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Abstract

Resazurin (Raz) and its reaction product resorufin (Rru) have increasingly been used
as reactive tracers to quantify metabolic activity and hyporheic exchange in streams.
Previous works have indicated that these compounds undergo sorption in stream sed-
iments. We present a series of laboratory column and batch experiments on Raz and5

Rru transport, sorption, and transformation within sediments with different physico-
chemical properties under neutral and alkaline conditions. The data of the column
experiments were fitted by a model accounting for physical transport, equilibrium and
kinetic sorption, and three first-order reactions. The most likely parameters and their
uncertainty were determined by a Markov-Chain Monte Carlo approach. Linear and10

non-linear sorption isotherms of both compounds were obtained by batch experiments.
We found that kinetic sorption dominates sorption of both Raz and Rru, with character-
istic timescales of sorption in the order of > 80 min. The linear sorption models for both
Raz and Rru appeared adequate for concentrations that are typically applied in field-
tracer tests. The supposed two-site sorption model helps interpreting transient tracer15

tests using the Raz–Rru system.

1 Introduction

Resazurin (Raz) undergoes irreversible reduction to resorufin (Rru) in the presence
of cellular metabolic activity. Lab experiments (Haggerty et al., 2008; Stanaway et al.,
2012) and field-tracer tests (Haggerty et al., 2009; González-Pinzón et al., 2012) have20

shown that the transformation of Raz to Rru is exceptionally favored in the presence
of hyporheic sediments; that is, reaction rates in the presence of colonized sediments
are typically three orders of magnitude larger than in the water column, and strongly
correlated to respiration (Haggerty et al., 2008; González-Pinzón et al., 2012). This
reaction can be used to estimate metabolic activity in hydrologic systems (Haggerty25

et al., 2009; Argerich et al., 2011). It has also been used to separate effects of in-stream
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mixing processes from exchange processes with comparably immobile, metabolically
active zones adjacent to streams in the interpretation of stream-tracer tests (Lemke
et al., 2013a; Liao et al., 2013).

In field and column experiments, the breakthrough curves (BTCs) of Raz and Rru
usually exhibit tailing and are retarded compared to the BTCs of conservative tracers.5

Additionally, these experiments have been characterized by an incomplete mass bal-
ance between the amount of Raz injected and that of Raz and Rru recovered. The lat-
ter observation suggests that Raz and Rru are affected by irreversible sorption and/or
transformation to undetected metabolites, preventing complete mass recovery within
typical experimental timescales. It is widely known that sorption affects the fate and10

transport of organic compounds by mass retention on various time scales (Miller and
Weber, 1988; Weber et al., 1991; Piwoni and Keeley, 1990), so that sorption processes
need to be considered in transient mass transport studies.

To date, little work has been done to characterize the sorption of Raz and Rru.
Haggerty et al. (2008) fitted linear and non-linear (Freundlich) isotherms to batch ex-15

periments on equilibrium sorption of Rru in stream sediments containing ∼ 2 % organic
carbon for concentrations of up to 100 µgL−1. The distribution coefficient of the tracers
between the solid and aqueous phases in equilibrium, denoted Kd, derived by the lin-
ear sorption isotherm was estimated as 6.63 Lkg−1 which corresponds to a retardation
factor of up to 60 in sediments. This value most likely overestimates the sorption ca-20

pacity and is presumably attributed to using a disturbed sample and disregarding the
transformation of Rru to non-detected metabolites in the batch sample. Quantifying the
sorption of Raz onto natural, metabolically active sediments is difficult by conventional
batch experiments due to the rapid reaction of Raz to Rru, so that no such studies have
been conducted so far.25

In previous studies, sorption of Raz and Rru has been modeled inconsistently. Sev-
eral studies assumed linear equilibrium sorption (Haggerty et al., 2008; Stanaway et al.,
2012; Lemke et al., 2013a), whereas Liao et al. (2013) applied a more sophisticated
model considering both equilibrium and kinetic linear sorption. Moreover, some studies
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assumed identical equilibrium sorption properties of both Raz and Rru (Haggerty et al.,
2008; Haggerty et al., 2009; Stanaway et al., 2012), whereas others allowed the sorp-
tion parameters of these two compounds to differ (Lemke et al., 2013a; Liao et al.,
2013). The choices of how sorption processes were implemented in the studies cited
above were predominantly guided by simplifying assumptions (i.e., that the similar5

molecular structure of Raz and Rru should lead to approximately identical sorption
properties,) or the desire to keep the computational effort of the model low. Differing
model assumptions add uncertainty to a comparison of the previous results, and the
previous models used may be oversimplified regarding sorption processes.

In this paper, we present the results of a series of laboratory batch and column ex-10

periments on sorption of Raz and Rru. We have chosen two different sediments with
different physicochemical properties and conducted all experiments at two different pH
values (pH 7 and pH 9) to cover a range of natural conditions under which tracer tests
using Raz, Rru, and the conservative tracer fluorescein are considered feasible. By this
we aim at (1) assessing the relative importance of kinetic and equilibrium sorption pro-15

cesses of Raz and Rru under various physicochemical conditions, and (2) assessing
whether or not linear sorption models are adequate to describe sorption characteristics
of Raz and Rru over concentration ranges that typically occur during field tracer tests.
Based on these results we give suggestions on how to adequately consider sorption of
Raz and Rru in the modeling of experiments in which these compounds are applied as20

reactive stream tracers.

