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Abstract. Stream water chemistry at catchment outlets is
commonly used to infer flow paths of water through catch-
ments and to quantify the relative contributions of vari-
ous flow paths and/or end-members, especially during storm
events. For this purpose, the number and nature of these flow
paths or end-members are commonly determined with prin-
cipal component analysis based on all available conserva-
tive solute data in inverse end-member mixing analyses (EM-
MAs). However, apart from the selection of conservative so-
lutes, little attention is paid to the number and choice of the
solutes that are included in the analysis, despite the impact
this choice can have on the interpretation of the results from
an inverse EMMA. Here, we propose a methodology that
tries to fill this gap. For a given pair of measured solutes,
the proposed methodology determines the minimum number
of required end-members, based on the synchronous varia-
tion of the solutes during storm events. This allows identi-
fication of solute pairs for which a simple two-end-member
mixing model is sufficient to explain their variation during
storm events and of solute pairs, which show a more complex
pattern requiring a higher-order end-member mixing model.
We analyse the concentration—concentration relationships of
several major ion pairs on the storm-event scale, using multi-
year, high-frequency (< 60 min) monitoring data from the
outlet of two small (0.8 to 5km?) French catchments with

contrasting land use, climate, and geology. A large number
of storm events (56 % to 79 %) could be interpreted as being
the result of a mixture of only two end-members, depending
on the catchment and the ion pairs used. Even though some
of these results could have been expected (e.g. a two-end-
member model for the Na™/C1™ pair in a catchment close
to the Atlantic coast), others were more surprising and in
contrast to previous studies. These findings might help to re-
vise or improve perceptual catchment understanding of flow
path or end-member contributions and of biogeochemical
processes. In addition, this methodology can identify which
solute pairs are governed by identical hydro-biogeochemical
processes and which solutes are modified by more complex
and diverse processes.

1 Introduction

Variations of stream water solute concentrations during
storm events have been studied for several decades because
of the associated large solute fluxes and their potential ef-
fect on aquatic organisms. In addition, high-frequency time
series of stream water concentrations have frequently been
used to characterize the event-scale hydrological and biogeo-
chemical processes (sources, flow paths, and reactions) or the
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ecosystem responses to nutrient inputs, which are considered
useful for water resource management (Bieroza et al., 2023;
Hill, 1993; Rode et al., 2016). For this characterization, water
isotopes, dissolved ions, and other solutes serve as tracers of
specific source areas or as indicators of residence times and
chemical processes within the catchment. In recent decades
and years, the use of auto-samplers and the development of
in situ sensors, bank-side analysers, and in-the-field labora-
tories have allowed us to measure an ever-growing number of
solutes at sub-daily to sub-hourly frequencies (Floury et al.,
2017; Knapp et al., 2020; Rode et al., 2016). These high-
frequency time series of the multi-elemental stream water
chemistry reveal complex — and sometimes unpredictable —
patterns of water sources and flow paths on intra- and inter-
event scales (Knapp et al., 2020; Neal et al., 2012).

A variety of methods exist to interpret high-frequency
time series of stream water chemistry. Probably the most fre-
quently used methods are ¢ — Q (concentration—discharge)
analysis and EMMA (end-member mixing analysis), depend-
ing on the scientific or operational question and on the ad-
ditional available data. Without going into too much detail,
event or seasonal ¢ — Q analysis is used to infer the rela-
tive source location of the solute (proximal vs. distal) and
its transport or production mechanisms within the catchment
(chemostatic vs. chemodynamic, with flushing and dilution)
(Evans and Davies, 1998; Godsey et al., 2009). Using the
¢ — Q analysis, however, no direct conclusion can be drawn
about the exact location of the solute sources. In contrast,
the EMMA approach quantifies the contribution of identified
water sources (end-members) based on the chemical signa-
ture of these sources and the assumed conservative behaviour
of the solutes (Christophersen et al., 1990; Hooper et al.,
1990).

The number of solutes used in EMMA studies is rarely of
primary interest. In a forward-type EMMA (Christophersen
and Hooper, 1992), the number and identity of the water
sources (end-members), whose contributions to streamflow
are to be quantified, are known or determined based on pre-
vious knowledge of the catchment. The solutes that differ-
entiate between these sources are then selected in a sec-
ond step (Durand and Juan Torres, 1996; Gillet et al., 2021;
Ladouche et al., 2001). Alternatively, in the inverse-type
EMMA (Christophersen and Hooper, 1992), the variation
in stream chemistry is used as the primary information and
is subsequently used to estimate the potential end-members
and their numbers (Barthold et al., 2017; Christophersen
and Hooper, 1992; Hooper, 2003; James and Roulet, 2006).
Recently, further developments of the inverse-type EMMA,
such as the convex-hull EMMA (CHEMMA), allowed even
estimation of the chemical signatures of the potential end-
members and not only their numbers (Xu Fei and Harman,
2022).

The forward-type EMMA requires a lot of prior knowl-
edge about the catchment in question. It, therefore, cannot be
applied easily to catchments that lie outside long-term obser-
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vatories or to experimental catchments. In the inverse-type
EMMA and the CHEMMA, this limitation is strongly re-
laxed. However, besides a selection of conservative solutes,
no general, objective approach is used to select which so-
lutes and how many should be included in the analysis of an
inverse-type EMMA or CHEMMA. However, using a greater
number of solutes also leads to a greater number of potential
end-members that are needed to explain the observed varia-
tion of the stream chemistry (Barthold et al., 2011). There-
fore, the selection of the solutes (and their number) used in
an inverse EMMA or a CHEMMA likely has important im-
plications for the interpretations and conclusions but is rarely
discussed in detail, as mentioned by Lukens et al. (2022).

Here, we propose a new methodology to analyse high-
frequency, multi-elemental time series of stream water that
tries to overcome the constraints of the forward EMMA,
the inverse EMMA, and the convex-hull EMMA, notably
the prior selection of the conservative solutes. The proposed
method relies on pairs of solutes in bivariate concentration—
concentration plots (C—C plots) for storm events. These bi-
variate relationships can be used to identify synchrony be-
tween two solutes during storm events. When such syn-
chrony is observed, a two-end-member system would be suf-
ficient to explain the variability of the two solutes in the
stream. In these cases, the potential end-members can be de-
scribed as “diluted” or “unreacted” end-members (not to be
confused with event water) on the one hand and “concen-
trated” or “reacted” end-members on the other hand (Lukens
etal., 2022).

We define an end-member as a “water mass (e.g. ripar-
ian zone water, macro-pore solution, soil layer solution,
groundwater, throughfall) with a distinct chemistry and with
a distinct variation of its contribution”. Furthermore, as in
Hooper et al. (1990), we defined “end-members” as con-
tributing sources that have extreme chemistry (“chemical
boundaries”). Those end-members that can be formed by a
mixture of two (or more) other end-members are not con-
sidered to be end-members. A definition of a “distinct vari-
ation of its contribution” is required, because two chemi-
cally distinct end-members that exhibit the same variation
of their contribution appear in the stream only as one end-
member with one chemical signature and not as two end-
members. This is the case if the contribution of one of those
end-members, QM1 s, is a constant multiple of the contribu-
tion of the other end-member Qgm2,; (Eq. 1):

OeMmi,: = Orm2,; X k, (1)

where Q is the flow contribution (L3 T~!) of end-member 1
(EM1) or end-member 2 (EM2) at time instant 7, and k is a
constant (during a given storm event). If, for example, one
end-member always (before and during an event) contributes
double the amount of water of the other end-member, then
their individual contributions cannot be calculated because
their chemistries appear as one, non-distinguishable mixture
in the stream.
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This methodology has been elaborated on based on orig-
inal datasets of concentration time series that are both high-
frequency (23 to 45 min) and multi-elemental as they include
all major ions. The overall aim of this work is to propose
a systematic methodology applicable to the analysis and in-
terpretation of a large chemical dataset covering contrasting
hydrological events from a multitude of different catchments.

