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Abstract 15 

The cumulative and bidirectional groundwater-surface water (GW-SW) interaction along a stream 16 

is defined as hydrological turnover (HT) influencing solute transport and source water 17 

composition. However, HT proves to be highly variable, producing spatial exchange patterns 18 

influenced by local surface- and groundwater levels, geology, and topography. Hence, identifying 19 

factors controlling HT in streams poses a challenge. We studied the spatiotemporal variability of 20 

HT processes at a third order tributary of the river Mosel, Germany at two different stream reaches 21 

over a period of two years. Additionally, we sampled for silicate concentrations in the stream as 22 

well as in the near-stream groundwater. Thus, creating snapshots of the boundary layer between 23 

ground- and surface water where turnover induced mixing occurs. We characterize reach specific 24 

drainage behavior by utilizing a delayed/base flow separation analysis for both reaches. The results 25 

show a site-specific negative correlation of HT with discharge, while hydraulic gradients and reach 26 

scale absolute discharge changes correlating with HT only at the upstream site which is 27 

characterized by steeper hillslopes compared to the downstream section. Analyzing the variation 28 

of silicate concentrations between stream and wells shows that in-reach silicate variation increases 29 

significantly with the decrease of HT under groundwater dominated flow conditions.. In Summary, 30 

our results show that discharge shapes the influence of HT on solute transport as visualized by 31 

silicate variations. Yet, reach specific drainage behavior shapes seasonal states of groundwater 32 

storages and thus, can be an additional control of HT magnitudes, influencing physical stream 33 

water composition throughout the year. 34 

1 Introduction 35 

The process of groundwater-surface water (GW-SW) interaction along river corridors integrates 36 

the movement of water masses between the near stream groundwater aquifer, the riparian zone and 37 

the stream channel (Payn et al., 2009; Ward et al., 2013, 2019), with the hyporheic zone as the 38 

boundary layer between stream and groundwater which is highly variable in dimension (Wondzell 39 

et al., 2011). The exchange between GW and SW along streams needs to be addressed as 40 

bidirectional, consisting of gross gains and losses influencing a significant proportion of stream 41 

flow (Payn et al., 2009; Covino et al., 2011). In this context, the cumulative effect of bidirectional 42 

fluxes is understood as a hydrological turnover (HT), shaping source water composition (Covino 43 

et al., 2011; Mallard et al., 2014) in conjunction with solute transport and controlling in-stream 44 

ecological functions (Covino et al., 2011; Jimenez-Fernandez et al., 2021) as well as stream 45 

chemical signatures (Jähkle et al., 2022). Base flow is often assumed to be geochemically constant 46 

in accordance with the underlying geology (e.g., Klaus & McDonnel, 2013), while the variability 47 

in stream chemistry is hinting towards variety in source waters and contributing storages in the 48 

subsurface (Payn et al., 2012; Blumenstock et al., 2015). HT processes dampen the spatially 49 

distinct contributions of source areas forming streamflow and its chemical signatures (Schuetz et 50 

al., 2016) and thus revealing the recycling of water between the stream and the underground 51 

(Covino et al., 2011; Mallard et al., 2014). The simultaneous process of losing and gaining water 52 

has large implications on the perspective towards stream deprived groundwater recharge and 53 

modifies discharge signals in watersheds. Hence, net changes of discharge are insufficient to 54 

characterize GW-SW interaction along streams (Covino et al., 2011; Mallard et al., 2014). There 55 

are several features known to influence GW-SW interaction, namely the hydrologic forcing and 56 

the geomorphic setting (Ward et al., 2019). Hydrologic forcing summarizes the temporal variation 57 

of catchment wetness, groundwater storage states (Ward et al., 2013; Dudley-Southern & Binley, 58 

2015; Malzone et al., 2016) and diverging drainage behavior of different geologies (e. g. Payn et 59 
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al., 2012, Stoelzle et al., 2014) in combination with the magnitude of the actual stream flow (Payn 60 

et al., 2009; Voltz et al., 2013; Ward et al., 2013; Schmadel et al., 2017) and thus, distinct water 61 

levels on the local scale. In sum, it shapes the temporal participation of different flow paths in HT. 62 

Flow paths dominated by geomorphic setting are governed by hydraulic gradients and thus, more 63 

persistent in time (Schmadel et al., 2017). Thus, also HT is subject to hydrologic forcing and the 64 

geomorphic setting and presents itself as variable in time and space, with multiple influencing 65 

factors on multiple scales (Payn et al., 2009). On smaller scales stream morphologies, with reach 66 

specific pool and riffles sequences, rock outcrops, bankstorage and transient storages or locally 67 

focused GW discharge areas (Schuetz & Weiler, 2011) govern GW-SW interaction to a large 68 

degree (e.g. Bencala & Walters, 1983; Runkel et al., 1998, 2002; Bencala, 2000; Gückner & 69 

Böchat, 2004). Spatial variations in losing or gaining river segments (Zimmer et al., 2016) show 70 

the effect of different hyporheic flow pathways from small to larger scales (Cardenas, 2008; Ward 71 

et al., 2017). Also, on smaller scales seasonal effects such as biofilm formation (Arnon et al., 2010, 72 

2013; De Falco et al., 2018) and bioturbation (Battin et al., 2008, 2016) are possible sources of the 73 

variability in GW-SW interaction over time. Altogether, these processes induce the spatial and 74 

temporal variability of HT processes. However, reach specific features on, i.e hillslope topography, 75 

geology, vegetation, and valley bottom structure influence streamflow dynamics and GW-SW 76 

interaction (Bergstrom et al., 2016; Jähkel et al., 2022; Jimenez-Fernadez et al., 2021) and studies 77 

measuring HT at the reach and catchment scale show that discharge can explain the variance in 78 

HT quite well (Covino et al., 2011; Mallard et al., 2014).  79 

Few methods are available to study GW-SW interaction from scales smaller than 1 m up to more 80 

than several hundred meters. Utilizing e.g. electrical conductivity in analysis of bank filtration 81 

