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Abstract:

Streambed hydraulic conductivity is one of the main factors controlling variability in surface water-groundwater interactions, but
only few studies aim at quantifying its spatial and temporal variability in different stream morphologies. Streambed horizontal
hydraulic conductivities (K;) were therefore determined from in-stream slug tests, vertical hydraulic conductivities (K,) were
calculated with in-stream permeameter tests and hydraulic heads were measured to obtain vertical head gradients at eight
transects, each comprising five test locations, in a groundwater-dominated stream. Seasonal small-scale measurements were
taken in December 2011 and August 2012, both in a straight stream channel with homogeneous elevation and downstream of a
channel meander with heterogeneous elevation. All streambed attributes showed large spatial variability. K, values were the
highest at the depositional inner bend of the stream, whereas high K, values were observed at the erosional outer bend and near
the middle of the channel. Calculated K, values were related to the thickness of the organic streambed sediment layer and also
showed higher temporal variability than K because of sedimentation and scouring processes affecting the upper layers of the
streambed. Test locations at the channel bend showed a more heterogeneous distribution of streambed properties than test
locations in the straight channel, whereas within the channel bend, higher spatial variability in streambed attributes was observed

across the stream than along the stream channel. Copyright © 2014 John Wiley & Sons, Ltd.

KEY WORDS

Received 30 September 2013; Accepted 6 February 2014

INTRODUCTION

Surface water-groundwater exchange is a key to under-
standing processes influencing stream ecology such as the
discharge and mixing of pollutants (Bohlke and Denver,
2005; Flewelling et al., 2012) or biogeochemical
processes (Brunke and Gonser, 1997) in the hyporheic
zone. Heterogeneity in streambed hydraulic conductivity
(K) is for example a main factor controlling spatial
variability in surface water-groundwater interactions
(Kalbus et al., 2009) not only on the streambed scale
but also in a generalized form of leakage coefficients in
case of large, catchment-scale models. Because of the
natural complexity of the stream-aquifer systems, it is
difficult to characterize and quantify the spatial and
temporal variability of these processes.
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The determination of streambed K is difficult despite
the great variety of methods that can be applied. These
methods include slug tests (Cey et al., 1998; Landon
et al., 2001; Leek et al., 2009), in situ permeameter
measurements (Chen, 2000; Genereux et al., 2008) or the
combined use of seepage metres and piezometers
(Rosenberry and Pitlick, 2009a). It is also possible to
estimate K from grain size distribution of streambed
materials (Shepherd, 1989; Song et al., 2009; Lu et al.,
2012a), through numerical modelling (Cheng and Chen,
2007; Cheong et al., 2008) or with tracer tests (Su et al.,
2004; Hatch et al., 2010).

Different methods used to estimate K can also yield
different results (Landon et al., 2001; Cheong et al.,
2008) partly because of the measurement scale and the
directionality of measurements. Slug tests give average
information about the horizontal hydraulic conductivity
(Kj) of a streambed sediment layer at a specific depth
where the screen is located. Permeameters can be used to
measure hydraulic conductivity both in the horizontal and
vertical directions (Chen, 2000, 2004), with the vertical
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tests giving information on the order of tens of centimetres
of a streambed column possibly consisting of various
sediment layers. The use of grain size analysis yields
estimates without directions (bulk K) of a measurement
volume depending on the size of the disturbed sample.
Because of the scale of measurements, K;, values obtained
from slug tests and on-shore pumping tests (Hunt et al.,
2001; Nyholm et al., 2002) are generally higher than K
values estimated from grain size analysis (K,), and vertical
hydraulic conductivities (K, are usually the lowest (Cheng
and Chen, 2007; Song et al., 2009).

Another difficulty of characterizing surface water-
groundwater exchanges is the natural heterogeneity of
both Kj, and K, of streambed materials. Leek ef al. (2009)
found variations of three orders of magnitude in K, and
statistically significant differences within different
streambed depths from 0.3 to 1.2 m below the streambed
level. Cheng et al. (2011) found a correlation scale of less
than 1.5m in K, at four sites, which corresponded to the
distance between test points; whereas Chen (2011)
observed a decreasing trend in K, with depth. Although
observing a high degree of spatial variability in K,,
vertical head gradient (VHG) and nitrate concentration in
the horizontal direction, Kennedy et al. (2008) found that
K, is the least spatially variable streambed attribute.

Changes in water viscosity, sedimentation and scouring
processes (Genereux et al., 2008; Levy et al., 2011) or
biogeochemical processes such as clogging can result in
temporal changes in K (Blaschke et al., 2003). With the
exception of Genereux et al. (2008) and Levy et al.
(2011), who linked temporal variability in K, to erosion
and deposition of streambed sediments, studies about
streambed hydraulic conductivity generally lack the
temporal aspect.

As for the spatial aspect, Dong et al. (2012) found large
differences in K, values between the point bar and the
meandering channel, and several studies observed great
variability in K across river channels of a width of
50-400m (Chen, 2004, 2005; Chen et al., 2009).
Genereux et al. (2008), however, found uniform K values
across a 10-m wide stream channel. Chen (2005) and
Genereux et al. (2008) related cross-channel changes in
K, to changes in water depth and indirectly to differences
in flow velocity. With the exception of Genereux et al.
(2008), the measurements were carried out at test
locations with several metres of spacing. Despite a
multitude of studies investigating streambed hydraulic
conductivity patterns, so far, there is no comprehensive
small-scale survey relating spatial and temporal variabil-
ity in K}, K,, VHG and therefore also the ratio of K, to K,
(from now on referred to a streambed anisotropy) to
streambed morphology.

In this study, we have therefore determined K, K,,
streambed anisotropy and VHG in two areas of a

Copyright © 2014 John Wiley & Sons, Ltd.

relatively small stream section, downstream of a channel
meander and in a straight channel stretch during winter
and summer. The objectives have been to (i) measure
small-scale spatial and seasonal variability in streambed
hydraulic conductivity and its anisotropy, (ii) relate this
variability to channel morphology and (iii) compare the
measured and calculated properties of different streambed
sediments. Spatial and temporal variability in streambed
properties were studied by performing slug tests, in situ
permeameter tests and hydraulic head measurements at 40
locations in the stream in December 2011 and August
2012. Streambed sediments were described by removing
sediment cores at the 40 test locations in August 2012.
Spatial patterns and correlation between streambed
attributes were assessed using principal component
analysis.

