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Abstract. Exchange of water in the parafluvial zone, located along the boundaries of meandering streams, arises
in response to seasonal variation and spatial distribution. Remarkably, few studies have applied multi-tracer
methods for qualitative scrutiny of losing (recharge) or gaining (discharge) reaches along the parafluvial zone.
Hence, the main objective of this study is to qualitatively characterize the spatio-temporal alteration in parafluvial
exchange within the hyporheic zone (PEHZ) by simultaneous application of multi-tracer methods. For this
approach, first, Hierarchical Cluster Analysis (HCA) in conjunction with groundwater hydrochemistry analysis
was used to evaluate the representativeness of parafluvial assessment network. Then, water stable isotope
compositions (580 and §°H), radioisotope (??2Rn), and environmental tracers (Temperature and EC) were
measured at multiple depths (20cm to 100cm depths below streambed) during the wet and dry season to
qualitatively elucidate the PEHZ in the Ghezel-Ozan River, a third order river located in the northwest of Iran. By
groundwater hydrochemistry assessment identified, NaHCO3; and CaHCOs as the dominant water type in dry and
wet season, respectively. Moreover, the HCA approach designed two different clusters for each season for
accurate interpretation of PEHZ. Results obtained from stable isotope and environmental tracer analysis of bore
water, surface water, and parafluvial water distinguished stream-aquifer connectivity with highly seasonal and
spatial variations. In the dry season, for example, 3*%0, §?H, and EC varied from -3.59 to -1.88 (%0 VSMOW), -
31.08 to -24.06 (%0 VSMOW), and 234 to 740.65 pS/cm respectively. Also, the results acquired from the
integration of 50 and EC revealed complex spatio-temporal stream-aquifer connectivity (PEHZ). In low flow

conditions, groundwater outflow mainly occurred at 100cm depth while the dominance of groundwater outflow
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at 20cm depth prevailed during high flow conditions. The continuous and point scale measurements of temperature
and ?22Rn were highly in accordance with the results of §'0 and EC. Furthermore, diel temperature fluctuation,
as well as radon activity variations at multi-level scale, expressed the PEHZ (especially at depth greater than 60
cm) are affected by large-scale regional flow-field which is embedded within. The synthesized approaches used
in this study provide a useful insight into the spatiotemporal changes of stream-aquifer connectivity which make
the more efficient monitoring and interpretation of hydrological processes possible. They can be, furthermore,
utilized to pinpoint the losing/gaining reaches accurately to tackle environmental problems such as monitoring

the transport of anthropogenic contaminants in a system.

Keywords: Parafluvial exchange, river sinuosity, HCA, multi-tracer method, gaining stream, losing stream,

seasonal changes
1 Introduction

Groundwater is part of the water cycle and is a major contributor to surface water (Ben-zvi-Assarf and Orion,
2005; Winter, 1998). The exchange of water between groundwater and surface water typically occurs in the
saturated interatrial area beneath and adjacent to the stream bed, which is called the hyporheic zone (Boulton et
al., 1998; Findlay, 1995). Exchange of solutes between the river and hyporheic zone influences the biology and
hydrochemistry of the stream and aquifer. However, due to its dynamic physio-geochemical and boundary
condition, the hyporheic zone is one of the most challenging areas to investigate (Cardenas et al., 2004; Zarnetske
et al., 2008). Therefore, the characterisation of groundwater exchange within the hyporheic zone, especially at
different depths, and its effect on the transport and fate of water and dissolved nutrients plays a vital role in

environmental management (Smith et al., 2008).

Hyporheic exchange zones are widely accepted as physio-geochemical hotspots in the river and aquifer systems.
For instance, hyporheic exchange is responsible for the discharge of anthropogenic contaminants such as nitrate
into streams. The discharge rate and the fate of anthropogenic contaminants are mainly affected by the

biogeochemical composition, volume, and residence time within the exchange zone.

Hyporheic exchange, depending on the scale, can be governed by riffle-pool sequences (Gariglio et al., 2013;
Naranjo et al., 2013; Storey et al., 2003; Tonina and Buffington, 2007), stream morphology (Buffington and
Tonina, 2009; Wondzell, 2006; Zarnetske et al., 2008), and stream curvature or sinuosity (Gu et al., 2016; Zhang
et al., 2017). Stream curvature is of great importance in high order streams where stream meanders influence the

creation of a parafluvial zone, a region of bank-full channel boundaries located within the boundaries of the
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sinuous stream. Hyporheic exchange is accentuated in the intra-meander region, in this setting, the parafluvial
zone raises the hyporheic flow fields where the predominant river patterns like biogeochemical zonation are
dictated (Briody et al., 2016; Cook, 2013; Malard et al., 2002). However, it is evident that parafluvial exchange
is affected by rivers’ physical and hydrological features, but the effect of seasonal change or distinctive flow
conditions on upward movement (i.e. parafluvial sediments are the source of contaminants) or downward
movement (parafluvial sediments are sink of contaminants) are an areas of active research (Hester et al., 2017).
This problem is aggravated when we deal with geochemical changes at multi-level scale within the hyporheic
zone (Zhu et al., 2015). Accordingly, combining multiple evaluation techniques to characterize parafluvial
exchange within the hyporheic zone (PEHZ) at different levels and dynamic flow conditions could be a practical

and efficient solution to tackle this quandary.

A large number of methods have been proposed to characterize groundwater-surface water exchange qualitatively.
One of the most widely used methods is based on hydraulic gradient analysis (Veras et al., 2016; Wang et al.,
2016; Welch et al., 2015). This method is not an adequate means to estimate mixing dynamics of groundwater in
the hyporheic zone, since shifting and fluctuating characteristics of the boundary conditions in the parafluvial
zone are due to changes in river stage in different flood events. This fluctuation in the river stage causes high
spatio-temporal variation of the hydraulic parameters, which makes it unsuitable to use in a parafluvial zone within

a hyporheic area.

Recently naturally occurring environmental tracers like Radio Isotope 22Rn (Burnett et al., 2010b; Cartwright et
al., 2011; Peterson et al., 2010), temperature (Hatch et al., 2006; Keery et al., 2007; Lee, 1977; Sophocleous,
2002), electrical conductivity (Harvey et al., 1997) and stable isotopes of Deuterium (D) and oxygen-18 (*®0)
(Arnoux et al., 2017; Rugel et al., 2016) have proven to be cost-effective, efficient, and widely applied means to
deal with groundwater-surface water interaction. Temperature is a widely used environmental tracer to appraise
groundwater-surface water interaction because of its usefulness to define the small-scale flowpaths like sand bar
or stream bed flow paths (Stonestrom and Constantz, 2003). Also, temperature depth profile in combination with
piezometric head data was employed by Hyun et al. (2011) to study seepage flux in agricultural lands. The result
of the study was supported by EC data that enabled them to precisely delineate where surface water-groundwater
mixing occurs. Following the above studies, it could be concluded that temperature and EC are useful to
characterize stream-aquifer connectivity (gaining, losing, and neutral). However, there is disagreement among
researchers about the potential of temperature to characterize hyporheic flow in comparison with EC potential.

