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Abstract Model development in hydrology and geochemistry has been advancing separately with
limited integration. We developed a watershed hydrogeochemical code RT-Flux-PIHM to understand
complex interactions between hydrological processes (PIHM), land-surface processes (FLUX—Noah Land
Surface Model), and multicomponent subsurface reactive transport (RT). The RT module simulates
geochemical processes including aqueous complexation, surface complexation, mineral dissolution and
precipitation, and cation exchange. The RT module is verified against the widely used reactive transport
code CrunchFlow. The code uses semidiscrete finite volume method and irregular gridding and offers data
harvesting capabilities from national databases. The application of RT-Flux-PIHM is demonstrated in the Sus-
quehanna Shale Hills Critical Zone Observatory (SSHCZO). We aim to understand key processes that govern
hydrogeochemical dynamics of the nonreactive chloride and reactive magnesium. Simulation results indi-
cate that watershed characteristics, in particular topography, dictate the spatial distributions of water con-
tent and soil dissolution rates. Ion exchange provides buffering capacities and leads to a hysteresis loop of
concentration and discharge relationship of magnesium, which differs from the open hysteresis of chloride.
RT-Flux-PIHM offers physics-based modeling capabilities to integrate the vast amount of water and chemis-
try data that have now become available, to differentiate the relative importance of competing processes,
and to test hypotheses at the interface of hydrology and geochemistry.

1. Introduction

Hydrological and geochemical process dynamics at the watershed scale are complex. Land-surface process-
es partition energy while surface hydrological processes partition rainwater into atmosphere, plants, surface
water, and subsurface reservoirs (soil and aquifer) [Brooks et al., 2015; Montanari et al., 2015]. Water drives
abiotic reactions including mineral dissolution and precipitation, surface and aqueous complexation, as well
as biotic reactions such as soil carbon and nutrient decomposition. The interactions between hydrological
and geochemical processes modify water chemistry, and therefore have profound impacts on water quality
[Craig et al., 2010; Kirchner and Neal, 2013], chemical weathering [Gaillardet et al., 1999; Navarre-Sitchler and
Brantley, 2007; White, 1995], and biogeochemical cycling [Boyer et al., 1997; Kump et al., 2000]. Understand-
ing complex interactions between water, energy, and fluxes at the watershed scale requires an integrated
framework across disciplinary boundaries of hydrology and geochemistry [Duffy et al., 2014].

Existing studies and model developments however are often fragmented within distinct disciplinary bound-
aries. In the geochemistry community, multicomponent Reactive Transport Models (RTMs) originated in the
1980s [Chapman, 1982; Chapman et al., 1982]. RTMs integrate flow and solute transport and biogeochemical
reactions including mineral dissolution and precipitation, ion exchange, surface complexation, as well as
microbe-mediated redox reactions, biomass growth and decay. RTMs solve partial differential equations
coupling flow and transport within a full geochemical thermodynamic and kinetic framework [Steefel et al.,
2015], therefore enabling explicit tracing of spatial and temporal evolution of multiple geochemical species
in fluid and solid phases [Li et al., 2017a]. Built upon the theoretical and computational foundation of reac-
tion thermodynamics and kinetics [Helgeson et al., 1984a; Lasaga, 1981; Lichtner, 1985, 1988], RTM develop-
ment took gigantic strides in the 1990s showcasing the extensive use of RTM codes in the past decades
[Bethke, 1996; Hammond et al., 2014; Lichtner et al., 1996; Mayer et al., 2002; Ortoleva et al., 1987; Steefel and
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Lasaga, 1994; Van Cappellen and Wang, 1996; White and Oostrom, 2000; Xu et al., 1999; Yeh and Tripathi,
1989].

RTMs have been utilized as integration and interpretation tools in a diverse array of subsurface environments
involving porous and fractured media [Li et al., 2017b; MacQuarrie and Mayer, 2005; Steefel et al., 2005;
Prommer et al., 2003]. RTMs have been applied to understand processes relevant to chemical weathering [Bol-
ton et al., 1996; Brantley and Lebedeva, 2011; Maher et al., 2009; Moore et al., 2012], biogeochemical cycling in
marine sediments [Dale et al., 2008; Krumins et al., 2013; Regnier et al., 1997], environmentally bioremediation
[Druhan et al., 2012; Li et al., 2010], natural attenuation [Liu et al., 2008; Mayer et al., 2001], geological carbon
sequestration [Brunet et al., 2016; Navarre-Sitchler et al., 2013; Xu et al., 2003; Zhang et al., 2013], nuclear waste
storage [Saunders and Toran, 1995; Soler and Mader, 2005], and energy production [Audigane et al., 2007; Qiao
et al., 2015]. RTM studies have so far mostly been applied at the spatial scales of pores at microns [Fang et al.,
2011; Kang et al., 2006; Li et al., 2006, 2008; Molins et al., 2014; Scheibe et al., 2015], to columns at tens of centi-
meters [Liu et al., 2013; Salehikhoo and Li, 2015], and to field scales at tens of meters with the capability of
explicitly taking into account subsurface spatial heterogeneity [Bao et al., 2014; Yabusaki et al., 2011]. Only
until recently have subsurface reactive transport processes started to be simulated at the watershed scale and
beyond [Beaulieu et al., 2011; Beisman et al., 2015; Navarre-Sitchler et al., 2013; Yeh et al., 2006]. Regional scale
RTMs have been linked to global vegetation models to understand the role of climate change in controlling
weathering over periods of 108 to 103 years [Godderis et al., 2006; Godd�eris et al., 2013; Roelandt et al., 2010].