(Cirpka et al., 2007), water temperature and hydraulic gradient-based approaches (e.g. Kalbus et 82 

al., 2006; Schmidt et al., 2006; Schmitgen et al., 2021), often in combination with differential 83 

gauging (e.g. Ruehl et al., 2006). Hydrograph separation methods based on tracers such as stable 84 

water isotopes or silicate are frequently used to differentiate between quick and slow flow, thus 85 

shedding light on slow flow signals (e.g. Penna et al., 2015; Klaus & McDonnell 2013; Uhlenbrook 86 

& Hoeg, 2003; Wels et al., 1991). However, mass balance-based slug tracer injections in 87 

combination with dilution gauging is up till now, the only available method of quantifying gross 88 

gains and losses resulting in HT estimation of larger stream segments (Payn et al., 2009; Covino 89 

et al., 2011; Mallard et al., 2014; Jimenez-Fernadez et al., 2021; Jäkhel et al., 2022).  90 

In numerical groundwater models, surface water levels are commonly used as a static or variable 91 

boundary condition (Staudinger et al., 2019). A few studies only, try to explore spatial effects of 92 

GW-SW interaction on groundwater fluxes and indirect GW recharge on the scale of an alluvial 93 

aquifer section using hydrodynamic numerical groundwater models (e.g. Wöhling, 2021). The 94 

consideration of HT on the catchment scale in hydrological models has been tested currently 95 

(Staudinger et al., 2021), using an additional catchment scale exchange bucket. Mallard et al. 96 

(2014) presents an empirical equation based on discharge magnitudes and drainage area to scale 97 

up observed HT to the catchment scale and along the stream network. While both are 98 

straightforward approaches, neither of them considers site-specific stable geomorphic forcing nor 99 

the temporal variations of the hydrological forcing and thus might be restricted in transferability 100 

to other catchments. Up until now, no sufficient and transferable model concept exists to allow the 101 

consideration of HT processes for hydrological models applied on the catchment scale.  102 

In previous studies, HT was analyzed in conjunction with large scale valley structure transition 103 

and stream water balance dynamics in summer resection establishing that even under net gaining 104 

conditions bidirectional flow is of significance (Payn et al., 2009). Covino et al., (2011) showed 105 
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that the hydrologic exchanges occurring along stream reaches may not be properly characterized 106 

by net changes in Q, identifying the HT process as having implications for source water 107 

contribution, and suggesting that besides watershed structure and network geometry additional 108 

factors such as groundwater recharge and aquifer storage state control HT. Bidirectionality in GW-109 

SW interaction is also apparent in the work of Zimmer et al. (2016), suggesting that ephemeral 110 

and intermittent streams temporally can act as both sources and sinks for groundwater across 111 

humid headwater landscapes and independent of deep groundwater contributions run‐off can be 112 

produced at low storage states. Hence, these processes need to be better understood, supporting 113 

the development of improved HT modelling approaches on the catchment scale. 114 

Only limited numbers of HT observations have been published in the international literature so far 115 

(e.g. Payn et al., 2009; Covino et al., 2011; Mallard et al., 2014; Jimenez-Fernadez et al., 2021; 116 

Jäkhel et al., 2022). Most of them either limited in scale with consistent reach segments of about 117 

100 meters (Jimenez-Fernadez et al., 2021, Jäkhel et al., 2022) covering two seasons, or 118 

observation periods capture four months in the same season, respectively (Payn et al., 2009; 119 

Covino et al., 2011; Mallard et al., 2014). Reflecting these limitations, we explore the effect of 120 

opposing geomorphic settings and seasonal variations in catchment storages as controls of HT in 121 

two ~ 500 m reaches of the same catchment with distinct differences in morphological features. 122 

Additionally, addressing spatio-temporal variability and reach specific HT patterns, combining HT 123 

estimations with near stream groundwater silicate concentrations, hydraulic gradients and delayed 124 

flow hydrograph separation over a period of two years. Apparent silicate concentration in 125 

groundwater and surface water serves as a tracer for residence time. Due to its enrichment in the 126 

underground (e.g. Burns et al., 2003), it allows an analysis of turnover induced mixing between 127 

GW and SW with its implications on solute transport. In analyzing HT within the bigger 128 

framework of ever-changing hydrological forces over time and space, according to the following 129 

research questions: 130 

1. Are geomorphological valley properties linked with observable HT processes? 131 

2. Is the seasonality of HT influenced by reach specific groundwater storage states? 132 

3. Does HT has an effect on solute concentrations in near stream groundwater and what are 133 

the underlying mechanisms? 134 

2 Materials and Methods 135 

2.1 Study Area 136 

The Olewigerbach is a tributary of the river Mosel located south of the city of Trier (Rhineland-137 

Palatinate; Germany). The catchment drains a 35 km2 watershed with a total length of 14 km (Krein 138 

& Schorer 2000) and a mean channel with of 1.5 - 2 m. The altitude difference between headwater 139 

and mouth is about 300 m. The stream has a pluvial regime with a mean discharge of 250.6 ls−1 140 

between 2010 and 2023. The catchment is geologically dominated by devonian schists with 141 

quartzite inclusions (Banzhaf & Scheytt 2009; Krein & Symader 2000). Therefore, groundwater 142 

permeability is limited to fissures and the soil layer. The catchment of the Olewigerbach covers 143 

different topographical features, allowing to choose two contrasting sites. The first study site is 144 

located at the upper reach “up-stream” at a height of approximately 300 m above sea level (Figure 145 

