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Abstract

The composition of the underwater sediment bed is often defined in terms of the mud (<63 pm) or sand (> 63 and <2000
pm) content. Mud and sand differ considerably in their content of (natural) radionuclides. Radionuclide concentrations are
highest in the clay minerals that form a significant part of the mud fraction. A study was initiated in the Hollandsch Diep and
Haringvliet, two semi-stagnant fresh water basins in the southwestern part of Rhine—Meuse Estuary (The Netherlands), to
investigate whether radionuclides can be utilised to determine the sand and mud content of aquatic sediments. The radiometric
fingerprint was assessed based on sediment samples with different composition, provenance and age. Differences in provenance
(Rhine versus Meuse) could be discriminated by the “°K content of the sediment. Differences in age or composition, in terms of
mineralogy, organic matter or carbonate content, only slightly affected the radiometric characteristics based on 2**Th and ***U.
On the other hand, no reliable correlation between “°K and the mud content was obtained; therefore, “°K is excluded from the
fingerprint. The fingerprints based on the ***Th and **®U contents characterise mud (<63 pm) and sand (>63 pm) as:
46.2 + 1.9 Bg/kg ***U and 9.3 + 0.9 Bg/kg ***U and 45.6 + 1.9 Bq/kg ***Th and 9.7 + 0.9 Bg/kg **?Th, respectively. The
assessed radiometric fingerprint allows a quantitative interpretation of the mud and sand content through the total 2*8U +3*Th
activity. This interpretation is confirmed by the high correlation (R*=0.96) for the mud percentages obtained from radiometric
analysis and those by laser diffraction in the laboratory. It can be concluded that radiometric sedimentology provides a tool for
reliable sediment characterisation. New perspectives are opened when radiometric fingerprints are combined with in situ
radiometric characterisation of sediments, which will be presented in part B of this paper (this issue). © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

The composition of a natural sediment bed is the
result of various morphodynamic processes and can be
characterised by its sand (>63 and <2000 pm) and
clay (<2 um), silt (<16 pm) or mud content (<63
pm). Especially in delta systems where the deposition
or erosion of mud and sand occurs under specific
(tidal) conditions, such a classification appears often
to be more functional than grain-size information
expressed by a median diameter. The sand or mud
content provides information with respect to (a) the
sediment-transport processes active in a water system
and (b) the (potential) degree of pollution of the
sediments, which is strongly correlated to the mud
content (Horowitz and Elrick, 1987; Zwolsman et al.,
1996).

Sand and mud have different geochemical and
physical properties and are transported in a different
manner. Sand is an inorganic, silicium-rich coarse
material, which is transported mainly as bedload.
Mud is a fine, cohesive material, still rich in silicium,
quartz and feldspars, but also in organic matter and
clay minerals and is transported in suspension. Al,O;
is a main constituent of these clay minerals. Moreover,
clay minerals have a high adsorption potential for
trace metals and radionuclides. Studies suggest that as
a result of their specific adsorptive behaviour, radio-

nuclides can very well function as indicators for the
mud and sand content of submerged sediments
(Duursma and Bosch, 1970; Duursma and Eisma,
1973; Venema and De Meijer, 2001).

Most methods used to characterise sediments are
laboratory-based, requiring collection of sediment
samples from the field. Given the spatial heterogene-
ity of most natural aquatic sediments, to obtain
accurate spatial information, extensive sediment sam-
pling is required which often turns into a costly and
time-consuming operation. Therefore, a distinct need
for reliable and fast in situ techniques exists, for which
radiometric sedimentology is a promising candidate.

