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Abstract

Understanding concentration‐discharge (C‐Q) relationships are essential for 
predicting chemical weathering and biogeochemical cycling under changing 
climate and anthropogenic conditions. Contrasting C‐Q relationships have 
been observed widely, yet a mechanistic framework that can interpret 
diverse patterns remains elusive. This work hypothesizes that seemingly 
disparate C‐Q patterns are driven by switching dominance of end‐member 
source waters and their chemical contrasts arising from subsurface 
biogeochemical heterogeneity. We use data from Coal Creek, a high‐
elevation mountainous catchment in Colorado, and a recently developed 
watershed reactive transport model (BioRT‐Flux‐PIHM). Sensitivity analysis 
and Monte‐Carlo simulations (500 cases) show that reaction kinetics and 
thermodynamics and distribution of source materials across depths govern 
the chemistry gradients of shallow soil water and deeper groundwater 
entering the stream. The alternating dominance of organic‐poor yet geo‐
solute‐rich groundwater under dry conditions and organic‐rich yet geo‐
solute‐poor soil water during spring melt leads to the flushing pattern of 
dissolved organic carbon and the dilution pattern of geogenic solutes (e.g., 
Na, Ca, and Mg). In addition, the extent of concentration contrasts regulates 
the power law slopes (b) of C‐Q patterns via a general equation

. At low ratios of soil water versus groundwater 
concentrations (Cratio = Csw/Cgw < 0.6), dilution occurs; at high ratios (Cratio > 
1.8), flushing arises; chemostasis occurs in between. This equation 
quantitatively interprets b values of 11 solutes (dissolved organic carbon, 
dissolved P, NO3

−, K, Si, Ca, Mg, Na, Al, Mn, and Fe) from three catchments 
(Coal Creek, Shale Hills, and Plynlimon) of differing climate, geologic, and 
land cover conditions. This indicates potentially broad regulation of 
subsurface biogeochemical heterogeneity in determining C‐Q patterns and 
wide applications of this equation in quantifying b values, which can have 
broad implications for predicting chemical weathering and biogeochemical 
transformation at the watershed scale.



1 Introduction

Watersheds act as reactors that incubate interactions among soil, roots, 
microbes, and water, ultimately connecting the land to aquatic systems on 
Earth (Grathwohl et al., 2013). Solute concentrations (C) and discharge (Q) at
stream outlets integrate hydrological and reaction processes and bear 
convoluted signature at the watershed scale. C‐Q relationships have been 
extensively used to understand watershed structure and function (Musolff et 
al., 2015), to quantify chemical weathering (White & Blum, 1995), and to 
illuminate watershed response to changing climate and human perturbations
(Stackpoole et al., 2017). Similar C‐Q patterns have been observed for 
different solutes across watersheds; varying C‐Q patterns have been 
observed for different solutes in the same watershed and for the same solute
in different watersheds (Godsey et al., 2009; Herndon et al., 2018; Musolff et 
al., 2017; Winnick et al., 2017). Several schools of thought exist to explain 
disparate C‐Q behaviors, emphasizing the importance of flow paths 
(Hornberger et al., 1994), connectivity (Pacific et al., 2010), residence time 
(Maher, 2011), reaction kinetics (Ameli et al., 2017; Li, Bao, et al., 2017), ion 
exchange (Clow & Mast, 2010), vegetation (Herndon et al., 2015a), and 
temperature (Winterdahl et al., 2014). To date, these diverse and site‐
specific explanations have not been integrated into an overarching 
framework that would facilitate the development of a coherent theory with 
predictive power.

Studies of C‐Q date back to more than five decades for understanding event‐
based C‐Q hysteresis (Evans & Davies, 1998; Johnson et al., 1969). The 
simple power law C = aQb has been extensively used to classify C‐Q patterns 
(Godsey et al., 2009), although recent work has proposed more detailed 
characterization (Moatar et al., 2017; Zhang, 2018). Chemostasis is defined 
as relatively small variations in concentrations compared to discharge, with 
values of b between −0.1 and 0.1 and/or relatively small coefficients of 
variance (CV < 1) compared to discharge (CVc/CVQ; Musolff et al., 2015; 
Thompson et al., 2011). Chemodynamic patterns are characterized as having
high absolute b values (>0.1) and large CVc/CVQ values (>1). Positive b 
values indicate increasing concentrations with discharge, that is, flushing or 
enrichment behavior, whereas negative b values allude to decreasing 
concentrations with discharge or dilution behavior.

Geogenic species (e.g., Na, Mg, and Si) derived from chemical weathering 
have demonstrated widespread chemostatic behavior (Godsey et al., 2009). 
Yet exceptions do exist, manifesting significant dilution of Ca and Na in 
regions with high runoff (Moon et al., 2014) and flushing patterns of Ca, Mg, 
and Na at a site where cation‐rich water from silicate weathering in shallow 
layers contributed most to the stream at high flows (Bhat et al., 2016). For 
dissolved organic carbon (DOC), flushing behaviors are commonly observed 
(Boyer et al., 1997; Musolff et al., 2017), although slight dilution is notable 
where net primary productivity or carbon source are limited (Zarnetske et 
al., 2018). Nitrogen has demonstrated as flushing patterns in forests (Creed 



et al., 1996; Creed & Band, 1998). In agricultural land, however, chemostatic
patterns are the norm (Basu et al., 2010; Thompson et al., 2011) except 
where groundwater dominates its export (Miller et al., 2016; Musolff et al., 
2016). Total phosphorous (TP) commonly displays flushing patterns owning 
to high particulate P level in shallow soils at high discharge (Haygarth et al., 
2004).

The C‐Q literature has been teeming with rich and diverse explanations for 
disparate C‐Q patterns. Chemostasis has been attributed to hydrologically 
responsive dissolution rates (via wet surface area; Li, Bao, et al., 2017), 
buffering capacity of ion exchange reactions (Clow & Mast, 2010), and 
approaching to equilibrium as residence time increases (Ameli et al., 2017; 
Maher, 2011). Flushing behaviors have been attributed to rising water tables 
tapping shallow soils with enriched organic carbon and nutrients, increased 
hydrological connectivity between uplands and streams under high flow 
conditions, and control of source element distribution and varying 
temperature (Herndon et al., 2015a; Pacific et al., 2010; Seibert et al., 2009; 
Winterdahl et al., 2014). Dilution behaviors have been attributed to high 
groundwater concentration that is diluted by rainwater at high discharge (Li, 
Bao, et al., 2017; Miller et al., 2016), short residence time for dissolution, and
rapid depletion of solute stores (Herndon et al., 2015b; Hoagland et al., 
2017). Musolff et al. (2017) attribute distinct C‐Q patterns to spatial structure
heterogeneity of source waters and travel times for different extent of 
transformation reactions in a watershed.