The hydrology community, on the other hand, has utilized distributed models for about five decades to
understand hydrological processes including precipitation, infiltration, runoff, surface and subsurface water

Figure 1. A schematic representation of processes in RT-Flux-PIHM. Flux-PIHM simulates the hydrological and land-surface dynamics (pre-
cipitation, canopy interception, infiltration, recharge, overland flow, subsurface lateral flow, river flow, and surface energy balance) at the
watershed scale using the semidiscrete finite volume method. The RT module takes the water output from Flux-PIHM and simulates multi-
component reactive transport processes for the spatiotemporal evolution of chemical species in the water phase. The discretized mesh
structure for the Susquehanna Shale Hills Critical Zone Observatory (SSHCZO) is depicted here. Geochemical processes in the RT module
include mineral dissolution and precipitation, ion exchange, surface complexation, aqueous complexation, among others.
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interactions, snow melting, and river hydrodynamics in a spatially explicit manner [Abbott et al., 1979; Beven,
1989; Freeze and Harlan, 1969; Gan et al., 2006; James, 1972; Jarboe and Haan, 1974; Kumar et al., 2009;
McDonnell et al., 2007; Qu and Duffy, 2007; Quinn et al., 1991; Refsgaard and Storm, 1995; Shen and Phaniku-
mar, 2010; Therrien et al., 2010; VanderKwaak and Loague, 2001]. The recent introduction of land-surface pro-
cesses into hydrological models marks a new advance toward more accurate representation of surface
energy balance [Maxwell and Miller, 2005; Shi et al., 2013]. Solute and water quality models have been devel-
oped as add-on modules to hydrological models to understand environmental impacts of contaminants
[Arnold et al., 1998; Donigian et al., 1995; Santhi et al., 2001]. These modules however often use empirical
and simplified relationships and do not incorporate physics-based multicomponent reaction networks and
rigorous thermodynamics and kinetics representations [Davison et al., 2014].

Although model development within distinct disciplines has advanced significantly, limited integration
across hydrology and geochemistry has impeded our ability to understand and predict watershed hydro-
geochemical processes and to address relevant environmental problems [Grimm et al., 2003]. For example,
efforts of understanding watershed hydrogeochemical dynamics date back to more than half a century ago
in understanding stream chemistry (Cl) from the Hubbard Brook forest in New Hampshire [Johnson et al.,
1969]. More than three decades later, we are still grappling with the hydrogeochemical Double Paradox of
rapidly mobilized old water with highly variable responses in stream chemistry under changing hydrological
conditions [Bishop et al., 2004; Godsey et al., 2009; Kirchner, 2003]. Here we develop a multicomponent reac-
tive transport module (RT) to integrate into Flux-PIHM [Shi et al., 2013], the distributed hydrologic model
Penn State Integrated Hydrological Model (PIHM) [Qu and Duffy, 2007] with a land-surface module adapted
from the Noah Land Surface Model (LSM) (Figure 1). RT-Flux-PIHM offers capabilities to integrate data, pro-
cess, and system complexities, to elucidate controls of watershed dynamics, as well as to carry out virtual
experiments for projection into the future. This paper primarily focuses on model development; a compan-
ion paper focuses on the application of the model in Susquehanna Shale Hills Critical Zone Observatory to
understand concentration-discharge relationships [Li et al., 2017].

2. RT-Flux-PIHM

2.1. Model Structure Overview
RT-Flux-PIHM contains three modules: the Noah LSM, PIHM, and RT (Figure 2). The Flux-PIHM modules were
developed in previous work [Shi et al., 2013]; the new addition in this work is the multicomponent reactive
transport module RT. The Noah LSM is the land-surface module that solves surface energy balance [Chen
and Dudhia, 2001; Shi et al., 2013]. It simulates surface heat fluxes (sensible, latent, and ground heat fluxes),
canopy water balance, internal soil heat and moisture fluxes, and snow processes. When coupled with
PIHM, the model output of net precipitation, soil evaporation, and transpiration from Noah LSM feed into
PIHM for the calculation of surface and groundwater interactions (surface runoff, infiltration, recharge, sub-
surface lateral flow, channel routing) (Figure 1). The RT module uses calculated water distribution and flow
rates from Flux-PIHM and solves advection dispersion reaction (ADR) equations for the spatiotemporal

Figure 2. A schematic representation of input, output, and process coupling in RT-Flux-PIHM. The Flux-PIHM module solves the hydrologi-
cal and land-surface dynamics and is two-way coupled. The RT module reads flow and water distribution calculated from Flux-PIHM speci-
fies initial and boundary chemistry of water and solid phases and calculates the spatiotemporal evolution of aqueous and solid phase
composition based on hydrological conditions and geochemical thermodynamics and kinetics.
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evolution of aqueous and solid phase composition. The RT module is therefore driven by the water calcula-
tion in Flux-PIHM. Alterations in aqueous and mineralogical composition are assumed to have negligible
impacts on hydrological processes at the time scale of months to years. The RT module can be run after the
entire Flux-PIHM simulation is finished. It can also be run after specified time steps of Flux-PIHM. The first
mode is computationally more efficient. The second mode would facilitate calibration of the integrated
model to both physical and geochemical observations.

The connection between the three modules is the water content. As discussed in Shi et al. [2013], the ability
of simulating surface energy balance in PIHM improves the prediction of water fluxes, including evapotrans-
piration, total runoff (discharge), and peak discharge events especially after extended dry periods. Model
results from Flux-PIHM reveal that the position of water table, especially near the stream, is strongly corre-
lated to average sensible and latent heat fluxes. These insights cannot be obtained through PIHM or Noah
LSM alone. Accurate estimation for water fluxes and content is also important in simulating geochemical
processes, the driver of which is often the infiltration of fresh rainwater at disequilibrium with soil minerals,
as will be discussed later.

The coupling strategy maintains mass balance in surface and subsurface processes for water and chemical
species. Momentum is conserved in subsurface processes where Darcy’s law or Richards equation governs
flow dynamics. In surface hydrological processes, momentum is not strictly conserved [Qu and Duffy, 2007].
Energy balance is achieved in the soil up to 200 cm deep by considering the vertical heat conduction within
each prismatic element. RT-Flux-PIHM discretizes the simulation domain into unstructured prismatic ele-
ments, which allows accurate and flexible representation of watershed topography and boundaries.
Detailed processes and equations of Flux-PIHM are in literature [Qu and Duffy, 2007; Shi et al., 2013]. Here
we briefly discuss governing equations in RT-Flux-PIHM.

