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14 Abstract

15  The most important raw materials for the building industry are natural quarried rocks.

16  Preservation of this non-renewable resource needs valorizing products, the vast majority of
17  which is currently considered as waste. Among these, dredged sediments have gained much

18 attention and should play a key role in non-renewable natural resource preservation.

19  The aim of this paper is to achieve a resource-efficient evaluation for the re-use of fine-
20  grained dredged sediments in the heavy clay industry by investigating relationship between

21  sediment provenance and industrial properties. 86 spot samples from French dam reservoirs
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and estuaries were studied, focusing on grain-size and mineralogy. Industrial technological
tests were performed on 53 samples representative of varied lithological sources. Following
PCA analysis, source fingerprinting in four categories is proposed, allowing for direct
evaluation of sediment for brick-tile making. Best technological scores, close to industrial
values, were obtained for source category (3) mixture of sedimentary, plutonic and
metamorphic rocks and low scores for two source categories, (1) sedimentary rocks (high
carbonate content), (2) plutonic and metamorphic rocks (lack melting compound). Extrusion
failed for samples from category (4) plutonic or metamorphic rocks (lack clay minerals).
Consistency between PCA fingerprinting categories, MIF (Mineralogical Industrial
Framework) and technological tests shows that even though the sediment source classification
is simplified, it constitutes a reference to predict the recovery of dredged sediment for tile or
brick making. Insights from this study can be particularly useful to the heavy clay industry
managers when making decision regarding the fossil resource preservation by substitution

with dredged sediments.

Keywords: dredged sediment recovery; brick and tile production; provenance fingerprinting;

technological properties; Principal Component Analysis.

1 Introduction
In a context of sustainable development, waste management has become an important target
in terms of natural resource preservation and environmental issues (Azapagic et al., 2004).
Among the multiple non-hazardous wastes, this paper focuses on fine-grained dredged
sediments that can be recovered by substitution of natural material in tile and brick building

materials (Hamer and Karius, 2002; Agostini et al., 2007; Mezencevova et al., 2012;
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Cappuyns et al., 2015). Composition of raw mixtures for ceramic materials has an influence
on the sintering temperature and final properties of the produced material (Dondi, 2003;
Cultrone et al., 2004). Mineralogical studies on fine-grained dredged harbor sediment (Hamer
and Karius, 2002; Mezencevova et al., 2012; Benyerou et al., 2015) or river material (Manap
et al., 2016) have shown that silt carried in suspension can be valuable material for the
ceramic industry based on appropriate grain-size distribution and significant content in clay
minerals combined with quartz and some carbonates (Xu et al., 2014; Cappuyns et al., 2015;

Haurine, 2015, Haurine et al., 2016).

Fine-grained sediments silting in dam reservoirs or estuaries are regularly dredged for harbor,
water resource or maintenance management, and a vast majority is disposed at sea or inland
as a waste product. The re-use of dredged sediments in the heavy clay industry as an
alternative to fossil sedimentary rocks requires further investigation to provide fingerprint of
these fine-grained sediment composition with respect to the geology of sediment source.
Provenance studies, traditionally focus on mineralogical composition of sand which is easier
to analyze with standard petrography techniques (Zuffa, 2013 and references therein).
Mineralogy of silt and clay carried in suspension by rivers is determined by X-ray powder-
diffraction analyses (XRD), composition is generally related to sediment provenance (Klages
and Hsieh, 1975; Benedetti et al., 2006; Garzanti et al, 2007; Garzanti et al., 2011), it may
change along the river course, influenced by sediment dilution or concentration from

tributaries, chemical weathering during transport and seasonal input (Walling et al., 1999).

The aim of this study is to achieve a resource-efficient evaluation for the recovery of fine-
grained dredged sediments in the heavy clay industry by investigating relationship between

sediment provenance and industrial properties. Spot sampling of fine-grained sediment was

3



67

68

69

70

71

72

73

74

75
76

77

78

79

80

conducted in French dam reservoirs and estuaries, collecting sediments from a large diversity
of source rocks and geomorphic contexts. At first broad compositional pattern of surficial
sediments is described from two large dam reservoirs, Lake Serre Poncon (Alps) and Lake
Grandval (Massif Central). Then, a resource-efficient evaluation using principal component
analysis (PCA) is conducted between provenance, geomorphic context, sediment composition
and scores during the technological tests of the heavy clay industry. Finally, consistency
between proposed fingerprint categories from PCA, Mineralogical Industrial Framework

domains (MIF, Haurine et al., 2016) and technological tests is discussed.

2 Setting

Among the numerous dams built along the course of the French rivers and estuaries, we
selected sites fed from great diversity of sediment sources (plutonic, volcanic, metamorphic
and sedimentary rocks) and geomorphic contexts (active mountain range, remains of ancient

volcanoes and chains, sedimentary basins) (Fig. 1).
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Fig. 1. Site location on the lithological map of France (BRGM, 2008). Sites labeled per river
system and color-coded according to the geology of the dominant source (see supplementary

material 1 for details).

