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ABSTRACT

Porosity is one of the key properties of fluvial sediments. It is defined as the
ratio of pore volume to total volume. In river science, porosity is often
assumed to be spatially constant, which might be a gross simplification of
reality. Ignoring the spatial variations in porosity can cause errors in mor-
phological, ecological, hydrological, hydrogeological and sedimentological
applications. Although detailed information about spatial porosity variations
can be obtained from porosity measurements at field sites, such information
has never been collected where these variations might be important. In this
study, field porosity measurements were carried out to quantify the magni-
tude of the spatial porosity variation for four different sedimentological envi-
ronments of a braided river: a confluence, a tributary delta, a braid bar and a
secondary channel. A nuclear density gauge was used for the measurement
of porosity. The nuclear density gauge proved to be a time-saving and
labour-saving technique that produces accurate porosity values with a root
mean square error of 0.03. The four sedimentological environments showed
significant differences in porosity, with mean porosity being lower for con-
fluence and bar than for delta and secondary channel. Semi-variogram analy-
sis showed the absence of any spatial correlation in porosity for distances
beyond 4 m. This shows that distance cannot be used as a parameter for
porosity extrapolation in a fluvial system unless the extrapolation distance is
less than 4 m. At least eight measurements of porosity are required to obtain
a reliable estimate of mean porosity in a sedimentary environment, i.e. with
uncertainty <0.03. Although grain size characteristics were found to have a
significant impact on porosity, the relationships between these parameters
and porosity were not very strong in this study. The unique porosity dataset,
presented in this article, provides a valuable source of information for
researchers and river managers.

Keywords Fluvial sand-gravel mixtures, in situ measurement, nuclear
density gauge, porosity, semi-variogram analysis, spatial variation.
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INTRODUCTION

Total sediment porosity [hereinafter called
‘porosity (n)’], defined as the ratio of pore vol-
ume to total volume, is one of the key struc-
tural properties of a river bed. River bed
porosity strongly affects river morphology
through its control on the rate of bed level
changes (it is an important parameter in the
Exner equation), interstitial flow processes, ini-
tiation of sediment motion, energy dissipation
and gravel-sand transitions (e.g. Chwang &
Chan, 1998; Wilcock, 1998; Ting et al., 2004;
Vollmer & Kleinhans, 2007; Frings et al., 2008;
Frings, 2011; Abderrezzak et al., 2016; Miwa &
Parker, 2017; Mulatu et al., 2018; Bui et al.,
2019). Furthermore, reconstruction of sediment
fluxes from measured morphological changes,
for example, by dune tracking or sediment bud-
geting (Frings et al., 2014; Church & Ferguson,
2015), also requires information about porosity.
Porosity furthermore controls the ecological
suitability of a river bed as a habitat for aquatic
organisms (e.g. Boulton et al.,, 1998; Argent &
Flebbe, 1999; Vollmer et al., 2002; Wooster et
al., 2008; Noack, 2012). Moreover, it determines
the exploitable volume of oil, gas and ground-
water contained in the pores of geological
deposits (e.g. Athy, 1930), and affects the
hydraulic conductivity of sediment mixtures
(Koltermann & Gorelick, 1995; Morin, 2006;
Zhang et al., 2011). Finally, porosity has an
influence on other structural properties such as
permeability (Hatch et al.,, 2010), and thus
detailed information about porosity variations
could help to better understand permeability
changes occurred within porous river beds,
which, for instance, enhances models that rep-
resent the hierarchical stratal architecture of
fluvial deposits (Ramanathan et al., 2010).

Until now, little is known about the magni-
tude of spatial variations in porosity in fluvial
sand-gravel systems. Porosity of sand-gravel
mixtures is known to vary between 0.1 and 0.5
(e.g. Selby, 1993; Domenico & Schwartz, 1998)
but, for most practical applications in river
science, porosity is often simply assumed to be
spatially constant. For example, in the numeri-
cal model developed to study downstream fining
processes in sand-bed rivers, Frings et al
(2011a) assumed a constant porosity of 0.34.
With the assumption of a constant porosity of
0.3, Cui (2007) developed a numerical model to
study the dynamics of grain size distributions
on the channel bed surface.

Previous investigations have revealed the pres-
ence of spatial variations in porosity in the Rhine
River (Frings et al., 2008, 2011b, 2012; Frings,
2011) at length scales from 1 to 1000 km. How-
ever, little is known about porosity variations at
smaller length scales (1-100 m). Such small-scale
porosity variations are important though, because
a failure to account for them can cause bias in
morphological, ecological, hydrological, hydroge-
ological and sedimentological studies. Further-
more, knowledge about the variability in porosity
is needed to determine the number of measure-
ments required to obtain a good estimate of the
mean porosity at a study site.

Porosity variations at small length scales are
likely to occur in rivers, because grain size,
known to be one of the major porosity control-
ling factors in rivers (Carling & Reader, 1982;
Wu & Wang, 2006; Wooster et al., 2008; Frings
et al., 2011a; Desmond & Weeks, 2014), also var-
ies strongly over these distances due to sorting
processes such as dune sorting, bend sorting,
patchiness, armouring and downstream fining
(Church et al., 1991; Paola & Seal, 1995; Seal &
Paola, 1995; Lisle & Hilton, 1999; Kleinhans,
2001, 2005; Kleinhans et al., 2002; Ryan et al.,
2002; Blom, 2003; Hassan et al., 2006; Clayton &
Pitlick, 2007).

The reason that knowledge about spatial varia-
tion of river bed porosity is limited, is the diffi-
culty of porosity measurements in sand-gravel
mixtures. Porosity measurement techniques for
such mixtures can be divided into direct and
indirect methods. Characteristic for direct meth-
ods (e.g. Frings et al., 2011a, 2012; Seitz et al.,
2018) is that both the solid fraction volume (V)
and the total volume (V) of a sediment sample
are measured directly, so that porosity (n) can
be calculated as:

S
Y 1
n . (1)

Indirect techniques, such as nuclear density
gauging (NDG) relate porosity to other sediment
properties (for example, mineral density, pore
water content or grain size characteristics),
which can be measured more easily. Although
indirect methods allow for an easy and quick
porosity assessment, they always require calibra-
tion, which is not the case for the more time-
intensive and labour-intensive direct methods.
This study investigated the spatial variability
of porosity in various sedimentological environ-
ments of a braided river: a confluence, a
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tributary delta, a braid bar and a secondary
channel. For this purpose, an extensive porosity
dataset was obtained using NDG, a technique
which has not been yet used for porosity mea-
surement in rivers.