2 Materials and methods

2.1 River sediments

Sediments were taken from the 3rd order stream River Goldersbach (48◦33.298′ N;
9◦4.002′ E) and the 4th order stream River Steinlach (48◦28.585′ N; 9◦3.818′ E) which25

are located close to Tübingen in the southwestern part of Germany. River Goldersbach
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has a mean annual discharge of 0.3 m3 s−1. Its catchment and the river sediments are
dominated by sand- and marlstones of the Upper Triassic. River Steinlach has a mean
annual discharge of 1.7 m3 s−1. Its riverbed is mainly composed of limestone originating
from the nearby Jurassic Swabian Alb mountains.

The sediments used in the experiments were sieved in the field to grain sizes be-5

tween 0.08 mm and 4 mm. Each sediment sample was washed to remove residues of
finer particle sizes that increase the turbidity of the tracer solution und thus have a neg-
ative influence on the accuracy of the tracer measurements (Lemke et al., 2013b). The
time between the collection of the sediment and the start of the experiments was less
than 5 h in every case.10

The organic carbon content of the sediments was determined by standard titration
methods using an Elementar vario EL device. The intragranular porosity as well as
the specific surface area of the samples were determined by nitrogen adsorption us-
ing a Micrometrics ASAP 2000 device. The intragranular porosity was determined at
a relative preassure of p/p0 = 0.99 which corresponds to a pore-diameter equivalent15

of < 200 nm. These analyses were performed to relate physicochemical properties of
the sediments to the sorption behavior of Raz and Rru. The characteristics of the sed-
iments are displayed in Table 1.

2.2 Setup of batch experiments

Batch experiments were conducted to obtain sorption isotherms for Raz and Rru on20

the sediments. We used 50 mL glass bottles filled with 30 mL water and 35 g sediment.
Since Raz would quickly react to Rru in the samples under natural conditions, the sam-
ples were sterilized by γ-radiation using a specific energy dose of 10 kGy in order to
inhibit the reaction from Raz to Rru. The dose of 10 kGy has been reported to be a good
compromise between altering effects of the physical sediment properties and the ster-25

ilization efficiency (Östlund et al., 1989; Herbert et al., 2005). For each sediment, we
prepared samples with Raz concentrations of 0, 1, 10, 50, 100 and 500 µgL−1 and

12191

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/12187/2013/hessd-10-12187-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/12187/2013/hessd-10-12187-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
10, 12187–12216, 2013

Sorption and
transformation of the
reactive tracers Raz

and Rru

D. Lemke et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Rru concentrations of 0, 1, 10, 30, 70, and 100 µgL−1, both at pH 7 and pH 9 (adjusted
with 20 mM TAPS and 20 mM MOPS buffer, respectively). All samples were prepared in
triplicates. After preparation, all samples were shaken for approximately 40 h at a con-
stant temperature of 20 ◦C. Subsequently, parts of the supernatant of each sample
were filtered (0.45 µm glass fiber filter) and the tracer concentrations were measured5

by a spectrofluorometer (HORIBA Fluoro-Max-4). The concentration si of the sorbed
tracer per mass of solids was calculated by the difference between the initial tracer
concentration and the tracer concentration in the aqueous phase after exposure to the
sediments over 40 h, normalized by the ratio of solid mass to liquid volume in the sam-
ples. The dependence of the sorbed to the dissolved tracer mass was fitted by the10

standard linear and Freundlich sorption models (Grathwohl, 1998).

2.3 Setup of column experiments

All experiments were conducted at a constant temperature of 20 ◦C to avoid corrections
of tracer signals due to temperature fluctuations. All devices and solutions used in
the tests were stored in the same room until they reached equilibrium with the room15

temperature. Except for joints and connections, all tubings were made of stainless steel
to avoid sorption of the tracers onto the wall of the tubes.

We used 30 cm long glass columns with an inner radius of 2.5 cm (total volume of
590 cm3). The columns were manually filled with sediment under water to avoid gas en-
trapment in the pore space. The sediment itself was untreated (i.e. not irradiated) and20

collected analogously to the sediment for the batch experiments described above. We
estimated the effective porosity by fitting the measured fluorescein BTC of each col-
umn experiment to the one-dimensional analytical solution of the advection-dispersion
equation. In this framework, the porosity is estimated as the specific discharge (“Darcy
velocity”), divided by the effective velocity of the tracer. The results indicate that the25

mean porosity of all columns was 0.45 with only small deviations between the different
experiments (σ = 0.07, n = 4). Both connection threads of the column were filled with
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glass wool to prevent particles from entering the fluorometers. A ∼ 1 mm thick highly
porous glass disc and a layer of ∼ 2 cm of pure quartz sand was placed at each end of
the column to enforce parallel flow and advective tracer transport through the column
(Fig. 1). The filled columns were shielded from light using aluminum foil to avoid pho-
todegradation of the fluorescent tracers. Prior to every experiment, the columns were5

flushed with a solution of modified tap water at the respective pH (see below), until the
pH at the outlet of the column was identical to the pH of the injected solution.