Despite diverse explanations, a growing consensus on the hydrological 
controls of C‐Q relationships has emerged. In particular, stream water mixes 
different types of water, primarily shallow soil water (e.g., perched water 
table) and relatively deep groundwater and occasionally precipitation water. 
The dominance of shallow versus deep water varies under wet and dry 
conditions. Disproportionally high DOC and nutrient exports during storms 
suggest shallow soil water as a major source and key driver of variable 
stream concentration (Boyer et al., 1997; Pacific et al., 2010; Seibert et al., 
2009). On the other hand, at dry times, the dominance of groundwater 
brings with it high level of geogenic species from depths (Kim et al., 2014). 
The chemistries of deep and shallow groundwater typically differ, with the 
extent of difference defined particularly by the subsurface biogeochemical 
property contrasts along depth (Herndon et al., 2018; Sullivan et al., 2016). 
Similarly, horizontal spatial heterogeneity (e.g., wetland vs. hillslope; swale 
vs. planar slopes) or the proximity of source zones to streams often controls 
their connectivity to streams under different flow regimes and regulates 
stream chemistry (Herndon et al., 2015b; Schwab et al., 2017).

This consensus has emerged piecemeal from a variety of measurements and
observations, but it has not been woven together as an overarching 
framework to unify diverse explanations. Part of the reason is that with 
complex hydro‐biogeochemical processes masked by spatial heterogeneities,
field measurements are often only partially useful because water and water 



chemistry data often reflect a convoluted signature that cannot distinguish 
causes and effects (Weiler & McDonnell, 2006). In addition, there has been a 
lack of modeling tools that integrate hydrological and biogeochemical 
processes. Historically, hydrologists and biogeochemists have been 
developing models along two separate lines: hydrology models focusing on 
catchment hydrological processes and reactive transport models focusing on
coupled transport and reactions with rigorous kinetics and thermodynamics 
(Fatichi et al., 2016; Li, Maher, et al., 2017). Our recently developed RT‐Flux‐
PIHM couples a reactive transport model with a watershed hydrology model, 
offering a tool for process integration across disciplines (Bao et al., 2017; Li, 
Bao, et al., 2017; Li, Maher, et al., 2017). RT‐Flux‐PIHM includes abiotic 
geochemical reactions (e.g., mineral dissolution and precipitation, ion 
exchange, and aqueous and surface complexations) to understand the 
dynamics of geogenic species (i.e., Ca and Mg) driven by chemical 
weathering. This code has been augmented in this work to BioRT‐Flux‐PIHM 
with the addition of microbe‐mediated biogeochemical redox reactions (e.g., 
decomposition of organic matters, denitrification, and iron and sulfate 
reductions) to simulate processes relevant to biogenic solutes, such as DOC 
and nitrogen. This can test disparate mechanisms of diverse C‐Q behaviors. 
Here we hypothesize that seemingly disparate C‐Q behaviors are driven by 
the relative dominance of different source waters under different 
hydrological regimes with distinct chemistry arising from subsurface 
biogeochemical heterogeneity. Such complex interactions may never be 
tractably tested with field studies. Here we apply BioRT‐Flux‐PIHM to Coal 
Creek, a high‐elevation catchment in central Rocky Mountain of Colorado 
that is vulnerable to warming and shrinking snow fractions. We further cast 
the findings from Coal Creek to broader conditions combining sensitivity 
analysis, Monte‐Carlo simulations, and comparison with data from other 
watersheds.

2 The Study Site

This field site Coal Creek is a headwater high‐elevation catchment in the 
central Rocky Mountains of Colorado, USA. It is a third‐order stream in 
Gunnison County and drains an area of approximately 53 km2 about 200‐km 
southwest of Denver (Figure 1a). It originates from the Ruby mining district 
near Lake Irwin and flows east toward the town of Crested Butte before 
entering the Slate River, a tributary of the East River that ultimately joins the
Gunnison River (Hubbard et al., 2018). This mountainous watershed is part of
the Ruby‐Anthracite Range with elevations from 2,700 m in Crested Butte to 
about 3,700 m for the northwestern peaks of the Ruby Range (Figure 1a). 
Average slope calculated by ArcMap (v10.3) is 16°. The mean annual 
temperature is around 0.9 °C. Data from the local weather station at Crested
Butte (latitude: 38.8738, longitude: −106.977; 
http://www.usclimatedata.com/) indicate annual average rainfall and snowfall
of 612 mm and 551 cm, respectively. The watershed is seasonally snow‐
covered from approximately mid‐November to mid‐June with a maximum 



ground snowpack of >150 cm typically in mid‐February, after which the 
snowmelt dominates. Coal Creek is therefore a representative high‐elevation 
mountain watershed that supplies the majority of surface water in the 
Western United States, similar to the neighboring East River watershed 
(Hubbard et al., 2018). It is vulnerable to diminishing snow fraction in winter 
and decreasing snowmelts in the summer (Berghuijs et al., 2014; Carroll et 
al., 2018). The watershed consists primarily of evergreen forest (65%) and 
herbaceous vegetation (20%), followed by deciduous forest (9%), barren 
land (3%), and woody wetland (3%; Figure 1b).

