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Abstract:

Lake eutrophication is a large and growing problem in many parts of the world, commonly due to anthropogenic sources of
nutrients. Improved quantification of nutrient inputs is required to address this problem, including better determination of
exchanges between groundwater and lakes. This first of a two-part review provides a brief history of the evolution of the study of
groundwater exchange with lakes, followed by a listing of the most commonly used methods for quantifying this exchange.
Rates of exchange between lakes and groundwater compiled from the literature are statistically summarized for both exfiltration
(flow from groundwater to a lake) and infiltration (flow from a lake to groundwater), including per cent contribution of
groundwater to lake-water budgets. Reported rates of exchange between groundwater and lakes span more than five orders of
magnitude. Median exfiltration is 0.74 cm/day, and median infiltration is 0.60 cm/day. Exfiltration ranges from near 0% to 94%
of input terms in lake-water budgets, and infiltration ranges from near 0% to 91% of loss terms. Median values for exfiltration
and infiltration as percentages of input and loss terms of lake-water budgets are 25% and 35%, respectively. Quantification of the
groundwater term is somewhat method dependent, indicating that calculating the groundwater component with multiple methods
can provide a better understanding of the accuracy of estimates. The importance of exfiltration to a lake budget ranges widely for
lakes less than about 100 ha in area but generally decreases with increasing lake area, particularly for lakes that exceed 100 ha in
area. No such relation is evident for lakes where infiltration occurs, perhaps because of the smaller sample size. Copyright ©

2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Eutrophication is one of the most important threats to
lakes situated in temperate climatic zones (Wetzel, 2001;
Bronmark and Hansson, 2002). Excess nutrients usually
are to blame. Effective management for nutrient reduction
in lakes requires that all water and nutrient source and
loss terms be identified and quantified. An accurate water
balance is a prerequisite for determining relative magni-
tudes of nutrient inputs. Surface inflows and outflows via
streams, rivers and ditches usually can be quantified with
relatively small errors. Nearby or on-site weather data
often are available for obtaining precipitation and
calculating evaporation. Overland flow is almost always
assumed to be irrelevant, and it often is.

Quantifications of flow between groundwater and
surface water are nearly always much more difficult. In
some settings, groundwater contributions are small
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relative to other water-budget terms and can justifiably
be ignored, but exchange with groundwater can be a large
component of a lake-water or nutrient budget. Perhaps in
part because of the difficulty of determining groundwater
exchanges, groundwater has been assumed to be
irrelevant for many lake-water-budget and nutrient-
budget studies (Rosenberry and Winter, 2009). There
are several reasons that this onerous term has often been
neglected:

1. Groundwater exchange is far less visible (invisible
except in the case of springs) compared with all other
terms of a lake-water budget.

2. Rates of exchange between groundwater and lake
water can be exceptionally small. However, the area
over which this exchange occurs often is a large
percentage of the lake-surface area, making even very
small rates of exchange relevant to a lake-water budget.

3. The distribution of exchange between groundwater and
a lake is heterogeneous both spatially and temporally.
This can make quantification difficult and often
requires multiple approaches.
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4. The groundwater—lake interface can be difficult to
access, particularly in deep lakes or lakes set in rocky
terrain or lakes fringed with extensive wetland areas.

5. In lakes where groundwater exfiltration (defined here
as flow from groundwater to a lake) and infiltration
(flow from a lake to groundwater) both occur, net flow
between groundwater and the lake could be small,
whereas both exfiltration and infiltration are large
(e.g. Kenoyer and Anderson, 1989; LaBaugh et al.,
1997; Sutula et al., 2001).

6. Although several new techniques have been developed
in the past few decades for quantifying exchange
between groundwater and surface water (reviews by
Kalbus et al., 2006; Rosenberry and LaBaugh, 2008;
Fleckenstein et al., 2010), numerous challenges remain.
In some lake settings, no suitable method exists for
adequately quantifying groundwater exchange, leading
to the hope, and assumption by default, that ground-
water exchange is small because it cannot reasonably
be quantified (e.g. Song et al., 2014).

7. Historical compartmentalization of scientific disci-
plines is slow to overcome. Hydrogeologists, surface-
water hydrologists and ecologists have long
approached the interface between groundwater and
surface water from different perspectives. Although
groundwater and surface water are now more com-
monly considered as a single resource (Winter et al.,
1998), lack of integration of scientific disciplines can
impede progress in understanding flows and processes
at the groundwater—surface water interface (Hayashi
and Rosenberry, 2002; Fleckenstein et al., 2010).

In spite of these assumptions, groundwater dominates
some lake-water budgets. For example, groundwater
represented 94% of inflows to a 14-ha lake in northern
Minnesota (Stets et al., 2010) and 90% of all inputs to a
9-ha lake in Montana (Gurrieri and Furniss, 2004).
Groundwater infiltration also can be a large percentage
of a lake-water budget, particularly for lakes that lack a
surface-water outlet. Groundwater infiltration made up
91% of all loss terms at a 480-ha lake in Minnesota
(Rosenberry, 2000) and 84% of loss terms for a lake in
Florida (Grubbs, 1995). Even for the very large
(201700ha) Lake Nam Ko in the Tibetan Plateau,
groundwater infiltration comprised 56—70% of loss terms
(Zhou et al., 2013). Groundwater infiltration at Lake Nam
Ko may have been larger yet because no data were
available for groundwater exfiltration, which was assumed
to be zero. Groundwater can be a large water-budget
component even if there is a surface-water inlet or outlet.
At a 16-ha lake in Denmark where annual streamflow to
the lake was 7.5 times larger than annual precipitation,
groundwater exfiltration was larger yet, comprising 66%
of all inputs to the lake (Kidmose et al., 2013). Ata 15-ha
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lake in New Hampshire where three streams enter the lake,
more water left the lake via groundwater infiltration than
via surface-water outflow or evaporation; groundwater
infiltration averaged 51% of the loss terms in the lake-
water budget (Rosenberry and Winter, 2009).

The importance of groundwater to a lake nutrient
budget depends on both the volume of groundwater
exchange and the concentration of nutrients associated
with that exchange. In some settings where groundwater
exfiltration is small from a water-budget perspective, it
can be the largest input term from a nutrient-budget
perspective (LaBaugh et al., 2000; Lewandowski et al.,
this issue; Jarosiewicz and Witek, 2014).

This first of a two-part review presents a brief history of
the study and quantification of groundwater exchange. A
listing of methods for measuring this exchange is then
presented, followed by a discussion of continuing
challenges due primarily to heterogeneity of
groundwater—lake exchange in both space and time.
Rates of groundwater exchange reported from a broad
survey of the literature are listed and summarized to
provide an idea of rates of groundwater—lake exchange
that are common or extreme. Because lakes occupy low
places in the landscape, they often are thought to only
receive flow from groundwater. However, a large
percentage of lakes both receive water from groundwater
and also lose water to groundwater. Descriptions of
direction of flow can be confusing and depend on one’s
perspective. In both parts of this two-part paper, we
describe flow from a groundwater perspective. Flow from
groundwater to a lake (also known as lacustrine
groundwater discharge) is termed exfiltration; flow from
a lake to groundwater is termed infiltration. Percentage
contributions of groundwater to lake-water budgets are
also listed and summarized to demonstrate the importance
of the groundwater component to lake-water budgets.

The companion paper by Lewandowski et al. (2014,
this issue) presents similar information, but from a
nutrient-budget perspective. Numerous reasons exist for
conducting detailed water and chemical budgets, such as
concerns over mercury in lakes and fish, acid deposition
or too much or too little water in a lake. However, it is
likely that concerns over excess nutrients exceed all
others, hence the emphasis on nutrients in the companion
paper. Lewandowski et al. emphasize exfiltration and the
associated nutrient loading to lakes.

