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In recent years, constructed wetland systems have become into focus as means of cost-efficient organic contam-
inant management. Wetland systems provide a highly reactive environment in which several removal pathways
of organic chemicals may be present at the same time; however, specific elimination processes and hydraulic
conditions are usually separately investigated and thus not fully understood. The flow system in a three dimen-
sional pilot-scale horizontal subsurface constructed wetland was investigated applying a multi-tracer test com-
bined with a mathematical model to evaluate the flow and transport processes. The results indicate the existence
of a multiple flow system with two distinct flow paths through the gravel bed and a preferential flow at the bot-
tom transporting 68% of tracer mass resulting from the inflow design of the model wetland system. There the re-
moval of main contaminant chlorobenzene was up to 52% based on different calculation approaches. Determined
retention times in the range of 22 d to 32.5 d the wetland has a heterogeneous flow pattern. Differences between
simulated and measured tracer concentrations in the upper sediment indicate diffusion dominated processes due
to stagnant water zones. The tracer study combining experimental evaluation with mathematical modeling dem-
onstrated the complexity of flow and transport processes in the constructed wetlands which need to be taken
into account during interpretation of the determining attenuation processes.
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1. Introduction

Constructed wetlands have become of increasing interest in recent
years as an economical solution for treating wastewater. Subsurface
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flow constructed wetlands provide a heterogeneous filter and buffer
system where abiotic and biotic processes, e.g. sorption, hydrolysis,
photolysis, evaporation and biodegradation, may take place simulta-
neously, resulting in contaminant removal (Imfeld et al., 2009). Wet-
lands have been shown efficient in the removal of organic
contaminants such as the chlorinated solvents, pharmaceuticals, per-
sonal health care products, pesticides as well as the immobilization of
metals (Gambrell, 1994; Imfeld et al., 2009; Kidmose et al., 2010; Li
et al., 2014; Onesios et al., 2009; Schmidt et al., 2014; Verlicchi and
Zambello, 2014). However, the processes contributing to the removal
are not fully understood and of high interest for future wetland applica-
tions. The currently developed applications for industrial and urban
scale water treatment, however, require a detailed understanding of
the intertwined processes occurring in the highly heterogeneous envi-
ronment of wetland systems (Imfeld et al., 2009). In particular, a thor-
ough understanding of the water flow characteristics determining the
retention time and flow paths will be a requisite to run such systems ef-
ficiently (Zahraeifard and Deng, 2011) and before up-scaling of these
approaches can be successful. Then the implementation can be consid-
ered as feasible alternative or supplement for conventional wastewater
treatment or contaminated site management (Gearheart et al., 1989).
To date, several studies were published addressing constructed wet-
land processes in more detail. For example, the contributing processes
to chloroethene (Imfeld et al, 2010), monochlorobenzene
(Braeckevelt et al., 2007; Schmidt et al., 2014) as well as MTBE
(Jechalke et al, 2010; Rakoczy et al, 2011), pharmaceuticals
(Matamoros and Bayona, 2006) or metals (Weis and Weis, 2004) re-
moval and immobilization and related microbial biomass (Tietz et al.,
2007; Truu et al., 2009) was described (Imfeld et al., 2009). However,
these processes also need an insight into the hydrology and the flow
characteristics of such wetland systems (King et al., 1997; Machate
et al,, 1997; Matoszewski et al., 2006a; Matoszewski et al., 2006b;
Ranieri et al., 2011). Indeed, the understanding of the flow characteris-
tics in a wetland is of utmost importance for determining the overall
residence time of the water in the system and thus the contact time be-
tween the reactive surfaces and contaminant of interest (Matoszewski
et al., 2006b). Overall, the residence time of a contaminant in a treat-
ment system needs to be longer to the time required for its degradation
to reach a complete removal. Often, only the average residence time is
determined as only samples at a single point without depth distinction
within the gravel bed or at the outlet are considered in constructed wet-
lands (Guo et al., 2017; Matoszewski et al., 2006b; Ranieri et al., 2011).
The theoretical retention time can be approximated as the ratio be-
tween pore water volume within the bed and the applied volumetric
flow rate assuming homogeneous and plug flow conditions and that
all water in the wetland is mobile. In reality, no such homogeneous sys-
tems exist and not only average residence times are of importance but
the residence time distributions (RTD) covering the entire range of po-
tential reaction times. Particularly heterogeneities like preferential flow
or stagnant water zones are of importance as they decrease or increase
the residence time, respectively. In surface water dominated wetlands
(Holland et al., 2004; Lange et al., 2011) as well as in subsurface flow
systems (Kidmose et al., 2010; Langergraber, 2008; Matoszewski et al.,
2006b), the combined use of tracers and mathematical modeling have
been adequate tools to identify and quantify heterogeneous flow
paths and residence times which can be different from theoretical calcu-
lations. Most of these tracer applications measure the tracer break-
through curves (BTCs) only at the outlet. The contribution of different
process towards removal, e.g. aerobic, anaerobic or abiotic, are not
clear as such systems are from high complexity in their flow path due
to changes in flow, evapotranspiration, rain gains, heterogeneous distri-
bution of plants, of load and so on which make each system almost
unique (Imfeld et al., 2009). Therefore, the objective of this study was
to identify complex horizontal and vertical transport processes in a con-
structed wetland. Specifically, we aimed to use a combined multiple
tracer and mathematical modeling approach to quantify different flow

