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Abstract This paper reports about the experimental evidence collected on the transport of five fluoro-
benzoate tracers injected under controlled conditions in a vegetated hydrologic volume, a large lysimeter
(fitted with load cells, sampling ports, and an underground chamber) where two willows prompting large
evapotranspiration fluxes had been grown. The relevance of the study lies in the direct and indirect meas-
ures of the ways in which hydrologic fluxes, in this case, evapotranspiration from the upper surface and dis-
charge from the bottom drainage, sample water and solutes in storage at different times under variable
hydrologic forcings. Methods involve the accurate control of hydrologic inputs and outputs and a large
number of suitable chemical analyses of water samples in discharge waters. Mass extraction from biomass
has also been performed ex post. The results of the 2 year long experiment established that our initial prem-
ises on the tracers’ behavior, known to be sorption-free under saturated conditions which we verified in col-
umn leaching tests, were unsuitable as large differences in mass recovery appeared. Issues on reactivity
thus arose and were addressed in the paper, in this case attributed to microbial degradation and solute
plant uptake. Our results suggest previously unknown features of fluorobenzoate compounds as hydrologic
tracers, potentially interesting for catchment studies owing to their suitability for distinguishable multiple
injections, and an outlook on direct experimental closures of mass balance in hydrologic transport volumes
involving fluxes that are likely to sample differently stored water and solutes.

1. Introduction

The intertwined dynamics of catchment water storage, connectivity of flow pathways, and heterogeneous
reactions are key to our understanding of basin-scale transport in the hydrologic response [e.g., Beven,
2012]. One outstanding challenge to a general theory, subsumed by the so-called old-water paradox
[McDonnell et al., 2010], concerns the stationarity of the response of hydrologic transport volumes to erratic
and nonpoint source inputs [e.g., McDonnell and Beven, 2014]. Stationarity, or the lack of it thereof, centers
attention on how catchments store and release water and solutes [Botter et al., 2010, 2011; Rinaldo et al.,
2011; van der Velde et al., 2012; Hrachowitz et al., 2013; Benettin et al., 2013; Bertuzzo et al., 2013; Benettin
et al., 2014; Harman, 2015]. Specifically, the mass response to a specific rainfall event is now acknowledged
to be composed by water labeled by different residence times in the transport volume since injection (i.e.,
the ‘‘ages’’), not necessarily (and almost inevitably not) generated by the latest event [e.g., Stewart and
McDonnell, 1991; Divine and McDonnell, 2005; McGuire and McDonnell, 2006; McGuire et al., 2007]. The mix-
ture of different ages of residence within the catchment results from transport and by differential sampling
operated by outflows among water parcels in storage. When and how discharge samples within complex
catchment control volumes is thus a fundamental open issue.

In soil profiles, matrix heterogeneities and lack of stationarity of the processes dominate the ephemeral trig-
gering of preferential flow paths in unsaturated conditions, and thus the issue of determining the distribu-
tions of residence times of water in storage [e.g., Flury et al., 1994]. Chemically variable, basin-scale storage
recharge integrates instead the stochasticity of climatic forcings, the sources of water and solutes, flow path
heterogeneities, and fluctuating evapotranspiration form diverse assemblages of vegetation [Stewart and
McDonnell, 1991; Kirchner et al., 2010; McGuire and McDonnell, 2006; McDonnell et al., 2010], with implications
on large-scale transport. In fact, the ages in storage are a measure of the contact time between fixed and
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mobile phases driving mass exchange processes and biogeochemical reactions [Rinaldo and Marani,
1987; Rinaldo et al., 1989; Stewart and McDonnell, 1991]. Age distributions are thus effective descriptors of
biogeochemical function of a catchment including its export of anthropogenic inputs [Brusseau et al.,
1989; Flury, 1996; Wolock et al., 1997; McGuire and McDonnell, 2006; Hrachowitz et al., 2010a, 2010b;
Bertuzzo et al., 2013].

Direct experimental measure of residence time distributions within a hydrological system proves a difficult
task. It would, in principle, require the tagging of every water particle to record the time elapsed from its
injection to the exit from the system, measuring all outfluxes at frequencies comparable with the relevant
time scale of hydrologic fluctuations and extending the measure until full delivery (typically, months to
years). Natural or artificial tracers have been used to that end. One method consists of tracking water mole-
cules by using the water natural stable isotopes oxygen-18 (18O) and deuterium (2H). By measuring isotopic
fluctuations in both input and output water, one can infer the age structure of the water within a catchment
for as long a record as the input characterization allows [e.g., Lindstrom and Rodhe, 1986; Rodhe et al., 1996;
Maloszewski et al., 1992; Kendall and Caldwell, 1998; Simic and Destouni, 1999; Kirchner et al., 2010]. Another
approach consists of artificially injecting into the hydrologic system nonnative soluble substances as a tool
for tracking water molecules. This method has the advantage that the input can be noncontinuous and con-
trolled and that several different tracers can be injected sequentially. When sampling outfluxes, the detec-
tion of a specific tracer would then be a direct measure of the travel time distribution (the residence times
sampled at the exit) if injection into the system were unique and instantaneous. However, perfect tracers
and high-frequency tagging for months or years do not exist in practice, because of the analytical burden
implied and because most of the soluble compounds used as hydrologic tracers to date can undergo selec-
tive plant uptake, biogeochemical and/or microbial degradation, and retardation processes [e.g., K€ass, 1998;
Flury, 2003; Divine and McDonnell, 2005]. In addition, at catchment scales, spiking systematically rainfall with
artificial tracers is not within reach [but see Rodhe et al., 1996], and the spatial distribution of the tracer input
is usually patchy. Although the linkage between hydrological tracer breakthrough curves and travel/resi-
dence time distributions is intuitive, proper interpretation requires multiple assumptions when dealing with
systems naturally in unsteady flow conditions. Note that a common misunderstanding equates nonstatio-
narity of the system’s response to unsteady state conditions for inputs and output. Rather differently, statio-
narity refers to time invariance of the basic mechanisms that transform inputs into outputs whether in
steady or unsteady state conditions.

Here we analyze the results of a 2 year experiment centered on the transport of fluorobenzoate tracers in a
vegetated hydrologic transport volume. The specific tracers were chosen for the possibility of accurately sin-
gling out the relative concentrations of multiple injections. The experiment described in this paper aims
specifically at tracking transport and release dynamics of solutes driven by hydrologic processes. For this
purpose, we designed a controlled experiment in a large lysimeter, in order to restrict heterogeneous flow
pathways to subvertical infiltration. Lysimeters have been extensively used in hydrologic research, in partic-
ular to study solute transport and evapotranspiration dynamics [e.g., Bergstr€om, 1990; Roth et al., 1991; Flury
et al., 1994; Schoen et al., 1999; Beeson, 2011, and references therein], because the rates and the concentra-
tions of inputs and outputs can be monitored and the soil water storage can be estimated by accurately
weighing the system. Compared to catchment experiments, this latest feature represents a major advant-
age for evapotranspiration studies owing to (water) balance closure. By injecting controlled fluorobenzoate
tracer pulses in the system and by retrieving their breakthrough curves in the discharge, we infer travel and
residence time distributions for a simple and yet highly dynamical system. Soil water storage and water def-
icits induced by evapotranspiration are particularly in focus as key factors controlling transport, as well as
losses to plant uptake, microbial degradation, and residuals in soil. Evapotranspiration abstractions obvi-
ously operate preferentially at the surface and close to the roots. This could affect the transport of a tracer
pulse, for example, by retarding its infiltration when a dry period characterized by high ET demand immedi-
ately follows the injection. In contrast, a large input volume occurring after the application of a tracer could
flush the tracer pulse deeper in the soil, which would become unavailable or less prone to be selected by
ET fluxes. In addition, the soil moisture cycles and how they propagate in the soil profile increase the com-
plexity as they also affect water availability for ET and discharge (consider, e.g., a soil moisture below the
wilting point). Adding tracer affinity for plant uptake, tracer losses can be largely driven by ET deficits and
can thus be also influenced by environmental conditions. Microbial degradation is not necessarily as
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intimately controlled by moisture conditions and ET as plant uptake does. Microbial degradation pathways
are nonetheless often different between saturated and unsaturated conditions and specific conditions in
the soil can prompt microbial activity (e.g., root exudates) and thus induce preferential degradation under
certain circumstances, adding another nonlinear and nonstationary dimension to the hydrologic transport
picture. Given the potential for a variety of loss pathways following the staggered solute injection, hypothe-
ses on the modifications incurred in the travel and residence time distributions could then be tested by
contrasting our experimental data.

