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• A 3Dwaterflowmodelwas used to sim-
ulate base cation export and dynamics.

• 14 sub-catchments of different sizes and
landscape characteristics were investi-
gated.

• Catchment hydrology had a strong im-
pact on the water quality.

• Weathering of K, Mg, and Ca was pri-
marily linked to soil contact time.

• ~45% of base cation export originated
fromweathering of deep soils (>2.5m).
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Linking biogeochemical processes to water flow paths and solute travel times is important for understanding in-
ternal catchment functioning and control of water quality. Base cation weathering is a process closely linked to
key factors affecting catchment functioning, including water pathways, soil contact time, and catchment charac-
teristics, particularly in silicate-dominated areas. However, common process-basedweatheringmodels are often
calibrated and applied for individual soil profiles, which can cause problemswhen trying to extrapolate results to
catchment scale and assess consequences for stream water and groundwater quality. Therefore, in this work,
base cation export was instead modelled using a fully calibrated 3D hydrological model (Mike SHE) of a boreal
catchment, which was expanded by adding a relatively simple but still reasonably flexible and versatile
weatheringmodule including the base cations Na, K,Mg, and Ca. The results were evaluated using a comprehen-
sive dataset of water chemistry from groundwater and stream water in 14 nested sub-catchments, representing
different catchment sizes and catchment characteristics. The strongest correlationswith annual and seasonal ob-
servations were found for Ca (r=0.89-0.93, p< 0.05), Mg (r=0.90-0.95, p < 0.05), and Na (r=0.80-0.89, p <
0.05). These strong correlations suggest that catchment hydrology and landscape properties primarily control
weathering rates and stream dynamics of these solutes. Furthermore, catchment export of Mg, Ca, and K was
strongly connected to travel times of discharging streamwater (r=0.78-0.83). Conversely, increasing Na export
was linked to a reduced areal proportion ofmires (r= -0.79). The results suggest that a significant part (~45%) of
the catchment stream export came from deep-soil weathering sources (>2.5m). These results have implications
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for terrestrial and aquaticwater quality assessments. If deep soils are present, focusingmainly on the shallow soil
could lead to misrepresentation of base cation availability and the acidification sensitivity of groundwater and
water recipients such as streams and lakes.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Thewater quality of catchments has recently attracted increasing at-
tention due to concern about the effects of climate change and the in-
creasing pressure on terrestrial and aquatic ecosystems, including the
impact from forestry (Iwald et al., 2013; Nieminen et al., 2020; Xia
et al., 2015). These factors are making it increasingly important to un-
derstand the hydrological and biogeochemical processes affecting
water quality and their connection to water pathways and travel
times (Hrachowitz et al., 2016; McDonnell et al., 2010; Weill et al.,
2011). Biogeochemical processes including weathering and solute
transport are affected by the pathways and travel times of water in dif-
ferent subsurface environments before it reaches streams and lakes
(Powers et al., 2012; Tiwari et al., 2017). Due to the generally slow
weathering of silicates, the relationship between hydrology and
weathering are particularly important in areas without carbonate min-
erals in the soils. Water pathways and travel times depend on catch-
ment characteristics including the catchment size, slope, soil type, and
soil depth, as well as the impact of seasonal climatic variability (Botter
et al., 2010). The effects of landscape heterogeneity on solute transport
can be observed by monitoring temporal and spatial stream concentra-
tion changes between different catchments (Godsey et al., 2009;
Herndon et al., 2015), which can in turn be mechanistically linked to
catchment functioning (Dwivedi et al., 2019; Partington et al., 2013).
However, the connection between the transport of reactive and conser-
vative solutes to the hydrological mechanisms in catchments of differ-
ent scales is not fully understood (Kirchner et al., 2000; Kolbe et al.,
2020). It is therefore necessary to improve our understanding of this
connection in order to reduce theuncertainties in predictivewater qual-
ity modelling.

Base cations such as Mg, K, Ca, and Na, are solutes whose
mobilisation and transport are especially strongly linked to catchment
hydrological function due to their comparatively high mobility (Asano
et al., 2006; Blumstock et al., 2015; Maher, 2010). These cations are de-
rived partially from atmospheric deposition (Richardson et al., 2017;
Wilhelm et al., 2013), but their primary source in mineral-rich areas is
typically weathering (Klaminder et al., 2011a; Landeweert et al., 2001;
Ouimet and Duchesne, 2005). Globally ca. 45% of the total export of sol-
utes to the world's rivers is estimated to derive from weathering of sil-
icate minerals (Stumm and Wollast, 1990). Protons are consumed
during silicate weathering, making this process an important pH buffer
in soils without carbonates. Carbonic acid is a common source of the
protons consumed during weathering; consequently, weathering is an
important sink for atmospheric CO2 and has a significant impact on
the carbon cycle over geological time scales, making it important in cli-
mate change discussions (Goddéris et al., 2006). Weathering is also im-
portant for terrestrial and aquatic ecosystems as a major process of acid
neutralization in groundwater with significant effects on the pH of
downstream recipients such as streams and lakes (Larssen and
Carmichael, 2000; Watmough et al., 2014). In addition to their effects
on the carbon cycle and water pH, base cations released by weathering
processes are essential in many fundamental biological processes in-
cluding energy storage, cell signalling, and photosynthesis (Lawlor,
2004; Zhu et al., 2016). Magnesium, K, and Ca are vital plant nutrients
and are important for nucleic acid stability and biological processes
such as protein synthesis (Jobbágy and Jackson, 2001; Konrad et al.,
2004; Moslehi et al., 2019). Moreover, Ca is important for egg-shell for-
mation and calcification of invertebrates’ exoskeletons (Hessen et al.,
2

2017) and is, together with Mg, an important driver of freshwater com-
munity structures (Jeziorski et al., 2008; Weyhenmeyer et al., 2019).
The weathering process and its products are thus essential for forest
growth and aquatic biota (Gbondo-Tugbawa andDriscoll, 2003). An im-
proved understanding of the temporal and spatial variation of
weatheringprocesses and their relationshipswith catchmenthydrology
and characteristicswill thus be needed to better protectwater resources
and support sustainable land use.

Weathering rates depend on many interconnected factors that can
vary in time and space, including flow rate, pH, root uptake, climatic
conditions, and soil mineralogy (Drever, 1994; Stewart et al., 2001;
Whitfield and Watmough, 2012). This makes it challenging to predict
weathering rates on the landscape scale. Efforts to improve predictive
accuracy have resulted in the development of several different on-site,
laboratory, and reactive transport model methods. Weathering rates
are commonly estimated using mass balance and profile-based
methods, which both have their own advantages and disadvantages.
Profile methods can be field (Egli and Fitze, 2000; Ouimet, 2008) and/
or model oriented (Casetou-Gustafson et al., 2019; Lebedeva and
Brantley, 2020; Ouimet and Duchesne, 2005), but both types typically
focus on the unsaturated zone or shallow soil where weathering rates
are often assumed to be highest. Common process-based modelling
tools such as PROFILE and ForSAFE have been developed and success-
fully used to model weathering in the root zone at many sites (Phelan
et al., 2014; Sverdrup et al., 1995;Wallman et al., 2005). Preliminary ef-
forts have been made to apply these models to catchment hydrology;
notably, PROFILE was used to model the saturated flow on a homoge-
neous hillslope and to couple ForSAFE to the resulting two-
dimensional flow map. However, current methods for modelling
weathering rates on the catchment scale have several shortcomings
(Erlandsson Lampa et al., 2020; Zanchi, 2016). In contrast, catchment
mass balancemethods estimateweathering rates on the basis of precip-
itation inputs and stream outputs (Ackerer et al., 2020; Joki-Heiskala
et al., 2003). These methods generally assume that base cation fluxes
are stable enough to provide robust annual estimates (Bricker et al.,
2003; Velbel and Price, 2007). Different methods of predicting
weathering rates have been found to generate highly divergent esti-
mates (Akselsson et al., 2019; Klaminder et al., 2011b). This variability
has been linked to input data uncertainties and differences in assump-
tions regarding the depth of the weathering zone (Futter et al., 2012).
For example, Whitfield et al. (2006) demonstrated that mass balance
methods can give greater estimates of catchment weathering rates
than profile-basedmethods focusingmainly on the shallow soil because
the latter methods neglect contributions from deeper soil layers.

