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Abstract The permeability architecture of the critical zone exerts a major inﬂuence on the
hydrogeochemistry of the critical zone. Water ﬂow path dynamics drive the spatiotemporal pattern of
geochemical evolution and resulting streamﬂow concentration-discharge (C-Q) relation, but these ﬂow
paths are complex and difﬁcult to map quantitatively. Here we couple a new integrated ﬂow and particle
tracking transport model with a general reversible Transition State Theory style dissolution rate law to
explore theoretically how C-Q relations and concentration in the critical zone respond to decline in
saturated hydraulic conductivity (Ks) with soil depth. We do this for a range of ﬂow rates and mineral
reaction kinetics. Our results show that for minerals with a high ratio of equilibrium concentration (Ceq ) to
intrinsic weathering rate (Rmax ), vertical heterogeneity in Ks enhances the gradient of weathering-derived
Ceq
solute concentration in the critical zone and strengthens the inverse stream C-Q relation. As Rmax
decreases,
the spatial distribution of concentration in the critical zone becomes more uniform for a wide range of ﬂow
rates, and stream C-Q relation approaches chemostatic behavior, regardless of the degree of vertical
heterogeneity in Ks. These ﬁndings suggest that the transport-controlled mechanisms in the hillslope can
lead to chemostatic C-Q relations in the stream while the hillslope surface reaction-controlled mechanisms
Ceq
are associated with an inverse stream C-Q relation. In addition, as Rmax
decreases, the concentration in the
critical zone and stream become less dependent on groundwater age (or transit time).

1. Introduction
The stream concentration-discharge (C-Q) relation is a fundamental description of spatiotemporal feedbacks
between hydrological, geochemical, and biological processes in the critical zone [Evans and Davies, 1998;
Herndon et al., 2015]. Nevertheless, it subsumes the process complexities of the critical zone into a measure
of integrated behavior that can readily be used to identify impacts of climate and land-use changes on ecosystem function [Godsey et al., 2009; Ibarra et al., 2016; Manning et al., 2013]. Given the ease of measuring
stream concentration and discharge, it is tempting to infer the interactions among hydrological and geochemical processes such as chemical weathering from the C-Q relation [Anderson et al., 1997; Godsey et al.,
2009]. But the variation in chemistry of stream and critical zone water is a function of the different subsurface ﬂow regimes it contains. Linking these ﬂow regimes and their corresponding transit times (the elapsed
time that particles spend traveling through subsurface) to the internal weathering regime in the critical
zone and ultimately integrated catchment-scale C-Q pattern (and unpacking such relations) is a grand challenge for critical zone science.
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Evans and Davies [1998] and Chanat et al. [2002] suggested that the form and direction of the hysteresis
loop of the stream C-Q relation can aid in estimation of the relative contribution of sources of stream solutes
under different ﬂow regimes and antecedent moisture conditions. Flow rate inﬂuences mixing, source,
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production, and mobilization rate of weathering-derived solutes by altering ﬂow pathlines through soil horizons [Bishop et al., 2004; Herndon et al., 2015]. For example, Anderson et al. [1997] and Anderson and Dietrich
[2001] used detailed measurements of soil water, bedrock water, and stream concentrations during natural
and artiﬁcial precipitation events to show that the relative bedrock and soil contributions to stream concentration of weathering products (i.e., base cations, silica, and alkalinity) varied with stream discharge. They
also showed that both soil and bedrock concentrations were affected by subsurface ﬂow rate; they become
more dilute at high ﬂow and more concentrated at low ﬂow. Neal et al. [1992], McGlynn and McDonnell
[2003], and many others have similarly attributed stream chemistry variations to changes in dominant water
inputs to the stream, from deeper groundwater during base ﬂow to shallower hillslope runoff (e.g., subsurface storm ﬂow [Ameli et al., 2015] and transmissivity feedback [Bishop et al., 2011]) at high ﬂow.
Another factor affecting the relation between primary weathering rates and stream C-Q is groundwater
transit time (or age) which reveals the contact time of water with mineral surfaces in the subsurface. Burns
et al. [1998, 2003] used hillslope-scale measurements of concentration and groundwater age at the Panola
Mountain Research Watershed to show that the concentration of weathering products was positively correlated to groundwater age. More recently, Maher [2010, 2011] used a reactive transport model to suggest
that weathering rates within the critical zone depend strongly on ﬂuid transit time. The age dependency of
the subsurface weathering could justify the widespread observation that stream concentrations of weathering products can decrease with increasing stream discharge (i.e., inverse C-Q relations as shown in, e.g.,
Clow and Drever [1996], Hem [1948], and Johnson et al. [1969]). This could be attributed to the fact that faster
waters with shorter transit times and therefore shorter contact time with minerals are discharged into the
stream with a lower concentration of weathering products [e.g., Anderson et al., 1997; Pilgrim et al., 1979].
While ﬂow path and age provide fundamental insights into the integrated stream C-Q relation, many environments show only slight change in streamﬂow concentration even when stream discharge (and therefore,
presumably, subsurface transit times and pathways) vary considerably. This chemostatic behavior was
described by Godsey et al. [2009] who showed for 59 watersheds in the USA that streams draining volcanic
bedrock had steeper clockwise inverse C-Q relations than sites with carbonate bedrock that showed signiﬁcantly shallower C-Q relations. This was surprising as discharge and mean subsurface transit time (MTT) varied by several orders of magnitude spatially and temporally within each watershed and between
watersheds [Godsey et al., 2009]. Similar chemostatic C-Q behavior has been seen in granitic boreal catchments in permafrost regions of Russia [Zakharova et al., 2005] and many other environments [Ibarra et al.,
2016; Moon et al., 2014; Torres et al., 2015].
So what is the way forward for understanding the links between primary weathering rates, subsurface ﬂow
pathways, transit times, and stream C-Q relations? Perhaps the simplest conceptualization of the solute ﬂux
composition of stream water is that this ﬂux is the average of the solute composition along different shallow and deep ﬂow pathlines discharged into the stream [Maher and Druhan, 2014]. The wide range of transit times along these ﬂow pathlines comprises the catchment transit time distribution (TTD). The TTD thus
contains information about the variation of contact time between water particles and mineral surfaces
along different pathlines. The subsurface ﬂow pathline distribution, together with the TTD, is themselves a
complex measure of subsurface macroheterogeneity and microheterogeneity [Ameli et al., 2016a, 2016b;
Davies and Beven, 2015; Kirchner, 2016a] that inﬂuence weathering regimes in the critical zone as well as the
stream C-Q relation [Anderson et al., 1997; Herndon et al., 2015].
But the ‘‘weathering’’ that the TTD and subsurface ﬂow pathlines may inﬂuence is an exquisitely complex
set of processes in its own right. To begin with, different minerals react at different rates toward different
equilibrium concentrations with a given set of conditions (e.g., pH, redox, temperature, and solute concentrations). In addition to weathering kinetics, reactive surface area can dramatically vary with depth with less
surface area in shallower weathered zones compared to deeper unweathered rock [White et al., 2008, 2009].
Furthermore, the products of primary weathering can then form secondary minerals that have their own set
of reactions [Zhu, 2005].
The aforementioned processes take place in a ﬂow system traversing landscapes at velocities that vary in
time and space as governed by the structure of the pore space in response to driving forces such as precipitation and evapotranspiration. Weathering rates of some minerals (e.g., carbonate) may be fast enough that
the time to equilibrium with the ﬂuid is much shorter than the transit time of water particles in some or all
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of the landscape, such that some or all of the ﬂuid is effectively near equilibrium. On the other hand, some
silicate minerals have much slower weathering rates, with a time to chemical equilibrium that can be longer
than the mean transit time [Godsey et al., 2009]. Given the complexities of how weathering within the landscape is expressed in the stream C-Q relation, we need to explore ‘‘speciﬁc hypotheses’’ of how subsurface
hydrology interacts with minerals to inﬂuence chemical evolution within the critical zone and the resulting
patterns of solute concentration in stream runoff. But as yet, our ﬁeld measurement technology does not
often allow us to test such hypotheses directly.
Here we use a 2-D subsurface-stream ﬂow and transport model to explore theoretically how subsurface
ﬂow rate, ﬂow pathline, and transit times control the weathering rate of the primary mineral in the critical
zone and ultimately the stream concentration of weathering products. Our work builds on the hydrological
model developed in Ameli et al. [2016a] and tested in Ameli et al. [2016b], where we integrated saturatedunsaturated ﬂow and particle tracking transport models in hillslopes with exponential vertical decline in saturated hydraulic conductivity (Ks). This permeability pattern is typical in forested till catchments, where the
distribution of weathering and the transfer of weathering products to the stream may be strongly inﬂuenced by how ﬂow pathline dynamics are inﬂuenced by the characteristic architecture of soil permeability.
Soil permeability can decline rapidly with depth, forcing much of the lateral ﬂow closer to the soil surface.
Our physically based model is able to explicitly track particles and determine their concentrations, pathlines,
and transit time distributions in the critical zone and stream as well as the young water fraction in streamﬂow (as deﬁned recently by Kirchner [2016a] and Jasechko et al. [2016]) under steady state assumptions. We
now link the model with a general reversible Transition State Theory style (TST-style) weathering dissolution
rate law to explore how the subsurface conductivity proﬁle (represent here by vertical exponential decline
in Ks), water ﬂow rates, pathlines, transit times, and primary mineral weathering properties (e.g., intrinsic
weathering rate and weathering equilibrium concentration) interact to generate distinct weathering
regimes in the critical zone and ultimately different C-Q-relations in the stream. The weathering regime is
€hler number (deﬁned as the ratio between mean transit time and time to
characterized using the Damko
chemical equilibrium [e.g., Johnson and DePaolo, 1994; Lebedeva et al., 2007]) to determine the shift
between transport-control and surface reaction-control on weathering in the critical zone.
It is important to note that the simple particle tracking based hydrogeochemical approach used here cannot be considered a full geochemical treatment [cf. Atchley et al., 2014] that takes into account factors such
as the impact of reactive surface area and the vertical mineral gradients that develop over time. Instead, our
work advances understanding of the controls created by the primary weathering of minerals as one component of the complete ‘‘picture.’’ Our work responds to calls made by McDonnell and Beven [2014] for a model
that differentiates ﬂow velocities, celerities, and transit times. Most importantly, our work responds to calls
made by Godsey et al. [2009] and Maher and Druhan [2014] for an internally consistent model of hydrology,
chemical weathering, and transport, with the ability to consider geomorphic features including soil depth
and saturated hydraulic conductivity patterns, pathlines, and transit times in both saturated and unsaturated domains, as well as mineral reaction kinetics to explore controls on chemical evolution in the critical
zone.
We ask the following questions:
1. How does the subsurface conductivity proﬁle interact with different mineral reaction (and solubility)
kinetics to inﬂuence the hillslope-scale distribution of weathering-derived solute concentrations, time to
€hler number?
chemical equilibrium, and the Damko
2. How do different weathering regimes in the critical zone (i.e., transport-controlled versus surface reaction-controlled) lead to different stream C-Q relations?
3. What are the combinations of mineral reaction kinetics and subsurface conductivity proﬁles that result in
inverse and chemostatic C-Q relations in streams?
4. To what extent do stream C-Q relations and hillslope concentration depend on particle transit times?