Lifian Baena et al. (2008) specified the potential of EC and temperature to delineate groundwater-surface water

3
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interaction. Even though they noted that the results of both tracers are consistent with each other, temperature has

been found to be less sensitive than EC for groundwater hydrogeological characterization.

Another tracer that is beginning to be more widely used to identify locations of groundwater discharge to rivers
is radio-isotope radon (Burnett et al., 2010b; Cartwright et al., 2011; Peterson et al., 2010). It has been used as a
tracer of groundwater discharge to rivers in studies from Puerto Rico (Ellins et al., 1990), USA (Genereux et al.,
1993; Lee and Hollyday, 1993), Japan (Yoneda et al., 1991), and Australia (Cook et al., 2003). Stable isotopes
(e.g. D and *80) have been used to discretize hyporheic flow (Vanplantinga et al., 2017). In addition, the stable
isotopes, specifically D and 80, are precise indicators to quantify the contribution of active and permafrost layers

to surface water hydrology (McLean et al., 1999; Throckmorton et al., 2016).

These tracers were mostly applied independently and at a depth scale, as only a few studies have applied
simultaneous application of these tracers at different depth (Hermans et al., 2015; Lapworth et al., 2015). On the
other hand, several authors have demonstrated the necessity and appropriateness of the simultaneous use of several
traces at multi-level scale to achieve a practical level of knowledge on the at depth hyporheic exchange and flux
transport. The advantage of the concurrent implementation of several environmental tracer methods has been
demonstrated by Brodie et al. (2007), As proper results can be obtained by simultaneous application of
complimentary tracer methods (Andersen and Acworth, 2009; Burnett et al., 2010a; Kalbus et al., 2006; Stellato
et al., 2008). Also, to deal with the discrepancy in tracer results, Anderson (2005) and Unland et al. (2013)
proposed the integration of isotope tracer and geochemical tracer techniques. While combining the techniques like
stable isotopes and natural tracers not only brings about more precise outcomes, it also makes an appropriate and
concrete characterization of the hydrogeological relationship between surface water and hyporheic compartments

possible.

However, comparative studies which evaluate the applicability of different environmental traces with respect to
the particular properties of the parafluvial zones within the hyporheic area are still rare (Engelhardt et al., 2011).
Unland et al. (2013) and Cox et al. (2007) pointed out that, due to the heterogeneity and various scale effects of
the parafluvial zone and the analytical uncertainties associated with the high discrepancies of computational trace
elements in surface water compared to groundwater, determining the hyporheic exchange in meandering areas

remains a challenge.

Hence, the main objective of this study is to characterize the spatio-temporal variation and the governing patterns

of PEHZ ,by simultaneous application of Electrical Conductivity (EC), Temperature (T), ?2Rn, as well as 8O-
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D, and water hydrochemistry in the parafluvial zone within the hyporheic area of the Ghezel-Ozan River, a third
order river in the north-west of Iran. Also, the change in hyporheic flux in response to seasonal variation in the
river discharge (low flow and high flow conditions) will be assessed by the combined application of EC and 5180,
and the transition from losing to gaining condition at point scale will be discerned through the high flow and low
flow seasons. The validity and applicability of the integrated techniques to qualify the spatial patterns and temporal
dynamics of PEHZ at different depths will be scrutinized. The integration of the proposed techniques (EC and
5180) is based on i) the suitability of selected tracers to assess the parafluvial exchange, ii) their inverse function
on the hyporheic zone and SW, and iii) their mutual non-interaction in a system. Employing multiple techniques
for such an investigation and at different depths not only leads to a better understanding of the biogeochemical
reaction in the hyporheic zone feasible, but is also so crucial to pinpoint the fluxes of the anthropogenic

contaminants, such as nitrate, prior to their discharge into streams (Oyarzin et al., 2014).
2 Study area

The Ghezel-Ozan River is located in the northwest of Iran (Figure 1) and is approximately 800km long. It is
impounded by the Manjil dam and is the primary water source of about 3M people from three different provinces.
The river receives approximately 1523mm of annual precipitation (Dodangeh et al., 2014) and is extremely
seasonal. The mean flow ranges from 2.54m?3s in the dry season (July-September) to a mean flow of 31.75m?3s
during the wet season (February-May) with maximum flood up to 3300 m3s (Sharifimanesh et al., 2015). The
Ghezel-Ozan River is highly meandering up to the Manjil dam and is characterized by multiple riffle-pool
sequences and sandy clay alluvial channels. Adjacent to the alluvial channels there are other Quaternary alluvial
sediments comprising interbedded clay silt and silty clays. The dominant geochemical unit underlying these

sediments is igneous bedrock.

The study site is located beside the Ghezel-Ozan River, approximately 80km northwest of Zanjan city (Figure 1).
The study site is about 6.4 km long. It consists of five meandering areas adjacent to agricultural lands. The geology
of the study site is mostly late Tertiary to early Quaternary calcareous sands, clay and basalt which contain

groundwater with total dissolved solid (TDS) of 1200-3100 mgl-1 (Toudeshki and Arian, 2011).
3 Field data sampling

We chose five sampling locations along the parafluvial zone within the hyporheic zone of the Ghezel-Ozan River
in addition to one riverbed sampling point (Figure 1). We installed TLC Solinst Level Loggers (accuracy 0f+0.05
AC ) at two different depths below surface ground (20 cm and 100 cm) at points Pz1, Pz2, Pz3, Pz4, and Pz5. We

5
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used a 1.5m long galvanized steel pipe of 70mm outside diameter (OD) with an end-fitted steel drive point at each
hyporheic sampling points. Data loggers continuously recorded the daily temperature fluctuation the depth of 20
cm and 100 cm below the river bed during the seven months of the study period (February-March 2016 and July
-September 2016). For stream bed sediment temperature monitoring, we applied an iButton semiconductor
temperature logger with accuracy of+0. 5C installed at a depth of 5mm beneath the streambed sediments. The
logger was inserted inside the perforated high-density polyethylene (HDPE) pipe with 70mm OD filled with in

situ sediments, and a 300 mm length solid steel rod was attached to firmly fix it in its position.

In addition to the temperature monitoring, the Electrical Conductivity (EC) and ???Rn concentration were
measured fortnightly at each hyporheic sampling point (H1 to H10) as well as in the stream bed water samples
that were obtained as close as possible to the hyporheic sampling point. Fourteen data collection trips sampled
pore water from 5cm, 20cm, 40cm, 60cm, 80cm, and 100cm depths below the streambed surface and in the stream
bed sediment. A multi-level Sampler (MLS) piezometer was used to monitor porewater concerning piezometric
head, 222Rn concentration, and temperature at the six aforementioned depths. The MLS is a 16 mm diameter HDPE
central support rod surrounded by several flexible PTFE Teflon sampling tubes. The end part of HDPE tube is
fitted with a stainless steel drive point to help the device to penetrate into sediments. Two 4 mm diameter openings
in the bottom of the HDPE tube, 1.7 cm above the stainless steel pipe joint, monitor the piezometric head before
taking the water samples, to guarantee that we measure the natural and not artificially pumped water level.
Porewater samples were drawn from the Teflon tubes using a low flow multichannel peristaltic pump. The sample
tubes were purged before sampling by discharging three times the volume of water present in the sample tube.
The samples for chemical analysis and isotope measurements were filtered through 0.45um immediately after

sampling. All the above-mentioned sampling procedures are depicted in Figure 1.

