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Abstract A two-step approach was used to measure the
flux across the water-sediment interface in river channels.
A hollow tube was pressed into the streambed and an in
situ sediment column of the streambed was created inside
the tube. The hydraulic gradient between the two ends of
the sediment column was measured. The vertical hydraulic
conductivity of the sediment column was determined
using a falling-head permeameter test in the river. Given
the availability of the hydraulic gradient and vertical
hydraulic conductivity of the streambed, Darcy’s law was
used to calculate the specific discharge. This approach was
applied to the Elkhorn River and one tributary in
northeastern Nebraska, USA. The results suggest that the
magnitude of the vertical flux varied greatly within a short
distance. Furthermore, the flux can change direction from
downward to upward between two locations only several
meters apart. This spatial pattern of variation probably
represents the inflow and outflow within the hyporheic
zone, not the regional ambient flow systems. In this study,
a thermal infrared camera was also used to detect the
discharge locations of groundwater in the streambed. After
the hydraulic gradient and the vertical hydraulic conduc-
tivity were estimated from the groundwater spring, the
discharge rate was calculated.
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Introduction

Water often exchanges across the stream-sediment inter-
face. The upward or downward direction and magnitude
of this vertical flux can affect the chemical, biological, and
hydrological processes occurring near the interface of
stream-sediments. Seepage meters have been commonly
used by researchers to estimate flux across the stream-
sediment interfaces in river channels, in lakes, and in
submarine environments. Murdoch and Kelly (2003)
summarized numerous applications of seepage meters to
various water-sediment environments. Landon et al.
(2001) combined seepage meter and hydraulic potentio-
manometer to determine vertical streambed hydraulic
conductivity.

Standard seepage meters consist of a drum and a plastic
bag (Lee 1977). The plastic bag is partially filled with
water and is connected to the drum with a hose. Some
seepage meters also have a gas venting tube, which is
attached to the most elevated top part of the drum (Bureau
of Rural Sciences 2007). The drum, open at the bottom,
must be slowly pressed into the sediment. The plastic bag,
often containing a known amount of water, collects water
if water flows from the streambed into the stream.
Otherwise, the water in the bag will be reduced as stream
water enters into the streambed. The flux rate is calculated
from the change in volume of water in the bag for the
given test period and the surface area of the sediment
contained inside the drum during the test. Lee (1977) gave
a detailed description for operation of a seepage meter in
the field.

Seepage meters are considered cost-effective appara-
tuses for the determination of flux. However, researchers
have identified some problems in the operation of seepage
meters and identified possible errors that can be potential-
ly introduced during the field operation (Belanger and
Montgomery 1992; Libelo and McIntyre 1994; Isiorho
and Meyer 1999; Schincariol and McNeil 2002; Murdoch
and Kelly 2003). Improvements to such drum-bag seepage
meters have been made by researchers to enhance
the quality of flux measurements (Murdoch and Kelly
2003; Taniguchi et al. 2003). In fluvial settings, the
hydraulic disturbance presented by the seepage drum and
the velocity-head gradient at the flexible surface of
the seepage bag can corrupt the seepage measurement
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(Rosenberry 2007). Cey et al. (1998) reported that seepage
meters installed in a stream of Canada failed to provide
any measurements of water flux into or out of the stream
while other methods detected groundwater seepage into
the stream.

Mini-piezometers have been installed by researchers in
the top part of submerged sediments for determination of
the vertical hydraulic gradient in lakebeds (Lee and
Cherry 1978; Woessner and Sullivan 1984) and stream-
beds (Cey et al. 1998; Woessner 2000; Baxter et al. 2003;
Conant et al. 2004). This technique provided supplemen-
tary information for the analysis of the flux direction but is
not able to yield direct measurement of the vertical flux.
Kennedy et al. (2007) used piezomanometer to measure
the hydraulic head difference between streambed and
stream water. Vertical hydraulic conductivity of streambed
is determined from a nearby point as well. Water flux was
then calculated using Darcy’s law.

