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Passive Sampling of Groundwater Wells for Determination

of Water Chemistry

By Thomas E. Imbrigiotta and Philip T. Harte

1.0 Introduction

Passive groundwater sampling is defined as the collec-
tion of a water sample from a well without the use of purg-
ing by a pump or retrieval by a bailer (Interstate Technology
and Regulatory Council [ITRC], 2006; American Society for
Testing and Materials [ASTM], 2014). No purging means
that advection of water is not involved in collecting the
water sample from the well. Passive samplers rely on dif-
fusion as the primary process that drives their collection of
chemical constituents. Diffusion is the transport of chemicals
caused by the presence of a chemical gradient. Chemicals
tend to move or diffuse from areas of higher concentra-
tion to areas of lower concentration to reach an average or
equilibrium concentration.

Passive sampling of groundwater relies on the ambient
exchange of groundwater in the formation with water in the
screened or open interval of a well. In this report, the term
formation is used to describe all saturated hydrogeologic units
that yield water to a well. If the well opening is unclogged and
free of a film of deposits from physical turbidity or chemical
precipitation, then the exchange of groundwater is likely ade-
quate, and the water in the open interval will be representative
of water in the formation. In some cases, the passive sample
from the well opening can be more representative of ground-
water from the formation than a sample collected by pumping
if pumping induces mixing of water in the open interval with
stagnant casing water that has undergone chemical alteration
(Harte and others, 2018). In most cases, passive sampling will
better represent the ambient groundwater chemistry flowing
through the open interval of a well because pumping may cap-
ture water of different chemistry from downgradient or lateral
areas that would not normally pass through the well.

Three basic types of passive samplers are discussed in
this report. The first type of passive sampler is the equilibrium-
membrane type, which includes a semi-permeable membrane
through which chemicals diffuse or permeate. Permeation
is simply the process of water or chemicals moving through
openings in the membrane. The authors contend that perme-
ation is dominated by diffusion for many of the passive sam-
plers discussed in this report. Some passive equilibrium-mem-
brane-type samplers allow most types of chemical constituents

through, whereas others allow the diffusion of only selected
groups of chemicals. Once the chemical constituents are inside
the membrane, they are retained by the equilibration of con-
centrations inside the sampler with those outside the sampler.

The second type of passive sampler is an equilibrium-
thief type, which has no semi-permeable membrane. Chemical
constituents simply move through the openings in the body of
the sampler either initially through advection and dispersion or
over time primarily by diffusion. Chemical constituents reach
equilibrium between the water in the sampler and the water
in the well and are captured in the sampler when the sampler
is closed.

The third type of passive sampler is an accumulation-type
sampler that contains sorptive media. Selected chemical con-
stituents are sorbed onto the media that the sampler contains
for later extraction and analysis.

Although passive samplers have been available for more
than 15 years (from present [2020]), their use by U.S. Geo-
logical Survey (USGS) hydrologists and hydrologic techni-
cians to monitor groundwater quality largely has been limited
to selected research studies. The authors believe that this may
be the result of (1) a lack of exposure of most USGS personnel
to passive samplers and the uses of these samplers and (2) the
lack of a USGS-approved protocol for the proper use of these
samplers by USGS personnel. This report is an effort to fill
those two needs.

The focus of this report is on hydraulic, hydrologic, and
chemical considerations in the application of passive samplers
and interpretation of groundwater chemistry results obtained
using passive samplers in wells. This report describes the
differences between purging and passive sampling methods
in groundwater and explains how and why passive samplers
work. The report points out the advantages and limitations
of passive samplers in general and for each particular type
of passive sampler. Important considerations to be taken into
account prior to the use of passive samplers are discussed,
such as defining the data-quality objectives, the water-
quality constituents to be sampled, sample volumes required
for analysis, well construction of the sampling network,
and the geologic formations that will be sampled. Potential
applications of passive samplers also are discussed, such as
chemical-vertical profiling of wells. A general field protocol
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for the deployment, recovery, and sample collection using
these devices is described, and some overall guidance for the
practitioner with application examples is given. Comparison
methods used to evaluate results from passive sampling versus
purge sampling also are discussed.

2.0 Overview of Groundwater Sampling

Over the past 51 years (1970-2020), knowledge of
groundwater flow and transport processes has increased along
with the development of innovative tools, techniques, and
methods. Groundwater sampling has changed from simple
bailing and standard purging methods to low-flow purging and
passive sampling. In this section, we discuss the principle dif-
ferences between purge and passive sampling to help qualify
sample results from passive sampling.