We measured the concentration of 22Rn and Electrical conductivity in the field at each five hyporheic and stream
bed location (Pz1 to Pz5) using RAD7-H20 equipment (Durridge Co., MA, USA) and spectrum EC meter
respectively. Moreover, samples from these points were collected in 125-ml plastic reagent bottles sealed with
Para-films. All samples were kept at 4*C and transported to an analytical laboratory at the University of ZANJAN
to estimate oxygen-18 and deuterium by using Liquid water stable isotope analyzer (Los Gatos Research, CA,
USA). Also, at each point of water sampling, two bottles (one liter each) were filled for laboratory analysis. The
first bottle was acidified (HNOs, 2% v/v) for Cation analysis and the other bottle was non-acidified for anion
assertion. The chemical analyses performed at the chemical laboratory of University of ZANJAN used procedures

established as standard methods for the examination of water and wastewater (Cleceri et al., 1998).

6
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4 Research Methodology
To characterize the parafluvial exchange within the hyporheic zone (PEHZ) the following procedures were used:

e  Clustering the set of observations via Multivariate and identifying the hydrochemical facies and its
associated impact on SW by Surveying the parafluvial and SW ion hydrochemistry,

e Scatter plot of Stable isotope (oD Vvs. 6*80) in bore water, Surface water (SW), and parafluvial water as
well as the combination of water geochemistry (EC) and heavy isotope (c%0); and

e Application of i) temperature recorded time series in the parafluvial water (20cm and 100cm), ii) diel
temperature and radon activity in the representative points at 5, 20, 40, 60, 80, and 100 cm depths to
verify the results acquired by integration of EC and ¢#0.

4.1 Multivariate Statistical Analysis

The best way to qualitatively assess the PEHZ, based on isotopic signature and water hydrochemistry, is the HCA
technique (Guggenmos et al., 2011; King et al., 2014). HCA is an unsupervised pattern recognition method which
allows the exploratory clustering of observed data sets (Kokot et al., 1998). This grouping of data set is typically
based on i) multivariate statistical techniques (Q-mode) and ii) similarity between data. In this study, parameters
from groundwater and surface water samples used for HCA included: major cations (Na*,K*,Ca?*,Mg?*), onions
(CI,, SO4*, HCO3, NOs) and water geochemistry (EC, pH). The ward linkage method, as well as Euclidean
distance measurement techniques, were applied due to their efficacy in water analysis clustering (Gdler et al.,
2002). This method groups each component, based on the comparison between percentages of similarity between
each component which is ideal to identify the inner-connectivity between neighbor points in a limited area (Raiber
et al., 2012). The number of clusters was determined based on interpretations drawn from the pictorial illustrated
dendrogram. In the final step, the phenon line (Sokal and Rohlf, 1962) was used to split the number of

representative and appropriate clusters.
4.2 Stable isotope of 6°H vs ¢80

Isotopic composition of groundwater is a useful tool to trace stream-aquifer connectivity and the encroachment
of surface water in the hyporheic zone (Payne, 1970). The isotopic composition of the groundwater recharge
follows the incident precipitation rather swiftly and leads to less than 1%o change in groundwater isotopic
composition of thes'®O, and o?H (Gat, 1987). Then, the difference in the composition of oD and 20 in

parafluvial water, surface water, and groundwater could be used to precisely characterize the mixing process of
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PEHZ. Because evaporation in surface water, for example, causes enrichment of 6D and ¢'%0, the isotopic

signature of parafluvial water varies significantly from groundwater, due to groundwater discharge.

The stable isotopes of 6D and %0 are usually expressed as per mil (c %o) of 2H/1H and 180/160 respectively,

with regards to VSMOW (Vienna Standard Mean Ocean Water. ¢ %o is calculated as (Eq. (1)):
G %o :(Rsample/Rstandard '1)*1000 (l)
Where R represents the ratio of 80/ 160 and 2H/*H

Mixing ratios between SW and parafluvial water are evaluated by an end-member mixing model (Yehdeghoa et
al., 1997). The portion of SW, Psw, within the parafluvial zone calculated is described in Eq. (2) (Stichler et al.,

1986):
Psw= (Yz=Ygu)/ (Ysw-Yqu) (2

where Y, Yqu, and Ysy denote the concentrations of ¢ *%0 and ¢ 2H in the mixture, ground-water, and surface-
water end members, respectively. When the portion of SW in the parafluvial zone is 100%, Psy is equal to 1 and

vice versa.

4.3 Spatial and seasonal variability of Parafluvial Flux

EC and ¢*®0 are tracers that have opposite functions in groundwater and SW. EC is a measure of the water
capability to pass electrical flow which is directly related to the concentration of dissolved ions in the water. The
concentration of dissolved salts, like sulfides, chlorides, carbonate, and so on in Groundwater is greater than SW
leads to elevation of EC in Groundwater (Rowden, 2008). 6180 in surface water is highly affected by evaporation,

which causes more enrichment of it in SW than in groundwater (see section 4.2).

In this study, we applied EC and 80 to develop a parafluvial flux assessment tool in combination with defining
a generalized separator line to distinguish the gaining and losing reaches within the parafluvial zone of the study
site. These procedures were conducted at multi-level scale (20cm and 100cm depth below the stream bed
sediments) and during the wet and dry season. The divider line was defined based on the opposing isotopic and
geochemical characteristics of EC and ¢*%0 at SW and Groundwater. In this regard, the area of the framework
with the depleted electrical conductivity and enriched c*®0 proposed the water originated from SW due to
groundwater recharge (losing stream). The opposite hypothesis applies for the groundwater discharge (gaining

stream). The parts of the framework with similar characteristics to either SW or groundwater for EC or %0 are



Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2017-374
Manuscript under review for journal Hydrol. Earth Syst. Sci.

Discussion started: 3 July 2017

(© Author(s) 2017. CC BY 4.0 License.

10

15

20

25

Hydrology and
Earth System
Sciences

Discussions

supposed to be neutral. The coordinate of points, based on the characteristics above, are defined in Eq. (3) and

Eq. (4) as the coordinates of the final border and divider line, respectively:

Final border coordinate=[) (ECp/n), Y (6180u/n)] 3)
Divider point = [ (ECp(average)+ECsw(average))/2, (8180p(average)+ 5180sw(average))/2] 4)
where

ECs, ECsw, 50y, and 5180y, refer to bore water electrical conductivity, surface water electrical conductivity, and
heavy isotope of oxygen in bore water and SW, respectively. By drawing two perpendicular lines parallel to the
EC and3180 axis, the framework is divided into four parts with previously mentioned characteristics. The results

obtained by this procedure were verified by the application of the pre-established methods, temperature and 22Rn.

