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Abstract

Karst aquifers are very easily contaminated because of the surficial features that commonly exist in karst terranes. Pollutant
releases into sinkholes, sinking streams, and/or losing streams commonly result in concentrated solutes rapidly infiltrating and
migrating through the subsurface to eventually discharge at downgradient springs unless intercepted by production wells, but
slow percolation through soils also may result in serious contamination of karst aquifers. The unique features of karst terranes
tend to cause significant problems in the interpretation of results obtained from water-quality grab samples of karst groundwater.
To obtain more representative samples, event-driven sampling was proposed some decades ago, but event-driven sampling can
be difficult and expensive to implement. In this paper, application of passive-sampling strategies is advocated as a means for
effectively obtaining representative water-quality samples from karst aquifers. A passive-sampling methodology may be partic-
ularly useful for karst aquifers that may be found in complexly folded and faulted terranes. For example, a groundwater tracing
investigation of a contaminated site in a karst terrane confirmed that several offsite springs and wells are connected to the
contaminated site. Tracer recoveries suggested transport rates that were relatively slow for flow in a karstic aquifer
(~0.02 m/s). Breakthrough curves were erratic and spiky. To obtain representative groundwater samples, a passive-sampling
methodology is recommended.
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Introduction brief overview of the dissolution of soluble rocks that empha-

sizes the complexities involved.

Karst aquifers are generally regarded as some of the most
difficult aquifer types to be effectively investigated for
groundwater contamination (Kresic 2013). The difficulties
arise from the nature of how karst aquifers develop, specifi-
cally the dissolution of soluble rocks in which the aquifer is
formed. As is well documented in numerous sources (e.g.,
Ford and Williams 2007; Palmer 2007; White 1988), the dis-
solution of soluble rocks results in discrete input points that
direct surface water in a relatively unrestricted manner into the
subsurface. Dreybrodt (2004, pp. 295-300) provides a very
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Below the soil zone, bedrock fissures, bedding-plane part-
ings, and vadose shafts within the vadose zone continue to
direct and concentrate the inflowing underground water to
select phreatic solution conduits. Of significance is the
epikarstic zone, typically the first 3-9 m of bedrock beneath
the soil zone, which has been documented to be able to store
and rapidly transmit pollutants (Field 1990, 1992—-1993). The
total conduit system typically develops in a rammiform man-
ner that directs the flowing groundwater to one or more resur-
gences at a base level during low-flow periods. During
moderate- and high-flow periods one or more high-level over-
flow springs may become activated for a relatively short peri-
od until the piezometric level recedes to base-level conditions.

Karst aquifers become easily contaminated by leakage
from landfills, surface impoundments (municipal and
hazardous-waste lagoons), underground storage tanks, inad-
vertent chemical spills, accidental or deliberate releases into
sinkholes (dolines), and overloading of pasture lands and
spray fields with manures to name just a few causes (e.g.,
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Kresic 2013, pp. 558-562). Pollutant releases into sinkholes,
sinking streams, and/or losing streams commonly result in
concentrated solutes rapidly infiltrating and migrating through
the subsurface to eventually discharge at downgradient
springs unless intercepted by production wells. Diffuse perco-
lation through less defined surface openings is also common
as well, which tends to be ignored because of the apparent
extreme situation of concentrated contaminant inflow via typ-
ical karst-surface features. Besides, pollutant releases from
lined lagoons and landfills, both rapid-concentrated flow and
slow-dispersed flow both frequently occur in karst terranes.

Further complicating investigations and evaluation of con-
tamination of karst aquifers are typical geological structures—
for example, folded, fractured, and faulted terranes may or
may not influence the release, transport, and discharge of pol-
lutants. Changing stratigraphic layers, overturned beds, and
degree of rock purity may also affect water transit and fate-
and-transport of pollutants (see, for example, Benson and
Yuhr 2016, p. 275). The purpose of this paper is to illustrate
the inappropriateness of applying typical grab sampling and
general unworkability of event-driven sampling of karst
springs and wells and to suggest an improved sampling meth-
odology based on passive diffusion of contaminants to and
onto or into sampling devices.

A literature search resulted in some papers describing the
applications of passive sampling devices (PSDs) in karst
terranes—for example, Bidwell et al. (2010) were interested
in the impact of organic wastewater compounds on cave eco-
systems. To obtain a sense of the impact Bidwell et al. (2010)
deployed PSDs in six caves and two surface-water sites within
the Ozark Plateau of northeastern Oklahoma and northwestern
Arkansas. A total of 83 chemicals were detected, 55 of which
were detected in the caves.

Fox et al. (2010) emphasized the difficulties associated
with obtaining representative time-weighted average water-
quality samples from karst aquifers for of months when ana-
lyte concentrations are low and precipitation events are of
short duration. To overcome these difficulties Fox et al.
(2010) deployed PSDs in caves and at downstream resur-
gences to effectively detect organic chemicals.

Schwarz et al. (2011) were interested in the transport route
of polycyclic aromatic hydrocarbons (PAHs) in a south
German karst system. PSDs were installed in three vadose
caves to collect time-integrated samples of seepage water
and were installed at Blautopf Spring to collect groundwater
samples from the caves’ outlet.