Much of the input data needed to use mass balance and profile-
based methods is site-specific and difficult to obtain (Koseva et al.,
2010). It is therefore tempting to directly link weathering rates to
changes in base cation concentrations in streams and stream flows
(Godsey et al., 2009). Field observations have shown that the stream
concentrations of base cations typically increase during low flows and
decrease during high flows; this trend is known as the Q-C relationship
(Abbott et al., 2018; Ameli et al., 2017; Van Meter and Basu, 2017).
However, the Q-C relationship varies from element to element and
stream to stream (Godsey et al., 2009; Kirchner and Neal, 2013; Moon
et al., 2014). Its variation has primarily been linked to factors affecting
catchment hydrology, including the catchment slope (Torres et al.,
2015), the hydraulic conductivity of the soils (Gabet et al., 2006), and
the soil contact time (Benettin et al., 2015; Maher, 2010). It has also

http://creativecommons.org/licenses/by/4.0/
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been suggested that higher base cation concentrations are connected to
soil depth (Bouraoui and Grizzetti, 2011). Additionally, model studies
have associated deeper groundwater with higher base cation concen-
trations, which, in turn, have been linked to older waters (Abbott
et al., 2016; Jutebring Sterte et al., 2021a; Kolbe et al., 2020). However,
the dependence of weathering of different elements on factors control-
ling hydrology is not yet fully understood. Connecting weathering
models to models that describe surface and groundwater flow in a 3D
space would enable analysis of factors controlling the hydrology,
deep-soil base cation sources, and variations in stream concentration
in different sub-catchments. Such a combinedmodel could complement
existing methods for studying large-scale weathering patterns and pro-
vide new insights into the connection between hydrology, soil depth,
and solute transport. However, to test this approach to modelling
weathering one would need to identify a catchment with deeper min-
eral soils for which a well-established flow model exists and for which
there is ample empirical data on both flows and weathering.

One such catchment is the Krycklan catchment in the boreal region
of northern Sweden (Laudon et al., 2013). The catchment consists of a
forested landscape with intertwined mires, lakes and streams and has
long data sets that can be used to study its hydrology and geochemistry.
A 3D flow model called Mike SHE that accounts for streamflow, over-
land flow, and saturated and unsaturated subsurface flow was
Fig. 1.The Krycklan catchment. (a) Sub-catchment locations and streamnetwork. Streamobserv
in the catchment based on a soil map (1:100,000) from the Swedish Geological Survey (201
(e) Schematic representation of the Mike SHE flow model. The model includes evapotranspir
and saturated flow (SZ). All parts can interact at each time step and are fully integrated with
of the references to colour in this figure legend, the reader is referred to the web version of th
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developed, calibrated, and validated for 14 of the Krycklan sub-
catchments (Jutebring Sterte et al., 2018, 2021a). The Krycklan site
and its established flow model provided a testbed for investigating the
connection between weathering of deep mineral soils, the catchment's
hydrological functioning, and soil contact time on different scales. The
study focused on the four most important base cations, Mg, Na, K, and
Ca, with the aim of clarifying the relationship between weathering
and solute transport and their connection to catchment hydrology, in-
cluding water travel time and catchment characteristics.

2. Method

2.1. Study site and flow model

The Krycklan catchment is situated in northern Sweden, at the
boundary between the temperate and subarctic climatic zones. Its land-
scape is typical of the boreal region, featuring a forest on mineral soil
with several peat mires. The forest is dominated by Norway spruce
(Picea abies) and Scots pine (Pinus sylvestris) (Laudon et al., 2021b;
Laudon and Sponseller, 2018). The topography spans elevations from
100 to 400 m.a.s.l. with higher altitudes to the northwest and lower al-
titudes to the southeast (Fig. 1). Themain soil type at higher altitudes is
glacial till, which reaches depths of up to 20 m (Bishop et al., 2011;
ation stations are indicated by red circles. (b) Sub-catchments C2, C4, and C7. (c) Soil types
6) and field investigations. (d) Surface topography in meters above sea level (m.a.s.l.).
ation (ET), precipitation (P) (rain and snow), overland flow (OL), unsaturated flow (UZ),
the streams (modelled using Mike 11), as described in Supplement A. (For interpretation
is article.)
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Nyberg, 1995; Seibert et al., 2009). Themain soil types at lower altitudes
are silty-clay and sandy sediments, and the soil deposits can be up to at
least 50 m deep. Field studies have shown that themain constituents of
the mineral soil are quartz (47%), plagioclase (26%) and K-feldspar
(20%). Smaller quantities of apatite (0.2%), biotite (0.6%), hornblende
(5.3%), and pyroxene (1.0%) have also been found (Erlandsson Lampa
et al., 2020; Nyberg et al., 2001). Streamflow, groundwater levels, and
water quality in the catchment have been monitored for over 30
years, with the longest data set commencing in the 1980s. The catch-
ment is divided into 14 sub-catchments with different scales and land-
scape characteristics, which are designated C1 to C20 (Fig. 1, Table 1).

In this study, the catchment's hydrology was described using a pre-
viously developedMike SHE/Mike 11flowmodel (Jutebring Sterte et al.,
2018, 2021a). This 3D flow model calculates the groundwater and sur-
face water flows using topography, vegetation and soil properties, and
time-varying climate inputs (Fig. 1, Table 1). For each time step, the
model calculates water fluxes between the ground surface, subsurface,
and streams throughout the catchment. Processes included are satu-
rated and unsaturated flow, overland flow, evapotranspiration, and
snowmelt. Streams are modelled with the 1D modelling tool Mike 11,
which is coupled and fully integratedwithMike SHE. Theflowmodel in-
cludes the whole Krycklan catchment and extends past the bedrock
Table 1
Catchment characteristics and chemistry. (a) Catchment characteristics (see also Fig. 1). (b) Av
cludes the average pH of the sub-catchment streams of Krycklan for the same period. (c) Aver
Chemical data can be acquired from the Krycklan Database (2013).

Catchment (a) Catchment characteristics

Catchment size Till Mire Sorted sedime

(km2) (%) (%) (%)

C1 0.5 91 0 0
C2 0.1 79 0 0
C4 0.2 29 42 0
C5 0.7 47 46 0
C6 1.1 51 29 0
C7 0.5 68 16 0
C9 2.9 64 14 11
C10 3.4 64 28 1
C12 5.4 70 18 6
C13 7.0 60 10 18
C14 14.1 46 6 39
C15 19.1 64 15 10
C16 67.9 51 9 31
C20 1.5 55 9 28

(c) Observed groundwater concentrations

Well location Well ID Depth below ground (m) No. Magnesium (M

(mg l-1)

C2

201 3 4 1.3
212 20 1 4.1
213 48 2 4.3
S -transect <2 220 0.5
301 4 4 1.0
302 2 3 0.5
303 5 4 2.7
304 11 4 2.7

C7

401 3 4 2.0
402 2 1 0.9
403 4 4 1.7
404 10 4 3.3
411 15 3 2.8
412 25 3 4.3

C9
501 4 3 3.3
511 5 3 2.3

C13 601 6 5 1.7
Deep⁎⁎ Ceq ≥15 9 3.8

Prec.⁎⁎⁎ Cp – – 0.0

⁎ Annual mean travel time (MTT) values as calculated in Jutebring Sterte et al. (2021a).
⁎⁎ Average concentrations of four different wells located in C2 (212 and 213) and C7 (411 and
taken from these wells between 2012 and 2018.
⁎⁎⁎ Cp values are long term volume-weighted averages from April 2002 to September 2018 ba
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beneath the soil deposits. The input data span the period from 2009 to
2014. A more detailed description of the flow model and its updating
are presented in Supplement A and Jutebring Sterte et al. (2018, 2021a).

