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Abstract. Soil mineral weathering is one of the major sources of base cations (BC), which play a dual role in
forest ecosystems: they function as plant nutrients and buffer against the acidification of catchment runoff. On a
long-term basis, soil weathering rates determine the highest sustainable forest productivity that does not cause
acidification. It is believed that the hydrologic residence time plays a key role in determining the weathering
rates at the landscape scale.

The PROFILE weathering model has been used for almost 30 years to calculate weathering rates in the rooting
zone of forest soils. However, the mineral dissolution equations in PROFILE are not adapted for the saturated
zone, and employing these equations at the catchment scale results in a significant overprediction of base cation
release rates to surface waters. In this study, we use a revised set of PROFILE equations which, among other
features, include retardation due to silica concentrations. Relationships between the water transit time (WTT)
and soil water concentrations were derived for each base cation, by simulating the soil water chemistry along
a one-dimensional flow path, using the mineralogy from a glacial till soil. We show how the revised PRO-
FILE equations are able to reproduce patterns in BC and silica concentrations as well as BC ratios (Ca2+/BC,
Mg2+/BC and Na+/BC) that are observed in the soil water profiles and catchment runoff. In contrast to the
original set of PROFILE equations, the revised set of equations could reproduce the fact that increasing WTT
led to a decreasing Na+/BC ratio and increasing Ca2+/BC and Mg2+/BC ratios. Furthermore, the total release
of base cations from a hillslope was calculated using a mixing model, where water with different WTTs was
mixed according to an externally modeled WTT distribution. The revised set of equations gave a 50 % lower
base cation release (0.23 eq m−2 yr−1) than the original PROFILE equations and are in better agreement with
mass balance calculations of weathering rates. Thus, the results from this study demonstrate that the revised min-
eral dissolution equations for PROFILE are a major step forward in modeling weathering rates at the catchment
scale.
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1 Introduction

The dissolution of minerals in soils is one of the key pro-
cesses behind the diversity of surface water chemistry around
the world. In forest ecosystems, mineral dissolution is a ma-
jor source of base cations. These cations act as tree nutrients
in soil water and provide buffering capacity to both soil and
the runoff sustaining aquatic ecosystems. Both forest har-
vest and acid deposition are anthropogenic factors that re-
move base cations and can potentially create imbalances that
threaten soil and aquatic ecosystems (Akselsson et al., 2007).
Thus, quantifying the base cation release rates from min-
eral dissolution is fundamental when determining sustainable
rates of forest harvest as well as critical loads of acidifying
deposition (Klaminder et al., 2011). Extensive modeling ef-
forts have been made to define sustainability with respect to
tree health (Blum et al., 2002; Gérard et al., 2008; Akselsson
et al., 2016); however, there are only a few examples of stud-
ies that explicitly model mineral dissolution at the catchment
scale (e.g., Goddéris et al., 2006) in an effort to determine
the long-term sustainability of ecosystems. Instead key man-
agement decisions for controlling acid deposition and forest
management practices have been based on approaches that
do not explicitly predict weathering rates.

One key influence on any process-based understanding of
base cation flows in soils is a clear relationship between wa-
ter transit time (WTT) and the amount of weathering prod-
ucts exported from the catchment: the longer the soil water
is in contact with mineral surfaces, the more solutes will be
released to pore water that can eventually exit the catchment
as runoff (Maher, 2010). If chemical weathering dominates
over other base cation flux terms (biological uptake, depo-
sition and so on), the relationship between WTT and solute
concentrations in runoff will be linear as long as minerals dis-
solve at a steady rate. This means that increasing the water
flux dilutes the concentration seen in soil waters and stream
runoff, creating a negative relationship between stream con-
centration and discharge. However, as the concentrations of
weathering products build up in the soil water solution, the
mineral dissolution rates will slow down. This is a part of the
complexity of predicting concentration–discharge relation-
ships that can often include chemostatic behavior (Godsey
et al., 2009; Maher, 2011). As minerals react individually to
changes in the surrounding solution, this shift may be timed
differently for different solutes at different flux rates that are
all operating in a catchment system where the mineralogy
and physical properties will change over time in response to
dissolution processes, secondary mineral formation and other
processes.

Process-based models of soil weathering are powerful
tools with the potential to couple hydrological processes and
mineral dissolution rates. The PROFILE steady-state weath-
ering model (Warfvinge and Sverdrup, 1992), and its dy-

namic successors SAFE (Sverdrup and Warfvinge, 1993) and
ForSAFE (Wallman et al., 2006), have consistently proven
capable of reproducing observations of field conditions in
the rooting zone over a wide range of soil types and climate
zones (Sverdrup et al., 1995, 1998; Kolka et al., 1996; Lan-
gan et al., 1995; Zabowski et al., 2007; Phelan et al., 2014).
However, PROFILE was developed for and is restricted to the
unsaturated soil domain, and it can also only handle vertical
flow. Application of the PROFILE equations for mineral dis-
solution rates to the saturated zone (Erlandsson et al., 2016),
as well as initial efforts to use ForSAFE for two-dimensional
simulations of hillslope weathering (Zanchi, 2016), revealed
a significant overprediction of weathering rates below the
water table and overestimates of Na+ and K+ release to
the stream, suggesting shortcomings in some aspects of the
model.