QUANTIFYING GROUNDWATER EXCHANGE
WITH LAKES

Groundwater and surface water historically have been
viewed and managed as separate entities. Although
submerged springs have been recognized as a linkage
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between groundwater and surface water for thousands of
years, less obvious linkages between the two resources
either were unknown or assumed to be of little
consequence. Only since the mid-1800s have the
processes and conditions that control exchange between
groundwater and surface water been discovered and
investigated more thoroughly. During the past four
decades, increased interest has been directed to flows of
water and solutes across the sediment—water interface of
lakes, which has led to an increased understanding of the
physical, chemical and biological linkages at this
interface (Winter, 1996; Wetzel, 1999; Jones and
Mulholland, 2000; Mann and Wetzel, 2000).

There are at least three primary reasons for the growing
interest in and importance of the connection between
groundwater and surface water.

1. The global use of both groundwater and surface water
continues to increase. In most parts of the world, the
inexpensive, easily attainable water resources already
have been exploited (Alley et al., 1999; Sophocleous,
2000). We now are faced with utilizing water resources
that have higher economic, social and environmental
costs. Continuing increases in the extraction of both
groundwater and surface water are inducing greater
flows across the interface between groundwater and
surface water.

2. Contamination of groundwater and surface water
increasingly threatens the supply of water for human
use and consumption. Three quarters of excessively
contaminated groundwater sites (‘Superfund sites’) in
the USA are within 0.8 km (0.5 mi) of a surface-water
body (Tomassoni, 2000). Municipal water-supply
wells increasingly are designed to induce flow from
nearby river water (Lindgren and Landon, 2000;
Hiscock and Grischek, 2002; Sheets et al., 2002; Ray
et al., 2003) and from lake water (Miettinen et al.,
1997; Wiese and Niitzmann, 2009) to meet water-
supply demands. Movement of contaminants from the
adjacent river or lake to these water-supply wells is a
growing concern.

3. Exchange of groundwater and surface water at and near
the sediment—water interface occurs at an important
ecotone where aquatic plant, invertebrate and verte-
brate (fish and amphibians) communities have evolved
to depend upon exchanges between surface water and
their terrestrial surroundings (Gardner, 1999; Gurnell
et al., 2000; Hayashi and Rosenberry, 2002). Many
rare and endangered plants thrive in and near springs
where groundwater discharges rapidly to surface water
(Goslee et al., 1997; Rosenberry et al., 2000; Hall
et al., 2001). However, exploitation of groundwater
resources has greatly reduced the discharge of
groundwater to some of these ecologically sensitive

Copyright © 2014 John Wiley & Sons, Ltd.

areas and has altered the communities that have
evolved at this ecotone (Brunke and Gonser, 1997,
Alley et al., 1999; Sophocleous, 2000).

Scientists have made substantial progress in quantify-
ing flows and understanding processes that control the
flow of fluid and solutes across the sediment—water
interface. Advances in computer modelling, water-quality
analytical techniques and our understanding of hydrolog-
ical, hydrogeological, biogeochemical and ecological
processes have served as foundations for this growth,
but perhaps more importantly, a growing interest in
interdisciplinary collaboration has been responsible for
much of this recent progress. Although significant
progress has been driven by needs related to water-
supply and contaminant hydrology, perhaps the greatest
impetus for advancements has come from the ecological
disciplines.

A relatively new field, ecohydrology, has evolved to
focus on the biological communities and ecological
processes that exist at this ecotone (Wassen and
Grootjans, 1996; Gurnell et al., 2000; Hayashi and
Rosenberry, 2002; Nuttle, 2002). Baird and Wilby
(1999), in the preface of their book on ecohydrology,
demonstrate the interdisciplinary nature of this field by
stating that only by collaboration between allied disci-
plines can substantial environmental problems and
important research questions be addressed. Jones and
Mulholland (2000) reach similar conclusions in their
summary of the collaborative findings of ecological
studies conducted in stream settings. The impressive
collection of recent research focused at the sediment—
water interface provides water-resource managers with
many new ideas and methods with which to better
manage these linked resources from ecological and
human-health perspectives.

Interest in managing surface water and groundwater as
a linked resource spawned a US Geological Survey
publication titled Ground Water and Surface Water: A
Single Resource (Winter et al., 1998), which generated
considerable additional interest in the topic. This
publication, oriented for the lay reader and the water-
resource manager as well as the research scientist, has
greatly increased public awareness of the importance of
quantifying the degree of interaction between groundwa-
ter and surface water in many hydrologic settings.
However, although the interest in and understanding of
this important linkage has grown remarkably during
recent years, the development of new tools with which to
quantify these exchanges has grown more slowly.
Accurate, reliable and scale-independent methods have
yet to be developed for many physical settings where
quantification of flow between groundwater and surface
water is needed.
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METHODS FOR QUANTIFYING FLOW BETWEEN
GROUNDWATER AND SURFACE WATER - A
BRIEF OVERVIEW OF THE PAST 100 YEARS

Many of the advances in understanding of processes and
quantification of flows at the sediment—water interface
are the result of new methodologies. As new methods are
developed, processes are viewed from different perspec-
tives, and a new understanding is generated. The list of
methods available for quantification of flow between
groundwater and surface water is still surprisingly small,
however, given the historical and growing interest in the
topic. Most of the methods rely on indirect measurement
of water flow across the sediment—water interface, and
the most frequently used methods provide information
scaled to entire watersheds or entire surface-water
bodies. The most commonly used methods can be
categorized as follows (Kalbus et al., 2006; Rosenberry
and LaBaugh, 2008):

» watershed-scale studies

* lake-water budgets

e combined lake-water and chemical budgets
» wells and flow-net analysis

* groundwater flow modelling

* tracer studies

* thermal methods

* biological indicators

* seepage meters

The aforementioned methods are arranged approxi-
mately according to spatial scale, although considerable
scale overlap occurs among several of the methods. The
evolution of these methods also generally follows a
progression in scale, with the largest-area methods being
developed earliest, followed by local-scale approaches as
studies have evolved to focus on questions and problems
that are more site specific. A brief description and
history of the evolution of each of these methods follow.
Some of the methods were developed for use in other
types of settings, but all are wholly suitable for lake
applications.

Watershed-scale studies

This method is basically a water-budget approach, but
from the perspective of the watershed (also called
catchment) that supplies water to a lake. By using the
topographically determined watershed divide as the
boundary of the area of interest, inputs from precipitation
are assumed to be distributed to a lake via stream and
groundwater input minus evapotranspiration over the
watershed area. Groundwater exfiltration is calculated as
the residual of all other hydrological components. Most
early efforts distributed groundwater exfiltration along a
stream reach above a gauging station, but the method
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works equally well distributing the result along all or part
of a lake shoreline.

Perhaps the earliest efforts that determined the
interaction between groundwater and surface water at
this scale were watershed studies that came into vogue
during the 1920s through the 1960s. The first likely was
the Wagon Wheel Gap study near Creede, Colorado,
USA, begun by the US Forest Service in 1910 (Bates and
Henry, 1928). This watershed-hydrology approach grew
in popularity for several decades; studies were conducted
by the US Forest Service, US Soil Conservation Service
and US Agricultural Research Service. Watershed-scale
research also grew in scope and scale to include studies of
biology, biogeochemistry and general ecology of entire
basins and sub-basins. Programmes initiated by the US
Geological Survey (e.g. Mast and Clow, 1995; Baedecker
and Friedman, 1999), US National Park Service
(Herrmann, 1997) and the US National Science Founda-
tion (Greenland et al., 2003) emphasized inter-site
comparisons to address the concern of uniqueness of
data and applicability of results to other watersheds.