4.4 Radon

Radon (???Rn) is a radioactive noble gas with a half-life of 3.8 days. Radon is produced by the radioactive decay
of uranium-series isotopes (Burnett et al., 2010b). The decay of uranium isotopes attached to the aquifer matrix,
within the saturated zone, produces radon which is immediately dissolved in the subsurface matrix and after
groundwater containing radon outflows to surface water bodies, radon concentrations decrease due to gas
exchange with the atmosphere (which is low in radon) and radioactive decay. Therefore, high radon concentrations
are present in surface waters only in the immediate vicinity of points of groundwater outflow and for relatively
short distances downstream of such locations (Lee and Hollyday, 1993).

4.5. Temperature

Measurement of diel vertical temperature variation and multi-level daily temperature time series have been used
in this study to verify the results acquired by integration of EC and 6180 (section 4.3). Temperature time series
were applied to assess the gaining /losing reaches using the method described by Silliman and Booth (1993).
The vertical temperature time series was measured at 20cm and 100cm depths below the river bed at the
representative sampling points and atS1, S2. Furthermore, the change in the daily temperature at 5, 20, 40, 60,
80, and 100cm depth was measured in the afternoon (2.30pm) and dawn (5.30am) to obtain vertical flux

upward/ downward movement in the representative parafluvial sampling points.

The use of sediment bed temperature anomaly was first introduced by Silliman and Booth (1993) to assess
gaining/ losing points qualitatively. They conducted a set of experiments to record the temperature anomalies at

different depths which provide an excellent indicator of groundwater flow patterns. Constantz (1998) concluded
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that the diel fluctuation of temperature in sediment bed is greater for losing stream than gaining stream
compared with shallow groundwater temperature variation. This difference is due to the influence of daily
changes in SW temperature and their impact on water viscosity, density, and subsequently the hydraulic

conductivity of shallow groundwater (Constantz et al., 1994; Ronan et al., 1998).

On the other hand, temperature envelopes (vertical fluctuation of diel temperature) in shallow groundwater
provide evidence of flux downward/ upward movement through the near surface sediment system (Baskaran et
al., 2009). Furthermore, distinct multi-level seasonal path shifts can be further observed by scrutinizing the

vertical variation of diel temperature.
5 Results and Discussion
5.1 Multivariate Statistical Analysis

At the first step, all variables, including major cations, onions and water geochemistry (EC) undergo logarithm
transformation. Then, by applying the nearest neighbor linkage rule (statgraphics Centurion XVI, version
16.02.04), outliers were identified. For the dry season B6 and B2 and for the Wet season B3 and B5 were identified
as the outliers, since there was no obvious correlation between these sampling points within the study site. It is
likely that the analytical results obtained from these outliers are biased by data reporting errors and the possible
errors occurred during the sampling procedure. So these points were excluded from this study. The remaining
groundwater and surface water sampling points were subjected to HCA. Figure 2a&b show the dendrograms
obtained from the HCA for the dry season and wet season, respectively. As mentioned by Daughney and Reeves
(2006), variation in the separation threshold lets us recognize the lower or higher number of clusters visually. For
this study, two different clusters for each seasonal pattern (wet and dry) seem to be appropriate. Two distinct
patterns of clustering in PEHZ which varied from dry season and wet season, assist us to better scrutinize the
PEHZ more accurately especially during the transition of the seasons. This scheme has been confirmed by Giler
and Thyne (2004). Also, inclusion of one surface water sampling point in each cluster makes the accurate
interpretation of GW-SW interaction possible. In dry season, clusterl (C1) includes S1 with H1, H2, H3, H10,
B1, B2 sampling points and cluster 2 (C2) includes S2 with H4, H5, H6, H7, H8, H9, B4, B5 sampling points as
well as in wet season s1, H1, H2, H3, H4, H5, H10, B1, B2, B6 points considered as Cluster 1 (C’1) and S2, H6,

H7, H8, H9, B4 points included in Cluster 2 (C*2) (Figure 2).

5.2. Hydrochemistry of SW and Parafluvial Water

10
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The seasonal and spatial distribution of the GW hydrochemical properties in the wet season and dry season (Figure
3) is illustrated by using a trilinear piper diagram (Piper, 1944). There is considerable variation in the relative
major ion chemistry in the study area during the wet and dry season. These hydrochemical differences indicate
diverse hydrochemical facies which demonstrate the possibility of distinct parafluvial flow mechanisms.
Comparison of S1 and S2 with H1 through H10 highlights that these two water bodies have almost the same
characteristics during the wet season, with the CaHCO3 water type and the high proportion of Ca in the two water
bodies suggesting the occurrence of ground water recharge (Dixon-Jain, 2012). The mean values of the major ion
chemical properties of the study area for C1, C2, C’1, and C’2 are described in Table 1 The low value of EC,
especially in the wet season, corroborates the fact that water in the parafluvial zone is generally diluted, possibly
on account of rapid recharge, and the calcite-water provides evidence for interaction between Marl plus CaSO4*

type aquifer matrix and two water bodies (Werner et al., 2007).

In the dry season, ground water is mainly NaHCO3 type, for which HCO3 and Na are the dominant anion and
cation respectively, with a low value of Ca (Table 1). The close vicinity of S1, H3, H2 and S2, H7, H8 , shows
that They exhibit similar hydrochemical proportions. From this, a high degree of parafluvial water-river water
interaction can be inferred. The same analysis has been reported by Forsmark (2007). In the wet season, HCO3
and Ca are the most dominant anion and cation respectively (Table 1). Furthermore, The pivotal change in the
features of PEHZ cab be inferred by considering the shift of dominant cation type in the wet season (Na) and dry
season (Ca) and the presence of HCO3 as the dominant anion type, as well as comparing with the S1 and S2

(Figure 3).

While, the piper diagram provides beneficial information dealing with water chemistry and the stream-aquifer
connectivity, alone it lacks the ability to represent accurately the seasonal and spatial alterations in HW-RW. For
this reason, a combination of several environmental tracer methods has been suggested (Fleckenstein et al., 2010)

to better conceptualize and evaluate the mixing patterns of GW-SW interaction.
5.3 The stable isotope ratio

The mixture of rainfall with pre-existing water in a system and evaporation (Kendall and McDonnell, 2012) causes
variation in the isotopic composition of rainfall, making the deviation in the stable isotope signature inevitable.
The conservative and non-reactive naturally occurring water isotopes, 6180 and oD, have been recognized as
effective tools to recognize the mixing process between several source waters (Woocay and Walton, 2008). The

relationship between 6D (%o, SMOW) and 6180 (%0, SMOW) is scrutinized ,In this study, at multiple levels for
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dry season with respect to Global Meteoric Water Line (GMWL)(Craig, 1961) and Local Meteoric Water Line

(LMWL) (Shalmani et al., 2016) respectively.