2 Material, methods, and site description
2.1 Description of the study sites

High-frequency, multi-elemental analyses of stream water
chemistry were conducted in two contrasting headwater
catchments in France: the Kervidy-Naizin and Strengbach
catchments (Fig. 1). They differ in topography (flat vs. steep),
land use (agriculture vs. forest), climate (temperate oceanic
vs. temperate oceanic mountainous), and geology (schist vs.
granite). Both catchments are long-term observatories and
are part of the French OZCAR Ceritical Zone Study Network
(https://www.ozcar-ri.org, last access: 27 August 2024).

2.1.1 Kervidy-Naizin

The Kervidy-Naizin catchment (5km?, ORE AgrHyS Ob-
servatory) is located in Brittany, western France (47.95° N,
2.8° W), with an elevation between 90 and 140 m a.s.1. (Fovet
et al., 2018). The topography consists of gentle slopes
(<5%). The bedrock is composed of low-permeability
schists (Upper Proterozoic) overlain by fractured and fissured
layers. The weathered zone is between 1 and 30 m deep and
has a total porosity of 40 % to 50 %. The soils (silty loams,
Cambisols), with a depth of 0.5 to 1.5m, are generally well
drained, except in the bottom lands close to the streams,
where hydromorphic soils (Luvisols) are found. Land use is
dominated by agriculture (90 % of the catchment area) as-
sociated with relatively high levels of nutrient inputs. The
crop types are approximately 30 % maize, 30 % other cereals,
and 30 % grasslands. The cropping systems and rotations are
closely associated with the livestock type, with most farms
practicing pig and/or dairy farming and a few farms hav-
ing no animals (Fovet et al., 2018). The climate is temper-
ate oceanic, with average annual rainfall of 840 4220 mm,
Penman potential evapotranspiration of 700 £ 60 mm, runoff
of 330 £ 190 mm, and air temperature of 11.2 + 0.6 °C (1994
to 2017). The stream frequently dries up in summer for up to
several months (Fovet et al., 2018).

2.1.2 Strengbach

The Strengbach catchment (0.8 km?, OHGE Observatory)
is located in the Vosges Mountains in north-eastern France
(48.12°N, 7.11°E), with an elevation between 880 and
1150 ma.s.l. (Pierret et al., 2018). The topography consists
of steep slopes (20 % to 30 %). The bedrock is mainly com-
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posed of Hercynian calcium-poor granite, with various lev-
els of hydrothermal alteration and some micro-granite and
gneiss outcrops. The weathered zone has a thickness of 1 to
9m and is overlain by brown acidic to ochreous, coarsely
grained podzols (roughly 1 m thick). Land use is dominated
by planted forests (90 % of the catchment area) consist-
ing of 80% spruce trees and 20 % beech trees (Pierret et
al., 2018). The climate is temperate oceanic mountainous,
with average annual precipitation of 1380 mm (varying be-
tween 900 and 1710 mm), Penman potential evapotranspira-
tion of 570 mm (varying between 520 and 730 mm), runoff
of 760 mm (varying between 490 and 1130 mm), and air
temperature of 6°C (1986 to 2015) (Pierret et al., 2018;
Strohmenger et al., 2022). Snowfall occurs in 2 to 4 months
per year. The stream is fed by several intermittent and per-
manent springs, of which four permanent ones are used for
drinking water supply by the nearby village. The long-term,
annual runoff coefficient (runoff plus drinking water) is 0.55
to 0.60.

2.2 Data acquisition

High-frequency (every 25 to 45 min), multi-elemental (ma-
jor cations and anions) analyses of the stream water chem-
istry at the outlets of the two catchments were conducted
by automated stream-bank field laboratories. A detailed de-
scription can be found in Floury et al. (2017). The two field
laboratories used at the two study sites were largely identi-
cal, differing slightly from the original system (Floury et al.,
2017). Here we briefly describe their acquisition system for
the time series of the major cations (Na*, Mg>t, K+, Ca>™)
and anions (CI—, NO3, SOZ_). It consisted of three main
parts: (1) supply of unfiltered stream water to the field labo-
ratory, (2) filtration, and (3) analysis of the filtered water by
an ion chromatography system.

The field laboratories were located on the bank side at
the outlet of the catchments. Stream water was continuously
pumped by a surface pump to the field laboratory at a flow
rate of around 400 to 600 Lh~!. The distances between the
streams and the field laboratories were only a few metres
(< 10 m) at Kervidy-Naizin but around 141 m at Strengbach.
The mean transfer time of the water from the stream to the
field laboratories was equal to or less than 8 min (determined
with salt injections).

A small fraction of the stream water was continuously fil-
tered with a two-step filtration system. The first filtration step
consisted of a stainless-steel tangential filter (0.5 pm) with an
automatic and regular cleaning mechanism (every few min-
utes) and a flow rate of roughly 0.5 to 10 Lh~! (depending on
the site). This was followed by the second filtration step, con-
sisting of a mixed cellulose ester membrane filter (0.22 um)
that was manually replaced weekly (Kervidy-Naizin) or bi-
weekly (Strengbach), in most cases, and with a flow rate of
0.1Lh~" or less. Due to the clogging of the membrane filter
and the occasional extended periods without a filter replace-
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Figure 1. Study sites of Kervidy-Naizin (bottom left) and Strengbach (top right).

ment (> 1 week at Kervidy-Naizin and > 2 weeks at Streng-
bach), transfer times of the filtered water to the analytical
instrument reached up to 3 h.

The filtered water was analysed using a Dionex ICS-5000
Ion Chromatography System (Thermo Scientific) for the ma-
jor cations and anions every 35 to 45 min at Kervidy-Naizin
and every 20 to 30 min at Strengbach. The range of the time
intervals between two consecutive analyses at each site was
due to an optimization of the analytical procedure in the
course of the project. The Ion Chromatography System was
calibrated, on average, monthly at Naizin and every 3 months
at Strengbach and after modifications to the instrument (re-
placement of consumables or capillaries, etc.). Validation
with standards was conducted once a month on average. The
limit of quantification was estimated to be around 1.0 mg L ™!
(for the anions and cations) at Naizin and around 1.0 mg L-!
(for the anions) and 0.5 mg L~! (for the cations) at Streng-
bach.

Stream discharge at both sites was estimated at the catch-
ment outlets every minute (Kervidy-Naizin) and every 2 min
(Strengbach) based on long-term, well-established rating
curves and continuous water level monitoring.

Since both catchments are part of long-term observato-
ries, we also used precipitation, throughfall, and groundwater
data for the discussion of the results. Details of these mea-
surements can be found in Fovet et al. (2018) and Pierret et
al. (2018). The open-field precipitation chemistry (major an-
ions and cations) has been measured monthly in bulk samples
at Kervidy-Naizin since 2013 and fortnightly at Strengbach
since 2005. In addition, throughfalls in a beech stand and a
spruce stand have been measured fortnightly in bulk samples
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at Strengbach since 1986. At Kervidy-Naizin, groundwater
chemistry (major anions) has been measured in piezome-
ters 3 to 8 m deep, at various locations, four times per year
since 2000 (Fovet et al., 2018). The cation concentrations
in the same piezometers were only measured irregularly as
part of specific research projects between 2000 and 2008.
The chemistry of the soil solutions in bottom-land areas has
been measured irregularly with zero-tension lysimeters since
2011 during various projects at Kervidy-Naizin (Fovet et al.,
2018).