This paper describes an alternative method for mea-
suring vertical flux in a streambed and presents application
examples. This method consists of two steps: determina-
tion of vertical hydraulic gradient across the given
thickness of a streambed, and the determination of the
vertical hydraulic conductivity of this streambed. The
hydraulic gradient and hydraulic conductivity are mea-
sured at the exactly same point. Darcy’s law is then used
to calculate the specific discharge at each test location.
The method was used at a number of sites in the Elkhorn
River and its tributaries of Nebraska, USA to determine
vertical flux in the hyporheic zone and in a spring. A
thermal infrared camera was used to identify groundwater
discharge spring occurring in streambed. This paper
presents the results from two test sites: one site is in the
Elkhorn River, and the other is in the tributary.

Methods

Determination of vertical hydraulic gradient
If stream water and water within the channel sediments
(subsurface flow) exchange, a vertical hydraulic gradient
must exist across the depth of the streambed. In this study,
plastic tubes were used for determination of vertical
hydraulic gradient in the streambed. The tubes were
1.5 m in length and 5 cm in inner diameter. The thickness
of the tube wall was about 1 mm, and the tube material is
transparent, but durable. At a test point, the tube is erected
vertically and is pressed into the submerged streambed
sediments to a desired depth. A thin-wall tube can keep the
disturbance of the sediments to a minimum during passage.

When the tube passes through the streambed sedi-
ments, a column of channel sediment is formed inside the
tube (See Fig. 1). If vertical flux exists in the streambed,
initially a hydraulic head difference between the top and
bottom end of the sediment column appears. However, the
head difference will gradually disappear, and the hydraulic
heads at both ends will eventually equilibrate. Thus, the
water level inside the tube will reflect the hydraulic head
at the bottom end of the sediment column.

Since both ends of the tube are open, some surface
water remains inside the tube when the tube passes
through the stream water. During the passage of the tube
through the streambed, there exists friction between
sediment and the wall of the tube. This can result in
slight compaction of the sediment in some cases. Because
of these factors, after the sediment column is formed
inside the tube, the tube must stay in the channel for an
appropriate length of time to allow the water in the tube to
equilibrate. During this period, the hydraulic head inside
the tube is frequently checked. For sandy sediment, a
period of 1.5 h is needed to reach equilibrium.

The transparent tube materials allow a reading of the
hydraulic head difference (Δh) inside and outside the
tube. The water level outside of the tube is in the stream
stage which can be considered as the hydraulic head of the
streambed surface or the top of the sediment column. The
length of the sediment column (Lv) is the difference
between the total length of the tube and the depth from the
top of the tube to the sediment surface inside the tube. The
hydraulic gradient (i) can thus be calculated from

i ¼ Dh=Lv ð1Þ

The mini piezometer techniques (Lee and Cherry 1978;
Woessner and Sullivan 1984; Cey et al. 1998) push away
streambed sediments during the passage. In contrast,
sediments are retained within the tube for the method
proposed in this study. The vertical hydraulic conductivity
of this sediment column can then be determined. Thus, the
hydraulic gradient and vertical hydraulic conductivity of
the streambed are evaluated at the same test point.

Fig. 1 A sediment column formed inside a hollow tube. After a
given time, hydraulic head inside the tube reaches hydraulic
equilibrium. The hydraulic head inside the tube is higher than the
stream stage a upward arrows indicate an outflow, and the hydraulic
head inside the tube is lower than the stream stage b downward
arrows indicate an inflow
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Determination of vertical hydraulic conductivity
The second step is to determine the vertical hydraulic
conductivity of the sediment column within the tube. The
principles of the falling-head permeameter test are
followed. As shown in Fig. 1, the upper part of the tube
is empty. Water is continuously poured into the tube until
it is full. Then, the permeameter test begins immediately.
A series of water level readings at given times are
recorded. The vertical hydraulic conductivity Kv is
calculated from (Hvorslev 1951)