The isotopic signature of parafluvial water (H1-H10), surface water (S1, S2) and bore waters (B1 to B6) follow
the same clustering procedure (section 5.1), but in each cluster and for different seasonal conditions the water’s
isotopic composition in the parafluvial zone is measured at two depths (20cm and 100cm) to better delineate the
PEHZ. In this regard, for dry season C1-20, C1-100, C’2-20, and C’2-100 refer to measuring the water stable
isotope signature (just hyporheic water measured in two depths the other points have no changes) at 20 cm and

100cm for C1 and C2.
5.3.1 Low flow condition

The isotopic composition of bore water, SW, and parafluvial water at 20cm and 100cm below the surface is
illustrated in Figure 4. The isotopic composition of parafluvial water varies between bore water and SW, there is
high degree of evaporation in SW samples due to more enriched values of isotopic signature which range from -
9.96%o t0-19.8%o and from -1.88%o to-3.59%o. for 6180 and oD respectively. The enriched value of heavy isotopes

in SW and parafluvial waters follow an evaporative line, sloping away to the right side of LMVL.

The isotopic signature of C1-20, C1-100, C2-20, and C2-100 is described in Table 2. The low d-excess values
mirror the effect of evaporation in sampling locations and give the results obtained from the comparison of the
enriched heavy isotopes in the parafluvial zone and bore waters (Figure 4). The isotopic composition of S1 and
S2 is highly enriched with d-excess values of 2.15 and 3.3 (Table 2). This feature demonstrates the strong influence
of evaporation on surface water, where transmission of the thermal heterogeneity and enriched heavy isotopes in
SW to the nearby Parafluvial sampling points affect the isotopic composition of groundwater and cause depletion
of the d-excess values in the parafluvial zone. Furthermore, the isotopic composition of bore samples at B1 is
close to H1 and H10, and B3 is close to H3, H4, and H5 and well distributed along the LMWL, which suggests
the groundwater is the source of surface water in the dry season and the dominance of discharge in PEHZ is

evident.

Isotope mass balance measurements using the two-component mixing model (described in the methodology
section) demonstrate that the highest fraction of ground water discharge (P'gw) occurred in August and the lowest
in September. Reduction in the contribution of groundwater in surface water in September may be caused by
rainfall (25mm) at mid-September (13.06.2016) which reduced the dependency of surface water on groundwater.
In August the 84 and 87percent of parafluvial water discharged into SW at C1 and C2 respectively (Table 2).
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The isotopic signature of hyporheic water in C1 especially at H1 and H3, C2 especially at H5, and H7 is slightly
enriched and lies between the value of B5 and S1 for C1 plus, B4 and S2 forC2, all of which follow the same
patterns at different depths. This feature in the isotopic signatures provides the evidence of possible

hydrogeological interaction with the surrounding subsurface system.

Variation in the 6180 and EC are highly concurrent with each other at 20cm and 100cm, and as with the river
discharge fluctuation, there is a positive correlation between EC and 6180 and river discharge (Figure 5a&b).
The values of 6180 and oD correlate strongly, especially at 20 cm depth, and in H6-July, H5-July, H5-August,
H6-August, H7- August, H8-August and H10-September, which reveals the connectivity of parafluvial water and
SW in shallow depths. Accordingly, we used the results of 6180 and all conclusions are valid for ¢D. In C1-20
the value of 6180 at S1 is more highly enriched than H1, H2, H3, and H10, with the lower values of EC due to
groundwater outflow, especially in August when parafluvial water has the greatest contribution to SW.
Comparison between 6180 and EC at two depths, using the SW values as a basis for this estimation, indicates the
dominance of groundwater outflow (discharge). For instance, at H1 in July the value of 6180 depleted from -
2.73%o t0 -2.89%0 and EC increased from 425.55 to 458.27 at 20cm and 100 cm respectively (S1 which is -1.76
and 430.74). This indicates the higher degree of inner-connectivity between SW and H1 at 20cm depth and the
upward movement of water from 100cm to 20cm (The similar analyses are valid for all other points and while the

monthly outcome of it is represented in Figure 5).

Figure 5 shows that the values of the isotopic composition at 20cm are more enriched than at 100 cm and are
close to the subsequent values of surface water, except C2 at H4, and H5. This discrepancy in depth is possibly
due to hyporheic recharge at the depth of 20cm during dry seasons. This similarity is because of the different soil
texture in pz3, sandy loam with sand content greater than 45%, which facilitates the transportation of highly
enriched surface water in shallow groundwater. By further scrutinizing the result of parafluvial samples, the lower
value of EC in the surface water in comparison with parafluvial sampling points demonstrates greater similarity
of higher hyporheic components than is typical. All of the aforementioned characteristics demonstrate that the
inner connectivity of between alluvial aquifer and river bank at H1, H3, H5, H7, and H9 are probably due to
hyporheic discharge. Similar analyses apply for all other points and the monthly outcome of EC and 180 for all

points and at the two depths is represented in Figure 5.

In order to better delineate the stream-aquifer connectivity, the authors used two elements in surface water and

groundwater that behave in an opposite manner, EC and 6180. EC in groundwater is higher than SW (Yan et al.,
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2013) while the opposite is true for 6180 (Yeh et al., 2014). Simultaneous application of these components in a
unified framework is an innovative means to recognize the gaining and losing reaches (Santucci et al., 2017).
Where the inflow of enriched SW (Figure 4) into the parafluvial zone enriches the heavy isotope composition in
the parafluvial zone compared with intact bore waters and outflow of bore waters into stream with the highest
value of EC (Figure 5). This status causes an immediate enhancement in the values of EC in parafluvial water
compared with river bed water sediments (Santucci et al., 2017). In the majority of points EC and 6180 have
contradictory fluctuation, except H6-July, H5-July, H5-August, H6-August, H7- August, H8-August and H10-
September at 20cm depth and in H6-August, and H10-September at 100cm. Also, 6180 at S1 and S2 is more
enriched than parafluvial points (H1 to H10), which slightly depleted in September due to an increase in river
discharge and a lesser effect of evaporation on SW. River discharge diminishes from July to August and has a
slightly incremental trend in September from 0.35 m?/S in August to about 2.4 m%S in September with enriched
6180 and low value of EC in S1 and S2 as well as depleted value of 6180 and increase in EC. This could be on

account of low effect of SW on Parafluvial water and possibility of groundwater outward movement.

To better pinpoint the monthly variation of PEHZ in parafluvial sampling points, this study proposes the
integration of EC and 180, to accurately estimate the gaining, losing, or neutral parafluvial flow patterns. The
monthly results of this analysis, in dry season, are illustrated in Figure 6. in gaining stream parafluvial water
characteristics should be closer to bore water, with high EC and depleted 8180, while in losing stream the
characteristics of the parafluvial water should be close to SW, with low EC and enriched §180. Theses linemates
lead to delineation of specific separation lines for gaining/losing streams ,in point scale. Based on that, the
perpendicular lines crossed from [ (ECp(average)+ECsw(average))/2, (8180y(average)+ 8180sw(average))/2] point
and parallel to EC and 8180 axises are defined as the separating line between losing, neutral, and gaining reaches

(section 4.3).