2.2. The Noah Land-Surface Module
The Noah LSM in Flux-PIHM has undergone extensive testing and has been implemented into mesoscale
atmospheric models [Boone et al., 2004; Ek et al., 2003; Xia et al., 2012]. It captures diel and seasonal varia-
tions in surface heat fluxes and land-surface temperature with relatively few parameters. The Noah LSM sol-
ves water content and temperature of one canopy layer and several soil layers. The volumetric soil moisture
equations in the Noah LSM are adapted to allow coupling with PIHM. The soil water retention model, the
canopy water capacity formulation, and the canopy drip rate formulation in the Noah LSM are replaced by
the PIHM formulations in the coupled land-surface scheme. Here we focus on presenting governing equa-
tions for soil temperature and moisture that are more relevant to RT. Details of the coupling between the
Noah LSM and PIHM are in literature [Shi et al., 2013].

The prismatic volume of each PIHM grid is divided into four soil layers depending on the depth of the prism.
From the ground surface to the lower boundary of the subsurface (‘‘bedrock’’), the standard thicknesses of
the top four soil layers are 0.1, 0.3, 0.6, and 1.0 m, respectively, as in the Noah LSM. If the bedrock depth is
less than 2 m, the number of soil layers and the thickness of the lowest layer are adapted to match the
depth of bedrock. If the bedrock depth is larger than 2 m, additional soil thickness is added as needed to
the bottom of the soil layer.

The Noah LSM solves the soil temperature at the four soil layers in each prismatic finite volume:

CðHÞ @Ts
@t

5
@

@z
KtðHÞ @Ts

@z

� �
; (1)

where H is the volumetric soil water content (volume of soil water per volume of soil) (m3 m23), Ts is
the soil temperature (K), and z is the depth of soil (m). The volumetric heat capacity C (J m23 K21) and ther-
mal conductivity Kt (W m21 K21) are functions of soil water content and the heat capacity of water, soil,
and air.

The Richards equation calculates the volumetric soil water content in different layers. The soil layers
below the water table are set to be saturated, thus only the layers above the water table are calculated.
The groundwater recharge rate is calculated in PIHM. For the soil water content in the top soil layer,
we have

Water Resources Research 10.1002/2016WR018934

BAO ET AL. DEVELOPMENT OF RT-FLUX-PIHM 4



dz1
@H1

@t
52D1

@H
@z

� �
z1

2Kz11I2Esoil2Et1; (2a)

for the bottom soil layer J above the water table,

dzJ
@HJ

@t
5DJ

@H
@z

� �
zJ21

1KzJ212R2EtJ; (2b)

and for the layer j in between,

dzj
@Hj

@t
5Dj21

@H
@z

� �
zj21

2Dj
@H
@z

� �
zj

1Kzj212Kzj2Etj; (2c)

where dzj is the thickness of the jth soil layer; K (5K 3 dz/dz) is the hydraulic conductivity; D is the soil water
diffusivity; Esoil is the soil evaporation; Etj represents the canopy transpiration by roots in the jth layer; I is the
infiltration; and R is the groundwater recharge. Both I and R are calculated in PIHM, which provide more
realistic estimation than the original LSM. On the other hand, the Noah LSM evapotranspiration formulation
provides more realistic calculation of transpiration from the rooting zone (Etj).

2.3. The Hydrological Module PIHM
PIHM solves for five unknowns that describe water storage (m3/m2) in each prismatic element: above-
ground storage in vegetation canopy, snow, and ground surface (water on land surface that forms overland
flow), and belowground storage in unsaturated and saturated zones [Zhang et al., 2016]. Each storage vol-
ume is normalized by the base land-surface area of the prismatic element. The total depth of the subsurface
is from the ground surface (upper subsurface boundary) to the impermeable bedrock (lower subsurface
boundary). The depths of unsaturated and saturated zones are not prescribed and are calculated during the
simulation. PIHM is essentially a 2.5-D model with full discretization in the x and y directions and coarse dis-
cretization in the z direction with ground surface, unsaturated, and saturated zones. Layered subsurface
structure has been added to other modules of PIHM [Kumar et al., 2009].

As discussed in PIHM papers [Qu and Duffy, 2007; Zhang et al., 2016], the semidiscrete finite volume method
is applied to the partial differential forms of governing equations by integrating the equations over a three-
dimensional control volume, thereby converting them to ordinary differential equations (ODEs) of individual
prismatic elements. The local systems of ODEs are assembled to form a global ODE system, which is then
solved by an ODE implicit solver. Here we present the semidiscrete form of the equations for water storage
above ground, unsaturated zone, and saturated zone. The land-area normalized surface water storage in
element i depends on flow rates in and out of the element (all with subscript i) in the following semidiscrete
form:

dhs;i
dt

5pnet;i2Ii2Esoil;i2
XNi;3

j51;Ni;1

qs;ij; (3)

where hs is the water storage above the land surface. The rates of net precipitation, i.e., precipitation not
intercepted by canopy (pnet), infiltration from land surface to unsaturated zone (I), evaporation from soil
(Esoil), and lateral surface flow from element i to j (qs,ij) are all normalized by the base area of the finite vol-
ume [m3/(m2 s)]. Ni,1�3 is the index of the neighboring elements of i. The flux rates pnet and Esoil are comput-
ed in the land-surface module (Noah LSM) while qs,ij is calculated based on a diffusion wave approximation
of the 2-D St. Venant equation [Gottardi and Venutelli, 1993]. The surface water determines the amount of
overland flow.