Metcalfe et al. (2011) were interested in the water quality of
the coastal karst aquifer system along the Caribbean coast of
the Yucatan Peninsula, Mexico, that consists of a very highly
permeable limestone. PSD deployments occurred in three
caves that are parts of extensive conduit networks, and one
cenote and one cave that are both connected to a different
conduit network that discharges to an embayment. The
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PSDs effectively detected several dissolved organic chemicals
of concern, albeit at low concentrations which is one of the
benefits of deploying PSDs.

Demougeot-Renard et al. (2017) successfully deployed
some PSDs at Betteraz Spring and various piezometers in
northeast Porrentruy in the Canton of Jura, Switzerland to
detect perchloroethylene and trichloroethylene. Significantly,
not all PSDs tested by Demougeot-Renard et al. were deter-
mined to be appropriate for the aquifer system being evaluat-
ed. The important factor of determining the most appropriate
PSDs to deploy for the given environmental conditions ap-
pears to be as significant as determining the correct PSDs to
deploy for the contaminants of interest.

Levy etal. (2017) applied PSDs to an alpine karst system in
the German Alps for long-term detection of PCDDs, PCDFs,
PCBs, PAHs, and organochlorine pesticides. Deployment of
the PSDs was at two permanently frozen sites in a tunnel
belonging to the gallery systems of the massive rock
Zugspitze where adequate percolation waters were available.
Very low concentrations of the contaminants of concern were
detected confirming the value of applying such devices at
difficult sites to access.

Brief review of problem of conventional grab
sampling

Grab sampling is the process of collecting an aliquot of water
at a spring or from a monitoring well. The sample is then
labeled, preserved, transported in a cooler to a laboratory,
and analyzed. Under the simplest of conditions (e.g., contin-
uous contaminant discharge at constant concentrations with-
out any losses during transport and analysis), grab samples are
assumed to be representative under changing environmental
conditions because the period of sample acquisition (seconds)
may reasonably be considered instantaneous with respect to
contaminant variation in streams (or conduits), which might
be expected to vary significantly over minutes to hours to days
depending on the nature of the contamination. High resolution
monitoring demonstrates the sort of timescales on which one
might expect to see significant changes in water quality. The
term, representative, as used in this context is intended to
imply that the sample provides an accurate picture of the con-
centration at that specific moment in time (i.e., reflects the
concentration actually in the water). Unfortunately, grab sam-
ples only provide a snapshot of the water quality at the time of
sampling, can be difficult to implement in some instances, and
be expensive, especially if numerous samples must be
collected.

In regard to grab samples collected at springs downgradient
of a contaminated site being just a snapshot in time, it is likely
that the contaminants originating from the site will not be
detected in the grab samples except as a result of extremely
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improbable circumstances (e.g., sample collection at a point in
time when contaminants are discharging at the spring at peak
concentrations). Past tracer studies have shown that contami-
nant discharges at sufficiently high concentrations are not con-
tinuous. Rather, contaminant discharges at offsite springs can
exhibit very low concentrations and be quite erratic (Fig. 1)
and thus not truly representative of contaminant discharges
(see for example, Quinlan and Alexander Jr 1987; Malet
et al. 2017). Representative is defined in this context as 95%
confidence that a mean calculated from a finite set of samples
gathered over a specific period of time is equivalent to a mean
calculated from a very large sample set collected over the
same period of time and including both periodic samples
and samples collected at more frequent intervals during
high-flow events (Currens 1999).

Mean concentration, as depicted in Fig. 1, was calculated
using equation 1 of Schleppi et al. (2006), but their equations
2 and 3 could just as well have been used. Other possible
methods for calculating mean concentration also exist
(Preston et al. 1992).

Automatic water samplers can be programmed to collect
water samples at sufficiently high sampling rates as to collect
representative water samples from springs shown to be con-
nected to the contaminated site, but such an approach would
likely be prohibitively expensive. Even setting a sampling
frequency as infrequent as daily for an entire year could both
be extremely expensive and insufficiently frequent at the same
time (Quinlan and Alexander Jr 1987; Felton and Taraba
1995; Currens 1999; Blatnik et al. 2020).

Typical groundwater grab sampling of springs and wells,
whether haphazard timewise or on a systematized schedule
was long ago questioned as being capable of presenting rep-
resentative groundwater quality information when implement-
ed in karst terranes because of the nature of flow in karst
aquifers (Quinlan and Alexander Jr 1987; Vrba 1988; Coxon
and Thorn 1989; Kacaroglu 1999) and is still a concern (e.g.,
MPCA 2005, p. 7). Groundwater flow in karst aquifers is
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Fig. 1T Contaminant concentration variation over time, illustrating the
problems with grab sampling in which no consideration regarding any
specific precipitation events is considered: a relatively infrequent

generally characterized by relatively fast flow constrained in
solution conduits that is convergent throughout much of its
upper reaches but tends to become distributary very near its
lowest reaches. High-level overflow to springs that function
during periods of high precipitation but are often dry during
periods of low precipitation is also common. Monitoring wells
installed in karst aquifers generally do not produce represen-
tative samples because of the convergent flow of subsurface
water and pollutants into solution conduits (Quinlan and
Ewers 1985; Field 1992-1993).

Brief review of event-driven sampling
for pollutants

Event-driven sampling is a common sampling methodology
applied to surface-water streams (e.g., Rabiet et al. 2010;
Schleppi et al. 2006; Johnes 2007; Horowitz 2008). In its
simplest sense, water samples are collected with specific re-
gard to precipitation events.