Purge and grab sampling can be categorized as the col-
lection of instantaneous samples, whereas passive sampling is
a time-integrated sampling method. There are differences also
in the volume of the formation interrogated, degree of mixing,
and flow conditions.

2.1 Purge Methods

Groundwater flow in the open interval of a well will
differ under ambient and pumping conditions (Crisma and oth-
ers, 2001; Elci and others, 2001). Flow differences are likely
more pronounced in wells with long open intervals (>10 feet
[ft]) because of the potential to intercept either differences in
hydraulic head vertically across the well opening or in hydrau-
lic conductivity (referred to as permeability in this report).

In the case of the former, ambient flow will be dominated by
inflow from the layer with the highest hydraulic head. In the
case of the latter, pumping will induce flow from the layer
with the highest permeability. If the layer with the highest
hydraulic head and the layer with the highest permeability are
not coincident, then the water sources differ, which may have
implications for water chemistry.

In some cases, there may be little difference in water
under ambient and pumped conditions. Elci and others (2001)
found that ambient flow in one well at the Savannah Test Site
in Aiken, South Carolina, had a maximum upward flow of
0.28 liter per minute (L/min) from a bottom inflowing layer
to an upper outflowing layer. Under this scenario, the passive
and the purge samples collected from this well would produce
similar results for two reasons. The first reason is that in both
the passive and the pumped samples, the water chemistry in
the open interval will be dominated by the inflowing bottom
layer. The second reason is that strong vertical flow may pro-
duce altered water chemistry in the aquifer in the outflow zone
of the well such that even when a pump is drawing water into
the well from the outflow zone, thereby reversing flow, that
water likely represents the inflowing water from the bottom

layer of the well. Thus, with both methods samples would be
exposed to the same water chemistry.

2.1.1 Three-Well-Volume Purge

The relatively high volume, active purge method called
the three-well-volume method or volumetric purge is a bench-
mark sampling procedure used for many water-quality studies,
including the USGS National Water Quality Assessment
Project (Koterba and others, 1995), and is one of the meth-
ods presented in the USGS National Field Manual (USGS,
2017). In this method, a portable or installed pump is set at
the bottom of the casing directly above the well opening if the
saturated water column extends to that depth. Purging is initi-
ated and continues until a predetermined equivalent volume
of water, typically equal to three volumes of the water column
in the well, is evacuated or until stabilization of field physical
and chemical characteristics (pH, specific conductance [SC],
temperature, dissolved oxygen [DO], and turbidity) occurs
within acceptable limits over three successive measurements.

Purging the well is done to reduce or eliminate the inclu-
sion of stagnant water in the well casing (Koterba and oth-
ers, 1995). Purging also helps reduce the turbidity in the well
caused by the deployment of a portable pump in the well (if
one is used). The consequence of a volumetric purge is that the
collected sample represents a flow-weighted, mixed, integrated
sample dominated by groundwater from the more permeable
hydrogeologic units with some contribution from the lower
permeability units (Britt and Tunks, 2003).

Barber and Davis (1987) incorporated well hydraulics
with water chemistry differences between the well and forma-
tion to derive purge/volume times associated with achieving
representative samples from wells. As expected, the aquifer
permeability and storage play important roles in the time a
particular well needs to be purged to ensure a representative
sample. The initial water chemistry conditions of the well also
played a role in that it took longer to achieve a representative
value if the SC of the well water was initially higher than the
SC of the formation water. In some cases, Barber and Davis
(1987) found that more than three well-casing volumes of
water were needed to ensure a representative sample, and in
some low-permeability formations, as many as nine borehole
volumes were needed.

Several pitfalls can result from volumetric purging that
can alter the chemistry of the formation water in the well.
These include the potential for in-well degassing from exces-
sive withdrawals and pressure decreases (Roy and Ryan,
2010), the need to extract and sometimes collect and treat
large volumes of contaminated water, long purge times to
achieve representative conditions, and unrepresentative mix-
ing either in the well or formation. Mixing can alter the water
chemistry from that of the groundwater in the formation. How-
ever, mixing in the well can be problematic for many sampling
methods. Several of these processes are discussed in more
detail in Section 10.2.



2.1.2 Low-Flow Purge

A primary goal of low-flow purge sampling of ground-
water (pumping at low rates, 0.1-0.5 L/min) is to minimize
the amount of water pumped from in-well storage by avoid-
ing drawdown in the well; consequently, in-well vertical flow
from the stagnant water column in the well casing above the
screened or open interval is minimized (Puls and Barcelona,
1989; Barcelona and others, 1994; Pohlmann and others, 1994;
Kearl and others, 1994; Shanklin and others, 1995; Puls and
Barcelona, 1996; Barcelona and others, 2005). Hence, water
within the screened or open interval typically is more repre-
sentative of formation water than water in the casing (Kearl
and others, 1992).