Our research aimed at answering the following
questions:

1 Is nuclear density gauging (NDG) a suitable
technique for measuring porosity in sand-gravel
bed rivers?

2 Do the various sedimentological environ-
ments in braided rivers show different porosity?

3 Is porosity variation within sedimentologi-
cal environments essentially random, or is there
a spatial correlation, causing nearby locations to
have similar porosity?

4 How many porosity measurements are
required to obtain a good estimate of the mean
porosity in a field site?

5 Can porosity variations be explained by the
variations of grain size characteristics?

STUDY AREA

The study was carried out in the south-eastern
part of France in the region of Rhéne-Alpes
(Fig. 1). The Mediterranean climate with dry
summers and elongated low-flow periods is
favourable for porosity measurements, because
they cause the exposure of extensive, natural

Secondar'y"
channel '\

Fig. 1. The study area located in
south-eastern France: three study
sites with different sedimentological
facies (a braid bar, a tributary delta
and a confluence) along the Bes
River and one (a secondary

channel) along the Galabre River. 278500 279000
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sediment deposits with different lithologies,
grain sizes and grain shapes. In this region, two
different rivers were selected for porosity mea-
surements: the Bés River and the Galabre River.
The Bes River is a braided gravel-bed river con-
fluencing with the Bléone River near the town
of Digne-les-Bains. It has a length of about
34 km and a drainage basin of 233 km® (Navratil
et al., 2012). The elevation of its catchment
ranges from 640 to 2700 m above sea level. The
average width of the active braid plain is
approximately 60 m, varying from 50 to 180 m.
The mean annual precipitation is 930 mm. The
Bés River has a perennial flow regime. Flow data
have been recorded at the Pérouré gauging sta-
tion since 1963, showing the river’s mean flow
discharge to be about 2.83 m® s™". The peak dis-
charges of the two-year, five-year and ten-year
return periods are 58 m® s™, 100 m® s™" and 130
m® s7, respectively (Navratil et al., 2010). Forest
is by far the main land use in the catchment
covering 70% of the total surface. The lithology
of the Bes River basin comprises a great propor-
tion of limestone and marl, followed by a small
proportion of gypsum and sandstone (Navratil et
al., 2010).

The Galabre River is a headwater tributary of
the Beés River. This river has a drainage basin of
35 km® and a length of 7 km. Its braid plain is
approximately 10 m wide. The mean annual
precipitation is 1000 mm. The Galabre is a
perennial river with an average discharge of

Legend

e Study area

Confluence
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01m®s™" and a low flow discharge of
0.02 m® s7"' during summer. The maximum dis-
charge ever recorded is 34 m® s (Navratil et
al., 2012). The catchment of the Galabre is
mostly covered with forest (52%) and scrubland
(30%). The lithology of this catchment is com-
posed of various sedimentary rocks; mainly
limestones, marls and marly limestones, gyp-
sum, molasses and Quaternary deposits (Esteves
et al., 2019). In this river, the bed sediments
mainly consist of gravel, cobbles and boulders.

To measure porosity, four sites were selected
(Fig. 1). The first three sites are located along
the Beés River representing different sedimento-
logical environments: a braid bar, a tributary
delta and a confluence. The fourth site, a sec-
ondary channel, is located along the Galabre
River. Detailed morphological maps of each site,
constructed in the field, and then digitized in
QGIS software, are shown in Fig. 2.

The first site, the braid bar, was in the centre
of the braid plain located in the upstream reach
of the Bes River (latitude: 44°10'20”N, longitude:
06°15'14"E). This bar had a length of 60 m and a
maximum width of 15 m. Its surface was com-
posed of sand, gravel and cobbles. The braid bar
consisted of a main bar with an extension to the
right side (Fig. 2A). The main bar was covered
by several small dry channels discharging to the
left side (relative to the downstream direction)
of the bar. The braid channel at the orographic
left side of the bar had a lower water level than
the one on the right side relative to the down-
stream direction. The second site, the tributary
delta, was located 1.5 km downstream from the
first site (latitude: 44°09'48”"N, longitude:
06°14'26"E) where the torrent de St. Vincent, an
ephemeral stream, entered the Beés channel
deposit and formed a small delta (Fig. 2B). At
the time of measurement, the delta was dry. The
length of the site was 62 m and its maximum
width 14 m. The delta surface was approxi-
mately 1.5 m lower than the surrounding Bes
terrace. The sediments consisted of black marls.
Sedimentologically, the delta was homogenous
with no clear grain size trends. The third site
(latitude: 44°08'58”"N, longitude: 06°14'36"E)
was the confluence of the Bés River and the Gal-
abre River (Fig. 2D). The width of the braid
plain was approximately 180 m. This study site
had a length of 190 m and extended over the
full width of the braid plain. The confluence site
incorporated both bars and channels. Approxi-
mate bar lengths are between 28 m and 100 m
and widths between 6 m and 35 m. The width

of the braid channels was approximately 10 m.
Vegetated patches were scattered between the
dry river channels. The sediments consisted of
cobbles, gravel and sand. The fourth study site,
the secondary channel, was located in the Gal-
abre River (latitude: 44°09'37”N, longitude:
06°13'59"E) (Fig. 2C). This site had a length of
62 m and a maximum width of 6 m. Its sedi-
ment surface was dominated by sand and gravel.

METHODS

Nuclear density gauging

To quantify spatial variations in porosity, exten-
sive porosity data are needed. In the past, a few
studies have been done that provided detailed
information on the spatial variability in porosity
in sand-gravel bed rivers. Most of these studies
aimed at identifying the relationship between
porosity and its controlling factors (e.g. Carling
& Reader, 1982) with no focus on the spatial
variability of porosity. Only Frings et al. (2011a,
2012), who worked on the Rhine River, provided
information on the spatial variability in porosity.
However, they focused on porosity trends on lar-
ger scales (1-1000 km) and did not provide
information about the magnitude of spatial
porosity variations at the local scale.