Variability of sediment composition was investigated from two large dam reservoirs located
in an active mountain range (Lake Serre Pongon, Alps), and in an ancient chain (Lake
Grandval, Massif Central), respectively. Lake Serre-Poncon (water volume 1,272 10® m?)
(Fig. 1, site 10) gathers waters from two major streams; the Durance (watershed 2170 km?)
and Ubaye (watershed 1011 km?) rivers, and a minor one the Blanche River (watershed 205
km?) and two mountain creeks (Vacheres and Boscodon) (Fig. 2a). The watershed is
characterized by mountain reliefs, heterogeneous lithologies (granite, metamorphic and

5
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sedimentary rocks) and a high erosion rate (Alary, 1998; Colmar et al., 2010). Lake Grandval
is five times smaller (water volume 272 10° m?) (Fig. 1, site 22). It is fed by the Truyere River
(watershed 1782 km?) and minor creeks (L’ Ander, watershed 310 km?2; and Le Bes, watershed
283 km?) (Fig. 2b). The watershed corresponds to low mountain reliefs, heterogeneous
lithologies (granite, gneiss with some volcanic rocks), the erosion rate is moderate (Colmar et
al., 2010). Climate in both watersheds is mountainous with some Mediterranean influence
favoring seasonal high peak discharges during which sediment accumulates at the mouth of
the feeding rivers forming deltas that prograde into the dam reservoir. Fine-grained sediment

accumulates in distal depositional environments fed by suspension.
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Fig. 2. Sediment compositional pattern at the scale of large dam reservoirs: Lake Serre-
Pongon, sampling at intermediate water depth (a); and Lake Grandval, sampling on lake

bottom (b) (see Fig. 1 for lake location, supplementary materials 3 and 4 for mineralogical

composition).
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Furthermore, several dam reservoirs and estuaries were selected to sample sediments from
varied provenances (Fig. 1). Dam reservoirs fed by sediment sources dominated by plutonic
rocks (sites 01, 02 and 24) or metamorphic ones (site 41) are located in the northern and
western parts of the ancient orogenic chain of the Massif Central and southern border of the
relict chain of the Massif Armoricain (sites 50 to 52). Selected dams impounding sediment
transfer on rivers flowing over plutonic and metamorphic substrates rich in volcanic rocks are
located in the Cantal volcanic province of the Massif Central, (sites 21 and 23). Sediment
sources comprising metamorphic and plutonic rocks are located north (site 03) and west (sites
20, 22, 27 and 40) of the Massif Central, and in the southern part of the Massif Armoricain
(site 58). Dam reservoirs collecting sediment originating from the erosion of sedimentary
rocks are located in the south-western part of the alpine range (sites 12 and 13), in the Paris
basin (sites 04 to 06). Dam reservoir fed by a river flowing over substrates of varied
geological lithologies (metamorphic, plutonic, volcanic and sedimentary rocks) are situated
on the Durance river in the outer Alpine chain (sites 10 and 11), the Tarn River in the Massif
Central (sites 25 and 26) and the Lay River along the southern border of the Massif

Armoricain (sites 50 to 52, 54 to 56).

Estuaries are located along the English Channel and the Atlantic coast (Fig. 1). To the north,
the Somme (site 80) and the Seine (sites 07) estuaries are fed by fluvial systems dominantly
flowing over sedimentary substrates (marl and limestone, clay and sand). Estuaries along the
north coast of the Massif Armoricain are fed by rivers flowing over mixed plutonic and
metamorphic rocks (sites 60 and 70). Those from the Atlantic coast are fed by rivers flowing

over mixed plutonic, metamorphic and sedimentary rocks (sites 42, 43, 57 and 59). Finally,
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the Arcachon bay (site 30) is fed by a river flowing over sedimentary substrate composed of

sandy deposits.

Selected sites provide a variety of sediment sources in different physiographic settings: active
mountain range (Alps - sites 10 to 13), ancient chain (Massif Central - sites 01-03, 20 to 21,
40 to 41), remnant of a chain (Massif Armoricain - sites 50-55, 60 and 70) or sedimentary

basin (Paris basin - sites 04-07, 80; Aquitaine basin - sites 30, 42-43, 53, 56-59).

3 Material and Methods

3.1 Material
A total of 86 surficial spot samples were collected from 37 dam reservoirs and estuaries (Fig.
1; supplementary material 1). About two third of the samples come from dam reservoirs
(69%). Sediment sources are distributed as follow: sedimentary rocks (28%), plutonic and
metamorphic rocks (27%), plutonic, metamorphic and sedimentary rocks (28%), plutonic
rocks (7%), metamorphic rocks (4%) and dominant volcanic rocks (6%). In addition, 11
industrial mixtures from the French heavy clay industry were analyzed to enlarge the
industrial dataset built by Haurine (2015), now representative of 90% of the French
production over the last 15 years. For reasons of confidentiality, data from industrial mixtures

are not detailed in this paper.