2.2. Weathering model

A weathering model was integrated with the hydrological flow
model of the catchment, as described in Supplement A (Jutebring
Sterte et al., 2018, 2021a). In the resulting flow and weathering
model, solutes are transported by advection according to the
established flow field. New concentrations are calculated for each cell
and each time step. The solute concentration can be changed by pre-
established sources, bymixing, or by reactions controlled by an external
module called Mike ECO Lab, (Supplement B, Butts et al., 2012). We
used theMike ECO Labmodel to describe theweathering of base cations
in the flow and transport model. This studywas divided into threemain
phases: 1. Calibration of weathering rates, 2. validation of the coupled
hydrology and weathering model, and 3. analysis of catchment export.

The flowmodel used in this study has two main sources of base cat-
ions: precipitation andweathering,which are described usingMike ECO
Lab. The precipitation concentration (Cp) is set to an average value
based on field observations (Table 1). Weathering was permitted in
erage observed stream concentrations of Mg, K, Ca, and Na, 2009-2014. The table also in-
age observed groundwater concentration in the mineral soil.

(b) Average observed stream chemistry

nts Lakes MTT⁎ Mg K Ca Na pH

(%) (year) (mg l-1) (mg l-1) (mg l-1) (mg l-1) (-)

0.0 1.3 0.8 0.5 2.2 1.7 5.3
0.0 0.8 0.7 0.3 1.8 1.6 5.0
0.0 0.8 0.4 0.3 1.1 0.9 4.4
6.4 0.8 0.4 0.2 1.2 0.8 4.8
3.8 0.9 0.7 0.4 1.9 1.3 5.4
0.0 1.1 0.7 0.4 1.9 1.4 4.9
1.5 1.4 0.8 0.5 2.4 1.6 5.7
0.0 1.1 0.6 0.5 1.9 1.4 5.2
0.0 1.3 0.7 0.5 2.1 1.4 5.5
0.7 1.4 0.8 0.5 2.4 1.5 5.6
0.7 2.4 0.9 0.8 3.0 1.6 6.2
2.4 1.5 0.8 0.6 2.7 1.5 6.3
1.0 2.3 1.1 0.9 3.3 1.7 6.5
0.0 2.7 1.1 1.0 5.0 1.7 6.4

g) Potassium (K) Calcium (Ca) Sodium (Na)

STDEV (mg l-1) STDEV (mg l-1) STDEV (mg l-1) STDEV

0.2 1.1 0.1 4.2 0.9 2.7 0.2
– 4.6 – 12.5 – 4.8 –
1.1 3.0 0.5 15.7 2.5 8.1 3.6
0.3 0.3 0.2 1.4 0.8 2.0 0.6
0.2 1.0 0.2 2.5 0.4 2.3 0.1
0.0 0.5 0.1 1.6 0.1 1.9 0.1
0.1 2.5 0.2 7.7 0.3 3.1 0.2
1.3 1.9 0.7 9.5 4.4 3.3 0.9
0.4 2.0 0.9 6.4 0.7 3.2 1.0
0.0 1.5 0.0 1.7 0.0 3.8 0.0
0.0 1.1 0.3 5.8 0.2 3.0 0.1
0.1 3.0 0.1 10.1 0.3 4.0 0.2
0.1 2.1 0.1 10.5 0.4 3.6 0.1
0.1 2.4 0.2 16.8 0.5 4.8 0.0
0.1 2.4 0.0 11.7 0.3 4.0 0.1
0.5 2.4 0.2 10.3 2.4 6.2 2.8
0.3 1.4 0.1 5.7 0.8 2.1 0.4
0.8 2.7 0.8 14.0 2.8 5.1 0.4

3 0.12 0.11 0.15

412), with depths ranging from 15 to 50m below the ground. In total, nine samples were

sed on monthly bulked data for the Krycklan site.
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the unsaturated and saturated groundwater of the mineral soil and
started as soon as water infiltrated the soil surface. Consequently, no
weathering was allowed for surface waters or groundwaters in mires
(Fig. 2). However, mires, lakes, and streams could still receive base cat-
ions from the surrounding area or by precipitation. A simple andwidely
utilised model was used to calculate primary weathering rates for sub-
surface flow (Ameli et al., 2017; Drever, 1994; Maher and Druhan,
2014). The concentration (C) in time step twas calculated as a function
of the concentration in the preceding time step and theweathering rate
(R):

Ct ¼ C t−1ð Þ þ R C t−1ð Þ
� �

dt ð1Þ

To estimate the weathering rate (R, mg l-1 day-1) for minerals, we
used an equation based on the Transition State Theory (TST-style) that
was previously used to calculate weathering rates (Ameli et al., 2017;
Erlandsson et al., 2016; Goddéris et al., 2006; Maher et al., 2009). Ac-
cording to this theory, the weathering rate for a mineral close to the
equilibrium concentration (Ceqx) is slower thanwhen it is far fromequi-
librium (Schott et al., 2009):

R C t−1ð Þ
� �

¼ Rmax 1−
C t−1ð Þ

Ceq

 !b

mg l−1 day−1
� �

ð2Þ

In the TST-style equation, the weathering rate R depends on the
maximum weathering rate (Rmax), the concentration at the time (Ct-1),
the equilibrium concentration (Ceq), and a brake-constant b. In the
TST-style model, b defines the shape of the weathering rate curve. For
example, if b=0, then theweathering rate is constant (Rmax), resulting
in a linear relationship between groundwater travel time and base cat-
ion concentration. However, weathering does not depend only on the
soil contact time and cannot often be described by a linear relationship.
The process depends on numerous additional factors, including temper-
ature, pH, and geochemical and biological processes (Anderson et al.,
1997; Bishop et al., 2011; Whitfield et al., 2006). These factors are
Fig. 2. Schematic figure over the conceptual model of weathering in the mineral soil. (a) Schem
soil contact time. Streams receive groundwater with increasing concentration due to weather
transported by advection. The concentration in each cell is then adjusted using the weathering
concentrations. (c) No weathering occurs in the mires, lakes, or streams, but they can receive
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averaged into the two variables of Rmax and b in Eq. (2), resulting in a
non-linear relationship. Rmax and b can take different values for different
sites andminerals, andmust be calibrated usingfield data or be theoret-
ically derived (Erlandsson et al., 2016). Thus, although the model does
not include actual thermodynamic calculations or expressions for the
weathering of specific minerals, it is still flexible enough to describe dif-
ferent types of weathering kinetics based on empirically calibrated con-
stants. It was hypothesized that when used in combination with a full-
scale 3D representation of the catchment's hydrology, this model
would be sufficient to explain much of the variation in base cation con-
centrations throughout the landscape.
2.2.1. Step 1: calibration of weathering rates
The maximum weathering rate (Rmax) and the shape constant b