Fluorescein and Raz were mixed in a ratio of about 1 : 10 in approximately 10 L of
water and filled into a glass container. This container was placed above the column so
that flow was forced by gravity. By this, a constant small overpressure was generated10

within the tubing system which prevented air from invading the system. A peristaltic
pump was placed at the outlet of the column to maintain a constant volumetric flow
rate of 24 mLmin−1, which was monitored throughout all experiments. Once the con-
centrations of all three tracers reached a maximum and remained constant at the outlet
of the column, the injection solution was switched to water (at the same pH as the re-15

spective tracer solution).
The tracer solution in the reservoir container was prepared with tap water and ad-

justed to the respective pH using MOPS sodium salt (for pH 7) and TAPS sodium
salt (for pH 9) buffers. Both buffers are frequently used in biochemical applications
(Cartwright et al., 2000; Ettwig et al., 2010), and we did not expect any effects on the20

sorption or transformations of Raz and Rru by these buffers, except for the pure pH
effects. Nonetheless, their concentrations were kept as low as 20 mM in all solutions
to minimize possible effects by the resulting increase of the ionic strength. Just like the
columns, the reservoir container was wrapped in aluminum foil to prevent photodegra-
dation of the tracers.25

We placed portable field fluorometers of the type GGUN-FL30 at the inlet and outlet
of the column to measure the concentrations of Raz, Rru, and fluorescein (Lemke et al.,
2013b) so that they acted as flow-through cells with a volume of 16 mL each. Both
fluorometers were calibrated prior to each column experiment to achieve the highest
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possible accuracy of the instruments. The instrumental sampling interval was ≤ 40 s
which is significantly higher compared to other laboratory studies using Raz and Rru
(10–28 min (Stanaway et al., 2012), 15–130 min (Haggerty et al., 2008)). The high
temporal resolution of the concentration measurements allowed a detailed analysis of
the rising and falling limb of the BTCs, which contain key information regarding sorption5

processes. Each experiment lasted about 4–5 h (depending on the time until steady-
state conditions had been reached).

2.4 Mathematical model for reactive transport

The sorption parameters of Raz and Rru were determined by fitting a travel-time based
analytical model to the measured BTCs of the tracers in the column experiments. The10

model considers the formation of Rru as a daughter compound of Raz, decay of Raz
and Rru to undetected compounds and mass retention of Raz and Rru due to equilib-
rium and kinetic sorption processes (Liao et al., 2013).

For the ease of description, we assume in the next paragraphs that the aqueous-
phase physical transport of fluorescein, Raz, and Rru within the column may be de-15

scribed by the widely used advection-dispersion equation, amended by reaction and
sorption terms for Raz and Rru:

∂c0

∂t
+ v

∂c0

∂x
−D

∂2c0

∂x2
= 0(

K eq
1 +1

) ∂c1

∂t
+K kin

1

∂c1,kin

∂t
+ v

∂c1

∂x
−D

∂2c1

∂x2
= (−λ1 − λ12)c1(

K eq
2 +1

) ∂c2

∂t
+K kin

2

∂c2,kin

∂t
+ v

∂c2

∂x
−D

∂2c2

∂x2
= +λ12c1 − λ2c2

∂ci ,kin

∂t
= ki

(
ci − ci ,kin

)
, i = 1,2

(1)

subject to the following boundary and initial conditions:
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c0(x = 0, t) = cin,0(t)

c1(x = 0, t) = cin,1(t)

c2(x = 0, t) = 0

ci (x , t = 0) = 0 i = 0,1,2

ci ,kin(x , t = 0) = 0 i = 1,2

(2)

in which t [T] is time, and ci [ML−3] is the molar aqueous-phase concentration of com-
pound i with i = 0 denoting fluorescein, i = 1 Raz, and i = 2 Rru. v [LT−1] and D [L2 T−1]
are the effective velocity and the dispersion coefficient, respectively. cin,0 [ML−3] and

cin,1 [ML−3] are the concentrations of fluorescein and Raz in the inflow, respectively,5

whereas the inflow concentration of Rru is considered zero. K eq
i = K eq

d,i ρb/θ [–] and

K kin
i = K kin

d,i ρb/θ [–] are the dimensionless distribution coefficient for the equilibrium

sorption and kinetic sorption sites, respectively, whereas K eq
d,i and K kin

d,i [M−1 L3] are the

corresponding dimensional distributions coefficients. ρb[ML−3] is the bulk density of
the dry soil, θ [–] denotes effective porosity, k [T−1] is the mass-transfer rate coeffi-10

cient, λ1 [T−1] is the rate coefficient of Raz transformation to undetected products, λ12

[T−1] is the transformation rate coefficient of Raz to Rru and λ2 [T−1] is the rate coef-
ficient of Rru transformation to undetected products. ci ,kin [ML−3] is the concentration
of the sorbed tracer-compound i expressed as the corresponding equilibrium aqueous
concentration:15

ci ,kin =
si ,kin

K kin
d,i

(3)

in which si ,kin [MM−1] is the mass-related concentration of the kinetically sorbed com-
pound i .
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We chose to express the effect of the equilibrium sorption by K eq
i rather than a retar-

dation factor Ri or the dimensional distribution coefficient K eq
d,i to make a direct compar-

ison to K kin
i possible. If desired, the values of K eq

i can easily be transferred to likewise

dimensionless retardation factors by Ri = K eq
i +1.

It is known that the advection-dispersion equation shows deficiencies in exactly re-5

producing conservative transport, even in homogeneous porous media, whereas trans-
port equations that show similarities to the advection-dispersion equation with a kinetic
sorption term lead to better agreements with observed BTCs (Cortis et al., 2004). In
this context, fitting the measured BTCs to Eqs. (1–2) may lead to biased results, be-
cause the fraction of tailing in the BTCs of Raz and Rru that belongs to non-Fickian10

conservative transport is misinterpreted as kinetic sorption. We therefore use a formu-
lation of linear reactive transport that relies on the probability density function g0(τ)
[T−1] of travel times τ [T] rather than the advection-dispersion equation. Transport of
all compounds can be expressed by convolution of the concentration in the inflow with
a transfer function, because the governing transport processes are linear with respect15

to tracer concentrations. The transfer functions of Raz and Rru can be derived from
the probability density function g0(τ) of travel times and the sorption/transformation
parameters listed above.