Sampling (up to 20 kg per site) was conducted using a spade during low water levels to access
the distal part of the reservoir sediment wedge where fine-grained sediment accumulate by
silting. Lake Serre Pongon sediment was sampled at the end of winter when lake level is at

minimum, some 10 m below the high level. Lake Grandval and Lake Sarran were sampled
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during the maintenance period; the nearly emptied reservoir gave access to lake-bottom
sediment. Similarly, estuaries were sampled at low tide, away from tidal channels. In addition,
four samples of dredged sediments were included, three from the Seine estuary (provided by
Le Havre seaport) and one from the Cadarache settling pond (Durance River - provided by
EDF). Samples were first oven dried at 40°C and stored in a dry room. Analyses were

conducted on samples dried in a forced-air drying oven at 40°C for 4 to 8 days.

3.2 Analytical methods

3.2.1 Particle size analysis
Dried samples were suspended in an excess of water, mixed to separate particles, and
separation at 40 um was obtained by wet sieving. Particle size distribution was determined by
dry sieving (fraction > 40 pm) and by sedimentation with SediGraph 5100 Particle Size
Analyser (Micrometrics) (fraction < 40 pm). A dispersing and deflocculating agent (sodium
polymetaphosphate, 1%, pH 6.5-7.2) was added to the aqueous suspension. Error is = 10%.
Results are presented for the particle-size classes used in the heavy clay industry: 0.5, 2.5, 40,
200, 500 and >500 um (supplementary material 2). Particle-size analysis was conducted on 53
sediment samples, representative of the varied sediment sources and geomorphological
contexts (supplementary material 2). Results are plotted on the Winkler diagram (Winkler,
1954), a ternary plot of three particle size fractions (< 2.5 pm, 2.5-25 pm and > 25 pum)
(Supplementary material 2). Domains from the French tile and brick raw materials are also

indicated on the ternary plot.

3.2.2 Mineralogical analyses

10
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Mineralogical analyses were conducted on the silt fraction (< 40 um). They were carried out
via X-ray diffraction (XRD) using PANalytical’s X-ray diffractometer (Phillips), CuKa
radiation. Quantitative mineral analysis of the bulk sample was performed using random
powder mounts. EVA software (Bruker DIFFRACPIus 2007) was used for identification and
quantitative phase analysis based on scan wavelength (lambda) and the normalized intensity
ratio (RIR) method (Chung, 1974), (supplementary material 3). Relative Error is

+ 5% .Following the removal of carbonate by weak acid, particles smaller than 2 um were
separated by sampling the upper 2 cm of the clay suspension after 100 min. Identification of
the clay minerals was performed according to the position of the (001) series of basal
reflections on three XRD diagrams (air-drying, ethylene-glycol salvation and heating at

490 °C for 2 h, Moore and Reynolds, 1997). Identification and relative proportion of clay
minerals was performed using recommended protocol by Kahle et al. (2002) (supplementary

material 4). Error estimate is + 5%.

Mineralogical analyses were performed on the 86 samples (supplementary materials 3 and 4)
to investigate the compositional pattern within dam reservoirs (Lake Serre Pongon, 21
samples, Fig. 2a, Lake Grandval, 5 samples, Fig. 2b); and to compare silting sites fed by

different lithological sources (Fig. 3a, b).

3.2.3 Extrusion
A representative subsample of 8 kg of dried sediment was gently crushed to eliminate the
aggregates that formed during the drying. The loose sediment was then weighted, mixed with
the suitable quantity of water to obtain a plastic paste with extrusion shaping capacity (for
shaping water content see supplementary material 6). For each sample, several specimen bars

were extruded to conduct tests at the laboratory scale (10 x 2 x 2 cm?® for shrinkage and water
11



198  absorption measurement, and 13 x 2.5 x 1 cm? for bending strength test) (supplementary
199  material 5). The plastic paste was weighted to evaluate the proportion of water in the paste
200 (water shaping). Raw specimen bar plasticity was appraised in a semi-quantitative way using

201  anindex ranging from poor, fair, good, very good (plasticity raw) (supplementary material 6).

202

203 3.2.4 Technological tests

204  Technological tests were performed on the 24 successfully extruded samples (i.e. with a

205  suitable plasticity) (Fig. 4, 3c, supplementary material 5, 6 and 7). Extruded specimen bars
206  dedicated to the determination of the drying behavior were dried at room temperature for

207 24 h. During this period, the drying behavior was measured with a barrelatograph (Adamel),
208  which traces the Bigot’s curve, representing the humidity in percentage of the dry weight (and
209  thus the moisture loss) as a function of the longitudinal shrinkage in percentage of the dry

210 length (shrinkage dry).

