrain the potential impact of reservoirs in this watershed on stream water 357 

chemistry, paired t-tests were performed on water chemistry upstream and downstream of 358 

the Barker reservoir near Nederland, Colorado. Between the two sites, solute 359 

concentrations generally increased, base cations (K+, Na+, Ca2+, Mg2+) and Cl- all 360 

increased (p < 0.05); however, DOC, δ18O, NO3- and SO42- concentrations were not 361 

significantly altered by the reservoir (upstream-downstream comparison, p > 0.05).  362 

 363 

4.5 Tracer and end-member selections at Orodell 364 

Stream water samples at Orodell were used to determine appropriate tracers for 365 

EMMA. The randomness of solute concentration residuals improved from the 1-D to the 366 

2-D mixing spaces as evidenced by decreased R2 and increased p-values. Using the 367 

criteria R2 < 0.1, and p ≥ 0.01, five tracers were initially selected from the 2-D mixing 368 

space: Ca2+, Mg2+, SO42-, Na+, and ANC. However, potential streamflow end-members 369 
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(e.g. snow, groundwater) on bi-plots of Na+ and SO42- were not distinctly located, so 370 

these solutes were ultimately not selected as tracers. In contrast, δ18O was included as a 371 

tracer since it can distinguish between rain and snow and does not experience chemical or 372 

biological transformations. Thus, the four tracers selected were: Ca2+, Mg2+, ANC, and 373 

δ18O. When these tracers were applied in a PCA analysis to extract eigenvalues and 374 

eigenvectors from the correlation matrix of streamflow chemistry, the first two principal 375 

components explained 99% of the total variance of stream water chemistry. Potential 376 

end-members were orthogonally projected to the mixing U-space defined by stream water 377 

at Orodell (Figure 5a) where dashed lines represent the 25th and 75th percentile of solute 378 

concentrations for selected end-members. The end-members that were ultimately 379 

recognized as streamflow recharge sources at Orodell from 2009 to 2011 were: (1) 380 

snowmelt sampled from the subalpine zone near treeline, (2) rain water sampled from the 381 

subalpine zone, and (3) groundwater sampled from the upper montane zone (Table 4). 382 

Rain water was selected in lieu of soil water, despite a relatively longer Euclidean 383 

distance, given that the rain water samples clustered together in orthogonal space while 384 

the soil water samples did not (Figure 5a). 385 

 386 

4.6 Validation of the EMMA results and hydrograph separation 387 

The re-creation of tracer concentrations in stream water provides a quantitative 388 

assessment of model results and ensures that the results are physically meaningful (Liu et 389 

al., 2008). Tracer concentrations were re-created using the EMMA results and chemical 390 

compositions in end-members (Table 5). In general, the points had significant R2 (p < 391 

0.05) values higher than 0.97. Specifically, Mg2+ and δ18O were always well predicted, 392 

Ca2+ was under-predicted at values above approximately 200 µeq L-1 with an overall 393 

slope of 0.65, and ANC was over-predicted at values above approximately 500 µeq L-1 394 

with an overall slope of 1.40. Calculated annual source water contributions were not 395 

significantly different from the three year average. Overall, snowmelt from the subalpine 396 

zone near treeline contributed 54% (42-72%) of streamflow, groundwater from the upper 397 

montane zone contributed 24% (18-30%) of streamflow, and rain water from the 398 

subalpine zone contributed 22% (9-35%) of the annual streamflow at Orodell. Intra-399 
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annually, contributions of snowmelt water dominated at peak flow, while contributions of 400 

groundwater increased during the recession limb of the hydrograph. 401 

 402 

5. Discussion 403 

Previous studies have investigated streamflow sources among headwater 404 

catchments in the Colorado Front Range (Liu et al., 2004; Williams et al., 2009; Cowie et 405 

al., 2017), but it remains unclear how or if these results and the EMMA method scale to 406 

larger order watersheds. In this study, we illustrate that annual mixing model results from 407 

representative headwater systems linearly scale to approximate downstream sources of 408 

water as determined by EMMA. Further, these results highlight the importance of 409 

subalpine ecosystems near treeline as “water towers” within mountain catchments (e.g. 410 

