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a b s t r a c t 

This paper introduces the sediment bed passive flux meter (SBPFM) as a new tool for in situ measure- 

ments of vertical volumetric water and contaminant mass fluxes across hyporheic and hypolentic zones 

(i.e., stream or lake bed sediments that function as the contiguous zone between the overlying surface 

water body and the underlying aquifer). The device is a direct-push probe which contains a permeable 

internal sorbent located between two screened intervals. In the presence of a vertical hydraulic gradient 

the screens allow water flow through the SBPFM’s internal sorbent matrix that is impregnated with resi- 

dent tracers. These tracers are displaced from the sorbent at rates proportional to the water flux through 

the sorbent. At the same time, dissolved contaminants present in the intercepted sediment water are 

retained on the SBPFM sorbent at rates proportional to the ambient contaminant mass flux in the hy- 

porheic zone. Potential flow theory is applied to convert observations of water and contaminant fluxes 

through the SBPFM into estimates of undisturbed ambient vertical water and contaminant fluxes in the 

sediment. To validate the theory and demonstrate the SBPFM as a potential site characterization tool, 

multiple bench-scale sediment bed experiments are performed. Results demonstrate that water and con- 

taminant mass fluxes are accurately measured in the laboratory and that future field tests are warranted. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

The contamination of both ground and surface water bodies

as become a growing concern worldwide ( Kalbus et al., 2006 ).

raditionally, aquifers and streams have been treated and man-

ged separately from one another ( Constantz et al., 2001; Winter

t al., 1998 ); however, in the last few decades this paradigm has

hifted to an understanding that rivers and aquifers do not exist as

eparable entities ( Winter, 2001 ). As a consequence, groundwater–

urface water interactions and the hydrodynamic processes con-

rolling these interactions have received considerable attention at

arious scales ( Sawyer et al., 2014; Boano et al., 2007; Constantz et

l., 2001; Packman & Salehin, 2003; Rosenberry, 2008; Winter et

l., 1998 ). 

Understanding of groundwater–surface water interaction is es-

ential for the effective management of both water quality and

uantity issues ( Constantz et al., 2001 ). This involves processes
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ontrolling water and contaminant transport and biogeochemical

eactions in the hyporheic and hypolentic zones (i.e., stream or

ake bed sediments that function as the contiguous zone between

he overlying surface water body and the underlying aquifer;

inter, 2001 ). These processes and reactions are challenging to

easure within the sediment at the local scale and are difficult

o interpret at larger stream and lake scales ( Baxter et al., 2003;

oulton et al., 1998 ). Methods currently available to assess solute

nd water interactions as well as exchange at the sediment–water

nterface are based on measurements of different types of param-

ters (e.g., temperatures, gradients, concentrations, etc.) rendering,

ence, results vulnerable to different types of erroneous interpre-

ation ( Belanger & Montgomery, 1992; Brodie et al., 2009 ). 

Perhaps the most well-known method is the seepage meter,

hich provides direct measurements of seepage flux at the water–

ediment bed interface (i.e., not within the hyporheic or hypolentic

ones). The device requires little to no experience to deploy, is rel-

tively simple and inexpensive to build and operate, and requires

o knowledge of the local hydraulic gradient or permeability of

ed sediments. In addition, because it captures water from the un-

erlying contiguous aquifer in a plastic bag, chemical analysis for

he target contaminants in that water can yield estimates of con-

http://dx.doi.org/10.1016/j.advwatres.2017.04.018
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List of variables 

A S Horizontal area of interest for discharge estimation 

B n Constants in SBPFM flow field solution 

F open Shape factor corresponding to “open” SBPFM (infi- 

nite K c ) 

F rec Shape factor corresponding to recirculating flow be- 

tween SBPFM screens 

I i Modified Bessel function of the first kind and i th or- 

der 

J Undisturbed vertical hydraulic gradient in sediment 

bed 

J C Undisturbed vertical contaminant mass flux in the 

sediment bed 

J i Bessel function of the first kind and i th order 

K Hydraulic conductivity of sediment bed under 

isotropic conditions 

K c Hydraulic conductivity of the SBPFM sorbent 

K H Horizontal hydraulic conductivity of the sediment 

bed 

K i Modified Bessel function of the second kind and i th 

order 

K V Vertical hydraulic conductivity of the sediment bed 

L Length of rectangular sediment box for direct test- 

ing of K H 

L c Length of the sorbent column 

L 1,2 Distances between sediment surface and lower end 

of conductivity test pipe 

M Q Contaminant mass flow (discharge) 

N Number of terms in summation of SBPFM flow field 

solution 

Q Flow through rectangular sediment box for direct 

testing of K H 

Q c Water discharge through sorbent column 

Q inj Injection flow (discharge) during injection through 

both screens in the bucket 

Q open Water discharge though SBPFM without sorbent (in- 

finite K c ) 

Q rec Water discharge between SBPFM screens for (hypo- 

thetical) recirculation 

Q sim 

Vertical water discharge through sand bucket with 

SBPFM installed 

Q 1,2 Injection flows for measuring K V using injection 

through pipe 

Q V,VII Water discharges through bottom and top screens 

R d Retardation factor of a resident tracer W ... Width of 

rectangular sediment box for direct testing of K H 

Y i Bessel function of the second kind and i th order 

a Outer SBPFM radius 

b Radial extent of flow domain 

c F Flux-averaged contaminant concentration 

c 0 Initial aqueous resident tracer concentration in the 

sorbent 

c 1-12 Real constants in general flow field solution 

d Distance between upper and lower boundaries 

d bot Distance between bottom boundary and lower 

SBPFM screen 

d top Distance between sediment surface and upper 

SBPFM screen 

dA Infinitessimal area for integration of fluxes to dis- 

charge 

f 0 Auxiliary function in SBPFM flow field solution 

h 1,2,3,4 Vertical coordinates of screen limits 

i, j Auxiliary variables 

m C Mass of contaminant sorbed 
w  
m I Initial tracer mass on the sorbent 

m L Tracer mass lost from the sorbent due to water flow 

m R Resident tracer mass remaining on the sorbent 

m 1-4 Positive real constants in general flow field solution 

m, n Auxiliary variables in SBPFM flow field solution 

q c Water flux through the sorbent column 

q sim 

Average vertical water flux through sand bucket 

with SBPFM installed 

q 0 Undisturbed vertical volumetric water flux in the 

sediment bed 

p Length of impermeable casing between screens 

r Radial coordinate 

r c Radius of the sorbent column 

s Screen length 

t SBPFM test duration 

z Vertical coordinate 

z i Vertical coordinates of control points along SBPFM 

surface 

�φ Head difference across sorbent column 

�t Time intervals for falling head test 

�R Relative remaining tracer mass 

αq Flow convergence coefficient 

φ Hydraulic head in sediment bed 

φinj Injection head during injection through both 

screens in the bucket 

φ0,L Entrance and exit heads in rectangular sediment 

box for direct testing of K H 

φ1,2 Injection heads for measuring K V using injection 

through pipe 

φII,III Hydraulic heads at top and bottom boundaries 

φV,VII Hydraulic heads at bottom and top screens 

ρ Anisotropy ratio in sediment conductivity 

θ Saturated water content of sorbent 

aminant fluxes across ground–surface water interfaces ( Kalbus et

l., 2006; Lee, 1977; Rosenberry, 2008 ). However, it may be suscep-

ible to multiple sources of error, such as channeling effects due to

ncorrect installation, release of interstitial gasses upon installation,

enturi effects and deformation due to stream flow around the

ollection bag, and unaccounted hydraulic head losses ( Russoniello

nd Michael, 2014; Brodie et al., 2009; Lee, 1977; Murdoch and

elly, 2003; Rosenberry and Morin, 2004; Taniguchi and Fukuo,

993 ). 