211  Specimen bars dedicated to the study of the characteristics of the material after firing (water
212 absorption, aspect changes, and mechanical resistance, i.e. flexural strength) were dried at
213 room temperature for one week. Then, they were placed for 48 h at 105 °C in ovens to

214  complete drying, before being fired. The firing cycle consisted in a slow heating gradient of
215 100° C/h followed by a 2 h steady stage at maximum temperature (50 °C steps from 850 to
216 1150 °C), before cooling. Tests were only conducted on specimen bars fired at 950 °C,

217  average temperature of industrial kiln between that of bricks (Johari et al., 2010) and tiles
218  (Cultrone et al., 2004). For each sample, a visual inspection of the fired specimen bar at 950

219  °C evaluated the bar alteration during the firing process by comparison with the crude

12
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specimen bar: occurrences of cracks, scum, lime blowing, shape deformation (shape 950)
(supplementary material 5). Finally, flexural strength was investigated through 3-points
flexural bending tests (press LFPlus— Lloyd Instruments LTD- 1KN) on unfired (F. strength

dry) and fired at 950 °C (F. strength 950) specimen bars.

3.3 PCA analysis
Identification of indicator minerals from sampled sediments can help trace related sediment
source; identify sediment with the most appropriate properties for a use by the heavy clay
industry. With this scope, we carried out Principal Component Analysis (PCA) with XLStat
software, three dataset including sediment and industrial mixtures were considered:
mineralogy, clay minerals, and technical properties. Loading plot, scree plot and projection of
observations on the first two components (F1 vs. F2) are given in Fig. 3. Eigenvectors, factor
loadings for each component are given in supplementary material 8. Plot of the samples on F1
vs. F2 was coded according to the geology of the dominant sediment source and the results of

the extrusion process (Fig. 3, observations).

4 Results

4.1 Particle-size distribution
Particle-size analysis of the 53 samples representative of the varied sediment sources
showed that they correspond to silt (supplementary material 2). Half of the samples are
medium to fine silt with less than 5% of particles larger than 200 um. Sediments showing a
poor sorting (30 to 50% of particles larger than 200 um) correspond to 25% of the samples.

Plot of the particle size distribution on the Winkler diagram (Winkler, 1954) shows that most

13
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of the samples fall within or close to the tile hollow brick or solid brick domains
(supplementary material 2). Samples with more than 70% of large particles (>25 um) are
from dam reservoirs (plutonic and metamorphic sources); and those with less than 10% are
from dam reservoirs and estuaries (mainly mixed sources). Some contain a high percentage (>

60%) of particles between 2.5-25 um, they were collected in dam reservoirs.

Particle-size distributions of industrial materials — i.e. crushed sedimentary rocks extracted
from quarries - are distributed between the three industrial domains (supplementary material
2). Those of industrial mixtures cluster within the respective industrial domains, industrial
mixtures for brick production contain slightly more coarse-grained particles than those

dedicated to tiles.

4.2 Mineralogical composition

4.2.1 Compositional pattern at the scale of a dam reservoir — Lake Serre Poncon

and Lake Grandval
In Lake Serre Pongon, the average mineralogical composition of the silt fraction (Fig. 2a)
comprises carbonate (29%), quartz (19%), and clay minerals (36%). Carbonate content
(dominantly calcite) shows the highest variability (0 = 13). Carbonates in the upstream reach
(30%) and lacustrine delta of the Durance (22%) are present in fairly similar proportion than
in the Ubaye River sediments (28%). The largest carbonate content is observed in the
Boscodon (58%) and Blanche (36%) delta sediments and close by beaches (36%).
Downstream of the Serre-Poncon dam, the carbonate content (30%) of the Durance sediment
is very similar to that of the upstream Durance or Ubaye sediments, reflecting the major
contribution from these two streams draining large basins. Clay minerals and non-expandable

14
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clay mineral chlorite, muscovite, quartz and feldspar contents are less variable, fluctuations
(0 < 6%) are within the error range. The average clay mineral assemblages are composed of
illite (60%) and chlorite (40%) (Fig. 2a). Kaolinite is present in the upstream Durance delta
samples (20%) resulting in lower illite (50%) and chlorite (30%) contents. Mixed layers (I/S)

were identified in the Vachere creek sediment (10%).

In Lake Grandval, the average composition of lake-bottom sediment is dominated by clay
minerals (40%), feldspars (24%), muscovite (19%), quartz (17%) (Fig. 2b). Fluctuations are
within the error range (0 < 7). Clay mineral content shows the highest variability: from 38%
in the proximal sediments of the Truyeres River and Ternes Creek, to 20% in the distal lake
deposits. The average clay mineral association comprises illite and mixed-layer clays
(illite/smectite and chlorite/smectite) in equal proportions (30%), then kaolinite (20%) and
chlorite (20%) (Fig. 2b). No smectite was identified. Mixed-layer clays are present in lower

proportion in the proximal delta sediment (25%) than in the distal ones (40%).