2.3 Data treatment and analysis

The focus of this article is on presenting a methodology to
analyse and interpret the variation of the stream chemistry
during storm events. We therefore only present data of storm
events. The following paragraphs outline the data acquisition
period as well as the selection procedure of the storm events.
The field laboratories were operational from June 2018
onwards at Kervidy-Naizin and from November 2020 on-
wards at Strengbach. Here, we present the analysis of data
collected until August 2022 in both catchments. Gaps in the
dataset were due to various technical problems, i.e. failure
of the main pump, power cuts due to lightning, chemical al-
teration of the filtered water that was likely due to the filtra-
tion system, problems with the analytical instrument, periods
without technical support, and the COVID-19 pandemic. To
ensure reliable data quality, only periods and storm events
without technical issues were selected for further analysis.
Storm events were detected semi-automatically, based
on the stream discharge time series. The exact parameters
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N. Brekenfeld et al.: Using high-frequency solute synchronies to determine simple two-end-member mixing

and thresholds used in the procedure described below were
adapted to each catchment. In the first step, the onset of a
storm event was roughly detected by searching for periods of
sustained, increasing streamflow, based on the first derivative
of the flow. The precise starting date and time of the event,
Ty, was subsequently determined by searching for the mini-
mum streamflow within a few hours preceding the period of
sustained, increasing flow. The peak of the event was then
determined with the maximum streamflow within a few days
after Ty or before the onset of the next event, whichever oc-
curred first. The end of the event was defined using a combi-
nation of the time after the peak of the event and the stream-
flow relative to the initial streamflow. This event-detection
procedure was run automatically using an R script (RStudio
Team, 2019). All detected events were then verified manu-
ally. Finally, only storm events not impacted by the regular
maintenance of the field laboratory (cleaning, calibration, fil-
ter replacement) were selected.

At Kervidy-Naizin, we selected and analysed a total of 39
storm events with reliable and complete chemical data be-
tween June 2018 and April 2022 (out of 233 events detected
based on discharge, resulting in a 17 % success rate for our
field laboratory). At Strengbach, we selected and analysed 23
storm events between November 2020 and September 2022
(out of 212 events detected based on discharge: an 11 % suc-
cess rate). At both sites, the selected storm events are un-
evenly distributed over the experimental period but cover a
range of discharge values in different seasons and under dif-
ferent hydrological conditions. The timeline of the selected
events can be seen in Fig. Al.

In order to compare the representativeness of the selected
events, we compared the initial discharge (as a proxy for
the season) and the maximum discharge increase during the
event (as a proxy for the event magnitude) for the selected
and detected events. At Kervidy-Naizin the median initial
discharges were 68Ls™! (29, 39, 163, and 236 Ls™! for
the 10th, 25th, 75th, and 90th percentiles, respectively) and
62Ls™! (9.4,31, 141, and 190 L s~! for the 10th, 25th, 75th,
and 90th percentiles, respectively) for the selected and de-
tected events, respectively. The median discharge increases
were 60Ls™! (13,25, 128, and 254 Ls™! for the 10th, 25th,
75th, and 90th percentiles, respectively) and 36 Ls~! (3.4,
7.2, 176, and 348 L s~ ! for the 10th, 25th, 75th, and 90th per-
centiles, respectively) for the selected and detected events,
respectively. At Strengbach the median initial discharges
were 4.6 Ls™! (1.9, 2.6, 7.3, and 22 Ls™! for the 10th, 25th,
75th, and 90th percentiles, respectively) and 7.4Ls~! (1.9,
2.7, 16, and 32 L s~ for the 10th, 25th, 75th, and 90th per-
centiles, respectively) for the selected and detected events,
respectively. The median discharge increases were 5.2Ls™!
(1.0, 2.1, 16, and 36 Ls~! for the 10th, 25th, 75th, and 90th
percentiles, respectively) and 3.1Ls! 0.5, 1.2, 6.9, and
21.1Ls~! for the 10th, 25th, 75th, and 90th percentiles, re-
spectively) for the selected and detected events, respectively.
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2.4 Development of a methodology for a
concentration—concentration typology

2.4.1 Event-scale solute behaviour classification based
on C-C plots

We propose a methodology to analyse and interpret the vari-
ation of multi-elemental stream concentrations during storm
events. This methodology focuses on identifying pairs of so-
lutes that show synchronous variations during storm events.
For each possible combination of two solutes and for each
event, the concentration of the first solute as a function of
that of the other solute (C—C plot) was examined (Fig. 2), the
temporal dimension thus being lumped with the curve tra-
jectory. We classified the observed C—C patterns into three
types: synchronous, complex, and invariant. We defined a
variation pattern as synchronous when the two solute con-
centrations have a linear relationship with a coefficient of de-
termination (R?) larger than or equal to 0.8 and when at least
one of the solutes varies by at least 10 % relative to the max-
imum concentration. Complex variation patterns were based
on a coefficient of determination smaller than 0.8. In addi-
tion, as for the synchronous pattern, at least one of the so-
lutes had to vary by at least 10 %. Finally, invariant variation
patterns were those where both of the solute concentrations
varied by less than 10 % relative to the maximum concen-
tration. The choice of the two used thresholds (R2 > 0.8 and
10 % variation) was primarily based on the precision of our
field laboratories. We will come back to this point in the dis-
cussion in Sect. 4.3.1. Examples of each type from the two
catchments are shown in Fig. 2. Thus, for a given solute pair,
all three variation types could be observed during different
storm events.

For each storm event and solute pair, we used the function
Im() in RStudio (RStudio Team, 2019) to calculate and the
function summary() to extract the coefficient of determina-
tion between the variations of the two ion concentrations.

It should be noted here that the variable and unknown
transfer time of the water sample from the stream to the an-
alytical instrument was identical for all (seven) solutes anal-
ysed in this study (Na*, K*, Ca?*, Mg?*, CI-,NO;3, SO; ")
and was therefore not considered.

2.4.2 Rationale of the proposed methodology

The classification of the solutes into the three types described
above provides the possibility of drawing conclusions about
hydro-biogeochemical processes and the activation of con-
tributing areas of the catchments during storm events. Syn-
chronous solute pairs indicate that only two end-members
are required to explain the variation of these solutes for a
particular storm event. On a storm-event scale, this could
be interpreted as the mixing of one pre-event end-member,
which provides baseflow, with only one event-activated end-
member.

Hydrol. Earth Syst. Sci., 28, 4309-4329, 2024
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Figure 2. Hydrographs (a), (c), (e), (g), (i), and (k) and the corresponding concentration—concentration plots in panels (b), (d), and (f) (for
Mg2+ / Ca2+) and in panels (h), (j), and (1) (for K+ /C17) for three events at Kervidy-Naizin (a—f) and Strengbach (g-1). Note in the fourth
row that the scales of the axes in panel (h) are larger than those of the plots in panels (j) and (). The concentration—concentration patterns
are linear (b, h), invariant (d, j), and complex (f, 1). Points with the same colour correspond to the same measurement time during the event
for the hydrograph and the corresponding concentration—concentration graph, and they indicate the progression of the event (red: start; pink:

end).

The interpretation of the solutes in the other two types
(invariant and complex variation types) is more ambigu-
ous. Invariant solutes can be interpreted either (1) as the
existence of two or more end-members which have identi-
cal chemical signatures or (2) as a flow path reactivity that
modifies and matches the concentrations of initially differ-
ent end-members on their flow path towards the stream. This
second process was observed with a sprinkling experiment
(Anderson et al., 1997) and a leaching experiment (Hill,
1993), although in catchment contexts that might not be com-
pletely comparable with our field sites. The former experi-
ment was conducted in a very steep (40-45°), 860 m? small,
and forested non-channelled valley (Anderson et al., 1997),
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whereas the latter one used samples from the surface peat
and needleleaf litter from a groundwater-connected headwa-
ter swamp (Hill, 1993). Complex solutes can be caused by
(1) mixing of more than two end-members or (2) variations
of the end-member concentrations in the course of a storm
event. The former includes the case in which different end-
members mix along the flow path towards the catchment out-
let if these end-members differ in their chemistry and vary in
their relative contribution to streamflow (see further details
of the definition of an end-member in the “Introduction” sec-
tion).
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2.4.3 Evaluation of the variation of the molar ratios on
the event scale

For the synchronous solute pairs, we analysed whether and
to what extent the ratio of the two solutes of the different so-
lute pairs changed in the course of individual storm events.
This indicates whether and to what extent the potential end-
members also have different solute ratios. Analysis of the
variation of the solute ratios in the stream and the potential
end-members can be used to draw conclusions about some
hydrological and (bio-)geochemical processes in the catch-
ment. In general, processes that act on both solutes to the
same degree do not change the solute ratio. This is the case,
for example, for evaporation (assuming that the majority of
the solute mass is not evaporated), transpiration (for solutes
that are not taken up by the plants), and dilution by diluted
rainwater (for solutes that are found at very low concentra-
tions in the rainwater). In contrast, processes that act prefer-
entially on one solute compared to the other one will result in
a changing solute ratio. This is the case, for example, for ex-
ternal inputs (e.g. fertilizer applications in agricultural catch-
ments), preferential uptake or release by organisms (e.g. nu-
trients), weathering (release of solutes from primary or sec-
ondary minerals), and precipitation (formation of secondary
minerals).