To the best of our knowledge, there is no passive monitoring

ool that provides simultaneous measurements of water and con-

aminant fluxes in both losing and gaining streams and lakes. Con-

aminant mass flux is generally determined as the product of the

ore water concentration within the sediment bed and Darcy flux

cross the sediment–water interface. Pore water concentration may

e measured from core samples, but in situ techniques are pre-

erred as they introduce less potential for contamination of the

ater sample ( Bufflap and Allen, 1995 ). Pump tests may be used

o measure pore water concentrations and provide integral mea-

urements that are less susceptible to heterogeneity effects of the

ubsurface and contaminant distribution than point measurements.

owever, those require the disposal of large volumes of contami-

ated groundwater and application near streams may cause prob-

ems resulting from the influence of pumped stream water. Alter-

atively, samples from (multi-level) piezometers or sampling wells

losely spaced and aligned in transects can provide very detailed

nformation about contaminant distributions ( Kalbus et al., 2006 ). 

Passive samplers offer an attractive alternative to pore wa-

er samples, because they collect the target analytes in situ and

ithout affecting the bulk solution. Moreover, they can be used
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Fig. 1. Schematic of the sediment bed passive flux meter (SBPFM; not to scale) with 

dimensions used in laboratory experiments. 
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or a wide range of chemical constituents and are able to de-

ect low contaminant concentrations ( Ghosh et al., 2014; Kalbus et

l., 2006; Vrana et al., 2005 ). They are simple, relatively inexpen-

ive, require no additional equipment or power, and may be left

nattended during operation, thus offering time and cost efficient

esults without sacrificing data quality. Furthermore, passive de-

ices provide time-averaged measurements, which are less sensi-

ive to daily fluctuations due to accumulation of contaminants over

he entire sampling period ( Kalbus et al., 2006 ). Passive samplers

urrently used to measure pore–water concentrations in sediment

eds include dialysis samplers, dialysis bags, and devices employ-

ng a diffusive equilibrium in a thin film (e.g., Ghosh et al., 2014;

ufflap and Allen, 1995 ). 

The purpose of this paper is to introduce a new passive moni-

oring device called the sediment bed passive flux meter (SBPFM).

e establish its theoretical foundation, provide a proof of concept

hrough laboratory sand bucket experiments and discuss different

spects toward its practical application, including inherent limita-

ions. The SBPFM is capable of providing in situ point measure-

ents of vertical water flux q 0 [LT −1 ] and contaminant mass flux

 C [ML −2 T −1 ] through sediment beds of lakes and streams. Contam-

nant mass flow (discharge) may then be estimated from spatially

nterpolating and integrating point measurements of J C as 

 Q = 

∫ 
A s 

J C dA = 

∫ 
A s 

q 0 c F dA (1) 

here M Q [MT −1 ] is the mass flow rate of a contaminant over hor-

zontal area A s [L 2 ], and c F [ML −3 ] is the flux-averaged concentra-

ion of the contaminant. In the following section, we present a typ-

cal SBPFM design and the underlying concept for acquiring mea-

urements of vertical fluxes through sediment beds. Subsequent

ections contain the necessary theoretical development end exper-

mental design, before analyzing and discussing results. 

. Sediment bed passive flux meter (SBPFM) concept and 

esign 

The SBPFM is a direct-push probe with two screened intervals

 Fig. 1 ). The device is driven directly into the uppermost sediment
ayers of stream and lake beds to remain for a period of time (e.g.,

rom hours to weeks). Subjected to the ambient vertical hydraulic

radient, groundwater enters the SBPFM through one screen and

xits through the other. Thus, the SBPFM passively intercepts wa-

er and contaminants flowing vertically through the sediment. Be-

ween the screens, the SBPFM contains a permeable sorbent im-

regnated with one or more fluid–soluble resident tracers (e.g., al-

ohols), which are eluted at rates proportional to the fluid flux.

fter a designated deployment period, the SBPFM is removed and

he sorbent is carefully extracted to quantify the residual mass of

he impregnated resident tracers for calculation of the cumulative

ater flux through the sorbent. Simultaneously, the masses of all

ontaminants intercepted and retained on the sorbent are quanti-

ed to calculate cumulative contaminant mass fluxes through the

orbent. Details about the measurement of water and contaminant

ass fluxes through the sorbent, and subsequent conversion to

ndisturbed ambient fluxes in the sediment are described in de-

ail below. 

. Methods 

.1. Theory 

.1.1. Water flux 

Initially, each resident tracer is uniformly distributed over the

olumn of sorptive matrix within the SBPFM. After installation and

uring a period of exposure to local sediment bed water fluxes,

he tracers are displaced from the SBPFM. The residual mass of

esident tracer remaining on the sorbent matrix m R [M] is the dif-

erence of the initial mass equilibrated on the sorbent matrix m I 

M] and the mass eluted from the matrix due to groundwater flow

hrough the device m L [M]. It may be expressed as 

 R = m I − m L (2) 

The residual mass of the resident tracer on the sorbent is in-

ersely proportional to the cumulative volume of water that has

een intercepted by the sorbent; therefore, the cumulative or time-

veraged water flux can be estimated from measurements of m R . 

The relationship between m R and the flux through the sorbent

olumn q c [LT −1 ] can be derived by defining the mass fraction of

nitial tracer remaining on the sorptive matrix �R [-] after expo-

ure to water flow for a period t [T] as 

R = 

m R 

m I 

(3) 

The initial mass of the resident tracer impregnated on the sorp-

ive matrix is calculated as 

 I = πr c 
2 L c θR d c 0 (4) 

here r c [L] and L c [L] are the radius and length of the sorbent col-

mn in the SBPFM, respectively, θ [-] is the saturated water con-

ent of the sorbent, R d [-] is the retardation factor of a resident

racer, and c 0 [ML −3 ] is the initial aqueous resident tracer concen-

ration in the pore space. Following Hatfield et al. (2004) we as-

ume that tracer transport is primarily advective and that tracer

orption is linear, reversible, and instantaneous. Thus, the mass

luded from the sorptive matrix is equal to 

 L = πr c 
2 q c t c 0 (5) 

nd we can express �R by combining equations ( 2 ) – ( 5 ) as 

R = 1 − q c t 

L c θR d 

(6) 

The undisturbed time-averaged specific discharge through the

ediment bed q 0 can be found from the relationship 

 c = αq q 0 (7) 
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Fig. 2. log 10 (F open ) as a function of p / s and log 10 s/( ρa) for computation of αq from 

Eq. (10) under field conditions (sediment bed of anisotropy ratio ρ and distant bot- 

tom/lateral boundaries; see Appendix B1 for derivation). SBPFM geometry is de- 

scribed by radius a , screen length s and distance p between screens. 

Fig. 3. F open /F rec as a function of p / s and log 10 s/( ρa) for computation of αq from Eq. 

(10) under field conditions (see Appendix B2 for derivation). 
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where αq [-] is a flow convergence coefficient characterizing the

distortion of the otherwise uniform flow of water through the sed-

iment bed due to the presence of the SBPFM. Finally, Eqs. (6) and

( 7 ) combine to form 

q 0 = 

( 1 − �R ) L c θR d 

αq t 
(8)

Estimates of q 0 have decreased accuracy as the value of �R ap-

proaches either 1 or 0 ( Hatfield et al., 2004 ). Thus, under condi-

tions where no prior estimates of sediment bed water flux exist,

the use of multiple resident tracers with varying retardation fac-

tors increases the likelihood that one or more resident tracers will

be in an intermediate range of �R . 