Therefore, this study carried out new porosity
measurements. These measurements were made
by NDG, a technique normally used for sand
and asphalt compaction tests in civil construc-
tion. Nuclear density gauges (NDGs) measure
the total wet density and the water content of a
sediment surface, from which porosity (n) can
be calculated if the mineral density is known as:

Pt
n=1--——— (2)
(1+%)ps

where p; is the wet mass per unit volume
(kg m™®), 5 is the mass of the pore water per
mass of solid fraction (%), and p, is the mineral
density which is the mass per unit volume of
the solid fraction (kg m™).

For measurement of the total wet density, the
NDG contains a Caesium-137 source, emitting
gamma radiation. Detector tubes at the edge of
the gauge count the number of gamma particles
that pass through the sediment (Fig. 3A). The
denser the sediment, the lower the number of
gamma particles that reaches the detector tubes.
For measurement of the water content, the NDG
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Fig. 2. The morphology of the measurement sites: (A) bar; (B) delta; (D) confluence along the Bes River; and (C)
secondary channel along the Galabre River. Coordinate system WGS 84/UTM zone 32N (EPSG:32632).
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Fig. 3. Nuclear density gauge (NDG): (A) direct transmission total wet density measurement; (B) backscatter water

content measurement.

contains a source of Americium-241, emitting
high energy neutron particles. These neutrons
are scattered back and slowed down by the sedi-
ment containing hydrogen below the gauge.
Detectors count the number of slow neutrons
returning to the gauge. Because especially mate-
rials containing hydrogen slow down the neu-
trons, higher counts indicate a higher moisture
content (Fig. 3B).

A Humboldt 5001EZ type NDG was used, in
the so-called direct transmission mode, to mea-
sure porosity at the four sites in Bes River and
Galabre River described above. Because NDGs
do not work under water, the field campaign
was conducted during a low-flow period in sum-
mer (July 2019). At all four sites, the sample
positions were distributed in the cross-sectional
and longitudinal directions (Table 1).

At the start of each field day, a reference mea-
surement on a rectangular block of plastic

Table 1.

material was made with the NDG to ensure that
it was operating correctly, as prescribed by the
manufacturer. Before starting an NDG measure-
ment in the field, the armour layer with a thick-
ness of about two grains was carefully removed
until the homogeneous gravel-sand deposits of
interest became exposed. The sediment surface
was then levelled to provide a tight contact
between NDG and sediment. This reduced the
chance that protruding stones impact the read-
ing with the device. After installing the gauge,
the rod containing the Caesium-137 source was
extended through the base of the gauge into a
predrilled hole and positioned at a depth of
0.1 m. At each location, three successive mea-
surements were carried out without displacing
the NDG and a time interval of 1 min was used
as counting period. Using the NDG a total of 103
measurements was made. At two points (22 and
93), no NDG porosity value could be obtained

Sample position distribution in cross-sectional and longitudinal profile at four measurement sites: 7,

water content; p;, total wet density; ps, mineral density; V;, solid fraction volume; V,, total volume of a sediment

sample.
Number of Number of
measurements measurements
Number of Number of in situ ex situ
cross-sectional longitudinal
Site Name River profiles profiles n Ds Vi n Ds Ve Vi
Site 1 Bar Bes River 1 1 19 19 3 4 19 19 19
Site 2 Delta Bés River 2 1 18 18 1 5 5 5 5
Site 3  Confluence  Beés River 1 2 49 49 3 10 14 14 14
Site 4  Secondary Galabre 2 1 17 17 3 4 17 17 17
channel River
Sum 103 103 10 23 55 55 55
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due to the direct contact of the NDG with water
or with a large stone. Thus, 101 porosity data
points were obtained.

Mineral density determination

At 55 of the 101 measurement points, immedi-
ately after the NDG measurement, a sediment
sample was taken for subsequent laboratory
analysis of mineral density (ps). The samples
had an average size of about 13 kg (about 7 1)
and were obtained from a maximum depth of
10 cm. The samples were sealed in the field, put
into boxes and transported into the laboratory,
where they were dried for 48 h. Because the sed-
iments contained a small portion of gypsum (a
mineral containing waters of crystallization), the
oven temperature was set to 80°C (Sadeghiamir-
shahidi & Vitton, 2019) instead of 105°C. Subse-
quently, the sediment was put into a cylinder
containing a known volume of water to measure
the mineral density (ps), using the water dis-
placement method (WDM; Bear, 1972).

Water content correction

At 23 locations, an additional sediment sample
was taken from a maximum depth of 10 cm.
These samples were sealed and transported into
the laboratory where they were weighed, dried
and weighed again to determine the water con-
tent. These water contents (y;,,) were then com-
pared to the water contents measured by the
NDG in the field (ynpg; Fig. 4). Although the
RMSE (root mean square error) was relatively
small (1.7%), the NDG appeared to slightly over-
estimate the water content, probably because of
the presence of waters of crystallization in the
crystal lattices of gypsum particles. The relation-
ship between 7,4, and ynpe (* = 0.91), valid for
1.84% < nnpc < 12%, was used to correct the
NDG-values in the following way:

n:maX{O, 1121’]NDG7206} (3)

The corrected water contents (Eq. 3) and mineral
density values were then used to calculate
porosity from Eq. 2.

Semi-variogram analysis

To quantify the spatial variability of porosity,
semi-variogram analysis was applied (Matheron,
1963; Cressie & Hawkins, 1980; Cressie, 1985;
Deutsch & Journel, 1992; Christakos, 1992),
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Fig. 4. Water content measured in the laboratory
(71ap) versus water content measured in the field
(nnpe) for the four measurement sites (coloured dots).
Blue dotted line represents regression line (as given
by the equation) and red dashed line represents 1 : 1
line.

using the geostatistical methods implemented in
the ‘gstat’ library (Pebesma, 2004).

Experimental semi-variograms were calculated
using the following expression:

1 N ,
()= gxy & (Gt ) =G} @)

where n(x;) is the measured porosity value at
location x; and N(h) are the pairs of the mea-
surements that are separated by lag h (the sepa-
ration between two points). In other words, the
semi-variance (y(h)) is half of the square of the
difference between two values separated by lag
h. The semi-variance as a measure of the dis-
similarity often increases with increasing lag
distance until it levels off to the value denoted
as sill. The sill is roughly equivalent to the
sample data variance (Gringarten & Deutsch,
2001).