This paper is organized as follows. Section 2 illustrates materials and methods. They include a description
of the design of the experiment that entails multiple and replicated injections and of the system setup
and its measurement system. Properties of the specific tracers adopted, five different fluorinated benzoic
acids, and analytical procedures for their measurement are also discussed, leaving technicalities and ex
post testing to Appendices. Section 3 presents our results, in the form of raw data which are publicly
available as an attachment to the present paper and of mass recovery plots. Normalized and rescaled
breakthrough curves are also produced to probe stationarity issues. Section 4 offers a discussion of the
results and an outlook to catchment-scale transport experimentation. A set of conclusions closes the
paper.

2. Materials and Methods

2.1. System Setup
The hydrologic control volume was placed within a large lysimeter (Figure 1) situated within the EPFL cam-
pus, in a 2.5 m deep fiberglass-polyester cylindric tank. The 1 m2 open surface of the tank is at ground level
and located in an open grass field equipped with meteorological stations. An underground chamber allows
access to the bottom of the lysimeter where load cells record the weight.

A 50 cm layer of saturated gravel filter at the bottom of the tank is topped by a mono-horizon 2 m dis-
turbed soil column. A geotextile mesh between the two layers prevents the soil to clog the gravel filter. The
reconstituted soil is approximately 50% loamy sand obtained from a nearby construction excavation located
in Denges (Switzerland) and 50% lacustrine sand with particle sizes from 0 to 4 mm (Lac L�eman, Switzer-
land). The materials were accurately weighted and mixed with a cement mixer during the filling procedure.
In order to ensure sufficient packing of soil and further compaction during the experiment, the soil was fre-
quently soaked until saturation during the filling phase.

During the experiment, a steady water table is maintained at a constant depth of 2 m at the interface
between the soil and gravel filter. The bottom boundary condition of the lysimeter is that of free drainage,
as the excess downward flux recharging the gravel filter forces water out at the outlet placed at the bottom
of the system. The outlet is connected to a PVC pipe maintaining the water table level through a siphon.
The pipe outlet drains into a tipping bucket (Casella Measurement, UK) equipped with a double bucket of
8 mL resolution and a reed switch counter for discharge rate measurement. The tipping bucket is regularly
calibrated by weighing the outflux in order to ensure unbiased measurements.

The lysimeter tank is supported by three concrete pillars topped with ring torsion load cells with a maximal
load of 2.2 metric tons each (HBM, Germany) on which the tank pods stand. The electrical sensibility of the
cells (2.85 mV/V) allows a continuous monitoring of the weight of the system with an accuracy up to 200 g
(0.005%) of the total weight. The digital transducer of the load cells has a builtin infinite response (IIR2) elec-
tronic filter to remove noise notably due to vibration and wind. A filtered reading is stored every 20 s.

Local soil moisture content is measured by frequency domain reflectometry (FDR) probes (5TM from Deca-
gon Devices Inc., USA) at four different depths in the soil column (25, 75, 125, and 175 cm). Three probes
per depth were installed radially at equal distance from the center. A soil-specific calibration curve has been
measured in the lab.

Two willows (Salix viminalis), 1.2 and 1.4 m in height (branch cuttings of a 2 year tree), were planted 8
months before the experiment started, with their roots extending to at least 70 cm in the soil column (data
at time of setting). This species has been chosen because of its strong climatic resistance as it can withstand
long periods of droughts as well as flooding. Willows have high transpiration rates and can thus potentially
create substantial water demand in the system. A translucent gable roof made of polycarbonate built under
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the trees canopy shields the lysimeter from natural precipitation but let the willow be exposed to the real
climatic and light cycles (Figures 1b and 1c). Two openings on each side of the roof allow the crossing of an
air draft and the evacuation of soil evaporation, besides allowing artificial water injection. The soil surface
has been maintained bare throughout the experiment, and no organic layer could develop at the top of the
column as the roof prevented accumulation of organic matter.

The evapotranspiration flux ET was derived from the mass balance, given the change in storage measured
by the load cells, the input rainfall and the discharge output. Note that by evapotranspiration we term all
combined evaporative/transpiration fluxes measurements lumped in a single variable outflux through the
upper surface.

The system is equipped for soil water and discharge sampling. Soil water can be collected at three different
depths in the soil (50, 100, and 150 cm) with three porous cups radially distributed per depth. The porous
cups have a bubbling pressure of 1 bar and are connected to a vacuum circuit which is turned on at a rela-
tive pressure of 20.6 bar during 4–5 h to draw samples of about 10 mL in each porous cup from the soil
matrix. Each sample is collected by an independent tube equipped with a manifold and is connected to a
controlled vacuum system.

Figure 1. (a) General (to-scale) lysimeter scheme. An essential representation of the measurement devices is given. Note that a chamber
placed underneath the lysimeter allows controls and measurement under any circumstance. Development of the willow tree (Salix Vimina-
lis) in the lysimeter over the growing season: (b) 24 April 2013 and (c) 15 June 2014.
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Discharge samples are collected at the tipping bucket outlet. The effluent is directed to a solenoid valve
switching the flux either to the sink or to a fraction collector (Amersham Biosciences AB, Sweden) when a
sample is needed. A LabVIEWTM program connected to a data acquisition system (CompactDAQ, National
Instruments) is used for calculating the flow rate based on the bucket tilts read by the reed switch of the tip-
ping bucket. It also controls the valve position and increments the fraction collector after a sample has
been taken. The program interface provides user-defined parameters and allows time or flow-based sam-
pling schemes.

A meteorological station located 5 m away from the installation records air temperature, air humidity, wind
direction and intensity, incoming radiation, and soil temperature at 15 min intervals.

2.2. Selection of Suitable Tracers
The goal of the experiment is to tag and trace selected water inputs. For this purpose, a given volume of
water from a given pulse has to be independently labeled. Because the discharge flux is assumed to be, at
every given time, a mixture of water originating from inputs and thus characterized by a specific age struc-
ture, it is continuously analyzed for the labeled water. The detection of the label hence suggests how water
from a marked rainfall event contributes to the discharge flux.