FIELD SITE

The study was conducted in the perennial, gaining,
lowland Holtum stream located in the Skjern river
catchment in Jutland, Western Denmark (Figure 1A).
The stream has a catchment area of 70.4km” with
predominantly agricultural (56%) and forested (23%) land
use. The upper sediments of the shallow aquifer in the
catchment area are dominated by glacial sand and silt
from the Weichsel period (Houmark-Nielsen, 1989). The
mean annual stream discharge was 1.3m>s ™! in 2011 and
1.4m’s~! in 2012 measured at the gauging station 2 km
downstream from the study site (Figure 1B). Stream water
temperature ranged between 1 and 16 °C during the year.
The groundwater-fed stream has a width of 3.5-5m and a
depth of 0.5-0.7m at the 40-m long stream section. The
stream flows from east to west with a sharp bend in the
channel (Figure 1C). Because of this bend, the right
streambank is being eroded while sedimentation process-
es occur at the left bank.

Field measurements took place between 12-14
December 2011 and 1-4 August 2012 when the daily mean
discharge was 1.7 and 1.0m>s™!, respectively. To relate
spatial and seasonal variability in streambed attributes
(K, K, and VHG) to differences in stream morphology,
two stream sections 35 m apart were selected for
investigation: one in the straight stream channel and one
downstream a meander bend (Figure 1C). The site
downstream the meander bend (Figure 1D) (from now
on referred to as meander section) contained six transects,
each with five test locations forming a measurement grid
of approximately 1 m spacing along and 0.5 m spacing
across the stream. This meander section of 6 x 5 m showed
abruptly changing streambed elevation with a maximum
difference in streambed elevation of 0.52 and 0.47 m in
December and August, respectively, between the depo-
sitional left streambank and an erosional right streambank
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Figure 1. Map of the catchment in Denmark (A) and the location of the study site within the catchment and gauging station (B). Streambed elevation for
December 2011 is shown on panel C with the location of the tests sites in the meander (D) and straight section (E)

(Figure 1D). The straight channel section of 1x5m
(Figure 1E) (from now on referred to as straight section),
which comprised two transects, had a homogeneous
streambed elevation, with maximum elevation differences
of 0.12 m between the test locations both in December and
August (Figure 1E). During both seasons, test locations
were named after the month and their serial number in the
downstream direction, e.g. D27 is test location 27 in
December (Figure 1D and E).

METHODS

By having test locations 1-10 in a straight channel and
test locations 11-40 downstream of a channel bend
(Figure 1C), it was possible to compare streambed
attributes of these channel types. The five test locations
across the channel also made it possible to compare
spatial heterogeneity and seasonal variations in streambed
attributes in the depositional inner bend and erosional
outer bend of the stream.

Horizontal hydraulic conductivity

In December 2011 and August 2012, 40 plastic
piezometer pipes of 2.5cm diameter and 0.1 m long
screens were installed by direct push method 0.5 m below
the streambed (Figure 2A). The clean-pumped piezome-
ters were left for at least 15 h to stabilize, and then one to
seven slug tests were carried out in each piezometer
(Table I). Even the time span of the slug tests indicated
high spatial heterogeneity in K, as in the slowest
piezometer tests, only one slug test was carried out and
lasted for an hour; whereas in the fastest ones, seven slug
tests could be finished in 5 min.

The slug test data were analysed by fitting the confined
Hvorslev solution (Hvorslev, 1951) to the data using the

Copyright © 2014 John Wiley & Sons, Ltd.

Figure 2. Measurement setup at the test locations showing the position of
piezometers (A) where slug tests and vertical head gradient measurements
were carried out and the transparent pipes for the falling head tests (B)

AQTESOLV® 3.5 software (HydroSOLVE Inc. Reston, VA,
USA), assuming that the piezometer partially penetrates the
aquifer. At each test location, the arithmetic mean of the K},
values was calculated for December and August, respectively.

Vertical hydraulic conductivity

In situ vertical hydraulic conductivities were measured
by the permeameter method as described by Hvorslev
(1951). Transparent Polyvinyl chloride (PVC) pipes of
5cm diameter and 1.75 mm wall thickness were installed
next to the piezometer pipes. Each pipe was installed to
0.5m depth below the streambed, thus trapping a
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Table 1. Horizontal hydraulic conductivity (K},), vertical hydraulic conductivity (K,), vertical head gradient (VHG) and anisotropy (K,/K,)
measured at the individual test locations during the December 2011 and August 2012 campaigns