Kv ¼
�D
11m þ Lv
t2 � t1ð Þ ln h1=h2ð Þ: ð2Þ

where Lv is the length of sediment core in the tube; h1 and
h2 are hydraulic head inside the tube measured at times t1
and t2, respectively, D is the interior diameter of the tube,
and m ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Kh=Kv

p

. Kh is the horizontal hydraulic conduc-
tivity of the streambed sediment around the base of the
sediment core. In this equation, h is the height of the
added water column inside the test tube. Chen (2000)
reported that Kh values can be several times larger than Kv

values in the upper part of the streambed sediments.
In Eq. 2, Kh is an unknown variable. Theoretically, an

inverse approach can be developed to simultaneously
calculate Kh and Kv from a series of hydraulic head
readings and their associated times. However, h is very
insensitive to Kh in this equation, and its sensitivity
coefficient with respect to Kh is small. Inverse computa-
tions often lead to non-convergence. To minimize the
uncertainty resulting from Kh, a longer sediment column,
compared to the tube diameter, can be used. For example,
if Lv=10D, a choice of m=1 or m=10 in Eq. 2 gives a
very small difference in the resultant Kv.

Any two pairs of h∼t readings can be used to calculate
a Kv value. However, a slight difference in Kv can occur
from using different pairs of data. This can potentially be
caused by a measurement error in the hydraulic reading.
Thus, a regression procedure is used to calculate Kv from
more than two pairs of h~t readings.

Estimation of specific discharge
Given the values of hydraulic gradient i, and vertical
hydraulic conductivity Kv at each test location, the specific
discharge is calculated using Darcy’s law

q ¼ �i� Kv ð3Þ

Multiplication of q by the surface area of the streambed
gives the volumetric rate of subsurface flow discharge or
the volumetric rate of stream water infiltration.

Results

The method was applied in the Elkhorn River, northeast-
ern Nebraska. Results from two sites are reported; the

Neligh site is on the main stem of the Elkhorn River, and
the Hadar site is on a tributary of this river. Figure 2
shows the study locations in the Elkhorn River.

Vertical flux at the Neligh site
The measurements at the Neligh site were conducted on 5
and 6 August 2007. The US Geological Survey (USGS)
gauge near Ewing, about 30 km upstream, indicated a
flow of 0.85 m3/s. The average daily discharge rate for 6
August during the period from 1947–2006 was 2.1 m3/s at
this gauge. The USGS gauge near Norfolk, about 50 km
downstream was 3.3 m3/s on 6 August, but the average
daily flow rate was 8.8 m3/s for the period 1896–2006.
This region had experienced a dry period for at least a
month in 2007; so during testing, the river stage was
below the daily historical average discharge rate. Because
of this low flow period, the effect of return flow from bank
storage (Chen and Chen 2003) was expected to be
minimal during the tests. Figure 3 shows the orientation
of 12 measurement locations within the river channel.
During the test, only the northern half of the channel was
submerged. The southern part was exposed because of the
low stream stage.

Table 1 summarizes the results of Δh, Lv, Kv, q, and
water depth of the river for each test location. Among the

Fig. 2 Map of a states in USA (CO Colorado; IA Iowa; KS
Kansas; MO Missouri; NE Nebraska; SD South Dakota; WY
Wyoming), b Nebraska, showing the Elkhorn River and the North
Fork tributary where vertical flux measurements in streambeds were
conducted
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12 measurements, four locations had downward hydraulic
gradient, indicating infiltration of river water into the
streambed, six locations show upward hydraulic gradient
and supply water to the river, and the remaining two
locations had no hydraulic gradient. Note that neighboring
two locations were only 12.2 m apart, yet the hydraulic
gradient can change from upward to downward. Among
the locations with upward flux, locations 1, 7, and 12 had
a larger discharge rate. Among the locations with a
downward flux, location 9 had a large infiltration rate.

The values of Kv among the 12 locations vary from 16
to almost 39.4 m/day, with an average value of 28.1 m/day.
Additionally, 32 permeameter tests at the study site show
Kv ranging from 0.96 to 42.3 m/day, with an average of
25.7 m/day. If the test with Kv=0.96 m/day is excluded,
the Kv values of the other 31 tests range from 11.5 to
42.3 m/day with an average of 26.4 m/day. The Kv=
0.96 m/day result was probably affected by a small silt or
very fine sand lens. These relatively large values of
vertical hydraulic conductivity indicate that the exchange
of stream water and subsurface flow can occur quickly if a
vertical hydraulic gradient exits across the streambed. The
sediments are relatively uniform and permeable. Sieving

analysis of sediment samples from the streambed indicat-
ed dominant medium-grain sand.