Both isotropic and anisotropic semi-variogram
analysis were tried and the isotropic variogram
was found to perform better, because of the lar-
ger number of measurement points available for
bin averaging. Therefore, point pairs were
grouped on the basis of distance, not direction.
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As shown in Fig. 2, the samples were dis-
tributed unevenly over the field sites to maxi-
mize the range of the lag interval between
samples at each site. As a result, a uniform bin
size would either sacrifice the resolution at
small lags or under-sample at large lags. Follow-
ing the methodology developed by Goff et al.
(2002), bin sizes were chosen dynamically under
the criterion that each bin has approximately
equal numbers of point pairs. The semi-
variogram was computed based on all of the
samples from all four sites. The normality
requirement was examined by inspecting the
histogram of the entire data, showing that the
data distribution did not deviate from normality.

Cross-validation of porosity

The porosity data were validated by comparing
the porosity values measured with the NDG to
porosity values obtained independently with
other techniques. This cross-validation procedure
consisted of three phases. Firstly, before using the
NDG in the field, the device was employed on
natural sediments with known total wet density
and water content. For this purpose, two boxes
(600 x 400 x 320 mm) were filled with a known
amount of an oven-dried sand-gravel mixture.
Box 1 contained sediment with D;, = 9.8 mm,
Dso = 21.4 mm, Dy = 40 mm and o, = 1.74, and
box 2 sediment with D;;=0.4 mm, D5, =
11.2 mm, Dyy = 27.5 mm and o, = 4.62 (see Eq. 7
for a definition of 6,). Each box was carefully sha-
ken by hand to get a dense packing structure.
From the box dimensions and the sediment sur-
face level inside the box, the total volume of the
sediment was obtained. Division of the sediment
mass by this total volume gave the density of the
prototype sediments, which then was used to cal-
culate porosity from Eq. 2 (with # =0). Two
points on the sediment surface of each box were
chosen for the NDG measurement. For each point,
the NDG was applied in direct transmission and
backscatter mode, with a time interval of 1 min
as counting period. Each measurement was done
three times without displacing the NDG. Then,
2000 ml of water was added to one of the boxes
and the sediment was fully mixed again, levelled
and the whole measurement process was
repeated. Finally, the resulting NDG—porosity val-
ues were compared with the porosity of the proto-
type sediments.

Secondly, the porosity values measured with
the NDG were compared with porosity values
measured with the water displacement method

(WDM) (Bear, 1972). This was done for 53 of the
55 samples that were taken to the laboratory for
the mineral density measurement. For the two
remaining samples (samples 11 and 102), a WDM
measurement appeared to be impossible because
of the presence of large boulders in the sample.

Thirdly, the porosity values measured with
the NDG were compared with porosity values
measured with yet another technique, namely
the photogrammetry method presented by
Tabesh et al. (2019). This was done for 10 of the
103 NDG positions. At each position, an area of
approximately 1 x 1 m* of the bed surface was
photographed after the NDG measurement.
About 25 oblique pictures were taken from dif-
ferent perspectives with an image overlap of
>80% to ensure adequate image coverage. After-
wards, a pit (approximately 30 x 30 x 10 cm®)
was excavated and the sediment was removed
and stored in boxes. After sampling, a new set
of images was made using the same procedure
covering the excavated surface. Afterwards, the
photographs were analyzed using the pho-
togrammetric technique Structure-from-Motion
with Multi View Stereo (SfM-MVS; Westoby et
al., 2012) implemented in PhotoScan software
(1.4.0, Agisoft). In this way, three-dimensional
point clouds and DEMs (digital elevation mod-
els) of the sediment surfaces before and after
excavation were constructed. The difference
between the two DEMs provided the total vol-
ume of the sediment sample (Tabesh et al,
2019). This total volume was then combined
with the measured solid fraction volume to cal-
culate porosity. Two of the photogrammetrically
determined porosity values had to be rejected
because of problems during total volume mea-
surement in the field.

Finally, the NDG porosity dataset was checked
for outliers having porosity values that were
atypically high or atypically low. Such outliers
are not erroneous, yet fundamentally different
from the other porosity data points. Data points
were considered to be outliers if they were situ-
ated more than three times the interquartile
range (IQR) above the upper quartile or three
times the IQR below the lower quartile in the
boxplot (Fig. 5).

Uncertainty due to water content

The uncertainty in porosity that arises from
uncertainties in the water-content correction
was also quantified (Eq. 3). The absolute uncer-
tainty of the water contents is equal to the
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RMSE of the residuals between the water con-
tents measured in the laboratory and the corre-
sponding values calculated using Eq. 3. In our
case, it equals 0.77%. The resulting uncertainty
in porosity was calculated using an error propa-
gation rule as:

én= ‘i—;‘én (5)
where én and &y are the absolute uncertainty in
porosity and water content, respectively, and 42
is the derivative of n (calculated using Eq. 2
with respect to 5. In this way, the absolute
uncertainty in porosity was found to be +0.005,
resulting in a relative uncertainty of porosity of
less than 2.2%.

Grain size analysis

One of the most important factors affecting poros-
ity of natural sediment mixtures is the grain size

distribution (GSD). Therefore, a proper evaluation
of the GSD is a prerequisite for explaining the
spatial variations in porosity. For this purpose,
the grain size distribution for each of the 55 sedi-
ment samples was determined (Mineral density
determination section), taken to ascertain mineral
density, using dry sieving on a 0.5 phi sieve set
ranging from 0.063 to 125 mm. Each GSD was
checked to ensure that the largest size clast did
not constitute more than 5% of the total sample
mass: 54 out of 55 GSDs complied with this rule
and were considered representative. For each
grain size distribution, the following parameters
were determined as primary descriptors of the
grain size distribution: geometric average grain
size (D), median grain size (Dso), fraction content
of grains smaller than 0.5 mm (f.o5), geometric
standard deviation (6,), logarithmic standard
deviation (c,), geometric skewness (Sk,) and log-
arithmic skewness (Sk,). Because calculation of
04 0, Sk, and Sk, is not straightforward, the
expressions that were used are included below:
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D, =exp (Z fi-In Di> (6)
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Op= ij'(ﬁ”i‘ij%’) (9)

Sk

:Zifi'(C"i_ZfiC"i)s

%

v (10)

Here f; is the fraction content of sediment in
size class I, D; is the characteristic sediment
diameter for size class i, expressed on the
millimetre-scale, and ¢; is the characteristic sed-
iment diameter for size class i, expressed on the
@-scale.