1). The site is characterized by steep hillslopes with pastures and forest, the soil layer is shallow 146 
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and dominated by clayey and silty material, with 147 

impermeable clay layers (Krein & Symader 2000). 148 

The second study site is located at the lower reach 149 

“down-stream” at a height of approximately 170 m 150 

above sea level (Figure 1). This site is less steep with 151 

a wider valley cross-section, characterized by a 152 

deeper loamy soil layer with clay pockets. The land 153 

use is dominated by pastures and forest at the 154 

meadow, vineyards, and forest at the slopes as well 155 

as settlement area (Banzhaf & Scheytt 2009; Krein 156 

& De Sutter 2001). In addition to that, the stream is 157 

stabilized by limestone blocks. 158 

2.2 Experimental Setup 159 

The study was carried out during the years from 160 

2017-2022. Altogether, the data set is compiled of 161 

133 differential discharge gauging campaigns (NaCl-
162 

) and 270 stream- and groundwater samples. 163 

(Overview in Table 1). The collected field data 164 

includes streamflow magnitudes and groundwater 165 

levels at the head of the two reaches respectively. 166 

With water levels constantly logged in 5-min interval 167 

at both reaches from 2020 to 2022 (Orpheus Mini 168 

Level Logger, OTT). Groundwater levels were 169 

monitored at 5-min intervals in two wells at the head 170 

of each reach. At the down-stream reach (CTD-171 

Diver, Van Essen) staring in March 2021, at the 172 

upstream reach (Orpheus Mini Level Logger, OTT) 173 

over the total observation period. We performed 174 

instantaneous tracer injections, similar to dilution 175 

gauging (Day, 1976), to analyze tracer breakthrough 176 

curves (BTCs). Several tracer injections were performed at various discharge conditions to 177 

determine appropriate mixing lengths (Kilpatrick & Cobb, 1985) at both study reaches, 178 

incorporating streamflow transitions as suggested in Payn et al. (2009). Considering the 179 

bidirectional flow of water masses between ground and surface water, as in the concept of HT 180 

(Covino et al., 2011; Payn et al., 2009), the loss of tracer mass is very likely during the mixing 181 

length. Therefore, the mixing lengths must be constant over time to ensure comparability of results, 182 

with the remaining variable to manage being the injected tracer mass. The upstream reach (~500 183 

m) as well as the downstream reach (~500 m) were divided equally, resulting in three fixed tracer 184 

injection and sampling spots (Figure 2). During the campaigns, three WTW Multi devices were 185 

installed to log conductivity in series at 0 m, 250 m, and 500 m, respectively. In total, eight tracer 186 

injections were performed, four per study site. Slug injections of tracer started first at the base 187 

moving upward to the head of the reach. The first three injections at the study site yield BTCs to 188 

estimate discharges. During the campaigns, three WTW Multi devices were installed to log 189 

conductivity in series at 0 m, 250 m, and 500 m, respectively. In total, eight tracer injections were 190 

performed, four per study site. Slug injections of tracer started first at the base moving upward to 191 

Figure 1. Site map of the Olewiger Bach catchment 

in the south of the city of Trier, Germany. Points 

marking the position of the two experimental 

reaches “Up-stream” and “Down-stream”.  
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the head of the reach. The first three injections at the study site yield BTCs to estimate discharges. 192 

Since EC probes were logging constantly, the dampened EC signals of the BTCs were recorded at 193 

all probes positioned downstream of the individual injection. Seven of the generated BTCs per  194 

tracer experiment and site were evaluated, amounting to 504 BTCs per site in total (Figure 2).  195 

Measurements were taken during discharge rates ranging from approximately 1 to 1008 ls−1. The 196 

fourth tracer injection generated a BTC moving through the total reach, creating sufficient 197 

dampened EC signals at all three installed probes (Figure 2). This was ensured by doubling the 198 

tracer mass of the previous injections (constant mass per reach and experiment). The mass of the 199 

instantaneous injected pre-dissolved tracer (NaCl-) varied in the range of 50 g to 3000 g, depending 200 

on the apparent discharge and background electrical conductivity (EC). During low-flow 201 

conditions, the injection volume was chosen conservatively. BTCs with peak EC outside the range 202 

of 1.25 to 2.0 times background EC (typically 200 µS - 400 µS) were excluded or repeated. The 203 

produced BTCs were logged at 1s intervals, except during extreme low-flow conditions, when a 5 204 

s resolution was utilized due to limitations in device storage capacity (Multi WTW). With BTCs 205 

derived from electrical conductivity curves minus background natural stream electrical 206 

conductivity per tracer release. Mass equivalent is calculated from conductivity curve via site and 207 

campaign day specific calibration for each measurement spot.  208 

2.2.1 Hydrologic Turnover 209 

The conducted tracer experiments provided BTCs to quantify changes in discharge along the 210 

reaches as well as gross gains and losses of stream water to and from groundwater. With discharge 211 

estimation: 212 

𝑄𝑖 =
𝑀𝑖

∫ C𝑀𝑖
(𝑡)𝑑𝑡

𝑡

0

 

 

(1) 

Figure 2. Left, summary of Tracer injections, breakthrough curve (BTC) measurements, discharge estimates, Tracer 

mass (M), Discharges are estimated from releases at base and head of the reaches (QI-III), calculating net exchange 

(∆Q), mass recovered (∫CM) used to estimate Gain and Losses (Q Loss, Q Gain). (Modified from Payn et al., 2009). 

Right, experimental setup, exemplary reach C, with sub-reaches as A, B, Groundwater wells as P1 and P2 at each 

measurement spot. Graphical description of logged BTCs utilized for Q and QLoss estimation.  
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Where Qi is discharge at location i, Mi is initial tracer mass injected and C𝑀𝑖
(t) the integrated tracer 213 

concentration apparent in the BTC (Figure 2). All estimated discharges then are used to determine 214 

net discharge change ΔQ: 215 

 

∆𝑄 = 𝑄𝑖 − 𝑄𝑖−1 

 

(2) 

With the upstream location i-1. Hydrological turnover (HT) estimation is based on the assumption 216 

of the loss of injected tracer mass along the channel equally represents the fractional loss of stream 217 

flow to the underground, not entering the stream channel again during the observation period (Payn 218 

et al., 2009; Covino et al., 2011). Hence, percent mass lost is equal to the fraction of initial Q lost 219 

over a reach (Covino et al., 2011):  220 

 

𝑄𝐿𝑜𝑠𝑠 = 𝑄𝑖−1

𝑀𝑖 − ∫ M(𝑡)𝑑𝑡
𝑡

0

𝑀𝑖
 

 

(3) 

 

With Qi-1 discharge at the head and QLoss the water mass lost from head to base of the respective 221 

stream reach, assuming steady-state conditions throughout the window of detection (Figure 2a). 222 