Because under the given pH conditions, fluorescein is believed to behave conser-
vatively (Smith and Pretorius, 2002; Kasnavia et al., 1999), the travel-time distribution20

through the column g0(τ) can be obtained by deconvoluting the observed breakthrough
curve of fluorescein and the corresponding input signal using a non-parametric ap-
proach (Cirpka et al., 2007). A detailed derivation of the travel-time based transport
equations can be found in the Appendix A.

A Bayesian approach was adopted in this study to quantify model parameters and25

their uncertainty. The methods are identical to our previous work (Lemke et al., 2013a;
Wöhling et al., 2012) and therefore we subsequently include only a brief summary of
the approach.
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Let us consider the transport model f that simulates the Raz and Rru concentrations
summarized as system response Y = {y1, . . .,yn} with length n using a vector of m =
9 model parameters, u = {u1, . . .,um}: Y = f (u). Further, we consider that Ỹ denotes
a vector with the observed concentration data. We then combine the data likelihood,
p(u|Ỹ) with a prior distribution p(u) by Bayes theorem to infer the posterior probability5

density function of the model parameter vector u:

p(u|Ỹ) ∝ p(Ỹ|u)p(u) (4)

We assume measurement errors, σRaz = 2.23 µmolm−3 and σRaz = 0.12 µmolm−3 for
Raz and Rru concentrations, respectively, which accounts for the higher uncertainty
in the measurements of Raz due to its lower quantum yield. We further assume the10

error residuals to be uncorrelated and normally distributed with constant variance, and
replace the data likelihood function p(u|Ỹ) by an aggregated likelihood function, `(u|Ỹ),
for the joint fitting of the Raz and Rru breakthrough curves:

`(u|Ỹ) =−
nRaz

2
ln(2π)−

nRaz

2
ln(σ2

Raz)− 1
2

nRaz∑
j=1

(yRaz,j (u)− ỹRaz,j )
2

σ2
Raz

−
nRru

2
ln(2π)−

nRru

2
ln(σ2

Rru)− 1
2

nRru∑
j=1

(
yRru,j (u)− ỹRru,j

)2

σ2
Rru

(5)15

where, yRaz,j (u) and yRru,j (u) are the model predicted values for Raz and Rru, respec-
tively, and ỹRaz,j (j = 1, . . .,nRaz) and ỹRru,j (j = 1, . . .,nRru) are the corresponding obser-

vations. The parameter vector utilized in Eq. (4) is u =
{

K eq
i ,K kin

i ,ki ,λ1,λ12,λ2

}
.

The prior distribution, p(u) was assumed to be uniform with the following parameter20

ranges: R1,R2 = [1. . .3]; K kin
1 , K kin

2 = [0. . .3]; k1,k2 = [1×10−6. . .1×10−2]; λ1,λ12,λ2 =
[1×10−7. . .1×10−2]. The choice of these ranges was guided by the preliminary data
analysis and previously published values (Haggerty et al., 2008; Liao et al., 2013).
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To generate samples from the posterior distribution, we use the differential evolu-
tion adaptive metropolis (DREAMZS) adaptive MCMC scheme. The convergence of
the DREAMZS runs was monitored by the R̂-statistic of Gelman and Rubin (1992). In
our calculations, we used n = 10 Markov chains and selected the last 10 000 accepted
samples after convergence was observed in all chains for the calculation of the pos-5

terior parameter tpdfs. All other algorithmic parameters are set to their recommended
values. For more details on the parameter inference scheme, please refer to ter Braak
and Vrugt (2008), Wöhling and Vrugt (2011), Schoups and Vrugt (2010), and Wöhling
et al. (2012).

3 Results and discussion10

3.1 Batch experiments

A series of batch experiments was conducted in order to obtain equilibrium sorp-
tion isotherms for Raz and Rru. Figure 2 shows the mass-related concentrations
of the sorbed tracers as function of the aqueous-phase concentration after equili-
bration. The dashed lines represent linear sorption isotherms, which are in good15

agreement with the observed data (mean RMSE value of 5.68×10−3 µgmL−1). Ap-
plying a Freundlich isotherm did not result in significantly better overall fits (mean
RMSE= 3.03×10−3 µgmL−1, curves not shown), so that we assume that linear sorption
(as described by the single parameter K batch

di
[L3 M−1]) is adequate for the interpretation

of field-tracer tests for concentrations of up to 500 µgL−1 of Raz and 100 µgL−1 Rru. We20

did not measure the concentrations of Raz and Rru over time in the batch experiments,
because any information about kinetic sorption processes would be incomparable to
the column tests due to the different solid-to-water ration and the continuous shaking
of the batch samples. Thus, the values of K batch

di
represent the distribution of the tracers

between the liquid phase and the sum of all sorption sites.25
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The K batch
di

values for Raz and Rru are almost identical at pH 9 (Steinlach: 0.63 Lkg−1

and 0.66 Lkg−1, respectively and Goldersbach: 1.00 Lkg−1 and 0.97 Lkg−1, respec-
tively) for the individual sediments. At pH 7, the K batch

di
-values are generally higher

compared to those at pH 9, and sorption of Raz appears to be stronger than the sorp-
tion of Rru. This is consistent with the pKa values of Raz (6.7) and Rru (5.7): At pH 7,5

about 1/3 of the Raz molecules are in the acidic form, whereas more than 95 % of the
Rru molecules remain as anions.

