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Abstract. Stream water chemistry at catchment outlets is commonly used to infer the flow paths of water through the catchment 

and to quantify the relative contributions of various flow paths and/or end-members, especially during storm events. For this 15 

purpose, the number and nature of these flow paths or end-members are commonly determined with principal component 

analysis based on all available conservative solute data in inverse end-member mixing analyses (EMMA). However, apart 

from the selection of “conservative” solutes, little attention is paid to the number and choice of the solutes that is included in 

the analysis, despite the impact this choice can have on the interpretation of the results from the inverse EMMA. Here, we 

propose a methodology, that tries to fill this gap., fFor a given pair of measured solutes, thewe proposed a methodology to 20 

determines the minimum number of required end-members, based on the ion’s synchronous variation during storm events. 

This allows identifying solute pairs, for which a simple two end-member mixing model is sufficient to explain their variation 

during storm events and solute pairs, which show a more complex pattern, requiring a higher-order end-member mixing model. 

We analysed the concentration-concentration relationships of several major ion pairs on the storm-event scale, using multi-

year, high-frequency (< 60 minutes) monitoring data from the outlet of two small (0.8 to 5 km²) French catchments with 25 

contrasting land-use, climate and geology. A large number of storm-events (56 to 92 79 %) could be interpreted as the result 

of the 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+/Cl- pair in a catchment close to the Atlantic coast), others 

were more surprising and in contrast to previous studies. These findings might help to revise or improve the perceptual 

catchment understanding of flow path or end-member contributions and of biogeochemical processes. In addition, this 30 

methodology can identify, which solute pairs are governed by identical hydro-biogeochemical processes and which solutes are 

modified by more complex and diverse processes. 
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1 Introduction 

Variations of stream water solute concentrations during storm events have been studied for several decades, because of the 35 

associated large solute fluxes and their potential effect on aquatic organisms. In addition, high-frequency time series of stream 

water concentrations have frequently been used to characterize the event-scale hydrological and biogeochemical processes 

(sources, flow paths and reactions) or the ecosystem response to nutrient inputs, which are considered useful for water 

resources 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 indicators of residence times and chemical processes within 40 

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 laboratories allowed 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). 45 

A variety of methods exist to interpret high-frequency time series of stream water chemistry. Probably the most frequently 

used methods are c-Q (concentration – discharge) analysis and EMMA (end-member mixing analysis), depending on the 

scientific or operational question and on additional available data. Without going into too much detail, event or seasonal c-Q 

analysis is used to infer the relative 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; 50 

Godsey et al., 2009). Using the c-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 signature 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 55 

Hooper, 1992), Commonly, the number and identity of the water sources (end-members), whose contributions to stream flow 

are sought to be quantified, are known or determined based on previous knowledge of the catchment. The solutes, that 

differentiate those sources, are then selected in a second 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 60 

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 the estimation of the chemical signatures of 

the potential end-members and not only their numbers (Fei and Harman, 2022). 

The forward-type EMMA requires a lot of prior knowledge about the catchment in question. It, therefore, cannot be applied 

easily to catchments that lie outside of long-term observatories or experimental catchments. In the inverse-type EMMA and 65 

the CHEMMA, this limitation is strongly relaxed. However, besides a selection of “conservative” solutes, no general, objective 
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approach is used to select which solutes and how many should be included in the analysis of an inverse-type EMMA or 

CHEMMA. In this second approach, all solutes are used, that are considered to be conservatively transported within the 

catchment. However, using a greater number of solutes also leads to a greater number of potential end-members, that are 

needed to explain the observed variation ofin the stream chemistry (Barthold et al., 2011). Therefore, the selection of the 70 

solutes (and their number) used in an inverse EMMA or a CHEMMA has likely important implications 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 75 

(C-C plots) for storm events. These bivariate relationships can be used to identify synchrony between two solutes during storm 

events. When such synchrony is observed, a two-end-member system would be sufficient to explain the variability of the two 

solutes in the stream. In these cases, the potential end-members can be described as a „diluted“ or „unreacted“ end-member 

(not to be confused with event-water) on one hand and a „concentrated“ or „reacted“ end-member on the other hand (Lukens 

et al., 2022). 80 

We define an end-member as a “water mass (e.g., riparian zone water, macro-pore solution, soil layer solution, groundwater, 

throughfall, etc.) with a distinct chemistry and with a distinct variation of its contribution”. Furthermore, as in (Hooper et al. 

(, 1990), we defined “end-members” as contributing 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 considered to be end-members. The 

definition of a “distinct variation of its contribution” is required, because two chemically distinct end-members, that exhibit 85 

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, QEM1,t, is a constant multiple of the 

contribution of the other end-member QEM2, t (Eq. 1).  

𝑸𝑬𝑴𝟏,𝒕 =  𝑸𝑬𝑴𝟐,𝒕 × 𝒌      Eq 1  

Where Q is the flow contribution [L3 T-1] of end-member 1 (EM1) or end-member 2 (EM2) at time instant t, and k is a constant 90 

(during a given storm event). If for example, one end-member is always (before and during the event) contributing the double 

amount of water than a second end-member, then their individual contributions cannot be calculated, because their chemistries 

appear as one, non-distinguishable mixture in the stream. 

 This methodology has been elaborated based on original datasets of concentration time series that are both high-frequency 

(23 to 45 minutes) and multi-elemental as they include all major ions. These datasets were produced by a field laboratory 95 

prototype, the so-called ‘Riverlab’ (Floury et al., 2017) installed in two observatories of the French OZCAR Critical Zone 

Study Network (https://www.ozcar-ri.org), contrasted in terms of pedo-climate and of land use and cover. The overall aim of 

this work is to propose a systematic methodology applicable to the analysis and interpretation of a large chemical dataset 

covering contrasting hydrological events from a multitude of different catchments. 

https://www.ozcar-ri.org/
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2 Material, methods, and site description 100 

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 the Strengbach catchments (Figure 1Figure 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). These datasets were produced by a field laboratory prototype, the so-called ‘Riverlab’ (Floury et al., 2017) installed 105 

in two Both catchments are long-term observatories and are part of the French OZCAR Critical Zone Study Network 

(https://www.ozcar-ri.org), contrasted in terms of pedo-climate and of land use and cover. 

2.1.1 Kervidy-Naizin 

The Kervidy-Naizin catchment (5 km², ORE AgrHyS Observatory) is located in Brittany, western France (47.95° N, 2.8° W), 

with an elevation between 90 to 140 m a.s.l. (Fovet et al., 2018). The topography consists of gentle slopes (< 5 %). The bedrock 110 

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 

1.5 m, are generally well drained, except in the bottomlands, close to the streams, where hydromorphic soils (luvisols) are 

found. Land use is dominated by agriculture (90 % of the catchment area) associated to relatively high levels of nutrient inputs. 