paths, transport processes and residence times within the constructed
wetland. The outcome of this study will contribute to a general under-
standing of heterogeneous hydrological conditions in similar systems
which are crucial to understand observed removal of contaminants. As
a model system, a constructed wetland fed with monochlorobenzene
(MCB) contaminated groundwater was used, consisting of a planted
and unplanted segment (Schmidt et al., 2014). For this study, only the
unplanted segment was investigated. In the unplanted gravel bed filter
of this horizontal subsurface-flow constructed wetland system, about
40% of the MCB was removed in the gravel bed while over the transition
zone into the pond another 50% was eliminated leading to an overall re-
duction of MCB of 90% compared to the inflow. The removal was appar-
ently linked to iron reduction, however, due to the uncertainties in flow
paths and actual residence time, the rate of removal and active regions
could not be assessed.

2. Material and methods
2.1. Model constructed wetland system

The horizontal subsurface flow wetland system within the SAFIRA
project located directly at the contaminated field site in Bitterfeld,
Germany consisted of a stainless steel basin with the dimension of
6 m (length) x 1 m (width) x 0.7 m (depth) (Fig. 1) with a gravel bed
(5m x 1m x 0.6 m) and a free water pond (1 m x 1 m x 0.5 m) at
the outflow side (Figs. S1-S3) (Kaschl et al., 2005; Schmidt et al.,
2014). The grain size grading of the filter material was assessed follow-
ing standard test DIN 18123 resulting in Gaussian distribution of the
granular size between 0.63 mm and 6.3 mm. Total measured porosity
was 41% (¢ = 0.41). The water flow was generated through external
pumps at the inflow and outflow. Inflow was continuous using a rotary
piston pump from Ismatec (Wertheim, Germany) with a flow rate
(q) held at 1 L h™! representative for the conditions in the aquifer cor-
responding to a hydraulic loading rate (HLR) of the subsurface flow
gravel bed and free water pond of 48 mmd ™' and 24 mmd ", respec-
tively (Kadlec and Wallace, 2008). The water level at the outflow was
held constant at 50 cm (10 cm under gravel bed surface) using a tubing
pump from Ismatec (Wertheim, Germany) controlled by a float sensor
from Kobold Messring (Hofheim, Germany). Water flow mass balances
during the tracer test were calculated from the pump rates.