Aside from differences in the mineral dissolution process,
prediction of catchment weathering rates also demands a bet-
ter understanding of hydrological processes. Catchment hy-
drology adds process complexity beyond that encountered in
the unsaturated zone, requiring descriptions of both vertical
and lateral flow. There are also still unresolved issues regard-
ing transit time distributions, flow paths and “immobile wa-
ter” (McDonell and Beven, 2014; Pinay et al., 2015). For the
weakly buffered glacial till soils (i.e., unsorted glacial de-
posits) covering large parts of the boreal/nemoral vegetation
zones, the soil and surface water systems have base cation
dissolution rates where acid deposition and/or forest harvest
can significantly affect the buffering capacity and nutrient
supply (Akselsson et al., 2019). Due to the strong gradient
in soil physical properties, these systems have been problem-
atic to model hydrologically (Amvrosiadi et al., 2017a). Re-
cently, advances have been made in the development of mod-
els able to simulate both the runoff and transport of conser-
vative elements from catchments (Ameli et al., 2017). While
the theoretical importance of correctly defining both the wa-
ter flow system and the chemical dissolution rates has been
identified (Maher, 2010), it remains to be seen how the disso-
lution rates of specific minerals found in shallow till systems
of weakly buffered glacial till soils interact with the possible
distributions of water fluxes in these environments.

It has been established that the current PROFILE min-
eral dissolution equations do not form a complete descrip-
tion of the dissolution process (Rapp and Bishop, 2003).
Specifically, the retardant effect of aqueous silica, a ma-
jor constituent of silicate minerals, has previously not been
included. While this is less important in the unsaturated
zone where aqueous silica concentrations are low (typically
<0.3 mM), it has been suggested that the overprediction of
weathering in the saturated zone is caused by neglecting the
silica effect. In Sverdrup et al. (2020), a revised set of PRO-
FILE equations is presented which contain a number of ex-
panded functions, including retardation due to silica concen-
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trations. In the present study, we use both the original and
the revised PROFILE equations to evaluate how the mineral
dissolution rates interact with the WTT. We utilize a sim-
ple one-dimensional reactive transport model, simulating the
dissolution of minerals and the evolution of soil water chem-
istry along a one-dimensional flow path created to simulate
the movement of a water particle through the saturated zone
of a catchment. Given the mineralogy and mineral surface
area of the soil, the model will produce a unique relation-
ship between the WTT and solute concentration for each in-
dividual base cation. We then evaluate the results against soil
water and stream water data, specifically against how the ra-
tios between different base cations (Ca2+, Mg2+, Na+ and
K+) vary with different proxies for WTT. Furthermore, we
demonstrate how the base cation release rates from mineral
dissolution in a hillslope comprised of a range of flow paths
with different WTTs can be calculated by mixing the wa-
ter from the mineral dissolution model according to a given
WTT distribution.

2 Material and methods

2.1 Dissolution rate equations

2.1.1 Dissolution rate equations in the PROFILE model

The mineral-specific dissolution rates can generally be writ-
ten as follows:

r = g(1GR) ·
∑

i
Fi(T ) · r+,i, (1)

where r+,i stands for the forward dissolution rate of the ith
reaction and is a function of the surrounding fluid chemistry,
Fi(T ) represents a temperature function for the ith reaction
and g(1GR) denotes a chemical affinity function.

Forward dissolution rates in the PROFILE model are cal-
culated as the sum of a number of parallel reactions (Sver-
drup, 1990; Warfvinge and Sverdrup, 1992, 1995; Sverdrup
and Warfvinge, 1993):

r =
∑

kj (T ) ·
{j}n

fj
, (2)

where j is the dissolution agent; k is a temperature-
dependent reaction coefficient; and f is a so-called “brake”
function, which describes a retardant effect on mineral dis-
solution. In the original version of PROFILE, the terms for
the four dissolution agents are defined as follows: H+, H2O,
CO2 and one organic anion analogue (R−). A fifth dissolu-
tion agent, OH−, is known to be potentially important but
has been omitted thus far, as it is not believed to contribute
significantly to mineral dissolution in the unsaturated zone.

The retardant functions are products of factors defined by
concentrations of aquatic species with a retardant effect on
mineral dissolution:

fj =
∏
gk, (3)

where k is an aqueous species that retards the dissolution
reaction. Retardant effects from base cations (BC) and alu-
minum (Al) as well as a self-inhibiting factor for the reac-
tion with R− are defined in the original version of PROFILE.
However, there are no brake functions that apply to the CO2
term, and BC and Al brakes are missing from the R− term.

2.1.2 Features of the new PROFILE model

The new version of the PROFILE equations contains several
new features (Sverdrup et al., 2020):

1. A new term representing the reaction with OH− was
added to Eq. (2).

2. A “Si brake”, used to define the retardant effects of
aqueous siliceous acid (referred to as “Si” hereafter),
was applied to all terms. This brake takes the following
form:

gSi =

(
1+KSi ·

(
[Si]
CSi

)zSi
)
, (4)

where KSi is the silica brake constant, CSi is the lower
limiting silica concentration and zSi is the silica brake
order. This term will cause weathering rates to decrease
with increasing silica concentrations.

3. A CO2 brake was applied to the CO2 term to define the
saturation limit of the reaction:

gCO2 =
(
1+KCO2 ·pCO2

)zCO2 , (5)

where KCO2 is the CO2 brake constant and zCO2 is the
CO2 brake order (which is equal to nCO2 , i.e., the re-
action order of the CO2 reaction). This term will avoid
an unrealistic rise in weathering at high CO2 soil water
concentrations.

