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ABSTRACT
Groundwater discharge is a key component in understanding the interaction
between groundwater and surface water. It provides baseflow to streams and can transport
nutrients and contaminants to related aquatic ecosystems. It can also influence fish
behaviour, spawning, migration and provide areas of refuge during summer and winter
months. There are a variety of techniques that are used to characterize the magnitude of
groundwater discharge including seepage meters, field permeameters, and piezometers and
manometers, however the controls for the magnitude and distribution of discharge remain
poorly understood. The purpose of this study was to conduct field investigations
complimented with numerical analysis to gain a better understanding of the possible factors
that may control the magnitude and distribution of groundwater discharge.
Field investigations were conducted at two rivers, the Bogue Phalia, MS (Summer
2007) and Eighteen Mile Creek, SC (Summer 2008) for the purpose of characterizing the
magnitude and distribution of groundwater discharge. The magnitude and distribution of
groundwater discharge was determined for both rivers using modified pan-and-bag seepage
meters. Discharge measurements were complimented with measurements of stream-bed
hydraulic head gradient, stream-bed hydraulic conductivity, grain-size analysis, stream flow,
and sediment cores.
Field results at both streams indicated that there is a dominate pattern of
groundwater discharge with greatest discharge occurring in the center of the stream where
bed sediments were coarsest and decreasing towards the banks where sediments were
finer. Localized variations to this dominant pattern were identified at both streams but were
isolated to small reaches of stream. The dominate pattern of discharge has also been
identified at other rivers and streams using similar techniques including Leary Weber Ditch,
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IN, Maple Creek, NE, Twelve Mile Creek, SC, and West Bear Creek, NC. This pattern is
interesting because it differs markedly from the dominant pattern of groundwater discharge
that has been identified at lakes, where the groundwater discharge is greatest along the
banks and decreases away from shore. This pattern has been identified at lakes using both
field techniques and numerical analysis representing lakes as a constant head boundary.
To better constrain the possible factors that may control the distribution of
groundwater discharge, numerical analysis was conducted using the finite-difference
groundwater model, MODFLOW in conjunction with ModelMuse. Model parameters were
scaled to a characteristic flux and length to create dimensionless variables and generalize
results. Numerical analysis of idealized stream scenarios indicate that the most likely control
for the distribution of groundwater discharge is heterogeneities in stream bed sediments. A
one order of magnitude difference in the hydraulic conductivity of sediments occurring
along the bank compared to those occurring at the center of the stream produced
distributions of groundwater discharge that were nearly identical to the dominant pattern
identified in the field. Another factor that was identified as a possible control was
evapotranspiration of plants occurring along the banks of streams. Numerical analysis
indicated that evapotranspiration rates based on the consumptive use of groundwater by
phreatophytes can reduce fluxes along the banks of streams but also creates a reduction in
average groundwater discharge to the stream, which is unjustified based on a simple mass
balance of an idealized aquifer. To replicate the dominant pattern of groundwater discharge
observed in the field, evapotranspiration would have to be approximately 80 times the
recharge rate for the region. Greater values of evapotranspiration still create ever larger
losses in the average discharge to the stream and are considered unjustified.
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Results from this study can be applied to multiple aspects of research that occur in
streams. Identifying areas of high discharge can help conservationist identify and protect
possible fish spawning areas, refuge habitats in summer and winter seasons, as well as
monitoring behaviour and habitat selection. It may also help identify areas where
contaminants or nutrients are discharging in higher concentrations to streams reducing the
need for multiple sampling locations in streams, which could save time and money for
consultants in both the private and public sectors.
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INTRODUCTION
Groundwater discharge is an important component of stream, lake, tidal and other
hydrologic environments. It accounts for base flow to stream systems and can transport
nutrients as well as contaminants that can affect related aquatic ecosystems. Several studies
have characterized the magnitude and distribution of groundwater discharge to lakes (Lee
and Cherry 1978, Downing 1978, Brock 1982, Shaw and Prepas 1990, Rosenberry et al. 2000,
Schneider et al. 2005), streams (Cey et al. 1997, Kelly 2001, Craig 2005, Kennedy 2008), and
tidal environments (Shin et al. 2002, Michael, 2003, Sholkovtz, 2003, Taniguchi 2007, Smith
2009) with the majority of results concluding that groundwater discharge varies both
spatially and temporally over long, broad stretches of stream reach, coastline, and lake
banks.
There are a variety of techniques to characterize the magnitude of groundwater
discharge through bed sediments. The most common is the pan and bag seepage meter (Lee
and Cherry 1978, Kelly 2001, Craig 2005, Kalbus et al. 2006, Rosenberry and Menheer 2006).
Seepage meters make direct measurements of groundwater discharge through bed
sediments, which makes them useful for hydrologic studies. Additional techniques for
characterizing groundwater discharge include mini-piezometers and manometers (Lee and
Cherry 1978, Woessner and Sullivan 1984, Fabrizio 2002, Kalbus 2006), field permeameters
(Hvorslev 1951, Kalbus 2006, Genereux et al. 2008, Kennedy et al. 2008), resistivity
(Taniguchi et al. 2007), differential stream gauging (Cey et al. 1998, Becker et al. 2004, Craig
2005), and temperature correlation (Conant 2004, Anderson 2005, Craig 2005).
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Importance of Groundwater Discharge
Groundwater discharge is an important aspect of all aquatic ecosystems. It accounts
for baseflow to streams, transport of nutrients and other contaminants, and stabilization of
temperatures in surface water (Hayashi and Rosenberry, 2002). These factors can influence
the spawning habitats and health of fish and other native faunal and floral species (Power et
al., 1999, Baxter and Hauer, 2000, Hayashi and Rosenberry, 2002, Sophocleous, 2002).
Contaminants that are transported to aquatic ecosystems by groundwater can be
the result of point or non-point source pollution related to agricultural practices (fertilizers,
pesticides, herbicides) or leaking storage tanks from either industrial, commercial, or private
(septic tanks) use (Brunke and Gonser, 1997,Fryar et al., 2000, Hayashi and Rosenberry,
2002). The biggest problem resulting from these types of contamination is eutrophication
(Hayashi and Rosenberry, 2002). Fertilizers can cause an increase in the population of
phytoplankton, which creates turbid water that is supersaturated with oxygen during the
day and anoxic at night and during the decay of blooms. This can result in the loss of
diversity of floral and faunal in an ecosystem.
Nitrate and phosphorous concentrations are important controls on phytoplankton in
aquatic ecosystems. Phosphorus strongly sorbs to soil particles, which limits mobility in
groundwater flow systems (Hayashi and Rosenberry, 2002). Nitrate is soluble and can be
transported through groundwater into streams. It commonly originates from the use of
fertilizers or leaking septic tanks (Hayashi and Rosenberry, 2002).
Acidification is also a problem in aquatic ecosystems. Waste rocks and tailing piles
associated with mining can have high levels of sulphide minerals (pyrite) that can be oxidized
to sulphuric acid . The most damaging result of acidification to aquatic ecosystems is the
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lowering of the pH of the contaminated water that can cause the dissolution of toxic metals
such as mercury, zinc and aluminium.
In addition to contaminant and nutrient transport, the regulation of surface water
temperatures by groundwater discharge is also important to native species of fish and other
inhabitants of aquatic ecosystems. Stream temperature is often the major controlling factor
in habitat selection for fish, particularly trout and salmon (Power et al., 1999, Baxter and
Hauer, 2000). Stream temperatures that exceed normal conditions for fish can slow growth,
which affects fish activity, appetite, and enzyme efficiency (Power et al., 1999). During
summer months fish often seek refuge in areas of groundwater discharge to avoid
excessively warm surface temperatures (Power et al., 1999). In areas of intense
groundwater discharge, surface temperatures can be reduced by as much as 30 to 50C (Drake
and Taylor 1996, Gibson, 1996, Power et al., 1999). When surface water temperatures
exceeded 200C on the Little Southwest Miramichi River, New Brunswick, normally solitary
atlantic salmon were found to crowd into areas where groundwater discharge kept
temperatures lower (Power et al., 1999).
Cooler surface water temperatures resulting from discharging groundwater have
also been shown to influence the spawning patterns of bull trout (Baxter and Hauer, 2000).
Baxter and Hauer (2000) found that bull trout preferentially migrate to areas of groundwater
discharge in third and fourth order streams of the Swan River Basin, Montana. These
streams typically occurred in alluvial valley segments where hydraulic gradient along the
stream was low and groundwater discharge was relatively rapid (Baxter and Huaer, 2000).
Areas of positive and negative groundwater discharge were identified using vertical head
gradients measured from using piezometers.
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Groundwater discharge can be just as important in the cooler months of late fall and
winter as it is during warmer summer months. Cunjak (1996) stated that the highest priority
of most fish during winter months is to find protection from adverse physicochemical
conditions and access to refuge or alternate winter habitats (Cunjak, 1996, Power et al.,
1999). Several species of fish including brook trout, rainbow trout, coho salmon, steelhead
salmon, chinook salmon, grayling, and arctic char have been known to migrate to areas of
groundwater discharge during colder months to avoid conditions related to ice
accumulation, variable stream flow, and to take advantage of warmer water (Craig and
Poulin, 1975, Cunjak, 1986, Cunjak and Power, 1986, Swales et al., 1986, Smith and Griffith,
1994, Cunjak 1996).
Groundwater discharge can also influence fish behaviour (Power et al., 1999). If
groundwater discharges over a small reach of river, fish such as brooke, brown, bull, and
cutthroat trout will aggregate in large numbers with little to no aggression towards each
other even if the fish are territorial under normal conditions (Power et al., 1999). In rivers
where groundwater discharges over long reaches, the same type of fish will be found spread
throughout the reach of river that is warmed by the discharging groundwater (Power et al.,
1999).
Groundwater discharge is equally as important to plants in an ecosystem.
Rosenberry et al. (2000) used plants as indicators for areas of focused groundwater
discharge to Shingobee Lake, MN. Mapping of near shore vegetation (submersed, floatingleaf and emergent aquatic vegetation) and onshore vegetation ( marsh marigolds) was
correlated to groundwater discharge measurements taken from springs occurring in the on
and near shore vicinity of the lake. Marsh marigolds were found only in the direct vicinity of
springs discharging to the lake and that near shore vegetation was absent in these areas.
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Uniform temperature and/or uniform moisture and chemical regimes created by discharging
groundwater at spring may be the reason for the presence of marsh marigolds at spring
locations (Rosenberry et al. 2000).
Groundwater discharge to streams has attracted considerable attention as an
important process in both hydrology and ecology (Woessner 2000, Kelly 2001, Sophocleous
2002, Craig 2005, Rosenberry 2006), but factors that control the magnitude and distribution
of this flux remain poorly understood.

Phreatophyte Evapotranspiration
Heavily vegetated banks like those observed at Eighteen Mile Creek, SC and the
Bogue Phalia River, MS are very common in riparian ecosystems and are commonly
inhabited by plants known as phreatophytes. Phreatophytes are deep rooted plants that
occur along the banks of river and draw the majority of their water from the zone of
saturation. Commonly occurring phreatophytes in riparian ecosystems include but are not
limited to cotton wood trees, cat tails, salt grass, willows and various vines and shrubs.
Phreatophytes have been widely studied to determine at what rate these types of plants use
water and how they affect the underlying water table (Blaney 1954, Eddy 1990, Allan et al.
1992, Cooper et al. 2005, Lautz 2008,).
Blaney (1954) made estimations of water use of several species of phreatophytes
during different seasons. His results indicated that there was a relationship between the
consumptive use of water by phreatophytes and their distance from the water table. As
depth to water increases the ability for a phreatophyte to use water effectively decreases.
Blaney (1954) also presented several estimates of the consumptive use of water for several
species of phreatophytes (Table 1). These estimations indicate that most species of
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phreatophytes consume more water during the summer when conditions are typically hot
and dry.
Consumptive Use
of Groundwater (m/s)
7 x 10 -8
5 x 10 -8 – 7 x 10 -8
4.5 x 10 -8
3.2 x 10 -8
6.3 x 10 -8
4.8 x 10 -8– 6.3 x 10 -8
6.2 x 10 -8

Plant Species
Salt Cedar
Cottonwood
Baccharis
Mesquite
Wire Rush
Tules
Sedge Grass

-8

Tamarisk
4.6 x 10
Table 1. Flux of groundwater used (m/s) by various plant species (Blaney, 1954).

Cooper et al.(2005) made estimations of phreatophyte response to regional water
table fluctuation in the San Luis Valley, Colorado. Between 1986 and 2003 the water table
declined by approximately one meter due to closed basin pumping projects that were active
in the region. The decline in the regional water table resulted in a 32% decrease in the total
evapotranspiration of phreatophytes in the region and a 62% decrease in the groundwater
component of evapotranspiration by phreatophytes (Cooper et al., 2005)
Lautz (2008) made estimations of evapotranspiration potential of phreatophytes
using measurements of solar radiation that were correlated to fluctuations in the water
table. Her results indicate that as soil moisture declines below the soil surface,
phreatophytes become more prone to draw water from the water table that will result in an
increase in evapotranspiration potentials for phreatophytes. This is in contrast to soil
moisture declines at the soil surface that result in decreases in evapotranspiration potential
for phreatophytes (Lautz, 2008). Her results also indicate a decrease in evapotranspiration
potential for phreatophytes from the months of July to October that correlates to a decrease
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in solar radiation during this time period. Phreatophyte production reaches its peak during
July and production decreases into the fall, which is marked by a decrease in solar radiation.

OBJECTIVES
The objectives of this study are to characterize and understand factors that control
the magnitudes and distribution of groundwater discharge to streams. This includes the
characterization of the magnitude and distribution of groundwater discharge to streams in
Mississippi and South Carolina, development of numerical simulations for groundwater
discharge to streams, and determination of factors that affect the spatial patterns of ground
water discharge to streams.

APPROACH
The investigation will consist of field studies in Mississippi and South Carolina, as
well as modelling of ground water discharge to streams. Field investigations will focus on
determining the magnitude and distribution of groundwater discharge using pan and bag
seepage meters. These measurements will be complimented with estimations of vertical
hydraulic conductivity, head differential, and stream velocity. The data will be evaluated to
identify groundwater discharge patterns that persist at multiple locations.
Field investigations will be used to formulate a conceptual model for a typical river
system. The conceptual model will be the basis for numerical simulations to evaluate factors
controlling magnitudes and associated patterns of groundwater discharge under ideal
conditions.
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TECHNIQUES
Several methods have been employed to evaluate groundwater discharge to surface
water and the most common is the pan and bag seepage meter (Lee and Cherry 1978, Kelly
2001, Craig 2005, Kalbus et al. 2006, Rosenberry and Menheer 2006). Several different types
of seepage meters have been designed and implemented for the purpose of measuring the
magnitude and distribution of groundwater discharge including ultrasonic seepage meters
(Paulsen et al. 2001 and Smith et al. Unknown Date), dilution based seepage meters
(Sholkovitz 2003, Craig 2005), electromagnetic seepage meters (Rosenberry 2004), and
electronic seepage meters that utilize flow meters (Fritz et al. 2009). Additional techniques
include the use of mini-piezometers and manometers (Lee and Cherry 1978, Woessner and
Sullivan 1984, Fabrizio 2002, Kalbus 2006), field permeameters (Hvorslev 1951, Kalbus 2006,
Kennedy et al. 2008), electrical resistivity (Taniguchi et al. 2007, Rosenberry et al. 2010), and
streambed temperature (Conant 2004, Craig 2005).

Pan and Bag Seepage Meters
Pan and bag seepage meters directly measure the rate of groundwater discharge
through stream or lake beds. Seepage meters consist of an inverted bucket or drum (pan)
that is vented through the top of the pan and connected to a collection bag (Lee and Cherry
1978). The pan is pushed into the bed sediments, allowed to equilibrate, and then the
collection bag is attached. The collection bag is allowed to fill with groundwater and then it
is detached and weighed to determine the volume of accumulated water. The flux of
groundwater through the stream bed (q) can then be determined using:

q
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V
T  A

(1)

where V is the volume change observed from the bag, T is the elapsed time of the
measurement, and A is the surface area of the pan.
Seepage meters were originally designed and used to measure water loss from
irrigation canals (Israelsen and Reeve, 1944). They were reintroduced in the 1970’s by Lee
and Cherry (1978) who used them to quantify groundwater discharge to lakes in Minnesota
and Canada. Since their reintroduction, seepage meters have been used to measure the
magnitude and distribution of groundwater discharge to lakes (Mcbride and Pfannkuch
1975, Downing and Peterka 1977, Lee 1977, Shaw and Prepas 1990, Sebestyen and
Schneider 2000, Schneider 2003) and to take groundwater samples for chemical analysis
(Lee 1977, Downing and Peterka 1977, Brock et al. 2003). Seepage meters have also been
used in streams (Cey et al. 1997, Dumouchelle 2001, Kelly 2001, Conant 2004, Craig 2005),
estuaries, and bays (Shinn et al. 2002, Michael et al. 2003, Taniguchi et al. 2007).
Several studies have used pan and bag seepage meters despite their limitations
(Libelo and MacIntyre 1994, Isiorho and Meyer 1999, Schincario and McNeil 2002, Shinn et
al. 2002, Murdoch and Kelly 2003, Rosenberry 2008). The most documented limitations to
seepage meters have focused around errors resulting from collection bags (Isiorho and
Meyer 1999, Schincario and McNeil 2002, Murdoch and Kelly 2003), head differentials
between surface water and the collection bag due to the velocity head of water moving over
the bag (Libelo and MacIntyre 1994, Shinn et al. 2002, Murdoch and Kelly 2003, Smith et al.
2009) and scouring of the stream bed (Craig 2005, Rosenberry 2008).