The found values for K batch
di

would result in retardation factors of up to 20 within sed-
iments which is much higher compared to retardation factors of Raz and Rru reported
in other studies (Lemke et al., 2013b; Liao et al., 2013). Although it is known that10

batch-reactors have certain disadvantages when used for the determination of sorp-
tion isotherms (i.e., conditions in the batch reactors are far from those in the field) and
thus may overestimate sorption (Grolimund et al., 1995), the more evident reason for
these findings lies in the way how the K batch

di
-values were obtained. The calculation of

the K batch
di

-values is based on the premise that the removal of tracer substances from15

the aqueous phase in the samples is solely caused by sorption. However, both Raz
and Rru may undergo chemical transformation processes, which also results in an ef-
fective removal of the tracers. These processes are not accounted for in the standard
linear sorption model as applied in the analysis of the batch experiments, because it
is impossible to distinguish between decay and sorption as reasons for tracer removal20

from the aqueous phase. Therefore, the resulting K batch
di

-values describe the maximum
partition of the tracers between the solids and the liquid (i.e., these values are only
valid when no decay of Raz and Rru occurs during the sorption experiment) (Haggerty
et al., 2008).

We found that a certain amount of Rru was formed in the batch samples that had25

a pH of 7 (in average 6 % of the initial molar Raz-concentration), although the com-
bination of the exposure of high temperatures (60 ◦C while drying the sediments for
several days) and γ-radiation should have destroyed all living cells and also possible
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remains of enzymatic structures. We thus cannot guarantee that the sediments were
entirely sterile, so that possibly a small number of living bacteria had enough time to
transform a detectable amount of Raz under the advantageous neutral pH conditions in
the batch reactors. However, the fact that decay processes occurred in the near-sterile
sediments shows that they may not be triggered only by microbial activity.5

Unfortunately, we found that the long exposure to the sediments slightly altered the
pH in the samples due to the buffer capacity of the carbonate balance. The pH of the
pH 7 samples increased to 7.4 and the pH of the pH 9 samples decreased to 8.2
after the exposure to the sediments. However, these alterations are fairly small and the
difference in pH between the samples is still big enough, so that the conclusions drawn10

from the batch experiments with respect to the pH remain unaffected.

3.2 Colum experiments

Figure 3 shows the observed BTCs and the model fits obtained by the most likely pa-
rameters for all tracers in the 4 column experiments. The measured data are plotted as
markers, but the temporal resolution was so high that they appear as continuous lines.15

All subplots of Fig. 3 also contain inlays showing the same BTCs in a semilog-scale
to highlight the tails of the BTCs. Note that only fluorescein and Raz were injected,
whereas the measured Rru originates solely from the Raz-to-Rru reaction. The mod-
eled curves fit the measured data very well in all cases (RMSE between 1.54×10−4

and 6.67×10−3 µmolL−1). One exception is the fit for Raz for the Steinlach sediment at20

pH 7 (RMSE 1.18×10−2 µmolL−1) where we observed small discrepancies between
modeled and measured data in parts of the rising and falling limbs. We attribute these
differences to technical problems of the fluorometer, and thus neglected the respective
parts in the fitting of the BTCs.

Table 2 lists the most likely values of all parameters introduced in Eqs. (6–8) and25

their associated uncertainties. The uncertainty of each parameter is quantified by the
standard deviation of the posterior parameter distribution. All absolute uncertainties are
generally very small. The relative errors are smaller than 10 % for the parameters Ri ,
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Ki , ki and λ12 (with the exception of kRaz which has a relative error of 17 %), whereas
the decay coefficients λ1 and λ2 have relative errors of around 200 % in some cases.
However, the estimated parameter values for these decay coefficients are extremely
low (0.04–3.68×10−5s−1) so that the model is not sensitive to small changes in these
parameter values.5

As listed in Table 2, the values for K eq
i at pH 9 are very close to 0 in both sedi-

ments (which is equivalent to retardation factors close to 1, see Sect. 2.4), suggesting
that equilibrium sorption is negligible under alkaline conditions. Again, these findings
agree well with the pKa values of Raz and Rru being 6.7 (Erban and Hubert, 2010) and
5.7 (Kangasniemi, 2004), respectively, implying that these compounds occur almost10

entirely in their anionic form at pH 9 (see Sect. 3.1). At this pH, the mineral surfaces
of the sediments used here are most likely predominantly negatively charged as well
(Hingston et al., 1972). Consequently, the electrostatic repulsion of mineral surfaces
and dissolved tracers hinder sorption. At pH 7, by contrast, equilibrium sorption may
be important, even though not consistently among the tracers and sediments: Raz ex-15

hibits equilibrium sorption at Steinlach sediments, RRaz = 1.2, and Rru at Goldersbach
sediments, RRru = 1.3.