December 2011

August 2012

# K, tests Mean K, Mean K, VHG K,/K, K, tests Mean K, Mean K, VHG K, /K,
1 3 11.3 0.18 —-0.16 60 4 14.3 0.22 —-0.17 63
2 3 12.7 0.20 —0.11 63 1 1.15 0.41 N/A 2
3 2 3.96 0.16 —0.10 23 3 6.21 0.11 —0.08 53
4 4 13.1 0.11 —-0.12 117 2 3.13 5.60 —-0.07 0.5
5 2 5.41 0.05 0.00 92 3 10.1 0.10 -0.07 93
6 3 22.5 0.05 -0.18 445 3 9.48 0.35 —0.18 26
7 1 0.59 0.01 —-0.08 32 2 0.19 0.18 —0.07 1
8 1 5.47 0.03 —0.15 176 2 1.44 0.31 —0.09 4
9 1 0.65 0.07 —0.14 8 2 1.18 0.18 —0.09 6
10 1 1.82 0.08 —0.15 21 5 124 0.06 —0.03 181
11 4 7.54 0.13 —0.05 55 4 12.6 0.06 —0.02 188
12 1 11.5 0.13 —0.01 88 3 8.45 4.65 0.01 2
13 2 8.95 0.52 —0.02 16 3 6.49 0.32 0.01 20
14 2 4.88 0.17 —0.06 28 6 34.4 0.03 —0.04 1147
15 2 4.22 0.21 —0.06 19 3 3.11 1.31 —0.09 2
16 3 16.3 0.24 —0.09 65 3 14.4 6.63 —0.01 2
17 2 6.61 2.37 -0.12 3 3 7.49 0.01 -0.01 814
18 2 8.85 0.17 —0.03 50 3 19.4 6.98 0.03 2
19 2 4.65 0.55 —0.04 8 4 37.9 8.37 —0.01 4
20 3 65.4 2.94 —0.04 22 5 33.1 0.97 —0.05 33
21 3 9.84 0.06 —0.06 153 3 8.07 1.35 0.01 6
22 2 7.49 0.07 —0.08 95 3 8.26 0.08 0.04 101
23 2 3.28 0.03 —0.05 89 2 1.76 0.02 0.01 62
24 3 29.9 0.13 —0.05 217 4 29.7 6.53 —0.01 4
25 3 74.4 2.80 —0.01 26 3 32.1 0.55 —-0.03 57
26 1 1.07 0.34 —0.09 3 2 2.53 0.23 0.01 10
27 2 7.89 0.08 —0.12 89 4 13.0 0.08 0.00 145
28 1 2.41 0.06 —0.13 34 3 4.65 0.01 —0.08 669
29 1 0.35 0.02 —0.08 15 3 3.02 0.02 —0.06 150
30 2 11.8 0.07 -0.07 156 4 8.12 0.33 —0.06 24
31 1 2.44 0.08 —-0.24 30 2 1.10 0.08 —-0.13 12
32 2 5.60 0.05 —0.21 108 3 491 0.01 —0.14 265
33 1 1.17 0.01 -0.20 122 2 2.87 0.11 —-0.24 26
34 3 10.4 0.01 —0.10 553 3 6.42 0.05 —0.08 108
35 4 69.3 0.12 —0.14 562 5 53.0 0.90 —0.10 58
36 1 1.50 0.10 —0.25 14 7 3.88 0.03 —-0.30 119
37 1 2.32 0.01 —-0.21 126 2 2.34 0.08 —0.12 28
38 3 8.52 0.70 —-0.08 12 2 2.25 0.10 -0.13 21
39 3 26.8 1.64 —0.05 16 5 66.1 0.15 —0.06 439
40 6 80.4 0.23 —0.14 335 3 3.31 0.08 —-0.07 41

Also shown are the numbers of slug tests (K}, tests) carried out at the test locations. K, and K, values are given in md " and are recalculated for a

common reference temperature of 20 °C.

streambed sediment column of 0.5 m length (Figure 2B).
After reaching a stable water level in the pipes, they were
completely filled up with stream water, thus creating a
gradient in hydraulic heads. The recovery of the initial
water level was recorded by measuring the water level in
the pipes first every 10 min, later on an hourly basis. K,
values were calculated on the basis of the solution
provided by Hvorslev (1951):

D L L, (hy
K, =1 nl—= 1
() 1)

Copyright © 2014 John Wiley & Sons, Ltd.

where D is the diameter of the pipe, L, is the length of the

streambed sediment column in the pipe, and A, and h, are

hydraulic heads observed in the pipe corresponding to

measurement times of ¢; and 7,. The term m expresses the ratio

of horizontal (K},) and vertical hydraulic conductivity (K,);

o @
v

Chen (2000) found that if the length of the sediment column
(L,) is several times larger than the diameter of the pipe (D)
then Equation (1) can be simplified to

m =

Hydrol. Process. 29, 458-472 (2015)
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K. — L, n ﬁ (3) Was compared with K, estimates from August 2012 when
Yo —h hy most of the streambed samples were taken.

Chen (2000) observed that this solution underestimates the K,
of streambed sediments with small anisotropy.

At each test location, K, was calculated by six
approaches: (i) by an iterative solution substituting Kj,
values observed at the test locations in m (Equations (1)
and (2)).

When plotting In(h,/h,) versus t, — t; of all possible time
step combinations, the slope of the linear regression line
crossing the origin and fitted to the data points is
proportional to K,, thus the other five approaches calculate
K, by an analytical solution based on the slope of the linear
regression line; (i) assuming isotropic conditions (m=1);
(iii) with an anisotropy ratio of 9 (m=3); (iv) assuming
strongly anisotropic conditions (m=10); (v) with the
solution given by Chen (2000) (Equation (3)); and (vi) by
substituting K, values observed at the test locations in m.
Anisotropy in K was calculated as the ratio of K, and K,
values at the test locations.

Hydraulic conductivity from grain size analysis

Following the December 2011 campaign, four sedi-
ment cores and, after the August 2012 field campaign, all
40 streambed sediment cores of the permeameter
experiments were removed with the permeameters for a
visual qualitative description of streambed sediments.
Sediment cores with the most streambed material and the
best preserved streambed structure were selected for
further analysis. Dry sieve grain size analysis was carried
out on 21 streambed sediment samples taken from cores
A2, A6, D12, A27, D38 and A39. The largest and
smallest sieve aperture was 8 and 0.063 mm, respectively,
with an additional 11 sieves in between. Fractions finer
than 63 microns were not analysed as they represented
less than 0.43% of the sample weight. Estimated
hydraulic conductivity from grain size distribution (K,)