Collection Bag
Several different styles of collection bags have been utilized for seepage meter
application (Isiorho and Meyer 1999, Schincario and McNeil 2002, Murdoch and Kelly 2003)
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with varying success. Isiorho and Meyer (1999) were the first to compare different styles of
collection bags. They made laboratory tests of condoms and plastic balloons to determine
their effectiveness as collection bags. Their results indicated that bag type is not significant
as long as the bag is flexible, elastic to some extent, and easy to use (Isiorho and Meyer
1999).
Schincario and McNeil (2002) also made laboratory estimates of the effectiveness of
small-volume-elastic collection bags (condoms). Their results indicated that condoms
function poorly as groundwater collection bags due to the slow mechanical relaxation effect
of the bag causing it to overfill. Their results recommended the use of flexible bags
(Schincario and McNeil 2002).
Murdoch and Kelly (2003) showed that the resistance to filling is described by bag
conductance:

C

Q
h

(2)

where Q is the volumetric flow rate into the bag and h is the hydraulic head required to
create flow. Field and laboratory tests indicated that bags with a high conductance most
accurately measured flow because bags with a low conductance did not stretch and overfill
when they became full. (Murdoch and Kelly 2003). Bag effects can be rendered negligible
when using bags with high conductance, but it is also possible to correct data that includes
this effect (Murdoch and Kelly 2003).

Velocity Head
Emplacing seepage meters in environments such as rivers and tidal zones creates
issues that are absent when seepage meters are emplaced in lakes. As water flows over the
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collection bag, it creates differential pressure between the collection bag and the surface
water (Shinn et al 2002). Murdoch and Kelly (2003) showed that the head in the bag (hbag) is:

hbag  hU 

v2
2g

(3)

where hU is the total head in the stream and v2/2g is the velocity head of water flowing over
the bag. The total head in the bag will be less than that in the stream with the difference
being equal to the velocity head flowing over the bag (Murdoch and Kelly 2003). If the head
in the bag is less than that of the stream, the seepage meter will overestimate flux.
The velocity head effect was first observed by Libelo and MacIntyre (1994). They
performed flume tests with water flowing past a collection bag and then made field
measurements of groundwater discharge using seepage meters with collection bags covered
and uncovered in a stream. Flume tests showed that the hydraulic head within the collection
bag decreases as a quadratic function of the velocity head flowing over the bag based on:

dh  0.0003u 2  0.01181u  0.444

(4)

where dh is the decrease in hydraulic head in the collection bag and u is the mean surface
water velocity in cm/s (Libelo and MacIntyre 1994). Field observations of groundwater
discharge with uncovered collection bags always observed greater groundwater discharge
than when the bag was covered. Hydraulic gradients between the collection bag and surface
water were 50% higher when the bags were uncovered compared to when they were
covered (Libelo and MacIntyre 1994).
Shinn et al. (2002) documented this velocity head effect when they employed and
compared three different seepage meter designs in tidal and near ocean environments in
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the Florida Keys. As wave currents passed over the emplaced seepage meters, it created an
airfoil effect (Bernoulli) due to the positive profile of the seepage meters (Shinn et al., 2002).
This effect reduced the hydraulic head within the surface area of the seepage meter and also
the collection bag. Orbital wave currents passed over the seepage meters every few
seconds, which they concluded accounted for most of the water in the collection bag. They
also performed flume experiments with their seepage meters and showed that this
advection or Bernoulli Effect was likely the cause of artificial gains that were observed in the
field.
The easiest way to alleviate the problem associated with velocity head is to isolate
the collection bag from flowing water (Libelo and MacIntyre 1994, Murdoch and Kelly 2003,
Rosenberry 2008). A rigid shell that encompasses the collection bag and shields it from the
flowing water was designed and used by Craig (2005) when she made groundwater
discharge measurements using seepage meters at Maple Creek, NE and Leary Weber Ditch,
IN. The rigid shells she created were made from PVC sheet and formed around the collection
bags. The rigid shells removed effects of velocity head on the collection bag (Craig 2005).
Rosenberry (2008) utilized seepage bag shelters when he made groundwater
discharge measurements using seepage meters at the South Platte River, CO. Seepage bag
shelters were constructed from plastic boxes that were secured in place using small amounts
of sediment (Rosenberry 2008). Small holes were drilled in the sides of the shelter to allow
water to enter and exit easily in response to changing bag volume. During measurements,
the seepage bag shelter was placed along the bank of the stream where velocity was lowest.
Results of field and laboratory tests concluded that there is no relationship between current
velocity and groundwater discharge rate when the seepage bag is isolated from the stream
current (Rosenberry 2008).
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Stream Bed Scouring
Another issue associated with emplacing seepage meters in flowing water is
scouring of the stream bed around the base of the pan. Scouring occurs when eddies cause
localized erosion around the pan. Scouring around the base of the pan can change the
geometry of the stream bed and alter the resistance to flow through the stream bed. This
can alter the discharge measured by the meter.
To address problems associated with scouring, Craig (2005) modified seepage meter
pans with a rigid hydrodynamic carapace formed from PVC sheet. The carapace was
mounted to the top and sides of the pan and extended approximately 30 cm from the front
and back of the pan. The front of the carapace was bent approximately 20o to re-direct
water and sediment over the pan. Seepage meters adapted with the hydrodynamic carapace
frequently become covered in sediment within a few minutes of insertion indicating water
and sediment were moving over the carapace instead of around it. In addition to preventing
scouring, the carapace helped to improve the consistency of the insertion depth (Craig
2005).
Rosenberry (2008) also attempted to address this problem by creating seepage
meters with low vertical profiles. This design reduces scouring by reducing the surface area
that protrudes from the bed surface. Laboratory and field observations showed that the low
profile seepage meters reduced scouring around the pan and also could measure vertical
flux through the stream bed even though the distance between the pan and bed is less than
4 cm (Rosenberry 2008).
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Mini-Piezometers and Manometers
Mini-piezometers equipped with manometers provide an easy and direct way to
measure head differentials between groundwater and surface water (Lee and Cherry 1978,
Kelly 2001, Kelly and Murdoch 2003, Craig 2005, Kalbus 2006, Kennedy et al. 2008). In
addition to measurements of head differential, mini-piezometers have been used during the
determination of hydraulic conductivity (Lee and Cherry 1978, Kelly and Murdoch 2003) and
direction of local groundwater flow (Kalbus 2006).
Mini-piezometers consist of a tube or rod that is screened on the insertion end and
can be pushed to a specific depth below the bed surface. The piezometer is then attached to
an inverted U-tube manometer. Typically manometers are filled with air, although air filled
manometers may be unable to resolve head differentials less than 1 mm (Kelly and Murdoch
2003). Utilizing vegetable oil instead of air amplifies the observed head differential by a
factor of approximately ten and can help resolve low head differentials. The amplification
factor is based on the density differences between the oil and water:

  water 
hm  hwater 

 oil   water 

(5)

where hm is the actual head differential, hwater is the observed head differential with oil in
the manometer,  water is the density of water, and oil is the density of the oil (Kelly and
Murdoch 2003).

Field Permeameter
A field permeameter is a device designed to measure saturated, vertical hydraulic
conductivity of in situ bed sediments (Hvorslev 1951, Kalbus 2006, Genereux et al. 2008,
Kennedy et al. 2008). In situ tests of vertical hydraulic conductivity are generally more
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representative than lab tests because removing samples from the bed can alter the packing
and orientation of grains, which can alter the hydraulic conductivity (Kalbus 2006). Field
permeameters consist of a standpipe that is open on both ends. It is inserted into in situ
sediments with little disruption and the enclosed sediment can be evaluated for vertical
hydraulic conductivity using a falling- or constant-head test.
Hvorslev (1951) was one of the first to use standpipes and constant-head or fallinghead tests to measure the hydraulic conductivity of porous media. He derived a formula to
compute the vertical permeability (Kv) from transient measurements during a falling-head
test::

D

 Lv 
H 
11
m
Kv 
ln  1 
t2  t1
 H2 

where D is the diameter of the standpipe, m is

𝐾ℎ
𝐾𝑣

(6)

where Kh is the horizontal conductivity

and Kv is the vertical conductivity, Lv is the insertion depth of the standpipe t is time and H is
the head in the standpipe relative the pre-test head in the standpipe. The field permeameter
and eq. T.6 have been used to measure vertical hydraulic conductivity of stream beds by
Chen (2000); Genereux et al. (2008); Kennedy et al. (2008); Song et al. (2010).

EQUIPMENT DESIGN AND FABRICATION
Two types of seepage meters were utilized depending on the depth of water at the
location discharge was measured. Conventional pan and bag seepage meters were utilized in
water up to 0.3 meters in depth, whereas deep-water seepage meters were used in deeper
water. Discharge measurements were complimented with measurements from minipiezometers and manometers, field permeameter, current velocity, and core sampling.
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Pan and Bag Seepage Meters
Pan and bag seepage meters used for this study were similar to those utilized by
Craig (2005) to characterize discharge at Maple Creek, NE and Leary Weber Ditch, IN. Pan
and bag seepage meters are constucted from a 19-L plastic pan that is fitted with a
hydrodynamic carapace constructed from PVC (Figure 1) . A collection bag that is enclosed in
a rigid conatainer constructed from PVC sheet is attached to the downstream side of the of
the pan (Figure 1).

Figure 1. Profile view of pan and bag seepage

Seepage meter pans were constructed from inverted 19-L plastic buckets that were
cut with a jig saw to an approximate height of 30-cm. A ½-inch diameter hole was cut in the
downstream side of the pan approximately 10-cm from the closed end of the pan using a ½inch diameter hole saw. A ¾-inch PVC bulkhead fitting with EPDM gasket (US Plastics,
#16611) with ½-inch internal FNPT was installed in the hole. A nylon fitting with a ½-inch
MNPT and a ½-inch nipple (US Plastics, #64804) was installed into the bulk head fitting.
Varying length of ½-inch ID tubing was attached to the nipple (Figure 2) and secured in place
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using a metal hose clamp. The tubing extended to a PVC, two-way, ball valve equipped with
3/8-inch FNPT fittings (US Plastics, No Longer Available) by way of a nylon tube fitting with
3/8-inch MNPT and ½-inch nipple (US Plastics, # 648012). The ball valve prevented artificial
gains or losses to the bag when it was attached or detached from the pan for a
measurement. An additional nylon tube fitting with 3/8-inch MNPT and a 3/8-inch nipple (US
Plastcis, # 64800) was attached to the true union ball valve to connect the valve to the rigid
container enclosing the collection bag.

Figure 2. Bulk head fitting and tube fitting with ½-inch ID tubing secured using hose clamp (A.) Bulk
head fitting and tube fitting tubing removed (B.)

Seepage meters were equipped with hydrodynamic carapace to prevent scouring of
the stream bed around the pan. Carapaces consisted of a curved top piece and two side
sections that when combined formed a shell that diverted water around the pan (Figure
3.A.&B.). Carapaces were open on the downstream side of the pan to allow access to the
collection bag (Figure 3.B.). All carapaces were constructed from 1/8-inch-thick sheets of
PVC sheet (US Plastics, #45086) that were formed using a heat gun.
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Figure 3. Profile view of pan with carapace (A.) Top view of carapace (B.)

The top section of the carapace is constructed from a 61 x 30.5-cm piece of ¼-inchthick sheet of PVC sheet. The carapace was attached to the closed end of the pan ½-inch
galvanized steel bolts that were 1-inch-long. The front edge (20 cm) of the carapace was
then heated and shaped to a 450 angle (Figure 3.A). A notch was cut into the downstream
side of the carapace using a jig saw to access to the collection bag.
The sides of the carapace were constructed from 61 x 7-cm pieces of 1/8-inch-thick
PVC sheet. Side pieces had to be cut with a jig saw to fit underneath the top of the carapace
and form a continuous shell (Figure 3.A). Side pieces were attached to the pan using ½-inch
galvanized steel bolts that were 1-inch-long. Side pieces were attached to the top of the
carapace using L brackets that were positioned at the front of the carapace (Figure 3.A).
The collection bag was enclosed in a container constructed from sheets of 1/16inch-thick PVC sheet cut into 60 x 30-cm pieces. It was then heated in the middle of the
sheet and bent around a piece of ¼-inch diameter PVC pipe. This resulted in a “taco” like
shape that would house the collection bag (Figure 4). The sides of the container were then
heated and bent leaving only the downstream side of the container open. A ¼-inch diameter
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hole was drilled in the center of the bend in the container. The hole was heated and a ½-inch
MNPT with a 3/8-inch barb was inserted into the hole and allowed to cool. When cooled, the
ball valve was attached to the ½-inch MNPT (Figure 4), which allowed the container to be
connected to the pan. The collection bag attached to the 3/8-inch barb fitting inside the
rigid container by a piece 3/8-inch ID tubing that was inserted into the bag. The complete
assembly included a collection bag, bag container, ball valve and assorted tube fittings.

Figure 4. Ball valve and tube fitting (A.) True union ball valve assembly attached to the rigid container
holding the collection bag (B).

Collection bags used were formed from a 25 -µm-thick nylon and polyethylene film
that had a maximum capacity of approximately 3500-ml. The bags are roughly circular with
an access tube on one side (Figure 5). The access tube is used to fill the bags with air during
their designed application in packaging. Pieces of 3/8-inch ID tubing approximately 30-cmlong were inserted into the access tube and secured with tape.
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Figure 5. Collection bag housed inside bag container. A 3/8-inch ID tubing is inserted into the
collection bag and attaches to a 3/8-inch barb fitting (not shown).

The collection bags used (Figure 5) are sold commercially by Inflatable Packaging INC
as a void fill bag designed to be used a packaging material. The bag is no longer in
production and has been replaced by a square bag with the connection port on the side.

Deep-Water Seepage Meters
Pan and bag seepage meters are designed for water depths shallower than 0.3 m.
Insertion and removal of the pan and retrieving the collection bag becomes increasingly
difficult as water depth increases beyond 0.3 m. Simple modifications can reduce problems
with using seepage meters in deep water.
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Deep-water seepage meters use a similar pan design as the meters designed for
shallow water. This difference is that a T-shaped handle was attached to the top of the pan
using a flange fitting (Figure 6) to aid in installation, removal and identification. The handle
was constructed from ½-inch diameter schedule 20 PVC pipe that was approximately 1.2meters-long. A T-joint was attached to the top of the PVC pipe, which facilitated pushing the
pan into the stream bed (Figure 6).

Figure 6. Profile view of a deep water seepage meter showing T-shaped handle attached to the pan
and floating frame attached to bag container.

The bag containers were mounted in floating frames (Figure 6) that were 30-cmsquare and constructed from ¼-inch schedule 20 PVC pipe. Two tubular foam flotations’s
were cut to approximately 20-cm and secured to the frame using zip ties. The bag container
was temporarily attached to the floating frame using four carabineer style metal clips. The
frame allowed the bag container to float approximately 15-cm below the surface of the
water. The bag containers attached to the pan using varying lengths of ½-inch ID tubing.
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Tubing length depended on the depth of water where the seepage meter was installed;
typically tubing length was twice the water depth.

Mini Piezometers and Manometers
Mini-piezometers and manometers consist of a 0.45 m-long piezometer that
connected to an oil-filled manometer mounted to a plywood board (Figure 7). Mini
piezometers were constructed from 0.45-m lengths of ½-inch black iron pipe that were
threaded so they could be connected to a manometer. The screen of the piezometer was
made from porous polyethylene that was approximately 0.06-cm-thick. The screen was
wrapped around a 3/8-inch galvanized steel bolt, inserted into the tip of the piezometer and
set into place using epoxy (Figure 8.A). A ½-inch galvanized steel coupling was attached to
the threaded end of the piezometer and fitted with a ½-inch tube fitting with a ¼-inch barb
(US plastic, # 64802) (Figure 8.B). This tube fitting allowed the piezometer to be connected
to the ¼-inch ID plastic tubing of the manometer.
Manometers were constructed from two pieces of varying length ¼-inch ID plastic
tubing that were connected to a three-way vale with luer- fittings (Figure 9) and mounted on
a plywood stand. Two ports on the three-way valve were connected to the manometer
tubing, and the third port was used to add or remove air or oil to the manometer. The stop
cock and tubing was attached to 45 x 15-cm piece of ¼-inch thick plywood using cable ties.
The plywood was then bolted to two 1.82-m-long pieces of ¼-inch, schedule 20 PVC pipe.
The plywood stand was pushed into the stream bed when the manometer was in use.
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Figure 7. Profile view of mini-piezometer and manometer that were used to measure vertical head
gradient of groundwater in streams.
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Figure 8. (A.) Tip of mini-piezometer. (B.) End of mini-piezometer.