In radiometric sedimentology, various sediment
components are characterised using the concentration
of natural, gamma-ray emitting radionuclides. Three
of the main radionuclides in the natural environment,
238U, 22Th and *°K, are generally used as they have a
half-life longer or comparable to the earth’s existence
(1o of 2*®U, #*?Th and *°K is 4.5, 14 and 1.3 Ga,
respectively). Accordingly, these nuclides form excel-
lent indicators for intrinsic sediment properties. Their
presence can be measured through the emission of ~-
rays during decay, either directly (*°K) or via decay
products (***U and 2**Th). Such ~-ray activity cannot
only be analysed in sediment samples in the labora-
tory, but also non-invasively and in situ by trailing a
~-ray detector over the sediment bed.
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Fig. 1. Schematic outline of the process of radiometric sedimentology.
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The methodology used in this paper is schemati-
cally presented in Fig. 1. The radiometric character-
isation of sediments is conducted in the laboratory,
resulting in sediment component-specific radiometric
fingerprints. In this study, the radiometric fingerprint
of a sediment component is defined as the represen-
tative combination of the activity concentration of
238U, #2Th and *°K. Geochemical analyses were
used to assess the quality and/or diversity of the
samples used for this fingerprint, regarding age,
provenance and composition. A radionuclide distri-
bution map is derived from in situ measured ~-ray
spectra obtained with the ‘Multi-Detector system for
Underwater Sediment Activity’ (MEDUSA) (Venema
and De Meijer, 2001; Hendriks et al., 2001). The
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combination results in a map of the sediment com-
position.

This methodology was put into practice, resulting
in a sand—mud map of the aquatic sediments of the
Hollandsch Diep and Haringvliet, two semi-stagnant
fresh water basins in the southwestern part of
Rhine—Meuse Estuary (The Netherlands); see Fig.
2. Since the closure of this former estuary area from
the sea in 1970, significant sedimentation of mud has
occurred in the tidal channels. The eastern section
near the rivers’ outflow is well known for its mud
deposits several meters thick, whereas the western
section has much lower sedimentation rates with mud
deposits being more dispersed across the area. As the
former estuarine sandy deposits are still present as
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Fig. 2. Layout of the Rhine—Meuse Estuary and location of the study area Hollandsch Diep and Haringvliet.
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shallow flats, this area offers a perfect case for using
radiometric sedimentology to map the sand mud
content.

This paper, part A, describes the derivation of the
fingerprints for mud and sand in the Hollandsch Diep
and Haringvliet. The implementation of the in situ
radiometric technique MEDUSA and the actual deri-
vation of the sand—mud maps will be described in part
B of this paper (this issue).

2. Geographical setting

The rivers Rhine and Meuse form a combined
estuary in the southwestern part of The Netherlands
(Fig. 2). The hydrodynamics of the estuary are highly
regulated by control of river inflows and mainte-

nance dredging of shipping channels. The northern
outlet of the estuary to the North Sea is via Rotter-
dam Waterway. The southern part of the estuary
consists of two fresh water bodies: the Haringvliet
and Hollandsch Diep. After the completion of the
Haringvliet Dam in 1970, this southern branch of the
estuary changed from a dynamic brackish tidal inlet
into a semi-stagnant freshwater area, which had
severe effects on the ecological values of the area
(Ferguson and Wolff, 1984). Sluices in the dam are
operated using a manipulation programme which
guarantees a minimum flow (1500 m®/s) through
the northern outlet of the estuary, the Rotterdam
Waterway, when the Rhine discharge exceeds 1700
m’/s (approximately 60% of the year); the remain-
ing flow is discharged through the Haringvliet during
low tide.
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Fig. 3. Sampling locations in the study area.
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Due to the construction of the Haringvliet Dam,
flow velocities in the inland waters decreased dra-
matically and, consequently, sedimentation was ini-
tiated in the eastern part of the Hollandsch Diep
basin. Some 75% of the suspended sediments by the
rivers Rhine (1.9 Mton/year) and Meuse (0.3 Mton/
year) is deposited in the Hollandsch Diep basin
(Van Dreumel, 1995). The sedimentation area has
a length of approximately 30 km and a width of 1—
4 km. Actual sediment accumulation rates in the
Hollandsch Diep range from several centimeters per
year for both ends of the basin to 20 cm/year in the
central parts (Van Eck et al., 1997). In the Har-
ingvliet sediment, accumulation rates amount to on
average 1 cm/year (Van Wijngaarden and Ludikhuize,
1997).