Vukovic and Soro (1992) showed that the application of
different empirical formulas to calculate K, can result in
differences of a factor of 100 using the same dataset. For this
reason, six empirical solutions, all having the domain of
application to medium and coarse-grained sand, were used
to calculate K,. The Hazen, USBR, Kozeny, Schlichter and
Terzaghi methods were used as described by the general
equation given by Vukovic and Soro (1992):

ngéxCx(p(n)xdg &)

where K, is the hydraulic conductivity, g is the acceleration
of gravity, v is the kinematic coefficient of viscosity, C is a
dimensionless coefficient depending on the properties of the
porous medium, n is the porosity, ¢(n) is the porosity
function and d, is the effective grain size diameter. The used
parameters of the general equation for each empirical
formula are given in Table II. A kinematic coefficient of
viscosity of 1.31x 107°m?s ™! was used conforming to the
stream temperature of 10-12 °C measured in August 2012.
The porosity was estimated according to (Vukovic and
Soro, 1992):

n =0.255(1 + 0.83") (5)
where 7 is the coefficient of uniformity of the material given by

— 6
n 1o (6)

dyp and dg, being the particle diameters corresponding to
cumulative fractions of 10% and 60%, respectively. On the
basis of previous studies, Shepherd (1989) derived the
following formula to estimate hydraulic conductivity of
channel sediments:

K, =Cxd.® ™

Table II. The dimensionless coefficient (C), effective grain diameter (d,) and porosity function (¢(n)) used by the empirical formulas to
calculate hydraulic conductivity (K,) based on grain size distribution (Vukovic and Soro, 1992)

Formula C d, p(n) Xa X, X

Kozeny 83x 1072 dio i 44.6 423 50.2
Hazen 6x107* dio 1+10(n —0.26) 37.0 35.5 35.9
Schlichter 1072 dio w7 13.8 13.2 14.7
Terzaghi 6.1% 1073 dio (%) 17.6 16.8 18.9
USBR 4.8x 10~ *x d53 dxo 1 183 15.4 11.4
Shepherd 142 dso 35.8 25.2 20.5
K}, from slug tests 10 5.2 5.6

Also shown are the arithmetic mean (XT,), the geometric mean (X7g) and the median hydraulic conductivity <)N() calculated by the methods. K values are

- . —1
given in md ™ .

Copyright © 2014 John Wiley & Sons, Ltd.
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where d, is the particle diameter corresponding to 50%
cumulative fraction and C is a dimensionless coefficient.

Vertical head gradient

Hydraulic heads were measured in the piezometers 15
and 16 h after the installation in December 2011 and August
2012, respectively. VHGs at the test locations were
calculated according to

hi — b
I

VHG = ®)
where h;is the depth of the stream water level from the top of
the piezometer, #; is the water level in the piezometer and / is
the depth of the piezometer screen below the streambed
(Figure 2A), thus negative values reflect inflow to the stream.

Relating streambed attributes to stream morphology

A principal component analysis (PCA) was carried out to
detect the patterns emerging from the datasets of K, K,,
VHG, the elevation of the piezometer screen and the
calculated streambed anisotropy of the test locations from
December 2011 and August 2012 and to relate these
patterns to streambed morphology. The meander and the
straight section were compared on the basis of the scatter of
their respective test locations on the biplot.

The nonparametric Kruskal-Wallis test is generally
used to assess similarities in distribution between
different populations of data without assuming a normal
distribution. This test was used to assess the similarities
between the different geomorphological environments
and the test locations across the stream. To compare the
differences across the stream channel, K, K,, VGH and
anisotropy values were visualized in box plots.

RESULTS

Horizontal hydraulic conductivity

For the seasonal comparison, K, values were
recalculated to a common reference temperature of 20 °C.
The lowest and highest K, values were observed in the
middle and near the depositional inner bank of the meander
section, respectively, in both December and August
(Figure 3A and B). The K), values varied between 0.35
and 80.4md~' and between 0.19 and 66.1md~' in
December and August, respectively, showing a lognormal
distribution (Figure 4A and B). Both in December and
August, K, values were similar in the middle section and the
erosional right bank of the stream but not at the depositional
left bank (Figure SA) where higher values were detected in
December. In August, the highest values were observed
closer to the middle of the channel (Figure 5A). The
Kruskal-Wallis test confirmed that K; values at the

Copyright © 2014 John Wiley & Sons, Ltd.

depositional left bank of the stream and in the middle of
the channel were statistically different both in December
and August. There were no statistically significant differ-
ences between the meander and straight sections during
either campaign. Nevertheless, during both seasons, much
higher K, values and more outliers were observed in the
meander than in the straight section (Figure 6A).

Vertical hydraulic conductivity

For both seasons and at each measurement location, the
lowest K, estimates were obtained with the iterative
approach substituting the calculated K, values at the test
locations in Equation (1). The Hvorslev solution
(Equation (1)) with m=1 gave the highest K, estimates.
Approaches using the analytical solution by calculating
K, from the slope of the linear regression line all gave
similar results with a mean difference of only 2.5%
between the lowest and highest estimates. In the coming
analysis, K, values estimated from the analytical approach
by substituting K, values observed at the test locations
will be used. This approach avoids uncertainties arising
from assumptions about streambed anisotropy in m and
the simplifications of Equation (3).

For the seasonal comparison, K, values were
recalculated to a common reference temperature of 20 °C.
The contour plots of K, from December 2011 and August
2012 both show elevated K, values at the upstream part of the
meander section, closer to the stream bend (Figure 3C and D),
with much higher values in August. For both campaigns, the
calculated K, values showed a lognormal distribution
(Figure 4C and D). In both seasons, the highest K, values
were observed at the depositional left bank and towards the
middle of the stream (Figure 5B). The August dataset,
however, showed a much greater spatial variability across the
stream than the December dataset. The Kruskal-Wallis test
did not indicate statistically significant difference in K, across
the stream channel in either section or between the meander
and straight sections, but for both seasons, a larger range of
values were observed at the meander section (Figure 6B).

Streambed sediments

On the basis of the sediment cores removed after the
August field campaign, streambed sediments mainly
consisted of medium and coarse-grained sands with a
layer of organic material (Figure 7A). From bottom to
top, first a layer of medium and coarse-grained sand with
occasional layers of gravel was observed, followed by
fine organic sediments overlain by an upper layer of
medium and coarse-grained sand (Figure 7A and B).