4.2.2 Sediments
Sediments are composed of a limited number of minerals, but with contrasted proportions.
Sediments comprise quartz ([130%) in association with K-feldpars (10 to 40%), clay minerals
(25 to 55%), muscovite (<10%) and calcite (0 to 35%) (supplementary material 3). Clay
mineral assemblages are composed of kaolinite (25 to 45%), illite (15 to 40%), chlorite (O to
20%), and mixed-layer clays (0 to 40%); smectite (5 to 35%) is present in less than 25% of
the samples (supplementary material 4). Other minerals - albite, microcline and dolomite — are

generally present in very low proportion (< 5%). In the following, albite and microcline are

15
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included in the feldspar group with K-feldspars; and dolomite in the carbonate group with

calcite.

4.2.3 Industrial mixtures
Mean composition of industrial mixtures is dominated by clay minerals (39%) and quartz
(35%) associated to feldspar (10%), muscovite (7%) and calcite (6%). Clay mineral
assemblages comprise kaolinite (34%), mixed-layer clays (24%), illite (22%), smectite (14%)

and chlorite (6%).

4.3 Minerals as provenance indicators of sediments
The PCA results of the mineralogical associations of the sediments and industrial mixtures are
presented in Figure 3a, b. In this study we only considered the first two eigenvalues,
accounting for 61% of the total variance of the mineralogy dataset (Fig. 3a); and 74% of the

clay mineral dataset (Fig. 3b).
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Fig. 3. PCA results from sediments and industrial mixtures (detailed results in supplementary

material 8).

In the mineralogical analysis, 32% of the total variance is captured by the first principal
component (F1) whereas the second component (F2) captures 29% (Fig. 3a). Variable plot
and associated factor loadings on F1 vs. F2 axes show that the first axis (F1) mostly exhibits
the opposition between the clay mineral and carbonate variables, and the feldspar and quartz
variables. The second component (F2) shows that the chlorite and muscovite variables are
coupled and negatively correlated to the quartz variable. Plot of the samples (observations) on
F1 vs. F2 shows that F1 allows a separation between the sediment sources dominated by
sedimentary (S sources), a mixture of plutonic, metamorphic and sedimentary rocks (P-M-S
sources), mixed plutonic-metamorphic-(volcanic) rocks (P-M-(V) sources) and plutonic (P
source) or metamorphic (M source) rocks. The second component F2 allows a fairly good
separation between the S and M sources, and those dominated by P, P-M-(V) and P-M-S
rocks. Four main sample clusters are identified in relation to the sediment provenance: 1) S
sources (F1, F2 positive values), 2) P-M-S sources (F1 positive and F2 negative values), 3) P-
M-(V) sources (F1 and F2 negative values), and 4) M sources and some samples from P-M
sources (F1 negative and F2 positive values). Industrial mixtures are mainly clustered in the
middle of the score plot with a slight distribution towards the right side of F1 and upper side

of F2.

In the clay mineral analysis, 39% of the total variance is captured by the first principal

component (F1) and 31% by the second one (F2) (Fig. 3b). Variable plot and associated factor
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loadings on F1 vs. F2 axes show that the chlorite and illite variables are coupled, and
negatively correlated to the kaolinite and smectite variables (component F1). The second
component (F2) shows that the mixed-layer clay variable is negatively correlated to the
smectite variable. Plot of the samples (observations) on F1 vs. F2 shows that F1 allows a
slight separation between the sediment sources dominated by sedimentary rocks (S sources)
and the other sources (P, M, P-M-(V) and P-M-S sources). The second component F2 also
allows a slight separation between the sediment sources dominated by S sources or P source
or P-M-(V) sources, and those corresponding to M source, and P-M-S sources, in fluvial dam
reservoirs. Samples from coastal sites fed by P-M-S sources are scattered over the plot.
Despite some overlapping, it is possible to identify three main sample groups for the fluvial
samples: 1) S sources (F1 negative values); 2) P, P-M-(V) sources (F1, F2 positive or slightly
negative values); 3) M sources and P-M-S sources (F1 positive and F2 negative values).

Industrial mixtures are scattered on the left side of the score plot.