Estimation of net Q and QLoss allow for determining QGain and consequently for QTurn (Turnover) 223 

as follows: 224 

∆𝑄 = 𝑄𝐺𝑎𝑖𝑛 +  𝑄𝐿𝑜𝑠𝑠 

 

(4) 

 

𝐻𝑇 = |𝑄𝐿𝑜𝑠𝑠| + 𝑄𝐺𝑎𝑖𝑛  
(5) 

 

Since 500 m reaches are larger than comparable setups in the literature (Payn et al., 2009; Jimenez-225 

Fernadez et al., 2021; Jäkhel et al., 2022), we divided the study sites into two equidistant sub-226 

reaches, resulting in three individual differential discharge gauging experiments. This enabled us 227 

to calculate HT parameters for the sub-reaches A and B and the total reach C separately. 228 

Subsequently, resulting in independent estimations of sub-reach and total reach Q, ∆Q, QLoss, QGain 229 

and HT (Figure 2a). Thus, accounting for possible spatial discontinuity in GW-SW interaction at 230 

the reaches during all campaigns. To improve comparison of HT estimated at the “up-stream” and 231 

“down-stream” reach of the Olewigerbach catchment we performed a normalization, calculating 232 

HT as the fraction of total apparent discharge exchanged per meter of flow distance. Resulting in 233 

HT as [%/m] in the following. We compare the sub-reaches A and B to total reach C as follows: 234 

𝐶~𝐴 + 𝐵 

 

(6) 

 

Assuming that short term gains or losses in the sub-reaches as well as cross sub-reach turnover, 235 

cancel each other out, we tested for linear regression between the HT of total reach (C) and the 236 

sum of HT of the sub-reaches (A, B). In addition, we calculate ratios r of sub-reach contribution 237 

to HT, 238 

𝑟 =
𝐴𝐻𝑇

𝐵𝐻𝑇 + 𝐴𝐻𝑇
 

 

 

(7) 

 

with values of r>0.5 showing that HT in sub-reach A is larger than HT in sub-reach B and values 239 

< 0.5 showing that HT in sub-reach B is more pronounced than HT in sub-reach A. 240 
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2.2.2 Silicate variability as a tracer for GW involvement in HT processes  241 

Concentrations of silicate (SiO2) are low in rainfall becoming higher in water infiltrating the 242 

underground because of dissolution or interaction with silicate bearing minerals in the 243 

underground. The longer the residence time of water in the underground, the higher the silicate 244 

concentration (e.g., Burns et al., 2003; Kendall et al., 2001; Wels et al., 1991) Since the only 245 

production of silicate in the Olewigerbach catchment is of geogenic origin, silicate concentrations 246 

may serve as a proxy of prolonged contact with the underground. Fast flow paths, rain and surface 247 

runoff might lead to comparably lower concentrations and are highly variable in time, while deep 248 

groundwater passages lead to high silicate concentrations and are more constant in contribution 249 

towards the stream flow (Stewart et al., 2007). At the monitoring locations (Figure 2b) of both 250 

reaches of the Olewigerbach catchment, shallow groundwater wells (1.5 m depth) where installed 251 

in October 2020. Two groundwater wells, the first at the riparian zone within 1.2 m to 1.5 m 252 

distance (depending on topography and soil depth) to the streambed, the second in a straight line 253 

at 3 m distance. Per reach three of these transects have been installed. Following October 2020, 254 

groundwater wells were sampled along with the stream during thirty measurement campaigns. 255 

Thus, resulting in three stream water samples as well as six groundwater samples per measurement 256 

day and reach. Hence, three silicate concentration values per layer (stream, riparian, groundwater) 257 

were taken. Samples were filtered and acidified in the laboratory at the same day. Silicate 258 

measurements (± 8%) were carried out by Atom Adsorption Spectrometry (contrAA 300). Relating 259 

reach scale variability of silicate concentrations in ground- and surface water to HT we calculated 260 

variation coefficients of silicate (var) concentrations per measurement day and reach (n= 9):  261 

 262 

𝑣𝑎𝑟𝑖𝑗 =
𝜎𝑖𝑗𝑘(1−9)

𝜇𝑖𝑗𝑘(1−9)

 

 

 

(8) 

 

With variation coefficient of day i at reach j (𝑣𝑎𝑟𝑖𝑗) by standard deviation (𝜎𝑖𝑗𝑘) and mean (𝜇𝑖𝑗𝑘) 263 

of all nine silicate concentrations k (Figure 2b).  264 

2.2.3 Characterization of drainage behavior utilizing Delayed flow separation 265 

Baseflow dynamics can be viewed as an integrated spatial signal with multiple components (Curtis 266 

et al., 2020; Stoelzle et al., 2020). To account for variability in recession behavior, Stoelzle et al. 267 

(2020) developed the delayed flow index (DFI), which considers dynamic contributions from 268 

multiple sources during stream flow recession. The DFI is based on the smoothed minima method 269 

(Gustard et al., 1992), which involves identifying streamflow minima in consecutive periods of a 270 

block size (N). The DFI at N is then calculated as the ratio of the sum of delayed flow to the sum 271 

of the total in-stream discharge. The computation of the DFI is explained in detail in Stoelzle et al. 272 

(2020). 273 

In this study, we carried out delayed flow separation at both reaches using hydrograph time series 274 

from August 2018 to January 2022 in 5-minute resolution, which were converted to 6-hour time 275 

steps. DFI calculation was performed using the R code available in the R package lfstat 276 

(https://CRAN.R-project.org/package=lfstat, Koffler et al., 2016). As in Stoelzle et al., (2020) the 277 

DFI covers a delay (N) from 0 to 60 days. Since both reaches are in close proximity, only variations 278 

in drainage behavior shaped through groundwater storages and their architecture should be 279 

represented in the reach-specific DFI curves. Hence, we characterized reach-specific drainage 280 

behavior by utilizing DFI analysis for both reaches. 281 
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DFI values represent the fractional amount of event water present in the stream at block N after 282 

the event itself. A steep decline in DFI towards a low percentage of event water present, represents 283 

dominant short-delayed contributors i.e., a fast drainage behavior, while the opposite represents 284 

slow drainage behavior with significant intermediate delayed contributions stabilizing at high 285 

baseline delay (Stoelzle et al., 2020). Further, we defined drainage before N=5 in the DFI curve to 286 

be quick flow (equivalent to the definition of quick flow in the IH-UK base flow separation method 287 