The majority of parafluvial points, especially in August, appear in the gaining stream part which confirms the
results of two-component mixing model (F’gw= 85%) and the outward movement of groundwater in the majority
of parafluvial points in July. The results of Figure 6 are in good agreement with the results depicted in Figure 5,
in which the dominance of groundwater inward movement at 100cm (especially in September) and groundwater
outward movement at 20cm (especially in July and August) prevailed. Furthermore, by further surveying the
radon activity and Temperature, the vertical flow directions are defined. The vertical flow direction has been
estimated by simultaneous application of radon activity and temperature variation at 5, 20, 40, 60, 80, and 100 cm

depths, as described in section5.5.
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5.3.2 High Flow Condition

Figure 7 illustrates the isotopic composition of bore water (B1to B6), SW (S1, S2) and parafluvial water (H1 to
H6) during the wet season (FEB-MAY) which tracks well with the LMVL. The isotopic composition of C*1-20,
C’1-100, C’2-20and C’2-100 is illustrated in Table 3. The isotopic composition of sampling points varies from -
4.04 to -4.18 and from -24.06 to -31.08 for 6180 and oD, respectively. The high values of d-excess for surface
water stations refer to the low effect of evaporation on the isotopic composition of surface water. Figure 8a&b
shows the values of EC and 6180 for each month. In the April and May an increase in the river discharge makes
the value of EC decrease and the heavy isotope deplete. This characteristic refers to the effect of groundwater
recharge on the isotopic signature and geochemistry of parafluvial water. As depicted in Figure 8a, the isotopic
signature of parafluvial water at 20 cm depth is close to surface water because of the high infiltration rate of
surface water to hyporheic water at 20 cm below surface ground. Accordingly, there is greater variation between
hyporheic water and surface water in 1200cm depth (Figure 8b). Also, the isotopic composition of the groundwater
at H2, H4, H6, H8, and H10 is more depleted in the heavy isotopes than the adjacent surface water, which indicates
the existence of lateral groundwater recharge. The two-component mixing model demonstrates the low percentage
of groundwater discharge (P'gw) in the wet season, especially April and May, which indicates that only 3 to 5
percent of water in the parafluvial zone discharges into the river and more than 95 percent of PEHZ is due to

groundwater recharge (Table 3).

River discharge during wet season varies from 4.2 m3/S in February to about 32 m3/S in April. It appears that an
increase in the river discharge (especially in April and May) causes the EC in parafluvial zone to decrease. In the
majority of points (except H10-March H3-April, H4-April, H10-May at 20 cm depth and H9-March, and H7 May
at 100cm depth) the values of EC and 6180 present opposite correlations as well as heavy decrease and slight
enrichment in the values of EC and 6180 in S1 and S2 respectively. The drop in the EC and 180 at SW,
especially in April and March, and the presence of heavy river discharge demonstrate the lower effect of
evaporation on the isotopic signature of surface water in which transmission of the SW isotopic and geochemical
characteristics to parafluvial water result in a decrease in the parafluvial water geochemical composition as well

as a slight increase in the isotopic composition of parafluvial water.

These different characteristics of two adjacent water bodies suggest the relatively strong connection between two
adjacent water bodies with respect to the dominance of aquifer recharge. To better quantify this process (PEHZ

in wet season), the same procedure to evaluate two different end members with opposite features (EC and 5180)
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in parafluvial water and surface water was carried out to pinpoint the gaining (discharge), neutral, and losing
(recharge) characteristics of each parafluvial sampling point (Figure 9). The majority of points in the study site
behave as losing stream or neutral, with no sign of groundwater discharge. The results shown in Figure 9 confirm
that in the wet season most of the river water outflows into the parafluvial zone. The effective depth and type of
PEHZ can also be recognized by this method. Most of the groundwater inflow happens at a depth of 20 cm below
surface and points at 100 cm have a mostly neutral status. Some points like H1-Feb, H1-Mar, H5-Mar, H10-Mar,
H1-Apr, H2-Apr, H10-Apr, H1-May, H2-May, H3-May, H5-May, H10-May show similar losing characteristics

at both depths.

Finally, the comparison of surface water, bore water, and parafluvial water stable isotope signature and
geochemical composition at different depths with regard to high flow and low flow condition confirms the high
seasonal and spatial fluctuation in the PEHZ flow while the direction of PEHZ varies a great deal from point to
point and in different flow conditions. These results are in accordance with previous studies performed in other
countries (Fox etal., 2016; Wu et al., 2017). Furthermore, the isotopic composition of hyporheic water varies with
depth in different seasons, as in the dry season the most groundwater discharge happens at greater depth of
subsurface water (100cm), while in wet seasons the shallow water parafluvial interaction (20cm) is detectable.
These characteristics are rarely studied and require further investigation in multiple countries and different
weather conditions to establish the credibility of the methods introduced in this study. Also, as shown in Table 2
and Table 3, the fractionation of parafluvial water outflow to surface water is higher in dry seasons than in wet
seasons, which poses a potential risk of surface water quality deterioration due to hyporheic water infiltration,
especially in dry season, and in conditions where the possibility of parafluvial discharge predominates.

5.4 Time Series of the Temperature Oscillation

Advective transport of heat reveals distinct thermal patterns to losing versus gaining stream (Constantz et al.,
2003). A qualitative investigation of gaining versus losing streams was first introduced by Silliman and Booth
(1993) who used sediment bed and shallow groundwater daily temperature time series. Based on this method, we
investigated the qualitative relationship between sediment bed temperature and a parafluvial water temperature
time series to validate the accuracy of the results obtained in Section 5.3. In order to avoid repetitive analysis,
points show similar gaining or losing status at both 20 cm and 100cm depths were chosen as a criterion and
representative of whole study site. So in dry season and for gaining conditions, points H1, H2, H3 in July and in
August H1 and in September H1, H8, for losing stream condition in September H3 (no reported losing stream

condition in July) were selected representative points. Figure 10 shows the recorded temperature time series at
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the aforementioned points during dry season. In the all gaining locations, the parafluvial temperatures vary
slightly, registering only small temperature fluctuation during the day, even reducing from 20cm to 100 depth.
The difference between maximum and minimum recorded daily temperature for H1, for example, at July in the
river sediment, 20cm and 100 cm were 3.51"°C, 0.86”C respectively (Table 3). As is evident from Table 3 and
Figure 10, temperature in the river sediment fluctuated extensively throughout the day on account of hot and dry
weather conditions during the dry season (daytime temperature was above 29°C )and hence, the relatively cool
SW and cooler parafluvial water with constant temperature was completely aligned with the results obtained in
Section 5.3, which provides strong evidence of groundwater outflow. Seasonal temperature oscillations and lag
time between amplitude of parafluvial water and streambed sediment temperatures, and temperature damping at
20cm depth with lesser amplitude at 100 cm depth, are evident in Figure 10. The parafluvial temperature shows a
reverse resonance with sediment bed temperature, with slight diurnal variation (0.6-2C). The slighter diurnal
temperature variation in parafluvial water than sediment bed (5 to6"C) is probably due the fact that the downward
propagation of surface water temperature is moderated by the groundwater’s upward movement from depth, where

temperature is relatively constant on the daily time scale.