4. BC and Al brakes were applied to the terms for which
they were not defined in the original PROFILE equa-
tions, i.e., the CO2 term, the R− term and the OH−

term. The parameters of the new terms can be found
in Sverdrup et al. (2020). The new PROFILE equations
require aqueous Si to be modeled in order to make the
Si brakes work properly. Si is known to be retained in
the soil (although it is unclear in exactly what form),
and the precipitated phases are often poorly identified
(Yang and Steefel, 2008). In this study Si and Al were
controlled by letting the soil water solution equilibrate
against a “kaolinite-like” phase:

AlxSiyOz(OH)(3x+4y−2z)+ 3xH+

⇔ xAl3++ ySiO2+ (3x+ 2y− z)H2O (6)

The stoichiometric coefficients x, y and z and the equi-
librium constant were then calibrated so that the mod-
eled Si–WTT relationship resembled the observed Si–
depth relationship in the S22 soil profile at the study
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site (see Sect. 2.3.3). Besides this reaction, which re-
moves Al and Si from the soil water solution by precip-
itation, no secondary phases were considered. In com-
parison with Al and Si, the soil retention of base cations
is small.

2.2 Model description

The model is a simplified representation of a one-
dimensional flow path through the saturated zone of a hill-
slope, where the release of base cations is calculated by sim-
ulating how the soil solution chemistry evolves as mineral
grains dissolve and precipitate. All calculations were per-
formed with the PHREEQC geochemical code. Some of the
terms and their respective relations are illustrated in Fig. 1.

The transport through the column was simulated as an ad-
vective process. The column was composed of 40 cells that
were each 1 m in length, which equates to a total length of
40 m. Each cell contains (by default in PHREEQC) 1 dm3 of
water, and the total cell volume is therefore equal to 1 divided
by the porosity of the cell (dm3). In each time step, the water
in the cell interacts with a specified area of mineral surfaces,
which dissolve according to a set of dissolution rate-laws.
The model was run for transit times ranging from 1 month to
48 years until steady state was reached. All column cells are
uniform with respect to mineralogy, soil texture, flow veloc-
ity, organic carbon content and carbon dioxide pressure. Ion
exchange processes and plant uptake are not included in the
model. As the study site is a mature forest with low historic
acid deposition, it is likely that the system is close to steady
state with respect to base cation uptake and net exchange.

In the model setup, precipitation was used as the infilling
solution, with a chemical composition calculated as the mea-
sured annual bulk deposition (average values for the years
1999–2011, Zetterberg et al., 2014) divided by the annual
runoff. The calculated base cation concentrations in precipi-
tation were 0.016 meq [Ca2+], 0.01 meq [Mg2+], 0.019 meq
[Na+] and 0.006 meq [K+].

For each cell and time step, the net release of base cations
from the mineral dissolution (w) of each mineral m was cal-
culated using:

wm = rm ·SAm (7)

where r is the specific dissolution rate, and SA is the surface
area for mineral “m”.

Assuming that the surface areas of different minerals are
proportional to their weight fractions, SAm was calculated
according to the following formula:

SAm = ϕm ·Amin · δmin ·Vu · (1−∅)

·

1−
1

1+ δorg−LOI·δorg
LOI·δmin

 , (8)

where ϕm is the weight fraction of mineral m, Amin is the
total field surface area per kilogram of minerals, δmin is the

mineral density, δorg is the density of organic material, Vu is
the unit volume of one model cell, ∅ is the porosity and LOI
is the loss on ignition, i.e., the proportion of organic mate-
rial. The detailed derivation of this equation can be found in
Erlandsson et al. (2016).

2.3 Site description and field data

2.3.1 Site description

All field data used in the study were taken from the Kryck-
lan Catchment Study (Laudon et al., 2013). The catchment
is located in northern Sweden (64◦14′ N, 19◦46′ E), 60 km
inland from the Baltic Sea. The catchment covers an area of
67 km2, and the elevation ranges from 405 to 114 m a.s.l. The
soil has developed predominantly on glacial till, with larger
areas of fluvioglacial deposits at lower altitudes. The vege-
tation is dominated by coniferous forests (87 %) and mires
(9 %). The forest is managed, and is predominantly second-
generation vegetation. Approximately 7 % of the catchment
was clear-cut between 1999 and 2010.

2.3.2 Data for input to the model

Input data required to run the model include mineralogy,
estimated surface area per kilogram minerals, porosity and
loss on ignition. These were taken from the mean values
of observations from four different depths below the max-
imal groundwater level (35, 50, 75 and 90 cm) of the soil
profile (S22) located 22 m from the headwater stream C2
on the “S-transect” hillslope study that was established in
1996 (Nyberg et al., 2001). Figure 2 displays a schematic
of the hillslope. Porosity equaled 40.5 %, and loss on igni-
tion was 0.6 %. The average observed mineralogy has the
following composition: 47 % quartz, 26 % plagioclase, 20 %
K-feldspar, 5.3 % hornblende, 1.0 % pyroxene, 0.62 % biotite
and 0.18 % apatite. The mineral surface area was calculated
from the soil texture as follows:

Amin = 0.3 ·χsand+ 2.2 ·χsilt+ 8.0 ·χclay (9)

The resulting mineral surface area equalled 500 m2 kg−1.