Land-area normalized water storages in the unsaturated and saturated zones of element i are calculated as
follows:

h
dhu;i
dt

5Ii2Ri2Esoil;i2Et;i ; (4)
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h
dhg;i
dt

5Ri2qbedrock;i2
XNi;3

j5Ni;1

qg;ij; (5)

where hu and hg are the water storages in the unsaturated and saturated zones (ground water), respectively;
h is the porosity (m3 pore space/m3 porous medium); R is the recharge rate from unsaturated zone into the
saturated zone; Et is the canopy transpiration from unsaturated zone; qbedrock is downward flow rate into
bedrock [m3/(m2 s)]; qg,ij is lateral flow rate [m3/(m2 s)] from element i to j in the saturated zone, which is cal-
culated using Darcy’s law. The soil evaporation term Esoil is subtracted from surface water if surface water is
present (equation (3)). Otherwise, it will be taken from the unsaturated zone.

Flux-PIHM assumes a zero flux boundary condition at the bedrock. By doing so, the model is most suitable
for calculating shallow soil water that directly interacts with the surface water. Additional deeper groundwa-
ter layer however can be added for deeper aquifers by assuming nonzero qbedrock in equation (5). Recharge
and infiltration are calculated based on steady state Richards equation [Duffy, 2004]. An integration over the
unsaturated zone using the van Genuchten type soil retention characteristic is used to simplify the calcula-
tion of recharge and infiltration [Qu and Duffy, 2007; Van Genuchten, 1980]. Macropores (vertical and hori-
zontal) are represented from the land surface to a predefined macropore depth [Beven and Germann, 1982;
Shi et al., 2013].

In the unsaturated zone, lateral flow rates are assumed to be zero and only vertical flow occurs, a common
assumption for the unsaturated zone [Zhu et al., 2012]. The division between the unsaturated and saturated
zones represents hydrological dynamics in the soil layer where water is sufficient to form lateral flow into
the stream. Within each element, the saturated and unsaturated zones are divided by the water table.
Because the position of the water table varies in time and space, so are the thicknesses of the saturated and
unsaturated zones. Note that this shallow groundwater flow in soil zone is called ‘‘groundwater’’ in PIHM lit-
erature [Duffy et al., 2009; Kumar et al., 2009; Li and Duffy, 2012; Qu and Duffy, 2007]. It is however different
from the regional groundwater reservoirs in the deeper subsurface.

2.4. The Reactive Transport Module RT
Reactive transport equations. Reactive transport codes solve mass conservation equations for chemical
species that are involved in chemical and biological reactions in the subsurface [Steefel et al., 2014].
Chemical reactions include equilibrium-controlled and kinetic-controlled reactions. Equilibrium-
controlled fast reactions include aqueous complexation, ion exchange and surface complexation, while
kinetic-controlled reactions typically include mineral dissolution and precipitation and redox reactions.
This leads to the partition into primary (basis) species that are the building blocks of chemical systems
and secondary species whose concentrations can be calculated from concentrations of primary species
using laws of mass action for equilibrium-controlled reactions [Lichtner, 1985]. The RT module considers
advective, dispersive/diffusive transport, and geochemical reactions using the finite volume method [Xu
et al., 2006].

Following the classic reactive transport formulation, the RT module considers advective, dispersive/diffusive
transport, and geochemical reactions using the finite volume method [Xu et al., 2006]. The advection disper-
sion reaction (ADR) equations are written for primary species (basis set) [Lichtner, 1996; Steefel and Lasaga,
1994; Yeh and Tripathi, 1989]. An example partial differential equation (PDE) is shown here for one of the pri-
mary species m:

@ðSwhCmÞ
@t

5r � DrCm2uCmð Þ1rm1ssm; m51; np (6)

where Sw is the water saturation (m3 water/m3 pore space); Cm is the aqueous concentration of m (mol/m3

water); D is the dispersion/diffusion tensor (m2/s); u is the Darcian flux (m3/m2/s); rm is the total rate of
kinetically controlled reactions that involve m [mol/(m3 s)]; ssm is the additional net sources/sinks [mol/
(m3 s)], which can include chemical species entering or leaving a finite volume through rainfall, dust
deposition, and snowfall. Applying the semidiscrete approach by integrating over a three-dimensional
control volume, the following ODE form of equation (6) is obtained for the prismatic element i:
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Vi
dðSw;ihiCm;iÞ

dt
5
XNi;x

j5Ni;1

AijDij
Cm;j2Cm;i

lij
2qijCm;j

� �
1Rm;i1SSm;i; (7)

where Vi is total volume of the element i; Ni,x is the index of elements sharing surfaces with element i; the
value of x is 2 for unsaturated zone (infiltration, recharge) and is 4 for saturated zone (recharge plus three
lateral flow directions), respectively; Aij is the grid interface area shared by element i and its neighbor ele-
ment j; Dij is the norm (m2/s) of combined dispersion/diffusion tensor normal to the shared surface Aij; lij is
the distance between the center of the element i and its neighbor elements j; qij is the flow rate across
shared surfaces Aij (m

3/s), which includes the right hand side terms in equations (3–5): lateral flow rates,
recharge rate and infiltration rate; Rm,i is the total rate of kinetic-controlled reactions that involve m (mol/s);
SSm,i is the additional total net sources (mol/s). The term VihiSw,i represents the total water volume in each
prismatic element i. Dividing the total water volume by base area Ai yields the total water storage of the ele-
ment (hu,i1 hg,i). We can further write equation (7) into two equations for concentrations ofm in the unsatu-
rated and saturated zones, the summation of which yields the mass conservation of the entire prismatic
element in equation (7).

The surface water (overland flow) only exists during and immediately after rainfall and has very short inter-
action time with the land surface. Solute reactive transport in surface water is therefore not explicitly mod-
eled in RT. Surface water is assumed to flow into the stream and infiltrate into the soil with chemical
composition of the through fall. The stream water has both above and below ground components such
that solutes go through reactive transport processes and are explicitly simulated with ADR equations in sim-
ilar forms as equations (7).