2.2. Tracer test

A multi tracer test was performed from April to May 2011 (16.3 °C
mean air temperature). The gravel bed was covered with polyethylene
foil to minimize processes like evaporation, dilution through rain or
photodegradation of the tracer chemicals. A mixture of bromide (as
KBr; 550 mg L~!), uranine (120 pg L=!) and deuterium oxide
(0.14 at%; 8D = 8050%.) in contaminated groundwater from the region-
al aquifer was injected. Three tracers were chosen which had different
diffusion coefficients, thus allowing identifying stagnant water zones
and diffusion dominated transport processes (Knorr et al., 2016). The
tracers were added as a pulse injection over 20 h at the flux of 1 Lh™!
from a separate tank which was connected to the inflow of the wetland.
Afterwards, the inflow was reconnected directly to the groundwater
feed keeping the same flow conditions. Samples were taken at 4 m
and, as indicated, at 4.5 m from the inflow central in the gravel bed at
three different depths (—27.5 cm; —37.5 cm; —47.5 cm from water
surface level) simultaneously with a peristaltic pump from Ismatec
(Wertheim, Germany) at a relatively low flow rate of 4 mL min~ ! to
minimize artificial influences to the flow. Polyethylene scintillation
vials from VWR (Darmstadt, Germany) were filled with 20 mL pore
water for each sampling point and time and were stored in 8 °C temper-
ature in the dark prior to analysis. The sampling regime is listed in detail
in SL
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Fig. 1. Schematic model of the constructed wetland system in Bitterfeld with the dimension of 6 m (length) x 1 m (width) x 0.6 m (depth) consisted of a gravel bed (5 m x 1 m x 0.6 m)
and a free water pond (1 m x 1 m x 0.5 m) at the outflow side. Green dots represent the sampling points in 4 m after the inflow in direction of flow in three different depths (—27.5 cm;
—37.5cm; —47.5 cm from water surface level). Injection of tracer solution was done at decoupled inflow pump via a 40 L stainless steel tank. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

2.3. Analysis of the tracer chemicals

Bromide concentrations were determined using an ion chromatog-
raphy from Dionex-Thermo Scientific (Bremen, Germany) set up with
lon Pac pre-column and analytical column lon Pac AS 11-HC (4
x 50 mm; 4 x 250 mm) from Dionex-Thermo Scientific (Bremen,
Germany) with an analytical uncertainty of 0.05 mg L™ . Uranine con-
centrations were measured using a fluorescence photometer from Tau-
rus Instruments (Weimar, Germany) in a daylight-darkened laboratory
using a non-UV lamp, to avoid errors caused by photodegradation pro-
cesses during analysis. Deuterium analyses were done using a high tem-
perature pyrolysis from HEKAtech (Wegeberg, Germany) coupled to an
isotope ratio mass spectrometry from Thermo Scientific (Bremen,
Germany) (HTP-IRMS) with an analytical uncertainty of 0.44%. (Gehre
and Strauch, 2003).

Concentration corrections of the applied tracers were done based on
background analyses of the groundwater. Bromide was below detection
limit (cg, < 0.5 mg L™ 1), deuterium present at natural abundance 6D =
— 69 4 1%. and uranine was corrected considering natural fluorescence
of the groundwater (equal to Cyganine = 0.176 & 0.002 ug L~ 1).

2.4. Mathematical model

In the present pilot system, the tracer migration can be considered as
dispersive-convective transport within several flow-paths, which meet
in the observation port, when considering that (1) injection takes place
in several inflow pipes equally distributed horizontally, resulting in the
transversal line injection close to the bottom of the wetland; (2) trans-
versal vertical dispersion is small and can be neglected; and (3) the flow
conditions are in steady state. Depending on the results of the tracer
breakthrough curves, an appropriate model approach has to be chosen.
Due to similarities in BTCs compared to the previous study by
Matoszewski et al. (2006b), investigating the flow paths in artificial
wetlands, the Multi-Flow Dispersion Model (MFDM) was chosen. The
MFDM model assumes that the tracer transport between the inlet to
the wetland (injection site) and the observation site (flow distance x)
can be estimated by a combination of singular 1-D dispersion-
convection equations. Each flow-path is characterized by a specific vol-
umetric flow rate (q;), mean transit time of water (t,; = v; / x) or velocity
(v;), and longitudinal dispersivity (oy;) or dispersion parameter (Pp; =
oy; / x). It is assumed that there is no interaction between the flow
paths and that the whole injected mass of tracer is divided into several
flow-paths proportionally to the respective volumetric flow rates (g;).
The transport of an ideal tracer along i flow-path is described by the
following equation:

o°c; dc ac
aLiViWZl+ViaT::ET; (1)
where C(t) is the concentration of tracer in the effluent from the i
flow-path. The solution to Eq. (1) for a pulse injection was given e.g.

in Hendry et al. (1999) and Stumpp et al. (2009) and has the following
form:

t
Gi(t) = Co/gi(r)dr for t<tpyse

% 2)
Ci(t) = C0 / gi(T)dT for t>tpulse

t—tpuise

where Gy is the concentration of tracer in the pulse injection, f,se is du-
ration of the pulse and the function g;(7) is equal to:

1 , exp[_ (1-7/to)” } 3)

gi(r) = — ————
tar\4m(Pp ) (7 /ta)? A(Po);(7/tol)

Mean transit time for the flow-system between injection site and de-
tection port (being in different depths “j”) is the flux weighted mean de-
scribed by the following equation:

N
(o) ean = > 1+ (£ =~ (4)
i—1

Vi
4;
where Vj is the active volume of water between injection and detection
port and g; is the water flux through the volume V; observed in different

depths (“j”), and N is the number of flow-paths, which has to be found
in modeling procedure applied for each depth “j”, and

_ f:)c Ci(t)portdt
P Ot ?

where C(t)por is the whole concentration curve measured in the water
at the observation port and Gi(t)por is the partial measured concentra-
tion curve, resulting at the port from the tracer transport within the i-
the flow-path, which must be found by modeling procedure.

When the flow rate at the observation port (q;) is known or can be
estimated, the volume of water in the wetland layer between injection
site and observation port (V;) can be calculated as:

N

Vi=>"V (6)
i1

where

Vi=p; toi-q;j (7)

and j corresponds to upper, middle and lower port. The fluxes g; was fi-
nally found from the surfaces under the whole tracer curve modelled for
each depth by adopting Eq. (5).
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3. Results
3.1. Tracer experiment

All three tracers, bromide, deuterium oxide and uranine,
were detected at all three sampling depths at the sampling
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point at 4 m (Fig. 2). The highest concentrations of all tracers
were observed at the lowest level (Fig. 2¢). Here, two main par-
tial breakthrough curves were detected for all tracers, after ap-
proximately 300 and 510 h, respectively. Interestingly, the
observed second peak with up to 18.4% of the initial concentra-
tion was relatively higher compared to the first peak with up
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Fig. 2. Results of breakthrough curves of the tracers deuterium (A ), bromide (O) and uranine (4) at 4 m from inflow in the sampled depths. Response of tracer concentrations normalized
to the initial concentrations (c/co) over time after pulse injection in the upper level (a), middle level (b) and lower level (c), respectively.
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to 9.7%. A third, minor, breakthrough curve was observed after
approx. 800 h.

At the upper levels, bromine and deuterium behaved similarly, dif-
ferent from uranine. Bromine and deuterium had one main break-
through peak at approximately 550 h at the middle level (Fig. 2b) and
two peaks at approximately 400 and 720 h at the upper level (Fig. 2a).
Surprisingly, uranine did not have a clear breakthrough curve at the
middle and upper level. Following an increase after approximately
600 and 750 h at the middle and upper level, respectively, uranine
remained at a low but relatively constant concentration over the time
frame of the experiment.