2. Methods
We extended the integrated steady state ﬂow and random walk particle tracking model developed in Ameli
et al. [2016a] (brieﬂy explained here in section 2.1 and Appendix A) to take into account chemical evolution
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along subsurface ﬂow pathlines (section 2.2). The hydrological and geochemical properties of the hypothetical hillslope used in our theoretical experiment are also explained in section 2.3.
2.1. Flow and Particle Tracking Transport Model
The mathematical formulation used in the model to calculate the maps of hydraulic head and velocity in both
saturated and unsaturated zones are explained in Appendix A. Once the maps of velocity are calculated, the following equation is used to describe the step of a water particle (p) in the random walk particle tracking method:
in the unsaturated zone : xpk 5 xpk21 1 ðVuxr Þkp Dt & zpk 5 zpk21 1 ðVuzr Þkp Dt
in the saturated zone :

xpk 5 xpk21 1ðVsxr Þkp Dt & zpk 5 zpk21 1 ðVszr Þkp Dt

(1a)
(1b)

where xpk and zpk are the position of the particle (p) at the kth time step. For each particle (p) and each time
step (k), Vuxr and Vuzr denote random numbers drawn from an exponential distribution with a mean of Vux
and Vuz , respectively. Vux and Vuz (equation (A5)) are unsaturated zone mean pore water velocities in x and z
directions for each particle at each time step. These are calculated throughout the unsaturated hillslope
using the semianalytical physically based approach (Appendix A). Similarly, Vsxr and Vszr denote random
numbers drawn from an exponential distribution with a mean of Vsx and Vsz , respectively; where Vsx and Vsz
(equation (A6)) are saturated zone mean pore water velocities in x and z directions at each particle and
each time step. A small value of time difference between time steps (Dt5 0:001 d) was assumed for all
examples solved in this paper to ensure precise calculation of particles locations and their concentration
evolution.
It is important to note that the application of an exponential distribution in the random walk particle tracking approach, rather than the commonly used Gaussian distribution, aims to provide for a higher probability
of a particle being in a relatively slow pathway as well as some local preferential ﬂow [see also Davies et al.,
2011; Davies et al., 2013]. Velocities are assumed to be independent between time steps, which means that
the integral or Lagrangian velocities
over longer pathlines will tend toward
a Gaussian distribution. All particles
were initially released at evenly spaced
locations (with an increment of 25 cm
at a total of 560 locations) along the
topographic surface and ultimately discharged into the stream as schematically shown in Figure 1. The transit
time of each water particle is the
time that the particle spends traveling
through the subsurface from when it is
released along the topographic surface
to when it discharges into the stream.
For a given steady state discharge (Q),
time-invariant transit time distribution
(TTD), and mean transit time (MTT) are
thus the probability density function
Figure 1. Hypothetical hillslope geometry of exponential decline in saturated
and average of transit times of all 560
hydraulic conductivity (Ks (m/d)) with depth (color map shows the Ks pattern). The
water particles discharged into the
stream is located at x 5 0 (white gap). The value of a (the parameter of the expostream, respectively.
nential relationship between Ks with soil depth) was assumed as 2 (1/m) and Ks0
(the saturated hydraulic conductivity along the topographic surface) was assumed
as 100 m/d in this example. This ﬁgure also shows the conceptual schematic of
chemical ﬂow evaluation along three hypothetical ﬂow pathlines in the hillslope.
In this conceptualization, each particle (p) enters the hillslope with a known initial
concentration (Cp0 ) of weathering-derived products (small circle). The concentration
of weathering products of each particle along its ﬂow pathline increases (particle
becomes larger in this schematic) until the equilibrium concentration (Ceq) with
the mineral is reached (the largest circle). In this conceptual schematic, only particles that traverse deep low-permeable (and potentially unweathered) rock
reaches equilibrium before it enters the stream.
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weathering products along the ﬂow pathlines increase until the equilibrium concentration (at a given set of
temperature and pH) with the mineral is reached [Drever, 1988; Maher and Chamberlain, 2014]. A similar particle tracking algorithm has been recently coupled to numerical ﬂow models (e.g., ParFlow) to explore reactive
transport in groundwater systems [e.g., Atchley et al., 2014; Cui et al., 2014; Siirila and Maxwell, 2012]. Of course
this mechanism is only one of many processes affecting chemical evolution along the ﬂow pathlines, which
include ionic exchange, complexation with DOC and reactive gases, as well as precipitation of secondary
phases [Brantley et al., 2011; Drever, 1994; Gaillardet et al., 2011; Oliva et al., 1999]. The evolution of chemical
weathering concentration (C) for each particle p and at each time step k (i.e., Cpk ) can be calculated as