Figure 9. (A.) Stop cock valve used to inject air or oil into manometer. (B.) Manometer on plywood
stand.
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Field Permeameter
Streambed slug tests were performed using a permeameter constructed from 4-inch
schedule 40 PVC pipe and a 32-cm length of ½-inch, clear PVC pipe (Figure 10). Two sections
of 4-inch, schedule 40 pipe were joined using a 4-inch PVC coupling with a 2-inch 450 elbow.
The elbow was fitted with an additional 2-inch, PVC 450 elbow to create an additional
vertical port. The 2-inch 450 elbow was mounted to a 2-inch to ½-inch PVC reducer coupling.
The ½-inch clear PVC pipe was then mounted in the reducer coupling so the water in the
device could be viewed. The device was marked with one centimeter increments to monitor
insertion depths and water level changes.
The field permeameter functioned as a falling head slug test that could be
performed with the sediments in situ. Saturated, vertical hydraulic conductivity was then
determined using equation 6.
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Figure 10. Field permeameter used to determine the hydraulic conductivity of stream bed sediments.

Equipment Operation
Deep-water seepage meters were used in water depths that ranged from 0.3 to 1.5
m. The upper limit resulted from the maximum depth that could be accessed by wading.
Deep-water seepage meters could have been used in water deeper than 1.5 m if a boat was
available to facilitate installation and access to the collection bags. However, logistics at the
field sites prevented deployment of a boat and this limited the water depth where seepage
meters could be used. Measurements could not be made in water shallower than 3 cm
because this was the shallowest depth that would fully cover the collection bag.
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Seepage meter pans were pushed into the stream bed to the rim of the
hydrodynamic carapace. They were then allowed to equilibrate for approximately 15 to 60
minutes depending on sediment type. Pans were positioned so the collection bag was
positioned downstream and the curved edge of the carapace pointed upstream. Bags were
attached inside of the bag container and then pre-filled with approximately 100-ml of water.
The bag assembly was weighed using a digital scale with a resolution of 1 g. Several types of
scales were evaluated and the most effective was an Ohaus, CS 2000 digital scale. If the
floating frame assembly was utilized it was removed prior to weighing and then re-attached.
The bag assembly was then attached to the pan with the ball vale closed. The ball valve was
opened and the bags collected water for 15 to 60 minutes. Longer measurement times were
used where the ground water discharge was slow to ensure that the volume change was
enough to quantify groundwater loss or gain.
After pre-determined time had elapsed, the ball valve was closed and the bag
assembly was removed from the water, excess water was wiped off, and the assembly was
weighed again. The change in weight was reviewed and the collection time was increased
when the change in weight was less than a threshold value of 6 grams.
Groundwater flux was calculated using eq. (1). Collection bags were then emptied,
re-weighed, and re-attached for a repeat measurement. Five repeat measurements were
made at each location where discharge was measured. The coefficient of variation and
standard deviation was then determined for each series of measurements. The total time
required to complete this installation, equilibration, and repeat measurements of one
location was several hours.
The amount of water on the exterior of the bag varied and other effects may have
contributed to changes in weight that were unrelated to changes in the volume of water in
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the collection bag. To evaluate this effect, the bag assembly was weighed, submerged,
wiped dry and re-weighed. This process was repeated five times to evaluate the
repeatability of the measurements. The results showed that the mean change in weight was
3 gm, and it ranged up to 5 gm. Based on these findings, I assumed that measurements of
change in weight that were within +/- 3 gm. As a result, changes in weight less than twice
this value (6 gm) were assumed to be unreliable. These measurements were repeated using
a longer measurement time, or discarded. These finding also provide a bound on the
minimum error inherent in the technique. Using 3 grams as a baseline for the uncertainty of
measurements, the total uncertainty for the mean of all measurements can be found using
(Taylor 1997):

 WeigthGain ( g )
 Disch arg e ( cm /sec) 

UnitWeightofWater (1

g
)
cm3

T (sec) * A(cm 2 )

(7)

where σDischarge is the uncertainty in discharge measurements, σWeightGain is the uncertainty in
the weight gain for each measurement, T is the elapsed time of a given measurement, and A
is the surface area of the pan. Knowing that σWeightGain is 3 grams, assuming a T for a
measurement is 15 minutes, and assuming A is 510 cm2 (average surface area of seepage
meter pan) this gives us an uncertainty of each mean flux of +/- 6.5 x10-8 m/s. This not only
gives us the error for mean seepage meter fluxes, but also indicates that longer run times
will produce less error in the observed mean fluxes.

Mini-Piezometers and Manometers
Mini-piezometers and manometers were deployed at the same location where flux
was measured approximately two to three days after flux measurements. Piezometers were
pushed into the stream bed to a depth of approximately 45-cm. The piezometer was allowed
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to fill with water and then the metal coupling and tube fitting were attached to the top of
the piezometer (Figure 8). A syringe and small length of ¼-inch ID tubing were used to purge
air that remained in the piezometer. The manometer was then positioned in the vicinity of
the piezometer and one end of manometer tubing was attached to the barb fitting on the
piezometer. The other end of manometer tubing was secured to one of the PVC pipes at the
surface of the stream bed using a cable tie. The manometer was then filled with water using
the syringe attached to the three-way valve. A different syringe was then used to inject
vegetable oil into the upper portion of both sides of the manometer. Vegetable oil was used
in the manometers to amplify the hydraulic head differential. After the manometer was
filled with oil it was allowed to equilibrate for approximately 15 to 30 minutes.
Measurements of the head differential were then made using callipers and recorded.

Field Permeameter
Measurements of vertical hydraulic conductivity of sediments were made with the
field permeameter. The permeameter was pushed into the stream bed approximately 25
cm, and this distance was recorded. A bucket was then used to fill the device with water to
the top of the clear tubing (Figure 10). The time when the clear tube was completely filled
was recorded and measurements of head and time were taken as the water level inside the
clear tube dropped. Total duration of the tests was a few minutes. When the measurement
was completed, the device was removed and the procedure was repeated at a new location.

Stream Velocity
Measurements of stream velocity were made using a pygmy meter. Stream velocity
was recorded at all locations where groundwater flux was measured. Velocity
measurements were taken at a location approximately 0.5 meters upstream from a pan
location. Stream velocity was recorded at 60% of the water depth and the elapsed time for
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all measurements was 60 seconds. Measurements of velocity were made while pans were
emplaced and groundwater flux measurements were in progress.

REGIONAL OVERVIEW AND FIELD SETTINGS
Field work to characterize the magnitude and distribution of groundwater discharge
was performed during the summer of 2007 at the Bogue Phalia River, MS and the summer of
2008 at Eighteen Mile Creek, SC.

Bogue Phalia River, MS
The Bogue Phalia River is a third order stream located in the Mississippi Embayment
Region of north western Mississippi (Figure 11). The river drains approximately 2100 square
miles of the Big Sunflower River Watershed. The river has an average channel width of
approximately 10 m, an average channel density of approximately 1600 m, and an average
stream channel length of approximately 2500 m. The river down cuts the upper portions of
the Mississippi Alluvial Aquifer, which consists of Quaternary-age alluvium deposited on an
erosional Tertiary-age surface (Arthur 2001). The aquifer thickness ranges from 70 to 200 ft
but is 135 ft thick on average (Arthur and Strom 1996). Sediment ranges from clay to gravel
but typically consists of coarse-grained sand and gravel. Coarsest sediments typically occur
at the base of the unit and the finest occur in the upper portions, although interbedded clay
lens and plugs are common throughout the aquifer (Arthur 2001). The aquifer is bounded on
the top by a fine-grained confining unit, which ranges in thickness from 10 to 50 ft and is 25
ft thick on average (Arthur and Strom 1996). It is comprised of clay, silt and fine-grained
sand and overlies essentially all of the alluvial aquifer (Arthur, 2001).
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Figure 11. Location of the Bogue Phalia River within the Mississippi of North Western Mississippi
(Modified from Arthur 2001).

Wells in the aquifer have yields as great as 2000 gallons per minute with agriculture
accounting for over 98% of the water withdrawn (Arthur 2001). Withdrawals from the
aquifer are greatest during the summer months when agricultural needs are highest.
Common agricultural products for the region are rice, catfish, soybeans, and cotton.

Field Location
A location roughly 800 meters south of the USGS Bogue Phalia #07288650 gauging
station, along Mark Rd, near Leland, MS (Figure 12) was chosen as the primary site for
operations during the summer of 2007. The study reach is approximately 60 m long where
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the river was relatively straight. The river was approximately 35 m wide at the upstream end
but narrowed to 22 m along the downstream end of the reach (Figure 13). A vegetated mud
bar occurred along the lower 30 m of the western side of the reach. The eastern and
western banks were approximately four meters high with steep, vegetated sides and
underlain by clay. This riparian zone was approximately 5 m wide on each side and included
trees, bushes, vines, and weeds such as kudzu. A tributary joined the main channel along the
downstream end of the eastern side (Figure 13). The tributary was approximately 7m wide
with a maximum depth of 0.4 meters. The bank upstream of this tributary was flat, unvegetated, and was composed of sediment that was 95 % coarse- to medium-grained sand
and was classified as SP using the Unified Soil Classification System (USCS)(). This sand bar
was shaped like an obtuse triangle approximately 12 x 17 x 17 meters in size (Figure 13).
The river was bordered on both sides by agricultural fields that were planted with
soybeans during the field study. Water was pumped from the underlying aquifer at an
unknown rate to supply crops with drip irrigation.
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Figure 12. Aerial photo showing the field location at the Bogue Phalia River along Mark Rd In relation
to USGS gauging station #07288650 (www.google.com/maps). Scale of map is approximately 1:24000.
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Figure 13. Map of Bogue Phalia River, MS study area identifying transect of seepage meter locations
(+), positions of the sand bar, vegetated mud bar.

Average yearly rainfall for the region is 124 cm with the majority of precipitation
occurring in the winter and spring (NOAA, National Climatic Data Center). USGS Gauging
Station #07288650 was located approximately 500 m to the north of the study site and has
been making measurements of surface discharge since October 1st 1995. Since this date the
average surface discharge at the Bogue Phalia River is 714 ft3/s with a minimum discharge of
1.7 ft3/s and a maximum discharge of 9670 ft3/s (49 ft3/s 25th percentile, 504 ft3/s 75th
percentile). Daily stream discharge during data collection ranged from 64 to 81 ft3/s , which
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is slightly greater than the 25th percentile of surface discharge(USGS Gauging Station
#07288650). Two storms occurred during the study period, punctuating a prolonged drought
in the region (Figure 14). These storms were the only significant precipitation that occurred
during the summer and over 3 cm of precipitation fell during each event (USGS Gauging
Station #07288650). Maximum discharge during these events was 2490 and 5120 ft3/s
respectively.

st

st

Figure 14. Hydrograph of the Bogue Phalia River, MS from January 1 2006 to December 31 2008.
(USGS Gauging Station #07288650).

The stream bed sediments ranged from silt to coarse-grained sand. Sediments on
the surface of the stream bed were collected as grab samples from each location where
groundwater discharge was measured. The majority of sediments occurring on the surface
of the streambed were 85% medium to coarse-grained sand and 15% fines (silt and clay) and
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classified as USCS SM material. The coarsest-grained material identified at the site occurred
in the thalweg of the main channel and was clean, coarse-grained sand identified as SP
material. Sediments on the eastern and western edges of the stream bed and where the
tributary joined the main channel ranged from silt (USCS, ML) to fine-grained sand (USCS,
SM). Medium- to coarse -grained sand occurred as a submerged ridge in the middle portion
of the upper reach (Figure 13).
Six core samples were taken at depths varying from 0.5 to 1.5 m along transects one
and three (Figure 13) and were classified using the USCS. Medium- to coarse-grained sand
(USCS, SM) occurred in the upper 0.4 to 0.9 meter of all core samples except the eastern
most core across transect 1 (Figure 15). This core was taken in the thalweg of the river and
the upper portion of the sample contained no fines (USCS, SP). Finer-grained material (80%
silt and clay, USCS, CH) underlay the surficial sands. The silty clay was present in the bottom
of all cores where it was at least 0.5m thick. Two to three layers of medium-grained sand
were interbedded in the upper portions of the silt and clay material that underlay the river.
The thickness of these interbeds ranged from 0.05 to 0.1 meters.
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Figure 15. Sediment profiles across transects 1 and 3 at the Bogue Phalia River, MS. Each core sample
identified medium- to coarse-grained sand (USCS, SM or SP) on the bed of the river that was
underlain by silt and clay (USCS, CH).

Water depth was recorded at all 30 positions where groundwater discharge was
measured and at 25 additional locations (Figure 16). Depth in the study reach varied from
0.1 to 1.5 meters. Depth increased up and downstream from the study area. The thalweg
was positioned along the eastern bank through most of the study reach, but it curved
toward the middle of the river at the downstream end (Figure 16).
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Eighteen Mile Creek, SC
Eighteen Mile Creek is a second order stream located in the Piedmont Region of
north western South Carolina. It drains approximately 600 square miles of the south eastern
portion of the Seneca River Watershed. The river drains into Lake Hartwell, SC
approximately four miles south west of Pendleton, SC. Eighteen Mile Creek has an average
stream channel length of approximately 1500 m, an average channel width of approximately
4 m, and an average drainage density of approximately 500 m. The region is underlain by
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the Blue Ridge and Piedmont Aquifer that consists of crystalline metamorphic rocks that
within the locality of Eighteen Mile Creek are gneiss and schist (USGS Ground Water Atlas
HA730-G). The crystalline rocks that make up the aquifer have low porosity and permeability
but fracturing of the bedrock has created void space that can store and transmit
groundwater. Bedrock in the region is overlain by a layer of regolith that consists mainly of
weathered bedrock known as saprolite, which is typically covered by soil. Saprolite
thickness can be as great as 150 ft in some areas (USGS Ground Water Atlas HA730-G).
Alluvium can occur on top of the saprolite but is typically confined to stream valleys where
the material sediments typically range from sand to boulders (USGS Ground Water Atlas
HA730-G). Eighteen Mile Creek cuts these alluvial deposits that at the field site consist of
coarse-grained sand interbedded with silt.

Field Location
A location on Eighteen Mile Creek north of the Pendleton Waste Water Treatment
Plant near Pendleton, SC was evaluated during the summer of 2008 (Figure 17). The field
site extended over approximately 400 m but the 100 m on the downstream side were
studied in the most detail (Figure 19). The stream flowed to the south and was confined
within straight dikes through the study reach. The thalweg of the river meandered between
the eastern and western banks through much of the reach (Figure 19).
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Figure 17. Aerial photo of field location on Eighteen Mile Creek, SC north of the Pendleton Waste
Water Treatment Plant (www.google.com/maps). Scale of map is approximately 1:12000.