To evaluate the evolution of the solute ratios during the
storm events, we calculated the ratio at the beginning of the
storm event (the “initial ratio”) and the ratio at the time of the
maximum concentration increase or decrease (the “peak ra-
tio”). The initial ratio was calculated by taking the arithmetic
mean of the first two measurements during a storm event.
The peak ratio was calculated as the ratio at the time when
the denominating ion (e.g. Na™ of the C1~/Na™ ratio) was at
its extreme value, i.e. at its minimum concentration or at its
maximum concentration. This analysis was only applied to
synchronous ions. Therefore, both the ion in the numerator
and the ion in the denominator could be used to calculate the
peak ratio, leading to the same results. Our choice to use the
ion in the denominator was arbitrary.

2.4.4 Evaluation of the inter-event variability

In addition to the solute variations on the event scale (concen-
trations and ratios), we evaluated the variations of the solute
pairs across all the different events (i.e. inter-event variabil-
ity). This analysis can reveal whether the chemistry of the
end-members varies across the different events (i.e. across
different hydrological states and seasons).

The inter-event synchrony of a solute pair compares the
concentration decreases and increases of one solute across
all analysed storm events with the inter-event concentration
decreases and increases of another solute. This method al-
lows evaluation, for example, of whether, during a particu-
lar storm event, a minor concentration decrease of one so-
lute also leads to a minor concentration decrease of another
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solute and whether this correlation is observed across dif-
ferent storm events. For this purpose, we used the relative
concentration variations. For each storm event i and each
ion j, we calculated minimum ((C;, j, min—Ci, j start) / Ci, j,start)
and maximum ((C;, j max — Ci, j,start)/ Ci, j,start) cONcentration
changes relative to the initial concentrations at the start of the
storm events.

3 Results

3.1 General chemical variation during the selected
storm events

The chemical variations during the 39 storm events at
Kervidy-Naizin and the 23 storm events at Strengbach are
ion- and catchment-specific and depend on the season and
the hydrological conditions. Three examples are presented
for each catchment in Fig. B1. On the event scale, individ-
ual ion concentrations showed contrasting evolutions: they
(1) remained constant (e.g. Nat, Mg?*t, and Ca®* at Streng-
bach), (2) primarily decreased (e.g. Na*, CI~, Mg?*, and
NO; at Kervidy-Naizin), (3) primarily increased (e.g. K*
and CI™ at Strengbach), or (4) increased and decreased dur-
ing the same event (e.g. Ca®t and SOi_ at times at Kervidy-
Naizin). These ion-specific patterns are either consistent be-
tween events or differed from event to event, as illustrated in
Fig. B1.

3.2 Event-scale concentration—concentration pattern

In this section and the following ones, we group the ion pairs
into one of the three types of concentration—concentration
patterns (synchronous, complex, or invariant) based on their
dominant (absolute or relative) inter-seasonal patterns during
the storm events. Due to this generalization, individual storm
events can deviate from the overall pattern of a given solute
pair.

At Kervidy-Naizin, the six solute pairs (Cl™ /Nat,
Cl-/Mg*", CI"/NO;, Na'/Mg*", Na™/NO;, and
Mgt /NO3’) that can be formed by the four solutes Cl™,
Nat, Mg+, and NO; exhibited a synchronous variation
pattern in over 56 % (using R > 0.8) of the storm events
(Table 1). This percentage was particularly high (at least
77 % of the events) for C1~/Na™ and Mg?*/NO; and lower
(56 % to 64 %) for the four remaining solute pairs. For
Kervidy-Naizin, we will therefore refer to these four solutes
as synchronous.

For SOi_ /Ca®* at Kervidy-Naizin, a synchronous varia-
tion was observed during 33 % of the storm events. The so-
lute pairs combining SO;[ with the synchronous ions (Na™,
Cl—, Mg2+, and NO;) exhibited synchronous variation in
21 % to 31 % of the storm events (Tables 1 and C1). This
percentage was similar (26 % to 28 %) for the pairs made
of Ca®* with synchronous ions. Potassium exhibited a syn-
chronous variation with the other solutes during no more than
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Table 1. Number (and percentage) of storm events with synchronous, complex, and invariant concentration—concentration patterns for dif-
ferent pairs of solutes for Strengbach and Kervidy-Naizin. For the synchronous concentration—concentration pattern, the values are listed for
two thresholds (R2 > 0.8 and R% > 0.9). Listed are all solute pairs that exhibit a synchronous variation (R2 > 0.8) in at least 30 % of the

storm events. All other solute pairs are listed in Tables C1 and C2.

Ion pairs Strengbach (n =23) ‘ Kervidy-Naizin (n = 39)

Synchronous Complex Invariant ‘ Synchronous Complex  Invariant
R?>09 R*>08 | R”2>09 R?>08

Kt/Cl™ 1043%) 13(57%) 4(17%) 626 %)

Ca2t /Mgt 4(17%) 8(35%) T(30% 8(35%)

NO;/Mgz"‘ 27(69%) 31(19%) 821%)  0(0%)

Cl=/Nat 28 (72%) 30(77%) 0(0%) 9 (23 %)

MgZt/Nat 21 (54%) 25(64%) 6(15%) 8(21%)

NO%_/CI’ 20(51%) 24(62%) 1026%) 5(13%)

Mg“+/Cl~ 22(56%) 23(59%) T(18%)  9(23%)

NOZ,T/Na"" 20(51%) 22(56%) 13 (33%) 4(10%)

SO;~ /Ca2* 1026%) 13(33%) 7(18%) 19 (49 %)

SO, /NO3 7 (18 %) 12(31%) 21(54%) 6(15%)

3% of the storm events, except for Mg?t (15 %) and NO3
(18 %). Due to these low percentages, we do not consider
SO?[, Ca’*, and K™ to be synchronous solutes at Kervidy-
Naizin. In contrast, Ca’>* primarily showed a complex vari-
ation pattern (except for Kt / Ca2+), SOi_ primarily showed
an invariant variation pattern (except for SOi_ /NOy), and
KT showed either complex or invariant variation patterns
(Tables 1 and C1).

At Strengbach, synchronous variation during storm events
was observed only for KT /Cl~ (57 %, Table 1). All other
possible solute pairs exhibited synchronous variation during
less than 20 % of the storm events, except for Ca>*/Mg>*
(35 %) and Mg?* /Na™ (26 %) (Table C2). The majority of
the ion pairs, which included Mg+, Na™, or CI~, exhibited
a complex variation pattern (Table C2). In contrast, the other
four solutes (Ca2t, SO?[, NO;3, and K™) could not be at-
tributed to one group, because they showed either complex
or invariant variation patterns (Table C2).