A significant attraction of watershed-scale studies is the
relative ease of defining the study on the basis of
watershed boundaries, and the ability to scale the study on
the basis of where streamflow is measured. One of the
earliest streamflow-based approaches, commonly called
the Rorabaugh (1964) method, segments the streamflow
hydrograph to determine groundwater discharge to the
stream. This method has since been modified and
automated by applying computer programs to streamflow
time-series data (Rutledge, 1998, 2000).

Numerous distributed-area ‘rainfall-runoff” models
have been developed that areally divide watersheds and
subwatersheds and calculate hydrologic parameters for
each area; some models include the groundwater
component of each area (e.g. Federer and Lash, 1978;
Leavesley et al., 1983; Beven et al., 1984; Leavesley
et al., 2002). The current trend is to couple distributed-
area watershed-scale models with groundwater flow
models to better determine the temporal and spatial
variability of the interaction between groundwater and
surface water (Leavesley and Hay, 1998; Beven and
Feyen, 2002; Markstrom et al., 2008).

A combined water and chloride budget was used on a
watershed scale to determine the volume of groundwater
that discharged from the watershed to Lake Stechlin
(Niitzmann et al., 2003). This method was similar to those
that make use of conservative chemical constituents
described in the section on combined lake-water and
chemical budgets.

Lake-water budgets

Quantifying all of the easier-to-measure components of
a lake-water budget, and solving for the groundwater
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component as a residual, is a relatively simple concept
that has been commonly used only since about the 1970s.
The earliest examples of a lake-water budget being
conducted to determine the groundwater components
include a study of Lake Stechlin and other nearby lakes in
eastern Germany to determine the suitability of the lake
for cooling a proposed nuclear power plant (Heitmann
and Schubert, 1965; Schumann, 1973) and a study of
Lake Sallie in northern Minnesota to determine the role of
groundwater in delivering excess nutrients to the lake
(Mann and McBride, 1972). Prior to the early 1970s, most
lake-water budgets were conducted for the purpose of
determining evaporation (e.g. Harbeck et al., 1958; Ficke,
1972), perhaps because lakes were generally considered
to be minimally influenced or even separated from
groundwater (Broughton, 1941).
The water-budget equation can be written as

AV

where AV/At is the change in volume of water in the lake
per time, P is precipitation, S is surface-water flow, ET is
evaporation plus transpiration from emergent vegetation
in the lake, G is groundwater flow and R is the residual, or
unaccounted water, in the water budget. Subscripts i and
o refer to water flowing info and out of the lake,
respectively. Missing in the equation are overland flow
and flow through unsaturated sediments, the latter also
known as interflow. If we make the common assumption
that these terms are negligible (or are included in R), then
groundwater exfiltration minus groundwater infiltration
can be grouped with R to write

AV
Gi~Gy~R="C +ET+5,~ PS5 2)

Net groundwater is indicated on the left-hand side of
Equation (2); neither groundwater exfiltration nor infil-
tration can be determined with this equation. However,
both groundwater terms can be determined if water and
chemical budgets are solved together, as described in the
next section.

This equation is particularly well suited for settings
where two of the three terms on the left-hand side of
Equation (2) can be assumed to be small. For water
budgets of reservoirs, where surface-water inputs and
losses are the largest terms and can be measured
relatively accurately, solving for groundwater as the
residual can often be performed with relatively small
errors. If surface flows become very large or are difficult
to measure, errors associated with the surface-water terms
can be so large that the resulting groundwater component
is of little value (e.g. LaBaugh and Winter, 1984).
Settings with surface-water input but no surface-water
outlet (e.g. Rosenberry, 2000; Zhou et al., 2013) or where
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there is a surface-water outlet but no inlets (e.g. Stets
et al., 2010) make it more likely that a determination of
the net groundwater component can be reasonably
accurate.

Accurate determination of ET can be difficult and
requires a substantial amount of instrumentation and data.
Depending on the anticipated magnitude of ET relative to
other components of a lake-water budget, several methods
are available, the accuracies of which generally are
commensurate with the cost of implementation
(Rosenberry et al., 2007).

Combined lake-water and chemical budgets

Conservative chemicals in a watershed are those that
are not altered by chemical reaction with the porous
media through which they flow or by chemical or
biological processes that occur in surface waters.
Conservative chemicals can be used to determine the
volume of groundwater that flows into or out of a surface-
water body, provided that all other fluxes are known. This
method has been used for decades in many stream, lake
and wetland studies but, perhaps because of advances in
analytical methods, has grown rapidly in use since the
1980s (e.g. Stauffer, 1985; Bukaveckas et al., 1993;
LaBaugh er al., 1995; Wentz et al., 1995; Brunke and
Gonser, 1997; Katz et al., 1997; LaBaugh et al., 1997).
The accuracy of the method depends greatly on the
accuracy of the flow and chemical-concentration mea-
surements. LaBaugh (1985) and Choi and Harvey (2000)
provide thorough examples of proper use of error analysis
to quantify the uncertainty associated with flux results
obtained using this method.

The concept and procedure for determining a chemical
budget are similar to a water-budget equation; the chemical
concentration is multiplied by the mass (or volume) of each
water-budget component to determine the chemical mass:

A(CLV
% +R = CpP + CsiSi + C6iGi — CerET

— Cs0So — C50Go 3

where C is the concentration of the chemical constituent in
each of the water-budget components as indicated by the
subscript that follows C and the other terms are the same as
for Equation (1) except for R, which now indicates
concentration times water volume. The equation can be
simplified for shallow, well-mixed lakes where the
concentrations for S, and G, equal the lake-water
concentration, C;, and for all lakes, assuming no chemical
mass is lost in the evaporation process:

A(CLV)
At

+ R = CPP + CSiSi + CGiGi
— (S, + G,) @
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Equation (1) can be rearranged to isolate G, and then
substituted for G, in Equation (4) (again, without the ET
term, assuming no chemical mass is lost in the ET
process) to solve for G;:

_ CLAY+ (CL— Cp)P + (€L — C)S;i

G;
e Csi—Cp

&)

where ¢ is the combined errors of measurements of water
mass and chemical concentration. R is lumped with ¢ in
Equation (5) for convenience. G; determined with
Equation (5) can now be inserted in Equation (1) or (2)
to solve for G,,.

This method is particularly well suited for settings
where the concentration of the chemical constituent of
interest is spatially consistent within the groundwater that
discharges to the lake. If this is not the case, the
groundwater flow field that discharges to the lake can be
segmented into areas where the chemical concentration is
relatively consistent, and Cg;G; can be determined for
each area where Cg; is relatively uniform. This method is
not well suited for settings where Cg; is nearly the same
as C; because as the denominator in Equation (5)
approaches zero, measurement errors cause the result to
become unstable.