As a solution to the problem of conventional groundwater
grab sampling for pollutants in karst terranes, Quinlan and
Alexander (1987) proposed application of an event-driven
sampling methodology in which groundwater samples would
be collected starting at the beginning of a precipitation event
and continuing through the rising limb of the hydrograph at a
very high frequency (e.g., every hour) until the hydrograph
peak is reached. After the hydrograph peak is reached, the
sampling frequency could be substantially reduced (e.g., ev-
ery four to six hours). All the collected water samples would
then be analyzed in the laboratory for analytes of concern
unless the precipitation event resulted in too little actual pre-
cipitation in which case, all the samples would then be
discarded. The event-driven sampling methodology was
shown in Quinlan and Alexander (1987) to result in represen-
tative samples at the test site, but the problem of knowing
when a precipitation event was going to start, how much
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precipitation should be deemed adequate, and associated costs
in terms of personnel on standby and actual sample collection
and the numerous laboratory analyses are all problematic.
Although not greatly prevalent, some examples of event-
driven sampling in karst terranes do exist (Currens 1999;
Lerch et al. 2001; Kilroy and Coxon 2004; Tréek 2007).

Event-driven sampling, as originally proposed by Quinlan
and Alexander (1987), was based on research conducted at
Mammoth Cave National Park that was developed within
the context of the flushing of solution conduits during
storm events. As with grab sampling, the methodology
described by Quinlan and Alexander can be prohibitive-
ly expensive in nearly all instances. In-situ monitoring
can help in the automatization and optimization of sam-
pling with automatic samplers but may not be very use-
ful if contaminants breakthrough is difficult to link to
specific precipitation events. Personnel would need to
be on continuous standby and ready to deploy sampling
equipment quickly and be available to monitor the
equipment for the duration of any precipitation event
throughout the year. Also, the number of samples that
might be analyzed in the laboratory could run into the
tens or even hundreds of thousands of dollars over a
year.

For slow-flowing water in some solution conduits
(e.g., those that tend to occur in the Appalachian
Mountains), the sampling protocol for karst springs sug-
gested by Quinlan and Alexander (1987) would also
likely result in nondetection of the expected contami-
nants. Nondetection of contaminants is a serious limita-
tion in developing realistic exposure and risk assess-
ments. This problem is exacerbated during periods fol-
lowing large storm events, depending on how readily
the contaminants, temporarily detained in subsurface so-
lution conduits, are flushed and entrained along the con-
duit. These peak contaminant concentrations, because of
the long travel times, are not readily correlatable to any
storm event. This latter problem thus renders the sug-
gested event-driven sampling protocol described by
Quinlan and Alexander (1987) as inadequate and inap-
propriate and requires a very different approach.

In such an instance, passive sampling of surface waters and
groundwater appears to be the most appropriate method for
consideration. Although still not commonly employed for en-
vironmental water sampling, passive sampling appears to be a
viable method for sample collection at surface-water and
groundwater-discharge locations at and around contaminated
sites that have been shown by tracing studies to relate to the
site. The concept of passive sampling is beginning to receive
serious consideration by the US Environmental Protection
Agency (EPA; e.g., Burgess et al. 2016) because of the pos-
sibility of obtaining representative samples under difficult
circumstances.

@ Springer

Passive sampling

Passive sampling and/or extraction of analytes involve mea-
surement of the concentration of an analyte as a weighted
average over the sampling and/or extraction time. This is ac-
complished by integrating the concentration of the analyte
over the whole exposure time, which makes such a method
less susceptible to accidental, extreme variations of pollutant
concentrations. In this way, a suitable means of obtaining
information over a long-term period of pollutant levels in a
given environmental compartment is obtained (Namiesnik
et al. 2005). Passive sampling may be defined, in the broadest
sense, as any method that is based on the free flow of contam-
inant molecules from the sampled media to a receiving phase
in a PSD, as a result of differences between the chemical
potentials of the analyte in the two media (Gorecki and
Namies$nik 2000; Vrana et al. 2005). Passive-sampling
methods are generally classified as either adsorptive or ab-
sorptive. Adsorptive methods take advantage of the physical
or chemical retention by surfaces and rely on parameters that
involve surface binding and/or surface area. Absorptive
methods involve not only surface phenomena but also analyte
permeation into the interceding material. This latter approach
provides the possibility for compound discrimination because
of the membrane’s physicochemical characteristics (Kot et al.
2000). In addition, some studies have shown that the results
obtained using some PSDs are significantly correlatable, from
a statistical perspective, with the concentrations obtained
using an event-driven sampling routine even when sampling
rates were not corrected by flow (e.g., Fernandez et al. 2014).
Currently, there are three generic forms of PSDs

1. Thief (grab, equilibrium) PSDs.
2. Diffusion (equilibrium) PSDs.
3. Time integrating (kinetic, nonequilibrium) PSDs

All may be deployed down a well to the desired depth
within the screened interval or open borehole to obtain a dis-
crete sample without using pumping or a purging technique
(ITRC 2006, pp. 3 and 10). Most can be stacked to obtain
samples at multiple depths. Some PSDs can also be used to
measure contaminants in groundwater as groundwater dis-
charges to a surface-water body (e.g., at resurgences).
Several PSDs were originally designed for surface-water sam-
pling but may be modified for deployment in monitoring wells
of appropriate diameter.