4.4 Technological tests
Extrusion success rate (24 samples out of 53) is very high for samples that plot within the tile
domain or show a lower content in particles larger than 25 um. It is lower for samples that
plot within the brick domain (50%). Finally samples plotted within the solid brick domain or
with more than 50% of particles between 2.5 - 25 um or >25 um could not be extruded
(supplementary material 2). Half of the specimen bars (12 samples) had excellent plasticity,
an even shape, sharp edges and a smooth surface (sample 22a presents some cracks). More
than half of the specimen bars with a medium plasticity (7 samples) presents irregular shapes

(samples 23a, 23b) or cracks along the edges (samples 22a, 22d). Specimen bars with low
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plasticity show either a rough surface (samples 07b, 07d), an irregular shape (sample, 80), or

cracks along the edges (sample 25).
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Fig. 4. Box plot of technological tests of sediments and industrial mixtures: affinity with
water (a), shrinkage (b) and mechanical strength (bending test) (c) (see supplementary

materials 6, 7 for detailed results).

Results of the technological tests conducted on the specimen bars from sediment and
industrial mixtures are presented together on Figure 4. The amount of water needed for
shaping the raw material from the sediment samples shows a large dispersion (15 to 42%), far
larger than that observed from the industrial mixtures (16 to 26%) (Fig. 4a), resulting in
median (25%) and mean (27%) values higher than those of the industrial mixtures (21%
bricks, 20% tiles). Shrinkage during drying shows similar trends (Fig. 4b), minimum values
(around 2%) are comparable to the industrial ones (bricks 4%, tiles 2%), maximum ones
(13%) are nearly two times larger (bricks 6.5%, tiles 7%). Mean values of sediment bars

(15%) are also higher than those from the brick (5%) or tile (7%). Data from the bending
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mechanical strength test on dried bars indicate a larger dispersion for the sediment values than
the industrial mixture ones, mean and median values are quite comparable for all materials

(sediment SMPa, bricks 4 MPa, and tiles 6 MPa) (Fig. 4c¢).

Examination of the fired bars showed that more than half of the sediment bars of excellent to
good quality kept their original shape (supplementary material 5 and 6). Several fired bars of
good quality present some defects developed during firing such as deformation (samples 57a,
59b), cracks (samples 12a, 23a, 54b), lime blowing (samples 04b, 42), and deformation in
association to some lime blowing (samples 06b, 07a, 07b). Lime blowing can be easily
eliminated by immersion in slightly acidic water after firing, a process that is used in the
firing industry (Kornmann, 2005). One sample is of medium quality with soluble salts

efflorescence (80).

Data from water absorption of sediment specimen bars after firing at 950 °C show a large
dispersion (12 to 47%), mean values (around 37%), higher than those of the industrial
mixtures (bricks 13%, tiles 11%) (Fig. 4a). Mean values of shrinkage associated to firing
(0.9%) are very close of those obtained from the industrial mixtures (bricks 0.5%, tiles 0.7%)
with a good overlap (80% of the sediment data fall within the industrial values) (Fig. 4b).
Results from mechanical strength tests on fired bars are in the range of the industrial values
with a larger dispersion (Fig. 4c). Mean values from fired sediment bars (around 13 MPa) are

slightly higher than those from the industrial mixtures (around 10 MPa).

PCA results of the technological tests of the sediment samples and industrial mixtures are
presented in Figure 3c. The first principal component (F1) captures 39% of the total variance

whereas the second component (F2) captures 27% Variable plot and associated factor
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loadings on F1 vs. F2 axes show that the first axis (F1) mostly exhibits that plasticity of
extruded material (plasticity raw), fired specimen bar quality (quality 950 °C) and water
absorption after firing at 950 °C (water absorbed 950 °C) variables are coupled. The second
component (F2) shows a high loading factor for the water shaping variable. Plot of the
samples (Fig. 3c, observations) on F1 vs. F2 shows that F1 allows a separation between the
sediment sources dominated by P-M-S rocks (fluvial and coastal sites) and those by P-M-(V)
rocks. Samples from S sources are scattered along F1. No specific distribution is observed
along the second component F2. It is possible to identify two main sample clusters: the first
one contains samples from P-M-S sources (F1, F2 positive values), the second one
corresponds to samples from P-M-(V) sources (F1 negative and F2 positive values). Industrial
mixtures are mainly clustered in the lower right-hand of the score plot (F1 positive values, F2

negative to slightly positive values).

5 Discussion

5.1 Representativeness of spot sediment samples
Particle-size distribution of spot samples in environment dominated by silting processes
shows some variability partly controlled by external parameters (erosion process, hydrological
regime) and internal ones (geometry of the water body and the sediment wedge) (Lane et al.,
2019; Loizeau et al., 2012; Valero-Garcés et al., 1999). Low variability at the scale of a dam
reservoir or estuary is attributed to efficient particle sorting such as series of dam along the

river or tidal currents in estuaries (Bertin et al., 2005).

Sediment composition - mineralogy and clay minerals does not vary significantly at the scale

of a dam reservoir or estuary. Changes in proportion are larger for minerals than clay
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minerals; this is likely to be attributed to the lower dependence of the clay minerals to the
sampling site during silting. Sediment composition may be locally influenced by the input
from tributaries draining areas with distinct substrates and by calcite precipitation that may

occur in the lakes during summer (Filippi et al., 1998).