3.3 Relative concentration variations on the event scale
of all the solutes

The general event-scale variation of the different solutes is
ion- and catchment-specific. At Kervidy-Naizin, consistent
concentration decreases were observed on the event scale
for the four synchronous ions (Na*, CI~, Mg?", and NO3)
for almost all the events, with median concentration de-
creases of —9% (Na™) to 22 % (NO3) (Fig. 3). Consis-
tent, event-scale mobilization patterns were observed for C1~
(median: +45 %) and K™ (+68 %) at Strengbach as well
as for Kt (420 %) at Kervidy-Naizin (Fig. 3). Inconsistent
event-scale mobilization patterns were observed for SOi_
(—11 %/+10 %) and to some degree for Ca2t (=11 %/+3 %)
at Kervidy-Naizin and NO3 (=16 %/+13 %) at Strengbach
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(Fig. 3). These solutes exhibited increasing and decreasing
concentrations during the same event (see an example in
Fig. B1) or different patterns during different events.

For the other four solutes at Strengbach, median rela-
tive concentration variations remained small. Variations of
less than 10 % were observed for SOZ_ (—8 %/+2 %; me-
dian decrease or median increase), Na™ (—6 %/+5 %), Mg>*
(=5 %I4-8 %), and Ca>t (—4 %/+6 %).

3.4 Event-scale variation of molar ratios

For the synchronous solute pairs, we evaluated the variation
of their ratios during individual storm events. In general, the
molar ratio during the events evolved towards the median ra-
tio in the rain (at Kervidy-Naizin) or in the throughfall (at
Strengbach), indicating that the ratio of the rain was closer
to the ratio of the event-activated water than to the ratio of
the pre-event water (e.g. baseflow) (Fig. 4). It must be high-
lighted, however, that we are comparing the high-frequency
(< 1'h) variability in the stream with the low-frequency bulk
and long-term measurements in the rain (monthly at Kervidy-
Naizin and fortnightly at Strengbach) and throughfall (bi-
weekly at Strengbach).

At Kervidy-Naizin, the relative difference between the ini-
tial and peak ratios was small for C1~/Na™ (median: —3 %)
and only slightly higher for Mg?* /CI~ and Mg?* /Na* (me-
dians: —4 % and —7 %, respectively). In contrast, for the
three pairs that include NO; , the median difference between
the initial and peak ratios was larger (the medians range be-
tween —12 % and —15 %) (Fig. 4). This indicates that, dur-
ing the storm events at Kervidy-Naizin, the relative concen-
tration decrease was strongest for NO5, followed by Mg,
Na't, and Cl~.
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Figure 3. Relative concentration variations (percentage of the initial concentration) for Kervidy-Naizin (a) (n = 39 storm events) and Streng-
bach (b) (n =23 storm events). For each storm event i and each solute j, relative minimum (red) and maximum (green) concentration
variations C were calculated as (C;, j min — Ci, j,start)/ Ci, j,start and (C;, j max — Ci, j,start)/ Ci, j start, respectively. The grey horizontal lines

indicate the 10 % thresholds. The patterns of solutes such as SO?[ and Ca2t at Kervidy-Naizin (both with > 10 % increases and decreases)
are due to some events exhibiting a primarily decreasing concentration variation and others a primarily increasing concentration variation or
are due to some events exhibiting both increasing and decreasing concentration variations during the same event.

At Strengbach, the ratio of K*/CI~ increased (median:
15 %) during the events, getting closer to the ratio in the
throughfall (Fig. 4).

3.5 Inter-event synchrony of concentration variations

The solute pairs that were synchronous on the event scale
(Na™, CI~, Mg?", and NOj at Kervidy-Naizin; KT /C1~ at
Strengbach) were also synchronous on the inter-event scale.
Some examples are shown in Fig. 5; for the rest, see Figs. D1
and D2.

At Kervidy-Naizin, the inter-event correlation coefficients
for all six pairs of the four synchronous solutes were at least
0.93, indicating a strong inter-event synchrony. Ca’* and
SOi_ (solutes with increasing and decreasing concentrations
on the event scale) showed synchrony with the other syn-
chronous ions for those events (or parts of them), which were
diluting (corresponding to the turquoise points and values in
Fig. D1). The correlation coefficients of Ca’* with the four
synchronous ions ranged between 0.88 and 0.93 (Fig. D1),
and those of SOi_ ranged between 0.65 and 0.76 (Fig. D1).

At Strengbach, the inter-event correlation coefficient of
the synchronous solute pair (K*/CI17) was 0.93 (Figs. 5 and
D2), indicating high synchrony on the inter-event scale. The
inter-event correlation coefficients of Mg?*, Ca>*, Na™, and
SOi_ ranged between 0.82 and 0.88, except for Mgt/ Ca’**
(0.96) (Fig. D2), equally indicating some degree of inter-
event synchrony.
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4 Discussion
4.1 Synchronous solute variation on the event scale

The synchronous variation of two solutes on the event scale
can be interpreted as a mixture between only two end-
members: one “reacted” or “concentrated” end-member and
one “unreacted” or “diluted” end-member (Lukens et al.,
2022). The aim is not to identify the different end-members
but rather to conclude that only two different end-members
are contributing to streamflow. However, at a later stage,
these theoretical end-members could be mapped to some wa-
ter masses.

These two end-members can be interpreted as one pre-
event end-member which provides streamflow before and
during the storm event and one event-activated end-member.
The fact that only one event-activated end-member exists for
a given solute pair indicates that the different contributing
parts of the catchment that are activated during the storm
event all have an equivalent chemical signature and are spa-
tially homogeneous without chemical “hotspots”. Hotspots,
such as riparian zones with high reactivity, can be neglected,
because they would otherwise likely constitute a second
event-activated end-member. Therefore, the processes are
also spatially homogeneous, which lead to the “reacted” or
“concentrated” and “unreacted” or “diluted” end-members.
These processes could be wet and dry deposition, evapo-
transpiration, weathering of primary minerals, formation and
dissolution of secondary minerals, anthropogenic inputs, and
biogeochemical transformations, to name only a few.

To interpret the synchronous solutes and the variation of
their ratios, hydrological and (bio-)geochemical processes
can be compared that change the solute ratio (e.g. input,
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production, or consumption of one of the solutes by fertil-
izer applications, weathering, or precipitation of secondary
minerals, respectively) and those that keep it constant (e.g.
evapotranspiration). These processes are, of course, solute-
specific. For a solute pair with an observed solute ratio during
storm events that remains constant, catchment processes that
keep the ratio constant can be considered to be of primary im-
portance, whereas those that change the ratio are likely negli-
gible and vice versa. Therefore, this analysis provides a tool
to evaluate for each solute pair which hydrological and (bio-
)geochemical processes are likely the most important and
which can be neglected. Finally, the information provided by
the synchronous behaviour of a solute pair (only two end-
members, non-importance of hotspots) and by the variation
of the solute ratio (negligible and dominant processes) can
change and improve the hydrological and (bio-)geochemical
understanding of the catchment processes.

4.1.1 Agricultural catchment

At Kervidy-Naizin, the Nat /Cl™ ratio measured in the
stream, in piezometers, or in soil solutions is very simi-
lar to and overlaps with the ratio in the rain. We interpret
evapotranspiration as being the primary process leading to
the elevated solute concentration in the “concentrated” end-
member. This is due to the constant ratio observed across dif-
ferent catchment compartments and the fact that evapotran-
spiration is the main process that increases the concentrations
of the solutes (more or less strongly during different seasons)
but keeps their ratios constant (especially for solutes that are
considered to not be recycled by the vegetation). This inter-
pretation is in line with some previous interpretations from
the same catchment (Ayraud et al., 2008) and inputs from
anthropogenic activity (C17) or weathering (Na™) being neg-
ligible compared to input from precipitation. The apparently
negligible anthropogenic input of C1™ is in contrast to in-
terpretations of previous studies from the same catchment,
where inputs of mineral KCl fertilizers by farmers were hy-
pothesized (Aubert et al., 2013). This is similar for Na™, for
which input from weathering and soil leaching to the stream
export was expected at Kervidy-Naizin. In a similar, granitic,
and agricultural catchment in Brittany, a weathering input of
over 50 % was estimated for Na® (Pierson-Wickmann et al.,
2009), and increased Na™ concentrations and Na*/CI~ ra-
tios were observed across different rivers in Brittany over the
last decades, likely due to NH4-oxidation-induced acidifica-
tion and soil leaching (Aquilina et al., 2012). Based on these
studies, the observed negligible inputs of C1~ and Na™ from
agricultural inputs and weathering, respectively, relative to
the large inputs by precipitation, were unexpected.