The crop types are approximately 30 % maize, 30 % other cereals and 30 % grasslands. The cropping systems and rotations 115 

are tightly associated to the livestock type with most farms practicing pig and/or dairy farming and a few farms having no 

animals (Fovet et al., 2018). The climate is temperate oceanic, with average annual rainfall of 840 ± 220 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 120 

The Strengbach catchment (0.8 km², OHGE Observatory) is located in the Vosges Mountains, in north-eastern France 

(48.12° N, 7.11° E), with an elevation between 880 to 1150 m a.s.l. (Pierret et al., 2018). The topography consists of steep 

slopes (20 to 30 %). The bedrock is mainly composed of Hercynian Ca2+calcium-poor granite, with various levels of 

hydrothermal alteration and with some microgranite and gneiss outcrops. The weathered zone has a thickness of 1 to 9 m and 

is overlain by brown acidic to ochreous, coarsely grained podzols (roughly 1 m thick). Land use is dominated by planted forests 125 

(90 % of the catchment area), consisting of 80 % spruce and 20 % beech trees (Pierret et al., 2018). The climate is temperate 

oceanic mountainous, with average annual precipitation of 1380 mm (varying between 900 to 1710 mm), Penman potential 

evapotranspiration of 570 mm (varying between 520 to 730 mm), runoff of 760 mm (varying between 490 to 1130 mm) and 

air temperature of 6° C (1986 to 2015) (Pierret et al., 2018; Strohmenger et al., 2022). Snowfall occurs 2 to 4 months per year. 

https://www.ozcar-ri.org/
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The stream is fed by several intermittent and permanent springs, of which four permanent ones are used for drinking water 130 

supply by the nearby village. The long-term, annual runoff coefficient (runoff plus drinking water) is 0.55 to 0.60. 

 

Figure 1 : Study site of Kervidy-Naizin (bottom left) and Strengbach (top right). 

2.2 Data acquisition 

High-frequency (every 25 to 45 minutes), multi-elemental (major cations and anions), analyses of the stream water chemistry 135 

at the outlets of the two catchments were achieved by automated stream-bank field laboratories. A detailed description can be 

found in Floury et al. (2017). The two field laboratories used at the two study sites were largely identical, differing slightly 

from the original system (Floury et al., 2017). We shortly describe here their acquisition system for the time series of the major 

cations (Na+, Mg2+, K+, Ca2+) and anions (Cl-, NO3
-, SO4

2-). It consisted of three main parts: 1.) supply of unfiltered stream 

water to the field laboratory, 2.) filtration and 3.) analysis of the filtered water by an ion chromatography system.  140 

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 l h-1. The distance between the stream and the 

field laboratory was only a few meters (<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 minutes (determined with salt injections). 

A small fraction of the stream water was continuously filtered with a two-step filtration system. The first filtration step 145 

consisted of a stainless steel tangential filter (0.5 µm) with an automatic and regular cleaning mechanism (every few minutes), 
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with a flow rate of roughly 0.5 to 10 l h-1 (depending on the site). This was followed by the second filtration step, consisting 

of a mixed cellulose esters membrane filter (0.22 µm), which was replaced manually weekly (Kervidy-Naizin) or biweekly 

(Strengbach), in most cases, and with a flow rate of 0.1 l h-1 or less. Due to the clogging of the membrane filter and the 

occasional extended periods without a filter replacement (>1 week at Kervidy-Naizin and >2 weeks at Strengbach), transfer 150 

times of the filtered water to the analytical instrument reached up to 3 hours. 

The filtered water was analysed by a Dionex ICS-5000 Ion Chromatography system (Thermo Scientific) for the major cations 

and anions every 35 to 45 minutes at Kervidy-Naizin and every 20 to 30 minutes at Strengbach. The range of time intervals 

between two consecutive analyses at each site was due to an optimization of the analytical procedure during the course of the 

project. The Ion Chromatography System was calibrated, on average, monthly at Naizin and every 3 months at Strengbach and 155 

after modifications of the instrument (replacement 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-1 for the anions and 

cations at Naizin as well as around 1.0 mg l-1 for the anions and 0.5 mg l-1 for the cations at Strengbach. 

Stream discharge at both sites was estimated at the catchment outlets every minute (Kervidy-Naizin) and every 2 minutes 

(Strengbach) based on long-term, well-established rating curves and continuous water level monitoring. 160 

Since both catchments are part of long-term observatories, we also used precipitation, throughfall and groundwater data for 

the discussion of the results. Details about these measurements can be found in Fovet et al. (2018) and Pierret et al. (2018). 

The open field precipitation chemistry (major anions and cations) was measured in bulk samples monthly at Kervidy-Naizin 

since 2013 and fortnightly at Strengbach since 2005. In addition, throughfall in a beech and a spruce stand were measured in 

bulk samples fortnightly at Strengbach since 1986(Fovet et al., 2018; Pierret et al., 2018). At Kervidy-Naizin, groundwater 165 

chemistry (major anions) was measured in three to eight meters deep piezometers, 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 bottomland areas were measured with 

zero-tension lysimeters irregularly since 2011 during various projects at Kervidy-Naizin (Fovet et al., 2018). 

2.3 Data treatment and analysis 170 

The focus of this article lies 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 onwards at 

Strengbach. Here, we present the analysis of data collected until August 2022 in both catchments. Gaps in the dataset were 175 

due to variable technical problems, namely failure of the main pump, power cuts due to lightning, chemical alteration of the 

filtered water likely due to the filtration system, problems of 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. 
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Storm events were detected semi-automatically, based on the stream discharge time series. The exact parameters and thresholds 180 

used in the procedure described below were adapted to each catchment. In a first step, the onset of a storm event was roughly 

detected by searching for periods of sustained, increasing stream flow, based on the first derivative of the flow. The precise 

starting date and time of the event, T0, was subsequently determined by searching for the minimum stream flow within a few 

hours preceding the period of sustained, increasing flow. The peak of the event was then determined with the maximum stream 

flow within a few days after T0 or before the onset of the next event, whichever occurred first. The end of the event was defined 185 

by a combination of the time after the peak of the event and the stream flow relative to the initial stream flow. This event 

detection procedure was run automatically using an R script (RStudio Team, 2019). All detected events were then manually 

verified. Finally, only storm events not impacted by the regular maintenance of the field laboratory (cleaning, calibration, filter 

replacement) were selected. 

At Kervidy-Naizin, we selected and analysed in total 39 storm events with reliable and complete chemical data, between June 190 

2018 and April 2022 (out of 233 events detected based on discharge, resulting in a 17 % success rate of 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; 11 % success rate). At both sites, the selected storm events are unevenly distributed over the 

experimental period, but are covering a range of discharge values in different seasons, and under different hydrological 

conditions. The timeline of the selected events can be seen in Fig. A1. 195 

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 the detected 

events. At Kervidy-Naizin the median initial discharge was 68 l/s (29 – 39 – 163 – 236 l/s, 10th – 25th – 75th – 90th percentile, 

respectively) and 62 l/s (9.4 – 31 – 141 – 190 l/s) for the selected and detected events, respectively. The median discharge 

increase was 60 l/s (13 – 25 – 128 – 254 l/s) and 36 l/s (3.4 – 7.2 – 176 – 348 l/s) for the selected and detected events, 200 

respectively. At Strengbach the median initial discharge was 4.6 l/s (1.9 – 2.6 – 7.3 – 22 l/s) and 7.4 l/s (1.9 – 2.7 – 16 – 32 

l/s) for the selected and detected events, respectively. The median discharge increase was 5.2 l/s (1.0 – 2.1 – 16 – 36 l/s) and 

3.1 l/s (0.5 – 1.2 – 6.9 – 21.1 l/s) for the selected and detected events, respectively. 