The predominantly muddy sediments accumulat-
ing in the former tidal channels of the basin originate
mainly from the River Rhine. Only in the south-
eastern part of the study area, near the outflow of the
Meuse in the Hollandsch Diep, are the sediments
dominated by Meuse River deposits. In the 1960s
and 1970s, the suspended sediment from the Rhine
and Meuse was severely polluted; since the 1980s,
especially Rhine sediments have shown a significant

improvement in quality (Beurskens et al., 1994;
Middelkoop, 1997). Throughout the study area, the
heavily polluted ‘old’ sediments still surface locally
in areas with low sedimentation rates, i.e. shallow
near-shore areas and some deeper parts of the Har-
ingvliet. Locations with high sedimentation rates, on
the other hand, show less polluted recent deposits at
the surface. The riverine sand settles out directly at
the rivers’ entrance of the Hollandsch Diep (Van
Dreumel, 1995, 1997; Van Wijngaarden, 1999). The
sand found in the Haringvliet is a relict from the
former estuarine situation; nowadays, no active sand
deposition is found in the Haringvliet.

3. Fingerprinting
3.1. Sampling strategy

To obtain fingerprints, laboratory analyses of sedi-
ment samples were made. In March 1998, a first set of
12 sediment samples was taken from the top layer of
the sediment in the Hollandsch Diep. Additional sam-
ples were taken during two MEDUSA field surveys:
one in July 1998 for the Hollandsch Diep (ten
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Fig. 4. Grain-size distribution of mud recently deposited by the Rhine.
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samples) and one in August 1999 for the Haringvliet
(17 samples). Knowledge of the main morphological
features and sediment transport processes in the area
formed the basis of each sampling cruise. A priori, it
was not known how differences in provenance or age
of the samples would affect the fingerprints of mud
and sand. Therefore, in the first sampling round,
special attention was paid to sampling sediment types
with a different origin or age, which were considered
to cover the majority of the surface sediment in the
region:

1. Recent Rhine mud deposited during a period
of improving suspended sediment quality
(after 1980) (samples HD-A1/3).

2. Older Rhine mud deposited during the period
of severe suspended sediment pollution in the
period 1950—1980 (HD-A4/6).

3. Recently deposited Meuse mud (HD-A7/9).

4. Rhine sand (HD-A10/12).

The sampling locations are presented in Fig. 3; at each
location, five samples were taken with a Van Veen

Geomorphology 43 (2002) 87-101

sediment grab, which samples the sediment top layer
(about 20 cm).

The remaining samples presented in Fig. 3 were
selected during two separate surveys in the Hol-
landsch Diep and the Haringvliet. The on-line
MEDUSA output was used for selection, resulting
in a choice of sampling locations with varying radio-
nuclide composition. These samples were taken using
a box corer, also sampling the top layer. In Fig. 3,
these 10 Hollandsch Diep samples are specified by
‘HD B-number’ and the nine Haringvliet samples by
‘HV-number’. Additionally, in the Haringvliet, scuba
divers sampled sediment from directly under the
sensor at eight locations; these samples are indicated
by ‘HV D-number’ in Fig. 3. In this manner, three
independent sets of samples were obtained, which
were used for calibration and verification of the
fingerprint.

3.2. Treatment of samples

All samples were dried and homogenised before
radiometric and geochemical analysis. For the first set
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Fig. 5. A typical example of the grain-size distribution of a Haringvliet and Hollandsch Diep muddy sediment.
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of samples (numbers ‘A’) from the Hollandsch Diep,
an attempt was made to preserve the integrity of the
samples and their radiometric characteristics by not
pretreating them in any way. However, it turned out
that aggregates from organic matter and clay minerals
were bound together in aggregates >63 pm, thus
erroneously contributing to the sand fraction. Con-
sequently, all samples were pretreated with 30% H,0,
and 10% HCI, but only for the grain-size analysis. To
preserve the radiometric and geochemical character-
istics, pure and untreated samples were analysed.