The organic layer was surveyed in August 2012 and
usually detected 0.12—0.3 m below the streambed surface
with thicknesses varying between 0.02 and 0.26m
(Figure 3), forming a well-defined layer. In some cases,

Hydrol. Process. 29, 458-472 (2015)

85U8017 SUOWILLOD 3AIEa1D) 9|qed!dde ay) Aq peusanob a1e sapie O ‘8sn J0 Sa|nJ 1o} Akeiq18UIjUO A8]1M UO (SUONIPUOD-pUe-SWLR)W0Y A3 1M AReq 1 [pU1UO//:SANY) SUONIPUOD PUe SWe | 8U1 88S *[6202/T0/2z] Uo Aklqiauljuo Ao|IM epeues a@ pepsioAlun Ad 02TOT dAU/Z00T 0T/10p/w0d A8 | im Aseiq 1 puluo//sdny woly pepeojumod ‘€ ‘STOZ ‘S80T660T



464 E. SEBOK ET AL.
1 1 1 1 1 1 1 — 1 1 1 1 1 1 1
A K % B %0
h20 80 80
6206064 December 2011 " August 2012 E‘" L
60 ‘ 60
6206063 0 st
40 | \40
30 30
6206062 P -
20 20
+ 0 to 0.025 10 + 0 to 0.025 10
62060514 ¢ 0.025 to 0.05 ) ] 5 4 0.025 to 0.05 L L
¢ 00510 045 Organic sediment ¢ 00510 015 Organic sediment
O 0151002 |ayer thickness (m) Q o802 ayer thickness (m)
& 0210026 & 0210026
515:943 515:949 515:950 515:951 515:952 515:953 515:954 515:945 515:949 515:950 515:951 515:952 515:953 515:954
8.4
C K D
v20 74
6206064 December 2011 August 2012 -
& . 6.4
| 54
6206063 -
4.4
34
6206062 3
24
.+ 0to0.025 © 0t 0.025
6206061 © 0:025 to 0.05 ) ] 1 1o 002510 005 10 L
¢ 00510 015 Organic sediment ¢ 00510015 Qrganic sediment
f 04 . 04
& 015002 Jayer thickness (m) < 045 to 0.2 layer thickness (m)
© 0210026 < 0210026
515:948 515:949 515:950 515:951 515:952 515:953 515:954 515:948 515:949 515:950 515:951 515:952 515:953 515:954
E F
5 VHG ! ) VHG
6206064 ] December 2011 - August 2012 -
0.1
6206063 -
-0.15
0.2
6206062+ -
1 -0.25
© 0100025 | © 0t 0.025 |
62060611 < 0.025 to 0.05 . . 03 © 0.025 to 0.05 i i 03 F
© 0050 045 Organic sediment & 005 t0 015 Organic sediment
& 015002 Jayer thickness (m) <& 015002 Jayer thickness (m)
< 0210026 & 0210026
515:943 515:949 515:950 515:951 515:952 515:953 515:954 515:948 515:949 515:950 515:951 515:952 515:953 515:954
G Anisot AL Ani =
nisotropy .. nisotropy N,
62060641 December 2011 = August2012 =~ |
-850 1850
6206063+ 1 o
650 650
6206062 o 450 1450 |
o  —
© 0100025 - 250 + 010 0.025 -o250
206061 © 0025 to 0.05 1o 0025t 005 L
o 0050 045 Organic sediment ¢ 005 to 045 Organic sediment o
. 50 .
& w5002 Jayer thickness (m) ¢ 015002 |ayer thickness (m)
& 02t0 026 & 0210026
515948 515949 515950 515951 515952 515953 515954 515048 515949 515950 515951 515952 515953 515954

Figure 3. Interpolated contour maps of K, (A,B), K, (C,D), VHG (E,F), and amsotropy in K (G,H) in December 2011 and August 2012 for the meander
section (the location is shown on Figure 1D). K}, and K, values are given in md
indicated by K)o and K,,( on the figure. On each map, the thickness of the organic sediment layer, as surveyed in August 2012, is shown
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! and are recalculated for a common reference temperature of 20°C,
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Figure 5. Box plot of K, (A), K, (B), VHG (C) and anisotropy in K (D)

values for the December 2011 and August 2012 campaigns. On the x-axis,

the position across the stream is shown (L1: left bank, L2: between left bank and the middle of the channel, M: middle, R2: between right bank and the

middle of the channel, R1: right bank). K}, and K, values are recalculated

for a common reference temperature of 20 °C. On panel D, the scale of the

y-axis did not allow for the plotting of outliers; these are shown on the plot with a red cross and the corresponding value

the residues of the original material (branches and roots)
were still discernible giving a more discontinuous layer of
variable thickness (Figure 7C and D), or the layer was
missing resulting in a continuous sand column. At the
depositional left bank of the stream, an additional porous
organic layer was also observed above the upper sand
layer at a few locations (Figure 7A).

When K, was compared with the thickness of the organic
sediment layers, as measured on the retrieved sediment

Copyright © 2014 John Wiley & Sons, Ltd.

columns after the August field campaign, three distinct
groups were identified: (i) test locations with high K, and
thin or missing organic layers, (ii) test locations with
elevated K, and only an upper organic layer on top of the
sediment column (Figure 8A) and (iii) test locations with
low K, and variable thickness of organic layer (Figure 8B).
The location of these groups on Figure 8A supports the
intuitive assumption that a greater thickness of organic
sediments leads to lower corresponding K, values.
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Figure 7. Schematic layering of the streambed material (A). A typical core with continuous organic layer of constant thickness (B), a core where the
organic layer is discontinuous (C) or of changing thickness (D). The cores shown on the pictures are A27 (B), D38 (C) and A39 (D)

Hydraulic conductivity estimated from grain size analysis

Out of the ten samples taken from the upper sand layer,
six samples were classified as medium-grained and four
as coarse-grained sand. The 11 samples taken from the
lower sand layer consisted of mainly gravel in one case
and of coarse and medium-grained sand in three and
seven cases, respectively. Comparing calculated K,
values of the lower sand layer to the K, values derived
from slug tests, all six empirical methods overestimated
the slug test based hydraulic conductivity (Table II). The
Schlichter, Terzaghi and USBR formula gave the lowest
K, values and the closest estimate to the values calculated
from slug tests; whereas the Kozeny and Hazen formula
gave the highest estimates (Figure 9A and Table II). The
estimated K, for the upper sand layer gave higher values

Copyright © 2014 John Wiley & Sons, Ltd.

and larger variability than K, estimates for the lower sand
layer (Figure 9B).