2.4 Development of methodology for concentration-concentration typology 

2.4.1 Event-scale solute behaviour classification based on C-C plots 205 

We propose a methodology to analyse and interpret the variation of multi-elemental stream concentrations during storm events. 

This methodology focuses on identifying pairs of solutes 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 (Figure 2Figure 2), the temporal dimension being thus lumped into the curve trajectory.  We 

classified the observed C-C patterns into three types: synchronous, complex and invariant.  1) We defined a variation pattern 210 

as synchronous, variation, when the two solute concentrations had a linear relationship with a coefficient of determination (R2) 
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larger than or equal to 0.8 and when at least one of the solutes varied by at least 10 %, relative to the maximum concentration. 

Complex variation patterns were based on a coefficient of determination smaller than 0.8. In addition, as for the synchronous 

pattern, at least one of the solutes had to vary by at least 10%., Finally2) invariant variation patterns were those, where, if at 

least oneboth of the solute’s concentrations varied by less than 10 %, relative to the initial maximum concentration and 3) 215 

complex variation, for those cases, which could not be attributed to the first two types. 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 discussion in section 4.3.1. Examples of each type from the two catchments are shown in Figure 2Figure 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 lm() in RStudio (RStudio Team, 2019) to calculate and summary() 220 

to extract the coefficient of determination between the variation of the two ion concentrations. 

It must be noted here that the variable and unknown transfer time of the water sample from the stream to the analytical 

instrument was identical for all the (seven) solutes analysed in this study (Na+, K+, Ca2+, Mg2+, Cl-, NO3
-, SO4

2-), and was 

therefore not considered. 
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 225 

Figure 2 : Hydrographs ((a), (c), (e) & (g), (i), (k)) and the corresponding concentration-concentration plots ((b), (d), (f) for Mg2+/Ca2+ 

& (h), (j), (l) for K+/Cl-) for three events at Kervidy-Naizin ((a) – (f)) and Strengbach ((g) – (l)). Note in the fourth row, that the scales 

of the axes in (h) are larger than those of the plots (j) and (l). Concentration-concentration patterns are linear ((b), (h)), invariant 

((d), (j)) and complex ((f), (l)). Points with the same colour are corresponding to the same measurement time during the event for 

the hydrograph and the corresponding concentration-concentration graph and indicate the progression of the event (red: start; 230 
pink: end). 

2.4.2 Rational of proposed methodology 

The classification of the solutes into the three types described above provides the possibility to draw conclusions about hydro-

biogeochemical processes and the activation of parts contributing areas of the catchments during storm events. Synchronous 
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solute pairs indicate that only two end-members are required to explain the variation of these solutes for a particular storm 235 

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.  

The interpretation of the solutes in the other two types (invariant and complex variation type), is more ambiguous. Invariant 

solutes can be interpreted either 1) as the existence of two or more end-members, which have identical chemical signatures or 

2) as a flow path reactivity, that modifies and matches the concentrations of initially different end-members on their flow path 240 

towards the stream. This second process was observed with a sprinkling (Anderson et al., 1997) and with a leaching experiment 

(Hill, 1993), although in catchment contexts, that might not be completely comparable to our field sites. The former experiment 

was conducted in a very steep (40 – 45°), 860 m² small, forested unchanneled valley (Anderson et al., 1997), whereas the latter 

one used samples from the surface peat and needle-leaf litter from a groundwater connected headwater 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 245 

during the course of a storm event. The former includes the case, in which different end-members mix along the flow path 

towards the catchment outlet, if these end-members differ in their chemistry and vary in their relative contribution to stream 

flow (see further details about the definition of an end-member in the introduction). 

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 which extent the ratio of the two solutes of the different solute 250 

pairs changed during the course of individual storm events. This indicates whether and to which extent the potential end-

members also have different solute ratios. Analysing 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 catchment. 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 255 

by the plants) and dilution by diluted rain water (for solutes that are found at very low concentrations in the rain water). In 

contrast, processes that act preferentially on one solute, compared to the other one, will result in a changing solute ratio. This 

is the case, for example, for external inputs (e.g. fertilizer applications in agricultural catchments), preferential uptake or release 

by organisms (e.g. nutrients), weathering (release of solutes from primary or secondary minerals) and precipitation (formation 

of secondary minerals). This analysis can indicate whether the two solutes of a pair were modified by the same process(es) 260 

along the catchment flow paths towards the stream or not. For example, a constant ratio during a storm event could indicate 

that both solutes in the two potential end-members were modified by the same process(es) and to the same degree (e.g. 

increased concentrations due to evapotranspiration). However, it should be noted, that, theoretically, identical ratios in different 

catchment compartments/end-members could also be achieved by different processes acting on the different solutes, but by 

chance, these different processes modified the concentrations of the two solutes to exactly the same degree. In contrast, a 265 

varying concentration ratio during the storm event indicates that both solutes in the two potential end-members were modified 

by different processes or to different degrees. 
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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 ratio”). The 

initial ratio was calculated by taking the arithmetic mean of the first two measurements during a storm event. The peak ratio 270 

was calculated as the ratio at the time, when the denominating ion (e.g., Na+ in Cl-/Na+) was at its extreme value, i.e., at its 

minimum or at its maximum concentration. This analysis was only applied to the synchronous ions. Therefore, both, the ion 

in the numerator or 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 275 

In addition to the solute variations on the event scale (concentrations and ratios), we also evaluated the variations of the solute 

pairs across all different events (i.e., inter-event variability). 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 decrease and increase of one solute across all analysed 

storm events with the inter-event concentration decrease and increase of another solute. This method allows evaluating, for 280 

example, whether, during a particular storm event, a minor concentration decrease of one solute also leads to a minor 

concentration decrease of another solute, and whether this correlation is observed across different storm events. For this 

purpose, we used the relative concentration variations. For each storm event i and for each ion j, we calculated minimum 

((Ci,j,min-Ci,j,start)/Ci,j,start) and maximum ((Ci,j,max-Ci,j,start)/Ci,j,start) concentration changes, relative to the initial concentrations at 

the start of the storm events. 285 

3 Results 

3.1 General chemical variation during the selected storm events 

At Kervidy-Naizin, we selected and analysed in total 39 storm events with reliable and complete chemical data, between June 

2018 and April 2022. At Strengbach, we selected and analysed 23 storm events, between November 2020 and August 2022. 

At both sites, the selected storm events are unevenly distributed over the experimental period, but are covering a range of 290 

discharge values in different seasons, and under different hydrological conditions. The timeline of the selected events can be 

seen in Erreur ! Source du renvoi introuvable.. 

The chemical variations during different 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, individual ion concentrations showed contrasting evolutions: They 1) remained 295 

constant (e.g., Na+, Mg2+, Ca2+ at Strengbach), 2) primarily decreased (e.g., Na+, Cl-, Mg2+, NO3
- at Kervidy-Naizin), 3) 

primarily increased (e.g., K+, Cl- at Strengbach), or 4) increased and decreased during the same event (e.g., at times Ca2+ or 
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SO4
2- at Kervidy-Naizin). These ion-specific patterns are either consistent between events or differed from event to event, as 

illustrated in Fig. B1. 