Cpk 5 Cp0 1 R Cpk21 Dt
(2)
where R(C) refers to the dissolution rate and cp0 is the initial concentration at the land surface. An identical
initial concentration of 1028 (mol/L) was assumed for the all particles in examples solved in this paper. R is
determined through Transition State Theory style dissolution rate law as discussed in section 2.3.2. Figure 1
schematically shows that how the concentration of each particle increases as it moves toward the stream;
albeit the rate of the increase varies depending upon the particle pathways and locations as well as concentration. The stream concentration (CR), for a given steady state ﬂow rate (Q), is the average concentrations
of all 560 particles discharged into the stream. The time and length that 560 particles spend on average to
reach chemical equilibrium (i.e., particle concentration becomes equal to equilibrium concentration—Ceq)
before being discharged into the stream is also calculated to estimate the time to equilibrium (Teq) and
length to equilibrium (Leq) for each example; albeit only particles reaching chemical equilibrium before
being discharged are considered in this calculation.
2.3. Hillslope Hypothetical Properties
Figure 1 depicts the general schematic of a shallow 2-D hillslope located in the vicinity of a water course
(i.e., stream), used here to perform theoretical experiments on how subsurface hydrology interacts with
mineral reaction kinetics and inﬂuences chemical weathering in the critical zone to ultimately yield stream
C-Q relations.
2.3.1. Hillslope Description and Hydrological Properties
Two hypothetical patterns of exponential decline in Ks with soil depth were assumed—a 5 2 [1/m] (Figure 1)
and a 5 0, where a refers to the parameter of the exponential relationship between Ks with soil depth. The former case refers to a heterogeneous hillslope of rapidly declining Ks with depth and the latter case refers to a
homogeneous hillslope. The average Ks throughout the hillslope was held constant in both cases to facilitate
a focus on the inﬂuence of the rate of exponential decline in Ks with depth. Thus, while a Ks0 (saturated
hydraulic conductivity along the topographic surface) of 100 m/d was assumed for the heterogeneous case
with a 5 2 (Figure 1), a uniform Ks of 20 m/d (average Ks of the former case throughout the hillslope) was considered throughout the hillslope for the homogeneous case with a 5 0. A porosity-depth relationship of hs
ðx; zÞ50:49e0:26ðz2Z t Þ was also assumed for both cases. Gardner [1958] unsaturated parameters characterizing
the hydraulic conductivity in the unsaturated zones were also assumed as b51 (1/m) and ue 50.05 m (equation (A1)). Five discharge (Q) rates of 0.2, 0.5, 0.8, 1, and 2 mm/d were also considered for our theoretical
experiments. The assumed geometry of the hillslope, discharge rates, and material properties are consistent
with the properties of the widely studied S-Transect hillslope within the Krycklan till-mantled watershed in the
boreal zone of Sweden’s forest landscape where till-mantled watersheds have Ks values that can be hypothesized to decay exponentially with depth at an exponential rate of up to a 5 4 (1/m) [Ameli et al., 2016b; Bishop
et al., 2011]. The assumed steady state discharge rates also span the range between the 10th percentile
(0.2 mm/d) and 90th percentile (2 mm/d) observed daily discharge at the S-Transect during the 30 year period
from 1980 to 2010.
2.3.2. Geochemical Properties
The mineral dissolution rate depends on several factors, where pH and temperature are generally thought
to be the most important as they can cause dissolution rates to vary by several orders of magnitudes [Hellmann, 1994; Sverdrup, 1990]. Concentrations of aluminum [Oelkers et al., 1994], base cations [Oelkers and
Schott, 2001], organic acids [Drever and Stillings, 1997], and carbon dioxide pressure [Golubev et al., 2005]
have also been shown to affect dissolution rates. However, most mineral dissolution experiments have
been conducted at far-from-equilibrium conditions, and often at extreme pH-values and high temperatures.
Mineral dissolution at ﬁeld conditions is considerably slower and the behavior near equilibrium is uncertain.
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In chemical weathering models, the Transition State Theory style (TST-style) relationship [Eyring, 1935] is
often employed to describe mineral dissolution characteristics from far- to very close-to-equilibrium [Godderis et al., 2006; Lasaga, 2014; Lasaga and Kirkpatrick, 1981; Maher et al., 2009; Oelkers et al., 1994; Palandri
and Kharaka, 2004]. This approach suggests that far from equilibrium (where the concentration is close to
zero) the mineral dissolution rate is almost unaffected by the aqueous concentration, but ultimately
decreases abruptly when the ﬂuid concentration of the weathering product approaches the close vicinity of
the equilibrium concentration. This could also of course vary in different parts of the pore space structure
(and thus leads to local concentration gradients), but such differences are necessarily assumed negligible
here. The general reversible form of the TST-style relationship between dissolution rate and saturation state
can then be given by


C b
RðcÞ5Rmax 12
(3)
Ceq
where Rmax is the maximum or intrinsic (laboratory) dissolution rate, Ceq refers to the equilibrium concentration of ﬂuid in contact with the mineral, and b is a constant that determines the shape of the TST-style relationship as well as the concentration at which the dissolution rate decreases abruptly.
Here we considered ﬁve hypothetical minerals through the implementation of different Rmax and Ceq values in TST-style relationships with an identical b equal to 0.1 (Figure 2). Intrinsic weathering rate (Rmax ) of
minerals increases among M1, Mb, and M2 with an identical equilibrium concentration (Ceq ); thus the ratio
Ceq
of Rmax
, which is known as the mineral theoretical time to equilibrium, decreases. On the other hand, Ceq
Ceq
Ceq
decreases among M3, Mb, and M4 with an identical Rmax and thus the ratio of Rmax
decreases. The Rmax
of the
selected hypothetical minerals with a range from 357 day to 14 day can span the weathering kinetics of
Ceq
Ceq
the minerals used in other studies such as Rmax
146 d in Maher and Druhan [2014] and Rmax
74 d in
Maher [2011]. Furthermore, these hypothetical mineral weathering characteristics can span approximately
realistic geochemical behavior for a wide range of silicate and phosphate minerals under various pH and
temperature conditions at the S-Transect hillslope [Erlandsson et al., 2016]. For example, within the STransect hillslope, Ceq can vary between 1 3 1026 (mol/L) (which is the K-concentration of where Kfeldspar reaches equilibrium) and 1 3 1024 (mol/L) (which is the Ca-concentration at 10 m depth where
some minerals are close to saturated conditions). Note that these two elements (Ca and K) deﬁne the
range for major weathering products at the hillslope. In the same hillslope, the largest ﬂux from a single
mineral was reported as 1.4 3 1027 (mol/L/d) which is the calculated (modeled) ﬂux of base cation
release through plagioclase dissolution.