While the maximum concentration was up to 18.4% in the lower
level, maximum concentrations in the middle and upper level were
only 3.7% and 3.2%, respectively, of the initial concentration (Fig. 2).
Even though the two tracer breakthrough curves in the upper level ar-
rived around 100 and 200 h later than in the lower level, respectively,
they followed the same trend transporting more tracer mass in the sec-
ond curve as compared to the first curve. However, contrastingly, the
only main BTC in the middle level arrived 250 h later than in the
lower level.

Comparing the tracers, D,0 generally had the highest relative con-
centrations in the breakthrough curves, followed by bromine. Uranine
generally behaved similar, although with lower relatively concentra-
tions, in the lower level, however behaved quite differently from D,0

20 4
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o (3]
L 1

Bromide [mg-L]
(4]

o
‘

0 200 400 600 800

and bromine in the middle and upper level, likely due to higher interac-
tions with the sediment (Davis et al., 1980).

3.2. Mathematical modeling

The mathematical multi-flow dispersion model was used to model
the breakthrough curves of the different levels. Exemplary bromide
was chosen to discuss the results of the modeling (Fig. 3). The fitted
model curves using the MFDM for the other two tracers are shown in
SI (Figs. S4, S5). Resulting modeling parameters are summarized in
Table 1. The measured data were well reproduced by the chosen
MFDM indicating the presence of complex, multiple flow paths in the
system. The modeling confirmed the preferred flow along the bottom
(lower) layer with 65-70% of mass flowing along the bottom and 14-
18% and 16-17% of mass at the middle and upper level, respectively
(Table 2). Highest flow fractions were found for the second partial BTC
in the lower and upper levels, respectively, and for the first partial BTC
in the middle layer. Fitting parameters were similar for deuterium and
bromide for all BTCs in all levels (Table 1). BTCs of uranine resulted in
similar transport parameters in the main flow paths (lower layer), but
transport in the middle and upper level were different indicating a re-
tardation and non-conservative transport behavior of uranine in these
layers; therefore, no results are presented in Table 2 for uranine. Due
to a larger mass fraction of uranine in the third partial BTC at the
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Fig. 3. Calibration the MFDM to bromide concentration over time after pulse injection in the different levelsatz = —27.5cm (a),z = —37.5cm (b) and z = —47.5 cm (), respectively at X

= 4 m. Observed sampled bromide concentrations () and fitted RTD curves obtained with the MFDM of each breakthrough curve (black lines) and complete tracer regime (grey line).
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Table 1

Overview of parameters derived from the MFDM of all tracers and different sampled levels at 4 m horizontal distance from inflow where T represents the transit time, v the velocity, o the

longitudinal dispersivity and p the portion of tracer mass.

Lower level Middle level Upper level
Depthz = —47.5cm Depthz = —37.5cm Depthz = —27.5cm
Deuterium Bromide Uranine Deuterium Bromide Uranine Deuterium Bromide Uranine
Curve 1 T[d] 12.7 12.6 12.6 241 23.8 32.0 18.0 18.2 40.8
v[md™!] 0.32 0.32 032 0.17 0.17 0.13 0.22 0.22 0.10
oy [cm] 4.6 4.6 3.8 3.6 29 7.0 1.5 14 4.0
pl[—] 0.30 0.29 0.31 0.78 0.59 0.49 0.22 0.18 0.47
Curve 2 T[d] 214 214 20.1 46.0 445 46.0 304 28.6 59.7
v[md™'] 0.19 0.19 0.20 0.09 0.09 0.09 0.13 0.14 0.07
a [cm] 1.6 1.6 22 0.5 8.3 35 1.0 1.5 3.0
pl—] 0.57 0.54 0.49 0.22 0.41 0.28 0.48 0.42 0.53
Curve 3 T[d] 41.2 43.5 40.0 - - 61.5 41.7 46.5 -
v[md™] 0.10 0.09 0.10 - - 0.07 0.10 0.09 -
a [cm] 4.0 6.4 43 - - 2.0 2.8 5.0 -
pl—] 0.13 0.17 0.20 - - 0.23 0.30 0.40 -
Weighted mean transit time T[d] 214 22.6 218 289 323 42.7 31.1 339 50.8