Viviroli et al., 2007).   411 

  412 

5.1 Applying EMMA to a mesoscale watershed in complex terrain 413 

 Reconstruction of tracer concentrations (Table 5) showed that Mg2+ and δ18O 414 

were well-predicted, while ANC was over-predicted and Ca2+ was under-predicted at 415 

higher concentrations. The under-prediction of Ca2+ could have resulted from the 416 

presence of carbonate dust (Clow et al., 2002); dry deposition can contribute a significant 417 

portion (44% in winter; Clow et al., 1997) to total atmospheric Ca2+ deposition in alpine 418 

ecosystems. Throughfall can also accumulate Ca2+ as it comes in contact with the leaves 419 

and branches of trees (de la Crétaz & Barten, 2007); however, the quantity of throughfall 420 

water was small relative to other end-members. Over-prediction of ANC suggests that 421 

there may have been additional acid input to the system sufficient to reduce ANC beyond 422 

the organic acids in the montane water source, or that statistical correlation (R2 = 0.92) 423 

between Ca2+ and ANC may have confounded the attribution of model errors. The 424 

uncertainty of the snowmelt end-member was highest in 2011, potentially due to a long-425 

duration snowmelt season compounding the inherent spatio-temporal variability of 426 

infiltrating snowmelt. For example, snowmelt at the beginning of the season may be more 427 

enriched than later in the snowmelt season, due to evaporation of light water isotopes in 428 

the snow accumulation period, and a longer transit time (Tetzlaff et al., 2015). 429 

Notwithstanding, Euclidean distances and tracer re-constructions in the context of our 430 
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uncertainty and young water fraction analyses suggest that the tracer-based results were 431 

not obviously subject to deleterious effects from hydrodynamic mixing and/or molecular 432 

diffusion at this spatial scale (e.g. Jones et al., 2006; Park et al., 2011). 433 

Previous work at the headwater catchment scale demonstrates that streamflow is 434 

comprised of decreasing snowmelt water but increasing groundwater and rainfall with 435 

decreasing elevation due to longer flow paths/contact times and a higher rain/snow 436 

precipitation ratio (Cowie et al., 2017). As a result, the degree to which source water 437 

contributions at Orodell can be recreated by scaling these headwater (representative of 438 

71% of the watershed, as defined by elevation) contributions constrains the function and 439 

composition of the main stem relative to its nested headwaters (Figure 6). Given the land 440 

cover/ecosystem gradient with elevation, we tested this using area-weighted elevation 441 

ranges defined in Murphy et al. (2003) to delineate the Boulder Creek watershed into 442 

discrete ecosystems. The watershed was made up of 11.7% alpine tundra (above 3500 m), 443 

47.2% subalpine (2700-3500 m), 27.3% montane (2400- 2700 m), and 13.8% foothills 444 

(1800-2400 m) ecosystems, and the results: 62% snowmelt, 25% groundwater, 11% rain, 445 

and 2% talus water were not statistically different than what was calculated using solute 446 

concentrations at Orodell and EMMA (Table 6). Similar results from the two methods 447 

indicate that source waters in small headwater catchments can be used to calculate the 448 

annual variability of source waters throughout the watershed, and that streamflow 449 

recharge processes can be accurately predicted from the aggregation of headwater 450 

systems as a result. This exercise also highlights the importance of nutrient cycling in 451 

headwater systems, as opposed to the relatively unreactive main stem. 452 

 453 

5.2 Snowpack variability drives hydrological cycling within and among years 454 

Hydrograph separation illustrates that montane groundwater was a significant 455 

source of streamflow to the main stem of Boulder Creek during the rising limb of the 456 

hydrograph (Figure 7). At the onset of the snowmelt season, however, solute 457 

concentrations decreased, indicative of snow’s dilution effect on stream chemistry. Over 458 

the course of the year, solute concentrations increased again concurrently with 459 

groundwater (or baseflow) contributions. This seasonal shift in source waters was also 460 

reflected by the generally clockwise seasonal hysteretic behavior of various solutes 461 
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(Figure 3); recharge at Orodell followed a counter-clockwise loop, from rain, to 462 

groundwater, to snowmelt, and then back to rain water before returning to the starting 463 

point again (Figure 5). Streamflow from the alpine and subalpine catchments also showed 464 

a counter-clockwise hysteretic behavior, but streamflow from the montane zone was 465 

disorganized (Figure S1). We attribute this phenomenon to greater evapotranspiration and 466 

better soil development in the montane zone that make streamflow recharge more 467 

divergent and less easy to define. Similar hysteretic patterns and EMMA results suggest 468 

that streamflow recharge sources were similar amongst Orodell, GLV, and CC. This 469 

likely resulted from the dominance of alpine and subalpine landscapes within the larger 470 

watershed as well the overall trend toward greater precipitation and thus greater 471 

contributing volumes at higher elevations.   472 

There was evidence of chemostatic behavior at flows greater than 10 m3 s-1 where 473 

solute concentrations remained relatively constant with respect to streamflow variations 474 