The width ranged from 8.5 to 12 m with an average of 10 m. The banks were steep
and approximately 2 meters high. The banks were thickly vegetated with oak trees, kudzu,
shrubs and grasses over strips 2 to 4 meters wide on either side of the stream. These
vegetated strips were bordered by agricultural fields that were planted with corn during
field operations.
Average rainfall in the region is 140 cm per year with the majority of rainfall
occurring in the winter and spring (NOAA, National Climatic Data Center). USGS gauging
station #0218699 located upstream from the field site was operational from May 21st 1998
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to July 7th 2008. During this time average surface discharge for Eighteen Mile Creek was 55
ft3/s with a minimum discharge of 3.3 ft3/s and a maximum discharge of 2980 ft3/s (28 ft3/s
25th percentile and 60 ft3/s 75th percentile). Mean surface discharge during the first series of
measurements was 7.5 ft3/s and ranged from 6.1 to 10 ft3/s, well below the 25th percentile
of surface discharge for Eighteen Mile Creek (USGS gauging station #0218699) (Figure 18).
Several small storms occurred in the study area in between the two series of measurements
at Eighteen Mile Creek, which resulted in slight increases in discharge and stage. However
surface discharge during the second series of measurements did not appear to exceed that
of the first series and is assumed to be approximately 7.5 ft3/s. Surface discharge during the
summers of 2007 and 2008, were slightly lower than during the summer of 2006 (Figure 18).
This lower than normal surface discharge is likely a reflection of the severe drought
conditions that were dominant in the region during these two summers (2007 and 2008).
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Figure 18. Hydrograph of Eighteen Mile Creek, SC from January 1 , 2006 to July 7 , 2008 (USGS
gauging station #0218699

Stream bed sediments at Eighteen Mile Creek ranged from silt to coarse-grained
sand. The majority of bed sediment was identified as medium-grained sand (USCS, SP or
SM). Coarse-grained sand with no fines was common in the center of the river. Finer-grained
sediments occurred in areas where surface discharge was least, typically along the banks or
where sand bars or obstructions blocked the flow. Three bars composed of medium- to
coarse-grained sand were exposed in the lower 100 meters of study reach (Figure 19). Depth
measurements were made at 106 locations in Eighteen Mile Creek. Depth varied from 0.05
to 0.4 meters. Average depth where groundwater discharge was measured is 0.26 m (Figure
19).
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Several piles of woody debris were distributed throughout the study reach. Debris
piles were most abundant in the lower 50 meters of study reach and consisted of branches
from centimetres to tens of centimetres in diameter and leaves. The average size of the
woody debris piles was approximately 1 m across.
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Deployment
Seepage meters and additional equipment were deployed at both locations to
characterize the magnitude and spatial distribution of groundwater flux. Where possible,
seepage meters were emplaced in transverse transects that were orientated perpendicular
to stream flow. Two to five pans were utilized for each transect and spacing between pans
ranged from three to five meters depending on the width of the stream. Spacing in the

44

upstream and downstream direction between each transect was approximately ten meters.
Transverse transects were measured on the same day to limit the effects of temporal
variability on measurements.
Seepage meters were deployed in multiple transverse transects at the Bogue Phalia
River from June 12th to 18th, 2007 and again from July 20th to 29th, 2007. These two series of
measurements were separated by several large storms that raised the stage and prevented
access to the river. Positions where flux was measured during the first series were reoccupied during the second series.
Seepage meters were deployed at Eighteen Mile Creek from June 30th to July 10th,
2008 and again from July 28th to July 31st, 2008. Seepage meter transects at Eighteen Mile
Creek, SC consisted of two to four pans due to the reduced width of the main channel.
Transects were perpendicular to flow and extended from bank to bank. Seepage meters
were also deployed at selected locations with greater spatial resolution. A mini-piezometer
and manometer were installed within an hour after removal of the pan in most cases. When
measurements of head differential were determined, the field permeameter was then used
at the same location to determine the vertical, saturated hydraulic conductivity of the bed
sediment.

FIELD RESULTS
The spatial distribution of groundwater discharge was measured using pan and bag
seepage meters at selected locations in each study reach. A total of 136 positions were
measured at the two locations, 30 positions at the Bogue Phalia and 106 at Eighteen Mile.
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Bogue Phalia River, Pre-Storm Series
Mean groundwater discharge at the Bogue Phalia River during pre-storm
measurements (June 12th to 18th, 2007) was 1.2 x 10-6 m/s with a mean coefficient of
variation for all measurements of 0.32. Groundwater discharge during pre-storm
measurements ranged from 3.12 x 10-8 - 4.23 x 10-6 m/s. The greatest fluxes were observed
in the vicinity of the center of the river where bed sediments were the coarsest. Sediments
at these locations were medium- to coarse-grained sand with little to no fine-grains (USCS,
SP &SM) (Figure 20). The greatest flux of 4.23 x 10-6 m/s occurred in the center of the
thalweg at the downstream end of the study reach. The next greatest fluxes occurred along
the eastern edge of the thalweg midway through the study reach. This was in the region on
the submerged sand bar where sediment was coarse-grained sand (Figure 20).
Groundwater discharge was least along the banks and in areas where the bed was
fine-grained (Figure 20). The least flux was 3.12 x 10-8 m/s and occurred on the western bank
(Figure 20) where the bed was silty fine-grained sand. Second smallest flux (7.6 x 10-8 m/s)
occurred along the eastern bank downstream of the tributary where the bad was primarily
silt with less than 5% sand (USCS, CH).
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Figure 20. Distribution of groundwater discharge flux (1 x 10 m/s) at the Bogue Phalia River, MS June
12th to 18th, 2007.

The pattern of groundwater discharge is for greatest fluxes to be near the center of
the stream where depth is greatest and the bed material is coarsest and for the lesser fluxes
to be along the banks where the bed material is finest. This pattern occurs along transects 3,
and 5 (Figure 21) during this series.

47

Figure 21. Groundwater discharge results for transects 3 and 5 during pre-storm measurements (June
12th -18th 2007) at the Bogue Phalia River, MS. Error are one standard deviation of five
measurements.

A local variation occurs along transect 2 (Figure 22), where a region of low flux
occurs in the center of the stream and separates larger fluxes on either side. The flux
decreases and is least along the banks of this transect, which is consistent with the general
pattern. This low flux in the center of the stream is not associated with the thalweg because
the thalweg is located along the eastern bank of the stream across this transect (Figure
13).Another variation occurs along transect is #4, where the greatest groundwater discharge
occurs along the banks and relatively small fluxes in the center of the stream where depths
are greatest (Figure 22).
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Figure 22. Groundwater discharge results for transects 2 and 4 during pre-storm measurements (June
th
th
12 -18 2007) at the Bogue Phalia River, MS. Error bars are one standard deviation of five
measurements.

Bogue Phalia River, Post Storm Series
Mean groundwater discharge during post storm measurements (July 20th to 29th,
2007) at the Bogue Phalia River was 1.2 x 10-6 m/s with an average coefficient of variation of
0.51, which is a slightly smaller mean and larger coefficient of variation than the pre-storm
series. Ground water discharge during post storm measurements ranged from1.33 x 10-7 to
5.6 x 10-6 m/s. The four greatest groundwater discharge measurements during this series
were near the center of the stream and in the vicinity of the submerged ridge where bed
sediments were coarse-grained sand (Figure 23). These fluxes ranged from 2.5 x 10-6 to 5.6 x
10-6 m/s.
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The three smallest groundwater discharge measurements during the second series
of measurements were observed on the eastern bank of transect #5 and along the eastern
bank of transect # 4 (Figure 23), where fluxes ranged from 1.3 x 10-7 - 1.7 x 10-7 m/s. These
locations were all underlain by silt that contained less than 15% sand (USCS, CH). All
positions across transect #1 and #5 had much lower fluxes than those of other transects
evaluated during this series. Discharge averaged across transects #2,#3, and #5 was
approximately 1.7 x 10-6 m/s and discharge averaged across transect #1 and #5 were 0.4 x
10-6 (Figure 24).
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Figure 23. Distribution of groundwater discharge flux (1 x 10 m/s) at the Bogue Phalia River, MS July
th
th
20 to 29 , 2007.

The pattern of discharge generally resembles that from the previous series, with the
larger fluxes occurring where the water was deeper and the sediment coarser (Figure 21 and
24). A local pattern variation in the post-storm series across transect #2 resembles an
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anomaly that occurred prior to the storm. In both cases, there is a band of low discharge
flanked by higher discharge. (Figure 24).

Figure 24. Groundwater discharge results across transects 1, 2, 3, 4, and 5 during post-storm
th
measurements (July 20th -29 2007) at the Bogue Phalia River, MS. Error bars based are one standard
deviation of five measurements.

Eighteen Mile Creek, Series One
Mean groundwater discharge at Eighteen Mile Creek during the first series of
measurements (June 30th to July 10th, 2008) was 3.7 x 10-6 m/s with an average coefficient of
variation of 0.7. Ground water discharge measurements ranged from -3.1 x10-7 - 1.3 x 10-5
m/s. The three greatest fluxes ranged from 9.7 x 10-6- 1.3 x 10-5 m/s and occurred along
transects K, M, and N2 (Figure 25). Locations on transects K and M were underlain by
medium- to coarse-grained sand that contained less than 2% silt (USCS, SP). The bed under
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N2 was slightly finer-grained; it contained medium- to coarse-grained sand with less than
15% silt (USCS, SM).
The smallest positive groundwater discharge measured during this series was
observed along the eastern side of the exposed sand bar in the central region of the study
reach in between array LM and N1 (Figure 25). Fluxes in the region ranged from 1.7 x 10-8- 3
x 10-8, with average weight gains of 10 grams for repeat measurements. In contrast to the
Bogue Phalia River where locations of low flux typically were underlain by silty material, the
low flux locations at Eighteen Mile Creek were underlain by medium-grained sand.
Negative discharge measurements were observed at five locations during this series.
This means that water flowed out of the stream into the bed at these locations. All five
measurements made from each position were negative. The average weight lost during each
trial was 25 grams. Negative discharge through the series ranged from -3.1 x 10-7 to -9.8 x 108

m/s. All negative discharges occurred at locations along the bank where the bed consisted

of fine-grained sand with less than 25% silt (USCS, SC), the current was minimal, and the
banks were heavily vegetated. The greatest negative discharge of -3.1 x 10-7 m/s was
observed along the eastern bank of transect M at the downstream end of the study reach
(Figure 25). The least negative discharge of -9.8 x 10-8 m/s occurred along the eastern bank
of transect ML2 (Figure 25).
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Figure 25. Distribution of groundwater flux (1 x10 m/s) at Eighteen Mile Creek, SC June 30 to July
th
10 , 2008.

The first series of measurements at Eighteen Mile Creek are distributed with a
pattern similar to that at the Bogue Phalia River, where the greatest groundwater discharge
occurs along the center of the stream (e.g. Transects LM and N2 Figure 26).
Local variations are also present in this series, just as they are at the Bogue Phalia. In
a few locations, the discharge generally resemble that shown in Figure 26, except the
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discharge decreased from the center towards the bank and was negative at the edge of the
stream (e.g. . Transects K, N1 and M Figure 26).

Figure 26. Groundwater discharge results across transects K, N1, M, N2 and LM during series 1 (June
th
30th –July 10 2008) at Eighteen Mile Creek, SC. Error bars are one standard deviation for five
measurements.

Eighteen Mile Creek, Series Two
Mean groundwater discharge during the second series of measurements at Eighteen
Mile Creek (July 28th to July 31st, 2008) was 5.2 x 10 -6 m/s with an average coefficient of
variation for all measurements of 1.19. Groundwater discharge measurements during this
series ranged from -9.1 x 10-9 - 7.6 x 10 -5 m/s. The greatest discharge during the series of 3.6
x 10 -5 m/s was observed in the thalweg along transect K in the central section of the study
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reach (Figure 27). High fluxes were also observed in the thalweg on transect K1, K2 and L.
Groundwater discharge at these locations ranged from 1.1 x 10 -5 - 3.6 x 10 -5 m/s. Sediment
at the these locations was medium- to coarse-grained sand with less than 2% fine-grained
material (USCS, SP).
The least, positive groundwater discharge was observed on the western bank of
transect L and along the eastern bank 10 m downstream of transect L (Figure 27).
Groundwater discharge for these locations was approximately 6 x 10 -9 m/s respectively. The
average volume gain for the two positions was 8 grams. These locations were underlain by
fine-grained sand that contained less than 30% silt (USCS, SC).
One position of negative discharge was recorded during this series. It occurred on
the western bank of array L where the flux was -9.12 x 10 -9 m/s (Figure 27). Sediment at this
location was coarse-grained sand with small amounts of non-plastic, fine-grained sediment
(USCS, SM). The bank at this location was heavily vegetated with tall grass, oak trees, and
kudzu.
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th
st
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The dominant pattern of discharge during this series was the same as that during
the first series measurements, where the greatest discharge is near the deepest part of the
stream where sediment is coarsest (e.g. Trasect L, Figure 28).
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Figure 28. Groundwater discharge results across transect L during series 2 (July 28th –31st 2008) at
Eighteen Mile Creek, SC showing generalized pattern of discharge.

Spatial Patterns of Groundwater Discharge
Field results at the Bogue Phalia River, MS and Eighteen Mile Creek, SC identified
two patterns of the spatial distribution of groundwater discharge.
A.) Greatest discharge in the center of the stream and least discharge on the banks.
A contour map of this groundwater discharge patterns resembles a ridge, so this will be
called the Ridge Pattern (Figure 29, A).
B.) Greatest discharge on the banks and least in the center or pattern. This will be
called a Trough pattern (Figure 29, B)
Two local variations to the Ridge pattern can also be identified from field results.
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A.1) Least discharge on the banks greatest discharge in the center with a trough of
low discharge in the thalweg. This will be called a “Rippled Ridge” pattern (Figure 29, C)
A.2) Greatest discharge in the center with least discharge on the banks with a
negative discharge on at least one bank. This will be called a “Losing Ridge” pattern (Figure
29, D)

Figure 29. Groundwater discharge distributions in cross-section patterns. A) Ridge B) Trough C)
Rippled Ridge D) Losing Ridge
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The Ridge pattern is the most common pattern at the Bogue Phalia and Eighteen
Mile Creek. During the first series of measurements at the Bogue Phalia it occurred along
transects #3 and #5 and during the second series it occurred along transects #1, #2, and #4
(Figure 21 and 24). At Eighteen Mile Creek, SC this pattern occurred along transects K, LM,
and N2 during the first series of dmeasurements and along transect M during the second
series of measurements (Figure 26 and 28). It appears groundwater discharge is
characterized by a ridge-like pattern throughout the reach and the other patterns are simply
local variations.

Additional Discharge Patterns
The five patterns of ground water discharge identified at the Bogue Phalia and
Eighteen Mile Creek can also be identified from observations of groundwater discharge at
other rivers (Kelly 2001, Conant 2004, Craig 2005, Kennedy 2010). Kelly (2001) measured
ground water discharge at Twelve Mile Creek, SC using pan and bag seepage meters
(Murdoch and Kelly, 2003). Kelly (2001) measured discharge along two transects that
extended across the river and consisted of at least five pans in each transect. Her results
indicate that the dominant pattern of discharge across the two transects was similar to the
Ridge Pattern, with greatest flux near the center of the stream and lower fluxes along the
banks (Murdoch and Kelly, 2003 Figure 6).
Craig (2005) inferred groundwater discharge using pan and bag seepage meters
similar to those used in this study. She measured groundwater discharge over large reaches
with multiple transects at Leary Weber Ditch, IN and Maple Creek, NE (Craig, 2005). Her
results (Craig, 2005) indicate that the dominant pattern at both streams was similar to that
of the Ridge Pattern from this study (Craig 2005 Figures 31 and 32).
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Conant (2004) made estimates of groundwater discharge at Pine River, Ontario using
more than 350 steam bed temperatures complimented with measurements of hydraulic
conductivity and vertical head gradient. Measurements were made at a 25-meter-long reach
where the river was approximately 12 meters wide. From his results (Conant, 2004 Figure
8), it can be inferred that the dominant pattern of groundwater discharge is similar to that of
pattern A from this study, with greatest discharge occurring in the central part of the river
throughout the study reach.

Temporal Variability of Groundwater Discharge
Seepage meters were also used to characterize the temporal variability of
groundwater discharge. At the Bogue Phalia River, all 24 locations measured during the first
series were re-evaluated during the second series of measurements. During the first series
of measurements, transects were marked on both sides of the bank using 3.2 m lengths of
¼” PVC pipe. Pace and compass surveying of the original positions was then used to re-place
the seepage meters during the second series. The measurements were separated by
approximately 35 days, when two large storm events occurred. The storms occurred on June
19th and July 6th, during which over 5 cm of precipitation fell at USGS gauging #07288650,
near Leland, MS. Maximum discharge during these two events was 2490 and 5120 ft3/s
respectively (USGS gauging #07288650). The stage increased by 3 m during the first event
and 5 m during the second. The effects of the storms lasted for several days. In general flow
and stage returned to pre-storm values approximately 7 days after each storm (Figure 14).
At Eighteen Mile Creek, SC, the locations of measurements during the first series
were not marked and the second series of measurements were placed close to original
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locations using field notes taken during the first series. Measurements at Eighteen Mile
Creek were separated by approximately 21 days, during which time small afternoon
thunderstorms occurred. The change in stage was less than 0.2 meters during these events
and no storms occurred while the measurements were being made.

Bogue Phalia River, MS
The average magnitudes of groundwater flux during the first and second series of
measurements at the Bogue Phalia River are remarkably similar, with an average discharge
during each series of 1.6 x 10 -6 m/s. The magnitude of greatest flux during the second series
of measurements was approximately 1.33 times that of the first series but this is most likely
due to natural variability in the data. The position of greatest flux shifted approximately 30
meters upstream but was still observed in or adjacent to the thalweg of the river. The
magnitude of least discharge during the second series of measurements was approximately
4.3 times greater than that during the first series. The position of least discharge shifted
position by approximately 30 meters in the downstream direction and also shifted position
from the left to the right bank (Figure 20.).
To determine if the means of the two series were the same, a t-test for unequal
sample size and equal variance was performed using:

x1*  x2*
t
1 1
S x1x2

n1 n2
where t is the t-statistic, x* are the means for series 1 and 2 respectively , n is the sample
size for series 1 and 2 respectively, and S x1 x2 is an estimator of the common standard
deviation of the two series and defined as:
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(8)

S x1x2 

(n1  1) S x21  (n2  1) S x22
n1  n2  2

(9)

where S x y is the standard deviation for the respective series and n1  n2  2 is the degrees
of freedom for the test.
The value of S x1x2 for the two series at the Bogue Phalia is 6.6 x 10-7 for a test with
52 degrees of freedom. The computed t statistic for the two series at the Bogue Phalia River
is 0.5. The t-distribution value for a two tailed test with 99.9% confidence and 52 degrees of
freedom is 3.48 indicating that we can accept the null hypothesis that the means of each
series are in fact the same with 99.9% confidence.