Equilibrium versus nonequilibrium sampling

The main advantage of PSDs is that they continue func-
tioning until equilibrium is achieved. Once equilibrium
conditions are achieved, additional enrichment of
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contaminants within the PSD is no longer possible. This
means that the time to equilibrium depends on the ca-
pacity of the collection phase for the contaminants of
interest, where capacity is defined by the amount and
affinity of the collection material: the larger the amount
of collection material and/or the greater its affinity for
the contaminants, the greater the capacity.
Unfortunately, this implies that the distinction between
equilibrium and nonequilibrium sampling is not always
clear. This is particularly evident if many contaminants
with a broad spectrum of physicochemical characteris-
tics are of interest in the sampled medium. It is also
conceivable that some contaminants may be present at
equilibrium at the end of the sampling period while
others may not yet have reached equilibrium (Bopp
2004, p. 7).

In terms of adsorptive samplers and depending upon the
sampler, the receiving phase can be a solvent (e.g., water),
chemical reagent, or porous adsorbent (e.g., activated carbon).
While there are many different designs for adsorptive PSDs,
most have a barrier between the sampled medium and the
receiving phase. The barrier determines the sampling rate that
contaminants are collected at a given concentration and can be
used to selectively permit or restrict various classes of
chemicals from entering the receiving phase (Vrana et al.
2005). As further explained by Vrana et al. (2005), the mass
transfer of an analyte from water to the sampler in-
cludes diffusion, interfacial transport steps across several
barriers (compartments), including the stagnant aqueous
boundary layer, possible biofilm layer, the diffusion-
limiting membrane, and finally the receiving phase.
Assuming a rapid equilibrium, the flux of an analyte
is constant and equal in each of the individual compart-
ments. This also assumes that sorption equilibrium ex-
ists at all compartment interfaces. As such, the resis-
tances of each barrier to the mass transfer of analytes
are then additive and independent. The ability of a PSD
to act as an equilibrium or nonequilibrium sampler is
dependent on the partitioning properties of the contam-
inants of interest. Some PSDs might act in an equilib-
rium manner for some environmental pollutants during
field sampling, while also acting in a nonequilibrium
manner for other compounds (Bopp 2004, p. 8).

Both equilibrium and nonequilibrium methods
preconcentrate analytes by acting as a preferred phase
for the partitioning of the analyte. The main difference
between the two methods is the dimension of time;
equilibrium samplers result in time-weighted averages
that attenuates the changes in the environmental concen-
tration with a bias towards the current concentration.
Alternatively, integrative (nonequilibrium) samplers re-
sult in time-integrated average concentration over the
whole sampling period (Fig. 2; Roll and Hallden 2016).
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Fig. 2 Hypothetical example of analyte concentration from samples
sorbed onto an equilibrium sampler with an equilibration time of one
time period (arbitrary unit), and an integrative sampler operating in an
environmental fluid, where the analyte concentration varies between 50
and 150% of the initial (and mean) value. The equilibrium sampler yields
a time-weighted average concentration that attenuates and lags the envi-
ronmental concentration. The integrative (nonequilibrium) sampler yields
an average concentration reflecting the entire duration of the sampling
period (after Roll and Hallden 2016). A major deficiency with diffusion
PSDs is that they tend to achieve equilibrium relatively quickly, which
may allow the contaminants to diffuse back into the source water when
contaminant concentrations in the source water decline resulting in the
reversing of concentration gradients (Bopp 2004, p. 7)

Equilibrium sampling

Equilibrium samplers are characterized by a rapid achieve-
ment of equilibrium between the contaminants in the water
to be sampled and the contaminants inside the PSD. One con-
sequence of achieving an equilibrium rapidly is that the con-
taminants are also capable of diffusing back into the surround-
ing water should aqueous concentrations of contaminants de-
cline (i.e., the concentration gradient reverses). Equilibrium
may be generally assumed to be reached within about 1 week
(Bopp 2004, p. 7), but times will vary depending on the
sampler.

Diffusion passive sampling device

Diffusion (equilibrium) PSDs are devices that rely on diffu-
sion of the analytes to reach equilibrium between the PSD
fluid and the aqueous environment (Vrana et al. 2005).
Samples are time-weighted toward conditions at the sampling
point during the latter portion of the deployment period. The
degree of weighting depends on the analyte and device-
specific diffusion rates. Typically, conditions during only the
last few days of PSD deployment are represented (ITRC 2006,
p- 2). Depending upon the contaminant of concern, equilibra-
tion times range from a few days to several weeks (ITRC
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2006, pp. 21-55). Diffusion PSDs are less versatile than grab
samplers insofar as they are not generally effective for all
chemical classes but like grab samplers, they can be stacked
to obtain multiple samples from various depths.

Nonequilibrium sampling

Nonequilibrium PSDs are those that do not achieve equilibri-
um with the surrounding aqueous environment within the des-
ignated sampling period. These samples are characterized by a
high capacity for collecting contaminants of interest. The high
capacity ensures that contaminants can be continuously
enriched in the PSD throughout the sampling period. This
high capacity also means that contaminants are much less
likely to diffuse back out of the PSD as a result of decreasing
aqueous concentrations. As such, the high capacity of non-
equilibrium PSDs for contaminants of interest forms the pre-
requisite for determining time-weighted average (TWA) con-
taminant concentrations present in the water over the entire
sampling period. Nonequilibrium-type PSDs may be
employed for periods of a few weeks to a few months (Bopp
2004, p. 8).