RESULTS

Validation of the nuclear density gauge

The three successive NDG measurements at each
location show close agreement to one another.
The standard deviation of the three successive
water content measurements ranged between
0.0% and 0.4%, whereas the standard deviation
of the three successive total wet density measure-
ments ranged between 0.0 kg m™* and 20 kg m™®.

Comparison of porosity determined using the
NDG to porosity of the prototype sediments
(Table 2) indicates a good performance of NDG
in direct transmission mode. The backscatter

mode overestimated porosity values in both
boxes, but this mode was not used for the NDG
measurement in the field.

Comparison of porosity measured using the
NDG to porosity measured using the water dis-
placement method (Fig. 6A), shows a strong cor-
relation between both porosity values. There is
no sign of a systematic difference: the datapoints
scatter around the line of perfect agreement with
an RMSE of about 0.03. This is considered
acceptable, because: (i) the measurement volume
was not exactly the same for both methods; and
(ii) it is impossible to reproduce the sediment
packing as it existed in its original field condi-
tion in the laboratory.

Comparison of porosity determined with the
NDG to porosity determined with the photo-
grammetry method (Fig. 6B), showed that both
methods produced similar results with an RMSE
of about 0.04. The difference can be attributed
to the fact that the exact measurement volume is
not the same for both methods. However, com-
paring the performance similarity of these meth-
ods with additional data would make the
evaluation clearer.

Spatial variability of mineral density and
porosity

The mineral density of the sediments in our
study area varied between 2493 kg m™® and
2730 kg m~°. In order to compare mineral densi-
ties of different sedimentological environments,
the Kruskal-Wallis test was conducted to deter-
mine if they come from the same population (or,
equivalently, from different populations with
the same distribution). It has been shown that,
the mean mineral densities at the confluence
site (2656 kg m™*) and the bar site (2641 kg m™)
were nearly similar, but significantly (P < 0.05
according to a Kruskal-Wallis test) higher than
the mean mineral densities at the delta site

Table 2. Nuclear density gauge (NDG) accuracy assessment on sediment boxes: p,, mineral density; V;, solid frac-
tion volume; V,, total volume of a sediment sample; n;.., porosity of the prototype sediments; nypg, porosity mea-

sured using the NDG.

nnpe (-)
Direct
Box Sediment (kg) Water (1) ps (kg m™?) vV, (1) Nyrye () Backscatter transmission
1 66.6 0 2638 39.1 0.35 0.44 0.38
2 75.8 0 2609 38.7 0.25 0.32 0.25
2 75.8 2 2609 42.1 0.31 — 0.30
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Table 3. Descriptive statistics of mineral density (ps)
at each measurement site.

ps (kg m™?)

Number of Standard
Site measurements Mean deviation
Confluence 14 2656 40.7
Delta 5 2562 58.4
Bar 19 2641 34.6
Secondary 17 2571 36.4
channel

(2562 kg m™®) and the secondary channel site
(2571 kg m~?; Table 3).

In order to calculate the mean porosity, the
outliers were first identified and excluded from
the porosity dataset. As a result, one outlier was
excluded from the confluence and another one
from the bar site (n = 0.44; Fig. 5A and C). In
this way, the mean porosity for the entire NDG
porosity dataset was 0.25 (Table 4). Clear differ-
ences exist between the four different sedimen-
tological environments, with significantly
(P < 0.05) lower mean porosity values for the
confluence (n = 0.23) and bar (n = 0.22) than for
the delta (n=0.31) and secondary channel
(n = 0.29). For three of the environments, the
standard deviation of porosity (Table 4) equalled
0.03; only the secondary channel showed a
higher standard deviation of 0.08. The overall
standard deviation of the NDG porosity dataset
equalled 0.06. These values represent the first
descriptor of the spatial variability presented in
this study. The cross-sectional and longitudinal
variations of porosity in the four sedimentologi-
cal environments are shown in Figs 7 to 10.

The lagged scatter plots of porosity pairs
(Fig. 11) show a significant correlation between
measurements situated less than 3 m apart: the
linear correlation coefficient is 0.534 for lagged
distances between 0.0 m and 1.5 m, and is 0.559
for lagged distances between 1.5 m and 3.0 m.
The correlations vanish after a few metres. The
semi-variogram (Fig. 12A) shows the absence of
any spatial correlation in porosity for distances
greater than 4 m. However, Fig. 12B reveals a
spatial dependence for distances of up to 4 m,
which means that locations closer to one
another have more similar porosity. The sill of
the variogram is 0.0037, which is equal to the
variance of the entire porosity dataset (the
square of the standard deviation shown in
Table 4).

Spatial variation of grain size

The differences between the four sedimentologi-
cal environments with respect to grain size char-
acteristics are shown in Table 5. The bar
sediments (D5, = 11.78 mm) and the confluence
sediments (Dso = 13.17 mm) were significantly
(P < 0.05 according to a Kruskal-Wallis test)
coarser than the delta sediments (Dso=
4.58 mm). They were also coarser than the sec-
ondary channel (Dso = 8.48 mm), although this
difference is not statistically significant
(P > 0.05). Furthermore, the latter two environ-
ments showed a relatively high proportion of
fines (f.0.5) compared to the bar and the conflu-
ence site (P < 0.05).

The secondary channel sediments had a sig-
nificantly (P < 0.05) higher standard deviation
than the bar and the confluence sediments. This
site also had a higher standard deviation than
the delta, although this difference is not
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Table 4. Descriptive statistics of porosity (n) variation at each measurement site. Values include the entire data
set of this study except two outliers located at the confluence and the bar site (n = 0.44).

n(-)

Number of

Site measurements Minimum Maximum Mean Median Standard deviation
Confluence 47 0.15 0.31 0.23 0.23 0.03

Delta 18 0.28 0.36 0.31 0.30 0.03

Bar 18 0.16 0.26 0.22 0.22 0.03

Secondary channel 16 0.16 0.47 0.29 0.28 0.08

All samples 99 0.15 0.47 0.25 0.24 0.06

statistically significant (P > 0.05). Furthermore, DISCUSSION

the secondary channel includes more fine
skewed samples than the other sites. These dif-
ferences are statistically significant at P < 0.05.