Vertical head gradient

During both seasons, VHG values showed large
upward gradients at the downstream part of the meander
section. In December, lower upward gradients were
observed at the upstream part of the section, closer to
the bend (Figure 3E and F). Whereas in December 2011,
all test sites were characterized by an upward hydraulic
gradient (Figure 3E), in August 2012, a change from
upward to downward gradients occurred in the former
low gradient zone (Figure 3F). During both campaigns,
there was a clear distinction between the depositional left
and erosional right bank of the stream, with the highest

Hydrol. Process. 29, 458-472 (2015)
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Figure 9. Hydraulic conductivity values calculated by different methods on the basis of grain size distributions for the lower sand layer (A, n=11)
and the upper sand layer (B, n=10) of the streambed. For the lower sand layer, the results of slug tests (n=40) carried out in August 2012 are
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upward gradients observed at the right bank and in the
middle of the channel (Figure 5C). VHG values showed
a more homogeneous distribution across the stream than
K, and K, values (Figure 5A-C). According to the
Kruskal-Wallis test, differences in VHG were statisti-
cally significant between December 2011 and August
2012 but not significant across the stream channel in
either section or between the meander and straight
section. For both seasons, the meander section showed a
wider range of VHG values with both the highest
upward and downward gradients observed, whereas the
straight section showed higher median upward gradients
(Figure 6C).

Copyright © 2014 John Wiley & Sons, Ltd.

Streambed anisotropy

For both campaigns, the contour plots of the anisotropy in
K showed both large spatial and temporal variability
(Figure 3G and H). In December 2011, high anisotropy
ratios were calculated for the left depositional streambank of
the meander section. In August 2012, the anisotropy ratio
showed larger variability with the highest values observed
between the depositional left streambank and the middle of
the channel (Figure 5SD). According to the Kruskal-Wallis
test, differences in the anisotropy ratios were not statistically
significant between the December and August datasets and
between the meander and straight sections, where both
datasets had similar median values (Figure 6D).
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Mean anisotropy ratios were also calculated on the
basis of the geometric mean of K, and K, datasets
(Table III). These ratios showed a reduction from
December to August. The values also represent a
consistent spatial trend across the channel with high
anisotropy ratios observed at the left depositional bank
and similar values at the rest of the channel (Table III).

Principal component analysis

The first and second principal components explained
56% of the variability observed in the datasets. The
variables K,, VHG and Kj, showed the highest loadings,
0.80, 0.72 and 0.58, respectively, along the first principal
component. The anisotropy ratio and K, displayed the

Table III. Anisotropy ratios calculated by the geometric mean of
K, and K, given for the whole dataset, the meander and straight
sections and different locations across the stream for the
December 2011 and August 2012 datasets

Location December 2011 August 2012
All data 50 29
Straight 58 12
Meander 46 38
Left bank 71 38
Left bank - middle of the channel 40 30
Middle 45 27
Right bank - middle of the channel 46 22
Right bank 52 28

highest loadings along the second principal component
with 0.83 and 0.64, respectively. In the biplot, most test
locations grouped around the origin showing similar
behaviour with regard to the variables (Figure 10).
However, some test locations were grouped farther away
from the origin. These locations correspond to one of the
following: anisotropy ratios higher than 335, K, values
larger than 30md~!, VHG larger than —0.2m or K,
values larger than 5md~' (Figure 10).

The PCA analysis showed that K;, and the elevation of
the piezometer screen variables were correlated. This
indicated that K; was indirectly related to the layered
streambed sediment structure and as the piezometer
screens were located in the lower sand layer also to the
heterogeneous material properties within this material. As
expected, K, and VHG values were inversely related, the
higher the K, the smaller the gradient. Similarly to the
outliers of Figure 6, the PCA analysis also visually
showed that except for test locations D6 and A4, most of
the deviations from the bulk values occurred in the
meander section and not in the straight section even
though there were no statistically significant differences
between the variances of the variables.

DISCUSSION

Each streambed attribute showed great spatial heteroge-
neity even in the small 5x 6 m meander section. Most of
this spatial variability can be related to heterogeneity in
streambed sediments and morphology. K;, values were the
highest at the depositional left bank of the stream during

Biplot of PC1 and PC2
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Figure 10. Biplot of the first (PC1) and second principal component (PC2). The notation of the test sites is by the month (D: December, A: August) and
the serial number (Figure 1). The bold brackets around the name of the test sites indicate that the test site is located in the straight channel

Copyright © 2014 John Wiley & Sons, Ltd.
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both campaigns and showed the lowest values near the
middle of the channel (Figures 5A, and 3A and B). The
location of high K, values corresponded to the deposi-
tional inner bend of the meander, where, because of the
freshly deposited sediments, the sediments consisted
mostly of sand and were less compacted. Similarly,
Kiser et al. (2009) also found lower permeabilities in
zones adjacent to eroding banks.

High values of K, were mostly observed at the
upstream part of the meander section (Figure 3C and D)
at the thalweg of the stream. The spatial distribution of K,
agreed with the results of Genereux et al. (2008), who
attributed changes in K, across the channel to changes in
grain size, thus indirectly to water velocity and linked
increase and drop in K, to the deposition and erosion of
sediments, respectively. Correspondingly, Flewelling
et al. (2012) also measured high specific discharge in
the thalweg of a stream. In our study, the location of high
K, values shifted towards the erosional streambank,
where because of the increased water velocity even the
lower organic layer can be partially or completely
removed by deep scouring of streambed materials.