3.3. Analytical techniques

3.3.1. Grain-size determinations

Grain-size distributions were measured with a
Malvern x -mastersizer at NITG-TNO. Approximately
5 g of sample was put in an ultrasonic bath and the
suspension was cycled through a measuring cell in
front of the laser for 5 min. The correlation with
sieving methods is good, with a systematic over-
estimation of dso values for the laser method (Zonne-
veld, 1994; Konert and Vandenberghe, 1994).

3.3.2. Geochemical analysis

Total carbon and sulphur were measured with a
Strohlein CS-mat 5500 at NITG-TNO, by combustion
of 0.1 g of sample at 1350 °C while detecting the
evading CO, and SO, by an infrared detector. Stand-
ard deviations are less then 5%. CaCO; was measured
with a Stréhlein C-mat 5500 by CO, analysis after
acidification with H;POy,, using about 1 g of sample.
Standard deviations are better then 5%. Organic
carbon was calculated by subtracting calcite carbon
from total carbon.

For XRF-analyses, 10 g of a sample was ground
and subsequently pressed with wax into tablets. The
tablets were analysed for major and trace elements by
X-ray fluorescence spectroscopy, using an ARL8410
spectrometer at NITG-TNO, with full matrix correc-
tion for major elements and Compton scatter method
for trace elements. The XRF was calibrated using
approximately 100 certified geological reference sam-
ples. Three reference samples were added to each
batch of 50 samples to determine precision (0.5—1%
relative standard deviation) and accuracy (1-5%
relative standard deviation).
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3.3.3. Radiometric analysis

238U and ***Th are indirectly analysed using a few
daughter radionuclides that emit ~-rays with sufficient
intensity in the energy range of 0.1-2.6 MeV, essen-
tially 2'"*Pb and 2"*Bi for 2**U and **®*Ac and 2°°TI
and 2'?Pb for **Th. Escape of **’Rn was prevented
by sealing and, to restore the radiometric equilibrium,
storage of the samples for a period of 3 weeks prior to
measurement. Depending on the total volume of
sample, samples were put in a re-entrant Marinelli
beaker or in a small polystyrene box for an optimal
geometry. The beaker or box was positioned on top of
a high-purity germanium (HPGe) detector of NGD/
KVI for ~-ray spectrometry. The HPGe detector is an
EG and G Ortec p-type germanium detector, with
crystal dimensions: ®=60.4 mm, 2=78.3 mm. This
is a general purpose, high-energy resolution instru-
ment for measuring ~-rays with energies between 0.12
and 3 MeV. The detector is mounted inside a 10-cm
lead shielding against room and cosmic ray back-
ground. The efficiency of the detector is calibrated
with an aqueous solution of man-made radionuclides.

The efficiencies are corrected for matrix effects and
for extra self-adsorption due to a sample density
deviating from unity according to procedures outlined
by Sima (1992).

In this investigation, activity concentrations of *°K,
238U, ?*Th and of the anthropogenic radionuclides
0Co and "*’Cs were determined. The analysis of the
~-ray spectrum is based on the determination of the
strength of photo peaks. The reported values of the
series are the weighted averages for the activities for
each ~-ray transition under the assumption of secular
equilibrium (Evans, 1969) among the various decay
products.

3.4. Assessment of fingerprints

The radiometric fingerprint of a sediment fraction is
based on the assumption that the total activity concen-
tration will be the sum of the activity concentrations
from each fraction. This assumption seems to be valid
since there are no physical processes to distort this
linear relationship. The use of three radionuclides
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allows the user to define a maximum of four sediment
fractions, by solving the following set of equations:

Miraction1 * Cfraction 1 (K) + Meraction2 * CfractionZ (K)

+mfracti0113 * Cfraction?} (K) + Mpactiond * Cfraction4

% (K) = C*'(K)

Mieraction1 * Cfmction 1 (U) + Miraction2 * CfractionZ(U)
+Mpraction3 * Cfraction3 (U) + Mpractiond * Cfra(:tion4

x(U) = C'(U)

Mieraction1 * Cfmction 1 (Th) + Meraction2 * Cfractinn2 (K)

+mfraction3 * Cfra(:tion3 (Th) + Miraction4 * Cfraction4
x(Th) = C'°*(Th)

Mpraction 1 + Miraction2 + Miraction3 T Miractiond = 1

where: Mgactions 14 = the mass of the (four) sediment
size fractions in the sample [—]; Cgactions 1-4 (K/U/

Th)=the activity concentration for each radionuclide
in each sediment fraction of the sample [Bq/kg]; C***
(K/U/Th) =the total activity concentration of the total
sample for each radionuclide [Bg/kg].