Time-integrating passive sampling device

Integrating, or kinetic PSDs are designed to sequester
chemicals over the time they are deployed (Vrana et al.
2005). Analytes are trapped or retained in a suitable medium
that can be a solvent, a chemical reagent, or a porous adsor-
bent. Hence, they produce a total mass of the chemicals that
have meet the sampling medium. This total can later be con-
verted to a TWA concentration. Because of the sequestration
mechanism, kinetic PSDs can achieve very low detection
limits (e.g., ng L.

Passive sampling devices tend to smooth contamination
curves by integrating over the temporal variability in the con-
centrations (Poulier et al. 2015; Zhang et al. 2016). The con-
cept of a TWA concentration is most easily understood from a
visual perspective (see Fig. 2).

Operational principles

Both the diffusion and time-integrating PSDs depend upon
permeation or diffusion through barriers that hold their receiv-
ing phase. This diffusion process is chemical and barrier spe-
cific. For the diffusion PSDs this sampling rate affects the time
they need to be deployed to have the PSD fluid come into
equilibrium with the contaminant concentrations in the ambi-
ent water. For the integrating PSDs, the sampling rates are
used to convert the total concentration found in the receiving
phase to a TWA concentration in the kinetic PSDs. Sampling
rates for several analytes and barriers can be found in the
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literature, otherwise they must be determined experimentally
in a laboratory. Note that time-integrating PSDs, like diffusion
PSDs, may require a minimum number of deployment days
before accurate TWA concentrations can be calculated
(Vermeirssen et al. 2009).

As the contaminants permeate or diffuse into the PSD, they
become trapped or retained in a suitable medium—commonly
known as a performance reference compounds (PRCs)—
within the PSD. This can be a solvent, chemical reagent, or
a porous adsorbent. The receiving phase is exposed to the
water phase, but without the aim of quantitatively extracting
the dissolved contaminants.

Equilibrium sampling rate

The sampling rate is determined by the transport resistances in
the stagnant water boundary layer around the sampler and the
resistances in the sampler itself. Which resistance dominates
depends on (1) the local water movement that determines the
thickness of the aqueous boundary layer, and (2) the diffusion
rate in the PSD.

In stagnant water, the water boundary layer is generally
thick and so uptake is slow, and the sampling rate is therefore
low. When there is more water movement, the water boundary
layer will not be as thick and so uptake will be faster, and the
sampling rate will be higher (Fig. 3).

If the diffusion rate in the PSD itself is low, the sampled
substances will accumulate on the surface of the PSD and the
uptake rate will be slowed down to the rate at which the sub-
stances diffuse deeper into the PSD. The sensitivity (limit of
detection) of PSDs of this kind is low.

The highest sampling rate is achieved with PSDs in which
the compounds being sampled have diffusion coefficients that
are so high that the water boundary layer determines the sam-
pling rate. The advantage of PSDs of this kind is that
the uptake model is relatively simple, and uptake can be
modeled accurately. The sampling rate of the PSD can
be accurately determined based on the release of com-
pounds with which the PSD is spiked beforehand (i.c.,
PRCs; Booij et al. 1998; Huckins et al. 2002). This is
because the release rate is determined by the same re-
sistances as the sampling rate, which means that, during
the calculation of the concentration, the effect of water
movement on the sampling rate is considered. The cal-
culation model developed for this purpose over time is
described in Smedes (2010) as cited in Smedes et al.
(2010, p. 5).

For PSDs where the uptake is determined by the water
boundary layer, the uptake is higher when the flow rate is
higher (e.g., in a river). A peak in the flow reduces the size
of the boundary layer and will result in more uptake, as will a
peak in the concentration. An increase in the flow also leads to
greater releases of PRCs and therefore to a higher sampling
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Fig.3 Schematic diagram of passive sampling devices (PSDs) operation.
a Equilibrium conditions, evident from the equivalent movement of
analytes between the aqueous environment and the receiving phase and
back. b Nonequilibrium conditions, evident from the greater movement

rate so that the flow will not affect the calculated concentra-
tion. The result is a time-integrated measurement in which
time-integrated infers both concentration-integrated and
flow-integrated. When the transport resistance in the sampler
is on the same order or higher than that which is in the water
boundary layer, modeling is more problematic and the diffu-
sion coefficient of the compound in the PSD is also needed
(Booij et al. 2003). If the water movement changes, the resis-
tances in the water boundary layer and the PSD will determine
uptake in turn so that both resistances must be included in the
model.