Combining water and chemical budgets to determine G;
and G, separately requires the use of a conservative
constituent dissolved in the water. Chloride is commonly
used in this application, although it is not always
conservative (e.g. LaBaugh er al., 1997). Isotopes of
oxygen and hydrogen have been used for the last several
decades to determine various source and loss terms of
surface-water bodies, including groundwater exfiltration
and infiltration (Dincer, 1968; Krabbenhoft et al., 1990,
1994; Kendall et al., 1995; Katz et al., 1997; LaBaugh
et al., 1997; Sacks et al., 1998). These isotopes are
inherently conservative because they are part of the water
as opposed to solutes dissolved in the water. The method
works well when the degree of isotopic fractionation of
the water is different for different sources of water
(Kendall et al., 1995). The simple mixing models
described earlier then can be used to identify sources of
water, with one caveat. The isotopic signature of the
evaporating water needs to be determined, and the term
Cr7ET needs to be subtracted on the right-hand side of
Equation (4). Additional variables, such as air tempera-
ture at the water—atmosphere interface, relative humidity
and the isotopic content of local atmospheric water
vapour, need to be determined (e.g. Krabbenhoft et al.,
1990), making Cg7ET particularly difficult to determine
accurately. This method was rarely used until the mid-
1980s when new analytical tools, such as the mass
spectrometer, became less expensive and more readily
available. Data richness in some locations has grown to
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the point that decadal-scale studies of seasonal and inter-
annual variability in groundwater—surface water exchange
are now possible using this isotope-mass-budget approach
(Sacks et al., 2014).

Wells and flow-net analysis

The flow-net analysis, sometimes called the ‘Darcy
approach’, is probably the most frequently used field-
based method for quantifying flow between groundwater
and surface water. This method requires determination of
horizontal hydraulic gradient and hydraulic conductivity
in the portion of the aquifer near the lake, so calculations
can be made on the basis of Darcy’s law. The method
uses a combination of near-shore water-table wells along
with a device to measure surface-water stage to
determine water-table gradients between the wells and
the shoreline of the surface-water body. Hydraulic
conductivity commonly is determined from single-well
slug tests (e.g. Bouwer and Rice, 1976) conducted in the
same wells used to obtain hydraulic gradients. A
multiple-well aquifer test would provide a better
indication of hydraulic conductivity, but the greater cost
usually precludes this option. Other options include
grain-size analysis of sediments removed during well
installation (e.g. Shepherd, 1989) or a lab analysis of an
intact sediment core collected during well installation.
One of two approaches is commonly used to determine
spatial distribution of hydraulic properties. One approach
segments the shoreline of the surface-water body
according to the number and location of nearby wells,
and flows to or from the lake are determined for the lake
segment attributed to each monitoring well on the basis
of data collected from that well. Another approach uses
hydraulic-head and surface-water-stage data to generate
equipotential lines and flow paths. Flows to and from the
surface-water body are then calculated using flow-net
analysis (Fetter, 1994; Cedergren, 1997; Rosenberry
et al., 2008). Flow-net analysis has existed for many
decades, but prior to the mid-1990s, use of the method
required subjective hand-drawn lines to generate equi-
potential lines and groundwater flow paths (e.g. Kenoyer
and Anderson, 1989; Schafran and Driscoll, 1993).
Commercially or freely available computer programs
(e.g. Hsieh, 2001) have made the method much more
popular during recent years.

This method typically is used for all or a portion of a
watershed or a lake or wetland basin. It is relatively
expensive for use with large lakes or where the depth to
groundwater makes well installations costly. Detail and
accuracy of the method are directly proportional to the
density of the well network (Rosenberry and Hayashi,
2013). The literature contains numerous examples of the
method being used successfully to quantify exchange of
water (and also solutes) between groundwater and surface
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water (e.g. Pfannkuch and Winter, 1984; Belanger and
Kirkner, 1994; Lee and Swancar, 1997). One benefit of
this method over many others is the ability to determine
flow direction and magnitude for specific shoreline
segments or portions or embayments of irregularly shaped
lakes. An even finer-scale approach has been to use small-
diameter portable wells that are driven into the shallow
lakebed to determine the vertical hydraulic-head gradient
(Winter et al., 1988). This local-scale approach can be far
less expensive and less labour-intensive than typical well
installations.

Groundwater flow modelling

Prior to the mid-1970s, most people concerned with
modelling flow between groundwater and surface water
used analytical models or electric analogue models, both
of which were limited to relatively simple flow geometry
and boundary conditions. Early finite-difference and
finite-element numerical models were a substantial
improvement in modelling groundwater fluid flow, but
they also were relatively restrictive regarding the physical
settings that could be modelled. One of the limitations
was the requirement that the elevation of the water table
and surface-water body be specified and fixed. Although
this restriction did not substantially affect most
watershed-scale studies, it severely limited simulations
of local-scale, near-shore processes adjacent to surface-
water bodies. Richard Cooley developed a two-
dimensional, variably saturated, transient finite-element
model that allowed the water table to fluctuate in response
to temporally variable recharge conditions (Cooley,
1983), and Thomas Winter used this model to simulate
groundwater flow adjacent to lakes in response to
snowmelt (Winter, 1976, 1978, 1981, 1983). Winter’s
(1976, 1978) results indicated that flow conditions
adjacent to lakes were highly variable and that a
hydraulic-head dam could form in the aquifer, reverse
the direction of flow between groundwater and the lake
and hydraulically isolate the lake from other nearby lakes.
Winter’s (1983) subsequent modelling further developed
this new concept and initiated a rapid increase in research
on processes that control flow between groundwater and
surface water.

Groundwater-flow models are now commonly used to
assess the interaction between groundwater and surface
water, in part because the popular US Geological Survey
MODFLOW finite-difference code (McDonald and
Harbaugh, 1984; Harbaugh er al., 2000) is modular in
implementation and relatively easy to use. The newest
(circa 2014) version of this model (http://water.usgs.gov/
ogw/modflow/) includes modules for simulating flows to
or from a river, detailed stream—groundwater interaction,
flows to and from reservoirs, and two modules exist for
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simulating flows to and from lakes. For some settings,
other simpler modelling approaches (e.g. analytical
element, Strack, 1999, and high conductivity) can
produce similar results (Hunt et al., 2003). Detailed
simulations of the spatial distribution of groundwater
discharge to a lake were recently made for a lake in
Kenya using the high-conductivity modelling method and
setting hydraulic conductivity of the lake domain at three
orders of magnitude larger than the surrounding porous
media (Yihdego and Becht, 2013). Anderson et al. (2002)
indicated a four-orders-of-magnitude contrast between
lake and aquifer hydraulic conductivity would be better
but less efficient than using the MODFLOW lake
package. Temporal variability also has been emphasized
in many modelling studies. Some studies have investi-
gated the importance of temporal variability in ground-
water divides (Holzbecher, 2001), which commonly
diverge substantially from surface-water divides (Winter
et al., 2003). Other studies investigated the effects of
climate change on the groundwater contribution to lake-
water budgets (Hunt er al., 2013) and on near-shore
processes that control exchanges between groundwater
and a lake underlain by karst, the latter incorporating
simulated changes in lake-surface area that accompany
simulated changes in lake stage (Virdi et al., 2013). Near-
shore temporal variability in hydraulic gradients also was
shown to enhance dispersion of solutes when groundwa-
ter flow between an upgradient and nearby downgradient
lake was modelled (Kim et al., 2000).

Many studies that are primarily field oriented also
include a groundwater flow model, often in an attempt to
further verify the results of the study. However, problems
arise when insufficient field data exist to properly calibrate
the models (Munter and Anderson, 1981; Hill, 1991;
Konikow and Bredehoeft, 1992; Tiedeman and Gorelick,
1993). Alternately, overly complex models can be
developed with the intent of matching field data as
opposed to increasing understanding of hydrogeological
processes (Voss, 2011a, b). Rapidly increasing computer
power allows newer calibration methods that were unheard
of only a few years ago (e.g. Hunt and Zheng, 2012).