Figure 2. General reversible Transition State Theory style (TST-style) function used to characterize the relation between dissolution rate (RÞ
and concentration (C) for ﬁve theoretical minerals (Mb, M1, M2, M3, M4). (a) Minerals Mb, M1, and M2 with identical Ceq but different Rmax .
Ceq
is known as the mineral theoretical time to equilibrium
(b) Minerals Mb, M3, and M4 with identical Rmax but different Ceq . The ratio of Rmax
which decreases among M1, Mb, and M2 as well as among M3, Mb, and M4.
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3. Results
3.1. Subsurface Flow Pathline and Transit Time Distribution
As a (the parameter of exponential decline in ks with depth) increases, deep and shallow subsurface
pathlines lessen and increase, respectively, for the wide range of subsurface ﬂow rates considered here
(Figure 3). The proportion of fast-arrival waters discharged into the stream also increases as a increases
(Figure 3—inset). Furthermore, the simulated ratio of unsaturated zone mean transit time to saturated zone
mean transit time (su=s ) decreases. These ﬁndings can be attributed to the fact that the water table (green
lines in Figure 3) rises nearer to the ground surface where saturated hydraulic conductivity is relatively
higher for the case with a 5 2 (and Ks0 5 100 m/d) than the more homogeneous subsurface with a 5 0 (and
Ks0 5 20 m/d). This rise in the water table (and thus decline in the unsaturated zone thickness) can also be
inferred from the decrease in average depth to water table (parameter d in Figure 3).
3.2. Stream Concentration-Discharge Relation
Stream concentrations for ﬁve hypothetical minerals (Mb, M1, M2, M3, M4) and two different exponential
rates (a 5 2 and a 5 0) of exponential decline in Ks with soil depth are calculated for a range of ﬂow rates.
Ceq
The mineral’s ratio of Rmax
decreases among M1, Mb, and M2 as well as among M3, Mb, and M4; among the
former group of minerals Ceq is constant but Rmax increases, and for the latter group of minerals Ceq
decreases but Rmax is constant (Figure 2). The concentrations discharged into the stream are also subdivided

Figure 3. Subsurface ﬂow pathlines (blue lines), water table location (green line), and Transit Time Distribution (q-probability density function of transit times as shown in inset) for two
hypothetical rates of exponential decline in saturated hydraulic conductivity, one where a 5 2 (left) and the other where a 5 0 (right). Of the ﬁve streamﬂow (discharge) rates considered
in this paper, only two are shown here (maximum and minimum rates) for both values of a: (a) Q 5 2 mm/d; and (b) Q 5 0.2 mm/d. s0 (day) represents mean transit time and su=s refers
to the ratio between mean transit time in the unsaturated zone and the saturated zone. Probability density function (q) corresponding to small transit times (s) depicts the proportion of
fast-arrival waters discharged into the stream. Parameter ‘‘d’’ refers to the average depth to the water table (or average unsaturated zone thickness). Only 18 of all ﬂow pathlines were
shown.
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Figure 4. Simulated stream concentration-discharge relation (concentration is normalized with respect to the mineral Ceq , log-log scale)
for two different exponential rates (a) of exponential decline in saturated hydraulic conductivity with soil depth and for ﬁve theoretical
Ceq
decreases among M1, Mb, and M2 and
minerals. Stream normalized CRn-Q relation for (a) minerals M1, Mb, and M2 where the mineral’s Rmax
Ceq
decreases among M3, Mb, and M4. The parameter S (values in the parenthesis) refers to
(b) minerals M3, Mb, and M4 where mineral’s Rmax
the slope of the best ﬁt inverse clockwise power-law line (linear in Log-Log scale) to CRn-Q relation.

into two classes: (1) concentration of young waters (CRY) that is the average concentration of particles with an age
<3 months and (2) concentration of old water (COY) that is the average concentration of particles with an age >3
months. The 3 months age threshold to distinguish young water from old water was recently introduced by Kirchner [2016a]. Stream total concentration (CR) is the average concentration of all 560 particles discharged into the
stream at a given steady state ﬂow rate. For the sake of simplicity of comparison, all types of stream concentrations are normalized (subscript (n)) with respect to the equilibrium concentration of each mineral (Figure 4).
A more heterogeneous subsurface with a larger parameter (a) of vertical exponential decline in Ks enhances
the inverse relation between normalized stream concentration (CRn) and discharge (Q) (Figure 4). Note that
the slope (S) of best ﬁt inverse clockwise power-law line to CRn-Q relation reveals the level of inverse relation
between stream concentration and discharge. In addition, the inverse CRn-Q relation becomes stronger (S
Ceq
becomes larger) as the regolith’s Rmax
increases, regardless of whether Rmax decreases (among M2, Mb, M1
minerals in Figure 4a) or Ceq increases (among M4, Mb, M3 minerals in Figure 4b). Note that results clearly
show that CRn-Q relation cannot exactly embrace a power-law shape (i.e., linear relation in Log-Log scale).
This is consistent with the assumption of the model used here that stream concentration cannot exceed
equilibrium concentration (Ceq ) for a range of streamﬂows including stream low ﬂow.
C

eq
results in a larger likelihood of chemostatic behavior regardOn the other hand, a decrease in regolith’s Rmax
less of the degree of heterogeneity in the vertical pattern of Ks. For example, for the minerals with the lowCeq
est Rmax
(i.e., M2 and M4), the stream concentration only slightly declines as stream discharge changes from
low ﬂow to high ﬂow conditions with an almost chemostatic CRn-Q relation (s) for both homogeneous and
heterogeneous hillslopes.