Eighteen Mile Creek, SC
The average magnitude of groundwater discharge for the first series at Eighteen
Mile Creek was 3.7 x10-6 m/s and increased to 5.2 x10-6 m/s during the second series of
measurements. During the first series there was a total of five negative discharge
measurements recorded, whereas there was only one negative discharge observed during
the second series.
To determine if the means of the two series were the same, a t-test for unequal
sample size and equal variance was performed using equation 8 and 9. The value of S x1x2 for
the two series at Eighteen Mile Creek is 5.5 x 10-6 for a test with 101 degrees of freedom. The
computed t statistic for the two series is 1.72. The t-distribution value for a two tailed test
with 99.9% confidence and 101 degrees of freedom is 3.389 indicating that we can accept
our original hypothesis that the means of each series are in fact the same with 99.9%
confidence.
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Spatial Variability of Vertical Head Gradient
The magnitude and distribution of vertical head gradient was determined using
mini-piezometers and manometers during the second series of measurements at Eighteen
Mile Creek, SC. Measurements were made approximately 6 to 24 hrs after discharge
measurements. Observations of vertical head gradient were made at 23 total positions over
four days.

Eighteen Mile Creek, SC
Vertical head gradient at Eighteen Mile Creek ranged from 0.12 to 0.74 with an
average head gradient of 0.27. The coefficient of variation for all measurements at different
locations was 0.73 with a standard deviation of 0.20. Greatest vertical head gradients were
observed in center of the stream and least head gradients occurred along the banks (Figure
30).
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Figure 30. Distribution of vertical head gradient and measurement locations (crosses) at Eighteen Mile
Creek, SC

Spatial Variability of Hydraulic Conductivity
A modified slug test was used to make estimates of vertical hydraulic conductivity
during the second series of measurements at Eighteen Mile Creek, SC. Measurements of
hydraulic conductivity were made approximately 24 to 36 hrs after groundwater discharge
measurements. Vertical hydraulic conductivity was measured at 14 locations, eleven of
which were made at the same locations as discharge measurements. The remaining three
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measurements were made at locations where grab samples of bed sediment were analyzed
in the lab to determine grain size.

Eighteen Mile Creek, SC
Average hydraulic conductivity was 1.4 x 10-3 m/s and it ranged from 9.9 x10-4 m/s to
2.1 x 10-3 to m/s. The standard deviation was 0.04 m/s and the coefficient for variation for
the ten measurements was 0.3. All observed values of vertical hydraulic conductivity were in
the range of coarse-grained, well sorted sand (Fetter, 2001). Greatest measurements of
vertical hydraulic conductivity were observed in the center of the stream where current and
depth were greatest. Least measurements of vertical hydraulic conductivity were observed
on and adjacent to the bank.
The greatest vertical hydraulic conductivity of 2.1 x 10-3 m/s occurred in the center
of the stream on the west side of study reach (Figure 31) where the bed consisted of coarsegrained sand with negligible silt. This position bordered the upstream sandbar. While K was
greatest at this position, observed flux was of the least positive measurement (5.3 x 10-8
m/s) made during the series. Presumably this occurred because the vertical hydraulic head
gradient was essentially zero, however no measurements of hydraulic head gradient were
made at this location. The paring of high K and low flux was unique to this location.
The least K of 9.9 x10-4 m/s was observed on the western bank of the upper part of
the study reach (Figure 31). Sediment at this location was medium-grained sand with up to
less than 15% silt. The observed discharge at this location, 7.0 x 10-8 m/s, was one of the
least, positive discharges observed during the series.
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Figure 31. Distribution of vertical hydraulic conductivity in m/s, and measurement locations (crosses)
at Eighteen Mile Creek, SC.

Grain Size Analysis and Vertical Hydraulic Conductivity, Eighteen Mile Creek, SC
Grab samples from three locations at Eighteen Mile Creek were analyzed in the lab
to determine grain-size distribution. The samples were taken from coarse-grained deposits
near the thalweg of the stream (Figure 32). Locations were chosen based on measurements
of high groundwater discharge flux made from June 30th –July 10th, 2008. Grain-size
distribution was found by sieving the samples using sieve numbers 5 (pebble), 10(gravel),
18(very coarse sand), 35(coarse sand), 60(medium sand), 120 (fine sand), 230 (very fine
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sand), and the bottom collected silt and clay. Samples were dried and then sieved on a
shaker table for approximately 25 minutes.

Figure 32. Locations of where grab samples were taken for grain-size analysis (crosses).

Grain-size analysis indicates more than 70% of each sample is coarse- to mediumgrained sand (Figure 33). No samples contain silt or clay, although small amounts of material
finer than 0.062 mm occur in each sample. The coarsest sample collected is GS3. It was the
only sample to contain pebbles (2% by weight) and had 3% gravel by weight and very coarsegrained sand (26.4 % by weight). GS3 was taken where depth and current were greatest
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among the three sample locations. The finest-grained sample was GS1. GS1 contains no
pebbles and had only 1% by weight gravel. The sample was 50% medium-grained sand by
weight and contained more fine-grained (6 % by weight) and very fine-grained sand (0.5 %
by weight) than other samples. This sample was taken where depth and current was least
for the three samples.

Figure 33. Grain-size distribution of three grab samples used to compute hydraulic
conductivity at Eighteen Mile Creek, SC.

Results of the grain-size analysis were used to make empirical estimates of the
hydraulic conductivity. Methods used included
Hazen (Hazen, 1892):

Hazen 

g
x6 x104 [1  10(n  0.26)]d102
v
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(10)

where g is the gravitational constant (9.8 m/s), v is the kinematic viscosity of water
(1.004x10-6 m2/s), n is porosity, and d10 is the grain diameter for which 10% of the sample
respectively, is finer. Kozeny-Carman (Carman, 1937, 1956):

Kozeny  Carman 

 n3  2
g
x8.3x103 
d
2  10
v
 (1  n) 

(11)

Breyer (Vukovic and Soro, 1992):

Breyer 

g
500 2
x6 x104 log
d10
v
U

(12)

where U is the coefficient of grain uniformity (U = d60/d10).
Slitcher (Slitcher, 1898):

Slitcher 

g
x1x102 n3.287 d102
v

(13)

Terzaghi (Terzaghi & Peck, 1964):
2

g  n  0.13  2
Terzaghi  Ct  3
d10
v  1  n 

(14)

where Ct is the sorting coefficient (Ct = d75/d25).
USBR (U.S. Bureau of Reclamation, 1978).

USBR 

g
0.3 2
x 4.8 x104 d 20
d 20
v

Porosity (n) was determined in two ways, a.) an empirical relationship with the
coefficient of grain uniformity (Vukovic and Soro, 1992) (V&S):
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(15)

n  0.255(1  0.83U )

(16)

and b.) using a gas-expansion porosimeter (GEP). A gas expansion porosimeter uses
a sample of known volume enclosed in a container of a known volume. The container is then
connected to a chamber with a known volume, and both containers are pressurized. The
chamber then has the air evacuated from it and then the air from the first container is
allowed to pass to the second. The difference in pressures from the containers is then used
to calculate the porosity using the ideal gas law.

Vv  VT  Va  Vb

P2
P2  P1

(17)

where VV is the effective volume of the pores, VT is the bulk volume of the sample, Va
is the volume of the container containing the sample, Vb is the volume of the evacuated
container, and P1 and P2 are the initial and final pressures of the container containing the
sample.
These methods indicate that the porosity of the sand is roughly 0.45. Porosity
measured with the gas-expansion porosimeter was greater than porosity calculated by the
Vukovic and Soro (1992) method (Table 2). The average of the two porosity measurements
was used when calculating hydraulic conductivity using the Hazen, Kozeny-Carman, Slitcher,
and Terzaghi methods.
Sample 1
Porosity
V&S -0.42 GEP – 0.45

Sample 2
Porosity
V&S – 0.42 GEP – 0.48

Sample 3
Porosity
V&S – 0.41 GEP – 0.56

Table 2. Porosity results from Vukovic and Soro (V&S) (1992) method and gas-expansion porosimeter
method (GEP).
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Sample 1
V&S – 0.43
-3

1.03 x 10

Sample 2

GEP – 0.46
-3

1.15 x 10

-3

-3

1.29 x 10
1.75 x 10
-3
2.11 x10
-3

1.55 x 10

-1

1.73 x 10

-3

1.93 x 10

-1

2.12 x 10
-5

5.49 x 10

-3

1.05 x 10

Porosity
Hazen
KC
Breyer
Slitcher
Terzaghi
USBR
Slug Test

V&S - 0.42
-3

Sample 3

GEP - 0.48
1.69 x 10

-3

1.61 x 10
3.01 x 10
-3
2.83 x10

-3

1.37 x 10

-3

-3

1.69 x 10

-1

1.91 x 10

2.64 x 10

-3

2.89 x 10

-1

7.65 x 10

-5

1.42 x 10

-3

Porosity
Hazen
KC
Breyer
Slitcher
Terzaghi
USBR
Slug Test

V&S - 0.42
1.73 x 10

-3

GEP - 0.56
-3

2.74 x 10

-3

-3

1.96 x 10
8.87 x 10
-3
3.59 x10
1.85 x 10

-3

5.06 x 10

2.09 x 10

-1

-3

5.74 x 10

-1

-4

1.2 x10

-3

1.8 x10

Table 3. Results of empirical determination of hydraulic conductivity based on grain-size distribution
for three samples taken from Eighteen Mile Creek, SC. Results in cm/s.

Empirically calculated estimates of hydraulic conductivity are within one standard
deviation of field estimates for two of the six methods: Hazen and Kozeny-Carman using the
Vukovic and Soro (1992) formula. The Breyer, Slitcher, and Terzaghi methods all
overestimate and the USBR grossly underestimates K. The Hazen and Kozeny-Carman are
the most accepted methods in the literature, according to Odong (2007), who also found
that the Slitcher, USBR, Breyer, and Terzaghi method either over or underestimated K.
Hydraulic conductivity estimates using the Hazen and Kozeny-Carman methods for
the three grab samples ranged from 1.8 x 10-3 to 1.1x 10-3 m/s and averaged 1.4 x 10-3 m/s
(Table 3). All three estimates of conductivity using Hazen and Kozeny-Carman methods are
within the range for well-sorted, coarse-grained sand (Fetter, 2001).

Darcian Flux vs. Seepage Meter Flux
Darcian flux was calculated for the eleven positions where vertical head gradient
and stream bed hydraulic conductivity were measured. Average Darcian flux for the ten
locations was 5 x10-6 m/s, and ranged from 1.7 x 10-7 to 1.5 x 10-5 m/s. Average vertical flux
measured by seepage meters for these positions was 6.4x10-6 m/s and ranged from 5.3 x10-8
to 3.3x10-5m/s. On average, vertical flux observed from seepage meters was approximately
1.3 times greater than Darcian flux. Seven of the eleven locations had a greater Darcian flux
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than vertical flux observed from seepage meters. There does not appear to be a pattern to
where Darcian or seepage meter flux will be greater for these locations.
The ratio of average seepage meter flux/average Darcian flux was 1.3, which is well
within the range (0.3 to 7) of typical results for similar studies and as close to one as others
have found (Cey et al. 1998, Rosenberry & Pitlick 2009, Kennedy et al. 2010). Casey Kennedy
and colleagues (2010) compared fluxes obtained from seepage meters and Darcian
calculated fluxes from 53 positions at West Bear Creek, NC (Kennedy et al., 2010). From his
study the ratio of average seepage meter flux/average Darcian flux was 0.7, which is much
closer to one than any other similar study (Kennedy et al., 2010). On average seepage meter
fluxes were 0.70 times that of seepage meter fluxes calculated for the same position. Two
other similar studies (Cey et al. 1998, Rosenberry & Pitlick 2009) have compared Darcian flux
to seepage meter flux to streams. Of these three studies (Cey et al. 1998, Rosenberry &
Pitlick 2009, Kennedy et al. 2010) all identified greater average Darcian fluxes than average
seepage meter fluxes, which is in contrast to the results of this study.
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Figure 34. Correlation between Darcian and seepage meter flux. Dashed line represents a one/one
ratio.

NUMERICAL ANALYSIS
Field work at Eighteen Mile Creek, SC and the Bogue Phalia River, MS identified
patterns of groundwater discharge that appear to be common, and indeed similar patterns
are described in other publications. These patterns could be caused by several factors, but
the dominant control could not be determined through field data alone.
Numerical analyses were performed in order to improve the constraints on factors
controlling the patterns of discharge. The approach was to develop an idealized model
resembling the essential details of field conditions. Parameters were scaled to create
dimensionless variables to generalize the results. A baseline model was developed and used
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to characterize the general behaviour of the system. The importance of various factors
affecting the pattern of discharge was assessed by systematically varying magnitudes of key
parameters relative to the baseline value. The analyses were conducted using MODFLOW
(MacDonald and Harbaugh, 2005) used with the graphical user interface ModelMuse
(Winston, 2009).

Conceptual Model Geometry
The conceptual model developed for numerical analysis consists of a two
dimensional, steady state simulation that is orientated perpendicular to stream flow. The
region is simulated as a cross section spanning a distance  from a groundwater divide to a
stream. The right and left boundaries are no-flow because symmetry is assumed. The lower
boundary is no-flow and most of the upper boundary is uniform inward flux corresponding
to recharge, R. The distance from the bottom of the aquifer to stream bed is b (Figure 35).
The stream occurs on top of the right side of the model where the head is specified over a
length, L. The conductance of the stream bed is C and can vary linearly from C1 on the bank
to C2 at the middle of the stream (Figure 35). A zone of riparian evapotranspiration with
width a occurs adjacent to the stream and has an evapotranspiration flux qet (Figure 35).The
aquifer is considered homogeneous and anisotropic with a horizontal and vertical hydraulic
conductivities of Kx and Ky.
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Figure 35. Idealized conceptual model used for numerical analysis.

Scaling
The analysis will be scaled to a characteristic flux and length. The recharge R will be
used for the characteristic flux, and the half-width of the stream L is the characteristic
length. This defines dimensionless parameters as:

K 'h 

Kh
R

(18)

KR 

Kh
Kv

(19)

q 'et 

a' 
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q et
R
a
L

(20)

(21)

b' 

C'

'

b
L

(22)

C
R

(23)


L
(24)

Baseline Analysis and Typical Ranges of Parameters
Typical values of key parameters were determined either from field data or from
published sources and these values were used to identify a baseline case.
The baseline value of recharge is taken as 5 x 10-9 m/s. Average recharge in the
Piedmont region of South Carolina ranges from 10-9 m/s to 10-8 m/s according to Heath
(1988). The average recharge determined from an analysis of the stream hydrograph for
Eighteen Mile Creek is approximately 5 x 10-9 m/s, using techniques developed by the
Wallingford Institute of Hydrology (1980) and implemented in a program written at
Clemson, CUHydrograph V2.1 (Appendix A).
CUHydrograph uses inputs of daily discharge and monthly precipitation over a
specific time range to calculate hydrologic parameters such as evapotranspiration, runoff,
recharge, baseflow, and stream flow. Values of precipitation and discharge are inputted into
an excel spread sheet (Figure A-1) and used in conjunction with estimates of basin constant,
watershed area, and segment time to generate daily values of the above listed parameters
(Figure A-2) through hydrograph separation techniques. To assist in the calculation of basin
constant and segment time, graphs of the storm flow regression are given (Figure A-3).
When an appropriate basin constant is determined daily results are calculated and
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presented (Figure A-4). These daily values are then used to calculate the water balance for
the system and generate monthly averages of evapotranspiration, runoff, recharge,
baseflow, and stream flow (Figure A-5).
The characteristic half-width of the stream L, used in the baseline analysis is 5m. This
is based on the width of Eighteen Mile Creek in the field area. In general, we expect the halfwidth to range from 1 to 10m for streams in the area.
The hydraulic conductivity of the aquifer is assumed to be 10-6 m/s, this is taken as
an average vale for saprolite and alluvium. The average value of K from slug tests and
piezometers in the alluvial sediments near Eighteen Mile Creek is 3 x 10-6 m/s, and typical
values of K for saprolite are.
The baseline aquifer thickness is 15m, which is a typical value for saprolite thickness
(Hack, 1989) and a reasonable estimate for the thickness of the alluvium is 5m (the actual
thickness is unknown).
The width of the model region is interpreted as the distance from the stream to
groundwater divide. The average stream density is 1km/km2 in the Piedmont region
(Harman 1989, Bott 2006), which gives 1000m as the average distance between streams.
The baseline vale of  = 500m follows from the stream density.
The baseline value for a is 5m. This is based on the width of the riparian corridor at
Eighteen Mile Creek.
Bed conductance was assumed to be large so that the baseline simulation was
unaffected by this parameter. The stream in the baseline model behaves as a constant head
boundary.
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Baseline
Expected Range
Parameters
Actual
Dimensionless Actual
Dimensionless
-8
-9
-8
R
10 m/s
1
10 -10 m/s
1
L
5m
1
1-10m
1
-6
-6
Kh
2x10 m/s
200
0.5-5x10 m/s
50-5000
KR
10
10
1-100
1-100
B
15m
3
5-20
0.5-20
500m
100
200m-1000m
20-1000

a
5m
1
0-10m
0-10
Table 4. Baseline and expected ranges for parameters used in numerical simulations.