PSD sampler-water partition coefficient

Several process constants have to be known for every com-
pound to be measured with passive sampling. To verify that
the uptake process matches the assumed uptake model, it is
essential that the diffusion coefficient of the compound be
measured and that the sampling material be known. The value
of the sampler-water partition coefficient K, is also needed to
calculate the freely dissolved concentration. Initially, when
testing the possibilities for measuring a substance using pas-
sive sampling, estimated values are often used. As a rule, each
combination of sampler material and compound to be mea-
sured has a specific optimal exposure time at which sampling
is still time-integrated. However, because sampling with a
PSD usually involves several compounds at the same time,
the exposure time is selected pragmatically.

of analytes to the receiving phase relative to the reverse movement of
analytes back to the aqueous environment (modified from Bopp 2004, pp.
6-7)

Transport from the aqueous phase to the receiving phase
within a PSD is, as in the partition samplers, determined by
diffusion. However, the difference is that there are three, rath-
er than two, different resistances:

1. The resistance in the water boundary layer
2. The resistance in the filter or membrane
3. The resistance between the parts of the adsorption mate-

rial itself in the direction of deeper layers in the PSD

Figure 3 depicts these resistances. Little is yet known about
which of the three resistances dominates and whether that is
the case in all circumstances. As a result, a quantitative calcu-
lation of the average water concentration is not yet possible
and additional research is necessary for in-situ calibration and
conversion to concentrations in the water phase (Smedes et al.
2010, p. 7).

Basic operational theory

Pollutant adsorption or absorption from water into most PSDs
generally follow the pattern shown in Fig. 4. As depicted in
Fig. 4, the functioning of a PSD is based on an exponential
power that can be broken down into three stages (Smedes et al.
2010, pp. 4-5):
Stage 1. Uptake is roughly linear over time and there is no
tendency to flow back (i.e., there is no release
back into the aqueous environment).
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Fig.4 Analyte mass uptake profile in passive sampling devices (PSDs) in
which three different mass transfer accumulation regimes are shown.
Three stages of mass transfer accumulation regimes (linear, kinetic and
equilibrium regimes) can be distinguished. Integrative samplers are de-
signed to operate in the kinetic regime, while equilibrium samplers are
designed to operate in the equilibrium regime (modified from Roll and
Hallden 2016; Roll 2015; Zabiegata et al. 2010; Booij et al. 2000, p. 1;
Vrana et al. 2005; Bopp 2004)

Stage 2. Differences in the concentration between the aque-
ous environment and the PSD falls and substances
are again released into the aqueous phase (i.e., net
uptake declines).

Ultimately, uptake and release equilibrate, and equi-
librium is reached.

Stage 3.

The processes operating during each stage can be compli-
cated. According to Smedes et al. (2010), the following pro-
cesses occur, beginning with stage 1, during which, uptake is
time-integrated and higher or lower temporary concentrations
are “registered.” The measured concentration is a time-
weighted average concentration during the exposure period.
In this instance, there is “one-way traffic” to the sampler. A
higher uptake due to a temporarily higher concentration (a
peak load) during the exposure period will, therefore, stay in
the sampler. To calculate the concentration in the aqueous
phase during this first stage, only the sampling rate R;
[L? T~ '] is needed in addition to the measured parameters as
shown by Kot-Wasik et al. (2007), Lowman et al. (2012), and
Zhang et al. (2016)

M—My = CrwaRst (1)

where Crwa [M L] is the TWA-concentration of the con-
taminant in the aqueous (water) phase, Mg [M] is the mass of
analyte accumulated on the PSD, M, is the analyte measured
on the PSD before deployment [M], R, is the sampling rate,
and ¢ is time [T]. During this stage, the product Ry represents
the water volume that is extracted during deployment and, at
sufficiently long exposure times, the sampler equilibrates with

@ Springer

the water to yield accumulated mass according to (Lowmann
etal. 2012)

M—Mo = CyKgyms (2)

where my is the mass of sorbent that is extracted by a specific
PSD at equilibrium and K, is the sampler-water partition
coefficient (also known as the phase-water partition coeffi-
cient; Bayen et al. 2009), which is obtained from

Ko =7
S k2

(3)
where &y [My, ' My ' T"'] and k, [T '] are the uptake and
offload rate constants, respectively.

Lowmann et al. (2012) further note that Egs. (1) and (2) are
special cases of the general uptake equation

Ryt

M—My = CyKgyms |:1—6Xp (— ﬂ = CyVex 4)

switls

which is valid during the linear uptake phase (¢ — 0).
Equation (4) is easily rearranged to (Novic et al. 2017,
Jeong et al. 2018)

MM,
=Rt (5)
Kgwms | 1—exp Kourn,

Equations (4) and (5) are always exact (as opposed to Egs.
1 and 2 which are only approximations) and allows for esti-
mating the effectively extracted water volume V., at deploy-
ment time. The quotient Ry/(K,m;) in Egs. (4) and (5) is a
first-order equilibrium rate constant &, which can be used to
estimate the time to equilibrium (Lowmann et al. 2012).

The sampling rate may be estimated from (Kot-Wasik et al.
2007)

Cy =

Rs = woA = keszwVD (6)

where wy is the overall mass transfer coefficient, A is the
surface area of the membrane, k. is the overall exchange
constant, and Vp, is the volume of the receiving phase.

During stage 2, which follows the linear phase, the release
of the measured analyte also starts to play a role. The rate of
this release increases as stage 3 is approached. When an ana-
lyte is released that has been accumulated earlier during a peak
load, the PSD starts to “forget” this peak load. To calculate the
concentration in the water both R, and K, are needed, as is
the complete model with exponential power.