upper level, also retardation of uranine was found here despite similar-
ities of individual transit times. Weighted mean transit times were
shortest in the lower level ranging between 21.4 and 22.6 d (see
Table 1). Transit times were longer for the middle and upper level
resulting in weighted mean transit times of 28.9 and 31.1 d, and 32.3
and 33.9 d for deuterium and bromide, respectively. Dispersivities var-
ied within one order of magnitude (0.5-8.3 cm). Dispersivities for bro-
mide and deuterium were similar except for the last BTC in all levels;
here, bromide resulted in larger dispersivities compared to deuterium
(see Table 1). Mean transit times found as an average for deuterium
and bromide varied between 22.0 and 32.5 d for lower and upper
layer, respectively (see Table 2). Table 2 also shows resulting mean cal-
culated water flux q; assuming that the tracer distribution observed in
each level is representative for the horizontal plain in that level. It was
the largest in the lower level (0.68q) while in middle and upper levels
it was similar and equal to 0.16q (see Table 2). Taking into account
that g = 1 Lh~ " and a total pore water volume of 0.82 m? it yields to
an active pore water volume of 0.61 m? in the lower part of the wetland
which corresponds to effective porosity being approximately 40%.

4. Discussion
4.1. Flowpath and residence times

The resulting BTCs and transport parameters showed, in contrast to
findings of Headley et al. (2005), that flow and transport in our pilot
constructed wetland was complex and heterogeneous, both in vertical
and horizontal direction. The highest concentrations of all tracers
were observed at the lowest level (Fig. 2c) suggesting a main flow
path along the bottom of the wetland. Here, two main and one minor,
partial breakthrough curves were detected for all tracers, indicating
multiple flow paths at the lower level. All three tracers showed similar
BTC distributions without any pronounced differences in the tailing of
the concentration curves. Consequently, diffusion in this lower level

seems to be negligible. Interestingly, the observations implied the
higher mass of tracer transported through the second main flow path.
On the one hand, the heterogeneity can results from not fully mixed
conditions between injection and sampling ports along the main flow
direction. Hence, the first BTC at the lower level likely represented
water flowing from the middle injection port to the sampling point
and the second peak with higher mass recovery then resulted from
water originating from the two outer injection points. The third BTC
could have been the consequence of water mixed with less mobile
water between injection ports (Kadlec and Wallace, 2008). On the
other hand, the different flow paths in the lower level can result from
multiple porous sediment developed from settled organic material
resulting in multiple BTCs like found for heterogeneous aquifers
(Vanderborght and Vereecken, 2002).

A non-uniform flow through the wetland is obvious when looking at
the vertical distribution of BTCs. First, the mass of the tracer is not equal-
ly distributed within the wetland (Table 2). Second, transit times and
distributions of BTCs at the middle and upper level were similar but
rather different from the lower level. The sampling procedure itself -
due to pumping - is expected to not substantially influence the tracer
migration because the pump rate (0.24 L h™!) was only one fourth of
the total flux (1 Lh™!) through the wetland. From total flux and assum-
ing uniform flow, a mean flow velocity and transit time of 0.16 m d !
and 25 d could be estimated, respectively.

4.2. Differences between tracers

Comparing the used tracers, deuterium can be considered as an ideal
tracer of water sources and movements (Kendall and McDonnell, 1999).
Minor difference in relative concentrations (Fig. 2) between deuterium
and bromide can be explained either by analytical uncertainties, which
are relatively higher for bromide compared to deuterium, or by anion
properties of bromide. Bromide has been reported to be affected by
sorption or anion exclusion under specific conditions (Gilley et al.,

Table 2
Calculated relative portions of tracer mass of two ideal tracers (deuterium, bromide) and mean values of flux portion, transit time and volume of active water in the different levels derived
from the MFDM.
Portion of whole tracer mass Mean portion of tracer mass Mean transit time Mean volume of active water
pi (-]
Level Deuterium Bromide Pj mean [—] Tj mean [d] Vj mean [m?]
Lower 0.70 0.65 0.68 22.0 0.36
(—47.5cm)
Middle 0.14 0.18 0.16 30.6 0.12
(—37.5cm)
Upper 0.16 0.17 0.16 325 0.13

(—27.5cm)
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1990; Korom, 2000; Levy and Chambers, 1987) and on plant uptake es-
pecially in wetlands (Whitmer et al., 2000). The latter is irrelevant be-
cause the wetland was unplanted.