As tracers, we have chosen fluorinated benzoic acids (FBAs) that were argued to be convenient for hydro-
logic tracing in soils [e.g., Jaynes, 1994]. Different species of FBAs exist, depending on the number and posi-
tion of fluoride ions on the aromatic ring. Several FBA compounds have been reported as useful
nonreactive water tracers, often described to have similar reactive properties as Br2 [e.g., Bowman and Gib-
bens, 1992; Jaynes, 1994; Kung et al., 2000; Mortensen et al., 2004]. FBA derivatives are anionic at neutral to
basic pHs and have negative-log dissociation constants (pKas less than 4.0), which limits sorption effects in
soil [Bowman, 1984; Stetzenbach et al., 1982; Bowman and Gibbens, 1992; McCarthy et al., 2000]. To date, few
studies exist that reported chemical and microbial degradation of fluorinated compounds [Misiak et al.,
2011]. Plant uptake of some fluorobenzoic acids has been reported [Bulusu, 1995; Bowman et al., 1997].
Analyses of soil and plant extracts reflected an uptake ranging from 0 to 50% depending on the compound
and plant species and suggest possible metabolism within the plant material [Bulusu, 1995]. Affinity for
plant uptake is further assessed during this experiment via the analysis of willow twigs and leaves. Upon
verification of commercial availability, reported low reactivity in saturated soils and chemical analysis capa-
bilities, five species have been identified as suitable for the current experiment: 2-(Trifluoromethyl)benzoic
acid (2-TFMBA), 3-(Trifluoromethyl)benzoic acid (3-TFMBA), 2,5-Difluorobenzoic acid (2,5-DFBA), 2,6-Difluor-
obenzoic acid (2,6-DFBA), and 3,4-Difluorobenzoic (3,4-DFBA). All compounds were purchased in salt pow-
der at a minimum purity of 99% from Fluorochem (Hadfield, UK). Their chemical properties are listed in
Table 1.

We performed a column leaching test in order to confirm the absence of significant sorption for the
five selected chemicals on the same soil used in the lysimeter (Appendix A). In addition, plant and
soil extracts were analyzed after the experiment was terminated to examine whether FBAs had been
accumulating in the biomass. Microbial degradation was probed by measuring Fluoride concentra-
tion (a by-product of any FBA breakdown) in a selection of discharge and soil water samples
(Appendix B).

Table 1. Properties of the Fluorinated Benzoic Acids Used as Conservative Tracers

TR1 TR2 TR3 TR4 TR5

Abbrev. name 2,5-DFBA 2-TFMBA 3,4-DFBA 2,6-DFBA 3-TFMBA
CAS No. 2991-28-8 433-97-6 455-86-7 385-00-2 454-92-2
Formula C7H4F2O2 C8H5F3O2 C7H4F2O2 C7H4F2O2 C8H5F3O2

Mol. weight (g/mol)a 158.1 190.1 158.1 158.1 190.1
Solubility (g/L)a 745 1000 266 1000 802
pKa

b 2.87 3.17 3.43 2.42 3.50
LOQ (lg=L) 7.0 3.0 10.0 7.0 5.0
Intern. std. Deutered NAc Deutered Deutered NAc

aSciFinderVR , Chemical Abstracts Service: Columbus, OH. Calculated using Advanced Chemistry Development (ACD/Labs) Software
V11.02 ([copyright] 1994–2013 ACD/Labs).

bSerres-Piole et al. [2011].
cNot available at time of experiment.
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2.3. Tracer Analysis
FBAs can be analyzed using different methods [Stetzenbach et al., 1982; Lasa and Å�sliwka, 1990; Galdiga and
Greibrokk, 1998]. Liquid chromatography coupled with mass spectrometry appears to give the best analyti-
cal sensitivity [Dalian and Ronen, 2001; Juhler and Mortensen, 2002]. The FBAs were therefore quantified by
LC/MS-MS (AcquityVR TQD, Waters). The limits of quantification obtained with this procedure were obtained
during the calibration with standards and vary between 3 and 10 lg L21 according to the compound (see
Table 1). Three of the five compounds have deutered internal standards (2,5-Difluorobenzoic-d3 Acid, 2,6-
Difluorobenzoic-d3 Acid, and 3,4-Difluorobenzoic-d3 Acid) purchased at EQ Laboratories GmbH (Augsburg,
Germany). Furthermore, 0.11 mL of a preparation containing 120 ng mL21 of deuterated standards diluted
in ultrapure methanol was added in all the vials containing 1 mL of sample prior to the injection. A calibra-
tion procedure was performed to validate the analytical method and discard potential matrix effects.

2.4. Tracer Sampling
Discharge water was sampled using a flow-proportional sampling device. A 20 mL sample was taken every
1–3 L of cumulative discharge flow, depending on the time during which the system is left unattended and
the number of sample bottles in stock on the fraction collector tray. Soil water was also sampled every 2–3
days at each depth. The samples were filtered by 0.45 lm hydrophobic syringe filters with GMF/PP mem-
branes (BGB Analytik AG, Switzerland) as soon as possible and stored at 4 �C in prior to analysis.

2.5. Rainfall and Tracer Applications
The rainfall series was constructed using a marked Poisson process with interarrival time k and mean rainfall
depth a, as proposed for daily rainfall in the classic approach by Rodriguez-Iturbe et al. [1999]. The two
parameters of the rainfall distribution were arbitrarily defined in order to maximize the coefficient of varia-
tion of the hydrologic travel time in the vadose zone and to minimize the ensuing mean travel time for the
entire duration of the experiment. For comparison, we have estimated mean travel times using the
approach of Harman et al. [2011], who has calculated the coefficient of variation of mean travel times as a
function of two lumped parameters using a simple piston displacement model. One parameter (c) sub-
sumes soil properties and the type of climate. Hence, given the soil properties of the lysimeter and the esti-
mated potential evapotranspiration for a willow crop [Persson, 1995; Schaeffer et al., 2000; Guidi et al., 2008],
the interarrival time and the mean rainfall depth were set to 0.67 day21 and 20.3 mm, respectively. Multiple
rainfall sequences with selected parameters were generated.

Five rainfall events predicted to drive significantly different travel times were selected within a time span of
1 month. Each rainfall event was labeled with a different FBA tracer. Two of these tracers were simultane-
ously reinjected 10 months later, once the outflow concentrations of all previously injected tracers were
found below the detection limit. This provided two additional measurements of solute travel times which
prove particularly valuable to test whether the different tracers are subject to reactivity and/or degradation
processes. Replicated, compound-specific measurements of breakthrough curves for two tracers have thus
been gathered. We selected the tracers with the highest and lowest recovery ratio after the first injection
(2,6-DFBA and 2,5-DFBA, respectively), in order to additionally establish whether their disparity in the break-
through is not only an artifact of different degradation extent. Discharge and soil water concentration moni-
toring lasted until the tracer concentration decreased below the detection limit (July 2014).

‘‘Rainfall’’ events were generated manually in the lysimeter system as quasi-instantaneous pulses—poured
from a watering pot directly onto the soil surface. For the labeled rainfall events, a primary tracer stock solu-
tion was prepared for each FBA by dissolving the targeted mass of powder in 20 mL of ultrapure methanol.
The stock solution was further diluted in the volume of water corresponding to the labeled rainfall event
and immediately injected in the lysimeter. Resulting tracer concentration in the rainfall water varies in the
range of 90 to 230 mg L21. The system was conditioned with a chosen rainfall pattern during 2 months
before the injection of the first tracer, so that the water content profile in the soil column can be assumed
to be consistent with the type of climatic forcing simulated. The five selected tracers were all injected dur-
ing the first month of the experiment, starting on 17 April 2013. This relatively short-period limits the overall
evolution of the system between the five injections, so that all tracers would have faced roughly the same
system states. This condition restricts the origins of the heterogeneity in the observed fate of the five tracers
to differences in the external forcing (precipitation and evapotranspiration) during the early stages of their
hydrologic journey. It is to be noted that the mass of each tracer was adjusted to obtain a concentration in
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the batch injection volume of the order of 0.1 g L21, in order to avoid concentration effects between each
tracer injection.