Lastly, during stage 3, equilibrium is achieved so release
and uptake are equal. In this instance, a PSD will “forget” (in
part) a temporary increase or decrease in the water concentra-
tion from an earlier stage. The concentration in the aqueous
phase in this stage can be calculated with the partition coeffi-
cient K, alone. It should be noted that Fig. 4 exhibits three
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separate curves (phases), but in actuality the linear curve
grades into the nonequilibrium curve which in turn grades into
the equilibrium curve.

Hydrophobic compounds generally have a high K, so the
PSD capacity (mg Kgy,) [M L '] for these compounds is high
and uptake will also generally remain in the linear stage. As a
result, these compounds can be sampled on a time-integrated
basis. For less hydrophobic compounds (e.g., log K, < 3),
equilibrium time is often shorter than the exposure time and
equilibrium will generally be achieved (Smedes et al. 2010, p.
5).

A partition PSD can accumulate several analytes at the
same time. Differences in the properties of the compounds
mean that one compound may, after a particular exposure
period, still be in the linear phase, while another compound
will already have attained equilibrium. Competition between
the different compounds does not play any role in the uptake
of these mixtures of compounds (Smedes et al. 2010, p. 5).

The exchange kinetics between a PSD and water phase
may be described by a first-order, two-compartment model
(Bayen et al. 2009)

dCs(1)

i = kICW(t)*kZCS(t) (7)

that may be solved as a one-compartmental mathematical
model as depicted in Fig. 4 (Vrana et al. 2005; Kot-Wasik
et al. 2007; Kaserzon et al. 2012; Persson 2015)

Cs(t) = Cy—(1-e™") (8)

where C; (1) [M M3 ] is the concentration of the contaminant
in the PSD at exposure time ¢. The offload rate constant can be
used to derive the 95% equilibrium concentration f95 in the
sampler (Bayen et al. 2009)

~ —In(0.05)  3.00

fos = Th ko 9)
which represents the time to reach 95% of equilibrium con-
centration in the sampler. It can be noted that, according to
Kot-Wasik et al. (2007), that the concentration of the contam-
inants in the sampler increase linearly, which allows for esti-
mation of the uptake time to 50% of equilibrium 75 (stage 1)
by (Kot-Wasik et al. 2007)

2 KwVp  In2

tsog = 10
% R, Kex (10)

Equation (10) allows for the estimation of the dissolved
contaminant concentration. The time to equilibrium #5, may
be calculated (stage 3) by (Lowmann et al. 2012)

1 Koo

teq:rm: RS (11)

Noting that the contaminant concentration C,,(?) is constant
with respect to time, the combination of Eq. (6) with the dif-
fusion models leads to (Bayen et al. 2009)

1

A
k= V Oy r n 1 (12)
DW 6w + r wthw
and
A 1
R 1 (13)
DW 6W “+r wtKSW

where d,, is the diffusion layer thickness in water [L], » is the
radius of curvature of the sampler surface [L], D,, is the dif-
fusion coefficient of the analyte in water [L?/T], and w is the
mass transfer coefficient in the sampler [T '].

Bayen et al. (2009) notes for Egs. (12) and (13) that factors
such as waterflow rate, temperature, and (bio)fouling, may
affect dy,, Dy, and w;, which in turn could affect uptake and
oftload rates. Temperature will also affect K,,. Figure 5 de-
picts the basic trends of &, k,, and 795 as a function of K. On
the left side of Fig. 5 (lower K, where mass transfer is limited
by diffusion inside the sampler), &; theoretically increases
with increasing K, until a plateau representing maximum
uptake kinetics (kjmax) is reached, critical (log Koy )e, in a
sampler exposed to an aqueous phase that is controlled by
the diffusion of the contaminant in the aqueous phase
(Bayen et al. 2009). Bayen et al. further point out that, for flat

A (Kow)e

ks

tos
2T

log scale

/

Transport limited
inside sampler

Transport limited by
aqueous diffusion

>
log Ky or log K .y

Fig. 5 Relation between uptake rate constant &, offloading rate k,, and
time to 95% equilibrium #9s and the sampler-water partition coefficient
K, or octanol-water partition coefficient K, as a basic measure of hy-
drophobicity (after Bayen et al. 2009)
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samplers (7 > &y,), k1max May be obtained from Eq. (10). That
is when 8, /Dy, > (w, % Ky,) " leads to

_AD,

klmax - VI

(14)

It is further apparent from Fig. 5 that at lower K, k» and
195 will remain relatively constant until (log K,,). is reached at
which point, as K, continues increasing, k, rapidly decreases
and 795 rapidly increases.

Equilibrium sampling calculation

For equilibrium PSDs, the exposure time is sufficiently long
as to permit the establishment of thermodynamic equilibrium
between the water and reference phases such that Eq. (6) re-
duces to (Vrana et al. 2005)

Cs(t) = Cy— = CyKsw (15)

The basic requirements of the equilibrium-sampling meth-
odology are that stable concentrations are reached after a
known response time, which requires that the sampler capac-
ity be kept substantially below that of the sample to avoid
depletion during extraction. In addition, the device response
time must be shorter than any fluctuations in the environmen-
tal medium. Passive diffusion bag samplers (PDBSs) have
reportedly been used extensively for monitoring volatile or-
ganic compounds (VOCs) in water (Vrana et al. 2005).