From Eq. 2, the approximate time that will allow the
hydraulic head to reach a near equilibrium inside the tube
can be estimated. Assume the following parameter values:
Kv=25 m/day, Lv=50 cm, m=3, and D=5 cm and assume
that the hydraulic heads at the two ends of the sediment
column are equal. After introducing a 2-cm water column
to the tube, it takes only 1.45 h for a 1.9-cm water column
to infiltrate from the tube into the subsurface. At this study
site, the average Kv value is greater than 25 m/day. The
time of 1.5 h for the hydraulic head to reach equilibrium
seemed to be sufficient during the measurement for
hydraulic gradient across the streambed.

Near the edge of the southern riverbank, a very small
brook flowed on the exposed streambed. The water was
apparently the mixture of spring discharge and some
surface water diverted from the main river channel. This
part of the streambed would have been submerged if the
stream stage were at the normal levels. A thermal infrared
camera was used to determine the distribution of water
temperature within the brook in the early morning
(6:30 a.m.) of 6 August 2007. At this time, the sky was

Fig. 3 Orientation and distances between the 12 measurement locations at the Neligh test site on the Elkhorn River

Table 1 Hydraulic variables of the Elkhorn River at the Neligh test site, Nebraska

Test number Hydraulic head
difference Δh (cm)

Thickness of the sediment
column in pipe Lv (cm)

Vertical hydraulic
conductivity KV (m/day)

Specific discharge
Q ¼ KV

Dh
LV

(cm/day)
Water depth
of river (cm)

1 1.0 56.9 36.76 64.6 11.0
2 0.3 62.5 30.67 14.7 15.6
3 0.6 63.8 30.18 28.4 18.8
4 –0.2 74.7 16.00 –4.3 37.0
5 –0.6 63.8 29.58 –27.8 23.8
6 0.0 66.3 31.02 0.0 14.4
7 1.1 63.8 27.90 48.1 14.2
8 0.0 69.1 16.49 0.0 23.9
9 –0.6 61.9 39.39 –38.2 24.4
10 –0.2 65.0 26.35 –8.1 8.0
11 0.5 62.5 29.21 23.4 8.6
12 1.1 59.9 23.84 43.8 44.4
GW1*a 1.3 45.2 16.97 48.8 3.0
GW2*a 1.9 27.5 13.67 94.4 1.3

*aMeasurement at spring site
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cloudy and the sun had not risen. Thus, there was no
reflection effect on the water surface. The thermal pictures
identified a number of locations along the brook having lower
water temperatures. Figure 4a is a thermal picture of the
brook showing variations of water temperature from 16.8 to
about 23°C. After the tube was pressed into the sediments
of the spring, it raised the temperature of the surface water
around the tube slightly. The water temperature in the main
channel of the river was about 23.8°C at this time.

The location with the lowest water temperature was
treated as the center part of a groundwater spring. Two
measurements were conducted at two springs, about 3 m

apart. The results of Δh, Lv, Kv, and q are shown in
Table 1 (GW1 and GW2). The discharge rates were 94.4
and 48.8 cm/day, respectively. Figure 4b shows a picture
of the spring and the test tube. The water level inside the
tube is higher than that in the brook. The yellowish
deposits are probably iron compounds brought up to the
sediment surface by the spring water.

Vertical flux at the Hadar site
Measurements at the Hadar site were conducted on 20
August 2007. There were nine measurements taken in
total. Figure 5 shows the orientation of the grid. The
results are presented in Table 2. Among the nine closely
spaced test locations, both upward and downward flux
was encountered. The upward flux tended to concentrate
on the west side of the channel. Among the four locations
with downward flux, the rates for two locations were as
high as 120.7 and 104.4 cm/day. The water depth for the
two locations was 42.8 and 16.1 cm, respectively.

The average thickness of the sediment columns for the
seepage tests was 64.2 cm at the Neligh site and 56.2 cm
at the Hadar site. These depths might just be partial
thicknesses of the hyporheic zone at the study sites
because both downward and upward flows were observed
for a short distance apart. The actual thicknesses of the
hyporheic zone at these sites are unknown, but should be
greater than these thicknesses of the sediment columns.