The lithology includes primarily sandstone (39%) and mudstone (15%; Figure
1a) that belong to the Mesaverde, Tertiary Wasatch, and Ohio Creek 
Formations (Manning et al., 2008; Streufert, 1999). Plutonic rock (36%) 
originated during the Middle Tertiary, when the Red Lady stock was 
emplaced under Mt Emmons and widespread volcanism occurred south of 
the study area. A small area (10%) in the valley is covered by Quaternary 
Glacial Drift, which consists of various surficial deposits including unsorted 
glacial till and associated sand and gravel deposits. The Ruby mining district 



was mined for metals between 1874 and 1974 primarily in the Standard 
Mine, Keystone Mine, and Forest Queen Mine (Figure 1c; Shanklin & Ryan, 
2006). Although mining activities have ceased, heavy metals continue to 
flush into Coal Creek, which supplies drinking water to Crested Butte. The 
likely sources of Zn, Mn, and Cd are inferred to be shale interbeds rich in 
organic materials and primary and secondary pyrite and metal sulfides 
(Streufert, 1999; Thomas & Galey, 1982). Sphalerite ((Zn,Fe)S) and 
manganese oxides have been identified (Manning et al., 2008). Sphalerite 
regularly contains small percentages of Cd as it can substitute for Zn. 
Manganese enrichment is common in porphyry‐type molybdenum deposits, 
such as those that underlie the nearby Mt. Emmons molybdenum porphyry 
deposit. Concentrations of trace metals in Coal Creek are one to two orders 
of magnitude higher than those in groundwater, possibly caused by residual 
mine tailings and small iron fen tributaries draining into the river directly.

3 Methods

In this work, we collected new data and also used existing water and solute 
data from the United States Geological Survey (USGS). We simulate 
hydrological processes to understand the water cycle and biogeochemical 
processes of DOC and Na as two representative solutes with flushing and 
dilution behaviors. Sensitivity analyses were carried out to understand the 
role of reaction kinetics and thermodynamics in determining C‐Q 
relationships. Monte‐Carlo simulations of 500 runs that randomly sampled 
across the uncertainty range of soil and groundwater concentrations were 
conducted to extrapolate to broader conditions.

3.1 Water and Water Chemistry Data

The USGS has monitored daily streamflow of Coal Creek at Crested Butte 
since October 2014 (site ID: 09111250). USGS water data (site ID: 
385224106590100) were retrieved from the Water Data website 
(https://waterdata.usgs.gov/usa/nwis/), including DOC, total unfiltered 
nitrogen (TN), total unfiltered organic nitrogen (TON), geogenic solutes (e.g., 
Na, Mg, and Ca), chloride (Cl), and trace metals (e.g., Zn, Mn, and Cd). The 
discharge station is operated from 1 April to 15 November. Snow data 
including snowpack thickness and snow water equivalent (SWE) were 
retrieved from the U.S. Department of Agriculture (USDA) Snow Telemetry 
(SNOTEL) database (https://www.wcc.nrcs.usda.gov/snow/) at Crested Butte 
(#380). Groundwater chemistry at a depth of 9 meters is measured at 
Crested Butte from December 1996 to May 2012 (U. S. Geological Survey 
(USGS) site ID: 385213106584700).

Stream chemistry data include two sets of measurements: the long‐term low‐
frequency (once every 2 months) measurements (LFM) by the USGS from 
November 2000 to December 2016 and our own high‐frequency 
measurements (HFM) sampled at Coal‐11 (Figure 1c) every other day from 
April to October and every week from November to March since 2016. The 
LFM record reveals the trend in the past decade, while the HFM data 



illuminate the dynamics of individual snowmelt seasons in the past couple of 
years. A total of >40 solutes is measured, as listed in supporting information 
Text S1. Detailed sampling and measurements are also discussed in 
Supporting Information S1. For this work, we primarily focus on carbon, 
nutrients, and a few representative geogenic and trace metal solutes.

3.2 BioRT‐Flux‐PIHM: A Watershed Biogeochemical Reactive Transport Model

Here we present essential features of BioRT‐Flux‐PIHM, one of the models in 
the PIHM family code (Duffy et al., 2014), that help understand the rest of 
the paper. It includes microbe‐mediated redox reactions based on RT‐Flux‐
PIHM (Figure 2; Bao et al., 2017). The model couples three modules: a 
multicomponent reactive transport module BioRT, the land‐surface 
interaction module Flux for processes such as solar radiation and 
evapotranspiration (ET), and the surface hydrology module PIHM for 
hydrological processes (e.g., precipitation, infiltration, recharge, surface 
runoff, and subsurface flow). The BioRT module takes in the computed water 
fluxes and storage from Flux‐PIHM and simulates processes including 
advection, diffusion, dispersion, and biogeochemical reactions and outputs 
aqueous and solid concentrations. The reactions can be kinetics‐controlled 
(mineral dissolution and precipitation and microbe‐mediated reactions) and 
thermodynamically controlled (e.g., ion exchange, surface complexation 
[sorption], and aqueous complexation). Flux‐PIHM solves for water‐related 
variables including water storage, flow, soil moisture, and water table depth. 
For subsurface flow, the model distinguishes between active interflow in 
shallow soil zones and groundwater flow that is relatively shallow and is 
connected to the stream but is deeper than soil (Figure 2).

The governing equation for an arbitrary solute m in grid i is as follows (Bao et
al., 2017):



(1)

where Vi is the total volume of the grid i (solid + liquid volume; m3); Sw,i is soil
water saturation (m3 water per m3 pore space); θi is porosity (m3 pore space 
per m3 total volume); Cm,i is the aqueous concentration of species m (mol/m3 
water); Ni,x is the index of neighboring elements of i sharing interface; the 
value of x is two for the unsaturated zone (infiltration and recharge) and four
for the saturated zone (recharge plus three lateral flow directions), 
respectively; Aij is the interface area (m2) shared by i and its neighbor grid j; 
Dij is the combined dispersion/diffusion coefficient (m2/s) normal to the 
shared surface Aij; Iij is the distance between the center of i and its neighbor 
elements j; qij is the flow rate across Aij (m3/s); Rm is the summation of rates 
of kinetically controlled reactions that involve species m (mol/s) of a total of 
np primary solute species.