The concentrations in the younger (CRY ) and older (CRO ) components of stream discharge suggest that for
all ﬁve minerals the concentration in young water declines relative to the concentration in old water as ﬂow
rate increases, with a more pronounced (nonlinear) decline in the heterogeneous subsurface with a 5 2
compared to the homogeneous one with a 5 0 (Figures 5a and 5b). Although for the low ﬂow, the proporRY
tion of stream young water to old water concentration (CCRO
) in the heterogeneous domain is larger comRY
pared to the homogeneous domain, as ﬂow rate increases, CCRO
in the heterogeneous domain approaches
the homogeneous one. This ﬁnding can be attributed to a larger difference between su=s (ratio of unsaturated zone to saturated zone mean transit time) in heterogeneous and homogeneous domains for low ﬂow
conditions (Figure 3b) compared to the difference between su=s in heterogeneous and homogeneous
Ceq
domains for high ﬂow conditions (Figure 3a). In addition, Figures 5a and 5b show that as the regolith’s Rmax
decreases (e.g., from M1 to M2 and from M3 to M4), the concentrations in the younger stream component
(CRY ) approaches the concentration of the older stream component (CRO ).
The relation between normalized stream concentration CRn and MTT (corresponding to the ﬁve ﬂow discharge rates considered here) is also explored (Figures 5c and 5d). As the mineral Rmax increases or Ceq
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Figure 5. Relation between stream concentration and age of water for different exponential rates (a) of exponential decline in saturated
hydraulic conductivity with soil depth, ﬁve theoretical minerals (Mb, M1, M2, M3, M4) and ﬁve steady state discharges (as well as their corresponding mean transit time-MTT). The proportion of average concentration of particles with ages <3 months (CRY) relative to average concentration of particles with ages >3 months (CRO) discharged into the stream for (a) minerals M1, Mb, and M2 where intrinsic weathering
rate (Rmax ) of minerals increases among M1, Mb, and M2 with an identical equilibrium concentration (Ceq ), and (b) minerals M3, Mb, and M4
where Ceq of minerals decreases among M3, Mb, and M4 with an identical Rmax . Relation between stream normalized concentration (CRn)
Ceq
decreases among M1, Mb, and M2 as
and hillslope MTT for (c) minerals M1, Mb, and M2, and (d) minerals M3, Mb, and M4. The regolith’s Rmax
well as among M3, Mb, and M4.
C

eq
decreases (or in general Rmax
decreases), the widely accepted positive correlation between hillslope MTT and
stream concentration of weathering products is weakened because the concentration along a ﬂow pathline
approaches the equilibrium concentration faster. Once equilibrium is reached, more time in the catchment
will not generate greater concentrations. In addition, almost similar values of stream concentration can be
obtained while hillslope conductivity proﬁle and MTT changes considerably. For example, for the Mb mineral (black dot and black cross), an almost identical normalized stream concentration of 0.52 occurred
between homogeneous and heterogeneous Ks patterns, while MTT was 55 days within the former and 116
days within the latter domains (Q was equal to 2 mm/d for both cases).

3.3. Hillslope Internal Weathering Characteristics
3.3.1 Spatial Characteristic of Weathering
The spatial distribution of concentration of weathering products throughout the hillslope depends upon
the subsurface conductivity proﬁle as well as the mineral reaction kinetics and solubility (Figure 6). A smaller
Ceq
mineral Rmax
results in equilibrium being reached closer to the land surface. This is clear for mineral M2 which
has a larger Rmax compared to M1 and mineral M4 which has a smaller Ceq compared to M3. In addition, concentration gradients throughout the hillslope can be signiﬁcantly enhanced by rapid exponential decline in
Ceq
Ks (larger a). This is more pronounced for the mineral with the largest Rmax
(M1 and M3). For minerals M1 and
M3 and within the hillslope with a homogeneous Ks pattern (Figure 6b), no part of the hillslope reaches
equilibrium condition at high ﬂow (Q 5 2 mm/d). Note that the spatial distribution of different minerals
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Figure 6. Spatial distribution of ﬂuid concentration (Cn) (normalized with respect to the mineral Ceq ) for four minerals (M1, M2, M3, M4) in
response to high ﬂow conditions, and the spatial distribution of particle residence times throughout the hillslope (Tt) in response to high
ﬂow conditions (last row). Residence time is the time which elapses between when a particle enters the soil at the land surface and when
it reaches a given point within the hillslope. (a) Heterogeneous saturated hydraulic conductivity vertical pattern (a 5 2). (b) Homogeneous
saturated hydraulic conductivity pattern (a 5 0). Only minerals with the two extreme weathering characteristics with regard to
Ceq
). The behavior of mineral Mb falls between these pairs of extremes.
Rmax (M1, M2) and Ceq (M3, M4) are shown (i.e., largest and smallest Rmax

with different weathering characteristics within the hillslope could also impact the spatial distribution of
weathering, but assessment of this factor is beyond the scope of this paper.
In addition, mineral reaction kinetics and ﬂow rates impact the length (Leq) that particles travel on average
before reaching chemical equilibrium with the mineral (Figures 7e and 7f). As ﬂow rate increases, water parCeq
ticles travel longer paths on average before reaching chemical equilibrium. Regolith with a larger Rmax
also
leads to a longer particle travel lengths on average before equilibrium is reached.
3.3.2 Temporal Characteristics of Weathering
Three factors affect the average time that it takes for particles to reach chemical equilibrium with the mineral (Teq) (Figures 7a and 7b): (1) the exponential decline in Ks, with a smaller value of a parameter (less heterogeneous subsurface) resulting in equilibrium being reached faster; (2) the weathering reaction kinetics of
Ceq
the regolith with smaller Rmax
resulting in equilibrium being reached faster; and (3) ﬂow rate, with an increase
in ﬂow rate the equilibrium is reached more rapidly. It is important to note that the calculated time to equilibrium (Teq) is signiﬁcantly higher than widely used mineral theoretical time to equilibrium which is
Ceq
assumed to be equal to Rmax
(shown for each mineral by dashed lines in Figures 7a and 7b). Albeit, for each
mineral the calculated time to equilibrium begins to approach the theoretical one as the hillslope vertical
heterogeneity in Ks pattern decreases and/or ﬂow rate increases.
€hler number (Da5 MTT
An increase in the rate of vertical decline in Ks increases the Damko
Teq ) (Figures 7c and
7d). This can be attributed to a larger increase in MTT (due to a longer old tale of TTD as shown in Figure 3)
compared to Teq (Figures 7a and 7b) as vertical heterogeneity in Ks increases. The mineral reaction kinetic
€hler number, with a smaller RCeq resulting in a larger Damko
€hler number. An increase
also impacts the Damko
max
€hler number regardless of the regolith conductivity proﬁle and minerin ﬂow rate also decreases the Damko
€hler number deﬁnition, as the Damko
€hler number
al reaction kinetic. Note that based on the Damko
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Figure 7. Hillslope average weathering characteristic versus ﬂow rates for different exponential rates (a) of exponential decline in saturated hydraulic conductivity with soil depth and ﬁve theoretical minerals (Mb, M1, M2, M3, M4). Hillslope time to equilibrium (Teq) for (a) minerCeq
Ceq
decreases among M1, Mb, and M2 and (b) minerals M3, Mb, and M4 where the mineral’s Rmax
als M1, Mb, and M2 where the mineral’s Rmax
decreases among M3, Mb, and M4. The dashed color (consistent with the mineral color) lines refer to the mineral theoretical time to equilibCeq
. The hillslope Damk€
ohler number (Da5 MTT
rium which is assumed to be equal to Rmax
Teq ) for (c) minerals M1, Mb, and M2 and (d) minerals M3,
Mb, and M4. Blue line refers to Da 5 1 (the threshold between transport-controlled and surface reaction-controlled weathering regimes).
Hillslope length to equilibrium (Leq) for (e) minerals M1, Mb, and M2 and (f) minerals M3, Mb, and M4. Within the homogeneous hillslope
(a 5 0) and at high ﬂow (Q 5 2 mm/d), the chemical equilibrium condition is not reached for M1 and M3 minerals, and therefore the corresponding Teq, Leq, and Da number are not shown.