Discussion

No single definition for the hyporheic zone has been adopted
by researchers from different disciplines (Woessner 2000);
however, it is clear that stream water readily exchanges
with fluid flow in the hyporheic zone, which includes the
sediments below the channel surface. At both test sites, a
strong spatial variation of inflow and outflow in the
hyporheic zone was observed. Computer simulation results
by Cardenas et al. (2004) suggested that heterogeneous
streambed deposits (horizontal streambed hydraulic con-
ductivity) affect the magnitude of inflow and outflow in the
hyporheic zone. The vertical hydraulic conductivity mea-
surements from the Neligh and Hadar sites indicate that Kv

values of the streambed vary from one to another test
location. However, the spatial variation in Kv for the
streambed at the Neligh site is not as great as the variation

16.8oC

23.8oC

18

20

22

a

b

Fig. 4 Thermal infrared picture a showing a spring in a streambed
and temperature variations of a brook where spring water mixed
with river water; visible picture b of this spring showing the water
level inside the test tube was higher than the water level in the
brook. In the thermal infrared picture, the highest temperature was
near the upper part of the test tube. The diameter of the tube in both
pictures was 5 cm

Fig. 5 Orientation and distances between the nine measurement locations at the Hadar test site in the North Fork of the Elkhorn River
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at the Hadar site. At both sites, no clear pattern between
flux direction and Kv values was observed. Cey et al.
(1998) determined the horizontal hydraulic conductivity of
streambed sediments positioned 1 m below the water-
sediment interface for the calculation of the vertical flux of
water in the streambed. According to Chen (2000), the
horizontal hydraulic conductivity of streambeds was larger
than the vertical hydraulic conductivity. Determination of
the vertical hydraulic conductivity of the streambed sedi-
ments is needed for the calculation of vertical flux in
streambeds.

Vertical hydraulic gradient is another variable that is
heterogeneous in space. Both heterogeneous hydraulic
conductivity and hydraulic gradient lead to a complex
pattern of inflow and outflow in the hyporheic zone
because the two variables affect the calculation of the
vertical flux. Cey et al. (1998) reported that the vertical
hydraulic gradient for a reach of 450 m varied from zero
to 5.5. Conant (2004) showed the variations of both
vertical hydraulic conductivity and vertical hydraulic
gradient of the streambeds in the Pine River in Angus,
Canada. As a result, the discharge rate varied from one to
another measurement within a 55-m river reach. While
most of the measurements showed outflow, some of the
measurements indicated inflow in the study by Conant
(2004). Kennedy et al. (2007) presented another example
of spatial variations in vertical flux in a stream reach of
262.5 m in North Carolina, USA.

Current-bedform in streams can induce water exchange
in the subsurface sediments or the hyporheic zone.
According to numerical simulation by Cardenas and
Wilson (2006), groundwater discharge reduces the spatial
extent of the water exchange zone below the stream.
Furthermore, a high groundwater discharge may com-
pletely prevent the development of the current-bedform
induced flow. The inflow and outflow measurements in the
streambeds at the Neligh and Hadar sites suggest that
water exchange was active at the time of this investiga-
tion. Thus, this could imply that the groundwater
discharge rate to the study reach was probably not
sufficiently high to prevent from the inflow into the
streambeds. Actually, August is within the irrigation
season in Nebraska. In the Elkhorn River watershed, a
very large number of irrigation wells are constructed to
pump groundwater for irrigation of crops. Pumping wells

adjacent to rivers can intercept baseflow that otherwise
would discharge to the rivers and induce infiltration of
streamflow as well (Chen and Shu 2002).

With the method proposed in this study, it can take
more than 1–2 h for the water inside the tube to reach an
equilibrium even in permeable streambeds. For a lower
permeability streambed, an even much longer time is
required to reach equilibrium. Fortunately, these tubes are
inexpensive and there is no need to assemble them. For a
given study site, a large quantity of tubes can be inserted
into the streambed at numerous locations in a relatively
short time. Thus, the hydraulic head difference can be
recorded from a large number of tests for a given time.