Microbe‐mediated reactions include, for example, decomposition of soil 
organic carbon (SOC) and nutrients, nitrification, and denitrification. The 
BioRT module is written such that users can define specific reactions to be 
simulated via input files and the geochemical database. BioRT implements 
the general dual‐substrate Monod kinetics with inhibition terms that can 
simulate the biogeochemical redox ladder (Li et al., 2009; Monod, 1949). The
dual‐Monod and inhibition term may become important under conditions 
where carbon and/or electron acceptors are limited, especially in 
groundwater systems. In this work, however, because carbon decomposition 
occurs in soils often with ample SOC as the electron donor and O2 as the 
electron acceptor, these terms are typically not important and are therefore 
ignored. The rate law of microbe‐mediated redox reactions in this work 
therefore is simplified to the following:

(2)

where rbio is the reaction rate (mol/m3/s); k is the rate constant (mol/m2/s); 
and A is the effective surface area (m2) or the contact area between SOC and
biomass that depends on the amount of biomass as biomass is not explicitly 
represented. The depth function f(Zw) accounts for the variable accessibility 

of SOC along depths and takes the form , where Zw is the 
water table depth (m) and bm (0.5 m) characterizes the SOC decrease over 
depth (Hagedorn et al., 2001; Weiler & McDonnell, 2006). The f(T) and f(Sw) 
describe the rate dependence on soil temperature and moisture, 

respectively. The f(T) takes the widely used Q10‐based form  
where Q10 is the relative increase in reaction rates when temperature 
increases by 10 °C (Hararuk et al., 2015). Global synthesis shows that Q10 
generally varies from 1.4 to 2.4 (Liu et al., 2017; Zhou et al., 2009). Here we 
take a commonly used median value of 2.0. The f(Sw) takes the form of f(Sw) 
= (Sw)n, where n is the exponent reflecting effects of soil water content on 



reaction (Yan et al., 2016); a value of n = 2 is considered applicable for most 
soil textures (Hamamoto et al., 2010).

The simple rate law equation 2 was used for the transformation from SOC to 
DOC, assuming constant microbe composition and abundant electron 
acceptor (O2) and donor (carbon). This captured the DOC dynamics, so we 
did not use the more complex Monod rate law and explicit microbe 
representation, which would unnecessarily introduce additional parameters. 
The code does have the capability of using a more generalized Monod rate 
law with explicit representation of microbes.

The bio‐module BioRT has been verified against the widely used reactive 
transport model CrunchTope on soil carbon and nitrogen processes, which 
we do not elaborate here. Although BioRT‐Flux‐PIHM can be run using a 
spatially explicit domain, for this work, we used a scheme with two grid 
blocks, each representing one side of the watershed connected by a river 
channel (Figure 2). Although the processes included are the same, the 
spatially implicit scheme has a smaller number of parameters and is 
computationally less expensive.

3.3 BioRT‐Flux‐PIHM Setup and Calibration

Flux‐PIHM takes in watershed characteristics, initial water conditions, and 
climate forcings (time series of precipitation and temperature). Watershed 
characteristics are from National Elevation Dataset (topography), National 
Land Cover Database, Moderate Resolution Imaging Spectroradiometer (Leaf
Area Index), and Soil Survey Geographic Database. Flux‐PIHM outputs water 
storage and water fluxes (e.g., overland flow, infiltration, recharge, 
subsurface lateral flow, and river flow), which are used in BioRT when solving
the reactive transport equation 1 for water chemistry.

The reaction processes were simulated using BioRT‐Flux‐PIHM for DOC and 
Na as representatives of flushing and slight dilution C‐Q relationships. The 
reactive solutes, DOC and Na, are involved in multiple reactions (Table 1). 
DOC is a product of microbe‐mediated SOC decomposition where microbes 
break down large organic carbon compounds into smaller, soluble organic 
carbon compounds. The reaction rates follow the equation 2 as influenced by
SOC and biomass abundance and soil moisture and temperature. The model 
does not consider details of multiple SOC pools with different reactivities as 
typically done in the SOC community (Wieder et al., 2013). The goal is to 
keep the reactions simple such that only necessary parameters are 
introduced. DOC also complexes with soil clays (Herndon et al., 2017), which 
can retard DOC and serve as a storage mechanism. Na sources from albite 
dissolution that follows the Transition State Theory rate law (Table 1). The 
SOC content was averaged as 2% (v/v) based on soil data from Soil Survey 
Geographic Database. With the lack of field measurements, the volume 
fraction of albite was assumed to be 1% based on Woodruff et al. (2015) and 
Shmakin (1979), where rocks in this area have been shown to contain 0.5–
3% albite (roughly 10% feldspar (v/v) with 5–30% being albite).



The model was calibrated considering both hydrology (e.g., time series of 
snowpack and stream flow) and biogeochemistry data (e.g., time series of 
concentrations of DOC and Na or [DOC] and [Na] in stream). The best fit was 
determined by the Nash‐Sutcliffe efficiency for reproducing both water and 
concentration data. Hydrology calibration was done by adjusting parameters 
related to land surface, soil property, and vegetation and groundwater flow. 
Groundwater flow was estimated based on groundwater chemistry data and 
iterative calibration between discharge and stream chemistry. The calibrated
hydrology parameters are in Table S1. The biogeochemical calibration 
adjusts specific surface area for SOC and albite dissolution and the 
equilibrium constant Keq of DOC complexation, whereas rate constants for 
SOC decomposition and albite dissolution are based on literature values 
(Table 1).

Sensitivity analyses were performed by varying reaction kinetics and 
thermodynamic parameters, as well as soil composition (SOC and albite 
content) and groundwater composition ([DOC] and [Na]). The groundwater 
contribution to the stream (%) was varied by a factor of 2 from the best fit 
case. A total of 500 simulations was carried out using randomly sampled soil 
and water characteristics across the uncertainty range of volume fraction of 
SOC and albite (0.1% to 10%) and groundwater [DOC] and [Na] (0.1 to 10 
mg/l).

4 Results

4.1 Hydrology

4.1.1 Key Hydrology Parameters

The model generally captures the dynamics of snowpack accumulation in 
winter and snowmelt in spring, indicating good model‐data agreement 
(Figure 3, daily Nash‐Sutcliffe efficiency > 0.90). The model slightly 
underestimates the snowpack in February and March, possibly due to 
excessive sublimation and early onset of snowmelt in the Colorado Rocky 
Mountains (Barlage et al., 2010), processes not well represented in the Noah 



Land Surface Model in Flux‐PIHM. The most sensitive parameter is Czil (Table 
S1) for the surface exchange of heat and momentum (Chen & Zhang, 2009). 
A low Czil (<0.1) leads to high surface skin temperature, large snow 
sublimation, and early snowmelt, ultimately underestimating snowpack and 
SWE. It also regulates the timing and magnitude of the discharge peak 
because snow is the ultimate source of discharge. Low Czil (<0.1) values 
result in lower and earlier predicted discharge peaks than observations.