Based on the comparison of the streambed attributes of
the meander and straight section, it can also be concluded
that streambed attributes were more variable in the
meander bend than in the straight channel (Figure 6).
This is due to the more dynamic environment of the
meander bends where constant changes in water velocity,
depositional environment and consequently streambed
elevation resulted in more variability in streambed
materials. This was also confirmed by the PCA analysis,
which shows that most of the deviations from the bulk
values can be observed at the meander bend, while test
locations in the straight channel are close to the origin of
the biplot (Figure 10). Because of the dynamic environ-
ment near the meander bends and the homogeneous
depositional environments along the stream channel in the
meander section, streambed attributes also showed larger
variability across than along the stream channel (Figures 3
and 5). For a thorough characterization of streambed
attributes, more measurements are therefore necessary in
a channel bend than in a straight channel section, and
measurements should ideally be carried out in transects
across the channel.

There are several sources of uncertainties in the K, and
K, measurements presented in this study. As for the
instrumentation, the slug tests in the piezometers were
carried out close (approximately 0.1 m) to the in situ
permeameter tests as this was the only way to get
information of both variables from the same test location
with minimal sediment disturbance. Slug tests were
performed while the permeameter test was carried out.
It is assumed, however, that the measurements did not
influence each other because of their different time span.

Copyright © 2014 John Wiley & Sons, Ltd.

While the fastest permeameter tests finished in 3 h, they
usually lasted for more than a day, and the slug tests were
carried out in a few minutes, taking an hour at maximum.

Another uncertainty arises from the removal and
reinstallation of the instrumentation between the December
2011 and August 2012 campaigns. Because of the high
stream discharge and consequently the scouring processes, a
permanent installation of instruments in the streambed was
impossible. On the basis of GPS data, the average difference
between the positions of the corresponding test locations in
December and August was 0.21 m, less than the average
spacing of 0.56 m between the test locations. This spatial
difference also means that the instruments in August 2012
were not installed exactly at the same locations where
measurements from December 2011 have already disturbed
the streambed sediments.

K, values presented in the study were calculated from
the slope of the linear regression line fitted to In(h,/h;)
versus #, — t; of all possible time step combinations while
also substituting measured K, values in the analytical
solution of Equation (1). By using the slope of the linear
regression line in the analytical solution of Equation (1)
the different assumed anisotropy conditions (different m
values) all gave similar K, estimates, showing that with
the specifications of the presented field installations,
streambed anisotropy had a negligible influence on K,
estimates, with a mean difference of only 2.5% between
isotropic and strongly anisotropic conditions.

The range of K values calculated in this study
(0.19-80.46md™") corresponded to values defined as
clean sand by Freeze and Cherry (1979) as also seen in
the grain size analysis. K, values (0.01-8.37md™"),
however, could be as low as those reported for low-
permeability clay sediments of 0.6-2.5md~! (Chen,
2004), and they were considerably lower than mean
values for sand in other studies 18.8-43md~! (Chen,
2000), 17-45md " (Cheng et al., 2011) and 16.6md "
for slightly silty sand (Dong et al., 2012). Although the
measurement scale and direction of the slug and
permeameter tests were different, a possible explanation
of the low K, values and their large variability could be
the presence of the lower organic sediment layer as
observed in many of the sediment cores (Figure 7). Even
a thin layer of this low conductivity material could reduce
K, considerably (Figure 8B). At some test locations,
higher K, values could be observed (Figure 8A) probably
because of the absence or discontinuity (Figure 7C) of the
lower organic layer. In cores Al6, A19 and A24, a
continuous transition between the upper and lower sand
layer could be observed; whereas in core A18, the organic
layer was present but was thin and possibly also
discontinuous as in case of D38 (Figure 7B).

When compared with the calculated K,, the upper and
lower organic layers display different characteristics.

Hydrol. Process. 29, 458-472 (2015)
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While a deep-lying, thin continuous layer of the lower
organic material decreases K, considerably, the upper
layer of organic material of the same thickness just
slightly reduces K, (Figure 8A). The difference in the
behaviour of these materials is probably the degree of
compaction of the organic material.

On the basis of the retrieved streambed sediment cores,
the piezometers were all screened in the lower sand layer
(Figure 7), thus K}, values reflected spatial heterogeneity
within this layer. K, values, on the other hand, indicated
heterogeneities of the lowest permeability layer in the
sediment column. According to the sediment cores
(Figure 7) and confirmed by the permeameter measure-
ments, this was the lower organic sediment layer of the
streambed. Thus, the K}, and K|, values used to calculate
the anisotropy ratio represented the characteristics of the
lower sand layer and the harmonic mean of the sediment
column, respectively, at each test location. Therefore, the
anisotropy ratios were not representative of one material
but were rather determined by K, and therefore related to
the heterogeneity of the low-permeability organic sedi-
ment layer. Consequently, despite a similar range of K,
values, the calculated anisotropy ratios (0.5-1147)
exceeded by one order of magnitude the values reported
for sandy stream channels, a mean of 23-69 (Chen, 2000)
and 4.1 (Chen, 2004). Landon et al. (2001) and Lu et al.
(2012b) even observed anisotropy ratios below one,
0.1-1.3 and 0.87-2.37, respectively, which Landon et al.
(2001) explained by the different measurement scale of
the tests and sediment disturbance. At test locations
without or with discontinuous, thin organic sediments
(A4, Al16, A18, A19 and A24), an anisotropy of 0.5-5,
typical for streambed sediments, was also found in this
study (Figure 3G and H, and Table I).

Comparing the results from the two campaigns in
December 2011 and August 2012, K;, was more stable
than K, and VHG, which were both showing high
temporal variability (Figure 3A-F). During the December
campaign, high K, values were observed close to the bank
at the upstream part of the channel bend, whereas in
August, higher K, values were measured towards the
middle of the channel (Figure 3D). The range of K, values
also changed, by about a factor of two from a geometric
mean of 0.13md ™' in December to a geometric mean of
0.22md ' during the August campaign; however, this
change was statistically not significant. Similarly to
Genereux et al. (2008), this change can be explained by
sedimentation and scouring processes related to high
discharge events reorganizing the sediment structure
(Sebok et al., submitted) and by the large spatial
heterogeneity of streambed attributes.