Nonequilibrium (kinetic) sampling calculation

For kinetic samplers, it is assumed that the rate of mass trans-
fer to the reference/receiving phase is linearly proportional to
the difference between the chemical activity of the contami-
nant in the water phase and that in the reference phase. In the
initial phase of sampler exposure, the rate of desorption of the
contaminant from the receiving phase to water is negligible,
the sampler works in the linear uptake regime, and Eq. (8)
reduces to (Vrana et al. 2005)

Cs(t) = kalt (16)

The advantages of kinetic or integrative sampling are that
they sequester contaminants from episodic events commonly
not detected with grab sampling and can be used where water
concentrations are variable. They permit measurement of ul-
tra-trace, yet toxicologically relevant, contaminant concentra-
tions over extended periods (Vrana et al. 2005). It is exactly
these conditions (episodic events, variable concentrations)
that are of concern at contaminated karst sites. Details on the
appropriate use and application of types of passive sampling
devices may be found in Burgess et al. (2016).

@ Springer

Passive sampling instances in karstic terranes

Although the difficulties associated with obtaining represen-
tative groundwater-quality samples from karst aquifers,
whether sampling from wells or springs and seeps, is widely
recognized, it appears that little progress towards alleviating
some of the difficulties has been pursued since Quinlan and
Alexander (1987) developed their event-based sampling ap-
proach. That said, some individuals have begun seriously con-
sidering passive sampling methods for obtaining representa-
tive groundwater samples from karst aquifers.

An instance when passive sampling in karst terranes
is necessary

A tracing study was initiated at a highly contaminated site
located in the Hagerstown Valley, Maryland (part of the
Great Valley) of the Eastern Valley and Ridge Province of
the Appalachians with recovery at several locations, details
of which may be found in Field (2017). The purpose of the
tracer test was to assess the distribution and migration of sev-
eral pesticides spilled or deliberately released at the site and is
now in groundwater in the area. The tracing study consisted of
a release of 7.16 kg of fluorescein dye (Colour Index, Acid
Yellow 73) into a small sinkhole ~0.5 m in diameter. Various
springs and wells were monitored continuously for dye using
a Turner Designs Cyclops-7 Logger in situ fluorometer and
data logger with recoveries in radial directions as a result of
the site overlying a groundwater mound (Field 2017). A
breakthrough curve (BTC) for one sampling station is
depicted in Fig. 6. Tracer distance from the point of injection
to the sampling station for the BTC shown in Fig. 6 was
estimated to be 2,000 m but the mean time of travel was
calculated to be 35 days (peak time of travel = 34 days), which
is quite difficult to visually discern from Fig. 6. The calculated
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Fig. 6 Tracer breakthrough curve at a spring for a very slowly migrating
tracer dye in a karst aquifer
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mean time of travel suggests a mean velocity of 86 m/day
(0.001 m/s), which is 20x slower than for typical karst aqui-
fers—e.g., 0.02 m/s (Bonacci 1987, p. 9). Such an erratic
spiky BTC for such a very slow tracer migration essentially
renders an event-driven sampling methodology virtually im-
possible to effectively implement. Simply stated, which storm
event correlates to any instance of pollutants discharging from
the spring.

Should an event-driven sampling methodology be imple-
mented at the sampling station depicted in Fig. 6, it would be
nearly impossible to relate a precipitation event to the site
hydrograph when peak time of travel is estimated to be just
over 34 days and mean time of travel is estimated to be ap-
proximately 35 days during the wet season when the tracer test
was implemented. Tracer migration is likely substantially
lower during the dry season. The basic problem is trying to
correlate rises in the hydrograph to any specific precipitation
event over such a long period, making the timing of the sam-
pling protocol extremely difficult. In addition, the spiky erratic
nature of the BTC suggests a potential pulsing of discharges.

Discussion and summary

Although long recognized that basic grab sampling for water-
quality analyses at karst springs was problematic, it was not
until the paper by Quinlan and Alexander (1987) that a meth-
odology that yields more representative samples was recog-
nized. Unfortunately, only a few instances have been pub-
lished demonstrating the effectiveness of the methodology.
Reasons for not implementing an event-driven sampling
methodology in more instances remain obscure but may be
due to problems with implementation and cost.

Critically reviewing the difficulties associated with
implementing an event-driven sampling methodology and
complex BTCs such as is depicted in Fig. 6 suggests that the
more effective methodology of passive sampling could be a
substantial improvement over event-driven sampling. By
allowing deployed PSDs to remain in place anywhere from
14 to 30 days greatly improves the likelihood of obtaining
representative mean contaminant concentrations while mini-
mizing the costs associated with collecting multiple samples
throughout a precipitation event. The much lower concentra-
tions that can be achieved when employing PSDs also make
passive sampling a potentially more appropriate method for
the extremely sensitive eco-environments typical of caves. In
addition, costs are reduced because fewer man-hours are
required.

It is perhaps too early to go so far as to formally recom-
mend passive sampling in all or even just some instances
when karst aquifers need to be evaluated for contaminants
but passive sampling generally appears to be a valuable com-
pliment to grab sampling and event-driven sampling in most

instances. More studies need to be conducted to confirm the
potentially valuable addition of adding a passive-sampling
methodology to groundwater sampling plans for contaminat-
ed karst aquifers. Hopefully, more studies will be conducted in
the near future.
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