Reaction rate laws. For kinetic-controlled mineral dissolution and precipitation, the rate is calculated based
on the Transition State Theory (TST) [Helgeson et al., 1984b; Lasaga, 1984]:

Rk5Aw;kkkð12
IAP
Keq

Þ: (8)

Here Rk is the dissolution/precipitation rate of a mineral k [mol/(m3 s)]; Aw,k is the ‘‘wetted’’ dissolving surface
area of mineral k per volume of porous media (m2/m3); kk is the intrinsic rate constant [mol/(m2 s)]; IAP is
the ion activity product; and Keq is the equilibrium constant of the reaction. The wetted mineral surface area
strongly depends on soil moisture [Clow and Mast, 2010] and can be calculated as

Aw;k5A0
kS

n
w: (9)

Here Ak
0 is the total mineral surface area per volume of porous media under fully saturated conditions. In

this work, we use an n value of 2/3 to take into account the conversion between volume and area [Mayer
et al., 2002]. Secondary minerals that have the potential to precipitate are assigned an initial value of 1028

mol/m3 porous media to allow for the occurrence of precipitation when conditions permit. Mineral dissolu-
tion stops when the mineral mass reaches this value. Activities of chemical species are calculated using the
Debye-H€uckel equation [Debye and H€uckel, 1923]. Surface complexation and cation exchange reactions are
modeled following the nonelectrostatic approach and Vanselow conventions, respectively [Dzombak, 1990;
Vanselow, 1932].

2.5. Numerical Implementation
The Noah LSM simulates the internal soil moisture flux within the unsaturated zone using infiltration and
recharge rates calculated from PIHM. PIHM solves lateral water flows and the exchange between unsaturat-
ed and saturated zones. The RT module follows a sequential noniterative approach (SNIA) that has been
widely used [Walsh et al., 1984; Yeh and Tripathi, 1989] and is efficient in integrating subsurface flow simula-
tion with reactive transport algorithms [Jacques et al., 2006]. The SNIA is derived from the operator-splitting
method and decouples ADR equations and solves transport and reaction steps separately [Xu et al., 1999;
Zysset et al., 1994]. The transport step is solved using the forward Euler method while the reaction step is
solved iteratively using the Crank-Nicolson and Newton-Raphson method. In the reaction step, the local
matrices accounting for the mass balance of all primary species in each finite volume are assembled and
solved using a matrix solver in SUNDIALS [Hindmarsh et al., 2005]. Concentrations from previous time steps
are used as the initial guess to iteratively solve for concentrations in the current time step.
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The accuracy of the SNIA approach depends on multiple factors including spatial discretization, time step-
ping, and flow conditions. Performance index (PI) is used to optimize the time stepping and to minimize
numerical errors and improve convergence. The PI is set to be less than 0.05 for every shared surface
between elements to minimize the operator-splitting error associated with temporal discretization [Jacques
et al., 2006; Perrochet and B�erod, 1993]:

qijAi

Aij

� �2 Dt
Dij

< 0:05: (10)

Here Dt is the time duration in each step. The use of small PI and maximum time step requires a longer
computational time however improves the SNIA accuracy.

The spatial heterogeneity in hydrological processes can cause significant nonconvergence problems. For
example, flow rates between neighboring elements can vary from 0.01 to 4000 m3/d. When flow rates are
high, time steps are reduced to facilitate convergence. Reducing time steps based on the fastest flow, how-
ever, would essentially prevent the computation from marching forward. Therefore, sub time step interpola-
tion is used in the fast-flow regime to obtain a closer initial guess when nonconvergence is encountered.
During such interpolation, the time step in the kinetic reaction solver for a particular gird block is continu-
ously decreased until a convergence is reached. The solver then proceeds using the reduced time step until
it catches up the time step of the flow field. Numerical dispersion can be significant for large-scale transport
simulations with large grid blocks and fast flow dominated by advection [Li and Duffy, 2012]. A total varia-
tion diminishing technique (TVD), which is third-order accurate in smooth regions, is used to reduce the
extent of numerical dispersion [Gupta et al., 1991]. The RT module typically takes larger time steps than the
default 1 min in the Flux-PIHM module. Flux values are stored and averaged before each RT time stepping.

The code generates unstructured grids based on Delaunay triangulation, considering constraints related to
river network, watershed boundary, elevation contours, vegetation, and geology. Grids close to rivers and

Figure 3. Five types of input files are required in RT-Flux-PIHM: initial conditions, boundary conditions, static inputs, forcing data, and calibration files. In addition to data required by
Flux-PIHM, the RT module needs initial geochemical conditions, reaction networks, geochemical database, and forcing chemistry to simulate geochemical processes.
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steep areas are typically small and those in flat, less dynamic areas are large. For the small Shale Hills Critical
Zone Observatory (SSHCZO) of 0.08 km2, a total of 535 prismatic elements in the land and 20 stream seg-
ments is used with typical mesh sizes between 10 and 100 m. The standalone Flux-PIHM component solves
for the land-surface hydrological processes for 1 year within 3 h with 1 min time steps on an IntelVR XeonVR

CPU E5-2670 @ 2.60GHz. Depending on the complexity of reaction networks and external forcing, the simu-
lation time for RT-Flux-PIHM for 1 year of watershed processes varies between hours to days. The computa-
tional expense is expected to increase if the code is applied to large watersheds maintaining similar
resolution, particularly because of the nonlinear nature of geochemical reactions. The code, however, has

Figure 4. Comparison of model outputs from RT and CrunchFlow for the advection-only case (top row) and the case with advection, diffu-
sion, and dispersion (bottom row). (a, c) Spatial distribution of solutes on day 1 (half residence time); (b, d) breakthrough curves (BTC). RT
and CF generate almost identical results except some slight differences at the sharp concentration front. Initially, magnesium is all on the
exchange sites so no magnesium broke through before 1.9 days. The sharp front suggests good remediation of numerical dispersion in
both codes.