Additional benefits of low-flow sampling include small
purge volumes, which minimizes the production of investiga-
tion-derived waste (IDW) caused by pumping contaminated
water, and the collection of groundwater samples with low tur-
bidity, which decreases the need for filtration. However, there
are associated hydraulic and chemical concerns when purging
and sampling using low rates of flow. According to the State
of New Jersey sampling guidance (http://www.state.nj.us/dep/
srp/news/1997/9711_04.htm):

“The zone sampled within the well by low-flow
methods is conceptually limited. If the contaminant
distribution in the screened section of the aquifer is
heterogeneous, which may be the case in most wells,
the sample results obtained by low-flow sampling
may be significantly biased low if the sampling
device intake is not placed at the same depth as that
of the highest contaminant concentration entering
the well.”

A common assumption for low-flow groundwater
sampling was that low purge rates capture primarily lateral
inflow (horizontal laminar flow) through the screened interval
from the formation at depths coincident with the pump intake
(Stone, 1997). However, because even low-flow sampling
causes some drawdown in the well, convergent, in-well,
vertical flow is induced toward the pump intake from inflow
across the entire well screen (Harte, 2017). Varljen and others
(2006) show that the entire well screen is sampled during
low flow with preferential sampling of high permeability
layers under steady-state transport. Flow convergence toward
the pump promotes mixing that is biased toward the capture
of formation water from layers with the highest head and
permeability that intersect the well screen (Divine and others
2005). Because low-flow purge sampling uses lower rates
of pumping and less volume is extracted from the well than
for the three-well-volume purge method, the resultant low-
flow sample tends to be more affected by the ambient flow
(pre-purged) and initial-head distribution than three-well-
volume purge samples. Nevertheless, the low-flow sample can
approximate either (1) a flow-weighted sample dominated by
transmissive layers of the formation (similar to volumetric
purge methods) or (2) a flux-averaged sample dominated by
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chemical mixing and averaging of chemical concentrations
along the open interval or screen of a well. The former sample
is called a flow-weighted sample, and the latter is called a
volume-integrated sample.

2.1.3 Field Physical and Chemical Characteristics
Stabilization

Inherent in many active/purge sampling methods
(volumetric and low-flow) is the requirement that, prior to
collecting a sample, field physical and chemical characteristics
such as pH, DO, SC, temperature, and turbidity achieve
some degree of stability as an indicator of formation
water recharging the well water. Harte (2017) found that
stabilization of field physical and chemical characteristics
monitored during purging was useful in diagnosing the
contribution of in-well vertical flow and transport to the
pump intake location. However, stabilization of field physical
and chemical characteristics during purging may not always
be a reliable indicator of the chemical stability for other
chemical constituents. For example, during purging at sites
in the Coastal Plain sediments of New Jersey, field physical
and chemical characteristics at 10 wells typically achieved
stabilization before 2 casing volumes were purged. However,
the aromatic organic compounds being sampled took slightly
more than 3 casing volumes of purging to stabilize (Gibs and
Imbrigiotta, 1990). Researchers hypothesize that the primary
factors affecting the difference between field physical- and
chemical-characteristic stability and target-constituent stability
include the physical and chemical heterogeneity of the
formation, mixing of groundwater in the well, reactions within
the wellbore external to the formation, and the presence of a
well-skin effect that may alter flow and chemistry (Church and
Granato, 1996; Reilly and LeBlanc, 1998). Therefore, relying
on the stability of field physical and chemical characteristics
alone may provide a false measure of success during purge
sampling. Rather, knowledge of well and formation hydraulic
characteristics with either purge or passive sampling
will increase the likelihood of obtaining a representative
groundwater sample from the formation. A coupled hydraulic
and chemical monitoring approach is discussed in Harte
(2017), and an analytical model is provided in Harte and
others (2019) for such an analysis.

2.2 Passive Sampling

Field application of passive sampling started in the late
1980s when passive sampling methods were first developed
to sample organic vapors from air and soil gas (Vroblesky
and others, 1991; Vrana and others, 2005). Soon thereafter,
these methods were applied to sampling groundwater in wells.
Accumulation-type and equilibration-type passive samplers
were developed in the 1990s (Petty and others, 1995; Ellis
and others, 1995; Vroblesky and others, 1996; Vroblesky
and Hyde, 1997; Einfield and Koglin, 2000). Today (2020),
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several different passive samplers are available that can be
used to sample a wide variety of different chemical constitu-
ents in wells. These samplers are discussed in more detail in
Section 4.