The activity concentrations of the total sediment
sample (C** (K), C*** (Th), C*** (U)) are known from
radiometric analyses as are the mass fractions of mud
and sand from grain-size analyses. With less than four
sediment fractions, the set of equations will be over-
determined. Since in the presented study, only two
fractions, i.e. mud and sand, were distinguished, a
least-squares procedure was used to determine the
best possible solution obtained from matrix inversion.

4. Radiometric characterisation of the Rhine—
Meuse sediments

Pretreatment with acids of samples prior to grain-
size analyses resulted in two compensating effects: [1]
destruction of relatively large organic aggregates and
[2] destruction of the fine-grained material. The net
effect on the dso or the mud content depends on the
composition of each sample. To illustrate this, in Fig.

100
© Old Rhine mud W ©o «
L]
90 1| 4 Recent Rhine mud A
A <o
80 4 Recent Meuse mud o o
- .
= Rhine sand ° . muddy
70 1| o Survey Hollandsch Diep . sediments
e Survey Haringviiet o
60 +
£ o®
3
Q2 50 T
A\
N
40 + ° A
s
30 T *
o
20 + °
10 + . sandy sediments
L L]
.
.' o
o
0 po® . . : | }
0 2 4 6 10 12 14

8
Al,0; (%)

Fig. 8. Relation between the Al,O3 content (%)and the mud content (%) of all samples; the various sediment types are indicated by separate

symbols.



96 M. van Wijngaarden et al. / Geomorphology 43 (2002) 87—-101

4, the grain-size distributions of a muddy sample
before and after treatment are presented, showing that
treatment results in a decrease of the ds, of about 10
pm, whereas the mud content increases by several
mass percents. Although the effect of treatment is
observable, it turns out to hardly disturb the finger-
printing procedure.

Fig. 5 presents the grain-size distribution of a
typical Hollandsch Diep and Haringvliet sample.
The figure illustrates the general observation that
Hollandsch Diep samples are muddier than Haringv-
liet samples. Moreover, as indicated in Fig. 5, in both
samples, a fine and coarse fraction can be distin-
guished. For both samples, the mud fraction has a
median diameter around 16 pm, whereas the sandy
fraction contains particles with a diameter of 125 or
300 pm for the Haringvliet and Hollandsch Diep,
respectively. This implies that the coarser sediment
fraction becomes finer in the downstream direction;
moreover, a higher proportion of the fine-grained
fraction is found downstream.

The correlation between “°K and mud appears to
be rather poor (R*=0.57, Fig. 6), which is due partly
to differences in both provenance and age of the
samples: relatively low values are found for the
Meuse and old Rhine samples; both sample groups

are indicated in Fig. 6. The composition of the Meuse
suspended matter confirms such low *°K contents
(Van Eck, 1982). Moreover, the high contents of
organic matter and carbonate, which are components
low in activity, may dilute the *°K concentration in the
old Rhine samples. The relation between the mud and
40K content appears to be rather poor for the Hol-
landsch Diep (R*=0.38) but strongly improved for the
Haringvliet (R*=0.87); see Figs. 9 and 10. In addition
to the influence of old Rhine and Meuse mud, the
presence of K-feldspars in the coarse fraction of some
of the Hollandsch Diep samples has further deterio-
rated the relationship between *°K and the mud
content. These feldspars are deposited in the Hol-
landsch Diep and therefore do not play a role in the
Haringvliet sediment. Moreover, all mudtypes will
have been mixed during transport, making *’K to
correlate rather well with the mud content in the
Haringvliet. Nonetheless, the use of *°K for finger-
printing of mud and sand in this area should be
handled with great consideration.