When the hollow tube is pressed into the streambed, it
can cause compaction of the streambed column inside the
tube. This compaction can be reduced by using tubes with
thin walls (the wall of the tube is 1 mm in this study). If
the leading end of the tube is beveled, disturbance and
compaction of the sediments inside the tube (Landon et al.
2001) can be minimized. Compaction of the streambed
can be readily determined by measuring the elevation of
streambeds inside and outside the tube. If a large
compaction of the streambed indeed occurred, the test
was performed at another nearby location.

Conclusions

Compared to the traditional one used by many researchers,
a better alternative method can be used to determine the
vertical flux across the water-sediment interface where the
depth of the water is relatively small and allows for
wading. Seepage meters directly measure the volume of
flux but do not produce the information about the
hydraulic gradient and vertical hydraulic conductivity.
The proposed method avoids the use of the flexible bag
used in conventional seepage meters and produces
information about hydraulic gradients and vertical hy-
draulic conductivities of streambeds at the same testing
point. Vertical hydraulic conductivity Kv of a streambed is
a key parameter in modeling the inflow and outflow and
contaminant exchanges across the water-sediment interfa-
cial zone. This study indicated that both Kv and the
vertical hydraulic gradient in the streambed vary from one
to another location. Thus, measurements of the two

Table 2 Hydraulic variables at the Hadar test site, Nebraska

Test number Hydraulic head
difference Δh (cm)

Thickness of the sediment
column in the pipe Lv (cm)

Vertical hydraulic
conductivity KV (m/day)

Specific discharge
Q ¼ KV

Dh
LV

(cm/day)
Water depth
of river (cm)

1 0.0 53.8 2.64 0.0 16.1
2 0.6 56.3 28.85 30.7 23.0
3 –3.1 53.8 20.94 –120.7 42.8
4 0.6 60.3 14.21 14.1 18.5
5 –3.3 60.0 18.98 –104.4 16.1
6 –0.6 54.7 0.07 –0.1 55.6
7 0.8 55.3 18.33 26.5 11.3
8 0.3 56.9 19.80 10.4 26.3
9 –4.4 54.4 0.06 –0.5 44.4
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variables from the same location will improve the
estimation of vertical flux in the streambed. The hydraulic
conductivities of streambeds are generally anisotropic
(Chen 2000). Determination of the vertical hydraulic
conductivity is needed for the calculation of vertical flux.

Flux across the stream-water interface varies spatially
within a short distance, scales of only a few meters apart.
This difference not only exists in the flux magnitude, but
the direction can also vary within a short distance.
Downward flux can co-exist with upward flux along the
channel, as well as across the channel. This up- and down-
seepage may reflect in part the effect of the flow dynamics
in the hyporheic zone, and not purely the regional
groundwater system.

Acknowledgements Funding for this research was provided by
Nebraska Department of Natural Resources, and the Lower and
Upper Elkhorn Natural Resources Districts of Nebraska. Robert
Diffendal Jr. edited the manuscript. An anonymous reviewer and the
Associate Editor McPherson provided constructive comments for
improving the quality of this manuscript. The findings in this paper
are those of authors and do not represent opinions of the funding
agencies.

References

Baxter C, Hauer RF, Woessner WW (2003) Measuring groundwa-
ter-stream water exchange: new techniques for installing
minipiezometers and estimating hydraulic conductivity. Trans
Am Fish Soc 132:493–502

Belanger TV, Montgomery MT (1992) Seepage meter errors.
Limnol Oceanogr 37(8):1787–1795

Bureau of Rural Sciences (2007) Connected water. http://www.
connectedwater.gov.au/. Cited 22 September 2007

Cardenas MB, Wilson JL (2006) The influence of ambient
groundwater discharge on exchange zones induced by current-
bedform interactions. J Hydrol 331:103–109

Cardenas MB, Wilson JL, Zlotnik VA (2004) Impact of heteroge-
neity, bed forms, and stream curvature on subchannel hyporheic
exchange. Water Resour Res 40, W08307. doi:10.1029/
2004WR003008