Despite their limitations, results of the spot sediment samples serve to demonstrate the
potential of the fingerprinting approach in establishing composition patterns - mineralogy and

clay minerals - from silted sediment in water bodies fed from a diversity of sediment sources.

5.2 Sediment source fingerprinting
In this study, attention focused on the <40 pm sediment fraction with the objective of the
recovery of dredged sediments, as full or partial substitution of fossil resource in the heavy
clay industry. Although particle-size distribution and proportion of plastic clays play a
significant role in the extrusion process, sediment composition is also crucial. Thus, extrusion
process failed on 52% of the sediments with particle-size distribution similar to those of the

industrial domains on the Winkler diagram (supplementary material 2).

Provenance fingerprinting method is based on sediment mineralogical composition. The
multivariate statistical analysis (PCA) is supportive in predicting the potential of sediment for
the heavy clay industry based on five broad provenances (S, P, M, P-M-(V), P-M-S). Four
groups of sediment sources have been categorized according to the sample clustering in the

principal component F1-F2 plot (Fig. 3).

The first category shows the fingerprint of particles produced by the erosion of sedimentary
rocks (S source). Composition varies widely between carbonate and siliciclastic sources, but

is dominated by quartz (20 to 70%), carbonates (20 to 60%) and clay minerals (5 to 40%).
23
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Clay mineral assemblages comprise mixed-layer clays and kaolinite, with around 10% of
smectite. This group (despite being projected in the hollow brick domain on the Winkler
diagram) had poor technological results such as high water absorption and low shrinkage after
firing certainly because of carbonate decomposition between 700-900 °C observed on the
DTA/GTA diagrams, the loss of weight and the endothermic specific peaks of magnesium or
calcium carbonates decomposition (Haurine; 2015), or high quartz content associated to a low

clay mineral one (siliciclastic source).

The second category shows the fingerprint of detritus produced by the weathering of plutonic,
metamorphic and/or volcanic rocks of ancient orogen (P, M, P-M-(V) sources). Composition
consists of silicates (60 to 80% - quartz, feldspars, mica and chlorite) and clay minerals (20
and 40%).They include a large content of mixed-layer clays associated to chlorite and illite.
This group had also poor technological results despite particle-size distribution falling within
the brick and solid brick domains. The need of high quantity of water to be extruded without a
high drying shrinkage, high water absorption et low mechanical strength at 950°C are put in

relation to a lack of melting compounds like soda or potassic feldspars.

The third category corresponds to the fingerprint of the erosion of basement and sedimentary
cover of active or ancient orogen (P-M-S source). Composition comprises relatively high
percentages of clay minerals (40 to 60%) associated to quartz (20 to 50%) and low amount of
carbonates (10-20%) and feldspars and mica (10 to 30%). Clay mineral assemblages are quite
dispersed, mainly consisting of mixed-layer clay and smectite in association with some
chlorite and illite. High smectite content (35%) is observed in some samples. Best results for
the technological tests were obtained for this group of particle-size distribution mainly

characterizd by a low content in particles > 25 um. High mechanical strength on dried and
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fired samples, poor firing shrinkage but high drying shrinkage (that could be problematic for
drying) are attributed to the smectite content and the presence of diatoms in the estuary
sediments (Paulmier, 1994), these are mechanically resistant, with a high porosity and without

transformation or decomposition during firing (Escalera et al., 2015).

The fourth one is composed of sediments from P, M and P-M-(V) sources that could not be
extruded. Composition is dominated by quartz and feldspars (60 to 100%), no specific pattern
is observed for the clay mineral association. Extrusion results may have also been influenced
by the particle-size distribution, mostly with a large amount of medium (2.5 to 25 um) or
coarse grained particles (> 25 um), certainly because of a lack of clay minerals that permits

sliding and cohesion between particles.

Mineral association reflects the sediment provenance from the rocks of the watershed. Clay
minerals are more complex to relate to a specific sediment source because they depend on
dominant weathering processes, i.e. physical in active mountain ranges (illite and chlorite) vs
chemical in ancient orogen (mixed-layer clays and smectite) or sedimentary basins (mixed-
layer clays and kaolinite). In addition to the fluvial input, a contribution from marine origin
may be observed in macrotidal estuaries as for example in the Seine estuary, where sediments
from the erosion of the Cotentin peninsula are brought in by the longshore drift (Walter-

Simmonet, 2008).

Although simplified, the proposed categories of sediment provenance help defining the
dredged sediment properties for substitution of fossil material in the heavy clay industry. Best
technological results are obtained from P-M-S sources either in fluvial or estuaries.