Table 1. Reactions and Thermodynamic and Kinetic Parameters [Wolery, 1992]

Aqueous Speciation log10 Keq

CO2(aq)1H2O 5= H11HCO2
3 26.34

HCO2
3 5= H11CO22

3 210.33
H2O 5= H11OH2 213.99

Cation Ion Exchange log10 Keq Site Density (mol/m2)

>XNa1H1 $ >HX1Na1 2.40 1 3 1024

>X2Ca1 2Na1 $ >2NaX1Ca21 0.50
>X2Mg1 2Na1 $ >2NaX1Mg21 0.50

Kinetic Reaction log10 Keq log10 k (mol/m2/s)
Specific Surface
Area (SSA, m2/g)

Calcite1H1 5= Ca211HCO2
3 1.85 29.19 0.01
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been applied to much larger watersheds, including the Mahantango Creek watershed in the Susquehanna
River Basin with a drainage area of approximately 430 km2 with thousands of grid blocks [Bhatt et al., 2014].

2.6. Data Requirements, Model Input, and Output
To physically simulate these dynamic processes, multiple types of input data are required (Figure 3). PIHM-
gis, a tightly coupled GIS interface to PIHM, is used to set up model domains. The data infrastructure Hydro-
Terre Data System (http://www.hydroterre.psu.edu) harvests, aggregates, and preprocesses essential
terrestrial data from federal agencies (e.g., NED and NLCD) [Bhatt et al., 2014]. Flux-PIHM takes in watershed
characteristics, initial conditions and boundary conditions, and time series forcing data. Watershed charac-
teristics include topography (e.g., soil depth, surface elevation), soil properties (e.g., soil type, soil hydraulic
conductivity, porosity, macropore conductivity, van Genuchten parameters), and vegetation properties (e.g.,
land cover type, rooting depth, maximum stomatal resistance). Watershed initial and boundary conditions
include initial water distribution, soil temperature, land-surface temperature, water table depth, snow cover,
canopy storage and watershed boundary fluxes. Time series forcing data include precipitation, air tempera-
ture, relative humidity, wind speed, downward solar radiation, downward longwave radiation, surface air
pressure, and leaf area index (LAI). RT takes in the geochemistry of rainwater, soil water, soils, as well as ther-
modynamics and kinetics of geochemical reactions. A set of control and calibration files is required to facili-
tate the history matching using the global calibration coefficient approach [Pokhrel and Gupta, 2010].
Calibration is not built in the model. The history matching typically requires calibration for physical parame-
ters such as soil hydraulic properties, and geochemical parameters including reactive surface area.

3. Model Verification for RT Module

To verify the implementation of RT, we compare its solutions to the extensively used reactive transport
code CrunchFlow under a variety of flow and reaction conditions [Steefel and Lasaga, 1994]. Here we show
one example of model verification. The OS3D mode is used in CrunchFlow with the total variation diminish-
ing (TVD) option. A column of 10 cm is set up with calcite (10 vol %) and nonreactive minerals (90 vol %)
and is injected with acidic solution at a pH of 4.0. In total, the system has six primary species (H1, HCO2

3 ,
Ca21, Mg21, Na1, Cl2), three secondary species (OH2, CO22

3 , CO2(aq)), one kinetic reaction (calcite dissolu-
tion), and one ion exchange reaction at equilibrium (Table 1).

In the advection-only case where diffusion coefficient (1.0 3 10220 cm2/s) and dispersivity (1.0 3 10220 m)
are set to be negligible, we test the code capability to capture the sharp concentration front. In another
case, we include diffusion and dispersion processes with a diffusion coefficient of 1.0 3 1025 cm2/s and a
dispersivity of 0.1 m while maintaining all other conditions the same as the advection-only case [Gelhar
et al., 1992]. In both cases, the flow velocity is 2.0 m/d (with porosity5 0.4, the seepage velocity is 5.0 m/d).
The number of grid blocks is 100 with a grid resolution of 0.1 cm. In the advection-only case, both codes
successfully capture the sharp concentration fronts. Solutions from RT and CrunchFlow have relative differ-
ences of less than 1028 in the smooth regions and relative differences in the order of <1024 at the sharp
front. For the case with diffusion and dispersion, solutions from the two codes are identical with relative
error less than 1028 everywhere (Figure 4).

4. Model Demonstration

In this section, we demonstrate the application of RT-Flux-PIHM in understanding the hydrogeochemical
processes in SSHCZO, a V-shaped, first-order watershed in central Pennsylvania [Duffy et al., 2009; Jin et al.,
2011; Qu and Duffy, 2007]. We focus on water dynamics and export of the nonreactive tracer Cl (mostly orig-
inated from rainfall) and reactive Mg (derived from clay dissolution) during a large rainfall event. Large rain-
fall events are defined as those with intense precipitation within a relatively short period of time. These
events are expected to significantly influence reactions and transport at the watershed scale [McGuire and
McDonnell, 2010; Torres et al., 2015]. The concentration (C) and discharge (Q) hysteresis, i.e., differing solute
concentrations at the same stream discharge rates during the rising and recession limbs of single rainfall
events, has often been observed and has been frequently used as signatures of water dynamics and geo-
chemical processes in catchments [Abell et al., 2013; Evans and Davies, 1998; Evans et al., 1999; Hendrickson
and Krieger, 1964; House and Warwick, 1998; Toler, 1965]. The orientation and looping direction of CQ
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hysteresis have been interpreted as controlled by the timing and contribution from source waters of varying
chemical composition including surface runoff, soil water flow, and groundwater flow [Chanat et al., 2002;
Christophersen et al., 1990; Duffy and Cusumano, 1998; Hooper et al., 1990; McGlynn and McDonnell, 2003].
Clockwise loops typically indicate quick mobilization from surface runoff [Abell et al., 2013; Bowes et al.,
2005], while anticlock loops imply a delay in solute arrival time due to slow diffusion or long travel time
through subsurface [Abell et al., 2013; Bowes et al., 2005; Cerro et al., 2014]. In general, the role of ion
exchange (and geochemical processes in general) in determining the characteristics of hysteresis loop has
rarely been explored and is not well understood [Clow and Mast, 2010].