The lagged scatter plots for grain size charac-
teristics are summarized in Table 6, showing the
absence of any spatial correlation for distances
greater than 3 m (low r-value and high P-value).
In some cases, a spatial correlation existed for
distances of up to 3 m, however, the trend is not
mostly statistically significant (P > 0.05). The
cross-sectional and longitudinal variations of
grain size characteristics for four different envi-
ronments, shown in Figs 7 to 10, further confirm
the absence of any spatial correlation.

The correlation between sediment
characteristics and porosity

In an attempt to explain the spatial variation in
porosity, the correlation between grain size char-
acteristics and porosity was investigated. In
Fig. 13, the relationships between grain size
parameters (o,, Sk,, and f.5) and porosity were
explored using the line of best fit (red dashed
line). The line of best fit resulted from a linear
regression analysis. In linear regression, the ‘F-
test’ examines the significance of a fitted model
i.e. the line of best fit.

Our study did not reveal any correlation
between porosity and mean grain size (D,) or
median grain size (Dsg). A weak, but significant,
correlation (low P-values of the F-test) however
existed between porosity and grain size parame-
ters such as standard deviation (o, or ¢,), skew-
ness (Skg or Sk,) and the fraction content of
grains smaller than 0.5 mm (f.,,). Porosity
decreased with increasing standard deviation,
increasing skewness of the GSD, and decreasing
fine sediment fraction.

The suitability of nuclear density gauging for
porosity measurements in rivers

Close agreement of the three successive nuclear
density gauge (NDG) measurements at each loca-
tion shows that NDG measurements are precise
and repeatable. Furthermore, the strong correla-
tion between porosity values measured using
the NDG and porosity values measured using
the water displacement and photogrammetry
techniques, shows that they are accurate too.
Therefore, NDG can be considered to be an
appropriate technique for porosity measure-
ments in rivers. Because NDG measurements are
easy and quick, NDG is a good option for field
studies in which many porosity measurements
are required.

The use for NDG for porosity measurements,
however, also has some limitations. Firstly,
NDG does not work in submerged conditions, so
its use is limited to situations when the river
bed surface is accessible such as during low-
flow periods. Secondly, NDG requires a close
contact between the device’s bottom and the
sediment surface; therefore, NDG can only be
applied to even sediment surfaces, such as the
subsurface sediments investigated in this study.
If information is needed about the porosity of
armour layers, which are notoriously uneven,
the photogrammetry method described in
Tabesh et al. (2019) is recommended.

Explaining the spatial variation in porosity

The semi-variogram analysis showed a spatial
dependence of porosity for distances of up to
4 m, meaning that locations closer to each other
have more similar porosity. It is expected that
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Fig. 7. (A) Schematic cross-sectional profile, (B) longitudinal profile at the bar site. (I) shows the variation of
porosity (n) in the left vertical axis and logarithmic standard deviation (¢,) in the right vertical axis. (II) shows the
variation of logarithmic skewness (Sk,) in the left vertical axis and fraction of fine grains smaller than 0.5 mm
(f<0.5) in the right vertical axis. The bar elevation is given relative to the local water level.

the spatial dependency of porosity is attributed
to the small-scale patchiness phenomena. The
presence of patches can be caused by some local
sedimentological properties such as stone clus-
ters and bedforms.

In most gravel-bed rivers, the sediment mix-
tures are often sorted into areas of similar grain
size, producing discrete patches (Buffington &
Montgomery, 1999; Yarnell et al., 2006; Nelson

et al., 2010). On the North Fork Toutle River,
Seal & Paola (1995) found that patch diameters
range from less than 1 m to about 10 m. More-
over, Paola & Seal (1995) suggested that the
patchiness would tend to arise in well-
developed braiding morphologies with a poorly
sorted, bimodal sediment distribution. Such a
mechanism is likely in the studied braided river,
in which poorly sorted (5, =2.6), bimodal
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vertical axis.

sediment distributions were frequently observed.
Therefore, in this study area, it was possible that
the presence of patches (with a length scale of
about 4 m) with similar sedimentological pack-
ing resulted in similar porosity.

Furthermore, the spatial dependency of poros-
ity (with the length scale of 4 m) might be attrib-
uted to the presence of patches which are
caused by bedforms. Fluvial deposits encompass
a set of bedforms: (i) dunes and ripples which
usually organize into bars; and (ii) bedload
sheets which lie within channels (Bridge, 1993;
Lunt et al., 2004; Gibling, 2006). On the Saga-
vanirktok River in northern Alaska, Lunt et al.
(2004) showed that braid bars of a similar size to
the one examined in this study were covered
with a variety of surface depositional features,
dunes and bedload sheets, that extended for dis-
tances in the same order of magnitude as the
length scale of 4 m. On the Calamus River,
Nebraska, Bridge et al. (1986) observed that most
of the channel bed was covered with dunes with
the lengths of 2 to 7 m at high flow stages and 1
to 4 m at low flow stages. Over these distances,

the bed configurations were quite homogenous.
Therefore, similar sedimentological packing, and
as a result similar porosity, might be expected.

In order to explain the spatial variation in
porosity, the relationship between porosity and
grain size characteristics as one of the major
porosity controlling factors, has been assessed.
In previous studies, the effect of the grain size
characteristics on porosity has been quantified
in some detail. For instance, Frings et al.
(2011a) found that the median grain size (Dso) is
unable to reproduce the observed variation in
porosity, which was confirmed with the high P-
values (P > 0.05) shown in Table 6. They also
showed that porosity decreases with increasing
standard deviation of grain size distribution,
with bimodal particle mixtures generally having
a lower porosity than unimodal mixtures. Our
result confirmed these findings and also showed
that with very poorly sorted sediments (high o),
GSDs with the similar o, values might result in
various porosity values (Fig. 13A).