Since the old Rhine samples show deviant values
for most analysed elements, a check on their age was
needed for proper interpretation of the data (note that
sampling was only based on expert-judgement).
Heavy metal contents can be used as a tracer because
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from the pollution history of the Rhine, sediments
deposited during the period 1950—1970 can be rec-
ognised by (extremely) high heavy metal contents
(Beurskens et al., 1994; Middelkoop, 1997). In Fig.
7, the lead and zinc contents of all samples are
presented, with the ‘old Rhine’ samples indeed having
considerably high heavy metal contents. However,
high organic matter, carbonate and sulphur contents
in these samples indicate that diagenetic processes
may also be partially responsible for these enhanced
metal concentrations. Although these samples can
definitely be considered ‘old’, it should be questioned
how representative they are for the study area, given
their atypical nature and secluded sampling locations.

The Al,O; content of the samples is used to
double-check the (diversity in) textural composition
of the samples. In Fig. 8, the correlation between
Al,O5 and the mud fraction is presented (R*=0.85),
which indeed shows high Al,O3 percentages (10—
12%) for the samples with high mud contents and low
percentages (3—7%) for the sandy samples. It was
tested in the laboratory that the radiometric content of
both organic matter and carbonates is much lower
than that of the clay minerals. Although the presence

of such low activity components in muddy samples
will dilute the total radiometric signal, this will only
affect the fingerprint negatively if organic matter and
carbonates are not evenly admixed to the mud frac-
tion. The samples in this study showed no evidence of
any effect on the fingerprint.

The question arises whether the division between
mud and sand at 63 pm is a reliable choice for
fingerprinting. Therefore, the correlation coefficient
of the regression between the measured radionuclide
content and the amount of the fraction <2 pm up to
the fraction <250 pm was assessed based on all
samples. This correlation coefficient per sediment size
fraction is presented for each of the radionuclides in
Fig. 9 for the Hollandsch Diep samples and in Fig. 10
for the Haringvliet samples. Both figures illustrate that
for both the Hollandsch Diep and Haringvliet, the
correlation between ***Th and ***U is high (R* ~0.8—
0.9) for sediment fractions up to <100 um. As has
been pointed out before, *°K only correlates well
(R*~0.7 to 0.8) in the Haringvliet samples and was
left out of the fingerprint. Besides, these figures imply
that the choice for a sediment fraction is more or less
unrestricted in the range of fractions <2 to 100 pm;

0,90 ooooo0000000000000000000000O 0oo
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA&R o
A

2
2 %
DD

0,50 +

0,40 +

Correlation coefficient (RZ)

030+ |°™

020 1 | oU

010 + | 4K

0,00 +—+—+—++++++++++++++++

oooO0Ooono a
gpooooo O00og o a
o Doooppopoood 4

<030 <060 <10 <20 <36

<122 <225 <410 <763 <1405 <256.0

Sediment fraction [um]

Fig. 10. Correlation between the **U, **Th and *°K and sediment size fractions of <2 to 258 pm for the Haringvliet samples.
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Fig. 11. Relation between the 2**Th content (Bq/kg) and the mud content (%) of all samples; the various sediment types are indicated by
separate symbols.
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Table 1

Characteristic radiometric fingerprints of sand and mud. The values
are derived from the **®U and **’Th activity concentrations of
untreated total samples

Sediment type 8U_series 22Th-series

(Ba’kg) (Bakg)
Sand >63 pm 93+09 9.7+£0.9
Mud <63 pm 462+ 19 456119

the choice for the fraction <63 pum in this study fits
neatly within this range. For this mud fraction, the R*
of the combined Hollandsch Diep and Haringvliet
data equals 0.92 and 0.88 for **Th and ***U, respec-
tively.