At Kervidy-Naizin, the stream water ratios of Mg2+ and
NO; with the other synchronous ions are elevated compared
to the rain ratios. The Mg+ /Cl~ and Mg?* /Na™ ratios in
the stream and piezometers are around 5 times higher than
in the rain, whereas the ratios of those solutes (Mg”, Cl-,
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Na™) with NOj3 are even higher (10 times higher in the case
of Na® and CI~ and 2 times higher in the case of Mg?*).
This indicates that there must be additional inputs of Mg>*
and NO; due to weathering, soil leaching, liming, and/or
(chemical) fertilizer applications relative to Na™ and C1~.
This was expected, especially for NO3', due to the strong
agricultural activity in the catchment. For Mg?*, input due
to soil leaching and weathering could have been expected as
well, based on previous observations in Brittany (Aquilina
et al., 2012; Pierson-Wickmann et al., 2009). From the ob-
served synchrony between these solutes, which indicates a
two-end-member system, we can conclude (1) that the inputs
must be spatially homogeneous in order to lead to a two-end-
member system and (2) that there are no hotspots within the
event-activated parts of the catchment, such as wetlands stim-
ulating denitrification, which would retain or mobilize Mg?*
or NO3_ differently. For NO3, for example, this indicates that
the impact of potential hotspots of denitrification is likely
negligible for the stream chemistry during storm events.

The observation that the ratios of ion pairs evolve towards
lower ratios in rain during storm events indicates either par-
tial dilution by rainwater or activation of an end-member,
where the biogeochemical reactions have not proceeded as
far as in reacted or concentrated end-members. In the latter
case, this means that the concentrations of NO; and Mgt
relative to Na* and C1~ are lower than in the concentrated
end-member. This could be expected for Mg+, for which
significant input by rock weathering is assumed. For NO~ ,
with a larger agricultural input, this might seem to be less ev-
ident. However, it could indicate the importance of the large
legacy effect of NO; in the deep groundwater, leading to
a relatively higher concentration in the concentrated or re-
acted end-member (Molénat et al., 2002) or a relatively re-
duced concentration in the unreacted or event-activated end-
member due to denitrification.

4.1.2 Forested catchment

At Strengbach, K*/CI™ is the only synchronous solute
pair, which can be explained by a preserved signal from
throughfall. Particularly high concentrations and fluxes of
K* in throughfall (averages of 31.6 and 22.4kgha=! yr~!
under beech and spruce plots, respectively) relative to rain
(2.2kgha=!yr~!) and the export at the catchment outlet
(5.5kgha~! yr~!) were observed in this catchment and were
interpreted as an input from biological excretion of leaves
(Pierret et al., 2019). In addition, K is the only chemi-
cal element whose fluxes and concentrations at the out-
let at Strengbach are lower than its inputs (atmospheric
plus throughfall), indicating the minor importance of the
weathering fluxes and strong biogeochemical cycling in the
forest. Similarly, but in smaller proportions, higher inputs
of CI~ were also observed under beech (13kgha=!yr=1)
and spruce trees (19kgha=! yr=!) in comparison with rain
(6.4kgha~! yr=1), due to the dry interception by leaves and
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needles (Pierret et al., 2019). As no identified minerals from
the soils and granite contain C1~, the weathering fluxes of
CI™ are considered negligible at Strengbach. We therefore
hypothesize that the synchronous K+ and CI~ peaks during
storm events might be due to higher contributions of super-
ficial fluxes strongly influenced by throughfall. Due to the
large flux from throughfall, its signal might be observable in
the stream. However, on its path to the stream, some of the
K™ ions are probably retained by vegetation or mineral sur-
faces, because the KT /CI™ ratio in the stream and the trib-
utaries is close to the ratio in the rain and lower than in the
throughfall. This is underpinned by a study in the catchment
that indicates that soil solutions show a reduction in the K*
concentration with depth (a factor of almost 5 at depths be-
tween 5 and 60 cm) (Beaulieu et al., 2020), highlighting the
strong recycling by the vegetation.

Similar observations (increasing K and Cl~ concentra-
tions during storm events) were also reported from a small
(4 ha), steep, forested catchment on low-grade metamorphic
schist with a mountainous Mediterranean climate in north-
ern Spain (Avila et al., 1992). The authors attributed the low
K™ concentrations during baseflow to uptake by the vege-
tation and fixation into clay lattices and the increased storm
event concentrations to mobilization from the canopy and the
organic soil layer (Avila et al., 1992), which might be appli-
cable here too. However, despite the fact that the authors did
not use the concentration—concentration behaviour of K and
CI™ to analyse their synchrony, as we propose here, the be-
haviour of K™ and Cl~ seems to be visually less synchronous
than what we observed at Strengbach. Increasing, or variable,
K™ concentration behaviour during storm events was also
reported from other steep, forested catchments and was at-
tributed to mobilization from live or dead biomass or cation
exchange buffering in the soil layer (Barthold et al., 2017;
Knapp et al., 2020). However, to our knowledge, the largely
synchronous behaviour of K™ and C1~, which we observed at
Strengbach and which indicates a two-end-member system,
was not reported previously and was unexpected for us.

4.2 Inter-event synchrony

The inter-event synchrony evaluates whether different solute
pairs show similar behaviours and intensities of their con-
centration decreases and/or increases across different storm
events. For example, at Kervidy-Naizin, C1~ and Na™t are
synchronous on the inter-event scale: during small storm
events, for example, when Cl~ is diluted by 20 %, Na™ is
also diluted by 20 %, and during large storm events both are
diluted by up to 60 %. This 1 : 1 dilution behaviour for C1™~
and Na™ agrees with the observation that their ratio remains
almost constant during individual events. Other solute pairs,
such as Cl~ and NO3_ , are synchronous on the inter-event
scale, but they do not lie on the 1 : 1 line, because their ratio
varies during individual storm events.

Hydrol. Earth Syst. Sci., 28, 4309-4329, 2024

N. Brekenfeld et al.: Using high-frequency solute synchronies to determine simple two-end-member mixing

The observed inter-event synchrony of the synchronous
ions in both catchments indicates that similar processes gov-
ern these solutes not only during individual storm events,
but also across different events. Consistent variation pat-
terns across different storm events for specific groups of
ions were observed previously (Avila et al., 1992). Storm
events showing a strong concentration increase (at Streng-
bach) or decrease (at Kervidy-Naizin) of the synchronous
ions can then either be interpreted as a large contribution
of the event-activated end-member or as a chemistry of the
event-activated end-member that changed relative to previ-
ous storm events. Changes in end-member chemistry linked
to antecedent hydrological conditions, seasonal climatic vari-
ations, or microbial activities (Knapp et al., 2020) and vari-
able end-member contributions across different storm events
(Pierret et al., 2014) were also observed before. Overall, syn-
chronous ions on the event scale and on the inter-event scale
indicate that the hydro-biogeochemical processes that lead to
the diluted and concentrated end-members are common for
these ions.