The large difference in temporal variability between K},
and K, (Figure 4) can thus be related to dynamic scouring
and sedimentation processes. K, was measured 0.5m

Copyright © 2014 John Wiley & Sons, Ltd.

below streambed in a relatively stable environment, but
K, measurements included the topmost streambed
sediment layer, which was highly mobile. This topmost
layer in streams is not only affected by bedform
migration, sedimentation and scouring processes (Sebok
et al., submitted) but can also undergo occasional
clogging or deposition of a fine-grained veneer
(Rosenberry and Pitlick, 2009b).

K, and VHG were also related (Figure 10), and as also
found by Kiser et al. (2009), the spatial distribution of
VHG inversely followed the distribution of K,. Whereas
K, showed an increase in geometric mean, VHG
displayed a decrease from the median value of —0.090
in December to a median value of —0.068 in August,
when also downward gradients could be observed.
Similarly, temporal changes in the calculated anisotropy
were inversely related to K, (Figure 10); the geometric
mean of anisotropy decreased between December 2011 to
August 2012 from 50 to 29 (Table III), although the
difference between the anisotropy values of December
and August was not statistically significant. Whereas the
distribution of K remained fairly constant between the
measurement periods, the distribution of anisotropy
followed the distribution of K,. This was best shown in
August 2012, when test locations with the highest K,
values also displayed the lowest anisotropy (Figure 3D
and H).

The six methods used to calculate hydraulic conduc-
tivity from grain size distributions all yielded different
results (Figure 9A and B). This variation between
methods was also noted in other studies (Vukovic and
Soro, 1992; Lu et al., 2012a) and estimated by Vukovic
and Soro (1992) to be of a factor of up to 100. The
underestimation of hydraulic conductivity based on
empirical formulas was observed by several studies
(Landon et al., 2001; Song et al., 2009). Overestimation,
on the other hand, was rarely encountered (Uma et al.,
1989; Cheong et al., 2008) but may in our case be
explained by the natural compaction and consolidation of
aquifer material as also discussed by Uma et al. (1989).

Despite the different K, estimates, the dynamic
sedimentation processes were also reflected in the K,
values when comparing the lower sand (Figure 9A) to the
upper sand (Figure 9B). The upper sand layer not only
shows higher estimated K, values but also higher
variability. Song et al. (2007) also observed a similar
distribution in K, values and explained it by hyporheic
processes where the constant water exchange leads to
enlarged pore space and consequently unconsolidated
sediment structure. In the soft-bedded Holtum stream,
however, this distribution is probably related to the
constant mobilization and redistribution of streambed
sediments (Sebok et al., submitted). Such processes also
prevent the formation of a colmation layer, which would
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typically reduce K in the uppermost sediment layers
(Rosenberry and Pitlick, 2009b).

The highest VHG values were observed at the most
downstream, eastern end of the meander section during
both measurement campaigns (Figure 3E and F). In this
area, both the observed K, and K, values were low, thus
suggesting the presence of a low-permeability material
possibly hindering groundwater discharge to the stream.
The highest groundwater fluxes can be expected at
locations with high K, and VHG values. These areas
indicate the absence of the organic sediment layer, thus
facilitating upward groundwater flux. Both in December
and in August, such an area could be found at the
upstream end of the meander section at the depositional
left streambank (Figure 3C-F).

The modelling study of Salehin et al. (2004) showed
that streambed heterogeneity results in a shallower
hyporheic zone and higher hyporheic exchange rates. In
this study, next to the large spatial heterogeneity in
streambed hydraulic conductivity, the detected low-
permeability organic sediment layer also influences the
hyporheic flow, thus this study site most probably has a
shallow hyporheic zone, which does not extend below the
organic layer located at a depth of 0.1-0.3 m below the
streambed. The high-permeability lower sand layer and
the high VHG, however, also make it likely that there is
also lateral flow below the organic layer, which will
surface where the low-permeability organic layer is
discontinuous and of smaller thickness.

CONCLUSIONS

Streambed attributes of horizontal hydraulic conductivity
(Ky), vertical hydraulic conductivity (K,), vertical head
gradient (VHG) and anisotropy were observed at 40
locations in a channel bend and in a straight stream section
in December 2011 and August 2012. All streambed
attributes showed great spatial variability related to
streambed materials and stream morphological environ-
ment even on the small scale at a streambed section of
6x 5m. The highest K;, was observed at the depositional
inner bend, whereas K, showed the most elevated values at
the upstream part of the meander section. The high K,
values in these areas are related to high discharge events,
when the high water velocity is more likely to erode the
organic sediment layer hindering groundwater discharge.
Because of the dynamic sedimentation and scouring
processes on the streambed, K, showed higher temporal
variability than Kj,, which was measured 0.5 m below the
streambed surface in a relatively stable environment.
Large differences in Kj,, K,, VHG, and anisotropy were
also observed across the stream channel downstream of
the meander bend, but only the differences in Kj, values
between the depositional left bank and the middle of the

Copyright © 2014 John Wiley & Sons, Ltd.

channel were statistically significant. Although there were
no statistically significant differences in K, K,, VHG,
anisotropy of K and their variance between the straight
channel and the meander section, principal component
analysis (PCA) showed higher spatial variability in stream-
bed attributes in the meander section than in the straight
channel. This indicates that in meandering streams more
measurements are necessary for the thorough characteriza-
tion of hydraulic parameters than in a straight stream.
Variability in streambed attributes in the meander section
was also greater across the stream than along the channel.

The study also showed that streambed material proper-
ties, in this study particularly the deep-lying organic
sediment layers, have a large influence on K, and
consequently on groundwater discharge to the stream. Even
a small thickness of a continuous layer of organic sediments
reduced K, values considerably, which would have a similar
influence on vertical groundwater fluxes. This organic layer
also indicates a shallow hyporheic zone with lateral
flowpaths beneath the low-permeability layer.
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