3. Results

3.1. Hydrological Fluxes
Figure 2 summarizes the measured in and out-fluxes and the dynamics of soil moisture, here shown at an
hourly time scale. It can be observed that soil moisture (Figure 2b) responds to rainfall patterns (Figure 2a)
by producing variable interevent moisture conditions constrained to a relatively narrow range. This is also
related to the discharge response (Figure 2c) which is only triggered when the overall soil moisture crosses
a threshold (red band in Figure 2b). Of the cumulative rainfall during the observed period, 39% (2243 mm)
was discharged at the outlet whereas 61% (3454 mm) was either evaporated at the soil surface or transpired
by the willow. Values of ET rates that might appear exceedingly high are explained by the fact that willow
crown and overall canopy occupy a surface much larger than the lysimeter.

A large rainfall input (83 mm) occurring at relatively wet antecedent conditions triggered the maximum
observed discharge rate Q up to 12 mm h21 on 25 April 2014, 3 h after injection (Figure 2). Large discharge
flow occurs more frequently in winter, when soil moisture is consistently above 0.5 due to limited ET abstrac-
tions. As shown by the event of 26 August, however, a large rainfall event could drive discharge rates above
4 mm h21 even in summer conditions. Antecedent rainfall is in general necessary in order to compensate the
large ET demand credited by the large canopy and to increase soil moisture throughout the profile. Hence,
not only the overall storage but also the spatial heterogeneity of the water content is a key factor controlling
the discharge rate, a feature commonly observed in real catchments [e.g., Hrachowitz et al., 2013].

The ET signal at hourly time scale mirrors daily and seasonal cycles of climate and vegetation (Figure 2d).
Unphysical negative values were observed when ET was lower than the noise level of the load cells. It is
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Figure 2. Input and output fluxes of the system during the selected experiment period. (a) Daily rainfall events and mean daily temperature (red). (b) Soil moisture, i.e., relative fraction
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reasonable to assume that nightly surface evaporation and plant transpiration were negligible in early
spring, when the air temperature T and plant activity were low (say, T � 10�C). The observed signal con-
firms such assumption, as ET values are found close to zero between 8 P.M. and 9 A.M. from the experiment
start until early June and from November onward. The daily evapotranspiration varies between 3–5 mm
d21 in spring and more than 20 mm d21 in summer. Corrected for the ratio of the crown area of the actual
canopy and the lysimeter surface, this represents about 1.5–2.5 mm d21 in spring and about 10 mm d21 in
summer. The literature reports transpiration typically around 5 mm/d during the growing season of young
willows [Persson, 1995; Schaeffer et al., 2000]. However, Guidi et al. [2008] measured ET values up to 14 mm/
d in late summer for a fertilized willow with stem size reaching 300–400 cm. Moreover, as the soil surface of
the lysimeter is covered by a translucent roof and well ventilated with large side openings, we speculated
that our installation may have acted as a greenhouse (under the willow canopy) by increasing soil surface
evaporation through heating. The gradual augmentation of ET between the beginning of June till the end
of July corresponds both to an air temperature increase from 10 to 27�C and to an important growth of the
two willow stems of 100 cm in height (both 250 cm on 24 July). The sudden decreases of the ET flux visible
in Figure 2d on a few occasions (e.g., 29 June, 29 July, and 7 August) corresponds to important rapid tem-
perature drops of 5–10�C. The simultaneous noise increase in the signal can be explained by the weather
degradation often characterized by strong precipitation that generate unexpected water inputs in the sys-
tem by flowing through the roof chinks. The data were averaged and corrected to produce a positive defi-
nite time series of abstractions as shown in Figure 2.

3.2. Tracer Dynamics and Fluxes
Figure 3a shows the precipitation sequence. It emphasizes the events that were marked with a specific
tracer. For the ease of reference throughout the paper, 2,5-DFBA is referred to as TR1, 2-TFMBA as TR2, 3,4-
DFBA as TR3, 2,6-DFBA as TR4, and 3-TFMBA as TR5. The tracer breakthrough curves (Figure 3b) display the
measured concentrations in the discharge samples normalized to the initial concentration of the injection
batch volumes for each tracer. The maximum peak relative concentration was recorded for TR4 at 0.18 on
21 August, 98 days after its injection. The relative peak concentration for TR2 and TR5 were also measured
on the same date (112 and 96 days after their injection), but at a much lower concentration (0.242 and
0.012, respectively). In contrast, TR3 peaked only 46 days after injection where the maximum relative con-
centration was only 0.001. TR1 was never detected in the discharge, but only in soil water samples, as
described below. At the end of the first injection period (January 2014), the concentration of all five tracers
in the outflow was below the analytical limit for quantification.

The total mass recovered in the outflow with time is shown in Figure 4b by the shaded area. Considering
that TR4 was injected 15 days after TR2 and that the initial mass of TR4 in rainfall was more than 2.5 times
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events (colored). (b) Tracer breakthrough curves in the discharge expressed in relative concentration to their respective input (colored
dots) and flow rate (black line).

Water Resources Research 10.1002/2014WR016433

QUELOZ ET AL. TRANSPORT OF FLUOROBENZOATE TRACERS 2780



the initial mass of TR2, the export patterns of TR2 and TR4 are synchronized, and the amount of tracer mass
exported during each discharge event is similar for the two compounds. In contrast, TR5, injected only 2
days after TR4 (and with a similar initial mass as TR2), shows a more attenuated export dynamics, with only
about 18% of its initial mass recovered in the discharge, whereas TR2 and TR4 were recovered at 67% and
60%, respectively. Less than 0.2% of the mass of TR3 was recovered in the discharge.

Owing to the sampling of soil water at the control ports placed at three different depths, a concentration
profile in time inside the soil column can be estimated for each tracer (Figure 4a). Even if the data available
are spatially discrete, they show interesting features. For instance, even if TR1 has not been detected in the
discharge (see Figure 4b), it was measured in the soil water samples during 3 months at detectable concen-
trations (in the order of 0.1% of the initial concentration of the input) at all depths. In contrast, TR3 was
measured in the discharge samples (0.1% of total recovery), but it was only detected in soil water samples
at 50 cm at a maximal concentration about 1 order of magnitude lower than TR1.

The behavior of the water pulses labeled with TR2 and TR4 proves very different from TR1 and TR3, in that
the total mass recovered is much higher for the first two (60–70% against less than 0.2%, respectively). The
total tracer mass in the system (black dots in Figure 4b) has been calculated by assessing the mean concen-
tration for each control plane (then averaging on all planes) and multiplying it by the current water storage.
We observe that initially, this estimation captures the entire input tracer mass for TR2 and TR4, whereas
only 50% of the input mass of TR5 is measured and less than 1% for TR1 and TR3 (note that the y axis varies
by orders of magnitude between the plots). This method may actually underestimate the mass in storage
due to the low-depth resolution of concentration measurements and the assumption of homogeneously
distributed soil moisture, especially if the tracer pulse volume is small (e.g., if the pulse is temporarily be
located outside the probes’ volume of influence, as in the case for the TR1 data in May). However, one notes
that the input volume of TR3 was very large (77 L), and yet the maximal relative concentration observed at
the upper depth is 0.04, the lowest value measured for all tracers. The estimated TR3 mass at this depth is
later recovered in the discharge, which suggests that most of the mass loss occurred in the early phase of
the breakthrough and at shallow depths. In contrast, TR1 is detected at all depths and in higher concentra-
tion, even though the input volume was much smaller (5 L) and therefore more prone to bypass the local-
ized sampling points. As for TR1, only a fraction of the input mass of TR5 is detected early in the soil water
(about 40%, less than 10% for TR1). The overall concentration decreases considerably with depth for the
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two tracers, suggesting a degradation or uptake of the tracer. In comparison, the overall concentration per
depth for TR2 and TR4 does not seem affected by such a reduction. Finally, the TR5 pulse shows intermedi-
ate infiltration and export patterns between TR1/TR3 and TR2/TR4. About 20% of the initial mass has been
retrieved in the discharge and the estimated mass in the soil column has never exceeded 50%.