(Eq. (2)) were calibrated separately for each of the four base cations
Mg, K, Ca, and Na, using an automatic calibration routine (Supplement
B) in which the model was repeatedly used to simulate a single hydro-
logical year (2010) until stable groundwater concentrations were
achieved for each set of Rmax and b values. The modelled groundwater
concentrationswere then compared to the groundwater concentrations
observed at numerous wells throughout the Krycklan catchment in
2010 (Table 1). The Rmax and b values that gave the concentrations clos-
est to the observed valueswere used in steps 2 and 3. The empirical data
were collected from wells in the mineral soils at five different sites and
different soil depths (Table 1). Samplingwas conducted during twopro-
jects: S-transect groundwater monitoring (base cation data for the years
2006 and 2007) and Snowcat groundwater monitoring (base cation
data for the years between 2012 and 2018) (Laudon et al., 2013). The
S-transect studied in the first project is located close to the stream of
C2 (Fig. 1). During this project, lysimeters were placed between 4 m
and 22 m from the stream at various depths <2 m below the ground
surface, focusing on the soil's upper horizons. During the sampling pe-
riod at this site, about 220 measurements of base cation concentrations
were acquired. The Snowcat groundwater monitoring project focused
on deeper groundwater wells throughout the Krycklan catchment (up
atic figure connecting increasing base cation (BC) concentration in the stream network to
ing in the mineral soil. (b) Weathering in the mineral soil. At each time step, the solute is
equation (Eq. (2)). The result is that older waters are associated with higher base cation

nutrients from the surrounding mineral soils or through precipitation (Cp, Table 1).
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to 50 m below the ground surface). These were measured once in 2012
and then once per year from 2015 to 2018. Although themeasurements
are sparse, they are relatively stable and provide information on con-
centrations at depths below 2 m in the mineral soil. The equilibrium
concentration (Ceq) was taken as the average from the four deepest
wells (deeper than 15 m).

2.2.2. Step 2: validation of coupled hydrology and weathering model
After calibrating Rmax and b against the observed groundwater con-

centrations, the model was tested by comparing the observed and
modelled stream concentrations. The model was run from 2009 to
2014, calculating daily stream concentrations. Empirical measurements
for the same period were available with weekly to monthly frequencies
for the 14 tested sub-catchments (Table 1). Statistical evaluations were
performed by comparing the modelled and observed values for the
same date. Themodel's performancewas evaluated on seasonal and an-
nual time scales for all 14 sub-catchments (Table 1). The annual evalu-
ations included all months and days with available observations. Three
distinct seasons in Krycklan were evaluated: winter, spring, and sum-
mer. As in our previous work (Jutebring Sterte et al., 2021a), winter
was defined as the period from early December to late February. Inwin-
ter, the air temperature was below 0 °C and precipitation accumulated
as snow, so no input to the groundwater occurred. Spring was defined
as the period from April to May, when air temperatures started increas-
ing and the main part of the snowmelt occurred. Summer was defined
as the period from July to September, duringwhich the catchment's hy-
drology was affected by relatively high air temperatures and high ET.
Data for March, June, October, and November were excluded when cal-
culating seasonal averages because they are transitionmonths between
the otherwise relatively distinct seasons.

2.2.3. Step 3: catchment export investigation
The export of base cations to the streamswas calculated as the prod-

uct of the flow rates predicted by themodel and the concentrations pre-
dicted by themodel. The predicted average annual export values for the
different sites were compared to catchment characteristics previously
found to have important effects on streamflow and stream chemistry
(Jutebring Sterte et al., 2021a; Karlsen et al., 2016; Klaminder et al.,
2011b) including the areal proportion of mires and lakes, the mean
travel time (MTT) of the streamwater contribution, and the catchment
size (Table 1). The objective was to find the primary factors controlling
catchment export of base cations in the different sub-catchments and to
determine whether any of the base cations responded differently to
changes in these factors. The model also provided a unique opportunity
to assess the relative contributions of deep and shallowweathering be-
cause it distinguished between solutes weathered above the lower level
of the first saturated computational layer (<2.5 m depth) and those
weathered in deeper soils. As mentioned in the introduction, it has
been suggested that reliance on potentially inaccurate assumptions
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about weathering zone depth may partly explain why estimated
weathering rates obtained using mass balance methods diverge from
those obtained using methods focusing mainly on the shallow soil
(Futter et al., 2012; Whitfield et al., 2006). The model presented herein
made it possible to assess the importance of deep-soil weathering of the
different base cations as well as differences in the exports of different
catchments.

3. Results

3.1. Step 1: calibration of weathering rates

During the calibration process, the model was run repeatedly with
different sets of Rmax and b values. Each such parameterisation was
then evaluated by comparing the stable concentrations predicted by
the model to the empirically observed groundwater concentrations
(Table 1). When calibrating against the groundwater data, all four
base cations ended up with a b constant >0; Na andMg had the largest
b constants (bNa = 4.0, bMg = 2.9) and Ca and K the lowest (bCa = 0.3,
bK= 0.4). Rmaxwas calibrated to 4.0 × 10-3mg l-1 day-1 (Mg), 2.0 × 10-3

mg l-1 day-1 (K), 7.0 × 10-3 mg l-1 day-1 (Ca), and 5.5 × 10-2 (Na) mg l-1

day-1. The strongest correlations between calculated and observed con-
centrations were found for Mg and Ca (rMg = 0.77, Fig. 3a, rCa = 0.84,
Fig. 3c), while Na exhibited the weakest such correlation (rNa = 0.64,
Fig. 3d). The model underestimated high groundwater Mg and K
concentrations and overestimated low K and Mg concentrations when
compared to the empirical data, but the overall ME was low for these
cations (MEMg = 0.1 mg l-1 and MEK = 0.1 mg l-1). Additionally, low Ca
concentrations were underestimated and high Ca concentrations were
overestimated, with a somewhat larger ME (MECa = 1.4 mg l-1). Most
of the calculated Na concentrations between 2 mg l-1 and 4 mg l-1 were
clustered around the 1:1 trend corresponding to perfect agreement
with the empirical observations, and the overall ME for Na was low
(MENa = 0.1 mg l-1). The lowest MAE and RMSE values were found for
K (MAE = 0.4 mg l-1 and RMSE = 0.5 mg l-1) and the largest for Ca
(MAE= 2.3 mg l-1 and RMSE = 2.9 mg l-1).

3.2. Step 2: Validation of coupled hydrology and weathering model

In step 2, themodelwas run for thewhole period from 2009 to 2014
and validated by comparing the predictedweathering rates to empirical
observed stream concentration data. The following discussion focuses
on the time series data obtained for Ca, which was the dominant base
cation in the studied streams, and on four sub-catchments with distinct
properties: C2 (a small till dominated catchment), C4 (a small mire
dominated catchment), C20 (a small silt dominated catchment), and
C16 (the main catchment outlet). C2 and C4 were previously found to
have relatively short yearly mean travel times, while C20 and C16
have relatively long yearly mean travel times (Table 1). Time series
(c) Ca (d) Na
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data for the other base cations in the same representative sub-
catchments are presented in Supplement C.