decreases, the regolith weathering regime approaches surface reaction-controlled (rather than transportcontrolled) conditions.
3.3.3 Concentration-Residence Time Relations
Here we explore to what extent the water particle concentration within the hillslope can be related to the
time (or residence time) that has elapsed since the particle entered the soil at the land surface (Figure 8).
The Pearson correlation coefﬁcient between concentration and residence time (qC2T ) throughout the hillslope becomes less strong as the rate of vertical exponential decline in Ks increases. The mineral with a
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Figure 8. Pearson correlation coefﬁcient between concentration and water residence time (qC-T) for ﬁve minerals (Mb, M1, M2, M3, M4), at
streamﬂow rates varying from low ﬂow to high ﬂow and two saturated hydraulic conductivity vertical patterns (a 5 0 and a 5 2). CorrelaCeq
decreases among M1, Mb, and M2 and (b) minerals M3, Mb, and M4
tion coefﬁcients for (a) minerals M1, Mb, and M2 where the mineral’s Rmax
Ceq
where the mineral’s Rmax
decreases among M3, Mb, and M4. Residence time is the time which elapses between when a particle enters the
soil at the land surface and when it reaches a given point within the hillslope. The calculated correlations are obtained from pairs of simulated concentration-residence time at 12,000 uniformly spaced points within the hillslope.
Ceq
Rmax (e.g., M2 and M4) also shows lower qC2T throughout the hillslope
Ceq
. These ﬁndings are further supported by the distribution of residence
larger Rmax

small

compared to the minerals with
time and concentration through-

out the hillslope shown in Figure 6. For both homogeneous and heterogeneous hillslopes, the spatial pattern of
concentration becomes more similar to the spatial pattern of particle residence times (Tt) as

Ceq
Rmax

increases;

albeit, this pattern is more pronounced for homogeneous hillslope compared to the heterogeneous one. The
correlation between concentration and residence time within the hillslope is also enhanced with increasing
the ﬂow rate regardless of the regolith’s conductivity proﬁle and weathering reaction kinetics (Figure 8).

4. Discussion
Past studies have developed catchment-based chemical weathering models such as WITCH [Godderis et al.,
2006], and soil proﬁle chemical weathering models such as PROFILE [Sverdrup and Warfvinge, 1993]. All
have sought to account for the processes controlling weathering characteristics, including ionic exchange,
complexation with DOC, and precipitation of secondary phases. However, to date, representation of the
subsurface vertical heterogeneity of the hydrological properties in the critical zone and their corresponding
inﬂuence on ﬂow pathlines and transit time distributions at different ﬂow rates has not yet been examined
in most current models of subsurface chemical weathering [Maher and Druhan, 2014].
Many investigations of weathering in the critical zone have focused on the unsaturated zone since gradients in water composition and mineral depletion are strongest in this zone, along with root uptake (there
are some exceptions, such as Rempe and Dietrich [2014] and Anderson et al. [1997]). On the other hand,
hydrologists that connect the catchment to stream discharge often focus on the saturated zone, as the
unsaturated zone is often not an important source of stream discharge, particularly where steady or
pseudo-steady ﬂow conditions can be assumed. The simple hydrogeochemical model presented here (or
the one offered by Maher and Druhan [2014]) provides an opportunity to build the dialogue between
hydrologists and geochemists to advance the understanding of the feedbacks between hydrology and geochemistry in real-world catchments.
4.1. Simple Models to Explore Complex Behavior
This paper used a simpliﬁed catchment system to explore the interaction of ﬂow pathlines, transit times
and primary weathering characteristics together with the associated stream C-Q relations for weathering
products. The starting point was an extension of the recently proposed integrated ﬂow and transport
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saturated-unsaturated model by Ameli et al. [2016a] to take weathering into account. This grid-free hydrological model has the ability to characterize time-invariant subsurface ﬂow pathlines and transit time along
these pathlines for subsurface ﬂow rates and different degrees of exponential decline in saturated hydraulic
conductivity (Ks) with depth. Recently, Ameli et al. [2016b] showed the importance of this decline in Ks for
ﬂow patterns and associated transit time distributions through catchments. Here we have coupled this
semianalytical hydrological model with a general reversible TST-style rate law approach. This enables a theoretical exploration of the impact of the interaction between subsurface vertical heterogeneity in Ks, ﬂow
rate, and primary mineral weathering reaction kinetics on weathering evolution in the critical zone and the
stream C-Q relations that this would produce. In reality, a host of other factors including pH, temperature,
soil CO2 pressure, DOC concentration, secondary mineral formation, and biological uptake will also affect
chemical weathering evolution in the critical zone as well as the stream C-Q relation [Drever, 1994; Kim
et al., 2014; Oelkers, 2001; Oliva et al., 1999; Sverdrup, 1990; White and Brantley, 1995]. However, the beneﬁt
of the proposed approach is the characterization of the interaction between subsurface hydrology and primary mineral reaction kinetic in a theoretical system, prior to considering other mechanisms in more complex models or in real systems.
4.1.1. Stream C-Q Relation
Vertical heterogeneity in hillslope conductivity is found to steepen the inverse relation between stream conCeq
centration and discharge. This is most accentuated for minerals with a large Rmax
. As mineral Rmax increases
and/or Ceq decreases, vertical heterogeneity in Ks becomes a less important control, and the stream C-Q
relation approaches chemostatic behavior. The mineral weathering reaction kinetic, ﬂow rate, and Ks vertical
heterogeneity also interact to change the average time (Teq ) and length (Leq ) at which chemical equilibrium
is reached within the hillslope (Figure 7).
As ﬂow rate increases, the weathering-derived concentration in young shallow waters that are discharged
rapidly into the stream decreases. This leads to a stronger dilution of deeper high-concentration contributions by shallower low-concentration contributions as ﬂow rates increase. An increase in Rmax and/or
Ceq
decrease in Ceq (or in general decrease in Rmax
) of mineral dissolution rate reduces the degree to which
increased young water at high ﬂow dilutes the concentration of the runoff water, since the concentration of
the weathering product is almost identical in young and old waters (Figures 5a and 5b). This ﬁnding is
important as recent global observations suggest that a large portion of global streamﬂow is less than 3
months old [Jasechko et al., 2016]. Thus, as ﬂow increases, diluted concentrations of weathering-derived
Ceq
products in streamﬂow may be expected in catchments with minerals that have a high ratio of Rmax
such as
some silicate minerals (in circumneutral or at near-neutral pH) compared to the catchments with minerals
Ceq
that have a low ratio of Rmax
such as carbonate which typically shows chemostatic behavior.
4.1.2. Internal Weathering Regime Within the Hillslope
The developed model was able to explicitly calculate mean transit time (MTT) of water particles discharged
into the stream as well as the average time (Teq ) at which chemical equilibrium is reached. Note that the former metric is often implicitly calculated using stream-rainfall tracer concentrations in hydrology [e.g.,
Ceq
McGuire and McDonnell, 2006], and the latter is often assumed as equal to Rmax
in geochemistry [e.g., Maher
MTT
€hler numbers (Da 5 T ) thus could explicitly be calculated for each theoretand Chamberlain, 2014]. Damko
eq
ical example presented here. Results suggest that vertical heterogeneity in Ks increases the Da. Da < 1 imply
a surface reaction-controlled weathering condition within the hillslope, where ﬂuid concentration is (on
average) far enough from equilibrium with the mineral and mineral surfaces are available for further chemical weathering [Maher, 2010]. In contrast, Da  1 suggests a transport-controlled weathering regime, where
the ﬂuid is (on average) approaching chemical equilibrium with the mineral, and only the removal of weathering products by aqueous transport can result in a departure from near thermodynamic equilibrium. But
how are different weathering regimes in the hillslope linked to stream C-Q relations?
C