(Godsey et al., 2009). Although chemostatic behavior can result from different 475 

phenomena including cation exchange, changes in reactive mineral surface area, and 476 

decreased weathering rates (Clow & Drever, 1996), hydrograph separations imply that 477 

chemostatic behavior resulted from seasonal flushing of snowmelt during the rising and 478 

recession limbs (Figure 7), which has subsequent implications for the potential 479 

displacement of stored subsurface water (Barnhart et al., 2016). Orthogonal projections of 480 

end-members into U-space specifically reveal a trend toward increasing groundwater 481 

contributions to streamflow in 2010 (Figure 5, where stream water points migrated closer 482 

to groundwater end-member), which mainly occurred prior to snowmelt, and could 483 

represent additional infiltration of displaced pre-event subsurface water. With earlier and 484 

slower snowmelt, higher rain to snow ratios, and increasing air temperatures that may 485 

cause higher evapotranspiration rates especially during the spring (e.g. Berghuijs et al., 486 

2014; Musselman et al., 2017; Cayan et al., 2013), the strength of linked snowmelt-487 

groundwater contributions to streamflow suggested by this work may decrease non-488 

linearly as a function of changing hydrological connectivity in the future. 489 

  490 

5.3 The importance of subalpine ecosystems to the “mountains as water towers” 491 

framework  492 
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 Interpretation of young water fractions within the context of the EMMA results 493 

allows for elevation-specific inferences about surface-subsurface hydrologic connectivity 494 

in this mesoscale watershed. For example, the variation in calculated young water 495 

fractions in stream water and the fraction of water contributed by snowmelt (EMMA) 496 

demonstrates that while the alpine streams receive the greatest amount of direct 497 

precipitation, snow accumulation and the resulting snowmelt flux is greatest in the 498 

subalpine just below tree line, due to wind redistribution of the snow down gradient 499 

(Figure 6b; Freudiger et al., 2017). Although snowmelt contributions include both surface 500 

runoff and subsurface flow, only the surface runoff portion can be accredited to the 501 

young water fraction, which results in snowmelt contributions greater than the calculated 502 

young water fractions. Young water has a transit time of 2.3 ± 0.8 months, while 503 

subsurface flow has a transit time of three or more months, spanning the snowmelt 504 

season. The higher young water fraction in the alpine zone suggests that a greater fraction 505 

of snowmelt is routed directly to the stream, as compared to in the subalpine. This is 506 

further supported by comparing the isotopic composition of various source waters 507 

(Coplen et al., 2000; Rodgers et al., 2005; Uhlenbrook & Hoeg, 2003). 508 

Within the “mountains as water towers” framework (e.g. Viviroli et al., 2007), we 509 

can thus infer the relative functions of alpine (water is delivered faster) compared to 510 

subalpine (more water is delivered) areas from the combination of EMMA results and 511 

young water fractions. The predominance of snow precipitation, shallow soils, and 512 

subsurface fracture flow promote considerable origination of young water from alpine 513 

areas within the Orodell catchment. Conversely, the subalpine zone accumulates more 514 

snow precipitation than the other elevation zones, and since this region also has more 515 

developed soils, it functions as the primary water storage zone in the catchment. Previous 516 

work in the subalpine CC catchment showed that a significant amount of streamflow was 517 

this year’s snowmelt that had infiltrated the subsurface and undergone subsequent 518 

biological and geochemical reactions (Williams et al., 2009). This was supported by the 519 

δ18O~δ2H relationship that we observed in CC streamflow (samples located on the lower 520 

part of the LMWL; Figure 4b). Although the dominant role of snowmelt as a source of 521 

streamflow is well known (e.g. Li et al., 2017), these results add context to previous work 522 
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at the headwater scale by showing the degree to which snowmelt water may be translated 523 

into shallow subsurface flow at a larger spatial scale.  524 

 525 

6. Conclusion 526 

Hydrochemical tracers including stable water isotopes are useful tools with which 527 

to understand flow paths and source water contributions to streamflow in the context of 528 

water resources and climate change. End-Member Mixing Analysis was applied to the 529 

mesoscale Boulder Creek Watershed at Orodell, which provides water resources to the 530 

Denver metropolitan area downstream. The four-tracer model showed that snowmelt 531 

from the subalpine zone contributed approximately half of streamflow and was the 532 

dominant streamflow recharge source, while groundwater contributions from the upper 533 

montane zone and rain water contributions from the subalpine zone together composed 534 

approximately the other half of streamflow. In spite of complex mountain terrain 535 

characterized by elevational gradients in geological features, precipitation amount, type, 536 

and redistribution, we were able to predict streamflow generation in the main stem of the 537 

watershed from measurements in headwater catchments representative of the constituent 538 

ecosystem types throughout the watershed. These results contribute to a better 539 

understanding of streamflow source waters in complex mountain terrain that may be used 540 

to broadly inform water resources management with respect to allocation practices in the 541 

presence of climate variability and/or change. 542 
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 756 