The most important soil parameters are the porosity θ and soil thickness Zsoil 
that define the “total storage” (Table S1). Large water storage results in a 
wide but low discharge peak as it takes more water to saturate the soil with 
a large water buffering capacity. A large saturated hydraulic conductivity 
KsatV leads to rapid recharge of infiltrated water and early arrival of a large 
discharge peak. The van Genuchten parameters α and n primarily control soil
water retention. Coarser materials (e.g., sand) that readily lose water have 
larger values and quickly drains water.

4.1.2 Water Dynamics

Figure 3 shows snowpack accumulation that started in November, peaked to 
over 1.5 m in early February, and melted in the spring. The SWE generally 
followed the trend of snowpack yet peaked in April instead of February. 
Considerable snowmelt in April triggered an early peak, followed by massive 
snowmelt and increasing streamflow until June. Discharge peaked in early 
June, after which it returned to base flow between August and December.

The model estimates a runoff ratio of 0.50, meaning half of the precipitation 
is discharged into the stream. The annual ET is estimated to be 0.52 m, 
similar to the estimated value of 0.42 (±0.06) m for the nearby Deer Creek 
watershed, Colorado (Claassen & Halm, 1996). Their calculation indicated 
annual ET varies between 0.23 and 1.0 m with an average of 0.45 (±0.19) m 
for 18 Rocky Mountain watersheds varying in size, land cover, elevation, and 
precipitation. Daily ET in the warm and wet periods (May to September) 
averages at 0.083 (±0.038) mm/hr, about 2.4 times of the ET (0.035 ± 



0.022) mm/hr in the cold period from October to April. The warm and cold 
periods contribute 69% and 31% to the annual ET, respectively.

The discharge (QD) consists of three components: the seasonally dynamic 
surface runoff (QS), soil lateral interflow (QL), and constant shallow 
groundwater (QG) that do not respond much to the temporal dynamics of 
surface hydrological conditions. Although not shown here, annual Qs (0.0014 
m) is <1% of the annual discharge (0.50 m), while annual QL (0.40 m) 
contributes 80% to annual QD. The calibrated QG is 0.011 mm/hr 
approximating 20% (0.10 m) of the annual QD; it is about 5% and 80–95% of 
QD at the snowmelt peak and during the dry time, respectively. The annual 
20% contribution to QD is consistent with a reported range of 20% to 80% 
(Beck et al., 2013; Miller et al., 2014). Rumsey et al. (2015) used conductivity
mass balance hydrograph separation for 239 diverse sites across the Upper 
Colorado River Basin and showed approximately 50% of streamflow stems 
from groundwater discharge.

4.2 Stream Chemistry and Contrasting C‐Q Patterns

4.2.1 Temporal Evolution and Contrasting C‐Q Relationships

Stream chemistry demonstrates strong seasonal dynamics: DOC remains at 
low concentrations under base flow and reaches a maximum of ~5 mg/L 
during snowmelt (Figure 4). Geogenic cations exhibit high concentrations 
under base flow and low concentrations at high flow, demonstrating a 
dilution pattern that is opposite of the DOC pattern. Trace metals reach their 
maxima at early flushes before the discharge peak and remain low 
afterward. BioRT‐Flux‐PIHM reproduces the timing and magnitude of major 
peaks for DOC and Na, although some small fluctuations escape the model 
simulation. The model also shows consistent underestimation in the low flow 
period.



Biogenic solutes (i.e., DOC, TN, TON, and DTN) exhibit flushing C‐Q patterns, 
whereas Ca, Na, Mg, and Cl show dilution patterns (Figure 5). Although LFM 
and HFM data were collected at different times and frequency, they show 
relatively consistent dynamics. The model reproduces C‐Q relationships of 
DOC and Na. Trace metals mirror DOC in early snowmelt stage and reached 
their maxima at medium flow but decrease under high flow conditions. The 
relatively linear increase in DOC and nitrogen concentrations indicate 
transport‐limited conditions, while clockwise hysteresis patterns of trace 
metals indicate supply‐limited conditions (Duncan et al., 2017; Zarnetske et 
al., 2018). The early flush potentially suggests the accumulation of metals 
and/or the formation of DOC‐metal complexes. Metal‐DOC complexation is 
well‐documented and has been reported to enhance metal mobility and 
reduce metal sorption on soil (Neagoe et al., 2012). The decreases of trace 
metal concentrations under high flow conditions could be attributed to small 
soil stores and quick depletion due to either limited metal‐containing zones 
or slow dissolution rates (Nagorski et al., 2003; Roussiez et al., 2013). 
Stream Cd occasionally exceeds the Environmental Protection Agency (EPA) 
Maximum Contaminant Level (MCL) of 0.005 mg/L, whereas Mn exceeds the 
EPA's Secondary MCL (SMCL) of 0.05 mg/L for more than half of the 
measurements. These data accentuate the value of high‐frequency data: 
Although LFM data show similar concentration levels and trends, only the 
HFM captures the complete cycle of the hysteretic loop during snowmelt. 



Total export fluxes, or daily load (mass/d), of the solutes estimated using the
USGS Load Estimator (Runkel et al., 2004) show that discharge from May to 
July accounts for nearly 80% of the annual discharge. In this period, 90% of 
annual DOC export occurs, compared to 70% and 75% for geogenic solutes 
and trace metals, respectively. In essence, spring melt is the hot moment 
that exports disproportionally large amount of solutes (70–90%; Raymond & 
Saiers, 2010).

4.2.2 Concentrations Versus Rising Water Table

Various studies have suggested that elevated biogenic concentrations (e.g., 
DOC and N) at high flow can be caused by rising water table flushing 
organic‐rich shallow soil water (Creed et al., 1996; Seibert et al., 2009). 
Figure 6 illustrates the model output that indicates such dynamics. As the 
water table depth (depth to the ground surface) rises from −2.7 to −1.4 m, 
[DOC] increases, whereas [Na] decreases. The rising limb of the [DOC] 
increases as the rising water table taps sorbed DOC and also continues to 
decompose SOC. As the water table rises further and flushes more organic 
rich water, [DOC] increases even further. Sensitivity analysis indicates (not 
shown here) that the f(zw) term in equation 2, that is, the depth dependence 
of rates that lead to high rates in the shallower zone with higher SOC 
content, determines the hysteresis. This echoes other studies that attributed 
counterclockwise C‐Q to delayed transport (Bowes et al., 2009; Tunaley et 
al., 2016). In our case, the DOC transport from shallow soils with abundant 
SOC is delayed because the water table has to rise higher to do so. In 
contrast, groundwater has higher [Na] than shallow waters, such that the 
rising water with cation‐poor shallow soil water dilutes Na in the stream.