2.3.3 Data for model evaluation

Three different data sets from the Krycklan Catchment Study
were used to compare the modeled relations between the
WTT and base cation concentrations, as well as the base
cation ratios (Ca2+

:Mg2+
: Na+ : K+), with field observa-

tions:

1. Soil water samples from the S22 soil profile. Samples
from the upper meter of soil (12, 20, 35, 50, 75 and
90 cm) are part of a soil water monitoring program that
regularly sampled soil water from 2004 to 2012. In ad-
dition, we also included samples from deeper ground-
water (2.25, 5.2 and 10.7 m) collected from piezome-
ters. Deeper groundwater samples were only collected
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Figure 1. Sketch of possible interactions and feedbacks in soil during mineral dissolution. The mineral dissolution rate is affected by several
physical (e.g., grain size and temperature), biological (e.g., cation uptake) and chemical (e.g., the presence of protons, organic acids and
ions) parameters, some of which are connected to feedback loops from other related processes. Weathering brakes that slow down mineral
dissolution are affected by the presence of different dissolved ions and compounds (organic acids and dissolved carbon dioxide) which, in
turn, are affected by water fluxes and biological uptake. Water fluxes are driven by rainfall and runoff, leading to water table variations
and, thus, changes in the soil water content and soil water solute concentration in general. Some of the feedbacks (marked in red) are
negative feedbacks implying a reduction, whereas others are positive feedbacks (marked in blue). Derived terms such as concentration–
discharge relationships that result from the interactions are marked in yellow. As a result, the weathering rate will be augmented through
high biological uptake, reactive surface area, wet soil, temperature, secondary mineral formation in presence of organic acids at an acidic pH
and large water fluxes causing low cation concentrations.

once (in August 2012). Soil water chemistry was plot-
ted against depth as a proxy for WTT.

2. Stream water samples from regularly monitored sites
in the Krycklan Catchment. A total of 13 streams with
catchment areas between 0.12 and 67 km2 were in-
cluded in the analysis (Köhler et al., 2014). The aver-
age stream chemistry from samples taken in 2016 was
plotted against catchment area as a proxy for WTT. The
mineralogy is largely homogeneous across the whole
67 km2 catchment (Ledesma et al., 2013). Large parts
(80 %) of the catchment are covered by glacial till sim-
ilar to the S22 profile; however, the valleys of the lower
parts are covered with finer fluvioglacial sediments.

3. Stream water samples from the C2 stream. Samples
were collected fortnightly to monthly from March 2003
to December 2012, but sampling occurred more fre-
quently before and after spring flood (> 50 % of the
samples were collected during April and May). Sam-
ples were taken approximately 400 m downstream of the
intersection between the stream and the S-transect. At

the sampling point, the catchment area is approximately
0.12 km2 and completely forested on mineral soils, with
the exception of a riparian band of Histosols extending
2–10 m from the stream. Stream chemistry was plotted
against decreasing flow as a proxy for increasing WTT.

2.3.4 Implementation of dissolution rate-laws

The model was run with three different combinations of dis-
solution rate-laws and mineralogies:

Model 1: the original PROFILE dissolution rate equa-
tions.

Model 2: the new PROFILE dissolution rate equations.

Model 3: the same as model 2 but assuming that pla-
gioclase consists of two phases that dissolve indepen-
dently: one phase of albite (a plagioclase feldspar con-
taining only Na+) and one phase of bytownite (a plagio-
clase feldspar containing 80 % Ca2+ and 20 % Na+).
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2.4 Hydrological modeling of the hillslope

Here, we assume that the hillslope hydrological flow can be
represented as a series of steady-state noninteracting flow
paths with different WTTs and fluxes. We used the WTT
distribution for the study site, which was modeled in Ameli
et al. (2016b) using the integrated flow and transport model
developed in Ameli et al. (2016a). The model explicitly cal-
culates the pathway (and the corresponding transit time and
hydrological flux) of each water particle from the land sur-
face to the stream for an exponentially depth-decaying pat-
tern of saturated hydraulic conductivity. These WTTs and
fluxes were used to estimate the delivery of base cations by
calculating the base cation transport carried by each “water
parcel” of the WTT distribution.

The annual base cation release rate from the hillslope
(Whill) was then calculated from the mean BC concentrations
in hillslope runoff (cBC) divided by the annual runoff (R) as
follows:

Whill = cBC/R, (10)

where cBC is the mean concentration of a base cation in
hillslope runoff (eq m−3), and R is the mean annual runoff
(m yr−1). This will help to demonstrate the relative impor-
tance of old groundwater for base cations transport to the
stream.

3 Results

3.1 Field data

3.1.1 Base cation concentrations

Three different data sets of field observations were ana-
lyzed, with each one reflecting the relationship between the
base cation concentrations and WTT as approximated by
soil depth, catchment size or stream discharge (Fig. 3). Base
cation concentrations increased with increasing estimated
WTT in all three sets of samples. In the soil profile S22
(Fig. 2), soil water base cation concentrations were approx-
imately constant with depth within the unsaturated zone (at
around 0.2 meq L−1). Below 75 cm in the permanently satu-
rated zone, base cation concentrations increased with depth
and eventually reached a concentration of 1.2 meq L−1 at a
depth of 10.7 m. Hydrological modeling has estimated the
age of this water below the minimum groundwater level as
years to 1 or 2 decades (Ameli et al., 2016b; Amvrosiadi et
al., 2017a).