Kinetic sorption is more important than equilibrium sorption for both compounds in
both sediments at both pH values, as can be seen from the distribution coefficients K kin

i
between kinetic sorption sites and water listed in Table 2. For the Steinlach sediment,20

K kin
i -values for both Raz and Rru and both pH conditions are fairly uniform with val-

ues between 0.29 and 0.82, whereas K kin
i -values for the Goldersbach sediment show

a higher degree of variability. In particular, K kin
Rru of the Goldersbach sediment exhibits

the highest values (1.35–1.64) at both pH 7 and pH 9. The comparison of the two sed-
iments types reveals that in average the values for K kin

i are slightly higher for Golders-25

bach sediment compared to the Steinlach sediment. Since the Goldersbach sediment
also has a higher porosity and surface area (which includes intraparticle pores) com-
pared to the Steinlach sediment (see Table 1), it is likely that diffusive transport into
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or out of intraparticle pores of the sediment grains is a dominant process leading to
kinetic sorption under the given pH conditions.

In order to compare the findings from the column experiments to the values of K batch
d ,

we computed the equivalent distribution coefficient in the column experiments K column
d

by:5

K column
di

=

(
K eq

i +K kin
i

)
θ

ρb
(6)

in which θ [–] is the effective porosity in the column derived from the fluorescein data
(see Sect. 2.2) and ρb [ML−3] is the bulk dry density of the sediment (see Table 1). The
respective results are listed at the bottom of Table 2.

The K batch
di

-values significantly exceed the K column
di

-values in all cases (Table 2), so10

that the sorption of the tracers appears to be generally stronger in the batch-reactors
than in the columns. However, the findings from the batch experiments systematically
overestimate the sorption capacity of Raz and Rru (see Sect. 3.1), and it is likely that
the column experiment setup better represents field conditions in stream sediments,
thus providing more realistic information about sorption characteristics of the com-15

pounds.
In other studies, retardation factors between 2 and 2.5 have been found (Haggerty

et al., 2009; Stanaway et al., 2012). However, these studies did not consider kinetic
sorption. If we add the sorption strength of kinetic and equilibrium sites Rtot

i = K eq
i +

K kin
i +1, which is valid for transport time scales much larger than k−1

i , we obtain similar20

numbers.
The values for the rate coefficient ki of kinetic sorption vary between 1.97×10−4 s−1

and as much as 50.67×10−4 s−1 and no evident correlations of ki with the sediment
type or pH are identifiable. The inverse of ki is a characteristic time of sorption. In our
experiments, the values for k−1

i lie between 3 and 85 min. In comparison, the mean25

residence times of the tracers in the columns were about 15 min. This implies that the
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quickest kinetic sorption process (Rru in Steinlach sediments, k−1
Rru ≈ 3 min) was not

distinguishable from equilibrium sorption, the second quickest kinetic sorption process
(Raz in Goldersbach sediments, k−1

Raz ≈ 8 min) almost reach equilibrium during the pas-
sage through the column, whereas the sorption kinetics in the other cases (Raz in
Steinlach sediments and in Goldersbach sediments) could not be neglected.5

The rate coefficients for decay of Raz (λ1) and Rru (λ2) to non-detected com-
pounds are generally very small in all experiments (between 0.44×10−5 s−1 and
3.68×10−5 s−1) so that even in case of the highest rate only about 3 % of the trac-
ers had been converted to non-detected products after contact times with the sed-
iments of 15 min (approximate mean travel time of the tracers through the columns).10

Argerich et al. (2011) reported a positive relation between organic matter content of the
sediment and decay coefficients. In contrast, we could not find any clear relationship
between the decay rate coefficients and the type of sediment used or the pH applied in
our experiments.

The reaction rate of Raz to Rru (λ12) strongly depends on pH which can clearly be15

seen by the different plateau concentrations of Rru in Fig. 2. At pH 7, λ12 reaches val-
ues of 4.15×10−4 s−1–5.72×10−4 s−1 which is about one order of magnitude higher
compared to values of the same parameter at pH 9 (4.45×10−5 s−1–6.67×10−5 s−1).
Thus, at high pH, the reaction of Raz to Rru may be as important as the decay of
the tracers to non-detectable compounds (Goldersbach sediment: λ1 = 3.68×10−5 s−1

20

and λ12 = 4.45×10−5 s−1). While it is known that aerobic respiration depends on pH
conditions (Baker et al., 1982; Wang et al., 2006; McKinley and Vestal, 1982), the spo-
radic measurements of dissolved oxygen taken during the column experiments were
inconclusive with respect to pH effects on the respiration rates. An alternative interpre-
tation would be that the proportionality factor relating Raz-to-Rru transformation rates25

to respiration rates depends on pH, which is possible because the standard biochem-
ical pathway of Raz by reduction of NADH/H+ or NADPH/H+ involves an acid-base
reaction.
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4 Implications for stream-tracer tests

We have found that Raz and Rru do not behave conservatively in sediments, so that
sorption of Raz and Rru may not be negligible when interpreting tracer-test data. If
not considered, the effects of sorption might misleadingly be captured by parameters
that address other processes in standard modeling approaches, resulting in an erro-5

neous characterization of hyporheic exchange and microbial activity in the hyporheic
zone. The column experiments showed that under alkaline conditions (pH 9) equi-
librium sorption plays a minor role while kinetic sorption might still be important. In
general, kinetic sorption seems to dominate sorption in local equilibrium in all our test
cases on the time scale of these experiments (≈ 15 min).10

We have shown that, in spite of their similar molecular structure, Raz and Rru show
different sorption behavior in most of our test cases, so that assuming identical sorption
characteristics (as it has been done in previous studies) might be an oversimplification.