 300 

3.2 Event-scale concentration-concentration pattern 

All three types of concentration-concentration variations were observed on the event scale. The variation type was ion- and 

catchment specific. 

In this section and in 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 305 

storm events. Due to this generalization, individual storm events can therefore deviate from the overall pattern of a given solute 

pair. 

At Kervidy-Naizin, the six possible solute-pairs (Cl-/Na+, Cl-/Mg2+, Cl-/NO3
-, Na+/ Mg2+, Na+/ NO3

-, Mg2+/ NO3
-), that can be 

formed made ofby the four solutes Na+, Cl-, Na+, Mg2+ and NO3
- exhibited a synchronous variation pattern in over 56 % (using 

R2 > 0.8) of the storm events (Table 1Table 1). This percentage was particularly high (at least 7780 % of the events) for Cl-310 

/Na+ and Mg2+/NO3
-, and lower (56 to 674 %) for the remaining four solute pairs. For Kervidy-Naizin, we will therefore refer 

to those four solutes as “synchronous” for the remainder of the paper. 

For SO4
2-/Ca2+ at Kervidy-Naizin a synchronous variation was observed during 339 % of the storm events. The solute pairs 

combining SO4
2- with the synchronous ions (Na+, Cl-, Mg2+, NO3

-) exhibited a synchronous variation in 281 to 331 % of the 

storm events (Table 1, Table C1). This percentage was slightly lowersimilar (26 to 28 %) for the pairs made of Ca2+ with the 315 

synchronous ions. Potassium exhibited a synchronous variation with the other solutes during not more than 35 % of the storm 

events, except for Mg2+ (1521 %) and NO3
- (18 %). Due to these low percentages, we do not consider SO4

2-, Ca2+ and K+ as 

synchronous solutes at Kervidy-Naizin. In contrast, Ca2+ showed primarily a complex variation pattern (except for K+/Ca2+), 

SO4
2- exhibited primarily an invariant variation pattern (except for SO4

2-/ NO3
-) and K+ was showing either complex or 

invariant variation patterns (Table 1 C1). 320 

At Strengbach, synchronous variation during storm events were was obtained observed only for K+/Cl- and Ca2+/Mg2+ (both 

6157 %, Table 1Table 1). It should be noted, however, that this percentage was much lower (22 %) for Ca2+/Mg2+, if a threshold 

of 0.9 was used for the coefficient of determination (Table 1). All other possible solute pairs exhibited a synchronous variation 

during less than 2015 % of the storm events, except for Ca2+/Mg2+ (35 %) and Mg2+/Na+ (262 %) (Table C2). The majority of 

the ion pairs, which included Mg2+, Na+ or Cl- exhibited a complex variation pattern (Table C2). In contrast, the other four 325 

solutes (Ca2+, SO4
2-, NO3

-, and K+) could not be attributed to one group, because they showed either complex or invariant 

variation patterns (Table C2). 

 

Table 11 : Number (and percentage) of storm events with linearwith synchronous, complex and invariant concentration-

concentration relationships patterns (R2 >=0.8 or R2 >=0.9) between for different pairs of solutes for Strengbach and Kervidy-Naizin. 330 
For the synchronous concentration-concentration pattern the values are listed for two thresholds (R2 >=0.8 and R2 >=0.9). Listed 
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are all solute pairs that exhibit a synchronous variation linearity (R2> 0.8)/synchronous variation 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 

R2 >= 0.9 R2 >= 0.8   R2 >= 0.9 R2 >= 0.8   

K+/Cl- 10 (43 %) 13 (57 %) 4 (17 %) 6 (26 %)     

Ca2+/Mg2+ 4 (17 %) 8 (35 %) 7 (30 %) 8 (35 %)     

NO3
-/Mg2+     27 (69 %) 31 (79 %) 8 (21 %) 0 (0 %) 

Cl-/Na+     28 (72 %) 30 (77 %) 0 (0 %) 9 (23 %) 

Mg2+/Na+     21 (54 %) 25 (64 %) 6 (15 %) 8 (21 %) 

NO3
-/Cl-     20 (51 %) 24 (62 %) 10 (26 %) 5 (13 %) 

Mg2+/Cl-     22 (56 %) 23 (59 %) 7 (18 %) 9 (23 %) 

NO3
-/Na+     20 (51 %) 22 (56 %) 13 (33 %) 4 (10 %) 

SO4
2-/Ca2+     10 (26 %) 13 (33 %) 7 (18 %) 19 (49 %) 

SO4
2-/NO3

-     7 (18 %) 12 (31 %) 21 (54 %) 6 (15 %) 

 335 

3.3 Relative concentration variations on the event scale of all 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+, Cl-, Mg2+, NO3
-) for almost all 

events, with median concentration decreases of -915 % (Na+) to -2236 % (NO3
-) (Figure 3Figure 3). Consistent, event-scale 

mobilization patterns were observed for Cl- (median: +45 %) and K+ (+68 %) at Strengbach, as well as for K+ (+20 %) at 340 

Kervidy-Naizin (Figure 3Figure 3). Inconsistent event-scale mobilization patterns were observed for SO4
2- (-11 %/+10 %) and 

to some degree for Ca2+ (-11 %/+3 %) at Kervidy-Naizin, and for NO3
- (-16 %/+13 %) at Strengbach (Figure 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, Mmedian relative concentration variations remained small. Variations of less than 345 

10 % were observed for SO4
2- (-8 %/+2 %; median decrease/median increase), Na+ (-6 %/+5 %), Mg2+ (-5 %/+8 %) and Ca2+ 

(-4 %/+6 %) at Strengbach. These four solutes were therefore classified as invariant solutes at Strengbach. At Kervidy-Naizin 

none of the solutes was classified into the invariant type (Figure 3). 
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The remaining solutes, showing a complex variation pattern, were SO4
2- (-15 %/+10 %) and Ca2+ (-15 %/+4 %) at Kervidy-

Naizin, and NO3
- (-16 %/+13 %) at Strengbach. These solutes exhibited increasing and decreasing concentrations during the 350 

same event (see an example in Fig. B1) or different patterns during different events. In addition, they were not synchronous 

with any solute. 

 

Figure 3 : Relative concentration variation (% of initial concentration) for Kervidy-Naizin (a), n = 39 storm events) and Strengbach 

(b), n = 23 storm events). For each storm event i and each solute j a relative minimum (red) and a maximum (green) concentration 355 
variation C was calculated as (Ci,j,min-Ci,j,start)/Ci,j,start and (Ci,j,max-Ci,j,start)/Ci,j,start , respectively. The grey horizontal lines indicate the 

10 % thresholds. The patterns of solutes such as SO4
2- and Ca2+ at Kervidy-Naizin (both >10 % increases and decreases) are either 

due to some events exhibiting a primarily decreasing and others a primarily increasing concentration variation or/and due to events 

exhibiting both increasing and decreasing concentration variations during the same event. 