In the catchment stream water samples, base cation con-
centrations generally increased with increasing catchment
size. Defining a trend by linear regression, the BC concen-
trations increased from around 0.16 meq L−1 in the headwa-
ter stream with the smallest catchment (0.12 km2) to around
0.30 meq L−1 at the outlet of the Krycklan Basin which has
the largest total catchment area (67 km2).

Figure 2. Schematic of the hillslope showing the sampled soil pro-
file “S22” (not to scale). The boundary between the unsaturated and
saturated zones is defined by the average groundwater table.

As for the headwater stream C2, the base cation concen-
trations were lowest at the highest flows. The concentrations
increased gently as flow decreased, by about 0.021 meq L−1

per log unit of runoff (mm d−1), down to a runoff of ap-
proximately 0.22 mm d−1. With a further decrease in runoff,
the base cation concentrations increased more sharply (by
0.26 meq L−1 per log unit of runoff).

3.1.2 Base cation ratios

In the soil profile, all base cation ratios varied substantially
with soil depth (Fig. 4). The Mg2+/BC fraction increased
almost monotonically, from a value of 10 % in the shal-
lowest soil layer to around 25 % in the deepest soil layer.
Ca2+/BC varied somewhat irregularly, but it increased sub-
stantially with depth below the groundwater surface, from
33 % to 54 % in the deepest soil layer. Na+/BC increased
from around 40 % to 48 % with depth in the unsaturated zone
and then decreased substantially with depth in the saturated
zone to a value of 16 % in the deepest soil layer. K+/BC was
highest in the shallowest soil layer at 20 %, dropped sharply
to a value of just 3.6 % in the next soil layer and then dis-
played an irregular variation with depth.

In the stream water samples, in-stream Na+/BC decreased
significantly with catchment size, from 32 % in the small-
est stream to 22 % in the largest, whereas K+/BC increased
significantly, from 3.4 % in the smallest stream to 8.2 % in
the largest. Ca2+/BC and Mg2+/BC tended to increase with
catchment size but not significantly.

In the headwater samples, Na+/BC and Ca2+/BC mir-
rored each other when plotted against the logarithmic dis-
charge, with Na+/BC displaying a maximum value and
Ca2+/BC displaying a minimum value at a runoff of approxi-
mately 0.6–0.7 mm d−1. K+/BC displayed a minimum, sim-
ilar to that of Ca2+/BC, although less pronounced, whereas
Mg2+/BC displayed little systematic variability with runoff.
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Figure 3. Base cation concentrations (mM eq) plotted against different proxies for water transit time. (a) Soil water concentrations in the
S22 soil profile (22 m from stream C2), sampled from a depth of 6 to 10.7 m below the surface. Uncertainty bars represent the minimum
and maximum concentration observed over 8 years of sampling (N = 45–69). Vertical lines represent the approximate highest and lowest
groundwater surface depth. (b) Stream water concentrations in samples from 2016 (N = 19–25) from the Krycklan Basin plotted against the
subcatchment size (range of 0.12–67 km2). Uncertainty bars represent the minimum and maximum concentration observed during sampling.
(c) Stream water concentrations in samples from 2003 to 2012 from stream C2 (0.12 km2) plotted against the negative logarithm of runoff.
Note that stream C2 displayed in panel (c) is the same as the smallest stream in panel (b) but for two different sampling periods.

Figure 4. Base cation ratios (%) plotted against different proxies for water transit time. (a) Ratios in soil water samples from a soil profile
22 m from stream C2, sampled from a depth of 6 to 10.7 m below the surface. (b) The ratios in stream water samples from 2016 (N = 19–25)
from the Krycklan Basin plotted against subcatchment size (range of 0.12–67 km2). (c) The ratios in stream water samples from 2003 to
2012 from stream C2 (0.12 km2) plotted against the negative logarithm of runoff.

3.2 Model evaluation

3.2.1 Water transit time–solute concentration
relationships

Using the original PROFILE dissolution rate equations
(model 1), the relationships between WTT and base cation
concentrations were nearly linear for all base cations (Fig. 5).
After 4 years of WTT, the total base cation concentration at
the column outlet equaled 0.76 meq L−1.

Using the new PROFILE dissolution equations (model 2),
the relationship between WTT and the total base cation con-
centration started on the same trajectory as that calculated
from the original equations, but it soon begun to deviate from
the linear pattern. After 1 year of WTT, the total BC concen-
trations calculated from the new set of equations were 80 %
of those calculated using the original equations, and after 4
years, they were 55 % of those from the original equations.

As for the individual base cations, the difference between
the two sets of equations was largest for K+ due to the strong
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Figure 5. Calculated WTT–concentration relationships for the original (solid line) and new (dashed line) PROFILE equations. (a) Total BC
concentrations (black); (b) Na+ (green) and K+ (yellow) concentrations; and (c) Ca2+ (blue) and Mg2+ (red) concentrations.

Si brake for K-feldspar. Using the new set of equations,
K+ showed an almost chemostatic behavior after only a few
months of WTT. Mg2+, in comparison, displayed an almost
linear relationship between the WTT and solute concentra-
tions for both sets of mineral dissolution equations due to the
weak Si brakes for all Mg-bearing minerals. Na+, and to a
lesser degree Ca2+, were affected by the relatively strong Si
brake for plagioclase. For these two base cations, the WTT–
solute-concentration relationship derived from the new set of
equations begun to deviate from a linear relationship after
approximately 1 year of WTT.