3.1.2. Contaminant flux 

Measurement of contaminant flux is performed by quantifying

the masses of target dissolved contaminants in the sediment bed

water, which are intercepted and retained by the SBPFM sorbent.

The contaminant mass flux of any dissolved organic or inorganic

contaminant can be measured if (1) the sorbent of the SBPFM in-

tercepts and fully retains the contaminant from the water flow-

ing vertically in the sediment bed, if (2) the contaminant can be

extracted from the sorbent or analyzed in the sorbed state, such

that the mass of the contaminant retained can be measured, and if

(3) the contaminant does not degrade inside the SBPFM between

interception and extraction. Contaminant mass flux through the

SBPFM is equal to the mass of contaminant sorbed m C [M] per unit

cross-sectional area and per unit time. From Eq. (7) it can be in-

ferred that ambient contaminant flux through the sediment J C and

the contaminant mass flux through the SBPFM differ by a factor

αq , leading to 

J C = 

m C 

αq πr c 2 t 
(9)

In order to make use of Eqs. (8) and ( 9 ), the remaining problem

is the quantification of the flow convergence coefficient αq . 

3.1.3. Flow convergence 

The flow convergence coefficient αq for the SBPFM is a func-

tion of the geometric and hydraulic properties of the probe, the

sorbent column and the surrounding sediment. As derived in de-

tail in Appendix A , a convenient method of computing αq for an

anisotropic sediment of hydraulic conductivities K H and K V [LT −1 ]

in the horizontal and vertical directions, respectively, is 

αq = 

F open (
r c 
a 

)2 + 

L c K V 
(p+s) K c 

F rec 

(10)

where a [L] is the outer probe radius, p [L] is the length of im-

permeable casing between the two screens, s [L] is the length of

each screen, and r c [L], L c [L] and K c [LT −1 ] are radius, length and

hydraulic conductivity of the sorbent column. F open [-] and F rec [-

] are constants that depend on both the geometry of the SBPFM

and the flow domain and are determined following the method

of Klammler et al. (2011) as described in Appendix B . For a range

of typical field conditions, F open and F rec can be graphically repre-

sented ( Figs. 2 and 3 ), where the anisotropy ratio ρ [-] is defined

as 

ρ2 = 

K V 

K H 

(11)

For future field applications it is expected that p / s ≥ 1 is the

case, for which F rec =F open is an acceptable approximation to be

used in Eq. (10) ( Fig. 3 ). 
.1.4. Sediment conductivity (field application) 

Quantification of the flow convergence factor αq from Eq.

10) requires knowledge of anisotropy ratio ρ (for determining

 open and F rec from Figs. 2 and 3 ) and vertical sediment con-

uctivity K V . This may be achieved by one of the methods pro-

osed by Klammler et al. (under review in AWR as manuscript

DWR _ 2016 _ 360 _ R1 ). Moreover, a contour plot of αq as a func-

ion of K c / K V and K V / K H on log-log scale may be generated for an

xemplary field scenario ( Fig. 4 ). This plot immediately illustrates

he degree of sensitivity (variability) of αq and, hence, resulting

ater and contaminant mass flux estimates, over regions delim-

ted by upper and lower uncertainty bounds in K V and K V / K H , for

xample. Inside the shade rectangle, the contour lines are essen-

ially vertical, indicating minimal sensitivity of αq to K H . The rect-

ngle spans the region of K V ≤ K H , which is typical for sediment

eposits, and K c ≤ 10 K V , which is approximately equivalent to lim-

ting αq ≤ 10 for avoiding unnecessarily large distortions of the am-

ient flow field near the SBPFM. 

Consequently, αq may be reliably inferred from knowing K V 

nly, for which we propose a measurement technique based on in-

http://dx.doi.org/10.1016/j.advwatres.2017.04.010
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Fig. 4. Contour lines of αq as a function of log 10 K c / K V and log 10 K V / K H for exemplary 

field conditions (i.e., distant lateral and bottom boundaries), d top =10 cm, a=2 cm, 

s = 4 cm, p = L c = 10 cm and r c =1.5 cm. The shaded rectangle indicates region of min- 

imal sensitivity of αq to K H . 
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Fig. 5. Schematic sketch of laboratory experiments using sediment bed simulator 

consisting of a bucket packed with gravel and sand. Blue arrows indicate local di- 

rections of water flow. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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ection through the bottom of a hollow pipe inserted into the sed-

ment bed. Hvorslev (1951 ; Fig. 12, case 6) provides a relationship

etween injection head φ1 and flow rate Q 1 for this test, which

an be written as 

φ1 

Q 1 

= 

1 

5 . 5 aρK H 

+ 

L 1 
a 2 ρ2 πK H 

(12) 

here L 1 [m] is the distance the pipe is inserted into the sedi-

ent. Eq. (12) is obtained from Hvorslev’s equation after scaling

he flow domain to isotropy through multiplying all radial coordi-

ates by ρ and using an isotropic effective conductivity equal to K H 

 Hvorslev, 1951 ). The first term on the right-hand-side corresponds

o the resistance to flow after leaving the pipe. The last term rep-

esents Darcy’s law for the almost perfectly vertical flow through

he sediment column inside the pipe of K V =ρ2 K H . The same ap-

lies for a second injection test after advancing the pipe tip to a

arger depth L 2 into the sediment. 

φ2 

Q 2 

= 

1 

5 . 5 aρK H 

+ 

L 2 
a 2 ρ2 πK H 

(13) 

Subtracting Eq. (12) from Eq. (13) and using K V =ρ2 K H gives 

 V = 

L 2 − L 1 

a 2 π
(

φ2 

Q 2 
− φ1 

Q 1 

) (14) 

or estimating K V . Intuitively speaking, by taking the difference,

he influence of the flow field after leaving the pipe tip is elimi-

ated and what is left is the effect of the (almost) perfectly vertical

ow through the sediment inside the pipe. Eq. (14) is formulated

n terms of constant head/steady-state injection tests, but may be

asily converted to be applied with falling head/slug tests using

 Hvorslev, 1951 ) 

 

2 π
φ j 

Q j 

= 

�t 

�ln φ j 

(15) 

or both injection tests ( j = 1, 2), where the right-hand-side is sim-

ly the inverse slope of the log-head over time data points. 

.2. Experimental design 

.2.1. Sediment bed simulator 

Bench scale sediment bed laboratory experiments were con-

ucted to evaluate the SBPFM. These involved installing the device
n a constructed sediment bed simulator, in which controlled wa-

er and contaminant mass fluxes could be established. The simu-

ator was built using a bucket of 36.4 cm in height and b = 14 cm

n radius ( Fig. 5 ). The bottom 4 cm of the bucket was packed with

oarse gravel to ensure water entering through an installed fitting

t the bottom of the bucket had a constant head across the hor-

zontal cross-section of the bucket. A PVC pipe of inner diameter

 c = 1.7 cm and outer diameter a = 2.1 cm was used as the casing

f the SBPFM and positioned upright in the center of the bucket.

wo slotted sections of length s = 2.6 cm served as screens to allow

ow into and out of the device and were separated by an imper-

eable portion of length p = 11 cm. The distance between bottom

creen and bottom boundary was d bot =3.6 cm and that between

op screen and top boundary was d top =3.3 cm. 