When injected simultaneously (like in the second validation injection from February 2014), TR1 and TR4
(least and most recovered tracers during the first test, respectively) demonstrate identical release dynamics
even if the signal of TR1 is mitigated compared to TR4 (black lines in Figure 5a). The mass recovery of TR1
was 45% at the end of the sampling period, and 69% for TR4. In contrast, the recovered TR4 mass during
the first injection after the same cumulative discharge volume was 60% (Figure 5, insets).

Further interpretations of the mass recovery are contained in Appendix B following ex post analyses of bio-
mass and samples.

The various degrees of mass recovery of the tracers indicate that they are all subject to degradation or
removal processes, possibly at various extents specific to each tracer. This restricts our analysis to hydrologi-
cal transport of the three tracers that were significantly retrieved (TR2, TR4, and TR5). Because two FBAs did
not appear in discharge samples after the first injection, interpretation of the results in terms of reactive
hydrologic transport emerged as necessary to explain the observed discrepancies. The comparison of the
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Figure 5. Comparison of the discharge concentration and mass fluxes between the validation tracer test conducted in 2014 (with simultaneous injection of TR1 and TR4, represented in
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breakthroughs of the same tracer injected twice at different times (TR1 and TR4) dismisses instead the spe-
cific reactivity issue, and is therefore presented first in the discussion (time displaced injections). This sheds
light on the interpretation of the multiple tracer injection. Finally, inferences on the reaction processes
affecting the FBAs in this experiment are discussed in the last section, based on the tracing results and com-
plementary testing presented in the Appendices A and B.

4. Discussion

4.1. Temporally Displaced Injections
The reinjection of TR1 and TR4 provides a demonstration on the effects of the hydrologic forcing on the sol-
ute transport features. In contrast to the short-time injection sequence of multiple tracers of 2013 (dis-
cussed below), we can compare here (Figure 5a) two breakthroughs of the same tracer injected at different
times and dismiss potentially distinct reactive behaviors among the tracer species. Therefore, disparities in
terms of concentration and load dynamics for a specific tracer only result from the different hydrologic forc-
ing and the sequence of conditions experienced by the system. Figure 5a shows the precipitation sequence
and the concentration breakthrough of TR1 and TR4 in 2013 (top figure) and 2014 (bottom figure). For TR4,
the concentration dynamics prove substantially different between 2013 and 2014, both in terms magnitude
(note the y axis scale) and shape. The duration of the breakthrough is about 1.5 times longer in 2013 than
in 2014 and reach a maximal relative concentration almost 4 times larger than in 2014.

Figure 5c shows the normalized mass fluxes of TR4 for each injection. In this case, the magnitude of the
tracer load is comparable between the two injections, meaning that the water discharge was generally
greater in 2014 to compensate lower concentrations in producing similar mass exports. This is especially
true for the early phases of the 2014 injection, because it took place in late February (mid-April in 2013)
when temperature and plant activity were low and ET losses relatively small leading to increased discharge
responses for a specific rainfall volume. In the case of TR4, we clearly observe nonstationarity of the system’s
ability to transfer inputs into outputs both in terms of concentrations and mass fluxes. The different precipi-
tation pattern between 2013 and 2014 would of course induce a different timing of the tracer export
events. However, in the case of an invariant transfer input-output function, the tracer responses would
appear much more alike, and the cumulative recovery curves (Figure 5c, inset) would evolve similarly.
Instead, we observe that the major part of the tracer injected in 2013 is recovered after more than 100 days,
whereas the 2014 pulse is recovered much earlier.

ET plays a central role on the hydrologic and solute response. Part of the rainfall inputs never reaches the
bottom drainage of the system to produce discharge, but is rather withdrawn by the vegetation and tran-
spired or is evaporated at the soil surface. The consequences of ET on solute transport are evident as it obvi-
ously affects the water balance (and therefore the discharge response for a rainfall event). However, ET also
conveys more intricate aftermaths on internal mixing, because it operates on different pools of water (and
consequently water characterized by different ages) than discharge does. Note that this represents an
important issue on reactive transport as the exposure time to various degradation/removal processes is
altered (discussed in section 4.3).

In an effort to investigate the nonstationarity solely induced by the variability of the water balance (i.e., the
effects of the variable precipitation influx and variable ET water outfluxes), we have rescaled the tracer
fluxes using the cumulative flow volume (CFV) t !

Ð t
21 QðxÞdx as independent variable (Figure 5e). With

this approach, the differences in the rainfall structure and ET deficits between the 2013 and 2014 injection
are implicitly integrated in the dynamics of the tracer mass outflux curve, as the metrics used is the effective
hydrologic outcome of the system exposed to the specific environmental forcing of each injection year. It
had been argued, in fact, that this choice yields stationary travel time distributions even under unsteady
flow conditions provided that changes in the storage S(t) are not major [Niemi, 1977]. The result is plotted in
Figure 5e. It is not surprising that the mass load exported per drainage volume unit discharged evolves, but
one might have expected a unimodal shape, picturing the progressive arrival of the tracer front (i.e., the
tracer concentration in the discharge water increases gradually) until the mass pulse’s centroid is reached
followed by a decrease until all tracer is discharged. Instead, we observe here multiple peaks corresponding,
in terms of chronological time, to large discharge events. This implies that the composition of the discharge
constantly evolves sampling water from different pools. The latter point suggests that when precipitation
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occurs, soil moisture increases and is redistributed, connecting water parcels that were previously hydrolog-
ically isolated as customary in macropore flow in unsaturated soils. ET also plays a key role, as it samples
water from pools that can be different than those accessible to the discharge, especially in a lysimeter
installation. This is particularly evident for evaporation, which arguably samples water mostly at shallow
depths, thereby changing both the availability of water and the hydrologic connectivity in the system. We
show in Figure 5c that almost no tracer outflux occurs between 100 and 200 days after the 2013 injection,
which corresponds to the summer months (July–September) when ET was maximum. Although the ET defi-
cit was notable, the multiple rainfall events generated during this period have prompted a nonnegligible
discharge (about 300 L corresponding to CFV values between 400 and 700 L in Figure 5e). Whether or not
the tracers may undergo plant uptake, the fact is that TR4 was still in the volume during this period as TR4
export increased again significantly later on, but was not readily accessible for discharge because of the
specific conditions in the system.

The reinjection of TR1 is less explanatory than TR4 in deciphering the key features of bulk transport, as no
breakthrough was observed for this tracer in 2013. Nevertheless, this experiment illustrates an important
implication of nonstationary transport when a reactive solute is at stake. The first injection of TR1 objectively
dismissed any premise of nonreactivity, as the entire tracer input mass disappeared in the system and was
never observed in the discharge samples. In contrast, the reinjection of the tracer in 2014 resulted in a total
mass recovery of 45% (Figure 5b, inset), only slightly lower than TR4 which was injected simultaneously.
This discrepancy emerges because the exposure time of the tracer to the potential degradation/removal
processes changes significantly between 2013 and 2014 as a consequence of nonstationary transport and
mixing. As the processes that are involved in the tracer removal (discussed in section 4.3) may entail com-
plex dynamics like, e.g., selective plant uptake or microbial degradation controlled by environmental condi-
tions, it proves difficult to relate the mass loss with the hydrological and environmental conditions
encountered by the system. This issue is further analyzed and discussed in the framework of a modeling
exercise presented in a companion paper [Queloz et al., 2015].