3.2.2 Model evaluation of silica and base cation
concentrations

For the new PROFILE equations (model 2), the stoichiome-
try and the equilibrium constant for the secondary “kaolinite-
like” phase was calibrated so the modeled Si concentra-
tions approximately matched those of the deep soil profile.
The equilibrium between the soil solution and the secondary
phase could be written as follows:

Al1.45Si2.9O3.375(OH)9.2 + 4.35H+

⇔ 1.45Al3++ 2.9SiO2+ 6.775H2O

The calibrated equilibrium constant for this reaction
was 104.3.

Using these assumptions, the modeled Si concentrations
were within the same range and showed similar trends with
increasing WTT as those observed in the deep soil profile.
A similar comparison between modeled base cation concen-
trations plotted against WTT and base cation concentrations
from the soil profile plotted against depth also show good
agreement (Fig. 6).

3.2.3 Model evaluation of base cation ratios and water
transit time

Using the original set of PROFILE equations (model 1), the
trends of the base cation ratios with increasing WTT were
generally the opposite of those observed in field data (Fig. 7).
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Figure 6. Modeled BC (a) and Si (b) concentrations from model 2, plotted against the log10 of WTT (smooth lines). The observed BC and
Si concentrations from the soil profile are overlain and plotted against the log10 of soil depth (straight lines with markers). Note that the
scales are not directly comparable, instead the figures are intended to illustrate trends and ranges of solute concentrations.

Ca2+/BC and Mg2+/BC both decreased with WTT, from
respective values in the infilling solution of 31 % and 20 % to
respective end-point values of 25 % and 11 % after 42 years.
Na+/BC and K+/BC increased with WTT from 37 % and
11 % in the infilling solution to end-point values of 47 % and
17 %, respectively.

With the new set of PROFILE equations (model 2), mod-
eled base cation ratios were more generally in agreement
with those observed in field data. Ca2+/BC and Mg2+/BC
both increased, but the latter increased more sharply, and af-
ter 42 years of WTT, the Mg2+ concentrations were higher
than the Ca2+ concentrations, which was never seen in field
data (Fig. 7). End-point ratios were 38 % for Ca2+/BC and
42 % for Mg2+/BC. K+/BC decreased gently to an end-
point value of 3 %, and Na+/BC decreased sharply to an
end-point value of 17 %.

With the modification of separating plagioclase into a
Na+-rich phase (i.e., albite) and a Ca2+-rich phase (i.e., by-
townite) and assuming that these dissolved independently,
the agreement between modeled and observed base cation ra-
tios were further improved (model 3). The stronger Si brake
for albite than for bytownite allowed for more Ca2+ to be re-
leased, and the Ca2+/BC ratio increased steadily throughout
the whole simulation period.

The rapid decrease of saturated hydrological conductivity
with depth means that the residence time of water also in-
creases rapidly with depth in the soil. Therefore, as the wa-
ter reaching the stream moves to the stream in the saturated
soil below the water table (except at the highest flow rates
in these catchments), the age of the water in the stream also
increases as flow rates decline (Bishop, 1991; Ameli et al.,
2016b). This explains why deeper depths in the soils profile
and lower streamflow rates are proxies for water age. The
correlation of age with catchment size relates to deeper and
longer flow paths in larger catchments (Peralta-Tapia et al.,
2015).

3.3 Hillslope mass balance calculations

The total flux of the base cation release from mineral disso-
lution of the study hillslope was calculated to be 0.23 eq m−2

yr−1 using the original PROFILE equations. With the new
equations, the calculated base cation release was about 50 %
lower (0.12 eq m−2 yr−1). The latter estimate of base cation
release from mineral dissolution is in much better agree-
ment with the hillslope mass balance (see Erlandsson et al.,
2016), especially for Na+ and K+ (Fig. 8). The sinks and
sources do not equal each other due to unknown terms in the
mass balance, such as the net ion exchange, uptake by plants
other than trees and precipitation of secondary phases. How-
ever, when the original PROFILE equations were applied, the
source terms were 4 times larger than the sink terms for Na+

and 9 times higher for K+.
While the median WTT was 2.1 years, the median “age” of

monovalent cations (Na+ and K+) was around 3.7 years, i.e.,
half of the transport of these ions is carried by water older
than 3.7 years. For the divalent cations (Ca2+ and Mg2+),
the corresponding age was approximately 5.5 years (Fig. 9).
Thus, “old” water is relatively more important for the trans-
port of divalent cations than for monovalent cations.

4 Discussion

4.1 Functions of the revised PROFILE equations

The PROFILE model was developed in the late 1980s and is
still being used in its original form. However, while PRO-
FILE is a well-recognized tool for estimating root zone
weathering rates, the model has also been criticized regard-
ing different aspects. Most notably, Hodson et al. (1997)
argued that while PROFILE did give similar estimates of
weathering rates to other methods, some of the steps in the
model calculations are problematic, especially those related
to mineral surface area. In the referred paper, they pointed
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Figure 7. The calculated base cation ratios (Ca2+/BC, Mg2+/BC, Na+/BC and K+/BC) from the three different models plotted against
the log WTT (thick lines). Model 1 uses the original PROFILE equations, model 2 uses the revised PROFILE equations and model 3 uses
the revised PROFILE equations with plagioclase split in two phases that dissolve separately. For comparison, the base cation ratios from the
S22 soil profile are displayed on the same graphs (markers are connected with dashed lines) and plotted against the logarithmic depth. Note
that the WTT scale is not directly comparable, instead the figures are intended to illustrate trends and ranges of base cation ratios.