Substantial differences were found for uranine compared to the
other two tracers. Most notable was the different transport behavior
of uranine with the initial absence and delayed occurrence of uranine
in the upper levels compared to bromide and deuterium. There the
modeling results clearly indicated retardation of uranine (Table 1).
Even though uranine is generally considered to be a non-sorbing con-
servative tracer (Kdss et al., 1998), as it does not sorb to negatively
charged media such as silica and sandstone, it was found to sorb to pos-
itively charged media such as alumina and carbonate (Kasnavia et al.,
1999; Sabatini, 2000). Since the gravel material consisted primarily of
silica sand, sorption onto the aquifer material was not expected. Addi-
tionally, uranine is not an ideal tracer in presence of high organic con-
tent (Kasnavia et al, 1999; Smart and Laidlaw, 1977) or salt
concentrations (Magal et al., 2008) which were identified to enhance
sorption. Particularly the first may apply to the investigation site due
to presence of brown coal particles in the contaminated groundwater
which were transported and deposited over the years in the gravel
bed (Weiss et al., 1998). This effect was strongest in the middle and
upper level of the pilot system where flow velocities were lowest. In
the lower level with high flow velocities, uranine appeared slightly
later and tailing was observed of the BTCs compared to deuterium.
This tailing is likely a consequence of sorption effects, which has also
been previously observed in other wetland systems (Holcova et al.,
2013).

4.3. Evaluation of the wetland performance

The actual residence time in the system is a key factor for evaluating
the performance of a constructed wetland for contaminant removal.
Our study shows that tracer studies were necessary to revise results
from water balance approaches based on in- and outflow. Unlike initial-
ly assumed, the overall residence time of the groundwater and conser-
vative tracers in the wetland system (22.0-32.5 d, see Table 2) was
lower compared to the theoretical one (34.2 d) resulting in a lower con-
tact and reaction time than previously assumed (Schmidt et al., 2014).
In addition, a preferential flow along the bottom of the wetland system
can be concluded, which is likely due to the constructional design of the
inflow resulting in lower water and contaminant infiltration in the mid-
dle and upper levels. Considering mass fluxes in the wetland, different
reactive compartments have to be considered. From a hydrological
point of view the middle and upper layer had 8.6 d and 10.5 d, respec-
tively, longer residence times compared to the lower level and therefore
more potential for reaction and thus, the removal of contaminants
should be higher here. However, lower contaminant mass will be
transported through these regions.

To assess the MCB removal efficiency of the model wetland system,
MCB concentration changes during passage in the gravel bed were in-
vestigated for the different depths (Fig. S6). There, MCB removal was es-
timated (see SI) to be 34% in the upper level and 20% in the middle and
lower level, respectively, based on analyzed concentrations only
(Table S1). Highest removal rate and most active zones therefore
would supposedly be located in the upper parts of the wetland. By in-
cluding the observations from the tracer study our approximation re-
sulted in similar relative MCB mass removal than estimated above for
the upper and middle layers with 31% and 17%, respectively, while the
lower part contributed to a higher extent with 52% (see Table S1).

Based on average oxygen concentrations and redox potentials of the
gravel bed (0.09 + 0.03 mg L™, 147 + 45 mV) and especially in the
lower level of 0.08 + 0.01 mg L' (Fig. S7) and 108 + 22 mV, respec-
tively, the overall wetland can be considered as anoxic in contrast to
the apparent system analogy and the measured values from Schmidt
et al. (2014). Combining the results, major biological processes driving
the MCB removal were likely anaerobic. The underestimation of MCB

degradation in the anoxic zone at the bottom of the wetland could be
only revealed by applying a tracer test combined with the modeling
approach.