3.4 Event-scale variation of molar ratios 360 

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 ratio 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) (Figure 4Figure 4). It must be highlighted, however, that we are comparing the high-frequency (< 1h) variability 

in the stream with the low-frequency, bulk, long-term measurements in the rain (monthly at Kervidy-Naizin and fortnightly at 365 

Strengbach) and throughfall (biweekly at Strengbach).  

At Kervidy-Naizin, the relative difference between the initial and the peak ratios was small for Cl-/Na+ (median: -3 %) and 

only slightly higher for Mg2+/Cl- and Mg2+/Na+ (median: -4 % and -7 %, respectively). In contrast, for the three pairs that 

include NO3
-, the median difference between the initial and the peak ratio was larger (the medians range between -12 % 

and -15 %) (Figure 4Figure 4). That indicates that during the storm events at Kervidy-Naizin, the relative concentration 370 

decrease was the strongest for NO3
-, followed by Mg2+, Na+ and Cl-. 
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At Strengbach, the ratio of K+/Cl- increased (median: 15 %) during the events, moving towardsgetting closer to the ratio in the 

throughfall (Figure 4Figure 4). 

 

Figure 4 : Concentration ratios at the beginning of the events, at the moment of the extreme value of the concentration 375 
decrease/increase („Peak“), their pairwise difference (grey) and the ratio in the rain (blue), for Kervidy-Naizin (a) and Strengbach 

(b). For Strengbach, the median and interquartile-range are additionally given for the throughfall. Ratios are only showncalculated 

for the synchronous solute pairs and for those events for which synchronous variations (i.e., R2 > 0.8) were observed for the specific 

ion pair. 

3.5 Inter-event synchrony of concentration variations 380 

The inter-event synchrony of a solute pair compares the concentration decrease and increase of one solute across all analysed 

storm events with the inter-event concentration decrease and increase of another solute. This method allows evaluating, for 

example, whether, during a particular storm event, a minor concentration decrease of one solute also leads to a minor 

concentration decrease of another solute, and whether this correlation is observed across different storm events. For this 

purpose, we used the relative concentration variations as in Figure 3. For each storm event i and for each ion j, we calculated 385 

minimum and maximum concentration changes, relative to the initial concentrations at the start of the storm events (Ci,j,min-

Ci,j,start)/Ci,j,start and (Ci,j,max-Ci,j,start)/Ci,j,start  , respectively. 

The solute pairs that were synchronous on the event scale (Na+, Cl-, Mg2+ and NO3
- at Kervidy-Naizin; K+/Cl- at Strengbach) 

were also synchronous on the inter-event scale. Some examples are shown in Figure 5Figure 5, for the rest see Fig. DC1 and 

DC2.  390 

At Kervidy-Naizin, the inter-event correlation coefficients for all six pairs of the four synchronous solutes was at least >0.93, 

indicating a strong inter-event synchrony. Ca2+ and SO4
2- (solutes with a complex variation increasing and decreasing 

concentrations pattern on the event scale) showed synchrony with the other synchronous ions for those events (or parts of 

events), which were diluting (corresponding to the turquoise points and values in Fig. D1): The correlation coefficients of Ca2+ 
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with the four synchronous ions ranged between 0.886 and 0.93 (Fig. DC1) and those of SO4
2- ranged between 0.6559 and 395 

0.769 (Fig. DC1). 

At Strengbach, the inter-event correlation coefficient of the synchronous solute pair (K+/Cl-) was 0.93 (Figure 5Figure 5 and 

Fig. DC2), indicating a high synchrony on the inter-event scale. The inter-event correlation coefficients of the invariant solutes 

(Mg2+, Ca2+, Na+, and SO4
2-) ranged between 0.82 and 0.88, except for Mg2+/Ca2+ (0.96) (Fig. DC2), equally indicating some 

degree of inter-event synchrony. 400 

 

Figure 5 : Inter-event synchrony for Na+/Cl- and Ca2+/ NO3
- at Kervidy-Naizin ((a) and (b), respectively) and for Na+/Cl- and K+/Cl- 

at Strengbach ((c) and (d), respectively), as examples. All remaining pairs are visualized in Fig. DC1 and DC2. Relative concentration 

increase [red: (Cmaximum,j – Cinitial, j)/ Cinitial, j] and decrease [green-blueturquoise: (Cinitial, j – Cminimum, j)/ Cinitial, j] of each event j in (%), 
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in relation to the initial concentration. Two points therefore represent Therefore, there are two points for each event: one point 405 
indicating the minimum (green-blueturquoise) and one indicating the maximum (red) relative concentration. The black line is the 

1:1 line. 

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 mix between only two end-members: one 410 

“reacted”/”concentrated” and one “unreacted”/”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 stream flow. However, 

at a later stage, these theoretical end-members couldan be mapped to some water masses. 

These two end-members can be interpreted as one pre-event end-member, which is providing stream flow 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 415 

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 spatially homogeneous without chemical “hot-spots”. “Hot-spots”, such as riparian 

zones with a high reactivity, can be neglected, because they would otherwise likely constitute a second event-activated end-

member. Therefore, also the processes are spatially homogeneous, that are leading to the “reacted”/”concentrated” and 

“unreacted”/”diluted” end-members. These processes could be wet and dry deposition, evapotranspiration, weathering of 420 

primary minerals, formation and dissolution of secondary minerals, anthropogenic inputs and biogeochemical transformations, 

to name only a few. 

For interpreting the synchronous solutes and the variation of their ratios, hydrological and (bio-)geochemcial processes can be 

compared that change the solute ratio (e.g., input, production or consumption of one of the solutes by fertilizer applications, 

weathering or precipitation of secondary minerals, respectively) and those, that keep it constant (e.g., evapotranspiration). 425 

These processes are, of course, solute specific. For a solute pair with an observed solute ratio during the storm events that 

remains constant, catchment processes that keep the ratio constant can be considered to be of primary importance, whereas 

those that change the ratio are likely negligible, 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 430 

“hot-spots”) 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 Na+/Cl- ratio measured in the stream, in piezometers, or in soil solutions is very similar to and 

overlapping with the ratio in the rain.  We, therefore, interpret that evapotranspiration is the primary process leading to the 435 

elevated solute concentration in the “concentrated” end-member. This is due to the constant ratio observed across different 
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catchment compartments and the fact that evapotranspiration is the main process that increases the concentration of the solutes 

(more or less strongly during different seasons) but keeps their ratio constant (especially for solutes, that are considered not to 

be recycled by the vegetation)., whichThis interpretation is in line with some previous interpretations from the same catchment 

(Ayraud et al., 2008), and that inputs from anthropogenic activity (Cl-) or weathering (Na+) are negligible compared to the 440 

input from precipitation. The apparent negligible anthropogenic input of Cl- is in contrast to interpretations of previous studies 

from the same catchment, where inputs of mineral KCl fertilizers by the farmers were hypothesized (Aubert et al., 2013). This 

is similar for Na+, for which an input from weathering and soil leaching to the stream export was expected at Kervidy-Naizin. 

In a similar, granitic bedrock, 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+/Cl- ratios were observed across different rivers in 445 

Brittany over the last decades, likely due to NH4 oxidation induced acidification and soil leaching (Aquilina et al., 2012). 