4.2.3 End‐Member Source Waters

Stream water is derived primarily from three sources with distinct chemistry:
surface runoff Qs that resembles rainwater, upper soil water lateral flow QL 
with enriched organic species but relatively low cations (yet can be highly 
variable), and shallow groundwater QG from connected aquifers with high 
concentrations of cations as weathering products (Li, Bao, et al., 2017). 
Figure 7a shows that concentrations of DOC and metals are higher in stream 
water and those of geogenic solutes and Cl are higher in groundwater. The 
geogenic species source from mineral weathering upon long‐time contact 
between water and rocks. The National Atmospheric Deposition Program 
rainwater data (site ID: CO10, 1999–2016) show that average concentrations
of Ca, Na, Mg, and Cl in rainfall are about one to two orders lower than those 
in groundwater. Figure 7b shows [DOC] and [Na] in end‐members waters. 
Groundwater [DOC] was from a shallow groundwater at a nearby Deer Creek 
watershed (CO) and showed a steady [DOC] of approximately 1.1 mg/L under
low flow conditions (Boyer et al., 1997). Groundwater [Na] was inferred from 
a local well. Although there are three end‐members, surface runoff has a 
negligible contribution to the stream (<1% annually) and has negligible 
impact. The stream chemistry slides between soil water and groundwater, 
approaching soil water composition under wet conditions when soil water 
dominates discharge. Under dry conditions, groundwater is predominant 



such that the stream composition shifts toward the groundwater chemistry. 
This indicates that contrasting trends of DOC and Na are caused by 
seasonally variable dominance of source waters and their distinct water 
chemistries.

4.3 Controls of C‐Q Relationships

4.3.1 Reaction Kinetics and Thermodynamics

As has been shown previously, C‐Q relationships depend on the relative 
contribution and composition of end‐member source waters, both of which 
vary with climate, land cover, and geological conditions (Schwab et al., 2017;
Woodruff et al., 2015). Figure 8 shows a sensitivity analysis with varying 
decomposition rate constant k and DOC sorption coefficient Keq. Note that 
varying k has a similar effect as varying SOC surface area (changing volume 
fraction), as they are multiplied in equation 2. Specifically, higher rates of 
SOC decomposition (2k, two times higher) elevate [DOC] in soil water and 
eventually lead to a more pronounced flushing pattern. In addition, stronger 
sorption with larger Keq (10×) of DOC complexation on soil surface (Table 1) 
maintains relatively constant, low [DOC] and chemostatic behavior; weaker 
sorption with lower Keq (0.1×) leads to higher [DOC]s and flushing patterns 
(Figure 8c). Note that both reaction kinetics and sorption equilibrium do not 
change the timing of [DOC] peak, indicating the timing is primarily controlled
by hydrological processes instead of reaction characteristics. Similarly, 
higher albite dissolution rates (2×) lead to a more subdued dilution pattern 
as the soil water elevates to a level closer to the groundwater (Figure 8e). 
For Na, the equilibrium constant Keq (e.g., mineral solubility; Table 1) barely 
influences stream concentration and C‐Q patterns (Figure 8f), because albite 



dissolution rarely reaches equilibrium. These trends indicate that the same 
solute can have flushing or dilution patterns, depending on the concentration
differences in shallow soil water and deeper groundwater.

4.3.2 Groundwater Chemistry and Quantity

Figure 9 suggests that changing groundwater chemistry can have large 
impacts on C‐Q patterns (Figures 9a and 9c) with an effect that is similar to 
changing soil water composition via reaction kinetics and thermodynamics in
Figure 8. In contrast, varying groundwater volume contribution to the stream
only slightly alters C‐Q patterns (Figures 9b and 9d). In cases with “no 
groundwater,” chemostasis occurs because soil water as a single end‐
member does not lead to sufficient concentration gradients to change C‐Q 
patterns. This indicates that the presence of groundwater is essential in 
determining C‐Q patterns.



4.3.3 A General Relationship Between C‐Q Slope b and End‐Member 
Concentration Ratio Cratio

The Monte‐Carlo simulation of 500 runs sampled across the uncertainty 
range of SOC and albite (0.1% to 10%), and groundwater DOC and [Na] (0.1 
to 10 mg/L) show large variations in soil water and groundwater 
concentrations (Figure 10). Each circle in the figure represents one run with 
corresponding constant groundwater concentrations and soil water 
concentration calculated as volume‐weighted averages across the whole 
year. The cluster pattern shows that flushing patterns (b > 0.1) cluster 
toward the upper left with high soil water concentrations (Csw) relative to 
groundwater concentrations (Cgw). In contrast, dilution (b < −0.1) occurs 
toward the bottom right with high Cgw relative to Csw. Chemostasis shows up 
close to the 1:1 line, as long as the soil and groundwater concentrations are 
similar with a concentration ratio (Cratio = Csw/Cgw) between 0.6 and 1.8.



Plotting C‐Q slope b against Cratio in all cases, these values collapse onto a 
curve (Figure 11), with flushing patterns (b > 0.1) at Cratio > 1.8 and dilution 
pattern (b < −0.1) at Cratio < 0.6, and chemostasis in between. Although the 
threshold Cratio values can be system specific, the curve follows the 
relationship:

(3)



where δb is the difference between maximum b (bmax) and minimum b (bmin), 
and Cratio,1/2 is the concentration ratio when b = ½ (bmax + bmin). In this work, 
bmax = 0.27 and bmin = −0.40, so that δb = 0.67. The value of Cratio,1/2 is 0.61 
corresponding to a b value of −0.07. The bmax and bmin determine the upper 
and lower limits of b values, and Cratio,1/2 determines the shape of the curve. 
The limits of the curve are likely determined by the thermodynamic and 
kinetic characteristics of DOC and Na reactions, as will be discussed later.