To avoid channeling effects associated with shifting of the cas-

ng in the sand during installation of the sorbent, the casing was

eld in place by a PVC adaptor fixed to the walls of the bucket by

hreaded steel rods. Medium to fine commercial grade sand was

acked around the casing under standing water to a height of ap-

roximately d = 23 cm with approximately 2–3 cm of standing wa-

er above the top of the sand. Water was pumped into the gravel at

he bottom of the bucket by a peristaltic pump at flow rates rang-

ng from 0.36–6.46 L/h giving a uniform ambient specific discharge

f q 0 =14–242 cm/d with closed screens. 

2-octanol served as a surrogate contaminant in the water flow-

ng through the sediment. Preceding experiments, in which con-

aminant mass flux was measured, 5 pore volumes of the de-

ired concentration of a 2-octanol and water solution were flushed

hrough the sediment bed simulator, while the screens of the in-

talled casing were closed, to create a uniform initial concentra-

ion distribution in the sediment. The 2-octanol solution was pre-

ared prior to the experiments and 2-octanol influent concen-

rations ranged from 2 to 39 mg/L. Influent and effluent samples

ere taken periodically throughout the experiments for subse-

uent analysis. 

.2.2. Sediment conductivity and flow convergence (laboratory 

xperiments) 

For calculation of the convergence factor αq using Eq. (10) , we

etermined K V =68.5 m/d from a constant head permeability tests

ith closed SBPFM screens. This test imposed uniform vertical flow

cross the sand column between top and bottom boundaries and

llowed for direct application of Darcy’s law. In order to obtain ad-

itional information to determine the horizontal conductivity K H ,

he screens were opened for an injection test. Water was pumped

hrough both SBPFM screens at a constant rate and allowed to exit
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Table 1 

Retardation factors of resident tracers as determined from inde- 

pendent column elution experiments. 

Resident tracer Retardation factor R d 

Methanol 5 

Ethanol 27 

2-propanol 120 

Tert-butanol 295 

2,4-dimethyl-3-pentanol > 10,0 0 0 
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the sediment bed simulator through the top and bottom bound-

aries (both connected to the same constant head reservoir). The

pumping rate and the injection head were recorded at steady-state.

These two values were used in combination with K V to determine

ρ = 0.8 using the method described in Appendix C and, subse-

quently, K H =113 m/d from Eq. (11) . 

This result was further verified through independent testing of

the horizontal hydraulic conductivity. The sediment was packed

similarly under standing water in a small rectangular box aquifer

with gravel packed at two opposite walls serving as inlet and

outlet. Both were connected to a constant head reservoir that

created a horizontal hydraulic gradient across the sediment in

the box. The horizontal hydraulic conductivity was calculated as

K H = 2LQ/[W( φ0 
2 −φL 

2 )], where L [L] is the length of the sedi-

ment in the direction of travel, W [L] is the width, Q [L 3 T -1 ] is the

volumetric flow rate through the sediment, φ0 [L] is the height of

the water at the inlet, and φL [L] is the height of the water at

the outlet ( Bear, 2013 ). The horizontal hydraulic conductivity de-

termined from these tests was K H =112 m/d. 

For the given bucket and probe geometries, equations ( B23 ) and

( B26 ) from Appendix B deliver F open ≈ F rec ≈ 17.5. With sorbent

column lengths for a first set of experiments ranging from L c =6.4–

7.2 cm, this led to flow convergence factors αq =6–6.7 as deter-

mined by Eq. (10) . For a second set of experiments (those involv-

ing contaminant mass flux), the simulator was drained and packed

again, and hydraulic conductivities were found to be K H =158 m/d

and K V =101 m/d. For these experiments the length of sorbent

ranged from L c =7.0–7.4 cm and the resulting flow convergence fac-

tors were calculated as αq =4.2–4.5. 

3.2.3. Preparation of the SBPFM 

The sorbent used in the SBPFMs consisted of silver-impregnated

(0.2%) granular activated carbon (GAC), which was manually

packed into fine-meshed nylon socks inside a transparent casing.

The socks were 30 cm long with a diameter of 3.5 cm ( ≈ 2 r c ) and

built around a stainless steel rod with a diameter of 0.7 cm ( Fig.

1 ). Each sock was packed with approximately 35 g (dry mass) of

GAC, resulting in sorbent columns of L c =6.5– 7.5 cm in length.

Above and below the activated carbon the SBPFM was filled with

0.3 cm diameter glass beads of large bulk hydraulic conductivity.

Glass beads and activated carbon were separated by mesh washers

while rubber washers confined the outer most portions of the glass

beads within the SBPFM. The activated carbon had a hydraulic con-

ductivity of K c =300 m/d, a saturated water content of θ = 0.55,

and a dry bulk density of 0.5 g/cm 

3 . 

The resident tracers applied on the sorbent were methanol,

ethanol, 2-propanol, tert-butanol, and 2,4-dimethyl-3-pentanol.

Prior to installation, these tracers were pre-equilibrated on the ac-

tivated carbon by gently mixing the carbon for 24 h in an aque-

ous solution containing methanol, ethanol, and 2,4-dimethyl-3-

pentanol at a concentration of c 0 =1200 mg/L, and 2-propanol and

tert-butanol at a concentration of c 0 =2300 mg/L. Tracer impreg-

nated activated carbon sorbent was drained before packing into

the sock along with the glass beads. The packed sock was then

transferred from the transparent casing into the screened casing

installed in the sediment bed simulator. During the construction of

each SBPFM a portion of the GAC was sampled to establish initial

concentration of the resident tracers used to calculate �R . 

Independent of the sediment bed simulator, column elution ex-

periments were conducted with the same tracer-equilibrated acti-

vated carbon packed in flow-through columns. The tracer concen-

trations in flow-through column effluents were monitored to ob-

tain �R , which was subsequently plotted as a function of pore vol-

umes conveyed through the column. The elution curves were then

used to determine the range of �R > 0.3, over which elution was

linear ( Hatfield et al., 2004 ). The retardation factor for each tracer
as found by taking the inverse of the slope of the linear portion

f each curve ( Table 1 ). 

.2.4. Sorbent analysis 

After the desired duration of deployment, ranging from 1.4–

15.8 h, the SBPFM sorbent was pulled, well mixed and sampled.

esident tracers and contaminant surrogate were extracted from

he GAC using isobutyl alcohol. Using extraction efficiencies deter-

ined from independent batch tests, all samples were analyzed for

racer and contaminant masses on a Perkin–Elmer gas chromato-

raph equipped with automated liquid injection and a flame ion-

zation detector. Because the retardation factor of 2,4-dimethyl-3-

entanol is in excess of 10,0 0 0 at the concentration used during

xperiments, it is used as an internal standard such that changes

n the residual mass of the other resident tracers were evalu-

ted from measured changes in tracer mass ratios with respect to

,4-dimethyl-3-pentanol. Computing �R in this manner assumes

hat any loss of mass of 2,4-dimethyl-3-pentanol is due to some

naccounted source(s) of error that also increased mass loss of

he other resident tracers, which needs to be compensated for

 Hatfield et al., 2004 ). Thus, �R for each resident tracer was cal-

ulated as 

R = 

m R / m R , DMP 

m I / m I , DMP 

(16)

here m R,DMP [M] and m I,DMP [M] are the residual and initial

asses, respectively, of 2,4-dimethyl-3-pentanol on the activated

arbon for each experiment. Measured values of �R for each res-

dent tracer were used in Eq. (8) to estimate water fluxes q 0 
or comparison to the known water fluxes imposed through the

BPFM. Similarly, measured values of sorbed contaminant mass m C 

re used to estimate contaminant mass fluxes J C from Eq. (9) . See

ppendix B3 for further details related to the calculation of true

ater and contaminant fluxes in the sediment bed simulator. 