4.3 Limitations of the proposed methodology

The proposed methodology for analysing high-frequency
stream chemistry data is based on event-scale variations of
the concentration of different solute pairs (concentration—
concentration variations). We propose this methodology be-
cause it can add useful information to that gained from other
commonly used methodologies (such as EMMA or ¢ — Q
analysis). However, it also has its limits, especially in terms
of the criteria used to define the different variation patterns
(R? and its threshold of 0.8) and the difficulty in interpreting
solutes with a complex and invariant variation pattern.

Another limitation of our analyses relates to the selec-
tion of analysed storm events. Due to technical challenges
(pump failure, filter clogging, power outages due to lightning
strikes), the analysed storm events were not fully representa-
tive of those detected based on discharge. At Kervidy-Naizin,
the initial discharge of the analysed events was higher than
those of the detected events based on discharge, whereas the
inverse was true at Strengbach. Related to the event magni-
tude, the events with the smallest and largest discharge in-
creases were underrepresented in the set of analysed events
at Kervidy-Naizin, whereas at Strengbach the events with
the largest discharge increases were overrepresented in the
analysed dataset. Therefore, the conclusions we draw about
the hydrological and (bio-)geochemical processes in the two
catchments might be slightly biased.

4.3.1 Sensitivity of the classification
We used the coefficient of determination of the linear regres-
sion of the concentration—concentration variation of a solute

pair to define a synchronous variation and, more specifically,
a threshold of 0.8. Certainly, other thresholds and linearity
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criteria could be used. We believe that a threshold of 0.8 is a
good compromise between misidentifying complex solutes
as synchronous ones and disregarding synchronous solute
pairs, which are noisy due to technical uncertainties. In ad-
dition, slightly non-linear concentration—concentration vari-
ations, which could be caused by a small contribution of a
third end-member, are likely classified as the synchronous
variation type when using the 0.8 coefficient of determina-
tion threshold.

The choice of the 10 % variation threshold to distinguish
specifically between the complex and invariant variation
types has been difficult, and other thresholds could certainly
be used. The challenge lies in finding a threshold that can be
used for low and high solute concentrations and across dif-
ferent catchments and solutes while taking into consideration
the solute-specific limits of quantification.

The three proposed types of solute variation (synchronous,
complex, and invariant) partly overlap and are not fully mu-
tually exclusive. In both catchments, several solutes (K at
Kervidy-Naizin; Ca®t, SOi_, NO;, and Kt at Strengbach)
could not be attributed clearly to one variation type only. This
could indicate that, across the different storm events, seasons,
and hydrological conditions, different hydrological or (bio-
)geochemical processes govern the export of the solutes and
the activation of the different end-members. However, this
could also be caused by the choice of the thresholds to dis-
tinguish between the different variation types, as explained
above.

4.3.2 Difficulties in interpreting complex solute
variations on the event scale

A complex solute variation pattern is not easy to interpret, as
it may be caused by several different processes which cannot
be distinguished using the method proposed here. Some of
these explanatory processes are (1) mixing of at least three
chemically different end-members, (2) intra-event variations
of the end-member concentrations of a two-end-member sys-
tem, and (3) non-linear reactions along the flow path between
the “source” of the end-member and the stream.

The non-synchronous solutes at Kervidy-Naizin (SOi_,
Ca2+, K*) are the solutes with the lowest molar baseflow
concentrations (< 300 pmol L~1) of the seven solutes anal-
ysed. Therefore, spatially or temporally varying processes
and reactions might increase in importance relative to simple
dilution and might therefore lead to complex variation pat-
terns. Potassium, as the solute with the lowest baseflow con-
centration, showed almost exclusively increasing concentra-
tions during storm events, which were not in synchrony with
any other analysed solute. These complex variation patterns
of K™ might be linked to its strong cycling in the vegeta-
tion and its mobilization from live or dead organic matter
in the soil (Barthold et al., 2017; Knapp et al., 2020), in-
cluding leaching from soils after fertilizer applications. At
Strengbach, the majority of the solute pairs formed with
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Mg?*, Nat, and CI~ exhibited complex variation patterns.
It is difficult to interpret these results, because several factors
and processes can lead to them (methodological, hydrologi-
cal, and (bio-)geochemical). However, it seems that the (bio-
)geochemical processes and the contributions of the various
end-members are more complex at the forested catchment
(Strengbach) than at the agricultural catchment (Kervidy-
Naizin).

4.3.3 Difficulties in interpreting invariant solutes on
the event scale

At Strengbach, we observed that the majority of the analysed
solutes exhibited no or only limited concentration variation
during storm events (Ca’>*, Mg>*, Nat, SOi_). As men-
tioned above, this can be caused by various different pro-
cesses. In addition, this limited concentration variation could
mean that these solutes are not relevant for inferring event-
scale processes, but it could also be related to the character-
istics of the analysed events.

4.4 Advantage of the proposed methodology and
differences from other methods

The advantage of the proposed methodology lies in its very
simple application and the additional information gained
when analysing high-frequency multi-elemental stream
chemistry data during storm events. It can provide infor-
mation about solute-specific processes in catchments with-
out requiring a priori assumptions and enables us to identify
whether two end-members are sufficient to describe the mix-
ing pattern of a given solute pair.

Compared to the classical, forward EMMA approach that
requires extensive prior knowledge to identify and chemi-
cally characterize different end-members (Durand and Juan
Torres, 1996), our proposed methodology requires very lit-
tle prior knowledge. It can, therefore, be applied to many
catchments that are outside long-term experimental obser-
vatories. In addition, our methodology does not require the
a priori assumption of conservative solutes, as is required
in the EMMA approach (Christophersen et al., 1990), be-
cause even some solute reactions lead to a linear pattern on a
concentration—concentration plot for a two-end-member sys-
tem. However, when interpreting our results, we implicitly
assume conservative behaviour of the synchronous solutes.

In comparison to the inverse EMMA based on the princi-
pal component analysis (PCA), which provides the number
of potential end-members using the ensemble of all “conser-
vative” solutes (Christophersen and Hooper, 1992; Hooper,
2003), the methodology proposed here evaluates the poten-
tial number of end-members for the solute pairs and not for
the ensemble of all of the solutes together. This has two ad-
vantages. Firstly, a greater number of solutes used in the in-
verse EMMA also leads to a greater number of potential end-
members, which is required to explain their total variation
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(Barthold et al., 2011). It is therefore not straightforward to
know which, and specifically how many, solutes should be
used in the PCA, because both might have a large impact
on the outcome of the analysis (i.e. the number of poten-
tial end-members). In the methodology proposed here, this
ambiguity is reduced, because it provides the number of re-
quired end-members (two or more) for each solute pair. Sec-
ondly, based on the PCA in the inverse EMMA, it is not
straightforward to know which solutes are responsible for a
higher-order mixing model and which solutes require only
a simpler model. Again, the methodology proposed here al-
lows us to distinguish between the synchronous solutes that
are governed by similar processes and those which are asso-
ciated with more complex variation patterns that are likely
due to additional solute-specific processes. Our proposed
methodology can, therefore, be used to select the variables,
which are then further analysed with the inverse EMMA. As
synchronous solutes cannot distinguish between more than
two end-members, it is likely not useful to include all syn-
chronous solutes in an EMMA that tries to distinguish be-
tween more than two end-members.

Furthermore, the analysis of the solute ratios can provide
information about the solute-specific processes at the catch-
ment scale that are dominant or negligible. For example,
the constant Na™ /CI~ ratio, observed across many different
catchment compartments at Kervidy-Naizin, indicates that
evapotranspiration is the dominant process that is increas-
ing the concentrations of these solutes. In contrast, C1™ in-
puts from fertilizer additions or Na™ inputs from weathering
of primary minerals seem to be less important or negligible.
Other examples are the strongly enriched Mg”* and NO;
concentrations relative to CI~ and Nat at Kervidy-Naizin,
which can be expected for NOj' in an agricultural catchment
but which was unexpected for Mg .