Table and Figure Captions 757 

Table 1. Basic geographic and climatic characteristics of the constituent headwater 758 

catchments.  759 

 760 

Table 2. Water samples collected from each sub-catchment (n represents the number of 761 

samples). Locations of the Martinelli, Saddle, Soddie, and Sugarloaf sites are shown in 762 

Figure 1. Abbreviations are Green Lakes Valley (GLV), Como Creek (CC), and Gordon 763 

Gulch (GG). 764 

 765 

Table 3. Young water fractions (Fyw) in streamflow from headwater catchments to the 766 

watershed outlet. The amplitudes of δ18O values are in per mil (‰) relative to Vienna 767 
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Standard Mean Ocean Water (VSMOW). Abbreviations are precipitation (P), streamflow 768 

(Q), and amplitude (Amp).  769 

 770 

Table 4. End-member differences between U-space projections and their original values 771 

(medians). GW is groundwater, MART is Martinelli, and SDL is Saddle. 772 

 773 

Table 5. Predicted versus measured concentrations for selected tracers of stream water at 774 

Orodell. Units are in µeq/L for solutes or ‰ for δ18O. Percent difference is the average 775 

difference between predicted and measured concentrations. 776 

 777 

Table 6. Relative contributions and uncertainty (presented as a range of percent 778 

contributions as defined in Section 3.5) of each end-member to annual streamflow at 779 

Orodell (this study) and its headwater catchments (previous studies by Liu et al., 2004 780 

and Cowie et al., 2017). MART is Martinelli, GLV is Green Lake 4, CC is Como Creek, 781 

GG is Gordon Gulch. 782 

 783 

Figure 1. (a) Location map of headwater catchments and Orodell sampling sites in the 784 

upper Boulder Creek Watershed, (b) Green Lakes Valley (GLV), (c) Como Creek (CC), 785 

and (d) Upper (GGU) and Lower (GGL) Gordon Gulch. The relative location of the 786 

Boulder Creek Watershed in the Rocky Mountains, USA is provided in the panel (a) inset 787 

for reference. Locations of all sampling points are shown. Imagery for backdrop provided 788 

by ArcGIS, USDA FSA NAIP 2015 (Figure adapted from Cowie et al. 2017). See Table 789 

2 for intra-catchment sampling information. Abbreviations are Martinelli (MART) and 790 

Green Lake 4 (GL4).  791 

 792 

Figure 2. Time series of solute concentrations and streamflow. (a) shows selected cations 793 

and anions, (b) shows δ18O values in stream water, and (c) shows daily specific 794 

streamflow at Orodell. 795 

 796 
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Figure 3. Solute concentrations in streamflow versus discharge at Orodell from 2009 to 797 

2011. Red and blue lines denote the rising and falling limbs of the annual hydrograph, 798 

respectively.  799 

 800 

Figure 4. Stable water isotopes in (a) precipitation and stream water samples from both 801 

headwater catchments and the main stem from 2009 to 2011. The solid line represents the 802 

GMWL, and the dashed blue line represents the LMWL, which is defined by the equation 803 

in blue. (b) is enlarged to show the behavior and variability of the stream water samples 804 

in (a). 805 

 806 

Figure 5. Orthogonal projections of end-members into U-space defined by stream water 807 

chemistry at (a) Orodell as well as stream water in (b) 2009 (n=32), (c) 2010 (n=39), and 808 

(d) 2011 (n=17). The dashed lines represent the 25th and 75th percentiles. GW is 809 

groundwater and the SDL and MART labels correspond to the alpine Saddle and 810 

Martinelli wells.  811 

 812 

Figure 6. (a) Conceptual diagram depicts the process by which headwater sources were 813 

scaled up to represent the hydrological constituents of the main stem of Boulder Creek at 814 

Orodell. (b) shows relative snow accumulation and young water fractions along the 815 

elevational gradient. 816 

 817 

Figure 7. Hydrograph separations show the intra- and inter-annual variability of the 818 

source waters contributing to Boulder Creek discharge at Orodell from 2009 to 2011. In 819 

the top panel, line (a) represents the peak annual groundwater contribution, and line (b) 820 

represents the peak annual snowmelt contribution. 821 

 822 
Figure S1. Orthogonal projections of end-members and headwater stream samples into 823 

U-space defined by stream water chemistry at Orodell during (a) 2009, (b) 2010, and (c) 824 

2011. 825 
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