Tracer studies

The addition of chemicals to streams and rivers, and
subsequent sampling of water downgradient of the source
to determine the mean flow velocity, has been used for
many years in the surface-water community. However,
only since the 1980s, and the concern with discovery and
movement of groundwater-contamination plumes, has the
use of tracers become widespread among groundwater
scientists. Tracers have been used in several ways to track
the movement of groundwater, including single-point
(slug-type) tracer injection and constant-discharge tracer
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injection. Naturally occurring tracers also can be used if
the chemical signature of groundwater is sufficiently
different from lake water. Perhaps the first well-
documented use of tracers to determine the discharge of
groundwater to a lake was at Perch Lake, Ontario. Salt
was injected in an upgradient line of wells, and a dense
grid of monitoring wells installed adjacent to and in the
lake was sampled to determine the route and velocity of
the salt mass as it moved towards and discharged to the
lake (Lee et al., 1980). Other studies have used
fluorescent dye (Smart and Smith, 1976), as well as other
conservative chemical constituents, to track movement of
groundwater to surface water (Bertin and Bourg, 1994;
Harvey et al., 1996; Hayashi et al., 1998; Thies et al.,
2002). Studies have even made use of contaminant
plumes to determine rates of discharge of groundwater to
surface water (Ferrey et al., 2001).

Tracers also can be injected into a lake to determine
movement of surface water to groundwater (a ‘whole-lake’
injection test). If a tracer is selected that has exceptionally
low natural, or background, concentrations in all of the
other water-budget terms (lithium or bromide commonly
meets this criterion), then Equation (3) reduces to

M-FR: C.(S, + G,) 6)
At

Lithium bromide solution, for example, was injected
into several small lakes in Michigan in order to quantify
water movement from the lakes to groundwater (Cole and
Pace, 1998).

Despite their wide applicability, tracer studies are not as
commonly used to study the interaction between ground-
water and surface water as some of the other available
methods. This likely is due, in part, to the relative cost, in
both equipment and time, for application and monitoring
of tracer movement or to restrictions that prohibit addition
of chemicals to a lake. Another problem with use of
tracers at the sediment—water interface is detection of the
tracer once it enters or leaves the surface-water body.
Tracer dilution in the surface water often results in tracer
concentrations that are below detection limits.

Thermal methods

Temperature is one of the simplest and most accurately
measured properties of water. Temperature anomalies long
have been used to locate near-shore springs in surface-
water bodies (Lee, 1985). Commonly, temperature has
been used qualitatively as an indicator of groundwater
discharge (Bundschuh, 1993; Baskin, 1998), especially in
karstic terrain where spring discharge is focused and rapid.
Remote sensing temperature-measurement methods have
proven useful for identifying areas of rapid groundwater
discharge to shallow surface water (Lee and Tracey, 1984;
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Baskin, 1998; Gosselin et al., 2000; Kang et al., 2005;
Lewandowski et al., 2013), including hand-held thermal-
infrared units (Cardenas et al., 2012). Spatial variability in
temperature also has been used to locate areas of rapid
groundwater discharge in deeper portions of lakes and
rivers (Lee, 1985; Stark et al., 1994). This is accomplished
by towing a tethered temperature (and sometimes also
specific-conductance, Lee, 1985) probe and recording
temperature anomalies. Relatively new technology, com-
monly referred to as distributed temperature sensing, is
now routinely used to map temperatures at the sediment—
water interface of lakebeds with 0.25- to about 1-m spatial
resolution and about 0.05-0.1° temperature resolution
along distances of up to several kilometres, providing the
ability to identify areas where groundwater exfiltration is
likely focused (e.g. Day-Lewis et al., 2006; Selker et al.,
2006; Fleckenstein et al., 2010; Blume e al., 2013; Sebok
et al., 2013).

Previously mentioned temperature-measurement
methods have primarily been qualitative. Recent analyt-
ical methods have provided convenient means for
temperature to be used quantitatively to determine rates
of groundwater discharge. Several authors (Conant, 2004;
Schmidt et al., 2006; Anibas et al., 2009) assumed
steady-state conditions when they measured thermal-
depth profiles and applied a one-dimensional analytical
solution of the heat conduction—advection equation to the
measured profiles. Others have made use of seasonal
differences between shallow groundwater and surface-
water temperature (Lapham, 1989; Bartolino and
Niswonger, 1999) or diurnal changes in temperature
difference (Silliman and Booth, 1993; Constantz et al.,
1994; Stonestrom and Constantz, 2003; Briggs et al.,
2012; Gordon et al., 2012). Because measurement of
temperature is so simple and inexpensive, it is one of the
fastest-growing methods for determining the interaction
between groundwater and surface water on a small scale
(e.g. Hatch et al., 2010; Briggs et al., 2012; Gordon et al.,
2012; Lautz, 2012; Briggs et al., 2013). Several recent
local-scale studies have used thermal methods in lake
settings (Kidmose et al., 2011; Blume et al., 2013; Sebok
et al., 2013). However, geologic heterogeneity often
makes the results from temperature methods difficult to
extrapolate to scales at which watershed managers
typically are interested (Conant, 2000; Fryar et al.,
2000; Rau et al., 2012).

Analogous to thermal profiles discussed earlier, vertical
profiles of conservative, natural chemicals also can be
used to calculate rates of exchange between groundwater
and surface water. Several authors have used conservative
constituents, such as chloride, bromide, tritium and the
water isotopes deuterium and oxygen-18, to determine
fluxes at the sediment—water interface of lakes (Cornett
et al., 1989; Mortimer et al., 1999; Schuster et al., 2003).
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Biological indicators

The biological response to flow at the sediment—water
interface can be used as an indicator of direction of flow
and relative magnitude of groundwater exfiltration or
infiltration. Hydrologists have used plants to locate areas
of groundwater discharge for many years, as evidenced
by O.E. Meinzer’s classic report titled Plants as
Indicators of Ground Water (Meinzer, 1927). Numerous
more recent examples from the growing field of
ecohydrology use distributions of specific types of plants
and animals to indicate areas of groundwater—surface
water interaction (Danielopol, 1984; Loeb and Hackley,
1988; Lodge et al., 1989; Lillie and Barko, 1990; Malard
et al., 1996; Danielopol et al., 1997; Goslee et al., 1997;
Wetzel, 1999; Rosenberry et al., 2000; Sebestyen and
Schneider, 2004). The density of submerged macrophytes
also can be related to groundwater exfiltration, particu-
larly if nutrients are being supplied by groundwater
(Lodge et al., 1989; Frandsen et al., 2012). These
methods provide a qualitative indication of the direction
and magnitude of flow between groundwater and surface
water and are good reconnaissance tools to aid in locating
areas in need of more detailed investigations. Typically,
they involve identifying species or groups of species of
plants or animals that are known to thrive in places where
groundwater discharges to surface water, but some of the
species also indicate areas where surface water flows into
groundwater. Although identification of specific plant and
animal species is necessary for use of these methods,
some of the species are so simple to identify that
biological or ecological training is not required
(Rosenberry et al., 2000).

A considerable impetus for the increased interest in
quantifying flows between groundwater and surface water
is related to fish. Fisheries biologists for years have
suspected that many species of fish position spawning
redds on the basis of water flow across the sediment—
water interface in streams, commonly termed hyporheic
exchange (e.g. Pollard, 1955; Vaux, 1968; Shepard et al.,
1986; Malcolm et al., 2004). Some fish species construct
spawning redds in locations of focused groundwater
discharge (e.g. Warren et al., 2005), and others seemingly
do not. More recent research is advancing the under-
standing of this linkage with regard to fish in lake settings
(Ridgway and Blanchfield, 1998; Warren et al., 2005).