out that the Eq. (9) puts an unrealistic constraint on mineral
surface area and that using actual measured surface areas as
input to the model results in overprediction of weathering
rates. While the role of mineral surface area, and the way it
is calculated in PROFILE, is worth discussing further, we fo-
cus here on how formulations of the dissolution kinetics can
be improved and how this allows for the inclusion of the sat-
urated zone in the model domain. Furthermore, the mineral
surface area has a marginal impact on the BC ratios presented
in Fig. 7, and even the calculations of hillslope BC release
rates are relatively insensitive to mineral surface area: dou-
bling the specific mineral area to 1000 m2 kg−1 only resulted
in a 55 % increase in estimated weathering rates. In compari-
son, the original PROFILE equations without the brake func-
tions introduced in this study (i.e., model 1) gave 92 % higher
estimates of hillslope weathering rates.

While the PROFILE equations demand the determination
of many parameters, which are unique for every mineral, a
large majority of the parameters found in the original model
formulations were based on empirical studies in the form
of single mineral laboratory studies of dissolution rates. For
these reasons, none of the parameters in the original set of

equations were changed in the revision. Instead, a number of
features were added, which are more important in the satu-
rated zone which has longer water residence times. Of these,
the Si brake had the largest effect by far, accounting for 45 %
of the 48 % decrease in the calculated weathering rates be-
tween model 1 and model 2. Adding BC and Al brakes to the
CO2 and organic terms accounted for another 4 %, whereas
the addition of the OH term and CO2 brakes were negligible.

From the catchment perspective, the quantity of weather-
ing products delivered to runoff is a function of the disso-
lution rate, integrated over the time the soil water is in con-
tact with the mineral surfaces, and the total mineral surface
area. With everything else constant, this produced a nearly
linear relationship between base cation concentrations and
WTT using the original PROFILE equations. Adding the Si
brake disrupts the linear proportionality between the rate of
base cation export and the increase in residence time or min-
eral surface area. However, these revisions do not contradict
the applicability of the original PROFILE model to the un-
saturated zone. The WTT in the unsaturated zone in shallow
till soils may of course vary, but it would typically be around
1 year or less in Fennoscandia and other areas with simi-
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Figure 8. Sinks and source terms of the base cation mass bal-
ance for a hillslope. The first bar (pink) represents sink terms (net
tree uptake and runoff), the second bar represents the source terms
with weathering calculated from the original PROFILE equations
(model 1) and the third bar represents the source terms with weath-
ering calculated from the new PROFILE equations (model 3).

Figure 9. Cumulative water transit time distribution (black) of the
study hillslope, and the distribution of the “age” of the water carry-
ing each of the base cations according to model 3.

lar glacial till soils and climate regimes (Rodhe et al., 1996;
Amvrosiadi et al., 2017b). The calculated difference in base
cation release between the original and the new set of PRO-
FILE equations was relatively small at these timescales; the
calculated release from the new equations was 81 % of that
from the original equations after 1 year of WTT. It has, how-
ever, been noted in previous PROFILE studies that the re-
lease of Na+ is overestimated (Stendahl et al., 2013; Kronnäs
et al., 2019), and one cause for this may well be neglecting
retardant effects from silica on dissolution rates.

4.2 Base cation rations – similarities and differences
between modeled results and observations

In this study, we have demonstrated how a model for min-
eral dissolution kinetics, with a sound theoretical basis in
thermodynamics and transition-state theory, is able to ex-
plain observed patterns of base cation concentration and dis-

tribution in a soil profile and stream water from a poorly
buffered glacial till catchment. Ideally, the modeled results
would have been evaluated against age-determined ground-
water samples along the deeper flow paths; however, such
analyses are not available at this site. Here, we made use of
some consistent patterns in how base cation ratios in field
observations (Ca2+/BC, Mg2+/BC, Na+/BC and K+/BC)
vary with proxies of WTT. The comparison between the
model and the sampled soil water profile with respect to base
cation concentrations and ratios suggests that the length (i.e.,
depth) scale of the soil profile (0–10 m) and the timescale of
the model (0–48 years) are comparable.

The model correctly reproduced most of the observed pat-
terns in base cation ratios: the initial increase in Na+/BC,
followed by a sharp decrease below the groundwater
level, and the generally increasing trends of Ca2+/BC and
Mg2+/BC with increasing WTT (Fig. 7). The clear excep-
tion is K+/BC, which increased with WTT in field data,
especially in the catchment samples, whereas the modeled
K+/BC decreased with WTT due to the strong Si brake for
K-feldspar, which is the main source of K+. There are several
possible explanations for the observed increase in K+/BC
with catchment size. Two of the more likely explanations are
as follows:

1. K+ is the base cation that is most involved in biologi-
cal cycling (Likens et al., 1994). It is rapidly taken up
and circulated by trees in the uppermost part of the pro-
file, where K+/BC is high in the uppermost layer due
to high K+ concentrations in throughfall, but K+/BC is
very low in the remainder of the unsaturated zone. As
the proportion of K+-poor unsaturated flow to runoff
decreases with increasing catchment size, the K+/BC
ratio should be expected to increase.