There are a few opportunities to check the consistency of the values used in the
baseline analysis. It is apparent that a volume balance requires:

R  Lqb

(25)

which can be rearranged to give:

qb 


L

R
(26)

where qb is the average groundwater discharge to the stream. Using the baseline values in
Table 4 in equation 16 gives q b= 10-6m/s. This value is slightly less than the average
groundwater flux values obtained at the Bogue Phalia River (1.6 x 10-6 m/s) and Eighteen
Mile Creek (3.7 x 10-6 and 5.2 x 10-6 m/s).
A 1-d analysis of an unconfined aquifer, which is typically of the hydrogeology of the
Piedmont region, gives the maximum head as:

hmax

2

R 2

 h12
4K
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(27)

where h1 is the head in the aquifer at the stream, which we will assume is equivalent to b. It
follows that:

K'


K 1
2
 
2
2 
R 4  hmax  h1 

(28)

Using a typically value of hmax= 25m and the baseline values in Table 1 gives K’=100
and is consistent with the value of K’ in Table 1. Values of hmax ranged from

10m  hmax  50m and h1 ranged from 5m  h1  30m . This range of hmax and h1 result in
values for K from 2.43 x 10-7 m/s to 8.33 x 10-6 m/s., which are within the expected range for
K (Table 1).

Grid Design
The grid for the 2D simulation contained approximately 2040 columns by 1 row with
16 layers for a total of 32640 cells. Column spacing for the majority of the model was 0.05
(Figure 36), which created 20 columns per 1 unit of model length. The size of the model is
scaled to L,x’ = x/L, y’=y/L. Column spacing in the vicinity of the simulated river and zone of
riparian evapotranspiration was refined to 0.01 or 40 columns per 1 unit of model length
(Figure 36) so the head distribution within these zones could be simulated with greater
resolution. Row spacing for the single row of the model was 1. The 16 layers of the model
had variable thickness which decreased upward (Figure 37). The top 10 layers of the model
had thicknesses of 0.05 units and encompassed the upper 0.5 units of the models thickness.
Layers 11 to 14 had a thickness of 0.25 units, layer 15 had a thickness of 0.5 units and layer
16 had a thickness of 1 unit for a total thickness of 3 units.
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Figure 36. Top view of model setup identifying boundary conditions (Recharge, Riparian ET, River) and
column spacing. Spacing A is 20 columns per 1 unit length of model and Spacing B is 40 columns per 1
unit length of the model.
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Figure 37. Cross sectional view of model setup showing finite difference grid. Thickness of layers in
spacing A is 0.05 units, spacing B is 0.25 units, spacing C is 0.5 units, and thickness of layers in spacing
D is 1 unit. Total thickness of all layers is 3 units.

Results
Results will be presented in terms of scaled vertical flux across the stream bed,
qv’.Results for numerical simulations run in MODFLOW are outputted as cell by cell
volumetric flow rate. These results were converted to flux within ModelMuse, and the
scaled vertical flux was determined as:

qv ' 

qv FlowLowerFace

R
BlockAreaTop

(29)

where qv’’ is the actiual vertical flux, Flow Lower Face is the flow through the lower face of a
cell given in the MODLFOW .cbc file, and the Block Area Top is the length and width of the
cell in the model.
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Baseline Conditions
The baseline conditions assumed a homogeneous, anisotropic, unconfined aquifer.
Baseline parameters used for this simulation are in Table 4. The river was simulated as a
constant head boundary with a head of zero. Recharge was applied as a specified flux over
the model except in the areas of the river and riparian evapotranspiration boundary. The
riparian evapotranspiration boundary was inactive (no-flow) for this simulation. To reduce
the amount of horizontal flow across the left edge of the stream boundary, the K in the
upper row representing the zone of riparian evapotranspiration was set to a relatively low
value of 1 x 10-6m/s.
The distribution of flux for the baseline simulation creates a vertical flux distribution
that is similar to the Trough Pattern with greatest fluxes occurring on the bank and
decreasing towards the center of the stream (Figure 38). Maximum discharge along the
banks was approximately three times larger than it was at the center of the stream. This
patter is similar to the distribution of discharge into some lakes (Lee and Cherry 1978,
Downing 1978, Brock 1982, Shaw and Prepas 1990, Rosenberry et al. 2000, Schneider et al.
2005)
This result is particularly noteworthy because it means that the pattern of
groundwater discharge in the idealized baseline condition is almost never observed.
Apparently factors not included in the baseline case control the distribution of groundwater
flux in the streams studied for this work.
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Figure 38. Vertical flux through stream boundary for baseline conditions.

Riparian Evapotranspiration
The banks of the Bogue Phalia River and Eighteen Mile Creek were both heavily
vegetated with varying types of plant species and it seems possible that riparian ET could
reduce the discharge flux near the banks to create the pattern commonly observed in the
field. Several simulations were evaluated using varying values of evapotranspiration to
evaluate this effect. A negative recharge flux was used to simulate ET (Figure 36).
Scaled values of riparian ET, qET range up to 17 using the values of ET flux in Table 1
and the baseline recharge value. All other model parameters were set to baseline conditions
as listed in Table 4.
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Salt Cedar
Cottonwood
Baccharis
Mesquite
Wire Rush
Tules

Consumptive Use
of Groundwater (m/s)
7 x 10 -8
5 x 10 -8 – 7 x 10 -8
4.5 x 10 -8
3.2 x 10 -8
6.3 x 10 -8
4.8 x 10 -8– 6.3 x 10 -8

Scaled Value of
Evapotranspiration
7
5–7
4.5
3.2
6.3
4.8 – 6.3

Sedge Grass
Tamarisk
Bullrush and Cattail

6.2 x 10 -8
4.6 x 10 -8
1.7 x 10 -7

6.2
4.6
17

Plant Species

Table 5. Scaled values of the flux of water consumed for various plant species (Blaney, 1954).

Simulations that used qET’ < 20 produced vertical flux distributions that resembled
the baseline simulation. An evapotranspiration flux of 1 produces very little change to the
baseline simulation although maximum vertical flux along the bank is slightly reduced as is
minimum vertical flux near the center of the stream boundary (Table 6). Increasing the
value of evapotranspiration further reduces the maximum values of vertical flux along the
banks and also decreases minimum fluxes near the stream center. Although maximum fluxes
along the bank have a greater magnitude of reduction than the reduction in flux near the
center of the stream (Table 6). All values of evapotranspiration that were based on the
consumptive use of groundwater by plants still produce the trough-like pattern distribution
of groundwater flux (Figure 39).
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Figure 39. Groundwater flux results of simulations using evapotranspiration based on the
consumptive use of groundwater by plants.

Dimensionless evapotranspiration, qET, could be greater than 20 in areas where
recharge is less than that assumed here. Increasing qET causes the mean discharge to the
stream to decrease and this occurs in particular along the banks. A value of qET’ = 60
produces a roughly uniform distribution of flux and qET’>60 causes the discharge along the
banks to be less that it is in the center of the stream (Figure 40). Values of qET’>80 result in
losing conditions along the banks of the stream.
Simulated evapotranspiration of 80 and 100 create vertical flux distributions that are
similar to the Ridge Pattern (qET = 60-80) and Losing Ridge Pattern (qET > 80) (Figure 40). The
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ridge pattern was identified in both series at the Bogue Phalia River, MS (Figures 21 and 24)
and Eighteen Mile Creek, SC (Figures 26 and 28).

Figure 40. Vertical flux distribution for simulations using evapotranspiration along banks.

Simulation

Vertical Flux
on Bank

Vertical Flux at
Stream Center

Mean
Vertical Flux

Flux
Ratio, qR

Pattern of
Vertical Flux

Baseline
ET = 1
.ET = 10
ET = 20
ET = 40
ET = 60
ET = 80
ET = 100

204.3
201.7
178.4
152.4
100.6
48.7
-1.31
-55.1

70.0
96.5
64.5
58.9
47.7
36.6
25.4
14.2

97.9
96.9
88.2
78.6
59.2
39.9
20.6
1.2

4
2
3
2.5
2
1.3
-0.05
-3.8

Trough
Trough
Trough
Trough
Trough
Uniform
Ridge
Losing Ridge

Table 6. Modelling results for scenarios with simulated evapotranspiration.
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Varying Hydraulic Conductivity of Stream Bed Material
Grain size of the stream beds varied in the study area, and in most rivers, and the
accompanying change of K with grain size is expected to affect groundwater discharge. Bed
sediments at both field locations were coarsest in the center and fined towards the banks,
although the variation in stream bed material was greater at the Bogue Phalia than at
Eighteen Mile Creek. To simulate this sediment distribution, a polyline object was inserted
across the top cells of the stream boundary using at the center of the stream remained at
100 whereas K on the bank varied from 1 to 10 with a linear interpolation in between (Figure
41). The variations in hydraulic conductivity were simulated using sediment thicknesses that
ranged from the stream bottom to depths of 0.05, 0.25, 0.5 and 1 (Figure 41). All other
parameters for the model used baseline conditions from Table 2.
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Figure 41. Distribution of hydraulic conductivity for simulations where K was least on bank and
greatest in the center of the stream. A. Thickness = 0.05 B. Thickness = 0.25 C. Thickness = 0.5 D.
Thickness = 1.

Simulations of varying hydraulic conductivity, K’h, across the stream bed with a
thickness of 0.1 indicate that as the hydraulic conductivity along the bank is reduced the

89

vertical flux on the bank will reduce as the flux in the center of the stream increases (Figure
42). The mean flux remains unchanged. Simulations where K ranges from 50 to 100 vary only
slightly from the baseline trough-like patter, but a variation from 25 to 100 across the
streambed causes the flux to be roughly uniformly distributed. A ridge-like distribution
occurs when K’h decreases to 10, and the ridge becomes even more developed as K’h at the
bank decreases to 1.(Figure 42) (Table 7).

Figure 42. Vertical flux distributions where the magnitude of K’ h varies from the bank to the stream
center as indicated in the legend. Thickness of the streambed with variable K’ h is 0.1.
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Kr
Baseline
0.5
0.25
0.1
0.01

Vertical Flux on
Bank
204
164
118
64
8

Vertical Flux at
Stream Center
70
79
81
98
108

Flux Ratio, qR
2.9
2.1
1.5
0.66
0.07

Pattern of
Vertical Flux
Trough
Trough
Trough
Ridge
Ridge

Table 7. Modelling results for scenarios with variation in the magnitude of hydraulic conductivity
across the stream bed with a thickness of 0.05.

Increasing the thickness of the streambed to 0.25 expands the region of reduced
fluxes along the bank. In the case of ranging from 1 to 100 for example, the mean flux occurs
at x~0.2 when the bed thickness is 0.05 (Figure 42), but it moves to ~0.5 when the bed
thickness is 0.25 (Figure 43). Increasing the bed thickness also causes the distribution of flux
to be nearly linear across the streambed.
Simulations where the thickness of the varying hydraulic conductivity layer was
increased to 0.5 and 1 produce vertical flux distribution that were similar to the results of
simulations where the thickness was 0.25 (Figure 43). There are subtle changes in the
magnitudes of flux with the trend being greater thicknesses result in slightly greater fluxes
on the bank and slightly lower fluxes at the center of the stream. However, the distribution
of vertical flux remains unchanged for these thicknesses compared to a thickness of 0.25
(Figure 43 and 44).
The result of this suite of simulations indicate that an increase from low K’h along the
banks to higher K’h in the center of the stream can produce distributions of groundwater flux
similar to those observed in the field. We can characterize the magnitude of the ridge using
the flux ratio:
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qR 

qvb '
qvc '

(30a)

where qvc’ is the vertical flux at the center of the stream and qvb’ is the vertical flux at the
bank. The flux distribution is trough-like when qR >1 and ridge-like when qR < 1. It will also be
convenient to characterize the variation in K across the streambed using:

Kr 

K hb '
Kh '

(30b)

Where K hb ' is K h ' along the bank and K h ' is the horizontal hydraulic conductivity of the
aquifer defined in (18). All of the simulations assume the K h ' in the center of the stream is
equal to K h ' in the aquifer. As an example, the scenario where K h ' varies from 25 along the
banks to 100 in the center is represented by K r = 0.25.

The results show that the flux is roughly uniformly distributed, qR ~ 1, where K r
~0.2. The flux ratio increases and the discharge patter becomes trough-like where K r > ~
0.2, where it decreases and becomes ridge-like where K r < ~0.2. Increasing the bed
thickness changes the shapes of the distribution flux, but qR seems to change only modest
amounts for equal values of K r (Tables 8 and 9). Bed thicknesses of 0.25 or greater produce
a distribution of flux that mimics the distribution of K, whereas a thinner bed causes the flux
to change more sharply than K. These flux distributions in Figure 43 and 43 for K r ~0.01
resemble patters at both the Bogue Phalia River, MS (Figure 21 and 24) and Eighteen Mile
Creek, SC (Figure 26 and 28).
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Figure 43. Vertical flux distributions where the magnitude of hydraulic conductivity varies across the
length of the stream bed and has a thickness of 0.25.

Figure 44. Vertical flux distributions where the magnitude of hydraulic conductivity varies across the
length of the stream bed and has a thickness of 0.5 (A) and 1 (B).
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Low Hydraulic Conductivity Under Riparian ET Boundary
The results of simulations with varying hydraulic conductivity across the stream bed
produced vertical flux distributions that were similar to results at both the Bogue Phalia
River, MS (Figure 21 and 24) and Eighteen Mile Creek, SC (Figure 26 and 28). To more fully
evaluate the sensitivity of the vertical flux distributions, the horizontal extent of a region of
low hydraulic conductivity on the banks of the stream boundary was increased to include
the full length of the riparian evapotranspiration boundary. This distribution of low hydraulic
conductivity is consistent with field observations at the Bogue Phalia River, MS where the
banks are underlain by clay and silt.
A zone of low hydraulic conductivity material was inserted as a rectangle object
underneath the zone of riparian evapotranspiration and encompassed the entire length of
this zone (Figure 45). The low K object abutted the zone of varying hydraulic conductivity
along the stream bed and the value of hydraulic conductivity for the object was set to that of
the hydraulic conductivity of the bank material (Figure 45). Values of hydraulic conductivity
for the object varied from 1 – 100. All other model parameters were baseline values listed
from Table 2. Increasing the thickness past 0.5 for simulations with varying hydraulic
conductivity across the stream bed produced little change in the magnitude of vertical flux
and no change in the distribution of vertical flux so simulations with the low K object were
only run for thicknesses of 0.25 and 0.5. No simulation was run for a thickness 0.05 because
the K of the riparian evapotranspiration layer was already set to 1 x 10-6 m/s to restrict
horizontal flow to the stream boundary.
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Figure 45. Position and magnitude of hydraulic conductivity of zone underlying the zone of riparian
evapotranspiration and abutting the varying K zones.

Simulations utilizing the low conductivity zone, varying hydraulic conductivity across
the stream bed and a thickness of 0.25 produced vertical flux distributions that were nearly
identical to vertical flux distributions where only the hydraulic conductivity across the
stream bed varied (Figure 46 and 47; Tables 8 and 9).The slight curvature in the flux
distribution in Figure 46 are straightened in Figure 47 (Table 8 and 9).
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Figure 46. Vertical flux distributions for scenarios with a low hydraulic conductivity zone underneath
the zone of riparian evapotranspiration. Bed thickness of 0.25.

Kr
Baseline
0.5
0.25
0.1
0.01

Vertical Flux on
Bank
204
144
89
38
3

Vertical Flux at
Stream Center
70
100
130
159
185

Flux Ratio qR
2.9
1.4
0.7
0.2
0.02

Pattern of
Vertical Flux
Trough
Trough
Ridge
Ridge
Ridge

Table 8. Modelling results for simulations with a zone of low hydraulic conductivity with a thickness of
0.25 underlying the zone of riparian evapotranspiration.

Increasing the thickness of the low hydraulic conductivity zone to 0.5 resulted in
vertical flux distributions that are identical to the simulations where the thickness was 0.25
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(figure 46 and 47). Increasing the thickness of the model also produces slightly greater fluxes
at the stream bank and also at the center of the stream (Table 9 and 10).

Figure 47. Vertical flux distributions for scenarios with a low hydraulic conductivity zone underneath
the zone of riparian evapotranspiration. Bed thickness of 0.5.