(Gustard et al., 1992), and all after the DFI stabilizes as very slow flow (i. e. longest lasting 288 

groundwater storage). With the part of the DFI curve in-between as the result of intermediate 289 

storage interaction. This allows for the characterization of drainage behavior and relative 290 

groundwater storage capacity in conjunction with HT-induced mixing in the stream at both reaches 291 

with contrasting features over several seasons. 292 

3 Results 293 

3.1 Reach Comparison and Characterization 294 

We analyzed the Olewigerbach catchment regarding slope-valley transitions and identified two 295 

reaches with contrasting cross-sectional shapes: Selecting one reach with a steep valley cross-296 

section (V-shape) and one with a less steep cross-section (U-shape).  297 

Figure 3. (a) Precipitation at the 

reach (mm). (b) Hydrograph in 

mm/d of “Down-Stream” green, 

“Up-stream” blue. (c) 

Groundwater Gradient in m 

“Down-Stream” green, “Up-

stream” blue. (d) “Down-

Stream” gross Loss (light grey 

bars) and gross Gain (dark grey 

bars) in l/s, green dots net 

discharge in l/s. (e) “Up-Stream” 

gross Loss (light grey bars) and 

gross Gain (dark grey bars) in l/s, 

blue dots net discharge in l/s. 
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Comparing the reach valley structure, the “Up-Stream” reach is narrow and steep, and the “Down-298 

Stream” reach presents itself as flatter and wider (Figure 4a). Both reaches receive approximately 299 

the same amount of rainfall over the year (Figure 3a), with precipitation derived by the areal 300 

weighted mean of three, near catchment weather stations (Oberzerf; 43/VOZ [49.58922, 6.67506], 301 

Trier-Irsch; 230/VIR [49.72599, 6.69570], Trier-Petrisberg; [49.7478, 6.6581]; Deutscher 302 

Wetterdienst). The “Up-Stream” reach reacts fast with areal peak runoff exceeding the “Down-303 

Stream” reach during flood peaks. The near stream groundwater gradients of both reaches are 304 

mostly constant negative over the observation period, only in conjunction with rain events 305 

gradients change direction, briefly (Figure 3c). The seasonal oscillation of the hydraulic gradients 306 

is more pronounced at the “Down-Stream” reach. Expressing, QLoss and QGain as a fractional loss 307 

or gain per unit distance (m) reveals, that at the “Up-Stream” reach a larger fraction of discharge 308 

is subject to HT most of the time, especially under summer low flow conditions. For most HT 309 

measurements (Figure 3e & d) net discharge changes where exceeded. Further, the reach specific 310 

DFI curves provide an intense contrast, with the “Up-Stream” reach draining 75% of its initial 311 

input after the first five days as quick flow (Nathan & McMahon, 1990), while the “Down-stream” 312 

reach only drains 50% (Figure 4b). The larger quick flow component of the “Up-Stream” reach 313 

fits well with the steeper valley cross-section and the less delayed hydrograph response to rain 314 

events.  315 

The wider valley cross-section at the “Down-Stream” reach with a dampened hydrograph response 316 

to rain events is apparent in the lower quick flow component of its DFI curve (Figure 4b). 317 

Characterizing the “Up-Stream” with the DFI curve suggests a much faster drainage of the 318 

associated catchment with a large quick flow component, a short intermediate flow and only 3% 319 

contribution to baseflow after 22 days. The “Down-Stream” reach shows a prolonged intermittent 320 

flow and a baseflow contribution of 20% after 27 days, thus presenting slower drainage behavior. 321 

Figure 4. (a) Mean valley cross-section profiles and standard deviations of “Down-Stream” (green) and “Up-

stream” (blue). (b) Reach specific delayed flow curves (DFI). DFI representing the contribution of event water to 

stream flow over time. “Down-Stream” green, “Up-stream” blue. Quick-flow>5 days delay (black vertical line, 

entering storage sustained stream flow after 22 days delay (Up-Stream, blue) and after 27 days delay (Down-

Stream, green). 
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3.2 Hydrological Turnover and Silicate Variability  322 

Comparing the overall results of the HT measurements, the “Down-Stream” reach shows an 323 

average discharge of 132 l/s on measurement days with an average net Q change of -0.7 l/s, and 324 

an average gross loss of 34 l/s (max: 193 l/s; min: 0.5 l/s) and gross gain of 29 l/s (max: 135 l/s; 325 

min: 2.5 l/s).  326 

The “Up-Stream” reach shows average discharge of 66 l/s with an average net Q change of 1.7 l/s, 327 

and an average gross loss of 17.5 l/s (max: 60 l/s; min: 1.5 l/s) and gross gain of 22 l/s (max: 113 328 

l/s; min: 0.6 l/s). We found for both reaches a significant regression of the log HT (%/m) and 329 

discharge (Figure 5b). However, reaches differ in strength of correlation (Figure 6). Examining 330 

HT in the context of discharge reveals that there are distinct differences between the reaches: At 331 

the study sites the average magnitude of discharge changes with season, with low flows in summer 332 

and high flows in winter. The apparent potential relation between discharge and HT sets the 333 

condition of seasonal HT patterns. However, such seasonality is presented in different strength 334 

reach wise. With the upstream reach showing larger differences in fractional HT in summer 335 

compared to winter (Figure 5b). At the downstream reach Q net| was neither correlated with Q, 336 

nor with HT or the hydraulic gradients (Figure 6). In contrast to that the “Up-Stream” reach 337 

presents all-over significant correlations of HT to all other parameters except silicate variability 338 

(Figure 6). Thus, the “Down-Stream reach presenting it-self more independent in its HT processes 339 

from apparent discharge conditions. HT changes with groundwater gradient, however there is no 340 

pattern to observe regarding net changes in stream flow and groundwater gradients at both reaches 341 