. Results and discussion 

.1. Installation losses and general tracer performance 

Because the design of the SBPFM permits vertical flow, the

ertical installation and retrieval of the sorbent inevitably forced

ortions of the water through the sorbent and resulted in excess

racer elution. To quantify the impact of installation and retrieval

n tracer elution, a test was performed in which the SBPFM was

eployed and immediately retrieved from the sediment bed simu-

ator. While losses were negligible for 2-propanol and tert-butanol,

ass loss was evident in methanol and ethanol, which had values

f �R equal to 0.58 and 0.90, respectively, after the test. Values

f �R were corrected for this loss by assuming all water displaced

y deployment and retrieval of a sorbent column is forced through

he sorbent matrix; hence, this volume of water is subtracted from

he cumulative water flux q 0 t given by tracers alone. Nonetheless,

ater fluxes calculated for experiments using the residual masses

f methanol and ethanol yielded unsatisfactory results. 

Additionally, it has been shown previously that estimates of q 0 
re most accurate for a range of residual tracer masses around �
R 
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Fig. 6. Measured versus true cumulative water fluxes. 
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Fig. 7. Measured versus true cumulative 2-octanol mass flux. 
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0.5 ( Hatfield et al., 2004 ). For any given tracer, there is a specific

ange of cumulative water fluxes that will yield acceptable values

f �R and lead to accurate estimates of q 0 based on SBPFM geome-

ry and the retardation factor of the tracer. Short periods of SBPFM

eployment resulted in values of �R that were too high for accu-

ate results using tracers of high retardation. On the other hand,

onger tests resulted in inaccurate estimates of q 0 when consider-

ng tracers with low retardation factors, which is likely exacerbated

y additional elution during installation and retrieval. Several tests

ere conducted to determine if methanol and ethanol could accu-

ately predict smaller cumulative fluxes but results were inconsis-

ent, likely a result of elution during installation and retrieval. Esti-

ates of fluxes using tert-butanol were acceptable for some trials

ut generally had values of �R too high for generating accurate

esults, indicating that this tracer may be more effective for mea-

uring higher water fluxes or for longer deployment durations. 

.2. Cumulative water and contaminant mass fluxes 

Measured cumulative water fluxes based on 2-propanol and

ert-butanol are compared to true cumulative water fluxes as de-

ermined in Appendix B3 ( Fig. 6 ). Of the resident tracers used, 2-

ropanol produced the most accurate estimates of cumulative wa-

er flux. Relative errors for estimates of cumulative ambient spe-

ific discharge by tracers 2-propanol and tert-butanol were found

o be 16% ± 18% (mean ± standard deviation) and 24% ± 35%, re-

pectively. Estimated cumulative 2-octanol mass fluxes through the

ediment are also compared to their true counterparts ( Fig. 7 ). True

umulative contaminant mass fluxes were calculated from the con-

entration of 2-octanol in the water being supplied to the sedi-

ent bed simulator and the ambient specific discharge in the sed-

ment bed as J C = q 0 c F , where q 0 was determined as described in

ppendix B3 . Relative errors in estimates of cumulative 2-octanol

ass flux were found to be 13% ± 35%. 

Due to the volatile nature of the 2-octanol in solution and the

irflow across the surface of the water column on top of the sed-

ment bed simulator, effluent concentrations ranged from 24% to

6% of the initial concentration. Consequently, verification of re-

ults by contaminant mass balance calculation between bucket in-

ow, outflow and SBPFM retention was not possible. However, be-

ause the influent was not exposed to airflow until exiting the sed-

ment layer at the top, it was assumed that volatilization had no

mpact on the mass flux through the sediment to be measured. 
.3. Diffusion and non-equilibrium sorption 

Eqs. (8) and ( 9 ) are based on the assumptions of advection

ominated transport and instantaneous (equilibrium) sorption in

he SBPFM. While diffusive losses of tracers from the sorbent col-

mn may lead to overestimation of water fluxes, non-equilibrium

esorption of tracers may decrease the efficiency of tracer elution

nd cause underestimation of water fluxes. In contrast, for con-

aminant fluxes, both diffusive losses and non-equilibrium sorp-

ion have the potential to negatively impact m C and, hence, cause

nderestimation of contaminant fluxes. Following Hatfield et al.

2004) , we evaluate the relative importance of diffusion versus ad-

ection using the Peclet number Pe [-] defined as 

 e = 

q c L c 

θ7 / 3 D 

(17) 

here D [L 2 /T] is the aqueous diffusion coefficient for a tracer

r contaminant, which we assume to be on the order of 1 cm 

2 /d

 Hatfield et al., 2004 ). With L c ≈ 10 cm and θ ≈ 0.5 this leads to

he condition of q c > 0.2 cm/d for safely neglecting diffusive trans-

ort, i.e., Pe > 10 in the sorbent column. For expected values of αq 

n the order of 1 to 10 in practice, this value of 0.2 cm/d may also

e regarded as a conservative lower limit for the undisturbed sed-

ment flux q 0 . Our current test results are limited to q 0 ≥ 14 cm/d

nd αq ≈ 3, i.e., approximately q c > 50 cm/d, which is within the

dvection dominated range. 

Also following Hatfield et al. (2004) , we evaluate the relative

mportance of sorption kinetic rate versus advective transport rate

sing the Damkohler number Da [-] defined as 

a = 

k R d ( 1 − β) L c 
q c 

(18) 

here k [1/T] is the tracer or contaminant (de)sorption rate coeffi-

ient and β [-] is the fraction of sorption sites, where equilibrium

orption is assumed. Taking k to be on the order of 1 1/h and β
0.5 ( Hatfield et al., 2004 ) and using R d ≈ 100 (e.g., 2-propanol;

able 1 ), we arrive at the condition q c < 1200 cm/d for safely ne-

lecting non-equilibrium sorption, i.e., Da > 10 in the sorbent col-

mn. For a large assumed value of αq ≈ 10, this translates into the

onservative condition of q 0 < 120 cm/d. Our current test results

re for maximum values of αq ≈ 6 and limited to q 0 ≤ 242 cm/d,

.e., approximately q c < 1500 cm/d, which is within the equilibrium

ange or near its limit. Overall, this shows that SBPFM application

ased on the present assumptions of advection dominated trans-
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port and instantaneous sorption is appropriate for a range of ver-

tical sediment fluxes q 0 between mm/d (diffusion limit) and m/d

(non-equilibrium limit). Eqs. (17) and ( 18 ) show that increasing L c 
and/or R d by using longer columns and/or more hydrophobic trac-

ers may further expand this range. 

4.4. Non-linear and competitive sorption 

While Eq. (9) for estimating contaminant mass flux is based on

the assumption that intercepted contaminants are fully sorbed and

do not degrade or exit the sorbent column, Eq. (8) for estimating

water flux is based on the assumption of linear tracer desorption,

i.e., a constant value of retardation factor R d for each tracer. As dis-

cussed in Section 3.2.3 , values of R d were determined from inde-

pendent tracer elution experiments using sorbent columns under

conditions similar to the SBPFM experiments. Results for such col-

umn elution experiments have been published previously for dif-

ferent flux meter applications ( Hatfield et al., 2004; Annable et al.,

2005; Klammler et al., 2016 ). Even for strongly non-linear sorption

isotherms, column elution curves can be expected to be initially

linear over significant ranges due to the uniform initial distribu-

tion of tracers on the sorbent in the column. For the present ex-

periments, this was found to be the case for �R > 0.3, which was

applied as a criterion for data interpretation. However, if necessary,

this limitation may be overcome by superimposing multiple linear

elution functions to generate an approximation of a non-linear elu-

tion function ( Hatfield et al., 2004 ). 