Based on these studies, the observed negligible inputs of Cl- and Na+ from agricultural inputs and weathering, respectively, 

relative to the large inputs by precipitation, were unexpected. This is in contrast to the Strengbach catchment, where the Na+ 

input by rainwater is less important and which in turn increases the importance of the input by weathering (Ackerer et al., 

2020; Pierret et al., 2014). 450 

At Kervidy-Naizin, the stream water ratios of Mg2+ and NO3
- with the other synchronous ions is elevated compared to the rain 

ratios. The Mg2+/Cl- and Mg2+/Na+ ratios in the stream and piezometers are around 5 times higher than in the rain, whereas the 

ratios of those solutes (Mg2+, Cl-, Na+) with NO3
- are even higher (ten times higher in the case of Na+ and Cl-; 2 times higher 

for Mg2+). This indicates that there must be additional inputs of Mg2+ and NO3
- due to weathering, soil leaching, liming and/or 

(chemical) fertilizer applications, relative to Na+ and Cl-. This was expected especially for NO3
- due to the strong agricultural 455 

activity in the catchment. For Mg2+, an 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 observed synchrony 

between those 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 hot-spots within the event-activated parts 

of the catchment, such as wetlands stimulating denitrification, that would retain or mobilize Mg2+ or NO3
- differently. For 460 

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 the lower ratios in the rain during storm events, indicates either a 

partial dilution by rainwater or an activation of an end-member, where the biogeochemical reactions have not proceeded as far 

as in the reacted/concentrated end-member. In the latter case, that means the concentrations of NO3
- and Mg2+ relative to Na+ 465 

and Cl- are lower than in the concentrated end-member. This could be expected for Mg2+, for which a significant input by rock 

weathering is assumed. For NO3
-, with a larger agricultural input, this might seem to be less evident. However, it could indicate 

the importance of the large legacy effect of NO3
- in the deep groundwater, leading to a relatively higher concentration in the 

concentrated/reacted end-member (Molénat et al., 2002) or a relatively reduced concentration in the un-reacted/event-activated 

end-member due to denitrification. 470 
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4.1.2 Forested catchment 

At Strengbach, K+/Cl- 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 (average of 31.6 and 22.4 kg ha-1 y-1 under beech and spruce 

plots, respectively), relative to rain (2.2 kg ha-1 y-1) and the export at the catchments outlet (5.5 kg ha-1 y-1), 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 475 

only chemical element whose fluxes and concentrations at the outlet at Strengbach are lower than its inputs (atmospheric plus 

throughfall), indicating the minor importance of the weathering fluxes and a strong biogeochemical cycling in the forest. 

Similarly, but in smaller proportions, higher inputs of Cl- were also observed under beech (13 kg ha-1 y-1) and spruce trees 

(19 kg ha-1 y-1), in comparison with rain (6.4 kg ha-1 y-1), due to the dry interception by the leaves and needles (Pierret et al., 

2019). As no identified minerals from the soils and the granite contain Cl-, the weathering fluxes of Cl- is considered negligible 480 

at Strengbach. We therefore hypothesise, that the synchronous K+ and Cl- peaks during storm events might be due to higher 

contributions of superficial 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 surfaces, because the K+/Cl- ratio in the stream and the tributaries is close to the ratio in the rain, and lower than in the 

throughfall. This is underpinned by a study in the catchment that indicate, that soil solutions show a reduction in the K+ 485 

concentration with depth (factor of almost five between 5 and 60 cm depth) (Beaulieu et al., 2020), highlighting the strong 

recycling by the vegetation. 

Similar observations (increasing K+ and Cl- concentrations 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 northern Spain (Ávila et 

al., 1992). The authors attributed the low K+ concentrations during baseflow to uptake by the vegetation and fixation into clay 490 

lattices and the increased storm event concentrations to mobilization from the canopy and the organic soil layer (Ávila et al., 

1992), which might be applicable here, too. However, despite the fact that the authors did not use the concentration-

concentration behaviour of K+/Cl- to analyse their synchrony, as we propose here, the behaviour of K+ and Cl- seems to be 

visually less synchronous than what we observed at Strengbach. An increasing, or variable, K+ concentration behaviour during 

storm events was also reported from other steep, forested catchments and was attributed to a mobilization from live or dead 495 

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 Cl-, which we observed at Strengbach and which indicates a two-end-member 

system, was not reported previously and was unexpected for us.  

The synchronous behaviour of Mg2+/Ca2+ concerned only 22 % of the storm events with a threshold of the coefficient of 

determination of 0.9 , but 61 % with 0.8 (Table 1). This correlation can be explained by their similar chemical properties and 500 

characteristics concerning the biological uptake, cationic exchange, atmospheric deposition, or soil and bedrock weathering 

(Pierret et al., 2014). 
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4.2 Inter-event scale synchrony 

The inter-event synchrony evaluates whether different solute pairs show a similar behaviour and intensity of their concentration 

decreases and/or increases across different storm events. For example, at Kervidy-Naizin, Cl- and Na+ are synchronous on the 505 

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 Cl- 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. 

The observed inter-event synchrony of the synchronous ions in both catchments indicates that similar processes do not only 510 

govern these solutes during individual storm events but also across different events. Consistent variation patterns across 

different storm events for specific groups of ions were observed previously (Ávila et al., 1992). Storm events showing a strong 

concentration increase (at Strengbach) 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 previous storm events. Changes in end-member chemistry, linked to antecedent hydrological conditions, season or 515 

microbial activities (Knapp et al., 2020), and variable end-member contributions across different storm events (Pierret et al., 

2014) were also observed before. Overall, synchronous 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 those 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 520 

concentration of different solute pairs (concentration-concentration variations). We propose this methodology, because it can 

add useful information to those gained from other methodologies commonly used (such as EMMA, or cQ-analysis). However, 

it also has its limits, especially 1)related to the criteria used to define the different solute typesvariation patterns (R2 and its 

threshold of 0.8) and 2)related to the difficulty to interpret solutes with a complex and invariant variation typepattern. 

Another limitation of our analyses relates to the selection of analysed storm events. Due to technical challenges (pump failure, 525 

filter clogging, power outages due to lightning strikes) the analysed storm events were not fully representative 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 it was the inverse at Strengbach. Related to the event magnitude, the events with the smallest and 

largest discharge increase were underrepresented in the set of analysed events at Kervidy-Naizin, whereas at Strengbach, the 

events with the largest discharge increase were overrepresented in the analysed dataset. Therefore, the conclusions we draw 530 

about the hydrological and (bio-)geochemical processes in the two catchments might be slightly biased. 
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4.3.1 Sensitivity of the classification 

We used the coefficient of determination of the linear regression 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 criteria 

could be used. We believe that a threshold of 0.8 is a good compromise between misidentifying complex solutes as synchronous 535 

ones and disregarding synchronous solute pairs, which are noisy due to technical uncertainties. In addition, slightly non-linear 

concentration-concentration variations, which could be caused by a small contribution of a third end-member, are likely 

classified into the synchronous variation type, when using the 0.8 coefficient of determination 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 540 

and high solute concentrations, across different catchments and solutes, while taking into consideration the solute-specific 

limits of quantification. 