2. Although the main K-bearing mineral, K-feldspar,
should dissolve at a very slow rate in the saturated
zone, there is a possibility that K+ is released from the
mineral by nonstoichiometric dissolution. This would
then be an alteration process rather than a dissolution
process. As K+ is replaced with other cations (either
Ca2+ or Mg2+), the mineral is gradually altered from
K-feldspar to illite or smectite (Sverdrup, 1990). There-
fore, this process would form a source of K+ and a sink
of Ca2+ or Mg2+.

As there are indications from field data that K+/BC even
increases in the deep groundwater where there is no biologi-
cal uptake (the soil profile in Fig. 4a and the right part of the
in-stream C–Q relationship in Fig. 4c), we conclude that at
least the second hypothesis is likely to be true. Furthermore,
as the observed Mg2+/BC ratio does not increase as much
as would be expected from the model (the catchment plot in
Fig. 4b and the in-stream C–Q relationship in Fig. 4c), an
exchange between K+ and Mg2+ appears to be the dominant
mechanism.
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4.3 Irreversibility of primary mineral dissolution

Most weathering models describe the mineral dissolution
rate as a function of chemical affinity, where the dissolu-
tion rate approaches zero as the mineral approaches equi-
librium with the surrounding soil water solution (Aagaard
and Helgeson, 1982). Thus, the dissolution rate described by
these models is the net dissolution rate, i.e., the sum of the
forward and backward reaction, which implies that the min-
eral dissolution reaction is reversible. However, for reactions
at low temperature and pressure, the dissolution of primary
minerals is irreversible, as the conditions for forming these
minerals are simply not present (Sverdrup, 1990; Sverdrup
and Warfvinge, 1995).

The PROFILE model adopts a different philosophy, where
the dissolution reaction is not assumed to depend on the
chemical affinity. As no backward reaction is assumed, the
PROFILE equations aim to describe only the forward reac-
tion rate, i.e., the pure dissolution reaction. Consequently,
these equations allow for minerals to dissolve even if the
mineral is apparently saturated with respect to the surround-
ing soil water solution. As an example, the modeled initial
dissolution rate for K-feldspar was 4.5 10−15 mol m−2 s−1.
After approximately 2.5 months, K-feldspar is apparently
in equilibrium with the surrounding solution, i.e., the cal-
culated saturation index is 0. Using the new PROFILE
equations, the K-feldspar is still dissolving at a rate of
1.5 10−15 mol m−2 s−1, i.e., 33 % of the initial rate. If con-
ditions (i.e., heat and pressure) had allowed for K-feldspar
to form, the dissolution reaction would have been counter-
balanced by an equally fast precipitation reaction; however,
in a shallow soil with low temperature, this reaction is not
possible. After 1 year of WTT, K-feldspar is oversaturated if
geochemical equilibrium is assumed, with a calculated sat-
uration index of 3. According to the new PROFILE equa-
tions, K-feldspar is still dissolving, but at a very low rate of
2.3 10−16 mol m−2 s−1, i.e., 5 % of the initial rate.

5 Conclusions

Revising the mineral dissolution equations of PROFILE is a
major step forward in modeling weathering rates at the catch-
ment scale. Our revised equations may now be incorporated
into the more complex dynamic ForSAFE model. The PRO-
FILE steady-state approach proposed here is applicable to
mineralogically homogenous hillslopes (i.e., either unsorted
throughout the domain or not stratified if sorted) as a tool for
estimating element fluxes. Given measured texture, miner-
alogy and a reasonable WTT based on, for example, isotope
data, it is a valuable tool for studying hillslope and catchment
chemistry in the boreal zone of mature forest systems.

For a more complete description of base cation release
from catchments, especially on a longer timescale, a kinetic
description of the gradual transformation from primary to
secondary minerals would be useful. While the chemical se-

quence for such mineral alterations, for example feldspars
to illite or biotite to vermiculite, are known (Sverdrup et al.,
2020), the kinetics are not, and this would probably require
a calibration approach as well as data from catchments with
substantially older water fractions than those studied here.

As the revised PROFILE equations otherwise generally re-
produced base cation concentrations and ratios in the satu-
rated zone correctly, the next step is to test these equations
in a model that produces stream runoff, thereby making the
link from the unsaturated zone to groundwater and runoff
from an entire catchment. The two-dimensional version of
ForSAFE (Zanchi, 2016) would allow for this, as it is a dy-
namic model of biogeochemical cycling that has been devel-
oped from PROFILE and its one-dimensional, steady-state
conceptualization. This would be a major improvement on
the mass balance approaches currently used to define critical
loads for surface waters. These mass balances are highly un-
certain when using directly observed inputs and outputs, even
with 1 or 2 decades of measurements (Simonsson et al., 2015;
Akselsson et al., 2019). The mass balance methods also fail
to address feedback mechanisms on chemical weathering.
For example, tree uptake and deposition affect soil water pH,
aluminum and base cation concentrations, all of which effect
mineral dissolution rates (Erlandsson et al., 2016). Climate
change affects both soil temperature and moisture, which
will also impact mineral dissolution (Akselsson et al., 2016).
The recent development of a two-dimensional version of For-
SAFE in combination with these revised weathering equa-
tions would allow for modeling of the interactions and feed-
backs between trees, soils and runoff, thereby making it pos-
sible to predict the effects of such processes, including the
impact of forestry practices on surface water quality.
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