We have further shown that linear sorption of Raz and Rru is feasible for concentra-
tions that typically occur during field tracer tests. However, we could not identify clear15

relations of the physicochemical properties of the parameters (especially the organic
carbon content) with sorption characteristics, which makes predicting sorption of Raz
and Rru in unknown sediments difficult.

We have furthermore demonstrated that the reaction rate coefficient of Raz to Rru,
λ12, differs between the two pH-conditions used in this study. Respiration is likely to be20

different for different pH as well, so that the change in the reaction rate may result from
a change in respiration rate, but it is beyond the scope of this study to determine the
mechanisms behind the relation between pH and λ12. Although the decay mechanisms
of Raz and Rru to undetected products still ultimately remain unclear, we have found
strong evidence that these reactions are not primarily driven by microbial activity.25

For stream-tracer tests we suggest (1) acknowledging that Raz and Rru have dif-
ferent sorption properties, (2) accounting for both kinetic and equilibrium sorption (es-
pecially when the river sediments are known to have a distinct inner porosity) and
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(3) checking the validity of linear sorption for studies where tracer concentrations ex-
ceed the concentrations that were used in this study. In previous studies (Lemke et al.,
2013b, Liao et al., 2013), we have determined the sorption and reaction parameters
together with parameters describing in-stream transport and hyporheic exchange by
fitting stream-tracer data to complex models. This approach leads to apparent param-5

eters, presumably valid for the entire reach under investigation. However, we highly
advice performing independent column studies like those presented here in order to
test the plausibility of the reactive parameters.

Appendix A

Derivation of the travel-time based model10

The transport of fluorescein, Raz, and Rru is discussed above using the standard
advection-dispersion equation for physical transport. Here we derive the equations in
a travel-time framework. We closely follow the concept and the notation presented by
Liao et al. (2013).

Because fluorescein is considered to behave conservatively (Smith and Pretorius,15

2002; Kasnavia et al., 1999), the BTC cout,Flu [ML−3] of fluorescein in the outflow is

related to the travel-time distribution through the column g0(τ) [T−1] and the fluorescein
concentration cin,Flu [ML−3] by the following convolution integral:

cout,Flu(t) =

∞∫
0

g0(τ)cin,Flu(t − τ)dτ (A1)

in which t [T] is the time since the start of the injection and τ [T] is the residence time20

in the column. g0(τ) is also the transfer-function of fluorescein and can be estimated by
non-parametric deconvolutiom (Cirpka et al., 2007).
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The transport of Raz and Rru through the column is modified by equilibrium and ki-
netic sorption as well as decay processes. Rru was not injected into the column and
thus solely originates from the transformation of Raz in the column itself. To calculate
the concentrations of Raz and Rru at the outlet of the column, we can convolute the
respective input signal of Raz cin,1 [ML−3] with the transfer functions g1(τ) [T−1], ex-5

pressing the response of Raz in the outlet due to a unit pulse of Raz in the inlet, and
g12(τ) [T−1], expressing the response of Rru in the outlet due to a unit pulse of Raz in
the inlet, by:

cout,1(t) =

∞∫
0

g1(τ)cin,1(t − τ)dτ (A2)

cout,2(t) =

∞∫
0

g12(τ)cin,1(t − τ)dτ (A3)10

As discussed in the following, we solve transport in the travel-time domain rather
than the spatial domain. This has the advantage that the validity of the estimated sorp-
tion and transformation parameters does not depend on conservative transport to meet
an analytical solution of the advection-dispersion equation. The outlet simply samples15

a conservative travel-time distribution, expressed by g0(τ), which implies that the trans-
fer functions g1(τ) and g12(τ) of Raz and Rru at the outlet are weighted averages of the
transfer functions for all travel times τ∗ sampled by the outlet:

g1(τ) =

∞∫
0

g0(τ∗)c1(τ,τ∗)dτ∗ (A4)

g12(τ) =

∞∫
0

g0(τ∗)c2(τ,τ∗)dτ∗ (A5)20
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in which ci (τ,τ∗) [T−1] is the concentration response of Raz and Rru to a pulse of Raz
at travel time τ∗ and time τ since the pulse release. The governing equations for the
transport of Raz and Rru through the column resulting from a point release in the inlet
read as:(

K eq
1 +1

) ∂c1

∂τ
+K kin

1

∂c1,kin

∂τ
+
∂c1

∂τ∗
= −(λ1 + λ12)c1 (A6)5 (

K eq
2 +1

) ∂c2

∂τ
+K kin

2

∂c2,kin

∂τ
+
∂c2

∂τ∗
= λ12c1 − λ2c2 (A7)

and

∂ci ,kin

∂τ
= ki (ci − ci ,kin) (A8)

subject to10

ci (τ,τ∗ = 0) =
{
δ(τ) if i = 1
0 otherwise

,ci (τ = 0,τ∗ > 0) = 0∀i (A9)

in which δ(·) is the Dirac delta function with inverse units of the argument. Note that
in Eqs. (A4–A9) ci and ci ,kin have units of inverse times, because they are not actual
concentrations, which is in contrast to Eqs. (1–3), in which no convolution with input
signals is performed.15

Equations (A6–A9) can conveniently be solved in the Laplace domain:

c̃1(s,τ∗) = exp(−β1τ∗)

c̃2(s,τ∗) = d2 exp(−β2τ∗)+d12 exp(−β1τ∗) (A10)
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in which the tilde denotes Laplace transformation with respect to τ, s is the Laplace
coordinate, and the coefficients are defined as (2013):

β1 = (1+K eq
1 )s + λ1 + λ12 +K kin

1 s
k1

s + k1

β2 = (1+K eq
2 )s + λ2 +K kin

2 s
k2

s + k2

d2 =
λ12

β1 −β2

d12 = −
λ12

β1 −β2

(A11)

Equation (A10) is back-transformed into the time domain by the numerical method of
De Hoog et al. (1982).5

The Supplement contains the measured inlet and outlet concentrations of the column
experiments as well as all measured concentrations of the batch experiments.