Modelled and observed concentrations were not captured very well
on a daily time scale, and the correlation was generally weaker for the
smaller sub-catchments with shorter travel times (e.g., C2 and C4,
Fig. 4a and b). Evaluation of the model's output is complicated by the
fact that its temporal resolution is greater than that of the observations,
whichmay therefore not capture the full variability of stream chemistry.
Since different types of water (e.g., mire water and deep groundwater)
can differ considerably in terms of base cation concentrations, evalua-
tions of the model's performance will inevitably be highly sensitive to
the timing of the streamwater sampling and themodel's ability to accu-
rately predict the timing of hydrological episodes. For example, short-
lived inputs from the mire in spring and summer caused a large spread
(a) Ca – C2: a small till dominated catchment, size 0.1 km2
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of concentrations in C20, which was not reflected in the observations
(Fig. 4c). This does not necessarily mean that the modelled variation
in concentration does not occur; it is possible that it would not be
seen due to the lower temporal resolution of the streamchemistrymea-
surements. Whenever there was a precipitation event, the water flow
from the mires exceeded the baseflow from the silty soils, resulting in
a fluctuating concentration pattern. However, the model successfully
captured the general Q-C relationships for the different sub-
catchments (Fig. 4, Supplement C). In general, Ca concentrations were
higher during low flows (winter and high summer ET) and lower during
high flows (snowmelt and precipitation events) in all investigated sub-
catchments. The lowest predicted concentrations and flowswere found
in the small catchments C2 and C4, and the mire-dominated sub-
catchment (C4) had lower concentrations than the till-dominated
Q-C relationship

D
ischarge (m

3/s)

C
 (m

g/
l)

Q (mm/day)

D
ischarge (m

3/s)

C
 (m

g/
l)

Q (mm/day)

D
ischarge (m

3/s)

C
 (m

g/
l)

Q (mm/day)

D
ischarge (m

3/s)

C
 (m

g/
l)

Q (mm/day)

0

2

4

6

8

1.E-02 1.E+00 1.E+02

0

2

4

6

8

1.E-02 1.E+00 1.E+02

0

2

4

6

8

1.E-02 1.E-01 1.E+00 1.E+01 1.E+02

scharge

ischarge

0

4

8

12

16
2014

0

0.01

0.02

0.03

0.04
2014

0

0.1

0.2

0.3

0.4
2014

0

0.01

0.02

0.03

0.04

0.05
2014

Observed Q-C

Calculated Q-C

10-2 102

0

2

4

6

8

1.E-02 1.E+00 1.E+02

100

10-2 102100

10-2 102100

10-2 102100

Q-C Relationship

ures in rows (a) to (d) show themodelled and observed Ca stream concentrations (left y-
ire-dominated catchment; C20, a small silt-dominated catchment; and C16, the main

observations were made less frequently. The right-hand figures in rows (a) to (d) show
ates on which observations were made. Note that the x-axis shows the specific discharge



E. Jutebring Sterte, F. Lidman, N. Balbarini et al. Science of the Total Environment 799 (2021) 149101
sub-catchment (C2), in agreement with the observations. The highest
concentrations were found in the sub-catchments with longer travel
times, i.e., C16 and C20.

The average modelled seasonal and annual concentrations corre-
lated strongly with the corresponding observations. Generally, the
best fits were found for the winter season (Fig. 5). For all seasons, the
model's performance was relatively good for Ca (r = 0.89-0.93, p <
0.05, Fig. 5), Mg (r = 0.90-0.95, p < 0.05, Fig. 5) and Na (r = 0.80-
0.89, p < 0.05, Fig. 5), but poorer for K (r = 0.75-0.87, p < 0.05,
Fig. 5), and especially for the high K concentrations in early spring.
The average modelled Mg concentrations were close to the observed
values but slightly overestimated (ME = 0.03-0.07 mg l-1, MAE =
0.06-0.12 mg l -1, Fig. 5). Calcium concentrations tended to be
overestimated, especially in the smaller sub-catchments, and were
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underestimated in catchments with longer travel times such as C16
and C20 (ME=0.17-0.56mg l-1,MAE=0.32-0.64mg l-1, Fig. 5). Similar
trends across sub-catchments were observed for Mg, Ca, and K (Fig. 5):
their concentrations were generally overestimated in smaller sub-
catchments and underestimated in concentrations with longer travel
times. The behaviour of Na differed from that of the other base cations:
in all seasons, its concentrations were slightly higher in some sub-
catchments with no apparent dependence on size or MTT (ME =
0.16-0.31 mg l-1, MAE = 0.24-0.41 mg l-1, Fig. 5).

3.3. Step 3: catchment export analysis

The average annual catchment export through streams could be cal-
culated from the flows and concentrations predicted by the model. The
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total base cation export in individual sub-catchments varied between
0.04 eqm-2 year-1 and 0.11 eqm-2 year-1 (Fig. 6), and the average export
values for the four individual base cations ranged from 0.01-0.03 eqm-2

year-1 for Na, 0.004-0.007 eqm-2 year-1 for K, 0.01-0.06 eqm-2 year-1 for
Ca, and 0.02-0.03 eq m-2 year-1 for Mg (Fig. 6a). Smaller mire-
dominated sub-catchments (e.g., C4) had the lowest export values,
while silt-dominated sub-catchments (e.g., C16 and C20) had the
highest export values. The results indicated that approximately 50-
70% of the weathering occurred in the shallow part of the soil (< 2.5
m depth). However, on average, 45% of the base cation export (0.01-
0.06 eq m-2 year-1) originated from deep-soil sources. Specifically,
deep soil exports of Mg, K, Ca, and Na accounted for 10%, 5%, 25%, and
5% of the total base cation export, respectively. Interestingly, the contri-
bution of deep-soil weathering to overall export varied between the
base cations: it was 30-60% for Mg, 20-50% for K, 40-70% for Ca, and
10-30% for Na, depending on catchment. The relative contributions of
deep-soil weathering reflected the way weathering rates decreased
with soil depth for the different base cations. For example, the
weathering rate of Na decreased more rapidly with soil depth than
those of the other base cations (Fig. 6b). Na was also the base cation
showing the least export from deep soils.

No strong connection between catchment export and catchment
size was found. However, there was a strong positive correlation be-
tween MTT and total base cation export (rBc = 0.77, rBC_Deep = 0.86, p
< 0.05, Table 2). This correlation was especially pronounced for Mg, K
and Ca (rMg = 0.78, rK = 0.78, rCa = 0.83, Table 2, p < 0.05) but was
weaker for Na (rNa = 0.57, p < 0.05). Likewise, there was a strong pos-
itive correlation between the total base cation export and the average
streampH (rBc= 0.80, rBC_Deep= 0.87, p<0.05, Table 2). Upon separat-
ing the base cations, the correlation remained strongest for Mg, Ca, and
K (rMg = 0.83, rK = 0.73, rCa = 0.84, p < 0.05, Table 2). Moreover, Na
was the base cation most strongly linked to a catchment's proportion
of mires and lakes (r = -0.79, p < 0.05, Table 2).

4. Discussion

Within the relatively small Krycklan catchment (68 km2), there is
considerable variation in the base cation concentrations in different
parts of the stream network (Fig. 5). The release of base cations and
their subsequent transport through the landscape involves complex
interactions between hydrological, geochemical, and biological pro-
cesses. However, the present model suggests that a thorough under-
standing of hydrology can explain much of the spatial and temporal
variation in base cation concentrations. In contrast to common
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modelling approaches (Augustin et al., 2016; Koseva et al., 2010) that
combine relatively simple hydrology models with complex weathering
routines, we used a thoroughly calibrated 3D distributed hydrological
model combined with a comparatively straightforward weathering
model to quantify weathering on a landscape scale. Our modelling ap-
proach accounted for the dynamics of water flow, transport, and
weathering in time and space, enabling simultaneous investigation of
weathering in sub-catchments of different sizes and characteristics.
The weathering model's constants were calibrated for different solutes,
but the same model was then applied throughout the catchment to all
soil depths and all soil types except peat. The resulting calculations
agreed well with the observations on both annual and seasonal time
scales for all sub-catchments, indicating that the combination of a rela-
tively simple weathering model with a well-calibrated 3D flow model
may be sufficient (or if not, may provide a robust starting point) for
predicting weathering rates and solute transport across catchments.