(Figure 6). The sampled silicate concentrations at the reaches show a general increase from the 342 

stream towards the second groundwater well (Figure 5c). Silicate concentration as a proxy for 343 

underground contact shows throughout the stream samples and groundwater samples generally 344 

higher median concentrations at the faster draining “Up-Stream” reach compared to the 345 

Figure 5. (a) “Down-Stream” (green) and “Up-Stream” (blue) reaches, with HT as fraction of discharge per meter 

compared to discharge (l/s). (b) log HT as fraction of discharge per meter and log Q in liter per seconds with linear 

regression, “Down-Stream” n= 44, “Up-stream” n= 29. (c) Boxplots of Silicate concentrations at sampling positions 

(mg/l) at both reaches “Down-Stream” (n=42) and “Up-Stream” (n=48), red line indicating the median. 
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“Downstream” reach. However, the variability in the middle groundwater wells (GW1) appears to 346 

be very high (Figure 5c). The applied analysis of the silicate concentration utilizes this large 347 

variability in the form of variation coefficients (eq. 8), analyzed in conjunction with all other reach 348 

parameters (Figure 6). In the case of Q net, as a conservative measure of exchange with the 349 

underground (e.g., Szeftel et al., 2011; Ruehl et al., 2006) silicate variation coefficients do not 350 

significantly correlate. Hence, net exchange does not produce a signal of mixing within the silicate 351 

tracer variation of the qua groundwater sampling defined boundary layer between ground- and 352 

surface water. We observe that mixing in the form of silicate tracer variability exclusively in 353 

conjunction with HT at the “Down-Stream” reach (Figure 6). At the “Down-Stream” reach silicate 354 

variability shows a strong relation to HT as well as gross loss hinting towards “turnover induced” 355 

mixing between Stream and groundwater storages. At the “Up-Stream”, in summer no HT silica 356 

variation relation is to be observed only in winter with p = 0.026 (log QLoss/varSi, R2= 0.59) and 357 

p = 0.027 (log HT/silicate variation, R2= 0.59). In summer, variation coefficients are present in a 358 

compressed range compared to winter with a narrow HT range at the “Up-Stream” reach as well. 359 

That smaller range in variation and in HT reflects that summer and winter states of the “Up-360 

Stream” reach system are functioning seasonally different with respect to GW-SW interaction and 361 

its associated mixing within the bidirectional flow patterns. Since, silicate samples where only 362 

taken 13-15 times and logging of the groundwater gradient started not until spring 2021, the data 363 

base is not sufficient to analyse silicate variation in the context of groundwater gradients in a 364 

comparative manner for the reaches. 365 

Figure 6. Correlation matrixes of the “Down-Stream” (green) and “Up-Stream” (blue) reach, (log) Q in l/s, n=29(Up-

Stream)/46(Down-Stream), (log) netQ change in l/s, n=29/43, (log) QLoss in %/m, n=29/43, (log) QTurn %/m, n=29/43, 

Groundwater Gradient in m n=29/15 and silicate variation, n=15/13. Spearman’s Rho, red stars indicating 

significance.  
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3.3 Inner Reach Turnover Variability  366 

The experimental setup of this study (Figure 2) logs three BTCs per tracer test, HT of two sub 367 

segments of each reach and HT of the total reach can be compared (compare Figure 2, A; B; C). 368 

Thus, allowing for the analysis of reach specific spatial turnover variability.  369 

In contrast to the simple initial assumption, that the sum of sub-reach bidirectional flows equals to 370 

the total reach flows it is shown that the sum of sub-reaches HT is in most of all cases exceeding 371 

the total reach HT estimation (Figure 7). HT quantification (eqs. 3 to 5) is a function of tracer mass 372 

loss, the mass recovery of the total reaches is exceeding the recovery of the sub-reaches. Shorter 373 

reach lengths overestimate HT, systematically, especially at higher HT magnitudes (1:1 line Figure 374 

7a). Ratios r of relative sub-reach contribution (eq. 7) to overall HT at each reach, reveal distinct 375 

differences between both reaches. Sub-reach contributions are highly variable over time. At the 376 

“Down-Stream” reach, r is changing with apparent discharges (Figure 7b). Thus, identifying that 377 

the reach is susceptible to flow conditions in its spatial HT contribution. With the first sub-reach 378 

contributing more towards overall HT during low flow conditions, transferring with higher 379 

discharges to the second sub-reach being dominant in HT its contribution. At the “up-stream” 380 

reach there is no such behavior observable (Figure 7). 381 

4 Discussion 382 

Temporal and spatial variability in streamflow contributions can change over time, influenced by 383 

hydrological factors (Ward et al., 2019). In this study, we compared two reaches within the 384 

Olewigerbach catchment. These reaches display distinct geomorphological settings, evident in 385 

their valley cross-section profiles (Figure 4), leading to contrasting hydrological conditions. HT 386 

magnitudes can vary across short distances (Jimenez-Fernandez et al., 2022). To address this, we 387 

designed the experimental setup for both total reach and sub-reach HT estimations (Figure 2). 388 

 389 

Figure 7. (a) Comparison of the 

cumulative HT of both sub-reach 

sections (HT A+B), with each section = 

250m and the total reach (HT C) =  

500m. Red dotted line as 1:1-line. HT 

displayed in l/s.” Down-Stream” reach 

green, “Up-Stream” reach blue. (a) 

Comparison of discharge to sub-reach 

contribution to HT as ratio r (eq. 7). Red 

dotted line marking equal HT 

contribution of both sub-reaches. 