eq
For theoretical mineral M3 (the mineral with the largest Rmax
), Da is much less than 1 for a range of ﬂow rates,
which implies a surface reaction-controlled weathering condition in the hillslope and leads to a strong
inverse relation in the stream C-Q (compare Figures 4b and 7d). Indeed, as ﬂow rate increases, the hillslope
weathering condition moves from moderately (Da < 1) to strongly (Da  1) surface reaction-controlled,
Ceq
which leads to a decrease in the concentration in the stream. Similarly, minerals M1 and Mb with a large Rmax
Ceq
of 285 d and moderate Rmax of 71 d reveal strong (based on large best ﬁt inverse power-law slope) inverse
C-Q relation and moderate inverse C-Q relation, respectively; this can also be attributed to the hillslope
internal weathering regimes with Da < 1 for a range of ﬂow rates. On the other hand, for M2 and M4
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C

eq
(minerals with the smallest Rmax
), Da numbers are close to 1 and larger for the range of ﬂow rates considered.
As ﬂow rate increases, the weathering condition in the hillslope moves from more strongly transport-controlled (Da1) to moderately transport-controlled (Da>1). This variation in hillslope internal weathering
characteristic, however, results in only slight variation in stream concentration for a wide ranges of ﬂow rate
(compare Figures 4a and 4b and 7c and 7d). For M2 and M4, an increase in ﬂow rate can decrease MTT and
thus the Da number, but it leads to only slight variation in the concentration in the stream as ﬂuid is effectively always near equilibrium when discharged into the stream (i.e., small Teq regardless of ﬂow rate).

Exponential decline in Ks can enhance the concentration gradient within the hillslope for M1 and M3 (the
Ceq
minerals with the largest Rmax
) (Figure 6). Further comparison between the spatial distribution of weathering
product concentrations within the hillslope (Figure 6a) and the stream C-Q relation (Figures 4a and 4b) suggests that nonchemostatic stream concentration can result from stronger spatial heterogeneity in hillslope
concentrations. Alternatively, chemostatic stream concentrations may result from a smaller concentration
gradient within the hillslope. In the latter case, the subsurface conductivity proﬁle (in terms of how Ks
changes with depth) and the associated spatial and temporal patterns of water movement have small
effects on the concentrations of weathering products within the hillslope and the subsequent stream C-Q
relations. For this condition, simple displacement hydrogeochemical models might sufﬁciently predict
stream C-Q relations [e.g., Robson et al., 1992]. These ﬁndings are supported by large-scale measurements
of concentration of weathering-derived products within the critical zone and stream performed by Herndon
et al. [2015].
4.1.3. Theoretical Versus Calculated Time to Equilibrium
Explicit calculation of time to equilibrium (Teq) suggests that Teq is signiﬁcantly larger than the theoretical
Ceq
time to equilibrium assumed to be equal to mineral Rmax
. The latter has been widely used as a proxy for time
to equilibrium in geochemistry [e.g., Maher and Chamberlain, 2014]. Time to equilibrium, however, begins
Ceq
to approach Rmax
as ﬂow rate increases and/or vertical heterogeneity in hillslope conductivity decreases (FigCeq
ures 7a and b). Our results also show that as Rmax
increases the stream C-Q varies from chemostatic to an
inverse relation. Thus, theoretical time to equilibrium can be a useful measure for comparing stream C-Q
Ceq
relations across different landscapes. Furthermore, as mineral Rmax
decreases, the inﬂuence of the MTT on
stream concentrations of weathering products decreases. This implies that MTT is not always a reliable predictor of stream concentrations of weathered-derived products.
4.2. Needs for Future Research
Our purely theoretical model demonstrated how the interaction between hillslope conductivity proﬁle and
mineral weathering reaction kinetics inﬂuence the spatial and temporal distribution of ﬂuid concentrations
in the saturated and unsaturated zones, as well as the stream C-Q relations of weathering products in the
absence of other processes. Of course, the mineralogy in catchments is much more complex than in this
demonstration, with a mixture of many fast-dissolving and slow-dissolving minerals, differing in the parameters n, Rmax, and Ceq (see equation (3)). For example, in our demonstrations, mineral M3 had the highest
Ceq, and took the longest time to reach its saturation state. If mineral M2, with the highest Rmax, was also
present, mineral M3 would have reached equilibrium much faster. In addition, while Ceq is an inherent property of the mineral, the Rmax can be viewed as the product between the speciﬁc dissolution rate and the
reactive surface area; commonly, the more reactive minerals are also less abundant, because they have simply dissolved during soil development. The dissolution of one mineral may then affect the dissolution of
others, as a fast-dissolving mineral will release more weathering products that inhibit the dissolution of
slow-weathering minerals. Different ions can also display different stream C-Q relations for the same sites
[Ledesma et al., 2013], which may be a consequence of the fact that Na1-bearing and K1-bearing minerals
tend to dissolve more slowly than Ca21-bearing and Mg21-bearing minerals [Sverdrup, 1990]. Lateral variations in saturated hydraulic conductivity, local scale heterogeneities in chemical characteristics in different
parts of the pore space may also complicate the actual distribution of weathering rates and weathering
product concentrations in space and time [e.g., Neal et al., 1992; Stonestrom et al., 1998].
Here we have chosen an idealized representation of the hillslope, where the dissolution rate at far-fromequilibrium conditions is represented by a plateau. In reality, there are other factors controlling mineral dissolution rates aside from the chemical afﬁnity (i.e., distance to equilibrium). The most inﬂuential factors in a
hillslope are likely to be the reactive surface area and pH. The surface area of reactive minerals tends to
decrease with depth, which will cause the net dissolution rates to decrease. pH tends to increase with
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increasing water transit time, which will cause a decrease in dissolution rates for most minerals. Thus, net
dissolution rates would probably not be constant with increasing transit time, but instead display a gently
decreasing slope. However, for the purpose of illustrating how mineral dissolution kinetics can inﬂuence instream patterns of water chemistry, these simpliﬁcations are justiﬁed. A natural next step would be to go
from theoretical demonstrations to using real data and more complex 3-D models that seek to account for
more of the fundamental processes [cf. Ibarra et al., 2016]. This would involve testing models against
observed stream C-Q relations of weathering-derived elements in the critical zone and streams. It would
also involve using the observed mineralogy together with dissolution rate laws based on empirical observations and associated processes under more realistic modeling assumptions.
Of course, future modeling-observation experiments require dynamic integrated ﬂow and weathering transport models to take into account the association between time-variant transit times [e.g., Botter, 2012; Harman, 2015; Heidb€
uchel et al., 2013; Kirchner, 2016b; Velde et al., 2012] and transient stream concentrations as
the hillslopes wets and dries. Anderson et al. [1997] as well as other classic ﬁeld studies [e.g., Miller and
Drever, 1977; Walling and Foster, 1975] clearly demonstrated a transient increase in weathering-derived
stream concentration at the beginning of a ﬂow event (i.e., during the rising limb of the stream hydrograph). Neal and Kirchner [2000] and Kirchner et al. [2000] also depicted the presence of a strong transiency
in the stream concentration of weathering-derived constituents within the Plynlimon catchment based on
daily to weekly stream chemistry measurements. The steady state condition, however, is still a necessary
assumption for most chemical weathering models, including the one used in this paper. While these kind of
models may still be valid for the simulation of reactive solute transport farther away from the soil surface
[e.g., Destouni, 1991] and for the simulation of long-term chemical behavior of catchments with little seasonality [e.g., Botter et al., 2010], simulation of short-term storm dynamics on stream concentration will
require a model with the ability to take into account the mixing and displacement of both fast ﬂow pathways and stored old waters at event timescales. This can be accomplished through coupling an appropriate
dissolution rate law approach with fully dynamic integrated subsurface ﬂow and particle movement
approaches such as MIPS [Davies et al., 2011, 2013] or a transient version of the present semianalytical
solution.
Lastly, our intention with this paper was to identify the controls created by the primary weathering of
minerals as one component of the complete ‘‘picture.’’ It is unclear whether there actually exists any true
equilibrium for dissolution of primary minerals in catchments as the dissolution of most primary minerals
is an irreversible process at low temperatures [Sverdrup, 1990]. However, it is undisputed that mineral
dissolution is signiﬁcantly inhibited by high concentrations of weathering products (which is captured by
the simple model used in this study, although the exact shape of the dissolution rate-function dependence near equilibrium is not known). Furthermore, it is clear that the relation between subsurface
conductivity proﬁle, transit time, and the primary weathering characteristics gives rise to distinct stream
C-Q-relations.