Seepage meters

The seepage meter is a device placed over the sediment
of a surface-water body, in this case a lake, that records
the net flow of water to or from the lake through the bed
area covered by the meter. The device funnels all flow
through the isolated portion of the lakebed either to or
from a collection bag, depending on whether water is
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flowing to or from the lake. The change in volume of
water contained in the bag during the bag-attachment
period gives a time-integrated and space-integrated
indication of seepage. Of all the methods listed in this
review, the seepage meter alone provides a direct
measurement of water flow across the sediment—water
interface. All other methods rely on measurement of
related parameters that indirectly determine flow across
the sediment—water interface. The seepage meter provides
a local-scale measurement, integrating flow over a
lakebed area typically between 0.03 and 1.7m? with
0.25m? being the area covered by the most commonly
used type of seepage meter (Lee, 1977).

Early versions of the seepage meter developed during
the 1940s and 1950s were designed to measure seepage
losses in irrigation canals (Israelson and Reeve, 1944;
Warnick, 1951; Robinson and Rohwer, 1952; Rasmussen
and Lauritzen, 1953). Many of these devices were
expensive and unwieldy and were little used beyond the
application to canals. David Lee (1977) developed an
inexpensive and simple meter that has evolved little in the
decades since its inception. Lee’s meter consists of the
cut-off end of a 208-1 (55-gal) storage drum, to which a
plastic bag that is partially filled with a known volume of
water is attached. The bag is attached to the chamber for a
measured amount of time, after which the bag is removed
and the volume of water contained in the bag is re-
measured. The change in volume per bag-attachment time
is the volumetric rate of flow through the portion of the
bed covered by the chamber, which then can be divided by
the approximately 0.25-m? area covered by the chamber to
obtain a flux velocity (distance/time). Values commonly
are expressed as cubic metre per square metre per second
or centimetre per day. This value typically is multiplied by
a coefficient that compensates for inefficiencies in flow
within the meter as well as restrictions to flow through the
connector between the bag and the chamber and any
resistance to movement of the bag. Correction factors
reported in the literature have ranged from 1.05 to 1.74
(Rosenberry and Menheer, 2006). This basic design is
used in most seepage-meter studies, although several
modifications exist for use in a variety of specific stream
and lake settings, including shallow, near-shore waters
(Lee and Cherry, 1978), deep lakes (Boyle, 1994) and
large lakes with large waves (Cherkauer and McBride,
1988). Placing the bag inside a shelter minimizes velocity-
head effects associated with waves and currents in lakes
(Sebestyen and Schneider, 2001; Rosenberry, 2008).
Increasing the area covered by the seepage meter better
integrates local-scale seepage heterogeneity (Rosenberry,
2005), whereas seepage meters that cover a smaller bed
area are far easier to install. Additional information
regarding methods of use and sources of error is presented
by Rosenberry et al. (2008).
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Several automated seepage meters have been devel-
oped that replace the seepage bag with a flow meter.
Taniguchi and Fukuo (1993) introduced the first auto-
mated seepage meter when they used heat-pulse sensors,
originally designed to measure sap flow in trees, to
measure lakebed seepage. They were able to extend the
range over which they could measure seepage by using
pairs of thermistor thermometers that were various
distances away from a heat source. They also logged
results from this system with a digital data logger.
Taniguchi and others have used this device to investigate
temporal variability in seepage responses to seiches in
lakes and ocean tides (Taniguchi and Fukuo, 1996;
Taniguchi et al., 2002). Although information regarding
this device has been readily available for nearly two
decades, only a few similar devices have been built
(Krupa et al., 1998), likely because considerable
engineering and electronics expertise is required. Ultra-
sonic flow sensors have been used to measure seepage
with good results (Paulsen et al., 2001; Menheer, 2004;
Fritz et al., 2009). An electromagnetic flow meter
designed for use in boreholes has been used to measure
seepage in several freshwater and marine settings
(Rosenberry and Morin, 2004; Swarzenski et al., 2007).
This device is capable of measuring seepage on the order
of seconds to minutes, which allows investigation of
short-term temporal variability in response to rainfall,
evapotranspiration, lake seiches and other processes
(Rosenberry et al., 2013).

DISTRIBUTION OF EXCHANGE BETWEEN
GROUNDWATER AND LAKES IN SPACE
AND TIME

Seepage, whether exfiltration or infiltration, is focused
near the shoreline of lakes and decreases exponentially
with distance from shore (McBride and Pfannkuch, 1975;
Pfannkuch and Winter, 1984), but only if the geology
beneath and adjacent to the lake is homogeneous.
Lakebeds rarely are homogeneous for a wide variety of
reasons, including (1) wave-induced erosion of sediments
focused at the shoreline, which can remove fines and leave
behind the coarser-grained fraction; (2) deposition of
sediments focused at the shoreline brought in via overland
flow associated with intense rainfall events; (3) changes in
lake stage that result in lateral movement of the shoreline,
as well as the associated near-shore processes listed in 1
and 2; (4) erosion and deposition of sediment caused by
seiche-induced, wind-induced and wave-induced currents;
(5) accumulation of biomass and/or woody debris from
the adjacent upland; (6) manipulation of near-shore
sediments by physical (e.g. ice shove, Rosenberry et al.,
2010) or biological processes such as plant roots, benthic
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invertebrates, freshwater mussels, crayfish, fish and ducks;
(7) geologic heterogeneity; and (8) anthropogenic manip-
ulations (e.g. shoreline alteration and/or stabilization).
Anisotropy, the ratio of horizontal to vertical hydraulic
conductivity, also is common in lacustrine sediments. The
greater the anisotropy, the less that seepage is focused near
the shoreline (Pfannkuch and Winter, 1984; Genereux and
Bandopadhyay, 2001). Numerous studies have indicated
atypical distribution of seepage with distance from shore
in lake settings (e.g. Woessner and Sullivan, 1984;
Cherkauer and Nader, 1989; Schneider er al., 2005;
Kidmose et al., 2013), including increase in seepage with
distance from shore. In all of these cases, geologic
controls were stronger than the local or regional
physiographic setting that otherwise would control
seepage distribution (Winter, 1999).

In addition to spatial heterogeneity, temporal variability
also confounds determination and interpretation of
exchange between groundwater and lakes. Seepage rates
are affected by numerous hydrologic processes that
commonly are focused at or near the shoreline, such as
troughs of depression in the adjacent groundwater system
resulting from evapotranspiration (Rosenberry and Win-
ter, 1997). Near-shore hydraulic gradients and seepage
change when rainfall infiltrates through an unsaturated
zone that thins to zero with proximity to the lake.
Enhanced groundwater recharge near the shoreline can
also create water-table mounds that reverse seepage
direction in near-shore margins. Anthropogenic effects,
such as withdrawal of groundwater for private or
municipal water supply or addition of water associated
with septic leachate, can locally affect exchange between
lakes and the adjacent groundwater. Some large-volume
water-supply wells are intentionally placed near a lake to
induce flow from the lake to the well; this process is
commonly termed bank filtration (Miettinen et al., 1997,
Wiese and Niitzmann, 2009). Fine-grained sediments that
accumulate in lakes are re-suspended by waves and
currents focused in the near-shore margins; the net effect
of this frequent process is that fines are preferentially
deposited in the deeper portions of the lake. Suspension
of fines by waves and currents increases sediment
permeability and enhances the focusing of seepage in
the near-shore margins. For all these reasons, lakebeds are
notoriously heterogeneous, which creates one of the
greatest challenges in determining representative seepage
rates for lakeshore segments, embayments or entire lakes.