”Down-Stream” reach green, “Up-

Stream” reach blue. 
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4.1 Reach Comparison 390 

4.1.1 HT Discharge Relationship 391 

Previous research (e.g., Covino et al., 2011; Mallard et al., 2014) states that apparent streamflow 392 

magnitudes explain the part of apparent discharge subject to HT well. In the works of Covino et 393 

al. (2011) and Mallard et al. (2014), HT measurements took place between May and September. 394 

In other studies, HT measurements were carried out in one catchment during summer baseflow 395 

recession (Payn et al., 2009), in four sets under baseflow conditions (Ward et al., 2013), in two 396 

short campaigns at baseflow conditions in summer and winter (Jimenez-Fernandez et al., 2022), 397 

or in seven campaigns at different streams over one hydrological year (Jäkhel et al., 2022). We 398 

present a dataset where all these periods are covered by measurements during two hydrological 399 

years. Thus, we captured most of the expected variability in HT throughout a year (Figure 6). The 400 

empirical equation presented by Mallard et al. (2014), based on discharge magnitudes and drainage 401 

area, may not apply for catchments with such a strong variance in valley shape and drainage 402 

behaviour variability as presented in this study. We show that the "Up-Stream" reach can be 403 

defined as a comparatively fast-draining reach (Figure 4), where an empirical equation based on 404 

discharge magnitudes yields robust results with respect to HT prediction, especially under low 405 

flow summer conditions (Figure 5). Therefore, we suggest that such an approach is beneficial for 406 

catchments with homogeneous fast drainage behaviour. Also, seasonality is an important factor, 407 

with generally larger magnitudes of discharge in the winter season compared to summer seasons 408 

(European Atlantic climate). We suggest the necessity, of accounting for the possible shift in 409 

spatial HT contribution with discharge and along the stream network as well. 410 

4.1.2 Silicate as a Geogenic Tracer for HT Processes 411 

The mass balance-based slug tracer injection, in combination with discharge quantification by 412 

dilution gauging, is currently the only method for quantifying HT. In the research of Ward et al. 413 

(2013), HT measurements coupled with momentum analysis were applied to distinguish between 414 

long- and short-term storage of gross losses of a reach. Long-term gross losses suggest potential 415 

groundwater recharge, indicating that the window of detection is crucial in differentiating between 416 

long- and short-term storage of streamflow. Therefore, the general question arises of how to 417 

observe HT independently of tracer breakthrough curves. With the goal to confirm, that the 418 

quantification of HT is not an accumulation of method inherent variability in tracer recovery in 419 

the window of detection, we chose to observe silicate concentration in near-stream groundwater 420 

wells (Figure 2). First to confirm that HT-induced bidirectional movement of water masses is 421 

connected to HT and second, that there is HT-induced mixing between groundwater and surface 422 

water. Thus, affecting in turn solute concentrations within the stream as well as in the boundary 423 

layer towards the groundwater, covering what is referred to as the riparian zone and/or the 424 

hyporheic zone (e.g. Wondzell et al., 2011; Ward et al., 2013; 2019).Considering silicate 425 

concentration in groundwater and surface water strictly as a product of residence time in the 426 

underground (e.g. Burns et al., 2003; Kendall et al., 2001; Wels et al., 1991), its variation 427 

coefficients visualize HT-induced mixing between stream water and storages with different 428 

drainage velocities (Figure 4 & 6). Under the assumption of slower flow velocities in the hyporheic 429 

zone, as well as in the connected groundwater storages, there is a severe memory effect of silicate 430 

concentrations between the stream and its surroundings. Thus, only the analysis of relative silicate 431 

concentrations between the stream and groundwater across the reach yielded insightful results in 432 

the form of variation coefficients. Under the hypothesis of HT affecting the area of silicate 433 
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sampling, we associate a decline in silicate variation with a high fraction of discharge subject to 434 

turnover, leading to mixing of ground and surface water in the defined area. On the other hand, 435 

high variation implies less connectivity and mixing through HT. We found that this behaviour can 436 

be clearly observed at the "Down-stream" reach, where HT correlates with silicate variation 437 

throughout the year (Figure 6). However, such approach relies on detectable differences in silicate 438 

concentrations of the mixing members as well as the abundance of multiple of such mixing 439 

members.  440 

4.1.3 Seasonality 441 

Analysing reach-specific DFI curves, we deduce that the faster-draining "Up-Stream" segment has 442 

shorter transit times and limited storage compared to the slower-draining "Down-Stream" area, a 443 

pattern evident in the higher median silicate concentrations. However, the relationship between 444 

silicate variability in the boundary layer between ground and surface water is only observable at 445 

the slower-draining reach. We present a conceptual model, visualizing the interplay of storage 446 

states and drainage behaviour, rooted in topography shaping seasonality of HT at both reaches at 447 

the Olewigerbach (Figure 8). There is a seasonal shift at the fast-draining reach with lower storage 448 

capacity from predominantly GW-SW interaction as an exchange towards streamflow recycling, 449 

as described by Covino et al. (2011), where each unit of the stream network has an increasing 450 

chance of receiving formerly lost stream flow in the process of HT multiple times.  451 

A possible shift from groundwater-born gross gains towards a dominant recycling of former stream 452 

flow, mostly in exchange with the hyporheic zone, is supported by the statement of Zimmer et al. 453 

(2016), that streams can temporally act as both, sources and sinks for groundwater and run-off can 454 

be produced at low storage states, independent of deep groundwater contributions. We found that 455 

Figure 8. Concept of seasonal differences in dynamic storage contribution in HT induced mixing at the “Up-

Stream” (upper panels) and “Down-Stream” (lower panels) reaches. With fast (I), medium (II) and slow (III) 

dynamic storages and their storage state during summer and winter, the area of HT interaction (black box) and 

indication of HT correlation with silicate variation coefficients (grey circle). 
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this might be the case for the headwater of the Olewigerbach. Stream flow is sustaining itself 456 

across sections with limited access to groundwater storages. This is apparent in the "Up-Stream" 457 

reach silicate concentrations during summer, where no correlation to HT was observed (Figure 6 458 

& 8), indicating insufficient gradients between silicate concentrations of the contributing mixing 459 

members. However, at the “Up-Stream” reach during summer groundwater influx in volume as 460 

well as in silicate concentration difference towards the apparent streamflow from the head of the 461 

stream is no longer capable producing a HT signal of mixing between storages and the stream 462 