4.1. Model evaluation

The calibration of the weathering model was based entirely on em-
pirical observations of the groundwater chemistry throughout the
Krycklan catchment. More specifically, the assumed equilibrium con-
centration for each base cation (Ceq) was fixed based on observed con-
centrations in deep groundwater (>15 m, Table 1). However, it is
unlikely that the sampled groundwater represented the true equilib-
rium concentrations; higher concentrations could have been present
in groundwater somewhere else in the catchment. However, both prac-
tical and theoretical limitations needed to be considered. Budget con-
straints limited the spatial resolution of deep groundwater sampling.
Nevertheless, relatively large numbers of groundwater samples were
collected from different depths and soil types throughout the catch-
ment; this together with the catchment's rather mineralogically homo-
geneous soils ensured that the sampled groundwater chemistry
adequately represented the area (Lidman et al., 2016).

It is also challenging to define an equilibrium concentration for the
base cations because mineral solubility is typically linked to the fate of
other constituents with more complex geochemistry (Sharpley, 1991).
The groundwater concentrations of Al and Si, for example, are limited
by various secondary phases (Maher et al., 2009;McLean, 1976). There-
fore, the different mineral weathering rates will be important for deter-
mining how much of the different base cations will be released before
saturation is reached. For example, if large amounts of Al and Si are re-
leased from an easily weathered mineral, the dissolved concentrations
of other more weathering-resistant silicate minerals will be pushed
(b) Weathering rate
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closer to saturation, further reducing their weathering. In the case of
Krycklan, Erlandsson et al. (2016) observed saturation with respect to
both plagioclase and K-feldspar when applying a multicomponent ki-
netic weathering model to soils in the Krycklan catchment, suggesting
that the concentrations of K and Na observed in the deep groundwater
may be close to their respective maximum values. Calcium is more dif-
ficult to assess, since it is present in several minerals, all of which could
contribute significantly to its presence in the groundwater,
e.g., plagioclase, hornblende, and apatite. The situation is similar for
Mg. The stoichiometry, solubility, and reaction kinetics of these min-
erals are not known in detail, which poses a challenge when assessing
the weathering of their constituent elements using mineral-specific
weathering rates (e.g., Erlandsson et al., 2016). Ultimately, however, it
may not be crucial to get the equilibrium concentrations exactly right
when applying the more simplistic approach used in this study because
their purpose in the model is only to decrease the weathering rates by
an appropriate amount (Eq. (1) and (2)). Calibration of the b constant
(Eq. (2)) allowed for someflexibility in the choice of Ceq, so only reason-
ably accurate groundwater concentrationswere needed to achieve good
model performance. The validity of the approach should therefore be
evaluated on the basis of the model's predictive power (Figs. 4 and 5).

The calibrated weatheringmodel reproduced the stream concentra-
tions for the four base cations well on both annual and seasonal time
scales. It accurately captured variations in stream concentration in
sub-catchments with different characteristics, including the generally
low concentrations of C4 and the high concentrations of C20 (Figs. 4
and 5). The best fits to observed stream concentrations were achieved
for Mg, Ca, and Na, whereas the fit for K was less good (Fig. 5). The
strong seasonal correlation between the model's results and observa-
tions suggested that stream concentrations of base cations depend pri-
marily on catchment hydrology and various catchment characteristics
on different time scales. However, some variations on the daily time
scale were not captured. The model predicted daily stream concentra-
tionsmore accurately for larger sub-catchmentswith higherMTTvalues
and smoother temporal shifts in discharge and stream chemistry
(e.g., C16) than for sub-catchments with shorter MTT and more rapid
fluctuations (e.g., C2 and C4). The deviations could be linked to changes
in water flow or biogeochemical processes not captured on a daily time
scale.

The flow model's output correlated strongly with the observed
stream flows (Fig. 4 and Supplement A). However, inaccuracies in the
model's predicted timings and discharge values could reduce the accu-
racy of the predicted concentrations, which could be critical since con-
centrations were not measured daily. For example, if the timing of a
peak flow was off by just one day in the hydrological model, the
weathering model would probably predict an incorrect concentration
for that day because its prediction would be based on inaccurate infor-
mation on the type of water entering the stream. Such inaccuracies
could be taken to indicate poor predictive ability on the part of the
Table 2
Correlationmatrix (r). The table shows the catchment export (eqm-2 year-1) of all sub-catchme
characteristics includemean travel time (MTT, year), log catchment size (Log A, km2), the propo
average export (Total BC) and the export originating from deeper soils (Total BC deep, >2.5 m
results significant at the p < 0.05 level are labelled with an asterisk: *.

r MTT Log A M & L pH

Export to stream MTT 1.00
Log A 0.63* 1.00
M & L −0.50 −0.20 1.00
pH 0.87* 0.80* −0.52 1.0
Total BC 0.77* 0.58* −0.69* 0.8
Total BC Deep 0.86* 0.69* −0.58* 0.8
Mg 0.78* 0.63* −0.70* 0.8
K 0.78* 0.58* −0.57* 0.7
Ca 0.83* 0.61* −0.64* 0.8
Na 0.57* 0.42 −0.79* 0.5
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weathering model even if it actually reproduced the C-Q relationship
well for all sub-catchments (Fig. 4 and Supplement C). The accuracy of
daily concentration predictions could potentially be improved by reduc-
ing the daily flowmodel's time step or reducing the horizontal grid size.
Such changes may be useful if aiming to predict concentrations over
very short time scales. However, they would also increase the model's
computational cost. The model's performance was considerably better
on annual and seasonal time scales, which are in our opinion the most
important time scales for applications of such models (Fig. 5). The gen-
erally strong relationship between the predicted and observed base cat-
ion concentrations (especially Ca, Mg, and Na) suggests that the
noticeable deviations between prediction and observation for spring K
concentrations are probably linked to biogeochemical processes not
included in the current weathering model rather than the model's rep-
resentation of the catchment's hydrology. The calculated annual catch-
ment export to streams (Fig. 6) was also similar to previous estimates
by Erlandsson et al. (2016), who estimated the export to be approxi-
mately 20 meq m-2 year-1 for Mg, 5 meq m-2 year-1 for K, 30 meq m-2

year-1 for Ca, and 30 meq m-2 year-1 for Na using mass balances of ob-
served flows and concentrations in the C2 catchment. For comparative
purposes, in this work the export of individual base cations from C2 to
streams was predicted to be 17 meq m-2 year-1 for Mg, 4 meq m-2

year-1 for K, 30 meq m-2 year-1 for Ca, and 23 meq m-2 year-1 for Na
(Fig. 6). The good agreement between the model's predictions and pre-
vious estimates increased confidence in the model's predictive power
on an annual time scale.

4.1.1. Magnesium and calcium
The correlation between Mg and Ca catchment export to MTT was

strong (r > 0.7, p < 0.05, Table 2). However, the Mg weathering rate
in Krycklan seemed to decrease faster than the Ca weathering rate
(Fig. 6). Themodel also captured this fact since the brake-constant b be-
came larger for Mg than Ca during calibration. The main Mg source in
these soils is believed to be hornblende, which can also be a significant
source of Ca (Erlandsson et al., 2016). Therefore, the general similarities
between Ca andMg throughout the landscapewould be consistentwith
hornblende weathering being a major source of both cations. Pyroxene
is also present in the soils and could contribute to both Ca and Mg, al-
though its stoichiometric composition in these soils remains unclear.
However, considerable amounts of Ca can also be expected to be re-
leased from other Ca-rich minerals such as plagioclase and apatite,
which are poor in Mg. Even when the Mg release was dampened, Ca
concentrations increased continuously with soil depth and soil contact
time. These results indicate that some mineral containing Ca but not
Mg acts as a source of Ca in deep groundwater; potential candidates in-
clude apatite and Ca-rich forms of pyroxene or plagioclase.