SEEPAGE VALUES COMMONLY MEASURED
IN LAKES

Rates of exchange between groundwater and lakes were
obtained from the published literature to statistically
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summarize seepage in lake settings. Data presented in
Table I are indicative almost entirely of variability among
lakes. In a few instances, multiple values are presented for
the same lake, either because different methods were used
to indicate seepage or because multiple studies were
conducted by different groups of authors. These multiple
values for a single lake additionally provide an indication
of either methodological biases or temporal variability.

Seepage, when determined as part of a lake-water
budget, commonly is reported in units of volume per
time. However, for the purpose of comparing seepage
among lakes that vary over many orders of magnitude in
surface area or to compare seepage that has been
determined with a variety of methods, each of which
has a different measurement scale, it is useful to
normalize seepage values by dividing the volumetric
seepage value by the surface area of the lake, or the area
over which the measurement represents, to determine a
seepage rate. Here (Table 1), we present seepage in units
of volume per area per time, or distance per time, in
centimetre per day (equivalent to 101/m?/day).

On the basis of studies conducted in 102 lakes where
exfiltration was measured (Figure 1 and Table I), the
median value for exfiltration is 0.74 cm/day (Table II). Far
fewer studies have been conducted in lakes where
infiltration occurs. The median value for 18 lakes where
infiltration was measured is 0.60 cm/day, nearly the same
as at exfiltration locations. These values represent average
seepage rates reported for a wide range of lakes situated
around the world, with 70% of the studied lakes being in
the USA. Although data in Table I are extensive, they are
by no means an exhaustive representation of the seepage
literature. Median values would better represent seepage
than average values because seepage datasets commonly
are skewed. However, data from the ‘Average value’
column in Table I were used to summarize data because
median values were only rarely reported in the literature.
The same comparison of seepage rates can be made on the
basis of maximum rather than average values from the
literature. The median of 59 maximum exfiltration values
reported in the literature is 5.10 cm/day. The median of 18
maximum infiltration seepage rates is 1.64cm/day
(Table II). In the case of maximum values, the largest
reported exfiltration seepage rate is 745cm/day; the
largest reported infiltration rate is 263 cm/day.

Interestingly, extreme values for maximum seepage are
larger for infiltration than for exfiltration. Four of the 18
values of reported maximum infiltration are larger than
100 cm/day, whereas only one of the 59 maximum values
for exfiltration is larger than 100 cm/day (Figure 1C, D).
The largest exfiltration value based on our literature
review is 745cm/day at Lake Vang in central Jutland,
Denmark (Kidmose et al., 2013). The largest value for
infiltration is 263 cm/day at Lake Belle Taine, in northern
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Minnesota (Rosenberry, 2000). Bed sediment at both
lakes is medium-to-coarse-grained sand.

Early measurements of seepage indicated substantially
smaller seepage rates. Not until 1990 were rates as large
as 100cm/day reported (Figure 1D), and maximum-
measured seepage rates generally increase with time after
1990, particularly for lakes where exfiltration was
measured (Figure 1). This trend may be in part due to
improving measurement methods. For example, the
efficiency of seepage meters has improved substantially
since the mid-1970s (Rosenberry and Menheer, 2006).
Some scientists also have focused more on the larger
seepage rates found in near-shore margins or in unusual
geologic settings. Seepage rates one to two orders of
magnitude larger than those presented here have been
reported for fluvial settings, and also in lakes where
infiltration occurs and the sediment has been disturbed or
altered (Rosenberry et al., 2010).

SIGNIFICANCE OF THE GROUNDWATER
COMPONENT IN LAKE-WATER BUDGETS

The significance of the groundwater component of a lake-
water budget varies greatly and often is larger than
expected. On the basis of 110 determinations of the
groundwater component of a lake-water budget, including
73 for groundwater exfiltration and 37 for groundwater
infiltration, groundwater as a percentage of the water
budget ranged from 0.01 to 94.4 with a median value of
31.0%. Groundwater exfiltration determined at 65 lakes
(some lakes had multiple determinations) ranged from
0.01% to 94.4% of the lake-water-budget input terms,
with a median value of 25.0%. Groundwater infiltration
determined at 44 lakes ranged from 0.1% to 91.0% of the
lake-water-budget loss terms, with a median value of
34.5% (Table III). As with Table I, this gleaning of lakes
for which water budgets have been determined is
comprehensive but by no means exhaustive. Given the
broad range of lake sizes represented in the table, it is
likely that adding data from other studies would not
substantially affect the statistical summaries of the results.
However, there may be some overall bias in this dataset
because some of these studies were conducted in lakes
where quantification of exchange with groundwater was a
goal of the study, likely because the groundwater
component of the lake budget was substantial. In other
studies, the groundwater component was so small as to be
‘negligible’ (e.g. Schindler et al., 1976) and was,
therefore, not included in this analysis because no value
for a groundwater component was given.

Because exchange between groundwater and lake
water commonly is focused near the shoreline, it is
logical to expect that groundwater would be a larger
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Seepage meter

—0.20
—0.28
—-0.91

—0.02
-0.2

—0.12
—0.24
—0.55

Sparkling Lake, Wisconsin, USA

(Hagerthey and Kerfoot, 1998)
(Krabbenhoft et al., 1990)

(Erickson, 1981)

Seepage meter

—0.24

Sparkling Lake, Wisconsin, USA
Williams Lake, Minnesota, USA

Seepage meter

Values are in centimetres per day.

component of the water budget for small lakes where the
ratio of perimeter to surface area is larger. One would be
hard pressed to make this case for lakes smaller than
about 100ha. Percentages of the groundwater compo-
nent of a lake-water budget range from nearly 0% to
nearly 95% of inputs to lakes (Figure 2A) and from
nearly 0% to 91% of losses from lakes (Figure 2B). For
lakes larger than about 100ha, groundwater as a
percentage of a lake-water budget rarely exceeds 40%.
A log-normal fit of the exfiltration data shown in
Figure 2A indicates a poor relation between per cent
groundwater component of a lake-input budget and lake-
surface area, explaining only 25% of the variance. If the
data are binned and surface area is averaged for each
order of magnitude range in surface area, a log-normal
regression shows a good relation and explains 85% of
the variance (Figure 3). However, no such relation is
evident, no matter the data manipulation, for lakes where
groundwater infiltration occurs (Figure 2B). One partic-
ularly interesting lake is Lake Nam Co on the Tibetan
plateau with a lake-surface area greater than 100000 ha.
In spite of the large surface area for evaporating water,
groundwater makes up over 60% of the water-budget
loss terms (Zhou et al., 2013).

INFLUENCE OF MEASUREMENT METHOD ON
DETERMINATION OF GROUNDWATER
EXFILTRATION AND INFILTRATION

The interpreted exchange between groundwater and
surface water depends substantially on the method of
quantification. Calculating a groundwater component as
the residual of a water budget or using a conservative
water or chemical tracer or combining water and
chemical budgets provides a value that is integrated
across the entire lake, or in some cases an entire bay or
other lake component that may be reasonably isolated
from the rest of the lake. Segmenting a lakeshore
according to locations of monitoring wells (Darcy
approach), from which hydraulic gradients and estimates
of hydraulic conductivity are obtained, including
incorporating that information into a groundwater-flow
model, provides groundwater exfiltration and infiltration
data for specific portions of lakes that then need to be
summed to represent the whole lake. Although concep-
tually sound, this method comes with the large
uncertainty in the scale-appropriate value for hydraulic
conductivity (e.g. Rovey and Cherkauer, 1995).
Calculating a groundwater component on the basis of
seepage-meter measurements is only representative of the
portion of the lakebed covered by the seepage cylinders;
results from multiple meters must then be extrapolated
across the rest of the lakebed area.