Cey EE, Rudolph DL, Parkin GW, Aravena R (1998) Quantifying
groundwater discharge to a small perennial stream in southern
Ontario, Canada. J Hydrol 210(1–4):21–37

Chen XH (2000) Measurement of streambed hydraulic conductivity
and its anisotropy. Environ Geol 39(12):1317–1324

Chen XH, Shu L (2002) Stream-aquifer interactions: evaluation of
depletion volume and residual effects from ground water
pumping. Ground Water 40(3):284–290

Chen X, Chen XH (2003) Stream water infiltration, bank storage,
and storage zone changes due to stream-stage fluctuations. J
Hydrol 280:246–264

Conant C Jr (2004) Delineating and quantifying ground water
discharge zones using streambed temperatures. Ground Water
42(2):243–257

Conant B Jr, Cherry JA, Gillham RW (2004) A PCE groundwater
plume discharging to a river: influence of the streambed and
near-river zone on contaminant distribution. J Contam Hydrol
73(1–4):249–279

Hvorslev MJ (1951) Time lag and soil permeability in groundwater
observations. Waterways Experiment Station, US Army Bull 36,
US Army Corps of Engineers, Vicksburg, MI, 50 pp

Isiorho S, Meyer JH (1999) The effects of bag type and meter size
on seepage meter measurements. Ground Water 37:411–413

Kennedy CD, Genereux DP, Corbett DR, Mitasova H (2007)
Design of a light-oil piezomanometer for measurement of
hydraulic head differences and collection of groundwater
samples. Water Resour Res 43, W09501. doi:10.1029/
2007WR00590

Landon MK, Rus DL, Harvey FE (2001) Comparison of instream
methods for measuring hydraulic conductivity in sandy stream-
beds. Ground Water 39(6):870–885

Lee DR (1977) A device for measuring seepage flux in lakes and
estuaries. Limnol Oceanogr 22(1):140–147

Lee DR, Cherry JA (1978) A field exercise on groundwater flow
using seepage meters and mini-piezometers. J Geol Educ 27:6–10

Libelo EL, McIntyre WG (1994) Effects of surface-water movement
on seepage meter measurements of flow through the sediment-
water interface. Hydrogeol J 2:49–54

Murdoch LC, Kelly SE (2003) Factors affecting the performance of
conventional seepage meters. Water Resour Res 39(6):1163

Rosenberry D (2007) Recent advances in seepage meters designed
to quantify temporal and spatial variability of groundwater-
surface water exchange in fluvial settings. Abstract no. 129–1,
Geological Society of America Annual Meeting, Denver,
October 2007, GSA, Boulder, CO

Schincariol RA, McNeil JD (2002) Errors with small volume elastic
seepage meter bags. Ground Water 40(6):649–651

Taniguchi MW, Burnett C, Smith CF, Paulsen RJ, O’Rourke D,
Krupa SL, Christoff JL (2003) Spatial and temporal distribu-
tions of submarine groundwater discharge rates obtained from
various types of seepage meters at a site in the northeastern Gulf
of Mexico. Biogeochemistry 66:35–53

Woessner WW (2000) Stream and fluvial plain ground water
interactions: rescaling hydrogeologic thought. Ground Water
38(3):423–429

Woessner WW, Sullivan KE (1984) Results of seepage meter and
mini-piezometer study, Lake Mead, Nevada. Ground Water 22
(5):561–568

525

Hydrogeology Journal (2009) 17: 519–525 DOI 10.1007/s10040-008-0384-0

http://www.connectedwater.gov.au/
http://www.connectedwater.gov.au/
http://dx.doi.org/10.1029/2004WR003008
http://dx.doi.org/10.1029/2004WR003008
http://dx.doi.org/10.1029/2007WR00590
http://dx.doi.org/10.1029/2007WR00590

	A new method for mapping variability in vertical seepage flux in streambeds
	Abstract
	Introduction
	Methods
	Determination of vertical hydraulic gradient
	Determination of vertical hydraulic conductivity
	Estimation of specific discharge

	Results
	Vertical flux at the Neligh site
	Vertical flux at the Hadar site

	Discussion
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