Here we aim to understand the role of ion exchange in determining solute CQ hysteresis by comparing two
simulation cases. In one case, Mg dissolves from chlorite but does not participate in ion exchange (w/o
CEC). In another case, dissolved Mg also participates in ion exchange reactions (w/CEC). The discussion is
kept relatively brief to illustrate the salient capabilities of RT-Flux-PIHM in understanding hydrogeochemical
coupling. More detailed applications and in-depth discussion are in the companion paper [Li et al., 2017b].

4.1. Model Setup
RT-Flux-PIHM allows watershed initialization with spatial heterogeneity in both physical and chemical prop-
erties. Extensive field surveys have provided spatial distribution of the topographic and hydrological proper-
ties. Here we use the spatial distribution of measured soil thickness, soil elevation, soil series, and
mineralogy [Jin and Brantley, 2011; Jin et al., 2010; Lin, 2006]. Prior to this work, parameters for hydrological
land-surface processes have been carefully calibrated using multiple field measurements (discharge, soil
moisture, water table depth, and surface heat fluxes) in 2009 [Shi et al., 2013].

Note that RT is coded as a general purpose RTM code where reaction networks, thermodynamics, and kinet-
ics can be defined in input and database files. In SSHCZO, chloride originates from atmospheric deposition.
Chlorite dissolution in the shallow regolith releases magnesium [Jin et al., 2014]. Magnesium also partici-
pates in cation exchange reaction [Jin et al., 2010] (Table 2). Note that the specific surface area of chlorite
dissolution is more than 3 orders of magnitude lower than rate constants measured in well-mixed reactors.
This is to take into account the fact that at the grid block scale of 10–100 m, the effectively reacting surface
areas are often orders of magnitude lower than those measured for grounded mineral grains [Moore et al.,
2012; Salehikhoo and Li, 2015; White and Brantley, 2003]. The primary species here are H1, HCO2

3 , and cati-
ons from chlorite dissolution. Aqueous complexation reactions are considered with secondary species OH2,
CO2(aq), CO

22
3 , MgCO3(aq), MgCl1, and MgHCO1

3 .

4.2. Water and Solute Dynamics
Here we simulate water and geochemical dynamics in SSHCZO during a large rainfall event on 24 October
2009. As shown in Figures 5a and 5b, during the rainfall event, water storage increases due to infiltration
and recharge. The stream is therefore connected to a larger portion of the watershed than under the dry
conditions before the rainfall. Water storage in the unsaturated zone quickly restores to its prerainfall level;
water storage in the saturated zone however sees elevated values after 4 days following the rainfall event,
reflecting much slower fluxes out of the saturated zone. The Cl concentration ([Cl]) in soil water is relatively
high before the event and is flushed out quickly during the event and becomes much more homogeneous-
ly distributed afterward (Figure 5c). For magnesium, the spatial distribution of the water content (dictated

Table 2. Reactions and Thermodynamics and Kinetics

Chlorite Dissolution log10 Keq

log10 k
(mol/m2/s)

Specific Surface
Area (SSA, m2/g)

(Fe0.24Mg0.38Al0.38)6(Si0.07Al0.93)4O10(OH)8(s) (chlorite)1 5.72H4SiO4(aq)

1 4.56H1 ! 1.44FeOOH(s)1 2.28Mg211 3Al2Si2O5(OH)4(s)1 11H2O
38.8 212.5a 0.01 (1.1–7.7)a

Cation Exchange Reaction log10 Keq Site Densityb (meq/g)

>XNa1H1 $ >HX1Na1 2.40
>X2Ca1 2Na1 $ >2NaX1Ca21 0.50 30.0–0.70
>X2Mg1 2Na1 $ >2NaX1Mg21 0.50

aValues in parentheses for comparison from Aylmore et al. [1970] and K€ohler et al. [2003, 2005].
bDerived from Jin et al. [2010] using Vanselow convention [Vanselow, 1932].
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by topography) determines the highs and lows of local chlorite dissolution rates: higher dissolution rates
and Mg concentrations occur in swales and valley floor where water flow converges. Chlorite dissolution
rates during the rainfall are in general higher with high water content (Figure 5d). Comparing the cases
with and without ion exchange, the spatiotemporal variation of local Mg concentrations ([Mg]) in soil water
is relatively small with the presence of ion exchange (Figures 5e and 5f). The soil surface in the w/CEC case
stores much more Mg than soil water and serves as a large buffering reservoir. Without cation exchange
(Figure 5g), [Mg] in soil water drops quickly and is more responsive to the rainfall event due to the lack of
ion exchange buffering capacity. In this case, Mg behaves similarly to Cl, although it is derived from chlorite
dissolution while Cl comes from the rainfall.

Figure 6 shows the model output of solute concentrations and fluxes from the stream mouth in days before,
during, and after the large rainfall event. Before the large rainfall event, the relatively dry watershed has

Figure 5. Spatial profiles of water and solutes before, during, and after the rainfall event on 24 October 2009. (a) Water storage hu in the
unsaturated zone (m3/m2); (b) water storage hg in the saturated zone (m3/m2); (c) [Cl] (lmol/L-soil water); (d) chlorite dissolution rates
(lmol/g-soil/d); (e) [Mg] in soil water for w/CEC case (lmol/L-soil water); (f) Mg on exchange sites, w/CEC case (lmol/L-soil water); (g) [Mg]
in soil water for w/o CEC case (lmol/L-soil water).
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high solute concentrations with large spatial variation (e.g., 20 October, Figure 5). A few small rainfall events
(not shown) before the large rainfall event lead to the ‘‘zigzags’’ of the discharge concentrations, as shown
in Figure 6a. The solute concentrations however quickly drop and become more stable as the rainfall inten-
sifies to its peak. After that, although discharge decreases by more than 2 orders of magnitude from �50 to
4000 m3/d, solute concentrations at the stream outlet are relatively stable. In the case without ion
exchange, stream Mg drops to approximately half of its preevent concentration, behaving similarly to Cl. In
contrast, ion exchange keeps [Mg] relatively constant without as much drop because Mg releases from
exchange sites, compensating for the dilution of Mg by higher water content. As shown in Figure 6b, solute
export rates are orders of magnitude higher during the large rainfall event, highlighting the significance of
large rainfall in exporting solutes from the land to the stream.