Tracer column elution tests were performed using the same mix

of tracers as for SBPFM experiments. Thus, resulting retardation

factors inherently account for the possibility of competitive sorp-

tion between tracers. Competitive sorption between tracers and

contaminants is not expected to influence results, because the ini-

tial portion of the sorbent column retaining the contaminants is al-

ready void of tracers (retardation is generally much larger for con-

taminants than for tracers). Competitive sorption between different

contaminants needs to be evaluated on a case-by-case basis, but is

not an issue in practice as long as contaminants are fully retained.

In combination with the other assumptions of Section 3.1.2 , this as-

sures applicability of Eq. (9) , which does not require a contaminant

retardation factor. 

4.5. Tracer release, flow direction and contaminant retention 

During SBPFM deployment, the sorbent column releases tracers

into the sediment bed. However, due to the non-toxic nature of

the tracers (short-chain alcohols) and the small amounts released

( < 1 g), obtaining approval for different types of passive flux meter

applications in groundwater has not been a problem (e.g., Brooks

et al., 2008; Verreydt et al., 2013; Wang et al., 2014 ). Tracer re-

lease from the SBPFM can be completely avoided, if only the cen-

ter portion of the sorbent column is initially impregnated with

tracers, while the extreme portions are not and retain tracers af-

ter displacement. Analyzing the center portion separately for tracer

mass remaining, then allows quantification of water flux as de-

scribed here. Also analyzing the extreme portions for displaced

tracer mass, further allows distinguishing upward or downward

flow direction. Horizontal flow components in the sediment bed

are not expected to affect measurements of vertical fluxes, as they

do not cause flow through the sorbent column located in the cen-

ter of the SBPFM. 

Technically, contaminant mass fluxes can be measured for most

organic and inorganic compounds by selecting the appropriate

type or mix of sorbent materials to be employed in the SBPFM

column. For example, granular activated carbon (GAC) and acti-

vated carbon felt (AC-felt) have been used for volatile organic
ompounds (VOCs) like perchloroethylene, trichloroethylene, ben-

ene, toluene, MTBE, naphthalene, etc. For semi-volatile organic

ompounds (SVOCs) including polycyclic aromatic hydrocarbons

PAHs), and RDX, non-ionic resins have been employed. For heavy

etals (Cr, As, U, etc.), and ionic compounds (Cl, Br, phosphate, ni-

rate, ammonium, perchlorate etc.) anionic and cationic resins have

een used ( Cho et al., 2007; Lee et al., 2007 ). Other suitable sor-

ents include zeolites and aluminum oxides ( Clark et al., 2005 ). 

. Summary 

The sediment bed passive flux meter (SBPFM) is a new device

or providing simultaneous point measurements of cumulative ver-

ical water and contaminant mass fluxes in lake or stream sedi-

ent beds. It is a self-contained passive permeable unit that may

e driven directly into the sediment bed for deployment periods

anging from hours to weeks. The device is designed to contain

 permeable matrix of hydrophobic and/or hydrophilic sorbents,

hich passively intercept ambient flow through the sediment bed

esulting from surface and groundwater interactions. The sorbents

elease resident tracers at rates proportional to groundwater flux

nd retain dissolved contaminants from groundwater at rates pro-

ortional to contaminant mass flux. Prior knowledge of the water

ux is not required because several resident tracers are used with

arying retardation factors. Flow direction may be inferred by seg-

ented analysis of the sorbent column, revealing the direction of

racer displacement and/or the direction of contaminant arrival. All

ux estimates are time-cumulative, thus effectively integrating (or

veraging) temporal fluctuations in both water flux and contami-

ant concentrations during deployment periods. 

In the present work, we develop relationships between fluxes

easured through SBPFM sorbents and undisturbed ambient fluxes

hrough the sediment bed. In order to demonstrate the funda-

ental working principle and validate the theory, multiple experi-

ents were conducted using a bench-scale sediment bed simulator

ith granular activated carbon as a sorbent. Cumulative ground-

ater flux was quantified using a suite of four alcohol tracers, of

hich 2-propanol and tert-butanol provided satisfactory results.

stimates of cumulative water flux made using tracers methanol

nd ethanol were not reflective of the true flux, because lower re-

ardation led to significant elution during installation and retrieval

f the SBPFM. 2-octanol served as a surrogate contaminant in these

ench-scale experiments and estimates of respective mass fluxes

ere also satisfactory. 

Moving SBPFM to the field is certain to pose several chal-

enges. For example, the flow convergence factor αq depends on

he hydraulic conductivities in the horizontal and vertical direc-

ions, which are challenging to measure. However, a number of

pproaches for solving this problem appears possible (Klammler

t al., under review in AWR as manuscript ADWR _ 2016 _ 360 _ R1 ).

urthermore, we identify a range of conditions, over which knowl-

dge of vertical conductivity suffices ( Fig. 4 ) and propose a simple

eld method for its measurement. Finally, the current testing of

he SBPFM did not include flow reversal in the sediment bed as,

or example, associated with tidally influenced streams or lakes. 
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Fig. B1. Schematic of axisymmetric flow domain and boundary conditions. Imper- 

meable boundaries are bold continuous and constant head boundaries are bold 

dashed. 
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ppendix A. Flow convergence coefficient αq 

Darcy’s law for one-dimensional flow through the sorbent col-

mn Q c [L 3 T −1 ] is 

 c = 

�φK c r 
2 
c π

L c 
(A1) 

here �φ [L] is the head difference across the column. Imagine

he SBPFM is exposed to a vertical gradient J [-] in a sediment

hile leaving the SBPFM “open” (i.e., K c =∞ ). The volumetric flow

ate through the open SBPFM Q open [L 3 T −1 ] is written as 

 open = F open K v J a 
2 π (A2) 

here F open serves as a proportionality constant between Q open 

nd the undisturbed sediment discharge K v Ja 
2 π through a hori-

ontal cross sectional area of the SBPFM. Next, consider the sce-

ario of J = 0 and application of a discharge Q rec [L 3 T −1 ] between

he two screens. This corresponds to recirculating flow between

creens (e.g., using a hypothetical pump) and is written 

 rec = F rec 
�φK v a 

2 π

p + s 
(A3) 

here F rec [-] is a proportionality constant between Q rec and the

ischarge �φK v a 
2 π /(p + s) through a sediment column equal in

ize to the probe between screen centers causing a head drop �φ.