Kr
Baseline
0.5
0.25
0.1
0.01

Vertical Flux on
Bank
204
149
95
42
3

Vertical Flux at
Stream Center
70
100
130
160
190

Flux Ratio qR
2.9
1.5
0.7
0.1
0.01

Pattern of
Vertical Flux
Trough
Trough
Ridge
Ridge
Ridge

Table 9. Modelling results for simulations with a zone of low hydraulic conductivity with a thickness of
0.5 underlying the zone of riparian evapotranspiration.
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DISCUSSION
Field measurements made using seepage meters at the Bogue Phalia River, MS and
Eighteen Mile Creek, SC indicate that groundwater discharge is greatest near the center of
the stream where bed sediments are the coarsest and for the least discharge to occur at the
bank where bed sediments were finer-grained (Figure 20, 23, 25 and 27). This distribution of
groundwater discharge creates a ridge of high discharge at the center of the stream that is
flanked by low discharges on the bank or ridge-like pattern (Figure 29). This distribution of
groundwater discharge has been identified utilizing similar methods at other streams (Kelly
2001, Conant 2004, Craig 2005). The following discussion will review possible controls on
the magnitude and distribution of groundwater flux.

Controls on the Average Magnitude of Groundwater Discharge, qb
The hypothesis is that the average magnitude of groundwater flux should be
proportional to the recharge, with a scaling given by the form of eq. (26) qb 


L

R . This can

be evaluated using a typical value of recharge, R = 5 x 10-8 m/s, which follows from an
analysis of stream hydrograph data from Eighteen Mile Creek,  = 500m is half the average
stream density in the watershed (Harman 1989, Bott 2006). L was identified as the stream
half-width in the analysis above, but here we take L as the half-width of the stream
averaged over the watershed. This is done because  is also a watershed average. The
average stream width is unknown, but it can be assumed that it is distributed according to
simple Hortonaian scaling (Horton 1945, Leupold et al. 1964). The bifurcation ratio related
the total length of stream reaches of one order to those of the next highest order. The
average bifurcation ratio for 1st and 2nd order stream in the U.S. is 2.3, according to Strahler
(1957), but in general it range from 2 to 4 (Leuplod et al. 1964) and it is approximately 3 for
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Wyatts Branch, a stream in Maryland underlain by rocks similar to those in the vicinity of
Eighteen Mile. I used a bifurcation ratio of 3 and assumed the total length of stream
channels is 47km, based on a drainage density of 1 km/km2, to get the total lengths of
channels of different orders. It can also be assumed that the average channel half width of

L = 1.1m. Using these values gives:

qb 

500m
5 x108 m / s  2.3x106 m / s
1.1m

(31)

The average flux observed in the field is 4.5x 10-6 m/s. This is slightly larger than the value
estimated using (31), but the variability in the field measurements and the approximations
required for (31) make these two estimates indistinguishable.
Applying eq. (26) to the data from the Bogue Phalia River. The stream half width was
15 at the field site, but the average width over the watershed is estimated as L = 3m using
the approach outlined above. Stream channels appear to be extensively modified to make
way for agricultural practices, so the stream density in the Bogue Phalia watershed appears
to be less than it is in the Eighteen Mile Creek area. I estimated spacing  =1500m in the
vicinity of the study area. An average recharge rate of 2 x 10-9 m/s was used in a regional
groundwater model of the area by (Arthur, 2001), and the value can be adopted here. These
values give:

qb 

1500m
2 x109 m / s  1x106 m / s
3m

(32)

as an estimate for the average groundwater discharge at the Bogue Phalia River. This result
is identical to the average field data.
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The conclusion from this analysis is that the groundwater discharge measured
during this study can account for the baseflow in Eighteen Mile Creek and the Bogue Phalia
River. This means that the average values of baseflow measured at the study areas is roughly
the average value for the watershed. Furthermore, it confirms that the basic scaling in (26)
can provide reasonable estimate for the basin-wide average groundwater recharge. This
implies that major sources or sinks to groundwater not included in this analysis may be
unimportant in these watersheds.
The major source of uncertainty in this analysis is the approach used to estimate the
average stream width. This approach may have under-estimated L , but the magnitude of
the error is probably less than a factor of 2. Reducing L would imply that the average
groundwater discharge at the field sites was slightly greater than the discharge over the
entire watershed. This could be caused by local recharge that was greater than the
watershed average.

Controls on the Distribution of Groundwater Discharge
One hypothesis is that the ridge-like distribution of groundwater discharge is
controlled by riparian ET. This follows from the expectation that riparian ET would capture
more flux along the banks than in the center of the stream.
Numerical results indicated that typical values of the consumptive use of
groundwater by phreatophytes may reduce the magnitude of discharge on the banks and
also at the center of the stream. However expected values of riparian ET are too small to
change the overall distribution of discharge. Evapotranspiration greater than 80 times the
recharge would be required to create this pattern. This value of evapotranspiration is
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significantly larger than values for common phreatophytes when recharge typical of the
Piedmont is used. However these conditions could be possible in areas of low recharge.
Another consequence of conditions where evapotranspiration is large enough to
affect the pattern of groundwater discharge is that it will also affect the overall water
budget. For example, when evapotranspiration is 80 times that of recharge, the overall flow
discharging to the stream is 0.2 of the flow entering the system as recharge (Table 4), the
other 0.8 is lost to riparian evapotranspiration. If this occurs, then the basic scaling in (26)
would be expected to over-estimate the field conditions. However eq. 26 from the previous
section gives results that are reasonably correct, so significant losses by riparian
evapotranspiration are unjustified.
The conclusion from this simulation is that riparian evapotranspiration could create
a pattern of discharge similar to that observed, but the magnitude of evapotranspiration
required to do this is too large for this to occur at the field sites.
An alternative hypothesis is that the distribution of groundwater discharge is
controlled by the distribution of hydraulic conductivity. Sediment grain size was finer along
the banks than in the middle of the stream at both field sites. This could reduce the flow
along the banks and focus it toward the center of the stream.
Simulations where the hydraulic conductivity of the bed sediments varied across the
length of the stream support this hypothesis. They show that varying hydraulic conductivity
linearly from the bank to the center will produce the observed ridge-like distribution of
groundwater flux. The ratio of the flux along the banks to that in the center, qR , range to
0.05 in the simulations as a result of variations in K r . In the field qR =0.5 on average during
the first series at the Bogue Phalia River and qR =0.3 during the second series. This
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magnitude of variation across the streambed can be created with K r ~0.1. The flux ratios
were somewhat smaller at Eighteen Mile Creek, with qR =0.05 during the first series and qR
= 0.16 during the second series of measurements. These values can be caused by 0.01 < K r
< 0.1.
The thickness of the streambed with the variable hydraulic conductivity is difficult to
constrain because the distribution pattern appears to be independent of thickness where
thickness exceeds 0.25.
Unlike simulations using evapotranspiration, varying the hydraulic conductivity of
the stream bed material does not reduce the mean groundwater discharge to the stream, so
the analysis using eq. (26) in the previous sections remains valid.
A systematic variation in the hydraulic conductivity appears to be sufficient to
explain much of the systematic variation in discharge, with one exception. Areas where the
flux was negative occurred along the banks at several locations at Eighteen Mile Creek and
no amount of K variation can, by itself, cause a reversal in flow. It is possible that these flow
reversals were caused by changes in the horizontal gradient increases. However, the
locations where the stream was losing were on straight reaches where the gradients
appeared nearly uniform, so a changing gradient fails to explain the observations.
Riparian evapotranspiration can reduce the flow and in some cases caused the
groundwater discharge to reverse. However, this effect was superimposed on a general
distribution caused by spatial variations in K.
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Conceptual Model
The pattern of groundwater discharge to the two streams studied for this
investigation appears to be controlled by a systematic distribution of hydraulic conductivity.
A similar pattern of flux occurs at other streams (Kelly 2001, Conant 2004, Craig 2005,
Kennedy 2010). The distribution of hydraulic conductivity in the vicinity of the streambed
results from a combination of previous depositional events and ongoing processes within
the channel. An aggrading stream will flow over material that was deposited during earlier
events and the grain-size of this material could range from cobbles to clay, and bed
thickness from millimetres to meters or more. Presumably the distribution of this material
relative to the current stream channel is relatively random. Because the ridge-like
distribution of groundwater discharge occurs in a variety of streams, it seems unlikely that
all of them would be underlain by earlier sediments with the same distribution of hydraulic
conductivity relative to the current channel.
A more likely scenario is that the stream itself has a tendency to deposits finergrained material along the banks and coarser-grained sediment near the center of the
stream. During ambient conditions for a relatively straight reach of stream, surface discharge
will be greatest near the center of a stream where depth is greatest. Stream depth will
decrease towards the banks causing a decrease in the magnitude of surface discharge and
stream capacity in these areas. This allows fine-grained sediments that are being carried as
suspended load to deposit along the banks and coarser-grained sediment to deposit near
the center of the stream where surface discharge and sediment capacity is greater.
The volumetric flow during ambient conditions is also greatest in the thalweg and
this has the potential to mobilize sediment. Indeed, sand can be observed moving as
bedload in Eighteen Mile Creek even during ambient flow conditions. This effect would
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preferentially winnow sediments from the deeper parts of the stream where the velocity
and bed shear stresses were the greatest. This has the potential to increase the contrast in
hydraulic conductivity along the width of the stream.
The groundwater discharge itself also has the potential to influence the hydraulic
conductivity distribution. This can be seen by recognizing that the settling velocity of a
particle is defined by Stokes Law:

Vs 

2 p   f  2
gR
9


(33)

where  p is the density of a particle, and  f is the density of the fluid, ,  is the fluid
viscosity, g is the gravitational acceleration, and R is the radius of the grain (neglecting
effect of grain shape). The settling velocity (eq. 33) is measured relative to the particle, so a
vertical flow equal to the settling velocity will suspend a particle at a fixed position, and a
vertical flow exceeding the settling velocity will move the particle upwards.
The settling velocity of clay is approximately 4 x 10-6 m/s and it is 6 x 10-5 m/s for silt
(figure 48). These velocities are in the range of groundwater discharge fluxes. This implies
that groundwater discharging to open water could prevent the deposition of fine-grained
sediment. The flow velocity will be faster than the flux within the bed, so groundwater
discharge will prevent even larger particles from settling into poor spaces on the streambed.
For example, the effective porosity of sand is commonly ne = 0.1 and this will increase the
velocity to 10 times greater than the flux (green line in figure 48)
It is apparent from Figure 48 that ambient groundwater discharge fluxes are
sufficient to prevent the deposition of sediment. It is also worth noting that the
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groundwater fluxes during the falling limp of a flood pulse are likely to be significantly larger
than during ambient conditions. This is because the dropping head in the stream will
increase the upward gradient relative to ambient conditions.
The implication is that groundwater discharge may be an active influence in the
hydraulic conductivity distribution, preferentially increasing hydraulic conductivity of high
discharge and decreasing it in areas where discharge is initially low.

Figure 48. Grain size whose settling velocity is matched by groundwater discharge flux, where
groundwater is discharging to open water (black line) and discharging through bed sediment (green
line). Mean and range of groundwater fluxes for several streams shown for comparison.
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Comparison to Groundwater Discharge in Lakes
It is particularly noteworthy that the ridge-like pattern of discharge is the most
common at both the streams studied here because it is much different than the dominant
pattern of groundwater discharge at lakes (Lee and Cherry 1978, Downing 1978, Brock 1982,
Shaw and Prepas 1990, Rosenberry et al. 2000, Schneider et al. 2005). The dominant pattern
of groundwater discharge to lakes is for greatest discharge to occur along the banks and
decrease with distance away from shore, similar to the Trough Pattern identified in this
study. This was first observed by Lee and Cherry (1978) when they used seepage meters to
measure the magnitude and distribution of groundwater discharge to lakes in Minnesota
and Wisconsin. Shaw and Prepas (1990) observed the same distribution of groundwater
discharge to Narrow Lake, Alberta when they made measurements of groundwater
discharge using seepage meters similar to Lee and Cherry’s.
It is no surprise that the trough-like distribution of discharge is common in lakes
because this is the distribution obtained when lakes are represented as zones of constant
head (Munter and Anderson, 1981, Winter 1981). Indeed, the baseline simulation
developed to represent streams in this work is similar to that used to represent lakes, and
the pattern of flux from the baseline simulation resembles the pattern observed in lakes.
The theoretical analyses indicate that evapotranspiration and the distribution of hydraulic
conductivity can affect flux distribution and apparently they control the flux into the streams
studied here.

Comparison of the Magnitude of Groundwater Discharge to Other Areas
The mean groundwater discharge at the Bogue Phalia River for both series was
indistinguishable with a value of 1.2 x 10-6 m/s. A t-test for an unequal sample size and equal
variance was performed on these two data sets and results indicated that the two means of
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the two data sets are indeed statistically indistinguishable. The magnitude of groundwater
discharge for both series of measurements was greatest near the center of the stream with
least values occurring along the banks (Figure 49). The mean discharge at the center of the
stream for both series was 1.5 x 10 -6 m/s, which is approximately 2-3 times that of the
minimum discharges that occurred on the banks.

Figure 49. Histograms of the mean discharge for certain areas of the stream at the Bogue Phalia River.
A. Series 1, B. Series 2.

Mean groundwater discharge for the two series at Eighteen Mile Creek was 3.7 x 106

and 5.2 x 10-6 m/s respectively. A T-test for an unequal sample size and equal variance was

performed on these two data sets and results indicated that the two means of the two data
sets are indeed statistically indistinguishable. The magnitude of groundwater discharge for
both series of measurements was greatest near the center of the stream with least values
occurring along the banks (Figure 50). The mean discharge at the center of the stream was
8.3x 10 -6 m/s for the first series and 5.7 x 10 -6 m/s for the second series. During the first
series the maximum discharge at the center of the stream was approximately 21 times
greater than minimum discharge along the banks. For the second series of measurements
the maximum discharge was 6 times greater than minimum fluxes along the bank.
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Figure 50. Histograms of the mean discharge for certain areas of the stream at the Eighteen Mile
Creek. A. Series 1, B. Series 2.

The mean magnitude of groundwater discharge at the Bogue Phalia River, MS and
Eighteen Mile Creek, SC is lower than other studies of groundwater discharge that utilized
seepage meters. Alison Craig (2005) identified a mean groundwater discharge of 10 x 10-6
m/s at Leary Webber Ditch, IN and Maple Creek, NE. Susan Kelly (2001) also identified a
mean groundwater discharge that was 10 x 10-6 m/s at Twelve Mile Creek, SC. Casey
Kennedy and colleagues (2010) observed a mean groundwater discharge of 8 x10-6 m/s at
West Bear Creek, NC

Application
The identification of this dominant pattern of groundwater discharge can greatly
benefit a wide variety of fish enthusiast from the amateur fisherman to regulatory
commissions. Identifying areas of high discharge can help conservationist identify and
protect possible fish spawning areas, refuge habitats in summer and winter seasons, as well
as monitoring behavior and habitat selection. This pattern is also important in the terms of
contaminant transport. It may make identifying concentrations of contaminants and
nutrients easier. Reducing the need for multiple sampling locations in streams and being
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able to identify where concentrations are higher can save time and money for consultants in
both the private and public sectors.

CONCLUSIONS
The distribution of groundwater discharge was measured using seepage meters at
two locations and at two different times. Transects of measurements across the streams
indicate that most cases the discharge was least near the banks and greatest near the
thalweg. A fundamentally different pattern occurred at only one transect out of a total of 21.
In that exception, the groundwater discharge was greater along the banks than in the
thalweg. Groundwater discharge to the stream in the majority of measurements (212 out of
217 total measurements), but the stream lost water locally at approximately 5 locations. All
the losing locations were near the bank of the stream.
Numerical analysis of idealized scenarios indicate that the dominant control on the
distribution of groundwater discharge is likely due to a systematic reduction in hydraulic
conductivity in the bed material from the center to the stream banks. Analyses that used
homogeneous distributions of hydraulic conductivity predicted that the groundwater
discharge is greatest at the banks, a distribution that seems to be rare in streams, although it
is common to lakes. Numerical simulations indicated that downward flux out of the
streambed cannot be predicted by hydraulic conductivity variations alone. The simulations
show that riparian evapotranspiration can cause downward flux out of the streambed. I
conclude that the observed distributions of groundwater flux likely resulted from a
combination of systematic variation in hydraulic conductivity combined with riparian
evapotranspiration. These factors appear to control the flux distribution on the scale of the
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stream width, although other factors like bedforms may affect groundwater discharge
distribution at smaller scales.
The magnitude of the average groundwater discharge appears to be proportional to
the recharge, with the proportionality related to the ratio of the area of streambed surface
to the area of the watershed. This scaling is based on a simple water balance and it predicts
fluxes that are roughly equal to the average discharge measured at the two sites. This
suggests that the two sites are typical of discharge throughout their watersheds. The
magnitude of average discharge was unchanged by two large storm events, although the
distribution of the flux changed slightly. This suggests that controls on the average
magnitude of groundwater flux change over time scales much longer than individual storms.
One important insight from this work is that the groundwater discharge pattern
reinforces the effect of depth on the thermal refuge for fish. Deeper areas of streams will
heat more slowly by thermal conduction and radiation than shallower areas, but if the
processes identified in this work are common, then the deeper areas are also cooled in the
summer by faster discharge of cool groundwater. This effect also applies in the winter when
deeper areas of streams will be slower to freeze because ice formation progresses from the
surface downward. They will also remain ice-free because the deeper areas of streams will
be warmed by groundwater more than shallower areas. It seems feasible that some habitat
remains viable only because of the combined effects of heat transfer with the atmosphere,
and heat transfer through groundwater discharge distributed over the patterns identified in
this research.
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APPENDIX
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Appendix A
CUHydrograph v2.1 Analysis

3

Figure A-1: Input page for daily discharge (ft /s) and monthly precipitation (0.01 inch/month) for
CUHydrogrpah v2.1.
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Figure A-2: Hydrograph separation worksheet. Green boxes indicate required inputs, segment inputs,
basin constant, and watershed area.