Finally, our methodology could be extended in several
ways or used in different applications. Instead of grouping
all events together, the synchrony of the solute pairs as well
as the chemistry of the pre-event end-member could be anal-
ysed as a function of the season or the hydrological an-
tecedent condition of the catchment. Furthermore, the ris-
ing and falling discharge limbs could be analysed separately,
which could be particularly interesting for the complex so-
lutes. This could reveal whether the third end-member of the
complex solutes contributes at the beginning or at the end of
a storm event.

5 Conclusions

In this study, we presented high-frequency stream chem-
istry data collected with an innovative infrastructure (River-
labs) that enabled us to sample systematically a large num-
ber of flood events, more than what is frequently collected
with an automatic sampling strategy. Based on these high-
frequency, multi-elemental time series of stream solute con-
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centrations, we proposed a complementary methodology that
allows identification of solutes that are governed by mixing
only two end-members during storm events.

The proposed methodology is based on using
concentration—concentration ~ variations  during storm
events (i.e. the variations of the concentrations of solutes
A and B against each other) to identify synchronous solute
pairs. These synchronous solutes can be interpreted as
mixing of only two end-members: one concentrated/reacted
end-member and one diluted/unreacted end-member. This
two-end-member system can also be viewed as consisting
of one pre-event and only one event-activated end-member.
The concentrations of the synchronous solutes are thus
spatially homogeneous in the catchment, without significant
alteration in hotspots, which would otherwise lead to a
second event-activated end-member and, therefore, a third
end-member in total. Alternatively, the contributions from
those hotspots are negligible during storm events.

Our proposed methodology can be used as a complemen-
tary tool to the inverse-type EMMA or the CHEMMA, be-
cause it indicates specifically for which solute pairs a mix-
ture of only two end-members is sufficient and for which of
them this is not the case. This information could then be used
to decide which solutes to include in an inverse-type EMMA,
for example, because no standard methodology for the solute
selection exists to date.

We observed a synchronous concentration variation for
four solutes (Nat, CI-, Mg?t, NO3) during 56 % to 92 %
of the analysed storm events at the agricultural catchment
(Kervidiy-Naizin) and for two solutes (K*, Cl7) during
61 % of the storm events at the forested catchment (Streng-
bach). Therefore, these solutes are governed by only two
end-members during the majority of the storm events. Even
though a synchronous concentration variation could have
been expected for some of these solutes, it was unexpected
for the majority of them.

These results show the potential impacts of land cover, ge-
ology, topography, and climate on the relation between the
stream water chemistry and the hydrological dynamics. For
example, the absence of fertilizers and soils modified by agri-
culture at Strengbach, in contrast to Kervidy-Naizin, might
be one of the reasons why no common pairs of synchronous
ions were found between the two studied sites. Thus, land
cover and human activities modify the hydrological dynam-
ics as well as the geochemical signatures.
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Appendix A: Hydrographs of Kervidy-Naizin and
Strengbach with the selected storm events

1250 (a)
1000
750
50
25

o O

Discharge (Ls™")

J_ mU”mM _ MMJMMJ_

Jan 2019 Jan 2020 Jan 2021 Jan 2022

o

3001 (b)

200

Jan 2021 Jul 2021 Jan 2022 Jul 2022

Discharge (Ls™")

o

Figure A1. Hydrograph with selected and analysed storm events (coloured) for Kervidy-Naizin (a) and Strengbach (b).
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Appendix B: Examples of the chemical variation of the
stream water during storm events
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Figure B1. Examples of the chemical variation during three different storm events at Kervidy-Naizin (a—f) and Strengbach (g-1). For each
storm event, the discharge (a, c, e, g, i, k) and the corresponding chemical concentrations (b, d, f, h, j, 1) are visualized. In order to highlight
the inter-event variability, the y axes for the discharge and the chemical concentrations are kept constant for each catchment.
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Appendix C: Number (and percentage) of storm events
with synchronous, complex, and invariant
concentration—concentration patterns

Table C1. Number (and percentage) of storm events with synchronous, complex, and invariant concentration—concentration patterns for
different pairs of solutes at Kervidy-Naizin. For the synchronous concentration—concentration pattern, the values are listed for two thresholds
(R2 >0.8 and R? > 0.9). Listed are all solute pairs that exhibit a synchronous variation (R2 > 0.8) in less than 30 % of the storm events.

Ion pairs Kervidy-Naizin (n = 39)

Synchronous Complex  Invariant

R2>09 R2>0.8

Ca?t/Nat  6(15%) 11(28%) 1538%) 13(33%)
Ca2t/Mg2t  7(18%) 11 (28%) 15(38%) 13(33%)
Ca2t/C1™ 513%) 1026%) 1538%) 14 (36 %)
NO; /Ca?t  4(10%) 10(26%) 19(49%) 10 (26%)
SOy /Nat  7(18%) 9(23%) 11 (28%) 19 (49 %)

so%—/cr 6(15%) 8Q21%) 12(31%) 19 (49%)
SO; /Mg*t  4(10%) 8(21%) 15(38%) 16(41%)
Kt/NO; 4(10%) 718%) 22(56%) 10 (26%)
K+ /Mgt 2(5%) 6(15%) 19(49%) 14 (36%)
K*/Nat 1 3%) 1 3%) 19(49%) 19 (49 %)
Kt/Cl1- 1 3%) 1 3%) 18 (46%) 20 (51 %)
Kt /Ca?t 0 (0%) 1 (3 %) 11 (28%) 27 (69 %)
K+t /soi* 00%)  0(0%) 18 (46%) 21 (54 %)

Table C2. Number (and percentage) of storm events with synchronous, complex, and invariant concentration—concentration patterns for
different pairs of solutes at Strengbach. For the synchronous concentration—concentration pattern, the values are listed for two thresholds
(R2 >0.8 and R? > 0.9). Listed are all solute pairs that exhibit a synchronous variation (R2 > (.8) in less than 30 % of the storm events.

Ton pairs Strengbach (n = 23)

Synchronous Complex  Invariant

R2>09 R?>08

MgZt/Nat  2(9%) 626%) 10(43%) 7 (30%)
Ca?t/Nat 20%) 4(17%) 12(52%) 7(30%)

SOZ_/CI* 1 (4 %) 3(13%) 13(57%) 7((30%)
Mgt /Cl~ 0 (0 %) 3(13%) 14(61%) 6(26%)
K*/SO4_ 1 (4 %) 3(13%) 8(35%) 12 (52 %)

NOZ; /Nat 1(4%)  2(09%) 12(52%) 9 (39%)
SOy /Nat  0(0%)  2(9%) 13(57%) 8(35%)
K*/Nat 00%)  2(9%) 13(57%) 8(35%)
Cl~/Na*t 000%)  2(9%) 12(52%) 9 (39%)
NO; /Mg>™  000%) 2(09%) 11(48%) 10 (43 %)
so}‘ /Mgt 00%)  209%) 12(52%) 9 (39%)
K+ /Mg2+ 0 (0 %) 2 (9 %) 12(52%) 9 (39 %)
NOj /Ca®t  000%) 209%)  8(35%) 13(57%)

K*/NO; 0 (0 %) 2 (9 %) 9 (39 %) 12 (52 %)
NO; /CI™ 0 (0%) 1 (4 %) 10 (43%) 12 (52 %)
Ca2t/Cl- 0 (0 %) 0 (0 %) 14 (61%) 9 (39 %)

soﬁ* /Ca%t  000%)  0(0%) 10 43%) 13 (57 %)
Kt /Ca?t 0 (0 %) 0 (0 %) 12(52%) 11 (48 %)
so?; /NO;  0(0%)  0(0%) 11 (48%) 12(52%)
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Appendix D: Inter-event synchrony for all solute pairs
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Figure D1. Inter-event synchrony for all 21 solute pairs for Kervidy-Naizin. Lower-left triangle of the sub-figures:
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Figure D2. Inter-event synchrony for all 21 solute pairs for Strengbach. See the figure caption of Fig. D1 for further explanation.
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