The expressions of Eqs. (A2) and ( A3 ) can be superimposed to

nd a solution for J > 0 and K c < ∞ , as it is the general SBPFM sce-

ario. This does not affect the correct solution of an undisturbed

ydraulic gradient far from the screens (or at nearby boundaries

f the flow domain), while it imposes a non-zero head difference

etween the screens. Because K c < ∞ hinders flow through the

BPFM, the flow through the column is Q c = Q open −Q rec . Substi-

uting Eq. (A3) and eliminating �φ using Eq. (A1) then gives 

Q c 

Q open 
= 

1 

1+ 

a 2 L c K v 
r 2 c (p+s) K c 

F rec 

(A4) 

hich relates Q c to Q open for arbitrary values of K c and inde-

endent of J . Substituting Eq. (A2) with JK v = q 0 and know-

ng Q c = q c r 
2 
c π yields Eq. (10) , with F open and F rec derived in

ppendix B . 

ppendix B. Shape factors 

The constants F open and F rec are determined following the

ethod described by Klammler et al. (2011) for a homogenous sat-

rated sediment bed ( Fig. B1 ). Variables r and z denote the ra-

ial and vertical coordinates, respectively, and are delimited by

 < r < b and 0 < z < d , where b [L] is the radial distance to the lat-

ral boundary (I) and d [L] is the distance between top (II) and

ottom (III) boundaries. Lateral boundary (I) is considered imper-

eable, while boundaries (II) and (III) are at constant heads. This is

onsistent with the possibility of a uniform vertical gradient over

he flow domain. Internal boundaries along the SBPFM are delim-

ted by h 1 through h 4 [L]. Boundaries (IV), (VI) and (VIII) are im-

ermeable, while boundaries (V) and (VII) are at constant heads.

istance d bot [L] is the length of impermeable boundary (IV) and

 top [L] is the length of impermeable boundary (VIII). 

The governing Laplace equation for steady-state flow and

sotropic hydraulic conductivity in cylindrical coordinates is 

∂ 2 φ(r , z) 

∂ r 2 
+ 

1 

r 

∂φ(r , z) 

∂r 
+ 

∂ 2 φ(r , z) 

∂ z 2 
= 0 (B1) 
1  
here φ(r, z) [L] is the hydraulic head distribution within the flow

omain. A general solution of Eq. (B1) is ( Zaslavsky and Kirkham,

964 ) 

φ( r, z ) = [ c 1 sin( m 1 z )+ c 2 cos( m 1 z ) ] [ c 3 I 0 ( m 1 r )+ c 4 K 0 ( m 1 r ) ] 

+ [ c 5 sinh ( m 2 z )+ c 6 cosh( m 2 z ) ] [ c 7 J 0 ( m 2 r )+ c 8 Y 0 ( m 2 r ) ] 

+ c 9 z ln ( r / m 3 )+ c 10 ln ( r / m 3 ) + c 11 z + c 12 (B2 ) 

here J 0 , Y 0 , I 0 , and K 0 are Bessel functions of order zero ( Dwight,

947 ), and where c i for i = 1,2,…,12 and m j for j = 1,2,3 are arbi-

rary real constants (m j being positive). The three external bound-

ry conditions (I)–(III) can be mathematically expressed as 

I) 

∂φ

∂r 
= 0 at r = b for 0 ≤ z ≤ d (B3) 

II) 

φ(r, z) = φII at z = d for a ≤ r ≤ b (B4) 

III) 

φ(r, z) = φI I I at z = 0 for a ≤ r ≤ b (B5) 

To represent constant head top (II) and bottom (III) boundaries

t different heads, we discard incompatible terms of the general

olution in Eq. (B1) , while superimposing compatible terms, lead-

ng to 

( r , z ) = c 11 z+ c 12 + 

N ∑ 

n=1 

B n f 0 ( mr ) sin ( mz ) (B6) 

here m = n π / d, n and N are positive integers, B n are a new set

f constants encompassing c 1 , c 2 , and c 4 , while f 0 (mr) is a func-

ion to be defined involving terms of the equation that contain the

essel functions K 0 and I 0 . For an impermeable lateral boundary,

he function f 0 (mr) is expressed as ( Klammler et al., 2011 ) 

 0 ( mr ) = 

K 0 (mr) 
K 1 (mb) 

+ 

I 0 (mr) 
I 1 (mb) 

K 1 (ma) 
K 1 (mb) 

− I 1 (ma) 
I 1 (mb) 

(B7) 

here K 1 and I 1 are Bessel functions of the first order ( Dwight,

947 ). Under field conditions, where the lateral impermeable
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Q  
boundary is located far away from the SBPFM ( b >> a ), f 0 (mr) re-

duces to 

f 0 ( mr ) = 

K 0 (mr) 

K 1 (ma) 
(B8)

The values of the coefficients B n in Eq. (B6) do not affect com-

pliance with external boundary conditions (I), (II), and (III). Thus,

these coefficients may be used to independently meet the internal

(mixed) boundary conditions (IV)–(VIII) expressed as 

IV) 

∂φ

∂r 
| r = a = 0 for 0 ≤ z < h 1 (B9)

V) 

φ(a, z) φV for h 1 ≤ z ≤ h 2 (B10)

VI) 

∂φ

∂r 
| r = a = 0 for h 2 ≤ z < h 3 (B11)

VII) 

φ(a, z) = φVII for h 3 ≤ z ≤ h 4 (B12)

VIII) 

∂φ

∂r 
| r = a = 0 for h 4 ≤ z ≤ d (B13)

where φV and φVII [L] are the constant hydraulic heads in the bot-

tom and top screen, respectively. The solution for φ( a,z ) of Eq.

(B6) is substituted into equations (B9)–(B13), where c 12 = φIII is

arbitrarily set to zero and c 11 = J is identified as the vertical hy-

draulic gradient. This results in the following system of equations

representing the internal boundary conditions: 

IV) 

N ∑ 

n =1 

B n 
nπ

d 
sin ( m z i ) = 0 for 0 ≤ z i < h 1 (B14)

V) 

J z i + 

N ∑ 

n =1 

B n f 0 ( ma )sin ( m z i ) = φV for h 1 ≤ z i < h 2 (B15 )

VI) 

N ∑ 

n =1 

B n 
nπ

d 
sin ( m z i ) = 0 for h 2 ≤ z i < h 3 (B16)

VII) 

J z i + 

N ∑ 

n =1 

B n f 0 ( ma )sin ( m z i ) = φVII for h 3 ≤ z i < h 4 (B17 )

VIII) 

N ∑ 

n =1 

B n 
nπ

d 
sin ( m z i ) = 0 for h 4 ≤ z i ≤ d (B18)

where K 0 (r)/dr = −K 1 (r) and I 0 (r)/dr = I 1 (r), leading t o

df 0 (mr)/dr| r = a = −m, was used. In the above system of equations,

following Klammler et al. (2011) , the device length 0 ≤ z ≤ d is

discretized into equidistant control points z i such that z 1 = d/(2N)

and z i = z i-1 + d/N for i = 1,2,…, N . Equations (B14)–(B18) represent

a linear system of N equations with N + 2 unknown coefficients

(B n , φV and φVII ), which imposes the required boundary conditions

at the control points. 
ppendix B1. Shape factor F open for flow through the open 

BPFM 

For open flow through the column of the SBPFM (K c =∞ ), the

ydraulic heads at the top and bottom screens are still unknown

ut equal such that φV = φVII provides one additional equation.

mposing continuity of flow between both screens as 

 V + Q VII = 0 (B19)

rovides the second equation, where Q V and Q VII [L 3 T −1 ] are the

olumetric flow rates through the internal boundaries (V) and (VII),

espectively. These flow rates can be expressed as 

 V = −2 πaK 

∫ h 2 

h 1 

∂φ

∂r 

∣∣∣∣
r=a 

dz 

= 2 πaK 

N ∑ 

n=1 

B n [ cos ( m h 2 ) − cos(m h 1 ) ] (B20)