Figure A-3: Storm flow regressions that assist in the determination of the basin constant (a).
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Figure A-4: Hydrograph separation results by day. Used to calculate components of water balance
used to predict monthly averages of various hydrologic parameters.
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Figure A-5: Monthly averages for precipitation, evapotranspiration, runoff,, recharge, baseflow, and
storm flow calculated by hydrograph separation analysis.

115

REFERENCES
Allen, R. G., J.H. Preuger, & R. W. Hill (1992). "Evapotranspiration from Isolated Stands of
Hydrophytes: Cattail and Bulrush." American Society of Agricultural Engineers 34(4).
Anderson, M. P. (2005). "Heat as a Ground Water Tracer." Ground Water 43(6): 951-968.
Arthur, J. K. (2001). "Hydrogeology, Model Description, and Flow Analysis of the Mississippi
River Alluvial Aquifer in Northwestern Mississippi." U.S. Geological Survey, WaterResources Investigations Report 01-4035.
Arthur, J. K. E. W. S. (1996). Thickness of the Mississippi River Alluvium and Thickness of the
Coarse Sand and Gravel in the Mississippi River Alluvium in Northwestern
Mississippi. U. S. G. S. W.-R. I. Report. 96-4305.
Baxter, C. V. F. R. H. (2000). "Geomorphology, Hyporheic Exchange, and Selection of
Spawning Habitat by Bull Trout (Salvelinus Confluentus)." Canadian Journal of Fish
and Aquatic Science 57: 1470-1481.
Becker, M. W., T. Georgian, H. Ambrose, J. Siniscalchi, K. Fredrick (2004). "Estimating flow
and flux of ground water discharge using water temperature and velocity." Journal
of Hydrology 296: 221-233.
Blaney, H. F. (1954). Consumptive Use of Ground Water by Phreatophytes and Hydrophytes.
Tenth General Assembly of the International Union of Geodesy and Geophysics,
Rome, Italy.
Brock, T. D., David Robert Lee, David Janes, & David Winek (1982). “Groundwater Seepage as
a Nutrient Source to a Drainage Lake; Lake Mendota, Wisconsin.” Water Resources
16: 1255-1263.

116

Bruen, M. P. Y. Z. O. (2004). "Sensitivity of stream–aquifer seepage to spatial variability of
the saturated hydraulic conductivity of the aquifer." Journal of Hydrology 293: 289302.
Brunke, M. T. G. (1997). "The Ecological Significance of Exchange Processes between Rivers
and Groundwater." Freshwater Biology 37: 1-33.
Carrier, W. D. I. (2003). "Goodbye, Hazen; Hello, Kozeny-Carman." Journal of Geotechnical
and Geoenvironmental Engineering 129(11): 1054-1056.
Genereux, D. P., Scott Leahy , Helena Mitasova , and D. R. C. Casey D. Kennedy (2008).
"Spatial and temporal variability of streambed hydraulic conductivity in West Bear
Creek, North Carolina, USA." Journal of Hydrology 358(332-353).
Cey, E. E., David L. Rudolph, Gary W. Parkin, Ramona Aravena (1998). "Quantifying
Groundwater Discharge to a Small Perennial Stream in Southern Ontario, Canada."
Journal of Hydrology 210: 21-37.
Chen, X. (2000). "Measurement of streambed hydraulic conductivity and its anisotropy."
Environmental Geology 39(12): 1317-1324.
Cheng, C. X. C. (2007). "Evaluation of methods for determination of hydraulic properties in
an aquifer–aquitard system hydrologically connected to a river." Hydrogeology
Journal 15.
Cherkauer, D. A. J. M. M. (1988). "A Remotely Operated Seepage Meter for Use in Large
Lakes and Rivers." Ground Water 26(2): 165-171.
Conant, B. J. (2004). "Delineating and Quantifying Ground Water Discharge Zones Using
Streambed Temperatures." Ground Water 42(2): 243-257.

117

Cooper, D. J., John S. Sanderson, David I. Stannard, & David P. Groeneveld (2006). "Effects of
Long-Term Water Table Drawdown on Evapotranspiration and Vegetation in an Arid
Region Phreatophyte Community." Journal of Hydrology 325: 21-34.
Craig, A. L. (2005). Evaluation of Spatial and Temporal Variation of Groundwater Discharge
to Streams. Department of Geological Sciences. Clemson, University. M.S
Hydrogeology: 123.
Craig, P. C. V. A. P. (1975). "Movements and Growth of Arctic Grayling and Juvenile Arctic
Char in a Small Arctic Stream, Alaska." Journal of the Fisheries Research Board of
Canada 32(5): 689-697.
Cunjak, R. A. (1986). The Winter Biology of Stream Salmon. Waterloo, Ont., University of
Waterloo. Ph.D.
Cunjak, R. A. (1988). "Behaviour and Microhabitat of Young Atlantic Salmon." Canadian
Journal of Fish and Aquatic Science 45(12): 2156-2160.
Cunjak, R. A. (1996). "Winter Habitat of Selected Stream Fishes and Potential Impacts from
Land-Use Activity." Canadian Journal of Fish and Aquatic Science 53: 267-282.
Downing, J. A. J. J. P. (1978). "Relationship of Rainfall and Lake Groundwater Seepage."
Limnology and Oceanography 23(4): 821-825.
Eddy, T. A. (1992). Phreatophyte Survey and Water-Use Estimates for Nine River Systems in
Kansas. 14th Annual North American Prairie Conference.
Freyer, P. A., Jonathan E. Nyquist, Laura E. Toran "Use of Underwater Resistivity in the
Assessment of Groundwater-Surface Water Interaction within the Burd Run
Watershed."

118

Fritz, B. G., Donaldo P. Mendoza, & Tyler J. Gilmore (2009). "Development of an Electronic
Seepage Chamber for Extended Use in a River." Ground Water 47(1): 136-140.
Fryar, A. E., Eric J. Wallin, & David L. Brown (2000). "Spatial and Temporal Variability in
Seepage between a Contaminated Aquifer and Tributaries to the Ohio River."
Ground Water Monitoring & Remediation: 129-146.
Genereux, D. P., Scott Leahy , Helena Mitasova , and D. R. C. Casey D. Kennedy (2008).
"Spatial and temporal variability of streambed hydraulic conductivity in West Bear
Creek, North Carolina, USA." Journal of Hydrology 358(332-353).
Hayashi, M. a. D. O. R. (2002). "Effects of Ground Water Exchange on the Hydrology and
Ecology of Surface Water." Ground Water 40(3): 309-316.
Horton, R. E. (1945). "Erosional Development of Streams and Their Drainage Basins;
Hydrophysical Approach to Quantitative Morphology." Bulletin of the Geological
Society of America 56: 275-370.
Hvorslev, M. J. (1951). "Time Lag and Soil Permeability in Ground-Water Observations."
Army Corps of Engineers, Bulletin # 36.
Isiorho, S. A. J. H. M. (1999). "The Effects of Bag Type and Meter Size on Seepage Meter
Measurements." Ground Water 37(3): 411-413.
Israelsen, O. W. R. C. R. (1944). "Canal Lining Experiments in the Delta Area, Utah." Utah Agr.
Exp. Sta. Technical Bulletin 313.
Kalbus, E., F. Reinstorf, & M. Schirmer (2006). "Measuring Methods for Groundwater Surface Water Interactions: A Review." Hydrology and Earth System Science 10: 873887.

119

Kelly, S. E. (2001). Methods for Determining the Hydrologic Characteristics fo Streambeds.
Geological Sciences. Clemson, SC, Clemson University. M.S. Hydrogeology: 111.
Kelly, S. E. L. C. M. (2003). "Measuring the Hydraulic Conductivity of Shallow Submerged
Sediments." Ground Water 41(4): 431-439.
Kennedy, C. D., David P. Genereux, Helena Mitasova, D. Reide Corbett, Scott Leahy (2008).
"Effect of Sampling Density and Design on Estimation of Streambed Attributes."
Journal of Hydrology 355.
Kennedy, C. D., Lawrence C. Murdoch, David P. Genereux, D. Reide Corbett, Katie Stone,
Phung Pham, Helena Mitasova (2010). "Comparison of Darcian Flux Calculations and
Seepage Meter Measurements in a Sandy Streambed in North Carolina, United
States." Water Resources Research 46.
Landon, M. K., David L. Rus, & F. Edwin Harvey (2001). "Comparison of In-stream Methods
for Measuring Hydraulic Conductivity in Sandy Streambeds." Ground Water 39(6):
870-885.
Lautz, L. K. (2008). "Estimating Groundwater Evapotranspiration Rates using Diurnal WaterTable Fluctuations in a Semi-Arid Riparian Zone." Hydrogeology Journal 16: 483-497.
Lee, D. R. (1977). "A Device for Measuring Seepage Flux in Lakes and Estuaries. " Limnology
and Oceanography 22(J).
Lee, D. R., & John A. Cherry (1978). "A Field Exercise on Groundwater Flow Using Seepage
Meters and Mini-Piezometers." Journal of Geologic Education 27: 6-10.

120

Leopold, L. B., M. G. Wolman, and J. P. Miller and (1964). Fluvial Processes in
Geomorphology. San Francisco, W. H. Freeman & Co
Libelo, L. E. W. G. M. (1994). "Effects of Surface-Water Movement on Seepage-Meter
Measurements of Flow through the Sediment-Water Interface." Applied
Hydrogeology
Lowry, C. S., John F. Walker, Randall J. Hunt, & Mary P. Anderson (2007). "Identifying Spatial
Variability of Groundwater Discharge in a Wetland Stream Using a Distributed
Temperature Sensor " Water Resources Research 43.
Lu, J., Ge Sun, Steven G. McNulty, & Devendra M. Amatya (2005). "A comparison of six
potential evapotranspiration methods for regional use in the southeastern united
states." Journal of the American Water Resources Association Paper # 03175.
McBride, M. S. H. O. P. (1975). "The Distribution of Seepage within Lakebeds." Journal
Research, U.S. Geological Survey 3(5): 505-512.
Michael, H. A., Jonathan S. Lubetsky, & Charles F. Harvey (2003). "Characterizing submarine
groundwater discharge: A seepage meter study in Waquoit Bay, Massachusetts."
Geophysical Research Letters 30(6).
Munter, James A. & Andersonm Mary P. (1981). "The Use of Ground-Water Flow Models for
Estimating Lake Seepage Rates." Ground Water 19(6): 608-616.
Murdoch, L. C. a. S. E. K. (2003). "Factors affecting the performance of conventional seepage
meters." Water Resources Research 39(6).
Odong, J. (2007). "Evaluation of Empirical Formulae for Determination of hydraulic
Conductivity based on Grain-Size Analysis." Jounral of American Science 3(3): 54-60.

121

Paulsen, R. J., Christopher F. Smith, Daniel O'Rourke, & Teng-Fong Wong (2001).
"Development and Evaluation of an Ultrasonic Ground Water Seepage Meter."
Ground Water 39(6): 904-911.
Power, G., R.S. Brown, & J.G. Imhof (1999). "Groundwater and Fish - Insights from Northern
North America." Hydrological Processes 13: 401-422.
Reclamation, U. S. B. o. (1978). Drainage Manual. U. S. B. o. Reclamation, U.S. Government
Printing Office, Washington D.C.
Robinson, M. A. D. L. G. (1999). "A Model of Ground Water Discharge from an Unconfined
Coastal Aquifer." Ground Water 37(1): 80-87.
Rosenberry, D. O. (2008). "A seepage meter designed for use in flowing water." Journal of
Hydrology 359: 118-130.
Rosenberry, D. O. M. A. M. (2006). "A System for Calibrating Seepage Meters used to
Measure Flow Between Groundwater and Surface Water." U.S. Department of the
Interior, U.S. Geological Survey, Scientific Investigations Report 2006-5053.
Rosenberry, D. O., & Roger H. Morin (2004). "Use of an Electromagnetic Seeepage Meter to
Investigate Temporal Variability in Lake Seepage." Ground Water 42(1): 68-77.
Rosenberry, D. O., Laura Toran, & Jonathan E. Nyquist (2010). "Effect of Surficial Disturbance
on Exchange Between Groundwater and Surface Water in Nearshore Margins."
Water Resources Research 46.
Rosenberry, D. O., Robert G. Striegl, & Dallas C. Hudson (2000). "Plants as Indicators of
Focused Ground Water Discharge to a Northern Minnesota Lake." Ground Water
38(2): 296-303.

122

Sawyer, A. H., M. Bayani Cardenas, Ashleigh Bomar, & Meredith Mackey (2009). "Impact of
dam operations on hyporheic exchange in the riparian zone of a regulated river."
Hydrological Processes 23: 2129-2137.
Schincario, R. A. J. D. M. (2002). "Errors with Small Volume Elastic Seepage Meter Bags."
Ground Water 40(6): 649-651.
Schneider, R. L., T.L. Negley, & C. Wafer (2005). "Factors influencing groundwater seepage in
a large, mestrophic lake in New York." Journal of Hydrology 310: 1-16.
Sebestyen, S. D. R. L. S. (2001). "Dynamic Temporal Patterns of Nearshore Seepage Flux in a
Headwater Adirondack Lake." Journal of Hydrology 247: 137-150.
Shaw, R. D. E. E. P. (1990). "Groundwater-Lake Interactions: I. Accuracy of Seepage Meter
Estimates of Lake Seepage." Journal of Hydrology 119: 105-120.
Shinn, E. A., Christopher D. Reigh, & T. Donald Hickey (2002). "Seepage Meters and
Bernoulli's Revenge." Estuaries 25(1): 126-132.
Sholkovitz, E., Craig Herbold, & Matthew Charette (2003). "An automated dye-dilution based
seepage meter for the time-series measurement of submarine groundwater
discharge." Limnology and Oceanography: Methods 1: 16-28.
Slichter, C. S. (1898). "Theoretical Investigation of the Motion of Groundwater." 19th Annual
Report, U.S. Geological Survey.
Smith, A. J., David E. Herne, & Jeffrey V. Turner (2009). "Wave effects on submarine
groundwater seepage measurement." Advances in Water Resources 32: 820-833.

123

Smith, R. W. J. S. G. (1994). "Survival of Rainbow Trout during Their First Winter in the
Henrys Fork of the Snake River, Idaho." American Fisheries Society 123: 747-756.
Song JinXi, C. X., Cheng, DeMing, & Wang WenKe (2010). "Variability of streambed vertical
hydraulic conductivity with depth along the Elkhorn River, Nebraska, USA." Chinese
Science Bulletin 55(10): 992-999.
Sophocleous, M. (2002). "Interactions between Groundwater and Surface Water: The State
of the Science." Hydrogeology Journal 10: 52-67.
Survey, U. S. G. (1990). Ground Water Atlas HA 730-G. U. S. D. o. t. Interior, United States
Geological Survey. HA 730-G.
Swales, S., R.B. Lauzier, & C.D. Levings (1986). "Winter Habitat Preferences of Juvenile
Salmonids in Two Interior Rivers in British Columbia." Canadian Journal of Zoology
64(7): 1506-1514.
Szilagyi, J., F. Edwin Harvey, & Jerry F. Ayers (2005). "Regional Estimation of Total Recharge
to Ground Water in Nebraska." Ground Water 43(1): 63-69.
Taniguchi, M., Tomotoshi Ishitobi, William C. Burnett, & Gullaya Wattayakorn (2007).
"Evaluating Ground Water–Sea Water Interactions via Resistivity and Seepage
Meters." Ground Water 45(6): 729-735.
Taylor, J. R. (1997). An Introduction to Error Analysis: The Study of Uncertainties in Physical
Measurements. Sausaltio, CA, University Science Books.
Winter, T. C. (1981). "Uncertainties in Estimating the Water Balance of Lakes." Water
Resources Bulletin 17(1).

124

Woessner, W. W. (2000). "Stream and Fluvial Plain Ground Water Interactions: Rescaling
Hydrogeologic Thought." Ground Water 38(3): 423-429.
Woessner, W. W. K. E. S. (1984). "Results of Seepage Meter and Mini-Piezometer Study, Lake
Mead, Nevada." Ground Water 22(5): 561-568.

125