Hydrol. Process. (2015)
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Figure 1. Published rates of groundwater exfiltration (A, C) and infiltration (B, D). References are listed in Table III. Panels A and B are based on
average values reported in the literature for specific study lakes. Panels C and D list maximum values from each studied lake

Table II. Seepage rates for upward seepage (exfiltration) and downward seepage (infiltration) at 108 lakes across the world

Exfiltration average

Exfiltration maximum

Infiltration average Infiltration maximum

Count 109 59
Minimum 0.005 0.019
25th percentile 0.23 0.76
Median 0.74 5.10
75th percentile 2.09 13.30
Maximum 124.1 745.0

18 18
0.001 0.15
0.18 0.92
0.60 1.64
1.58 30.5

37.0 263.0

Data culled from the literature are average and maximum values reported for particular lakes. Values are in centimetres per day.

In spite of these issues of scale, parsing 110
quantifications of the groundwater component of a lake
budget (data from Table III) on the basis of the
measurement method results in surprisingly little differ-
ence in the method-averaged groundwater component for
the lake-water budgets available for this analysis
(Table IV). When exfiltration and infiltration are lumped
together, median values based on water budget, chemical
budget, Darcy or seepage-meter measurements range
from about 20% to 52%. The scale of measurement
appears to have little to do with the range in percentages.
The median groundwater percentages resulting from the
two methods that integrate the whole lake, the lake-water

Copyright © 2014 John Wiley & Sons, Ltd.

and lake-chemistry budget methods, are 23% and 52%,
respectively. Similar ranges occur for both exfiltration-
only and infiltration-only analyses (Table IV). The
median groundwater percentage based on the most locally
determined measurements, seepage meters, is 20% if both
exfiltration and infiltration lakes are considered, 18% for
exfiltration-only lakes and 60% for infiltration-only lakes.
Although generally smaller, the seepage-meter percent-
ages are not appreciably smaller given the range of
percentages indicated by the methods that integrate a
larger portion of the lake area.

Some studies have quantified groundwater exfiltration
and/or infiltration using several methods. Results often

Hydrol. Process. (2015)
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Figure 2. Groundwater exfiltration (A) and infiltration (B) as a percentage
of a lake-water budget versus lake-surface area

are substantially different among methods. LaBaugh et al.
(1997) determined exfiltration and infiltration using Darcy
calculations, and also with combined water and chemical
budgets using several chemical constituents, including
water isotopes. The Darcy-based estimate of groundwater
exfiltration was close to 400 m>/year. The best estimate
using oxygen isotopes of water was 525, although that
value ranged from 320 to 650, depending on the range in
estimates of the isotopic value of evaporating water.
Values for groundwater exfiltration using major ions
ranged from 60 based on chloride to 300 based on
sodium. An estimate using dissolved organic carbon was
over 1000. Precipitation, at 140m>/year, was the only
other input term. Therefore, the Darcy-based best estimate
for groundwater exfiltration was 74% of the water-budget
input terms. Estimates from combined water and chemical

Copyright © 2014 John Wiley & Sons, Ltd.
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Figure 3. Average groundwater exfiltration as a percentage of the lake-
water budget when data are grouped into orders of magnitude of lake-
surface area

mass budgets ranged from 30% to 88% (LaBaugh et al.,
1997). Meinikmann et al. (2013) compared groundwater
exfiltration rates to a lake using temperature-depth
profiles with watershed-scale equipotential lines drawn
from field data. As might be expected, spatial variability
of exfiltration rates was greater on the basis of
temperature; however, the temperature-based results also
indicated that the largest rates of groundwater exfiltration
were not always located where hydraulic gradients were
largest. Discrepancies likely arose from limited opportu-
nities for measurement of hydraulic head in groundwater,
especially near the shoreline.

Others have combined Darcy-based flow determina-
tions with water-budget calculations to reduce the
uncertainty associated with estimates of hydraulic con-
ductivity. Lee and Swancar (1997), in a very detailed
study of a lake in Florida, used a flow-net analysis based
on an extensive network of monitoring wells to calculate
flows of groundwater to and from the lake. They
determined that groundwater exfiltration occurred around
the entire perimeter of the lake and groundwater
infiltration occurred in the middle, deepest portion of
the lake. Darcy-based estimates were determined to be too
small when compared with an analysis of water-budget
terms over a period of several months. By comparing net
groundwater flow based on the residual of monthly water
budgets with net groundwater flow from their Darcy-
based flow-net calculations, they were able to determine
that actual groundwater exfiltration was about 1.2 times
larger than their flow-net estimates. Others also have
adjusted Darcy-based calculations of groundwater flows
to match more closely values from combined water and
chemical budgets (e.g. Sacks et al., 1998). Combining
results from multiple methods often reduces the uncer-
tainty of estimates of groundwater exfiltration or
infiltration (e.g. Hines and Brezonik, 2007; Hofmann

Hydrol. Process. (2015)
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Table IV. Groundwater component of lake-water budget based on
measurement method

Water Chemistry Darcy Seepage
budget budget method meter
All data
n 37 23 27 23
Average 28.8 51.8 33.1 27.6
Median 22.6 52.0 29.0 19.7
Maximum 89.9 94.4 84.0 91.0
Minimum 0.01 11.5 1.0 0.7
Exfiltration only
n 15 21 18 19
Average 26.4 51.5 29.6 21.1
Median 17.8 50.9 19.3 17.5
Maximum 89.9 94.4 78.0 56.2
Minimum 0.01 11.5 1.0 0.7
Infiltration only
n 22 2 9 4
Average 30.5 54.5 40.1 58.3
Median 284 54.5 39.0 59.5
Maximum 77.6 56.9 84.0 91.0
Minimum 0.10 52.2 15.0 23.0

Values in percentage of the sum of all input or loss terms of the lake-water
budget. Chemistry budget includes entries listed as ‘Isotopes’ in Table III.
Darcy method includes entries listed as ‘Model’ in Table III. Seepage
meter includes entries listed as ‘Flow meter’ in Table III.

et al., 2008; Kidmose et al., 2011; Yihdego and Webb,
2012). Perhaps the greatest potential for advancement in
understanding and quantification of flow across the
groundwater—lakebed interface will come from combin-
ing measurement methods in clever new ways.

SUMMARY

Measured rates of groundwater exfiltration and ground-
water infiltration vary by five orders of magnitude in
lacustrine settings, on the basis of 127 values gleaned
from the literature. Of these values, 85% were ground-
water exfiltration, and 15% were groundwater infiltration.
The median rate of exfiltration (0.74 cm/day) was nearly
the same as the median rate of infiltration (0.60 cm/day).
Maximum measured exfiltration (745 cm/day) was almost
three times larger than the maximum infiltration rate of
263 cm/day. However, four values for maximum infiltra-
tion were larger than 100cm/day, whereas the second
largest value for maximum exfiltration was 80 cm/day.
The groundwater component of 110 measured lake-
water budgets ranged from near 0% to just under 95%,
with a median value of 31%. Although surprisingly large,
this value may be somewhat biased; several of the cited
studies were conducted for the specific purpose of
determining what was suspected to be a substantial

Copyright © 2014 John Wiley & Sons, Ltd.

groundwater contribution to a lake-water budget. The
percentage of the groundwater component generally
decreased as lake area increased, but only in the case of
groundwater exfiltration and only for lakes greater than
about 100ha in area. No percentage-versus-lake area
relation was evident for groundwater infiltration on the
basis of 37 lake-water budget calculations.

Determination of per cent groundwater contribution to
a lake budget depends substantially on the method used to
quantify the groundwater term. Use of multiple methods
to estimate the groundwater component is suggested to
reduce this uncertainty.
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