 VII = −2 πaK 

∫ h 4 

h 3 

∂φ

∂r 

∣∣∣∣
r=a 

dz 

= 2 πaK 

N ∑ 

n=1 

B n [ cos ( m h 4 ) − cos(m h 3 ) ] (B21)

eading to 

N 
 

n =1 

B n 〈 [ cos ( m h 2 ) −cos( m h 1 ) ] + [ cos ( m h 4 ) −cos( m h 3 ) ] 〉 = 0 

(B22 )

s the last condition required. After dividing the system by φII = Jd

he coefficients B n / φII can be found. Subsequently, F open is found

y combining Eq. (A2) with J =φII /d and ( B20 ) to form 

 open = 2 

d 

a 

N ∑ 

n=1 

B n 

φII 

[
cos 

(
n π

h 2 

d 

)
− cos 

(
n π

h 1 

d 

)]
(B23)

Under anisotropic conditions of horizontal and vertical hy-

raulic conductivities K H and K V , it is known that above results re-

ain valid if all radial distances of the sediment flow domain (i.e.,

, a and b ) are multiplied by ρ , while maintaining the vertical co-

rdinates unchanged ( Hvorslev, 1951 ). With this, Eq. (B23) can be

raphically represented for field conditions of anisotropic conduc-

ivity, distant lateral boundaries ( b >> a ) using Eq. (B8) and dis-

ant bottom boundary ( d bot / s = 50; Fig. 2 ). The graphs are shown

or d top / s = 1 and were found to be accurate (visually indistinguish-

ble) for the entire range of d top / s > 0.5. This implies a large de-

ree of robustness with respect to the distance between SBPFM

creens and the groundwater–surface water interface (i.e., nearby

op boundary). 

ppendix B2. Shape factor F rec for recirculating flow through 

BPFM 

In the case of recirculating flow in the absence of an ambi-

nt gradient ( J = 0) the screen heads φV and φVII are unequal. Be-

ides equations (B14)–(B18), two additional equations are formed

y setting Q V and −Q VII equal to recirculation flow Q rec in equa-

ions ( B20 ) and ( B21 ), resulting in 

 rec = 2 πaK 

N ∑ 

n=1 

B n [ cos ( m h 2 ) −cos(m h 1 ) ] (B24)

 rec = −2 πaK 

N ∑ 

n=1 

B n [ cos ( m h 4 ) −cos(m h 3 ) ] (B25)
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Fig. C1. Q inj /(aK v φinj ) for injected flow through SBPFM as a function of ρ for sed- 

iment bed simulator configuration. A known value of Q inj /(aK v φinj ) = 31 leads to 

ρ =0.8 as indicated by the dot. 
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or the isotropic scenario. The coefficients B n aK/Q rec are found from

olving the linear system of equations (B14)–(B18) with equations

 B24 ) and ( B25 ). Subsequently, �φaK/Q rec = ( φV - φVII )aK/Q rec may

e expressed from equations (B15) and (B17), remembering J = 0,

nd substituted into Eq. (A3) to find F rec as 

 rec = 

s 
a π

(
1+ 

p 
s 

)
∑ N 

n=1 
B n aK 
Q rec 

f 0 
(
n π a 

d 

)[
sin 

(
n π h 1 

d 

)
− sin 

(
n π h 3 

d 

)] (B26) 

A generalization to anisotropic conditions is again straight-

orward and accomplished by multiplying all radial distances by ρ ,

hile substituting K H for K to assure continuity of flow ( Hvorslev,

951 ). With this, Eq. (B26) can be graphically represented as

 open /F rec for field conditions of anisotropic conductivity as well

s distant bottom and lateral boundaries (using d bot /s = 50 and Eq.

B8) ; Fig. 3 ). Graphs of Eq. (B26) are again for d top /s = 1 being accu-

ate (visually indistinguishable) for the entire range of d top /s > 0.5. 

ppendix B3. Application to the sediment bed simulator 

For the configuration of the sediment bed simulator, the con-

tants F open and F rec are found as in Appendices B1 and B2 , where

q. (B7) with b = 14 cm is used instead of Eq. (B8) . Thus, equa-

ions ( 8 )–( 10 ) remain valid if, according to Eq. (A2) , q 0 and J C are

nterpreted as the uniform vertical fluxes through the sediment

n the absence of the SBPFM (or, equivalently, with both of its

creens closed). However, it is obvious that during the experiments

he SBPFM is present and hydraulically active, such that q 0 and J C 
annot be directly observed for validation of measured fluxes. In-

tead, we may observe the total flow Q sim 

through the simulator

nd compute the flux q sim 

= Q sim 

/[ π (b 2 −a 2 )], where 

 sim 

= − 2 πK 

∫ b 

a 

∂φ

∂z 

∣∣∣∣
z=0 

rdr = q 0 π
(
b 

2 −a 2 
)
+2 πaK 

N ∑ 

n=1 

B n (B27 ) 

s obtained from integrating the vertical fluxes across the bottom

oundary. The coefficients B n are hereby found from the system

f equations (B14)–(B18) with Eq. (B22) establishing continuity of

ow and 

 c r c 
2 φVII −φV 

L c 
= 2aK 

N ∑ 

n=1 

B n [ cos(m h 2 ) − cos(m h 1 ) ] (B28 ) 

mposing Darcy’s law across the sorbent column. After solving the

esulting system of equations for B n / φII , we compute 

q sim 

q 0 

= 1+ 

2d 

a 
(

b 2 

a 2 
− 1 

) N ∑ 

n=1 

B n 

φII 

= 1 . 05 (B29) 

here it is remembered that under anisotropic conditions a ρ , b ρ
nd K H are to be used instead of a, b , and K for finding B n / φII and

n Eq. (B29) . Note that r c is not scaled due to anisotropy. With this,

he true fluxes ( Fig. 6 ) are obtained by dividing the independently

bserved sediment bed simulator fluxes q sim 

by Eq. (B29) . The

ame correction is performed for true mass fluxes ( Fig. 7 ). Under

eld conditions, this correction becomes irrelevant, since b / a >> 1

nd q sim 

/q 0 ≈ 1. 

ppendix C. Anisotropy and horizontal hydraulic conductivity 

sing bucket injection test 

When simultaneously injecting through both screens using a

nown injection head φinj [L], equations (B14)–(B18) remain valid

ith J = 0 and φV = φVII = φinj . Anisotropic conditions (i.e., ρ 	 = 1)

an be accounted for by multiplying all radial distances (i.e., a and

 in the present case) by ρ ( Hvorslev, 1951 ). After dividing the re-

ulting system of N equations and N unknowns by φinj , the coeffi-

ients B n / φinj can be solved for. The steady-state injection flow Q inj 
L 3 T −1 ] is measured during the injection test, and for anisotropic

onditions can be expressed as 

 inj = −2 πa ρK H 

∫ d 

0 

∂φ

∂r 

∣∣∣∣
r=a ρ

dz (C1) 

here K H is used to assure continuity of flows between anisotropic

nd scaled isotropic flow domains ( Hvorslev, 1951 ). Using Eqs.

11) and (B24) with h 1 =0 and h 2 =d , Eq. (C1) can be rearranged

nto 

Q inj 

a K V φinj 

= 

2 π

ρ

N ∑ 

n=1 

B n 

φinj 
[ cos ( n π) −1 ] (C2) 

The left-hand-side of Eq. (C2) is plotted as a function of ρ ( Fig.

1 ) for the geometry of the sediment bed simulator, noting that

 n / φinj are also functions of ρ through equations (B14)–(B18). By

nowing a = 2.1 cm, φinj =1.0 cm and Q inj =0.44 m 

3 /d from the in-

ection test performed, as well as K V = 68.5 m/d from the constant

ead vertical flow test, Q inj /(aK v φinj ) = 31 leads to ρ = 0.8 ( Fig. C1 ).
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