Figure 11 also shows C‐Q slope b and Cratio values compiled from two other 
catchments: Shale Hills in Pennsylvania and Plynlimon in Wales, UK (Herndon
et al., 2015a). In general, we see that data points follow the curve defined by
equation 3, although the range of b values may vary for different catchments
and solutes. Notice again that the same solute can have different C‐Q 
patterns and different solutes can have the same C‐Q patterns in different 



catchments. DOC shows flushing in Plynlimon and slight dilution in Shale 
Hills. Potassium (K) shows flushing in Plynlimon and chemostasis in Shale 
Hills. Si exhibits chemostasis in Plynlimon and slight dilution in Shale Hills. In 
both Shale Hills and Plynlimon, Cratio values calculated from measurements 
are within the modeled range for Coal Creek. Fe and Mn at Shale Hills exhibit
higher Cratio than other species (e.g., Ca and Si) that exhibit dilution, possibly 
because they complex with DOC, resulting in enriched soil water and thus 
higher Cratio (Herndon et al., 2015a). Plynlimon has a wider range of slope b 
(e.g., Al, DOC, Fe, and Ca) than the modeled range of −0.40 and 0.27 at Coal
Creek, which could be attributed to their specific hydrologic differences.

5 Discussion

5.1 The Conceptual Model

A conceptual model (Figure 12) illustrates the interplay between subsurface 
biogeochemical heterogeneity of the solute sources and temporal variability 
of predominant flow in shaping the C‐Q patterns. Specifically, the hillslope 
view shows the predominance of groundwater under dry conditions and soil 
water under wet (snowmelt) conditions in stream water. Solutes that are 
enriched in shallow soil (red triangle in top left in Figure 12) result in high 
Cratio that lead to a flushing pattern; solutes that are abundant in deeper 
groundwater (blue triangle in top left) are diluted by shallow soil water under
high flow conditions. Generally, biogenic species are abundant in shallow 
soils as they reflect the signature of life. Sources of geogenic solutes, mostly 
unweathered or less weathered rock, are often ample at depth.



Boyer et al. (1997) showed a significant [DOC] difference between upper soil 
(7–46 mg/L) and shallow groundwater (1–8 mg/L) in Deer Creek, CO. 
Hornberger et al. (1994) and Boyer et al. (1996) concluded that the key to 
reproduce a flushing pattern is to constrain a two‐reservoir model with the 
deeper soil reservoir with a lower constant [DOC] (1.2 mg/L) and the upper 
soil reservoir with a much higher [DOC] (5– 35 mg/L), which is in line with our
conceptual figure here. Such hypotheses have also been illustrated to 
explain the flushing behavior of N (Creed et al., 1996; Weiler & McDonnell, 
2006), as well as contrasting C‐Q behaviors of different solutes (Bishop et al.,
2004). These ideas are based on relatively simple conceptual models, and 
they convey a very similar message as what we have here with complex, 
process‐based hydrological and biogeochemical process representation. This 
indicates that the first‐order dynamics can be delineated by representing 
watersheds with shallow and deep compartments and their essential 
biogeochemical gradients along depths.

Equation 3 (and Figure 11) says that C‐Q slopes are determined by 
concentration contrasts between end‐member source waters under different 
flow regimes. The end‐members are the groundwater as the base flow under 
dry times and soil water at high flow. If the end‐member water compositions 



are not “sufficiently” different, chemostasis occurs, as has been widely 
observed for many geogenic species (Godsey et al., 2009). This may be 
because of prevalent sources of geogenic species in many geochemical 
settings. They can dissolve out from clays in weathered shallow soils and 
from minerals in unweathered rocks at depth. The concentrations in the 
shallow soil and groundwater may be different but not sufficiently different to
allow for the emergence of chemodynamic behavior. Li, Bao et al. (2017) 
hypothesized that chemostatic behavior of Cl and Mg arises from 
synchronized changes in dissolution rates and flow with “wetted” mineral 
surface areas being the key connection of the two. In that case, Cratio of Cl 
and Mg were 0.57 and 0.43, respectively, such that the concentration 
differences in soil and groundwater are relatively small. When the dissolution
rates were set to lower values in a sensitivity analysis leading to a lower Csw 
and lower Cratio of 0.23, dilution did occur, which is consistent with the 
conclusions drawn here. Soil water compositions are commonly measured 
because they are more accessible than groundwater. Although groundwater 
has long been recognized as a critical component of the water balance 
(Gurdak, 2017; Taylor et al., 2013), its comparative inaccessibility results in 
much more scarce data sets. This work highlights the importance of 
measuring groundwater chemistry and indicates that they may be inferred 
from stream chemistry at low flow conditions.

5.2 What Determines Thresholds and Limits?

A natural next question is what determines parameters (bmin, bmax, and 
Cratio,1/2) in equation 3? The sensitivity analysis (Figure 8) indicates that 
reaction kinetics and thermodynamics can play a key role in determining 
end‐member concentrations. They allude to the fact that reaction 
characteristics that amplify concentration contrasts between shallow and 
deep zones and lead to more pronounced flushing or dilution behavior. This 
echoes recent findings (Ameli et al., 2017) at the hillslope scale that minerals
with high ratios of equilibrium concentration versus intrinsic weathering rate 
lead to dilution C‐Q patterns because more concentration contrasts can 
develop between shallow and deep zones, whereas smaller ratios drive the 
system toward chemostasis due to low mineral solubility (low equilibrium 
concentrations) and relatively similar concentrations in shallow and deep 
zones). This may explain why TN shows mostly flushing patterns in 
agriculture lands (Basu et al., 2010; Thompson et al., 2011). The dominant 
form of TN in agricultural land, nitrate (NO3

−), is very soluble and dissolves 
very fast in top soils with heavy fertilizer addition such that its concentration 
is often high in shallow soil, leading to high Cratio. TP also mostly shows 
flushing behavior in agriculture lands (King et al., 2015; Vanni et al., 2001). 
This is because P is barely soluble, so TP is dominated by particulate P (PP) 
sorbed on fine particles that are mobilized at higher discharge, leading to 
higher PP in shallow zones. In other words, reaction characteristics that 
amplify the concentration contrasts lead to more dynamic C‐Q patterns. Note



that BioRT‐Flux‐PIHM can be applied to model TP and/or PP by adding a 
sediment species that can complex with dissolved phosphorus.