On both annual and seasonal time scales, theweatheringmodel pre-
dicted Mg and Ca concentrations well for the Krycklan streams (Fig. 5).
However, some deviations between observations and calculations can
nts and their correlation to thedifferent catchment characteristics (Table 1). The catchment
rtion of mires and lakes (M& L, %), and average pH (Table 1). Thematrix includes the total
). The correlation coefficient r is shown in the table. R2 values >0.5 are shown in bold and

Export to stream

Total BC Total BC deep Mg K Ca Na

0
0* 1.00
7* 0.97* 1.00
3* 0.99* 0.97* 1.00
3* 0.95* 0.95* 0.93* 1.00
4* 0.99* 0.99* 0.98* 0.95* 1.00
8* 0.91* 0.83* 0.89* 0.89* 0.86* 1.00
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be connected to processes not implemented in the model. As discussed
above, several minerals with different weathering kinetics could con-
tribute to the release of Mg and Ca to the groundwater, all of which
are lumped together in the model. Although the model allows for
some flexibility in the weathering kinetics, this may not be enough to
fully capture the weathering dynamics of, for example, Ca, since there
is a tendency to overestimate the weathering of Ca in small catchments
and a similar tendency to underestimate its weathering in catchments
with longer groundwater travel times. While it may be tempting to in-
troduce a more complex weathering model to better capture this be-
haviour, the slight deviations could also be related mainly to minor
problems in the predicted groundwater travel times. Hence, it is not ob-
vious that a more complex weathering model would represent the real
conditions more accurately, and there is always the risk of over-
parameterisation. Other processes important for the weathering and
transport of Mg and Ca, which seem more relevant to include in future
models, are plant uptake, changes in the storage of exchangeable Mg
andCadue to acid precipitation (or recovery therefrom), anddeposition
changes. Harvesting and plant uptake changes can also cause changes in
awatershed's base cation storage since trees and plants have significant
contents of base cations (Gransee and Führs, 2013; Perakis et al., 2013).
It was also recently reported that the Ca concentration in a stream in
Krycklan has declined by 1.6 Ca μeq l-1 year-1 since the 1990s, probably
due to decreasing levels of acid deposition (Laudon et al., 2021a). The
model does not currently account for processes such as biological up-
take and sorption, so it is not capable of handling these effects. However,
it should be noted that this slow decline in Ca concentrations in stream
water is weak compared to the gradients in the landscape that the
model explains successfully. All these interconnected factors may affect
Mg and Ca export on a shorter or longer time scale.

4.1.2. Potassium
The release of K was found to be strongly linked to the soil contact

time (Fig. 6). This conclusion may seem surprising given that
Erlandsson et al. (2016) reported that saturation with respect to K-
feldspar can be observed within the upper metre of a soil profile in
the area. However, the conclusion is strongly supported by the high K
concentrations in streams with long groundwater travel times
(Table 2). Apart from K-feldspar, significant amounts of K are also pres-
ent in biotite. However, like K-feldspar, biotite is not particularly easily
weathered. There could, however, be a non-stoichiometric release of K
from the interlayers of biotite, which could explain why K concentra-
tions increase continuously with the groundwater travel time despite
the groundwater's apparent saturation with respect to the main K-
bearing minerals (Erlandsson Lampa et al., 2020; Nyberg et al., 2001).
A future groundwater geochemistry investigation could shed light on
this issue and resolve some outstanding questions regarding the soil
composition in the catchment (Lidman et al., 2019).

Themodel generally predicted annual K concentrationswell butwas
less capable of capturing the observed seasonal variation for K than for
Ca and Mg, especially in spring (Fig. 5). Presumably, it is the significant
biological role of K that complicates the modelling of this element. The
model does not currently account for any biological processes, and K
should be the base cation most strongly affected by biological uptake
and release. Studies on discharge dynamics have shown that K concen-
trations are less strongly connected to changes in stream flow than
those of other base cations (i.e., the Q-C relationship is weaker for K
than for other base cations) (Tripler et al., 2006). Leaves generally
have higher concentrations of K than other base cations even though
K is less strongly bound to the leaves’ structural proteins and enzyme
complexes than other base cations (Campo et al., 2000; Moslehi et al.,
2019). The cycling of K into plants can reduce its available soil pool rel-
ative to that of Mg and Ca (Fig. 6) evenwhen the supply (including that
derived from plant matter) is ample (Frank and Stuanes, 2003). For ex-
ample, the K concentration in spruce needles from C2 was found to be
12 mg g-1, compared to 1.0 mg g-1 for Mg and 0.94 mg g-1 for Ca
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(Lidman et al., 2017). A comparison of these values to the concentra-
tions of the base cations in soil water and groundwater strongly sug-
gests that the high mobility and leachability of K in dead and living
plants (Salmon et al., 2001; Vitousek, 2004) causes leaf litter and plant
uptake to have stronger seasonal impacts on concentrations of K than
on those of other base cations (Tripler et al., 2006). For example, the im-
pact of leaf litter from the previous autumn on the infiltration of snow-
melt could explain why the model underestimated K concentrations in
early spring (Fig. 5), while the somewhat overestimated concentrations
in summer could be linked to the non-inclusion of plant uptake in the
model.

4.1.3. Sodium
Sodium is one of themajor cations in soils and practically all types of

water. However, unlike K, Mg, and Ca, it is not considered a nutrient for
most plants (Akselsson et al., 2019; Moslehi et al., 2019). Field observa-
tions in Krycklan have shown a rapid increase in the Na concentration
after precipitation events in shallower soils. However, these increases
are followed by sharp declines in theweathering rate in deeper ground-
water. These observations are attributed to the groundwater reaching
equilibrium with plagioclase, the only major Na-bearing mineral in
these soils (Erlandsson Lampa et al., 2020). Smaller amounts of Na are
probably also present in K-feldspar, but since the groundwater reaches
equilibrium also with this mineral relatively rapidly, it probably does
not contribute with much Na in deeper soils. This reduction in
weathering rates is well reflected in the Na model by the high value of
the b constant and the relatively high value of Rmax, compared to the
other base cations. Although the model could not capture all intra-
annual variations, the correlation to observations was strong on both
annual and seasonal time scales (Fig. 5). These results suggest that
catchment export of Na to streams is not primarily correlated with
MTT but rather with the presence of landscape features such as mires
and lakes that dilute its concentration.

4.2. Catchment export of base cations and catchment characteristics

The export of base cations (especially Mg, K, and Ca) to streams
within sub-catchments was closely linked to MTT (Table 2). Studies
on stable water isotopes have indicated that the MTT is linked to the
areal proportion of soils with low conductivity such as silty sediments
(Jutebring Sterte et al., 2021a). Additionally, the chemical composition
of the till and the sorted sediment soils in Krycklanwas shown to be rel-
atively uniform (Lidman et al., 2016). Despite this, the possibility that
differences in the grain size distribution and the mineralogy of the
finer soil fraction could affect the weathering rates cannot be excluded.
However, the fact that a single weathering model could be applied to
the whole catchment without accounting for potential differences in
weathering rates between different soil types strongly suggests that
MTT is the main factor responsible for the variation in base cation con-
centrations throughout the landscape. Unlike the other base cations,
concentrations of Na were most strongly linked to the areal proportion
of lakes and mires within sub-catchments (Table 2). In the streams, the
dilution of water from the mires was more prominent for Na, probably
because its weathering rate decreased most rapidly with soil depth
(Fig. 6). Therefore, only a small portion of the total stream Na came
from deep-soil weathering. Unlike the other base cations, the sharp
weathering decline also caused the Na concentrations to be uncorre-
lated with changes in pH.