4.3. The Role of Ion Exchange on CQ Hysteresis
Figure 7 shows hourly model output of stream concentration and discharge (CQ relationship) between 22
October and 26 October 2009. Simulation results show that Cl is flushed out in early stage of the event (Fig-
ures 6a and 7). The rainfall quickly dilutes and reduces [Cl]. The Cl concentrations are different at low dis-
charges of rising and recession limbs. Magnesium behaves very similarly to Cl without cation exchange (w/
o CEC), except that its concentrations are generally higher and the hysteresis exists for a larger discharge
range. Concentrations of Cl and Mg do not return to their preevent level so no hysteresis loop is formed.
Postevent concentrations after the large rainfall are lower because water flushes out solutes.

With cation exchange, Mg exhibits hysteresis loop. The [Mg] in the rising limb is lower than that in the
recession limb (Figure 7, green line) and is similar to [Mg] in the rising limb without cation exchange case.
This indicates that surface runoff with low [Mg] reaches the stream quickly and dominates the stream dis-
charge during the rising limb such that ion exchange does not make a difference. During the recession
limb, however, the discharge primarily comes from subsurface lateral flow carrying higher [Mg] released
from ion exchange, therefore leading to higher concentrations in the stream. The [Mg] difference in the ris-

ing and recession limbs is about 10 mM and is
small compared to the more than 2 orders of
magnitude variation in discharge. Cation
exchange acts as a buffer and restores [Mg] to
the prerainfall level, forming a closed CQ hys-
teresis loop.

The counter-clock hysteresis loop of Mg here
corresponds to the A3 type defined by Evans
and Davies [1998], where solute concentra-
tions in soil water or ground water are higher
than those in surface runoff. Note that in the
model there is no deeper groundwater so
there are two end-members: surface runoff
and soil water from subsurface lateral water.
This indicates that although a groundwater
component is not present, A3 type hysteresis
can still occur with cation exchange reaction.

Figure 6. Predicted hourly discharge, concentrations in stream water, and fluxes as a function of time before and after a large rainfall event
on 24 October 2009. (a) Discharge, [Cl], [Mg] (w/CEC and w/o CEC) in stream water. (b) Solute efflux in discharge.

Figure 7. Concentration-discharge plots for Cl and Mg from hourly out-
put of RT-Flux-PIHM simulation from 22 to 26 October 2009. Colored
arrows indicate the rising limb (arrow pointing to the right) and reces-
sion limb (arrow pointing to the left). For Mg, the CQ curve without CEC
(w/o CEC) is very similar to that of Cl. Mg CQ curve with CEC shows
higher concentration in the recession limb and closed hysteresis loop,
indicating delayed arrival of Mg from soil exchange sites.
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Ion exchange mobilizes cations from soil surfaces and elevates stream concentrations in the later stage of
the rainfall event, which has not been shown previously.

5. Conclusion

In this work, we developed RT-Flux-PIHM, a new physics-based code that integrates land-surface, hydrologi-
cal and multicomponent reactive transport processes at the watershed scale. The model capability is illus-
trated through an example examining the role of ion exchange in determining the concentration-discharge
relationship of the nonreactive Cl and the reactive solute Mg during a large rainfall event. The model shows
that watershed topography dictates where, when, and how much water flows and soil dissolves. The large
rainfall wets and connects the watershed, leading to relatively homogeneous distribution of solutes after
the event. The ion exchange process of Mg buffers and maintains almost constant Mg concentration in
stream water, leading to a counter-clockwise concentration-discharge hysteresis loop during a large rainfall
event. Without ion exchange, Mg behaves similarly to the nonreactive Cl, although Mg comes from chlorite
dissolution while Cl is from wet deposition.

Watershed is the fundamental hydrological unit that connects the terrestrial to aquatic systems [Grimm
et al., 2003]. Understanding how solutes react and move between the land and streams is important for esti-
mating chemical loads into river networks and eventually into the ocean, for quantifying biogeochemical
rates, of and for predicting responses and feedbacks of earth surface systems to the changing climate. RT-
Flux-PIHM can be used to carry out virtual experiments to understand, quantify, and predict hydrogeochem-
ical processes under a variety of climate, topography, and geochemical conditions. With the complexity of
processes and watershed characteristics, it inevitably suffers from similar limitation as distributed hydrology
models including nonuniqueness and equifinality [Beven and Freer, 2001; Beven, 2000]. In addition, parame-
ter uncertainty and sensitivity remain a significant challenge [Neuman et al., 2012; Song et al., 2015; Ye et al.,
2008]. It however provides capabilities for teasing apart the importance of individual processes, for mecha-
nistically understanding emergent behavior, and for predicting process coupling and feedbacks in complex
systems. In addition, vast surface and subsurface water and biogeochemistry data have become available
through efforts coordinated through large research community networks including the Critical Zone Obser-
vatories (CZOs), Long Term Ecological Research (LTER) network, and United Stated Geological Survey
(USGS). These complex data sets can be integrated into complex modeling tools such as RT-Flux-PIHM to
answer fundamental questions across hydrology and geochemistry, as illustrated in the companion paper
[Li et al., 2017a].
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