Chemical and reaction difference alone cannot explain all behavior: NO3
− has

been observed to exhibit all three C‐Q patterns (Abbott et al., 2018; Miller et 
al., 2016). The extent of concentration contrasts in shallow soil and 
groundwater zones also depends upon the subsurface structure and extent 
of connectedness in different zones (e.g., the presence of fractures; Hyer et 
al., 2016). A sharp interface often exists between shallow soil and weathered
regolith with high permeability and porosity contrasts (Welch & Allen, 2014). 
More fractured regolith enables vertical flow from the shallow zone into 
deeper reservoirs, thereby increasing the connectedness and alleviating the 
differences between shallow and deep zones. Generally, lower permeability 
contrasts between reactive and nonreactive zones enhance the similarity of 
water chemistry (Wen & Li, 2017, 2018; Wen et al., 2016). Musolff et al. 
(2017) represented catchment structural heterogeneity as mobile and 
immobile zones and analyzed several solutes in over 61 catchments. Their 
work indicates that weak correlations between structural heterogeneity and 
travel time, or relative similar concentration distributions, lead to 
chemostasis, whereas strong heterogeneity‐travel time correlations lead to 
more dynamic C‐Qs (dilution or flushing). Future work should be directed to 
understand the variables that determine these parameters in equation 3.

5.3 End‐Member Source Waters in the Horizontal Direction

Although different C‐Q patterns in Coal Creek are caused by concentration 
contrasts in the vertical direction (shallow vs. deep), equation 3 can also be 
applied for source zone heterogeneity in the horizontal direction (e.g., valley/
riparian zone vs. uphill). For example, Shale Hills has enriched SOC in swales 
that persistently contribute flow even under dry conditions and low SOC in 
planar slopes and uplands that are only tapped at high discharge (Andrews 
et al., 2011). As a result, their C‐Q shows slight dilution for DOC. In contrast, 
Upper Hafren in Plynlimon has abundant SOC and DOC in upland peats, 
where organic‐rich water only connects to the stream during high discharge 
conditions when the water tables rises sufficiently (Herndon et al., 2015a), 
which aligns well with the analysis here. Similarly, Sullivan et al. (2018) 
found that stronger landscape heterogeneity in headwater catchments 
shows a greater degree of chemodynamic behavior for most geogenic 
species than downstream watersheds.

5.4 Trace Metals and C‐Q Hysteresis

Trace metals have been shown in the literature to form complexes with DOC 
and flush out at high flow. In the seasonally snow‐covered Loch Vale 
watershed (CO), 4 years of stream chemistry data shows that organic 
complexation was likely responsible for the spring flush of trace metals and 
rare earth elements (e.g., Se and La; Shiller, 2010). Trostle et al. (2016) 
indicated that DOC complexation and colloidal transport influenced C‐Q of 
trace metals (e.g., Cu, Mn, and Ti) in Marshall Gulch watershed. McIntosh et 



al. (2017) also attributed the positive C‐Q relationships of Ge, Al, and Mn to 
DOC complexation in the La Jara catchment.

Trace metals exhibit hysteresis that differs from DOC and Na. The early flush 
occurs on the rising limb (Figure 5), suggesting that significant portions of 
snowmelt routed through shallow organic‐rich soils that are close to mine‐
impacted areas (Sphagnum bog at Iron Fen), mobilizing metals as organic‐
metal complexes accumulated during pre‐event months. It is possible that as
flow continues to increase, the reservoir of complexed metals is exhausted 
or meltwater reaches outside of mine‐impacted areas with negligible trace 
metals such that metal concentrations decrease at high discharge. This 
indicates a potentially limited source of metal‐containing zones (Nagorski et 
al., 2003; Roussiez et al., 2013) and/or possible slow dissolution rates that 
limit metal liberation. In fact, a larger hysteretic loop has been shown to 
indicate small storage and thus quick depletion during water flushing (Bowes
et al., 2005). We rarely observed a large hysteresis loop in the 500 runs, 
indicating that the homogeneous representation of the watershed with the 
simple model (two cells + one river) may not capture such dynamics without 
explicit spatial representation of heterogeneity.

6 Conclusions

Understanding concentration‐discharge relationships is essential for 
illuminating processes that govern chemical weathering and biogeochemical 
cycling at the watershed scale. This work tests the hypothesis that 
contrasting C‐Q patterns are shaped by switching predominance of end‐
member source waters in the stream under transient hydrological conditions 
and their water chemistry contrasts arising from subsurface biogeochemical 
heterogeneity. We use data from Coal Creek, a snow‐dominated high 
elevation mountainous watershed in Colorado, and process‐based reactive 
transport modeling (BioRT‐Flu(x‐PIHM). We show that as stream water shifts 
from groundwater‐dominant under dry conditions to soil water‐dominant 
under wet conditions. Concentrations of solutes (e.g., DOC and nutrients) 
that are abundant in shallow soils continue to increase as the water table 
rises and taps the organic‐rich soil water, exhibiting flushing patterns. In 
contrast, for geogenic species (e.g., Na, Ca, and Mg) that are abundant at 
depth, the cation‐rich groundwater that dominates the stream under dry 
conditions becomes diluted by the surging of cation‐poor soil water during 
snowmelt, resulting in the dilution C‐Q pattern. Chemostasis occurs when 
solutes have relatively similar soil water and groundwater concentration 
levels. These combinations are encapsulated in a general relationship 
between slope b and soil versus groundwater concentrations (Cratio = Csw/Cgw):

, where δb is the difference between maximum b (bmax) and 
minimum b (bmin), and Cratio,1/2 is the concentration ratio when b = ½ (bmax + 
bmin). In Coal Creek, bmax = 0.27, bmin = −0.40, δb = 0.67, and Cratio,1/2 = 0.61. 
At Cratio < 0.6, dilution occurs; at Cratio > 1.8, flushing occurs; chemostasis 
happens in between. Disparate C‐Q patterns of 11 different solutes (DOC, 



dissolved phosphorus, NO3
−, K, Si, Ca, Mg, Na, Al, Mn, and Fe) from three 

watersheds (i.e., Coal Creek, Shale Hills, and Plynlimon) under varying 
climate and geologic conditions follow this equation. This indicates the 
essential role of shallow‐deep biogeochemistry contrasts and the 
corresponding water chemistry in shaping C‐Q. The equation may promise 
broad applications for quantifying and predicting C‐Q patterns for a wide 
range of solutes in watersheds of diverse characteristics, although the 
parameters in the equation may vary depending on specific conditions.
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