The proportion of deep-soil weathering, which contributed primar-
ily to the stream concentrations of Mg and Ca, was also connected to
the MTT (Table 2). It has been suggested that uncertainties about the
weathering zone depth may be partly responsible for the some of the
differences in published estimates of weathering rates in the same
area (Futter et al., 2012;Whitfield et al., 2006), which can be substantial
when comparing estimates obtained using different methods
(Akselsson et al., 2019; Klaminder et al., 2011b). It has therefore been
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suggested that multiple independent methods should be used when
assessing weathering rates. Our results indicate that approximately
45% of the total base cation mass originates from sources well below
the shallow soil (>2.5 m, Fig. 6). A limitation of our model's setup is
that we cannot distinguish the importance of shallower weathering
sources because shallow and deep weathering are only differentiated
on the basis of the depth of the first saturated calculation layer, which
is 2.5m. A shallower deep-soil definitionwould have increased the con-
tribution from “deep soils” even further. Our results thus suggest that
substantial weathering occurs below the 0.5-1 m soil profiles that are
considered in many common process-based weathering models
(Akselsson et al., 2006; Akselsson and Belyazid, 2018; Phelan et al.,
2014; Wallman et al., 2005).

Whileweathering below the root zone does not release nutrients ac-
cessible to forests (except in discharge areas), weathering is one of the
most important acid-neutralising processes in the landscape and
strongly affects the water quality and pH of downstream recipients
such as streams and lakes (Larssen and Carmichael, 2000; Watmough
et al., 2014). The correlation between base cation concentrations and
pH directly illustrates the importance of weathering for stream water
quality (Table 2). Therefore, even if deep weathering cannot supply
the forests with nutrients, it can still be important for increasing the
acid-neutralising capacity (ANC) of such groundwater recipients. Acidi-
fication of streams, lakes, and oceans is currently a sensitive issue in sev-
eral countries (Broadmeadow et al., 2019; Geller and Schultze, 2009;
Moiseenko et al., 2018). For example, one environmental goal presented
by United Nations' 2030 Agenda for Sustainable Development is to ad-
dress and minimise the impact of ocean acidification (Long, 2019). In
Sweden, one of the environmental goals is to reduce anthropogenic
acidification of streams and lakes (Naturvårdsverket, 2020). More spe-
cifically, the goal states that land use should not contribute to acidifica-
tion. As acid precipitation has declined, the effects of forestry and other
types of land use have become increasingly important. For example, the
demand for renewable energy sources has led to increased terrestrial
biomass extraction (Lamers et al., 2013). Therefore, information on
the effects of deeper weathering on stream water quality will have di-
rect practical implications for the sustainable management of boreal
forests.

When forests take up base cations, they usually exchange them for
protons, which leads to acidification of the soil water. This biological
acidification is only temporary in natural forests, as base cations are
returned when trees decompose. However, when biomass is harvested,
the acidification becomes permanent (Moldan et al., 2017; Zhu et al.,
2016). The maximum amount of biomass that can be removed from
an area without soil acidification due to leaching has been defined as
the critical harvesting of biomass (Akselsson and Belyazid, 2018). An
analysis of Swedish soils using a shallow-soil weathering model indi-
cated that stem harvesting may have caused the critical harvesting
level to have been reached or even exceeded in some places, especially
in southern Sweden (Akselsson et al., 2018), with several areas exceed-
ing the critical outtake by 0.02-0.04 eqm-2 year-1 ormore. However, our
results suggest that deep sources may provide significant additional
ANC, which was acknowledged but not accounted for by Akselsson
et al. (2018). According to our calculations, deep base cation sources
can increase the ANC by about 45% on average (Fig. 6). The additional
weathering could reduce the number of acid-sensitive areas. However,
our study also suggests that the contribution of deep weathering de-
pends on catchment characteristics and varies considerably throughout
the landscape. For example, streams draining catchments with short
travel times (e.g., till-dominated areas) exported less base cations
from deep-soil sources, making them more sensitive to acidification
caused by harvesting (e.g., C2, Fig. 6).

Understanding the role of weathering and the evolution of ground-
water chemistry in the landscape is also important for many other ap-
plications, such as assessing the transport and accumulation of various
contaminants in the soils. Weathering-related parameters such as pH
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and the concentrations of weathering-derived solutes can profoundly
affect the speciation and mobility of many elements and compounds.
One concrete example is the long-term safety of spent nuclear fuel re-
positories, which are typically located deep in the bedrock. The
engineered barrier systems may be adversely affected by infiltration of
dilute groundwater (SKB, 2011). However, while a prolonged period
with a recharge of meteoric water could compromise repository integ-
rity, the buffering capacity of the soil could also counteract the penetra-
tion of dilute water into the bedrock. Assessments of the buffering
potential of soils based on a deep understanding and quantitative de-
scription of weathering processes are thus essential in hydrogeological
applications such as site-descriptive modelling of potential repository
sites (Selroos and Follin, 2014b) and safety assessments of such reposi-
tories (Selroos and Follin, 2014a).

In summary, our results imply that differentmethods should be con-
sideredwhen calculating base cation availability and its effect on terres-
trial and aquatic ecosystems and water quality. Sustainable forestry is
inseparably tied to the question of weathering because of its implica-
tions for management of forest soils and their nutrient balance as well
as surface water quality and ecology. Conventional mass balance
methods based on precipitation inputs and stream discharge outputs
may overestimate the buffering potential and nutrient supply in shal-
low soils; for example, increasing deficiency of weathering-derived nu-
trients such as P, K, and Ca has been reported in coniferous forests
(Quesnel and Côté, 2009). Meanwhile, predictive methods focusing on
the shallow soil may underestimate the base cation content and buffer-
ing potential of water discharging into streams and lakes when applied
to areas where deep soils are present and hydrologically active. The
approach presented here circumvents these shortcomings and could
thus help improve the prediction of base cation availability across
catchments.

5. Conclusions and recommendations

This study aimed to investigate the dependencies of weathering
rates of base cations on a catchment's hydrological functioning. The
effects of catchment heterogeneity and scale on site hydrology and
solute transport are not well understood but are nevertheless impor-
tant for predicting and assessing water quality and the resilience of
terrestrial and aquatic ecosystems. Although not all daily concentra-
tion variations were fully captured, the weathering model presented
here successfully captured annual and seasonal variations in base
cation concentrations and their general Q-C relationships in 14
sub-catchments with different landscapes, and explained most of
the spatial differences observed within the studied catchment's
stream network. The results obtained suggest that hydrological fac-
tors such as the mineral soil contact time strongly affect weathering
and water quality. The four studied solutes responded in different
ways to different catchment characteristics. Catchment export of
Mg, K, and Ca was strongly correlated with MTT and deep-soil
weathering, while Na export was more strongly correlated with the
proportion of mires and lakes. The divergent behaviour of Na was
linked to the rapid decrease in its weathering rates with increasing
soil depth. The results presented here suggest that a significant frac-
tion of catchment export can originate from deep-soil sources. When
deep soils are present, methods focusing on the shallow soil might
underestimate solute export, while mass balance methods might
overestimate solutes accessible by plants. These results may have
implications for climate and ecosystem studies, and the method
used here could be a valuable tool for investigating weathering at
different sites and scales that is complementary to existing methods.
As such, it provides a robust foundation for future work onmodelling
weathering and solute transport. In future, the approach could be ex-
tended by including biochemical processes such as biological uptake
and soil sorption, whichwould enable better prediction of changes in
the concentrations of K and other more reactive solutes.
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Data and code availability

Chemistry, environmental, and GIS data are available from
Svartberget's open database, created in tandem with the Hydrological
Research at Krycklan Catchment Study (Krycklan Database, 2013). The
software and licence for Mike SHE and Mike 11 are available online
(DHI, 2021). The Krycklan hydrological flow and weathering setup
and input files can be acquired from the open database Safe Deposit
(Jutebring Sterte et al., 2021b). Additionally, all sub-catchment results
regarding flow and concentrations can be acquired from the open data-
base Safe Deposit (Jutebring Sterte et al., 2021c).
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