5. Conclusion
We coupled a novel integrated saturated-unsaturated ﬂow and particle tracking transport model with the
Transition State Theory style dissolution rate law approach to theoretically explore the impact of the interaction between vertical heterogeneity in saturated hydraulic conductivity (Ks), mineral weathering reaction
kinetics, and ﬂow rate on chemical weathering evolution in the critical zone and stream concentration-discharge relations. Subsurface vertical heterogeneity in Ks pattern augments heterogeneity in the distribution
of ﬂuid concentration in the critical zone as well as contributes to an inverse clockwise C-Q relation in the
Ceq
stream. However, as the ratio of mineral equilibrium concentration to intrinsic weathering rate (Rmax
)
decreases, the stream C-Q relation approaches an approximate chemostatic behavior, regardless of the
degree of subsurface vertical heterogeneity in the Ks pattern. The vertical heterogeneity in Ks pattern also
Ceq
affects chemical equilibrium time and length, but this effect declines as the mineral Rmax
decreases. Stream
Ceq
concentration also becomes less dependent on time-invariant mean transit time again as the mineral Rmax
decreases.
Our ﬁndings, despite the simpliﬁcations employed, can help to improve the understanding of the potential
consequences of future climatic and land use variations on hillslope and stream concentrations of
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weathering-derived products in catchments with different substrate heterogeneity. Future research will be
needed to couple the current theoretical approach with realistic subsurface mineralogy as well as detailed
concentrations of weathered-derived products in streams. Such integration will help to answer questions
about the validity and applicability of dissolution rate law approaches under different hydrological and subsurface conductivity proﬁle scenarios.

Appendix A: Semianalytical Series Solution for Saturated-Unsaturated Flow
Ameli et al. [2016a] have shown that the series solution to the unsaturated ﬂow governing equation with
no-ﬂow conditions along the sides of the unsaturated domain and exponentially depth decaying saturated
hydraulic conductivity with soil depth (Ks 5Ks0 eaðz2zt Þ ) can be calculated in terms of Kirchhoff potential (/u )
as
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The series solution for the saturated moisture movement with exponentially depth decaying saturated
hydraulic conductivity with soil depth (Ks 5Ks0 eaðz2zt Þ ) can also be calculated in terms of discharge potential
function (/s ðx; z Þ) as
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sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2ﬃ

2ﬃ
2a
1
2np
2a
1
2np
cn 5
1
a 21
2
a 21
; c n 5
2
2
L
2
2
L
where /s ðx; zÞ5Ks0 hs ðx; z Þ
In equations (A1) and (A2), hs [L] refers to the total hydraulic head, u (x, z) represents suction pressure head
[L], L is aquifer length, Ks0 [LT21] refers to the saturated hydraulic conductivity along the topographic surface (zt ðx ÞÞ, a is the parameter of the exponential relationship between saturated hydraulic conductivity
with soil depth, b and ue denote the sorptive numbers of the Gardner’s constitutive function [Gardner,
1958] used in this paper to characterize the u-Ks relationship in the unsaturated zone. In the above equations, additionally, m and n are the coefﬁcient index, and A0 ; Am , Bm , C0 Cn , and Dn refer to the
unknown series coefﬁcients associated with the mth and nth coefﬁcient indices, respectively. In addition, M
and N are the total number of terms in the series solutions to the unsaturated and saturated ﬂow governing
equations, respectively. The unknown series solution coefﬁcients (A0 ; Am , Bm , C0 Cn , Dn ) for equations
(A1) and (A2) were calculated by enforcing the boundary conditions at the top and the bottom of saturated
and unsaturated zones using a least square scheme. The a priori unknown location of water table was also
calculated using a robust iterative scheme. We refer the readers to Ameli et al. [2016a] for a detailed discussion of the mathematical formulation of saturated and unsaturated governing equations, series solution
method, boundary conditions, least square scheme used to enforce boundary conditions, and iterative algorithm used to determine the a priori unknown location of water table.
The calculated Kirchhoff potential function (equation (A1)) and discharge potential function (equation (A2))
in the unsaturated and saturated zones, respectively, can be used to determine continuous maps of DarcyBuckingham ﬂuxes in the unsaturated zone (qux ðx; z Þ and quz ðx; z )), and Darcy ﬂuxes throughout the
entire saturated zone (qsx ðx; zÞ and qsz ðx; z)) as


d/u ðx; z Þ
d/u ðx; z Þ
qux ðx; z Þ5eaðz2zt Þ
(A3)
and quz ðx; z Þ5 eaðz2zt Þ
1 b/u ðx; z Þ
dx
dz
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d/s ðx; z Þ
d/ ðx; z Þ
and qsz ðx; z Þ5eaðz2zt Þ s
dx
dz

(A4)

Continuous ﬁelds of pore water velocity in the unsaturated and saturated zones and in both x and y directions are then calculated as
Vux ðx; z Þ5

qux ðx; z Þ
and Vuz ðx; z Þ 5
hu ðx; z Þ

quz ðx; z Þ
hu ðx; z Þ

(A5)

Vsx ðx; z Þ5

qsx ðx; z Þ
and Vsz ðx; z Þ 5
hs ðx; z Þ

qsz ðx; z Þ
hs ðx; z Þ

(A6)

In equations (A5) and (A6), the unsaturated moisture content ðhu ) is obtained based on both the suction
e
pressure head (u) and soil depth at each location ðhu ðx; z; uÞ5hs0 ðx; zÞ eîðz2zt Þ eðb ðu2u ÞÞ ). In addition,
the saturated moisture content (hs ) is assumed to be equal to the porosity and is obtained as a function of
soil depth hs ðx; zÞ5hs0 ðx; zÞ eîðz2zt ðxÞÞ .
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