Seasonal temperature oscillations and lag time between the amplitude of parafluvial water and streambed sediment
temperatures, and temperature damping at 20cm depth with lesser amplitude at 100 cm depth are evident. The
parafluvial temperature shows a reverse resonance with sediment bed temperature and a slight diurnal signal was
detected in the parafluvial water, which typically indicates the dominance of gaining conditions.

Figure 11 depicts how changes associated with sediment bed Temperature affected the parafluvial water
temperature during the wet season . The response at 20cm possesses higher intensity than 100cm depth. This can
be construed as the extensive inflow of groundwater at these points. Furthermore, the close conformity of sediment
bed and parafluvial water temperature oscillations with slight shifts in variation and decreased amplitude affirms
the evidence that these temperature oscillations are a response to groundwater recharge. As a consequence of the
same schema of sediment bed vacillation the maximum and minimum values of temperature in August and
September, described in Table 4, are not constant over the time.

The phase and amplitude of the stream bed sediment temperature oscillation are very similar to the corresponding
parafluvial water temperature variation at 20cm and 100cm, which reveals the facilitated stream outward flux and
heat transport, due to high permeability of streambed sediments. The regular parafluvial water temperature

oscillations are related to the stream bed signal, since transport of warmer SW into the parafluvial zone of lower
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temperature causes a slight increase in the parafluvial water temperature. The parafluvial water temperature at
20cm and 100 cm shows an excellent resonance with sediment bed temperature, with similar lag time and
decreased trend at 20cm and 100 cm depths. This is due to the downward flow of SW and the advective transport
of heat, resulting in deeper diffusion of diurnal temperature oscillation into the sediment bed profile. Parafluvial
water temperature oscillation coincides with the sediment bed temperature oscillation, reflecting the stream

leakage.

Sediment temperature measured at 20cm represents a diurnal signal variation of about 5*C, with a 3-hour peak
lagging from the subsequent maxima in the stream bed daily temperature. At the deeper depth the diurnal pattern
is more subtle in amplitude, with a 5-hour time lag. This reflects the total time required to transfer heat by both

advective and conductive downward movement through sediments.

5.5 Temperature and Radon Vertical Profiles for Assessment of Parafluvial Vertical Movement and
PEHZ

Point measurement of temperature and radon activity at the representative sampling points was conducted to
further characterize PEHZ (Figure 12). Temperature and radon were measured in the field at the same time (13"
of July, August, September, and 16" of February, March, April, and 15" of May 2016). Temperature values were
measured at two times: at dawn (6.00am) and in the afternoon (14.00pm). The values at different depths are
depicted in Figure 12. The vertical hydraulic gradient between the riverbed and 100 cm depth varies from 0.024
to -0.031 (the values on the bottom of each profile in Figure 12). The greatest values of the vertical hydraulic
gradient were observed at H10-Feb, H5-May, H5-March, H3-Sep, H1 May, and H1-Aug as well as the highest
diel temperature oscillations.

The other points, including H1-Jul, H2-Jul, H8- Sep, H1-Mar, H1-Apr, and H3-Jul generally show a sharp increase
in radon activity and attenuated diel temperature variations. The radon activity at lower depth, especially at H1-
Mar and H10-Feb, which changes from 1.8 Bg/L to 4 Bg/L and2.9 Bg/L to 5.3Bg/L at 20cm and 60 cm depths
respectively, is possibly due to the heterogeneous production rates of radon in the river sedimentbed. As
hypothesized by Lamontagne and Cook (2007) sedimentbed mineral heterogeneity or radium adsorption (both
radon and radium are decay product of uranium (Vinson et al., 2009)) into metal oxides (at the redox boundary)
causes an increase in radon activity. Therefore, the abrupt increase in radon activity at H1-Mar and H10-Feb is
due to hyporheic biogeochemical procedure or heterogeneity associated with sedimentbed mineralogy.

Due to significant diel temperature oscillation and relatively low constant radon activity, especially at the shallow

depths, H10-Feb, H1-May, H5-May, H5-Mar, H3-Sep, and H1-Aug appear to exhibit downward flux. However,
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at the greater depths, between 60cm to 100cm, there might be an upward water flux due to lower temperature
variation and elevated radon activity, particularly for H3-Sep, H1 Mar, and 40 to 100cm for H3-Jul, and H1-Aug
respectively. These variations in the temperature and radon activities at one point indicate an opposing water flow
direction at these depths. The appearance of these contradictory flow paths suggests that PEHZ is affected by the
larger scale groundwater regional flow-field, with downwelling movement at the shallow groundwater and
upwelling flow at deeper groundwater. Moreover, this finding affirms that the results depicted in Figure 6 and 9,
which demonstrated the opposing gaining/losing characteristics at different depth of the same points, can be
inferred from the fact that the parafluvial zone of the study site is firmly enclosed, with bounded regional flow-
field. The same analysis has been reported by Cranswick et al. (2014).

The sharp elevation in the values of radon activity from 20cm to 100cm depths, in association with attenuated
diel temperature variation at depth in H8-Sep, H1-Apr, H1-Mar, H9,May, H1-Ju, H2-Jul, can be interpreted as
significant influence of SW on the geochemical characteristics of the parafluvial water that might be due to
hyporheic upwelling flux. Moreover, the sharp transition from low radon activity in the river sedimentbed to
higher radon activity with considerable attenuated diel temperature oscillation is due to circulation of the shallow
parafluvial flowpaths which embed within regional groundwater flowpaths (similar analysis was reported by Fox
etal. (2016)).

The results obtained from vertical assessment of diel temperature oscillation and radon activity (Except H3-Sep
and H1-Mar) are completely in accordance with the results of EC and 6180, which demonstrates the probability
of complex parafluvial mixing patterns within the hyporheic exchange zone in the study site.

6 Conclusions

Integrated analysis of stable isotope and EC provides a promising means to estimate the spatiotemporal variations
of stream-aquifer connectivity at different vertical levels examined in this study. Analysis of §*0 and D at
various depths (20cm and 100cm below the streambed sediments) and within the hyporheic zone. The integration
of water stable isotopes with EC as a single framework was infrequently applied and verified in other studies.
This procedure was followed by hydrochemical analysis of bore water, surface water, and parafluvial water, which
was supported by continuous and seasonal measurement of temperature and point scale measurement of 22Rn and
temperature in order to verify the validity of results obtained by analysis of 580 and EC. This integration created
a unique qualitative tool to pinpoint the discharge and recharge areas within the hyporheic zone along the

meandering streams (PEHZ) as well as their associated seasonal variations. The key findings of this study are:
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Analysis of major ion geochemistry in the parafluvial zone revealed considerable seasonal variations. In
the dry season HCO3 and Na are the major anion and cation type, while HCO3 and Ca are the major ion
types during the wet season. However, through comparison of the major ion geochemistry in the
parafluvial zone and subsequent SW sampling points, a high degree of parafluvial water-surface water
exchange could be inferred, but multi-methods analysis is required for qualitative spatiotemporal
characterization of PEHZ.