The correlation between ***U and ***Th and mud is
presented in Figs. 11 and 12. The muddy samples
(fraction 63 pm > 60—70%) can be recognised by high
activities (around 35-50 Bq/kg) and the sandy sam-
ples (fraction 63 pm <20% to 30%) by low activities
(around 5-25 Bg/kg). Although the correlation in
both figures is strong, some scatter still exists. This

can be attributed to factors such as differences in
mineralogical composition (provenance) or organic
matter and carbonate content. For example, the two
old Rhine samples show a relatively low ***Th signal
due to admixture of relatively high organic matter and
carbonate contents. Nevertheless, such samples did
not affect the reliability of the overall relationship.
The fingerprint for the mud fraction is presented in
Table 1.

The reliability of the fingerprints was examined by
deriving the correlation between the measured sedi-
ment fraction (Malvern) and a calculated sediment
fraction based on radiometry. The latter was calcu-
lated from the total **U+?**Th activity of the sam-
ples using the fingerprint. The result is presented in
Fig. 13; the negative values are due to uncertainties in
the fingerprint evolving from grain-size analysis on
pretreated samples and radiometric analysis on
untreated samples. The estimated mud content (<63
pm) with the fingerprint correlates well with those
determined using the Malvern: correlation coefficient

120
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Mo+ o Survey Hollandsch Diep o
100 4| © Survey Haringviiet o

Mud [%] (Fingerprint)

104E : :
0 20 40

T T

60 80 100
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Fig. 13. Relation between the mud content (%) measured in the laboratory (Malvern) and the one evaluated from the activity of the total sample

and the radiometric fingerprints of sand and mud.
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R*=0.95 and a root mean square error of 12%. From
this correlation, it is not clear which of the two
methods is more precise. Based on these results, one
may conclude that sediments from the study area can
successfully be characterised by radiometric finger-
printing.

5. Summary and conclusions

The goal of this study was to evaluate whether
sediments can be characterised, in terms of mud and
sand content, by their natural radionuclide content.
Differences in age or origin were investigated using
the geochemical and/or radiometric characteristic.
Mud deposited by the Meuse shows a low *°K signal,
in agreement with the recent analysis of Meuse
suspended matter. Moreover, mud deposited by the
Rhine more than 50 years ago (Old Rhine mud)
shows both low “°K and **’Th activity concentra-
tions. This may be relative to their deviant composi-
tion, especially their high organic matter and
carbonate contents. The presence of organic matter
and carbonates will dilute the radionuclide activity
concentration, but will affect the fingerprint only if
they are not present in more or less uniform amounts
to the mud fraction; the samples in this study however
showed no evidence of such an effect on the finger-
print.

40K was not used in the fingerprint since this did
not correlate well with the fine fraction of the Hol-
landsch Diep samples. It turned out that the relation-
ship between both **Th and 2**U with each sediment
size fraction, ranging from fractions <2 to <100 pm,
was excellent. The correlation between the mud
fraction (<63 pm) and 22Th and *®U vyields an
R?>=0.92 and 0.88, respectively. Mud and sand were
consequently characterised by 46.2 + 1.9 Bg/kg ***U
and 9.3 + 0.9 Bq/kg ***U and 45.6 + 1.9 Bg/kg **Th
and 9.7 + 0.9 Bq/kg ***Th, respectively. The accuracy
of this fingerprint was tested independently against
the Malvern grain-size analyses. The correlation
between the mud fraction estimated by the fingerprint
combined with the one measured by laser diffraction
yielded an R*=0.96, with a root mean square error of
12%.

It can be concluded that the activity concentrations
of mud and sand differ by a factor of 5. Consequently,

radiometric fingerprinting offers a reliable way to
determine the sand and mud content. The uncertainty
in the radiometrically derived mud contents is small,
in the order of 4—10%, supporting the conclusion that
the radiometric signal and the mud content are closely
related. Summarising, it can be concluded that radio-
metric sedimentology provides a tool for reliable
sediment characterisation, which opens new perspec-
tives in combination with the fast in situ radiometric
characterisation of sediments by detector systems like
MEDUSA. The application of this technique to the
Rhine—Meuse estuary will be described in part B of
this paper (this issue).
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