4.2. Sequenced Multiple Tracer Injections
In 2013, five tracers have been injected sequentially within a 1 month period. The initial conditions were
thus variable and a different forcing occurred for each tracer shortly after their injection. Nevertheless, as
the mean travel time until the tracers exited the system through discharge was much longer than for the 1
month injection period, the tracers experienced mostly the same system’s states during most of their trans-
port in the soil. Despite similar overall forcing, we observe very different tracer responses (Figure 3). The
total mass recovery ranging between 0 and 67% suggests that removal/degradation processes have
occurred and affected the tracers to various extents. However, the simultaneous reinjection in 2014 of TR1
and TR4—a priori two dissimilar tracer in terms of reactivity given the results of the 2013 injection—shows
fully synchronized discharge concentrations, with the relative concentration of TR4 about 1.5 times larger
than TR1 during almost the entire breakthrough (Figure 5a). Hence, TR1 seems more prone to degradation
or uptake. In the absence of hydrologic differentiation, however, the effects of each specific tracer dynamics
are mainly limited to the magnitude of the signal rather than to its timing.

All things considered, hydrologic processes exhibit a key role in explaining the radically different behaviors
of the five tracers injected in 2013. In Figure 6a, the fluxes are normalized and the time axis is adjusted to
the injection time of each tracer, respectively. Whereas, the signals of TR2 and TR4 (separated now with a
14 days lag equal to the time that separates their injection) are similar most of the time, we note that they
only diverge between 0 and 56 days. This is even clearer in Figure 6c where time is rescaled in terms of CFV
(see section 4.1), as the signals become similar only after 220 and 300 L for TR4 and TR2, respectively. There-
fore, the comparison of TR2 and TR4 reveals that their availability for discharge is distinct in an early phase
after their injection, but becomes equivalent after some time (for example, the discharge event occurring
33 days after the injection of TR4 and 47 days after the injection of TR2 mobilizes proportionally more TR2
than TR4, whereas the following discharge events mobilize TR2 and TR4 equally).

TR5 was recovered at a much lower ratio than TR4 and TR2 (18% against more than 60%), yet the normal-
ized flux in Figures 6b and 6c exhibits common features of TR5 with the other tracers. The early discharge
events that generate mass export for TR2 and TR4 do not affect TR5, whose breakthrough begins only after
170 L CFV. As soon as TR5 is detected in the discharge, the mass flux shows the same shape as for the other
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two tracers. Its magnitude is about half those of TR2 and TR4, but if the signals of each tracer are normalized
by their maximum value, we observe that the relative magnitude of the TR5 signal is identical with the
others until about 600 L CFV, and decreases afterward. Hence, the weaker outflux of TR5 is due to mass loss
that occurred early in the system’s transport, i.e., before the beginning of its breakthrough. These data are
not sufficient to identify whether TR5 is degraded or removed by plant uptake from the system, but the sim-
ilarities of the relative signals suggest that if it is the case, all tracers (TR2, TR4, and TR5) are affected in a
similar manner. The final decrease of TR5 outflux relative to the TR2/TR4 arises because TR5 is almost com-
pletely removed from the system.

Two main outcomes of the measurements of TR2, TR4, and TR5 are worth discussing further. When solute
pulse injections are operated sequentially under different environmental conditions, we observe similar
breakthrough dynamics until the entire solute mass has exited the system. This is because each single dis-
charge event mobilizes the different solutes equally and thus the relative quantity of solute exported during
one event is the same for all compounds. However, this only occurs after a suitable period following the sol-
ute injection, while the solute spreads in the system. It appears that most of the differentiation between the
various injections (and various tracers) in terms of mass loss occurs during this period. Unequal reactivity of
the tracers cannot be ruled out, but Figure 6c suggests that the accountable degradation processes arise
soon after injection. Consequently, as the hydrologic conditions during early transport phases are different
for each tracer, they may also influence the degradation processes and induce the variability observed
among the tracers. This issue is further discussed in the next section and in a companion paper where the
ways in which the outfluxes sample the storage are investigated in detail [Queloz et al., 2015].
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4.3. On Reactivity
During our experiment, the largest mass recovery observed was 69%. All tracers thus prove to be reactive in
the system, despite the fact that FBAs are often considered conservative tracers and have been used in several
hydrological studies specifically for this asset [e.g., Bowman, 1984; Kung et al., 2000; Juhler and Mortensen,
2002]. This experiment was initially not designed for quantifying the tracer mass loss that can be attributed to
a specific degradation or removal pathway, nor it aims at identifying the nature of these sinks. Hence, consid-
ering the results, we used and interpreted the data at hand and conducted ad hoc testing in order to diag-
nose the implications of the interactions between hydrological transport and solute reactivity (Appendix B).

Potential passive processes, in particular soil sorption, were regarded using the results of the leaching test
(Appendix A) and soil extracts analysis carried out after the end of the experiment. The high FBA recovery
of the column leaching tests using the same materials indicates that no sorption occurs in our soil, at least
under saturated conditions. In addition, the large number of samples collected at different depths do not
contain significant amount of tracer. Note that the method used actually overestimates the concentration
of the tracer sorbed, as the soil samples contained residual water at time of collection. These findings are in
agreement with previous findings of Jaynes [1994] and suggest that active processes—that we simplify
here in two categories: ET uptake and microbial degradation—are responsible for the observed mass loss.

Whereas plant uptake was demonstrated for two of the five tracers (as they have been found in the plant’s
wood and leaves), the measured concentration found would only account for a negligible fraction of the ini-
tial mass injected (section B2). It has been shown that these compounds are prone to plant uptake and can
be used as a carbon source for plant metabolism [Bulusu, 1995; Bowman et al., 1997]. The two tracers found
in the plant tissues (also in 2014 leaves) are interestingly 2-TFMBA (TR2) and 3-TFMBA (TR5), two trifluoro-
methylbenzoic acids that were injected only in 2013. TR1, TR3, and TR4 were in contrast all difluorobenzoic
acids, and despite a much larger mass of some of them was applied (e.g., TR4, which was additionally rein-
jected in 2014), there were not observed in the plant extracts. Either the difluorobenzoic acids are not prone
to plant uptake, or they are metabolized more readily than trifluoromethylbenzoic acids. However, Bowman
et al. [1997] reported significant uptake for 2,6-DFBA (TR4) and 3,4-DFBA (TR3). Note that Salix spp. are used
in phytoremediation to remove chlorobenzoic acids, a by-product of polychlorinated biphenyl [Susarla
et al., 2002], which also advocates for the ability of willows to uptake these compounds.

As already mentioned (section B3), microbial degradation of FBAs has not been specifically studied, but the simi-
larity between fluoro and chlorobenzoic acids argues for the consideration of microbial degradation as a poten-
tial process affecting the tracers in our system. The possible degradation pathway involving dehalogenation in
the first place has been assessed by measuring fluoride concentration in the soil water and discharge water. The
concentrations are too low to be accountable for a sizable fraction of the FBAs that would have been metabo-
lized by microorganisms, but the negative concentration gradient of fluoride with depth and the brief peak in
the discharge observed when the FBAs breakthrough starts speak for a preferential degradation at shallow
depth and during a limited period after the tracer injection (i.e., when the tracers is mostly at the top of the col-
umn). This is, however, insufficient to understand the global picture of microbial degradation, as a major degra-
dation pathway appears to involve fluorocathechol (not analyzed) as the first breakdown product.