Dispersion suggests that refined classifications might capture specific sediment composition
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in relation to provenance (e.g. siliciclastic vs carbonate-rich sedimentary rocks, types of

metamorphic or volcanic rocks).

5.3 Consistency between PCA results and the Mineralogical Industrial
Framework
The Mineralogical Industrial Framework (MIF, Haurine et al., 2016) is a decision tool based
mineralogy and clay mineral assemblages of industrial mixtures clustering in domains on each
of four ternary diagrams (Fig. 5). Plot of the composition of the industrial mixtures analyzed
in this study falls within the originally defined industrial domains, complementing areas with
few data. As for the original data set, no specific pattern is observed between the tile or brick

industrial mixtures.
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Fig. 5. Projection of sediment samples on the Mineralogical industrial framework (MIF), a

decision tool developed from the composition of industrial mixtures (Haurine et al., 2016).

Provenance categories defined during PCA, cluster also on the MIF (dominant geology and
extrusion result) (Fig. 5). Samples from P-M-S sources which obtained the best technological
scores mostly plot within the industrial domains in each of the ternary diagrams. They show
quite high content in clay minerals, which is put in relation to their particle size distribution
dominated by particles smaller than 25 um (90%). Samples from S sources largely plot
outside of the first diagram due to their high carbonate content; which explains the low results
of the technological tests because these high amounts of inert particles decrease the structure
cohesion by lack of clay minerals that act as a binder. Samples from P-M sources plot outside
of the second ternary diagram due to their high silicate content (feldspar and chlorite) that also
explains the low technological results for similar reasons as the high carbonate content.
Samples that could not be extruded (all samples from P, M sources and some samples from P-
M and S sources) plot outside of the ternary diagrams because of low clay content associated
to very high silicate content (quartz, or feldspar and mica) (P, M, P-M sources), or a very high
carbonate content (S source) (Fig. 5a). Nearly all samples fall within the industrial domains
on the clay ternary diagrams (Fig. 5b). These results indicate that the further the sediment
samples plot outside the industrial domains, the lesser is the possibility to extrude the wet

paste, or the lower are the scores of the technological tests.

Consistent results between the PCA categories for sediment source fingerprinting and the MIF
domains based on mineralogy and scores of technological tests indicate that sediments
originating from P-M-S sources show the closest properties to those of industrial mixtures.

Properties of other sediments could be easily enhanced by mixing with materials having
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complementary properties (in-between sites or with fossil material), or by addition of
correcting agents (quartz sand, grinded calcined clay wastes...), a conventional practice in the

heavy clay industry (Haurine et al., 2016).

Environmental studies (emission, carbon, metals) are needed to further characterize the silted
sediments. Estuary sediments are rich in chlorine and sulphur, seawater containing more
dissolved ions than most rivers (supplementary material 9). Some compounds could be
transformed during firing between 850 and 1100 °C on gaseous pollutants and be emitted on

atmosphere; which environmental impact should be evaluated.

6 Conclusions
Sediment provenance was identified as the main parameter controlling the recovery of
dredged sediment in the characterization of silted in the heavy clay industry, thus
contributing to reduce the proportion of quarried fossil materials by substituting part of a non
renewable resource by material from dredging in dams, canals and harbors, by material
presented considered as waste. Mineralogy plays an important role as indicated by the
contrasted results during technological tests of samples having similar particle-size

distributions.

In this context, PCA analyses (mineralogical composition) showed four categories of samples
based on their provenance, confirming the fingerprinting approach from spot sampling of fine
grained sediments in dam reservoirs and estuaries. Mineralogy proved to be more
discriminating than clay-mineral associations, the later being controlled by weathering
processes in geomorphic contexts. Samples from sites fed from the erosion of P-M-S rocks

obtained the best scores during the technological tests, close to the industrial values.
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Composition is dominated by clay minerals and quartz with some carbonates, chlorite and
muscovite. Sediments from S and P-M sources obtained less effective scores attributed to the
high content in carbonates (S source) or silicates (P-M sources, chlorite, muscovite and
feldspars). Sediment from P or M sources could not be extruded partly due to the low clay

mineral content and coarser particle-size.

Consistent results between the PCA fingerprinting method, MIF industrial domains, and
technological tests show that even though the sediment source categories are simplified, they
constitute a reference to predict the potential of sediment as raw material for the heavy clay
industry. The MIF decision tool proved to be an efficient reliable tool as it only necessitates

sediment composition.

In an industrial scale perspective, environmental chemical analyses (such as S, F, CI
compounds and CO2) should be conducted to further characterize the silted sediments. Costs
associated to sediment transport and treatments should also be taken into account keeping in
mind that environmental standards of the industry are evolving due to the awareness of the
benefits of a sustainable environment policy. This classification should be useful to the heavy
clay industry managers when making decision regarding the fossil resource preservation by

substitution with dredged sediments.
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