The three proposed types of solute variation (synchronous, complex, invariant) are potentially partly overlapping and not fully 

mutually exclusive. In both catchments, several solutes (K+ at Kervidy-Naizin and Ca2+, SO4
2-, NO3

-, and K+ at Strengbach) 

could not be attributed clearly to one variation type only. This could indicate, that across the different storm events, seasons 545 

and hydrological conditions, different hydrological or (bio-)geochemical processes govern the export of the solutes and the 

activation of the different end-members. However, it could also be caused by the choice of the thresholds to distinguish the 

different variation types, as explained above. For example, we observed at Strengbach for Ca2+/Mg2+ that their concentrations 

vary synchronously in a large percentage of storm events. However, their relative variation remains commonly below 10 %. 

These characteristics allow Ca2+ and Mg2+ to be grouped into the synchronous and the invariant type. Here, we grouped them 550 

into the invariant type, even though processes leading to the two variation types (two end-member system, flow path reactivity) 

could be considered together for their interpretation. 

4.3.2 Difficulties to interpret complex solute variations on the event scale 

A complex solute variation pattern is not easily to interpret, as it may be caused by several different processes, which cannot 

be distinguished with the method proposed here. Some of these explaining processes are 1) mixing of at least three chemically 555 

different end-members, 2) intra-event variations of the end-member concentrations of a two-end-member system and 3) non-

linear reactions along the flow path between the “source” of the end-member and the stream. 

The complex non-synchronous solutes at Kervidy-Naizin (SO4
2-, Ca2+, K+) are the solutes with the lowest molar baseflow 

concentrations (<=300 µM) of the seven solutes analysed and are influenced by a strong biological activity (Beaulieu et al., 

2020; Cenki-Tok et al., 2009; Pierret et al., 2019). Therefore, spatially or temporally varying processes and reactions might 560 

gain in importance, relative to simple dilution and might therefore lead to complex variation patterns. Potassium, as the solute 

with the lowest baseflow concentration, showed almost exclusively increasing concentrations 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 



22 

 

in the vegetation and its mobilization from live or dead organic matter in the soil (Barthold et al., 2017; Knapp et al., 2020), 

including leaching from soils after fertilizer applications. At Strengbach, the majority of the solute pairs formed with Mg2+, 565 

Na+ and Cl- exhibited complex variation patterns. It is difficult to interpret these results, because several factors and processes 

can lead to them (methodological, hydrological 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 (Strengbach) than at the 

agricultural catchment (Kervidy-Naizin). At Strengbach, NO3
- was the only solute with a complex variation pattern, with 

increasing and decreasing concentration patterns during different storm events. In this catchment, NO3
- shows the strongest 570 

annual variation, due to concentration variations in the different sources and their variable relative contributions during the 

year(Ackerer et al., 2018; Ladouche et al., 2001). These observations might explain the complex event-scale variation pattern 

of NO3
- at Strengbach. However, this was in contrast to the strong concentration decreases of NO3

- observed at Kervidy-Naizin, 

where, due to the agricultural activities, the baseflow concentrations were 20 to 50 times higher than at Strengbach. However, 

in other forested headwater catchments with baseflow concentrations similar to those at Strengbach, complex variations of 575 

NO3
- were also observed and were interpreted as supply limited leaching of NO3

- from organic soil layers or variable biological 

uptake (Ávila et al., 1992; Knapp et al., 2020). 

4.3.3 Difficulties to interpret invariant solutes on the event scale 

At Strengbach, we observed, that the majority of the analysed solutes exhibited no or only a limited concentration variation 

during storm events (Ca2+, Mg2+, Na+, SO4
2-). As mentioned above, this can be caused by various different processes. In 580 

addition, this limited concentration variation could mean that these solutes are not relevant to infer event-scale processes but 

it could also be related to the characteristics of the analysed events. 

Another limitation of our analyses relates to the selection of analysed storm events. Due to technical challenges (pump failure, 

filter clogging, power outages due to lightning strikes) specifically large storm events were not analysed by the field 

laboratories at both sites. Therefore, the analysed storm events, which we presented in this article, probably do not represent 585 

all possible storm events and their effects on the stream chemistry, but are likely biased towards small to medium intensity 

storm events. 

4.4 Advantage of the proposed methodology and difference to 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 information about solute 590 

specific processes in catchments without requiring a priori assumptions and enables to identify, whether two end-members are 

sufficient to describe the mixing pattern for a given solute pair..  

Compared to the classical, forward EMMA approach, that requires extensive prior knowledge for identifying and chemically 

characterising the different endmembers For example, our methodology requires much less prior knowledge of the catchment 

processes than the classical EMMA approach (Durand and Juan Torres, 1996), our proposed methodology requires very little 595 
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prior knowledge. It can, therefore, be applied at many catchments that are outside of long-term experimental observatories. In 

addition, our methodology does not require the a priori assumption of conservative solutes, as it is required in the EMMA 

approach (Christophersen et al., 1990), because even some solute reactions lead to a linear pattern on a concentration-

concentration plot for a two-end-member system. However, when interpreting our results, we implicitly assume a conservative 

behaviour of the synchronous solutes. 600 

In comparison to the multi-variate analysisinverse EMMA based on the principal component analysis, which provides the 

number of potential end-members using the ensemble of all “conservative” solutes (Christophersen and Hooper, 1992; Hooper, 

2003), the methodology proposed here evaluates the potential number of end-members for the solute pairs and not for the 

ensemble of all of the solutes together of different solutes. This has two advantages. Firstly, a greater number of solutes used 

in the PCA analysisinverse EMMA also leads to a greater number of potential end-members, which are required to explain 605 

their total variation (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 potential 

end-members). In the methodology proposed here, this ambiguity is removedreduced, because it provides the number of 

required end-members (two or more) for each solute pair. Secondly, 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 for which solutes a simpler model 610 

would be sufficient. Again, the methodology proposed here allows distinguishing the synchronous solutes that are governed 

by similar processes, from those, which are associated to more complex variation patterns, 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 synchronous solutes in an EMMA that tries to distinguish between more than two end-members. 615 

Furthermore, the analysis of the solute ratios can provide information about the solute specific processes at the catchment scale 

that are dominant or negligible. For example, the constant Na+/Cl- ratio, observed across many different catchment 

compartments at Kervidy-Naizin, indicates that evapotranspiration is the dominant process that is increasing the concentration 

of theses solutes. In contrast, Cl- inputs from fertilizer additions or Na+ inputs from weathering of primary minerals seem to 

be less important or negligible. Another example are the strongly enriched Mg2+ and NO3
- concentrations, relative to Cl- and 620 

Na+ at Kervidy-Naizin, which can be expected for NO3
- in an agricultural catchment, but was unexpected for Mg2+. 

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 analysed as a function 

of the season or the hydrological antecedent condition of the catchment. Furthermore, the rising and the falling discharge limbs 

could be analysed separately, which could be particularly interesting for the complex solutes. This could reveal whether the 625 

third end-member of the complex solutes contributes rather during the beginning or the end of the storm event. 