In this study, the effect of skewness of grain
size distribution on porosity, which has not
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Fig. 9. (A) and (B) Schematic longitudinal profiles at the confluence site. (I) shows the variation of porosity (n) in
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logarithmic skewness (Sk,) in the left vertical axis and fraction of fine grains smaller than 0.5 mm (f.5) in the

right vertical axis. Average gradient 0.016 (16 m km™").

been discovered or reported in previous studies,
has been presented. Figure 13B shows that a
GSD with coarse skewed shape (indicating a tail
of coarser particles) is more likely to have lower
porosity than with fine skewed shape

(indicating an excess of fines). This is in good
agreement with our results (Fig. 13B) presenting
the effect of skewness of grain size distribution
on porosity, which has not been discovered or
reported in previous studies.
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Fractional-packing models based on bimodal porosity can be much better predicted by know-
sediment mixtures (Koltermann & Gorelick, ing the volume fraction of fine grains. As the
1995; Kamann et al., 2007) have suggested that volume fraction of fine grains increases within a
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Fig. 12. Semi-variogram for the entire nuclear density
gauge (NDG) porosity dataset across (A) 50 m, (B)
14 m of the measurement site. The number of pairs in
each bin is written next to each point. The horizontal
dashed line indicates the overall sample variance.
Blue line represents the spherical model fitted to the
sample variogram.

sediment mixture, the packing of the mixture
changes which causes changes in porosity. Fur-
thermore, Frings et al. (2011a) indicated that as

Spatial variability in river bed porosity 839

the content of fine grains smaller than 0.5 mm
increases, porosity increases due to increasing
importance of adhesion effects. Due to the adhe-
sion effects, the surface of grains is covered with
a thin layer of water and thus it separates the
grains a little, resulting in increasing porosity.
This finding has a good agreement with our
results shown in Fig. 13C.

Although grain size characteristics (o,, Sk,
and f_,,) have significant impact on porosity,
the relationships between these parameters and
porosity are not very strong (Fig. 13). Theoreti-
cally, porosity of sand-gravel mixtures must
depend on grain size characteristics, and thus
they should be able to explain porosity varia-
tions. However, this relationship is not suffi-
ciently accounted for by the grain size
parameters used in this study. This shows that
in order to improve the explanation of porosity
variations, other grain size characteristics or
other porosity controlling parameters, such as
grain shape or depositional conditions (Frings et
al., 2011b), need to be considered.

Guidelines for number of porosity samples

The analysis presented in this paper indicated
that porosity point measurements are correlated
over a distance of 4 m, but not beyond. There-
fore, thousands of direct measurements are
required to ensure an accurate characterization
of the field site at this scale. This means that
accurate characterization would be practically
impossible or very difficult to achieve. Hence, a
certain number of samples can be taken to have
a reliable insight about the mean and variance
of porosity. In fact, a limited number of sam-
pling  points allows an  approximate

Table 5. Mean and standard deviation (STD) of the measured grain size characteristics (on a millimetre-scale
and phi-scale) for all four sites: Djy, median grain size; D,, geometric average grain size; o, geometric standard

deviation; o, logarithmic standard deviation; Sk,, geometric skewness; Sk

smaller than 0.5 mm.

»» logarithmic skewness; f<q 5 fine grains

J<o5 (5)

Mean STD Mean STD Mean STD Mean STD

D50 (mm) Dg (mm)
Site Number Mean STD Mean STD
Confluence 14 13.17 6.81 8.57 4.63
Delta 5 458 1.72 2.98 1.50
Bar 19 11.78 3.97 7.78 2.36
Secondary channel 16 8.48 7.57 5.01 3.53
All samples 54 10.50 6.34 6.72  3.79

5.33 1.52 2.35 0.47 0.98 0.41 0.14 0.21
6.57 2.51 2.64 0.50 1.25 0.67 0.19 0.12
5.58 0.69 2.47 0.18 0.88 0.40 0.10 0.06
8.09 3.48 2.84 0.77 037 0.61 0.30 0.24

6.35 2.46 2.57 0.54 0.79 0.54 0.18 0.19

" Sk, = -Sk

@*
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Table 6. Pair points of median grain size (Ds,), logarithmic standard deviation (s,), skewness (Sk,) and fine
grains (f-o.5) grouped in three different lagged distances: (left) 0-1.5 m, (middle) 1.5-3.0 m, (right) 3.0-4.5 m; -
value is the Pearson correlation coefficient, P-value is the significant level. Bold values denote statistical signifi-

cance at the P < 0.05 level.

Lagged distance:

Lagged distance: Lagged distance:

0-1.5m 1.5-3.0 m 3.0-4.5 m
Grain size characteristics r-value P-value r-value P-value r-value P-value
D5 0.554 0.122 0.519 0.102 0.122 0.619
Gy 0.437 0.240 0.618 0.043 -0.388 0.101
Skq, 0.726 0.027 0.681 0.021 0.250 0.303
05 0.329 0.387 0.676 0.023 0.251 0.300
05 _
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e a - a . b a '»'0
0.4 - - L
O I--. R i TS d e ¢"
= 03 “rect e ', vor e
- = - - - e x - ‘
3}2‘ ‘..'~. o 3‘:;‘& ¢ L
0.2 Lapt Seo - L R I
i ‘h =031 | |r=051 SN 14, r=078
p=0.024 p = 8.62E-05 p = 4.79E-12
0.1 — T T T T 1 T T T T T T T T T T T T T
1 15 2 25 3 35 4 45 -1 -05 0 05 1 15 2 O 02 04 06 08 1
o () Sk, () foost)
| + confluence delta 4 bar secondary channel |

Fig. 13. The relation between: (A) logarithmic standard deviation of grain size distribution (GSD) (s,); (B) loga-
rithmic skewness of the GSD (Sk,); and (C) fraction of fine grains smaller than 0.5 mm (f.o5) and porosity (n) at
four different sites. P-values are derived using the F-test and give significant differences in the case of P < 0.05.
r*-values determine the percentage of the data that is closest to the best fit line. Red dashed line represents the

best fit line.

characterization of a field site. Furthermore, a
good estimate of the mean porosity value can be
used to convert measured volumetric changes of
a river bed into sediment transport rates, which
has been utilized in sediment budget analysis
(Frings et al., 2014). Church & Ferguson (2015)
also showed that sediment transport rates can be
trackable from morphological changes in a river,
for which considering a reliable mean porosity
is a prerequisite.