FBAs tracers are thus likely to be affected by ET uptake and microbial activity rather than by soil sorption
processes. In this light, the tracer breakthroughs and the temporal distribution of the tracers in the column
can be investigated and provide additional information on how the removal mechanisms operate in combi-
nation with hydrological transport. As mentioned in section 4.2, the similarity of the tracer outflux dynamics
(for the tracer that were significantly recovered) during most of the breakthrough, but a short period follow-
ing their injection, demonstrates that the differentiation in terms of degradation/removal operates during
this limited time at least for TR2, TR4, and TR5. This does not imply that no further mass removal occurs
afterward, but in this case these tracers would be equally affected.

TR1 and TR3 do not allow to support the above observations as they have not been detected in the dis-
charge, but looking at their behaviors within the system (Figure 4a) gives some clue about their transport.
The pulse of TR1 seems slowly forced downward and remains detectable at every control plane for an
extended period (over 2 months). In contrast, TR3 is only detected at 50 cm depth during 2 weeks (14 May–
3 June) and is measured in the discharge flow only 8 days after it initially reached the depth of 50 cm. A
possible explanation for this discrepancy can be proposed based on the input sequence: the input mass of
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TR1 was relatively small, and shortly after its injection subsequent rainfall events occurred, allowing a pro-
gressive infiltration and dilution of the pulse in the system. However, the rainfall following injection of TR1
was not sufficient to trigger discharge flow until early May, when the large pulse of TR3 was applied. There-
fore, microbial degradation and/or plant uptake may have easily removed the small mass of TR1 during this
period. Instead, the mass of TR3 injected in the pulse was much larger and followed by a long dry period in
the course of which ET could not have uptake all the mass of tracer in the soil. The observed patterns, plus
the fact that TR3 could not be found in the soil analyses, suggest that degradation in the system likely
occurred, at least for this tracer.

Having shown experimentally that plant uptake is a possible removal pathway for FBAs, ET fluxes thus pro-
vide a major source of non stationarity for solute transport, not only in terms of timing, as it has already
been demonstrated, but also in terms of mass export. As an example, let us assume similar ET uptake for all
tracers and preferential water withdrawal at shallow depth by the willow. The sequence of rainfall that fol-
lows an injection would have a great influence on the mass loss and export as it changes solute concentra-
tion distribution in the soil profile, thus affecting availability for uptake. It can be noticed in the 2013
injection that the tracers with the highest recovery ratio (TR2 and TR4) were both closely followed by signifi-
cant rainfall events (Figure 3). These rainfall events were large enough to induce transport of the tracer
through the entire profile, as they begin to be detected in the discharge at this occasion. In contrast, TR1
and TR3 inputs were not followed by rainfall and were thus exposed to an extended dry period shortly after
their injection. This tracer pulse represents the most accessible water for ET flux, as ET preferentially with-
draws shallow water.

TR5 presents an intermediate situation between TR2/4 and TR1/3. The rainfall events that followed the TR5
pulse after 3 days were sufficient to force the tracer pulse down to 50 cm, but it has not been detected
deeper in the profile before a large water input occurred on 17 June, also triggering TR5 outflux in the dis-
charge. As it is discussed in the previous section and demonstrated in Figure 6c, the similarity between the
breakthroughs of TR5 and TR2/4 suggests that the difference in terms of total recovery of the tracers should
originate from the period preceding TR5 breakthrough in the discharge. ET uptake and/or preferential bio-
degradation at shallow depth could induce this mass removal. Note that microbial degradation can be
enhanced by rhizodeposition [Deavers et al., 2010; Vrchotov�a et al., 2013] and therefore induced by environ-
mental conditions prompted by the vegetation.

Examining the evolution of soil water tracer concentration during selected dry periods (with no discharge
flow and no precipitation) could have informed on where, and at what stage of the tracer transport, degra-
dation processes occur, but the soil water concentrations are subject to important heterogeneity effects
preventing interpretation at a fine time scale. In addition, these measurements appear to reflect only part of
the picture: all tracers are found in the deepest soil water samples (Figure 4a) much later than their occur-
rence in the discharge (Figure 3). This could be a consequence of the strong negative pressure applied by
the porous cups, which are also able to extract residual pore water tightly bound to the soil matrix. Instead,
discharge occurs in high soil moisture conditions and when strong connectivity is prompted. This allows dif-
ferent and more ‘‘remote’’ water pools to contribute to discharge that are able to bypass the volumes
sampled the porous cups. The higher soil water concentrations observed for TR2 at 100 cm compared to
those at 50 cm support these statements, showing either that the pulse has bypassed the sampling at shal-
low depth, or that the representability of the samples at either depths due to heterogeneity.

5. Conclusions

The controlled injection of five fluorobenzoate tracers within a vegetated hydrologic control volume subject
to erratic rainfall patterns was intended to highlight nonstationarity of the bulk transport processes attribut-
able to variable hydrologic conditions. The results of the 2 year experiment established that the premises
on the tracers behavior, known to be conservative and therefore suitable for hydrological studies, were dis-
proved as large differences in mass recovery appeared. This provided nonetheless a valuable data set from
our experiments, available as an attachment to this manuscript, as issues on reactivity arose and were
addressed in this paper.

The data set serves well the original research question, that is to evaluate how hydrologic fluxes store and
sample water and solute within controlled transport volumes, whose interpretation by travel and residence
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time distributions is the subject of a companion paper. The experimental results presented are interesting
in their own right in that they highlight selective transport properties of a particular class of fluorobenzoate
tracers previously thought to be nearly nonreactive but in reality highly sensitive to microbial degradation
and plant uptake under the type of unsaturated conditions faced by hydrologic transport.

The experiment shows that the discharge response of tracers pulses is largely nonstationary, not only
due to the variation of the climatic forcing, but also due to the prevailing soil moisture and ET deficits
during hydrological transport. The results also suggest that moisture conditions are particularly influen-
tial during a short period after the pulse injection, as most of the differences in terms of mass loss
among the tracers occur during such time. This emphasized the fact that ET uptake and/or microbial
degradation potentially operates on specific pools of the water stored that can be different than those
used by discharge.

This study suggests previously unknown features of potentially interesting hydrologic tracers suited to dis-
tinguishable multiple injections and provides an analysis on the issues to be resolved toward a direct exper-
imental closure of mass balance in hydrologic transport volumes involving significant output fluxes (like in
this case ET from a diverse assemblages of vegetation and discharge from a different compliance surface)
that are likely to sample stored water and solutes in different ways.

Appendix A: Tracer Validation by Leaching Test

In order to assess the reactivity of the selected chemicals in the soil, a small-scale column experiment has
been set up. The column consists of a stainless-steel cylinder with a diameter of 25 cm filled with 50 cm of
the same soil mixture used in the lysimeter experiment. A vertical downward flow is induced by maintaining
an 1 cm overflow above the soil surface, and can be regulated by changing the pressure head at the outlet.
A mixture of the five tracers was added in the inlet zone (overflow) simulating a quasi-instantaneous pulse
with a concentration of about 10 mg L21. Samples were taken every 2 h using a solenoid valve and a frac-
tion collector, and a subset of the collected samples was further analyzed with the same procedure as
described in section 2.3.

After 13 days, 94, 100, 97, 100, and 102% of the mass injected was recovered for 2,5-DFBA, 2-TFMBA, 3,4-
DFBA, 2,6-DFBA, and 3-TFMBA, respectively. The small mass excess for the last tracer is likely due to meas-
urements error. The breakthrough curves and cumulative mass recovery are presented in Figure S1 in the
supporting information. The bimodal shape of the breakthrough curves is likely induced by fluctuations of
the discharge rate, which, due to the system setup, could not be maintained perfectly constant during the
experiment. These results are in accordance with the finding of Jaynes [1994], with a slightly retarded arrival
of 3,4-DFBA and 3-TFMBA in regards to the other compounds and mass recovery within a similar range (it is
to be noted that we designed the experiment with a residence time about 10 times larger than in Jaynes
[1994]).