24 

 

5 Conclusion 

In this study, we presented high-frequency stream chemistry data collected with an innovative infrastructure (Riverlab) that 

enabled us to sample systematically a large number of flood events, more than what is frequently collected with an automatic 

sampling strategy. Based on these high-frequency, multi-elemental timeseriestime series of stream solute concentrations, we 630 

propose a complementary methodology, which allows identifying 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. Those synchronous solutes 

can be interpreted as mixing of only two end-members: one concentrated/reacted end-member and one diluted/unreacted end-635 

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, to a third end-

member in total. Alternatively, the contributions from those hot-spots are negligible during storm events. 

Our proposed methodology can be used as a complementary tool to the inverse-type EMMA or the CHEMMA, because it 640 

indicates specifically, for which solute pairs a mixture of only two end-members is sufficient and for which 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 of four solutes (Na+, Cl-, Mg2+, NO3
-) during 56 to 92 % of the analysed 

storm events at the agricultural catchment (Kervidiy-Naizin) and for two solutes (K+/Cl-) during 61 % of the storm events at 645 

the forested catchment (Strengbach). 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 impact of land cover, geology, topography and climate on the relation between the stream 

water chemistry and the hydrological dynamic. For example, the absence of fertilizers and soils modified by agriculture at 650 

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 dynamics as well as the 

geochemical signatures. 
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Appendices 655 

Appendix A: Hydrographs of Kervidy-Naizin and Strengbach with the selected storm events 

 

Figure A1: Hydrograph with selected and analysed storm events (colored) 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 660 

 

Figure B1: Examples of the chemical variation during three different storm events at Kervidy-Naizin ((a) – (f)) and Strengbach ((g) 

– (l)). For each storm event, the discharge ((a), (c), (e) & (g), (i), (k)) and the corresponding chemical concentrations ((b), (d), (f) & 

(h), (j), (l)) are visualized. In order to highlight the inter-event variability, the y-axes for the discharge and the chemical 

concentrations are held constant for each catchment. 665 
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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 R2 >=0.9). Listed are all solute pairs that exhibit a synchronous variation (R2> 0.8) in less than 30 % 670 
of the storm events. 

Ion Pairs Kervidy-Naizin (n = 39) 

Synchronous Complex Invariant 

R2 >= 0.9 R2 >= 0.8   

Ca2+/Na+ 6 (15 %) 11 (28 %) 15 (38 %) 13 (33 %) 

Ca2+/ Mg2+ 7 (18 %) 11 (28 %) 15 (38 %) 13 (33 %) 

Ca2+/Cl- 5 (13 %) 10 (26 %) 15 (38 %) 14 (36 %) 

NO3
-/Ca2+ 4 (10 %) 10 (26 %) 19 (49 %) 10 (26 %) 

SO4
2-/Na+ 7 (18 %) 9 (23 %) 11 (28 %) 19 (49 %) 

SO4
2-/Cl- 6 (15 %) 8 (21 %) 12 (31 %) 19 (49 %) 

SO4
2-/Mg2+ 4 (10 %) 8 (21 %) 15 (38 %) 16 (41 %) 

K+/NO3
- 4 (10 %) 7 (18 %) 22 (56 %) 10 (26 %) 

K+/Mg2+ 2 (5 %) 6 (15 %) 19 (49 %) 14 (36 %) 

K+/Na+ 1 (3 %) 1 (3 %) 19 (49 %) 19 (49 %) 

K+/Cl- 1 (3 %) 1 (3 %) 18 (46 %) 20 (51 %) 

K+/Ca2+ 0 (0 %) 1 (3 %) 11 (28 %) 27 (69 %) 

K+/SO4
2- 0 (0 %) 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 675 
thresholds (R2 >=0.8 and R2 >=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 Strengbach (n = 23) 

Synchronous Complex Invariant 

R2 >= 0.9 R2 >= 0.8   

Mg2+/Na+ 2 (9 %) 6 (26 %) 10 (43 %) 7 (30 %) 
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Ca2+/Na+ 2 (9 %) 4 (17 %) 12 (52 %) 7 (30 %) 

SO4
2-/Cl- 1 (4 %) 3 (13 %) 13 (57 %) 7 (30 %) 

Mg2+/Cl- 0 (0 %) 3 (13 %) 14 (61 %) 6 (26 %) 

K+/SO4
2- 1 (4 %) 3 (13 %) 8 (35 %) 12 (52 %) 

NO3
-/Na+ 1 (4 %) 2 (9 %) 12 (52 %) 9 (39 %) 

SO4
2-/Na+ 0 (0 %) 2 (9 %) 13 (57 %) 8 (35 %) 

K+/Na+ 0 (0 %) 2 (9 %) 13 (57 %) 8 (35 %) 

Cl-/Na+ 0 (0 %) 2 (9 %) 12 (52 %) 9 (39 %) 

NO3
-/Mg2+ 0 (0 %) 2 (9 %) 11 (48 %) 10 (43 %) 

SO4
2-/Mg2+ 0 (0 %) 2 (9 %) 12 (52 %) 9 (39 %) 

K+/Mg2+ 0 (0 %) 2 (9 %) 12 (52 %) 9 (39 %) 

NO3
-/Ca2+ 0 (0 %) 2 (9 %) 8 (35 %) 13 (57 %) 

K+/NO3
- 0 (0 %) 2 (9 %) 9 (39 %) 12 (52 %) 

NO3
-/Cl- 0 (0 %) 1 (4 %) 10 (43 %) 12 (52 %) 

Ca2+/Cl- 0 (0 %) 0 (0 %) 14 (61 %) 9 (39 %) 

SO4
2-/Ca2+ 0 (0 %) 0 (0 %) 10 (43 %) 13 (57 %) 

K+/Ca2+ 0 (0 %) 0 (0 %) 12 (52 %) 11 (48 %) 

SO4
2-/NO3

- 0 (0 %) 0 (0 %) 11 (48 %) 12 (52 %) 

 

 

 680 
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Appendix DC: Inter-event synchrony for all solute pairs 

 

Figure DC1: Inter-event synchrony for all 21 solute pairs for Kervidy-Naizin. Lower-left triangle of sub-figures : Relative 

concentration increase [red; (Cmaximum, j – Cinitial, j)/Cinitial, j] and decrease [green-blue; (Cinitial, j – Cminimum, j)/ Cinitial, j] in (%) of the 

maximum and minimum event concentration in relation to the initial concentration for each event j. Values of 0 indicate that the 685 
maximum/minimum concentration is equal to the initial concentration. The black line represents the 1:1 line. The first column, first 

row and diagonal represent the distribution of the relative concentration increase and decrease for each solute. Upper-right triangle 

of sub-figures: For each pair, the correlation coefficients for all points (green-blue plus red) in black as well as for the red or green-

blue points in red or green-blue, respectively. 
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 690 

Figure DC2: Inter-event synchrony for all 21 solute pairs for Strengbach. See the figure caption of Figure C1 for further explanation. 

Data availability 

The data supporting the findings of this study can be downloaded from the French Research Data Repository (accessible via 

the following address https://doi.org/10.57745/ENHW7M) under the title “High-frequency measurements of 7 major ions 

concentrations during discharge events in the Kervidy-Naizin and Strengbach catchments (2018-2022)”.are available from the 695 

corresponding authors upon reasonable request. 

https://doi.org/10.57745/ENHW7M
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