The isotopic composition of parafluvial water (§180, D) in the dry season is depleted in comparison
with SW and enriched in comparison with bore water. Furthermore, the comparison of the isotopic
signature of SW, Parafluvial water, and bore water clarified the strong influence of surface water in
parafluvial shallow water. The enriched value of 5180, as well as increase in EC, connotes the effect of
groundwater outflow on the isotopic composition and geochemistry of SW in both.

The isotopic composition of parafluvial water is more enriched than SW and bore water during the wet
season. Comparison of the SW and parafluvial water geochemistry and EC, represented similar trends,
indicating the dominance of groundwater inflow.

Multi-level integration of 6180 and EC yields a monitoring framework to pinpoint the gaining/losing
reaches and authenticates the seasonal and spatial variation of PEHZ. In the dry season groundwater
outflow prevails in the majority of sampling points and mostly occurs at 100cm depth. Whereas during
the wet season in the majority of points, groundwater inflow occurs mainly at 20cm depth with no sign
of outflow.

Even though, Diel variation in parafluvial sediment temperature (20 cm) during the dry season is lower
than in the wet season, diurnal temperature oscillation of the stream in the dry season (5 to 6°C) is higher
than in the wet season (2 to 3"C). This is most likely on account of the absence of any moderating effect
from groundwater outward flux in the wet season. This typically indicates that during low flow season,
groundwater outflow and in high flow season ground water inflow in dominant.

The point scale measurement of diel temperature and radon activities at 5, 20,40,60,80, and 100 cm
depths (along the parafluvial zone of the river) confirm the results yielded by multilevel integration of
8180 and EC. Also, by scrutinizing the radon activity and diel temperature oscillation, it was deduced
that PEHZ was highly affected by the circulation of a larger scale regional flow-field which the

parafluvial zone is enclosed within.
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Using multiple methods, including EC, water Isotopes (8180, 3D), temperature and radon, yields an innovative
alternative monitoring framework and screening tool to qualitatively assess shallow groundwater-surface water
interaction on different seasonal and spatial scales. It should be noted that this approach has several potential
restrictions, such as limitations posed by geological setting (diffuse groundwater inflow), stratigraphy of the
stream bed, or limitations associated with weak thermal and isotopic signatures of parafluvial water. Despite these
limitations, the procedure provided highly acceptable outcomes to qualify parafluvial outflow/inflow along the
Ghezel Ozan River. The integration of isotopic tracer and geochemical tracers with opposite signatures in surface
water and groundwater can lead to achieving qualitative assessments of hyporheic exchange. Thus, further
application of this approach to verify the validity of the procedure introduced in this study is a precursor to more
detailed studies of hyporheic water-river water interaction, in various regions and climatic conditions, is strongly
recommended. The methods introduced in this study should be used to assess the change in transmission rate of
water in the parafluvial zone, due to fluctuation of stream water temperature and associated diurnal seepage flux

oscillation (because of temperature influence on water density and dynamic viscosity).
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10
Table 1: The hydrochemical properties of the water in the study site
pH EC Ca Mg K Na HCO3 | CI SO4 Water
pS/cm | mg/l mg/l mg/I mg/l mg/l mg/l mg/l type
C1 7.8 549.44 | 413 9.5 1.2 84.0 476.3 | 76.2 10.2 NaHCO3
c2 7.9 526.81 | 39.1 9.4 0.8 82.2 4872 | 75.4 9.8 NaHCO3
C1 8.1 400.15 | 93.2 55 1.1 35.3 3752 | 30.2 15.2 CaHCO3
(o) 8.2 467.48 | 97.4 5.4 0.9 36.2 376.4 | 33.6 154 CaHCO3
Table 2: the isotopic composition of clusters at different depths in dry season
180 oD EC d-excess P'gw
min max min max min max
July August | September
c1-20 -2.96 -2 -19.8 -18.84 | 42555 | 617.2
c1-100 | -3.59 -2.06 -19.48 | -13.22 | 402.25 | 700.05 | 2.15 0.58 | 0.84 0.47
c2-20 -3.08 -1.88 -16.32 | -9.96 234.4 718.38 0.72 | 0.87 0.53
c2-100 | -3.085 | -2.06 -17.48 | -10.64 | 341.2 740.65 | 3.30
15  Table 3: the water isotopic composition in each cluster during wet season
3180 52H EC d-excess P'gw
max min max min max min February March | April | May
C'1-20 -4.04 -490 | -26.91 | -29.04 | 596.912 | 218.365 9.3 0.13 0.08 0.07 0.04
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C'1-100 -4.18 -5.02 | -28.71| -31.08 | 698.513 | 292.222
C'2-20 -4.05 -5.05 | -24.06 | -31.06 | 663.944 | 278.690
C'2-100 -4.18 -4.77 | -23.81 | -29.09 | 776.955 | 329.450 10.2 0.12 0.06 0.03 0.05

Table 4: statistical values of temperature recorded time series at the representative points

points month max min mean difference | Standard
division
H1-20 July 15.86 15.00 16.10 0.86 0.21
H1-100 July 15.20 14.88 15.04 0.32 0.10
H2-20 July 15.48 14.87 15.22 0.61 0.16
H2-100 July 15.13 14.61 14.91 0.52 0.14
H3-20 July 15.61 15.05 15.34 0.56 0.17
H3-100 | July 15.22 14.74 15.01 0.48 0.09
H1-20 August 16.69 15.64 16.10 1.05 0.27
H1-100 August 15.84 15.15 15.48 0.69 0.19
H8-20 September | 16.45 14.70 15.43 1.75 0.43
H8-100 | September | 15.37 14.50 14.97 0.87 0.23
H1-20 September | 17.83 16.04 16.79 1.79 0.44
H1-100 | September | 16.43 15.65 15.95 0.78 0.19
H3-20 September | 18.72 16.50 17.31 2.22 0.58
H3-100 | September | 16.52 15.54 16.09 0.98 0.26
S1 July 18.64 15.06 16.88 3.58 1.04
S1 August 20.79 16.12 18.67 4.66 1.15
S1 September | 21.50 17.32 19.55 4.18 1.10
S2 August 20.81 16.68 18.86 413 1.07
S2 September | 20.99 17.39 19.19 3.60 0.95
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Figure 1: Study site location and schematic diagram of field data sampling procedures.
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Figure 4: The isotopic composition of sampling point in dry season A) 20 cm depth B) 100cm depth.
GMWL: Global Meteoric Water Line, LMWL.: Local Meteoric Water Line. Bore water and SW points are

highlighted as well as evaporation line.
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separated with green line.
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Figure 6: The point comparison of EC and 6180 to in-depth delineate the gaining stream (discharge) and
losing stream (recharge) in each point as well as vertical flow directions in dry season. The vertical direction

which are nor indicated could not been assessed by this method.
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5 Figure 7: The isotopic composition of sampling point in wet season A) 20 cm depth B) 100cm depth.
GMWL: Global Meteoric Water Line, LMWL.: Local Meteoric Water Line.
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Figure 8: Comparison between 6180 and EC at 20 cm and 100 cm in dry season (A, B). Each month is
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Figure 9: The point comparison of EC and 6180 to in-depth delineate the neutral and losing stream

(recharge) in each point as well as vertical flow directions in wet season.
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