(Figure 8). Hence, HT may consist predominantly of recycled streamflow. Only during winter, 463 

when storages at the "Up-Stream" reach are sustainably full, the effect of turnover is visible within 464 

the silicate variation relation (R²= 0.59; n=8; p=0.027). At the "Down-Stream" reach, we do not 465 

observe this seasonality. Here, the storage contribution is sustainable throughout the year, as 466 

supported by the information of the reach DFI curve (Fig 4 & 8). 467 

4.2 Inner Reach Variability 468 

According to the conceptual stream channel profile proposed by Payn et al. (2009), multiple flow 469 

paths do contribute when measuring HT using the tracer-based method. Shorter reaches, examined 470 

for HT, have a higher probability of short-term storages or delay of stream flow marked by tracer, 471 

resulting in marked water in transient storage that may not enter the stream again within the 472 

detection window or bypass the detector entirely (Payn et al., 2009; Ward et al., 2013). In 473 

consequence, HT may overestimate increasingly at shorter reaches. However, our results (Figure 474 

7) demonstrate that this overestimation is systematic across different discharge magnitudes and 475 

might be reach-specific. Regarding sub-reach contribution over time and discharge magnitudes, 476 

we observe contrasting behaviour of the two sampled reaches, with the "Down-stream" reach 477 

changing in spatial HT contribution with discharge, while the "Up-stream" reach does not, showing 478 

a systematic change. The difference in valley shape may produce flow pathway activation 479 

dependent on discharge at the "Down-stream" reach, resulting in a shift in spatial streamflow 480 

contribution and thus an increase of HT at these areas. 481 

4.3 Controls of HT variability and implications for solute transport 482 

HT, moving beyond the scope of analysing mere net exchange in GW-SW interaction, emphasizes 483 

the impact of total gross exchange (Covino & McGlynn, 2007), encompassing all interactions of 484 

moving water with its environment. This includes the constant replacement of some portion of the 485 

water volume and the reintroduction of former exfiltrate water volume, as well as the introduction 486 

of additional "fresh" groundwater. The question of what fraction of the gross gain is recycled in 487 

the stream flow from the headwaters and what is on-site groundwater influx must be considered 488 

from a Lagrangian and Eulerian perspective on HT processes, as suggested in Payn et al. (2009), 489 

applied in Covino et al. (2011), and continued in Mallard et al. (2014). Our findings indicate that 490 

the fractional makeup of these observed HT processes varies across time and space. Additionally, 491 

as the autonomous exchange capacity with the external medium (groundwater storage 492 

connectivity) diminishes, the moving volume itself gains prominence as a pivotal parameter in 493 

influencing exchange within the reference frame cells. As recycled water within the HT process 494 

gains prevalence, it reinforces the HT discharge relationship, and conversely (Figure 5 & 8). 495 

Certain properties promote exchange with the hyporheic zone. Sediment permeability and stream 496 

velocity are important parameters in hyporheic exchange (Packman & Salehin, 2003). In summer, 497 

at the fast-draining "Up-Stream" reach, we observe HT rates up to 90% of initial streamflow 498 

exchanged while storage contribution is expected to be low. In addition to that, our findings 499 
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promote that the reach-specific drainage behaviour influences the seasonality of HT, and the fast-500 

draining reach coincides with an overall dampened seasonal oscillation of the groundwater 501 

gradient (Figure 2a), together with limited activation of additional flow paths, resulting in no 502 

significant change of spatial HT contribution (Figure 2b). Therefore, this reach engages in HT as 503 

streamflow recycling to a large degree, especially in summer. However, in winter, the silicate HT 504 

relation suggests a shift in the dominance of forcings shaping HT composition towards interaction 505 

with groundwater storages. Thus, HT is important in GW-SW interaction under sufficient storage 506 

state (Figure 8). At the "Down-Stream" reach, the silicate HT relation is constant over the year. 507 

Here, onsite groundwater appears to be dominant, even though the probability of streamflow 508 

recycling with distance from the headwaters is increased (Covino et al., 2011). Thus, the HT-509 

induced mixing constantly affects the near-stream sphere of GW-SW interaction, illustrating the 510 

potential for bidirectional lateral solute transport as well as transport from the headwaters at the 511 

"Down-Stream" reach throughout the year, while bidirectional lateral solute transport at the "Up-512 

Stream" is seasonal. 513 

5 Conclusion 514 

The data set compiled within this study, spanning two hydrological years, enabled us to capture 515 

the variability of HT throughout the year for two contrasting sites within one catchment. As stated 516 

in prior research (e. g. Covino et al., 2011; Mallard et al., 2014), we could establish site specific 517 

negative correlations between stream flow and HT. In contrast, absolute changes in stream flow 518 

on the reach scale were not correlated with local hydraulic gradients. 519 

Through the comparison of two geomorphologically contrasting reaches, we could show that a 520 

larger alluvial groundwater storage supports local stream flow sustainability and decouples HT 521 

from absolute changes in stream flow, while smaller groundwater storages and faster drainage 522 

behavior could be negatively correlated with absolute stream flow changes on the reach scale. 523 

This is further supported by the assessment of silicate variability between the stream and the near-524 

stream groundwater, where we could show that in-reach silicate variation increases significantly 525 

with the decrease of HT under groundwater dominated flow conditions. This is especially apparent 526 

in the seasonal shift of the correlation between HT and silicate at the fast-draining up-stream reach, 527 

while at the down –stream reach with a slower drainage behavior and thus more stable groundwater 528 

storage state this correlation is constantly apparent throughout the year. Thereby, we demonstrate 529 

that the use of near stream groundwater silicate variability can serve as a valuable proxy revealing 530 

the decoupling of ground and surface water, by indicating a shift in HT from groundwater 531 

dominated exchange fluxes to a dominance of stream flow recycling. At the reach level, we found 532 

that spatial contributions to HT can vary over time, and we observed systematic underestimation 533 

of HT with a decrease of reach length at both reaches of the Olewigerbach catchment. 534 

Our findings highlight the intricate balance between connectivity and storage state influenced by 535 

reach drainage behavior and thus shaping the seasonality of HT. The seasonal condition of 536 

groundwater storages at a stream reach may control the mix of HT and the relative contribution of 537 

groundwater in that process. The observed HT variability presents itself as a driving force in the 538 

mixing of physically different water masses, presenting itself clearly, even in a small catchment 539 

between two different reaches.  540 

For the future development of hydrological catchment models this study might provide a new 541 

perspective on which drivers might be helpful for implementing HT into catchment models 542 

successfully. 543 
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