4.4. Implications for the investigation and implementation of constructed
wetlands

Our study stresses the importance of hydrological investigations of
constructed wetland as it can provide valuable insights into water
flow, transport and residence times of contaminants in these systems.
The combination of a multi-tracer test with sampling at multiple depths
in the wetland filter, and a mathematical modeling allowed identifying
main water flow paths, variable flow conditions and precise definition
of residence times. In our case, the overall water flow and thus contam-
inant transport was much faster than expected. Furthermore, the tracer
approach connected with a depth resolved sampling allowed to locate
the preferential flow paths and transport processes. This will help to de-
sign and optimize nature-like model wetland systems for future treat-
ment purposes. The horizontal subsurface flow wetland system was
designed to simulate aquifer-like conditions and to provide as system
for investigation of microbial processes at geochemical gradients. How-
ever, in reality the system turned out to consist of rather heterogeneous
flow paths with strongly different transit times between levels. Conse-
quently, contaminant removal rates were overestimated when only
based on concentration values. Especially, previous assumption of even-
ly distributed fluxes and over-estimation of residence times resulted in
underestimation of degradation in the lower level. The contaminant re-
moval efficiency may be improved by altering the wetland design pro-
viding either a more homogeneous flow of groundwater through all
parts of the system with higher reaction times or in an even more het-
erogeneous flow pattern through different geochemical zones in the
system enhancing gradient based degradation processes. Therefore,
for implementation of constructed wetlands as treatment systems, the
effect of design parameters, causing the hydraulic behavior and thus
their effect on physical-chemical parameters, can strongly influence
the removal efficiencies of contaminants of the interest (Kidmose
et al,, 2010; Onesios et al., 2009). By combining results of multiple con-
servative tracers additional information on characteristics such as sorp-
tion and flow paths could be obtained. Overall, even a simple appearing
model subsurface flow constructed wetland was shown to be a complex
and heterogeneous system.

The HLR in our system was only 4.8 mm d~!, which is in the lower
range for horizontal subsurface flow constructed wetlands treating pol-
luted water (2-30 mm d~') (Kadlec and Wallace, 2008; Wood, 1995).
For feasible, commercial, treatment, however, HLR should be higher,
with 50-80 mm d~! (Morel, 2006). Implemented by increasing the in-
flow rate, an improved vertical mixing of the treated water and a de-
crease of the zones of stagnant water may be accomplished (Headley
et al., 2005). Further tests, however, are needed to determine the limits
of the system and maximum loading rates, in concurrence with tracer
and mathematical modeling experiments, to provide a full understand-
ing of the three dimensional flow and reactive zones within constructed
wetland systems.

5. Conclusions

This work presents the investigation of hydrological flow paths for
understanding of the interactions of biodegradation and transport pro-
cesses important for remediation approaches and wetland process
based technologies. The design of the constructed wetland basin deter-
mined the flow path, resulting in different zones of stagnant and mov-
ing water and retention times. As a result, contaminants will have
different contact times to undergo biotic or abiotic processes in these
zones. In zones of stagnant water the transport of nutrients as well as
electron acceptor and donor, respectively, essential for biotic processes
is limited due to restricted diffusion into these zones. Therefore,
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degradation reactions might be slower compared to high mobility zones
such as at the bottom of the wetland. Especially the transitions zones
between stagnant and mobile water, with related biogeochemical gra-
dients, are of high interest for an understanding and controlling wetland
processes. Overall, this tracer study combining experimental evaluation
with mathematical modeling demonstrated the complexity of flow and
transport processes in the constructed wetlands. This complexity needs
to be taken into account during interpretation of the determining atten-
uation processes during treatment of contaminated waters in these
engineered systems.
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