The negligible mass loss and low retardation of the FBAs observed in this experiment for our specific soil, in
accordance with the literature [Bowman, 1984; Bowman and Gibbens, 1992; Jaynes, 1994] are justified argu-
ments for the selection of the five FBAs as individual conservative tracers for this study.

Appendix B: Post Hoc Tracer Reactivity Testing

At the end of the experiment, the poor overall recovery of the FBAs indicates that despite they are often
considered as nonreactive tracers in the literature, we face potentially diverse processes affecting the
amount of unreacted compounds found in the discharge. These processes are either (1) degrading the trac-
ers into by-products within the system, (2) removing the tracers via nonmonitored pathway (i.e., ET flux),
and/or (3) accumulating the tracers within the system preventing their release in the discharge water. We
investigated the possibility of these pathways a posteriori by measuring tracer accumulation in the plant
and in the soil (destructive). Note that plant metabolism and microbial activity may also have transformed
parts of the tracers applied by various degradation pathways, leading to a potentially large array of by-
products [Bowman et al., 1997; Commandeur and Parsons, 1990]. A possible microbial degradation pathway
involving the release of Fluoride as a by-product was also examined.
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B1. Soil Sorption
FBA extraction was performed on raw soil samples (i.e., unsorted of any organic/mineral fraction). Therefore,
the levels of FBA can be difficult to interpret, as they can result from soil sorption, but also root uptake or
microbial bioaccumulation. We sampled soil cores at different depths and different radial distances from
the trunks after the last water flushes, and determine for each sample the content in FBAs and in organic
matter (with total organic carbon measurements), so as to analyze possible correlations. A positive correla-
tion of the FBA content with the organic matter would suggest that the FBAs are mainly bound to the
organic fraction (roots or microbial mass) rather than sorbed on mineral particles. A vertical gradient of total
organic carbon may be expected in our setting based on the root density distribution.

Soil cores were collected with a semicylindrical auger, giving a continuous sample from the surface up to
the top of the gravel filter at 2 m depth. Four vertical profiles were collected radially at 0, 15, 30, and 45 cm
from the center of the lysimeter, hence at increasing distance from the trunks of the two willows. Each pro-
file was divided into four samples with depth ranging from 0–50, 50–100, 100–150 to 150–200 cm. The sam-
ples were dried at 40�C during 24 h, and conditioned in airtight plastic bags. 5–10 g of each sample were
used for stirred extraction with 30 mL of MilliQ water during 24 h. The samples were filtered at 0.45 lm
with GMF filters (BGB Analytik) and concentrated on a solid phase extraction (SPE) system (Visiprep, Sigma-
Aldrich) with 200 mg polymeric reversed-phase cartridges (Oasis HLB 6 cc, Waters) conditioned with 5 mL
acetonitrile and 10 mL MilliQ water. After the injection of the 30 mL samples, the FBAs were recovered with
3 mL acetonitrile, concentrated at 0.1 mL and finally diluted at 1 mL with the LC/MS-MS eluent. The quantifi-
cation was done with LC/MS-MS following the procedure described in section 2.3.

The total organic carbon (TOC) fraction of each sample was determined using the combustion catalytic oxi-
dation method (Shimadzu TOC-V SSM).

No significant trend of carbon content was observed in the ‘‘soil’’ samples, with a mean value of 0.6 and
1.4% for the total organic carbon and inorganic carbon, respectively (see supporting information, Figure
S3). The root network is thus considered to be homogeneously distributed in the entire volume of the
lysimeter.

Tracer concentration in the soil ranges from 0 to about 10 ng g21, except for TR3 which has not been
detected in any sample (supporting information, Figure S2). Higher tracer content are observed for the
deepest samples with the largest distance from the center, reaching about 55 ng g21 for TR5 and up to 260
ng g21 for TR4. Generally, there is a small increase of the concentration (except for TR5) with depth, but no
clear trend is observed with the radial distance from the center. The mass measured in the soil represents
approximately 0.1, 0.4, 0.9, and 2.3% of the mass injected (on a total unrecovered mass of 100, 33, 99, 40,
and 81% at the end of the breakthroughs) for TR1, TR2, TR4, and TR5, respectively. No correlation between
the samples’ tracer content and the TOC can be noticed, as the low TOC values appear homogeneous in
the system, between 0.37% and 0.77%. A TOC content between 0.9% and 1% was observed for the samples
corresponding to the center profile at 0–50 cm depth and to the profile at 15 cm from the center at
between 100 and 150 cm depth.

B2. Plant Uptake
In order to estimate the FBA content in the biomass, the two willows were cut at the soil surface, and the
aerial biomass was divided and weighted as follows: upper twigs, mid twigs, lower twigs, trunk, first-order
branches, second and third-order branches. The twigs of each category were further divided into two size-
classes (as the age of the twigs may change the amount of tracer that could have been metabolized before
sampling). Samples in each category were randomly collected, measured, and weighted. The samples were
ground with a helical blade mixer (Ika M20) and a similar filtration and extraction procedure (extraction
with water and SPE) as for the soil samples was used. The LC/MS-MS quantification procedure is detailed in
section 2.3.

The detection of FBAs in the plant extracts confirms that plant uptake is a viable pathway, in particular with
willows. Only TR2 and TR5 were detected, whereas the three other tracers were below the detection limit.
TR2 was measured in all samples at a concentration ranging from 165 to 397 ng g21. The TR2 concentration
was significantly lower in the wood samples than in the twigs samples. TR5 concentration were 2 order of
magnitude lower than TR2 ranging from 1.6 to 30.6 ng g21, but also detected in all samples. The
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concentrations measured multiplied by the total dry biomass of each sample’s category give a crude esti-
mate of the tracer accumulated in the aerial part of the willow, which represent 3.8 mg for TR2 and 0.06 mg
for TR5 (0.13% and 0.003% of the TR2/TR5 injected mass, respectively). The fluoride concentrations are pre-
sented in the supporting information, Figure S5.

B3. Microbial Degradation
Tracer microbial degradation is difficult to assess, as breakdown pathways are numerous and may differ
depending on the microbial communities present in the soil. Specific literature reporting fluorobenzoic acid
degradation is relatively poor and limited to mono-fluorobenzoic acids [Commandeur and Parsons, 1990;
Motosugi and Soda, 1983; Vargas et al., 2000]. In contrast, degradation of chlorofluorobenzoic acids (CBAs)
has been much more investigated (they are by-products of PCBs). Numerous aerobic degradation pathways
of CBAs have been described for different bacteria strains. However, similarly to FBAs, most of them usually
lead to the production of catechol, which implies the release of a halide ion, or chloro/fluorocatechol [Com-
mandeur and Parsons, 1990; Motosugi and Soda, 1983; Patil and Rao, 2014; Zaitsev and Karasevich, 1981]. Flu-
oride potentially released from microbial degradation would then be washed out, as the soil sorption can
only occur by anionic exchange, unlikely in very sandy soil as here. Hence, we analyzed a posteriori a selec-
tion of soil water and discharge water samples, in order to identify a possible Fluoride concentration
increase due to microbial degradation of FBAs. Fluoride concentration in aqueous samples was determined
using ion chromatography (Dionex ICS-3000, USA).

The fluoride concentrations are shown in Figure S5 in supporting information. The fluoride level in the dis-
charge water is generally low, below the analytical limit of calibration (0.10 mg g21). Two samples show a
concentration around 0.20 mg g21 early after the beginning of the first breakthrough in 2013. At the end of
the first breakthrough and during the subsequent breakthrough of the 2014 injection, fluoride increases
consistently up to 0.15 mg g21. The soil water samples indicate a low negative gradient with depth.
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