Supplementary material related to this article is available online at
http://www.hydrol-earth-syst-sci-discuss.net/10/12187/2013/
hessd-10-12187-2013-supplement.zip.10
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Table 1. Characteristics of the sediments used in the experiments.

Steinlach Goldersbach

Grain sizes 0.08–4 mm 0.08–4 mm
Grain density 2.60 kgL−1 2.58 kgL−1

Organic carbon content∗ 0.73 % 0.13 %
CaCO3 content∗ 66.0 % 8.9 %
Specific surface area 9.92 m2 g−1 18.45 m2 g−1

Intragranular porosity 0.04 0.06

∗ Contents are stated as percent by weight.
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Table 2. Maximum-likelihood parameter values describing sorption properties obtained by
the column experiments. Bottom rows: comparison between values of distribution coefficients
K column

di
and K batch

di
between all sorption sites and water in the column and batch experiments.

Steinlach Goldersbach
pH 7 pH 9 pH 7 pH 9

K eq
Raz [–] 0.18±0.007 0.04±0.001 0.01±0.003 0.00±0.001

K eq
Rru [–] 0.00±0.001 0.01±0.000 0.25±0.008 0.06±0.006

K kin
Raz [–] 0.82±0.013 0.79±0.001 0.49±0.015 0.09±0.006

K kin
Rru [–] 0.29±0.007 0.66±0.004 1.35±0.088 1.64±0.118

kRaz [s−1]×10−4 3.27±0.114 1.63±0.276 19.52±1.309 15.18±1.232
kRru [s−1]×10−4 50.67±2.365 4.77±0.319 1.97±0.150 2.71±0.185
λ1 [s−1]×10−5 3.56±0.332 0.06±0.092 0.22±0.178 3.68±0.107
λ12 [s−1]×10−5 57.22±0.113 6.67±0.011 41.46±0.163 4.45±0.013
λ2 [s−1]×10−5 0.04±0.088 0.49±0.551 0.27±0.196 1.30±0.597

K column
dRaz

[Lkg−1] 0.21 0.12 0.08 0.02

K column
dRru

[Lkg−1] 0.06 0.10 0.25 0.30

K batch
dRaz

[Lkg−1] 1.90 0.63 2.97 1.00

K batch
dRru

[Lkg−1] 1.21 0.66 2.27 0.97
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Fig. 1. Schematic of the column experiments used to investigate the sorption of Raz and Rru.
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adequate for the interpretation of field-tracer tests for concentrations of up to 500 μg L-1 of 277 

Raz and 100 μg L-1 Rru. We did not measure the concentrations of Raz and Rru over time in 278 

the batch experiments, because any information about kinetic sorption processes would be 279 

incomparable to the column tests due to the different solid-to-water ration and the continuous 280 

shaking of the batch samples. Thus, the values of batch
di

K  represent the distribution of the 281 

tracers between the liquid phase and the sum of all sorption sites. 282 

 283 

Fig. 2: Linear sorption isotherms of Raz and Rru for the different pH values and sediment 284 

types. All data are available in the supplementary information. Values of batch
di

K  in L kg-1. 285 

 286 

The batch
di

K  values for Raz and Rru are almost identical at pH 9 (Steinlach: 0.63 L kg-1 287 

and 0.66 L kg-1, respectively and Goldersbach: 1.00 L kg-1 and 0.97 L kg-1, respectively) for 288 

the individual sediments. At pH 7, the batch
di

K -values are generally higher compared to those at 289 

pH 9, and sorption of Raz appears to be stronger than the sorption of Rru. This is consistent 290 

Fig. 2. Linear sorption isotherms of Raz and Rru for the different pH values and sediment types.
All data are available in the Supplement. Values of K batch

di
in Lkg−1.
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 337 

Fig. 2: Measured and modeled tracer BTCs (column outlets) for fluorescein, Raz and Rru at 338 

pH 7 and pH 9 and for both sediments. 339 

 340 

Tab. 2 lists the most likely values of all parameters introduced in Eqs. (6-8) and their 341 

associated uncertainties. The uncertainty of each parameter is quantified by the standard 342 

deviation of the posterior parameter distribution. All absolute uncertainties are generally very 343 

small. The relative errors are smaller than 10% for the parameters iR , iK , ik  and 12λ  (with 344 

the exception of Razk  which has a relative error of 17%), whereas the decay coefficients 1λ  345 

and 2λ  have relative errors of around 200% in some cases. However, the estimated parameter 346 

values for these decay coefficients are extremely low (0.04 – 3.68×10-5 s-1) so that the model 347 

is not sensitive to small changes in these parameter values. 348 

As listed in Tab. 2, the values for 
eq
iK  at pH 9 are very close to 0 in both sediments 349 

(which is equivalent to retardation factors close to 1, see Sect. 2.4), suggesting that 350 

equilibrium sorption is negligible under alkaline conditions. Again, these findings agree well 351 

Fig. 3. Measured and modeled tracer BTCs (column outlets) for fluorescein, Raz and Rru at
pH 7 and pH 9 and for both sediments.
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