The idea behind passive sampling is simple; rather than
purging a well and actively drawing water into a well, a pas-
sive sampler is lowered into the screened or open interval to
sample the water flowing through it owing to natural ground-
water gradients. Driven by the process of diffusion, chemical
constituents in the passing groundwater can be collected in the
sampler. This has benefits in that pumps requiring power are
not needed; pumps and hoses do not have to be decontami-
nated between wells; and, at sites with contamination, large
volumes of IDW water do not have to be collected and treated.

Passive samplers collect samples that are representa-
tive of the water adjacent to the sampler, which in most cases
represents water in the screened or open interval of a well.
Because passive samplers do not induce flow into the well
from the formation, they do not collect instantaneous samples.
They also do not collect samples that are necessarily represen-
tative of a finite volume of water from the aquifer around the
well, unlike purge samples.

Because passive samplers function primarily by diffu-
sion, they require a specified minimum deployment period in
the well. The deployment period depends on the inflow and
outflow patterns of a well, the degree of mixing of groundwa-
ter in a screened or open interval, the rate of groundwater flow
through the screened or open interval, and the diffusion rates
of constituents of interest. In general, samples obtained with
a passive sampler will probably represent the time-weighted
average concentration found in water flowing through the
well over the most recent 3—4 days prior to sample collection
(Vroblesky, 2001a, 2001b; ITRC, 2006).

The general theory and principles of how and why
passive samplers work, and their primary advantages and
limitations, are discussed in Section 3. Individual types of
passive samplers that have been developed for use in wells are
discussed in Section 4.

3.0 Theory and Principles of Passive
Sampling

Although many passive samplers appear simplistic in
appearance, understanding the principles of operation will help
ensure appropriate sample collection procedures are used. This
section provides an overview of the physical and chemical
principles of passive sampler operation.

3.1 Kinetic and Equilibrium Sampling Regimes

When a passive sampler is placed in a well, it encounters
two primary sampling regimes. Initially, the mass of chemi-
cal taken up by the sampler increases somewhat linearly with

time, and maximum relative change occurs during this time
(fig. 1). This is known as the kinetic sampling regime. In the
kinetic sampling regime, the longer the sampler is in the well,
the more the chemical constituent of interest will diffuse or
permeate into the sampler. This process can be represented
by the first-order, one-compartment, mathematical model
described by Vrana and others (2005):

C ()= C, (k/k)(1-e*") 1)

where
C () is the concentration of the constituent/analyte
in the sampler at exposure time (),
C, is the constituent/analyte concentration in the
well, and
are uptake and offload rate constants,
respectively.
The period of deployment for accumulation-type passive diffu-
sion samplers that contain sorptive material to collect samples
is restricted to the kinetic sampling regime.

Once the passive-sampler-deployment time exceeds the
time period associated with the kinetic sampling regime, the
relative rate of solute uptake of the constituent/analyte into the
sampler decreases. Once the concentrations within the sampler
are at equilibrium with the concentrations outside the sampler,
the rate of uptake becomes essentially zero. This is referred
to as the equilibrium sampling regime. In this regime, solutes
may move into or out of the sampler in an attempt to maintain
equilibrium with changes that may occur in water outside the
sampler. During this period, equilibrium-type passive samplers
rely on either diffusion of chemical constituents across a mem-
brane (equilibrium-membrane type) or into a sample container
(equilibrium-thief type) to collect samples that are equal to the
concentrations of chemical constituents of interest in the well.
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Figure 1. Passive sampling regimes. Modified from figure 1 of

Seethapathy and others (2008).



3.2 Diffusive Chemical Exchange

All equilibrium-type passive samplers rely primarily on
the process of diffusion to collect samples of the constituents
of interest from the well. Diffusion is governed by Fick’s Law
(Seethapathy and others, 2008), which briefly stated says that
solutes diffuse from areas of high concentration to areas of
low concentration. For equilibrium-type passive samplers,
the gradient that drives diffusion is the difference between
the concentration of a chemical outside the sampler and the
concentration of a chemical inside the sampler (fig. 2). At
the initial time of deployment (7=0), the concentration of the
constituent to be sampled is essentially negligible (¢ =0) inside
the sampler because it is filled with deionized water free of the
constituent of interest. After deployment for some time (#>0),
chemical exchange occurs according to Fick’s First Law of
Diffusion, which states

Mit=D (4/L)(C ~C) )

where

<

is the mass of t