In order to obtain a good estimate of the
mean porosity with a desired accuracy, a cer-
tain number of porosity measurements needs to
be carried out. In this study, in order to assess
the effect of the sampling number on the accu-
racy of a mean porosity, the porosity dataset at
each site was randomly subsampled. Since the
total number of NDG porosity samples at each

site was limited to 48, 18, 19 and 16 in conflu-
ence, delta, bar and secondary channel, respec-
tively, the procedure of subsampling was
conducted by replacement. To do so, during
the procedure of subsampling at each site,
between 1 and 50 samples of the total number
of porosity samples were chosen. A subsample
was generated from the uniformly distributed
random integers (index between 1 and the total
number of porosity samples at each site). After-
wards, porosity values corresponding to these
random indices were selected. Then the mean
and the standard deviation of porosity values
of each subsample were calculated. Conse-
quently, the accuracy of the mean porosity in
each subsample was evaluated by calculating
the standard error (SE) using the following
expression:
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Fig. 14. The effect of sampling number on the stan-
dard error (SE) of the mean porosity at four different
sites.

SE=—— (11)

where ¢ and N are the standard deviation of
porosity values and number of porosity samples
in one subsample, respectively. Figure 14 shows
the decreasing of the standard error with
increasing sample numbers at all four sites.

It has become clear that the required number
of porosity samples to achieve a reliable mean
porosity value strongly depends on the porosity
spatial variability in an environment and the
desired level of accuracy. Therefore, guidelines
for the number of porosity samples (N) can be
easily generated using Eq. 11. The first step to
select a sufficient number of porosity samples
can be done by setting SE to some predefined
low accuracy level (for example 0.03). With the
knowledge of porosity standard deviation (¢) in
an environment, one can determine the number
of porosity samples that is required to obtain the
mean porosity with the desired level of accu-
racy.

In this study, the secondary channel site with
the highest variation of grain size characteristics
showed the highest variation of porosity, with a
standard deviation of 0.08. This value can be
considered as a safe, first recommendation of
porosity standard deviation for situations

Spatial variability in river bed porosity 841

without any prior knowledge about the standard
deviation of porosity. Therefore, using Eq. 11,
eight porosity samples appear to be required to
obtain a mean porosity with an uncertainty of
+0.03 in an unknown environment. Generally,
aiming at uncertainty below 0.03 gives an abrupt
increase in sampling effort (for estimates with
an uncertainty of 0.02 at least 16 samples are
required), which might not be feasible in most
river management studies.

All recommendations for the number of poros-
ity samples given above refer to situations with-
out any prior knowledge of the porosity
variations with assumed porosity standard devi-
ation of 0.08. However, if such a priori knowl-
edge does exist and shows higher variability of
porosity, considerably more porosity measure-
ments are required (for example: about 12 sam-
ples if 6=0.1).

CONCLUSIONS

This study provided a unique dataset of spatial
variability in sediment porosity in sand-gravel
bed rivers, which is valuable for researchers and
river managers. The main conclusions of this
study are:

1 Nuclear density gauging (NDG) is a time-
saving and labour-saving technique that allows
for an easy and quick measurement of sediment
porosity in the field. It produces accurate poros-
ity values with an RMSE of 0.03. This technique
requires independent, accompanying measure-
ment of mineral density and water content.

2 The four sedimentological environments in
braiding rivers that were investigated in this
study show different porosity, with mean poros-
ity being significantly lower for the confluence
and the bar than for the delta and secondary
channel. The standard deviation of porosity
equalled 0.08 for the secondary channel and
0.03 for the other three environments. This
shows that spatial porosity variability is notice-
able and cannot be neglected.

3 Spatial correlation in porosity values is pre-
sent up to a distance of 4 m. For distances
beyond 4 m, the porosity values are spatially
uncorrelated. Consequently, it is not possible to
estimate porosity by spatial extrapolation from
points with known porosity, unless the extrapo-
lation distance is less than 4 m.

4 The number of porosity samples required to
obtain a reliable mean porosity value depends
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on the spatial variation of porosity and the
desired level of accuracy. At least eight mea-
surements of porosity are required to obtain a
reliable estimate of the mean porosity in a sedi-
mentary environment, i.e. with uncertainty
<0.03.

5 Although grain size characteristics (o, Sk,
and f_,.) have significant impact on porosity,
the relationships between these parameters and
porosity are not very strong. This shows that in
order to explain porosity variations, other poros-
ity controlling parameters need to be consid-
ered.
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NOMENCLATURE

Vs Solid fraction volume, m?

Vi Total sediment volume (including pores), m?
n Porosity, dimensionless

nypc  Porosity measured using nuclear density
gauge, dimensionless

Nirue Porosity of the prototype sediments,
dimensionless

Pt Total wet density, kg m™

Ps Mineral density, kg m™

n Water content (mass ratio of water and dry
sediment), %

INDG Water content measured wusing nuclear
density gauge, %

Mab Oven-dried water content, %

h Lag distance, m

y Semi-variance, dimensionless

n(x;) Porosity measured at location X;,
dimensionless

N Number of porosity pair points separated by
lag h, dimensionless

Dy 10th percentile of the grain size distribution, m

D5, Median grain size, m

Dgq 90th percentile of the grain size distribution, m

D; Characteristic sediment diameter for size
class i, m

D, Geometrically averaged grain size, m

g Geometric standard deviation of the grain
size distribution, dimensionless

6, Logarithmic standard deviation of the grain
size distribution (¢ scale), dimensionless

G, Averaged logarithmic standard deviation of
the grain size distribution (¢ scale),
dimensionless

Skg Geometric skewness of the grain size
distribution, dimensionless

Sk, Logarithmic skewness of the grain size
distribution (¢ scale), dimensionless

@i Characteristic sediment diameter for size
class i (¢ scale), dimensionless

fi Fraction content of sediment in size class i,
dimensionless

f<o0.5 Fraction content of grains smaller than
0.5 mm, dimensionless

SE Standard  error of mean  porosity,
dimensionless

c Standard deviation of porosity values in one
subsample, dimensionless

N Number of porosity samples in one
subsample, dimensionless
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Supinfo S1. This provides the dataset measured at
four measurement sites. This dataset includes water
content, porosity values measured with three different
techniques and grain size parameters described in
detail in the manuscript.
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