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Abstract

Foraminifera and testate amoebae are jointly used with sediment characteristics (sediment
size, calcium carbonate, C, H, N and S proportions, and clay mineralogy) to reconstruct the
Holocene sediment infilling of the Loire estuary (Nantes, France). The results reveal the
infilling of the Loire Valley during the Holocene. Deposited on the Hercynian substratum, the
first deposits are made of gravels with rare associated fauna. This corresponds to the gravel
lag usually present as basal deposits in the river course. The clay mineralogy indicates an
erosion of the substratum. Then, from 8850 to 5850 cal. yr BP, estuarine fauna settled in a
laminated sediment that alternates between clay and sand. The smectite associated with
kaolinite and illite suggests increased input from the Sévre Nantaise River. The fauna
progressively shifts from estuarine to marine, indicating a rise in the sea level. From 5850 cal.
yr BP, the pace of the sea level rise slowed and channels migrated, implying intense erosion.
After 2100 cal. yr BP, the fauna was dominated by testate amoebae, indicating a
continentalization of the environment. The top samples reflect recent human activity and

urbanization.
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Introduction

Foraminifera (Rhizaria) and testate amoebae (Rhizaria and Amoebozoa) are unicellular
eukaryotes, and are abundant and diversified in all modern aquatic and marine environments
(Lee et al., 2000). Foraminifera are the best known and the most diversified of all microfossils
(Sen Gupta, 1999). They are widely distributed in all marine and transitional marine
environments (Murray, 2006; Scott et al., 2001), and play a significant role in global
biogeochemical cycles of inorganic and organic compounds (Haynes, 1981; Lee and
Anderson, 1991). It is well known that the composition, species diversity and spatial
distribution of benthic foraminiferal assemblages are greatly controlled by environmental
parameters (Hayward et al., 2004; Murray, 2006). Indeed, numerous environmental factors
influence the distribution of foraminifera, including salinity (Gehrels et al., 2001), organic
matter (OM) quality (Armynot du Chatelet et al., 2009) and sediment texture (Armynot du
Chatelet et al., 2010; Magno et al., 2012).

Testate amoebae are ubiquitous and live in various freshwater environments. In
particular, they are well developed in peat lands, rivers, lakes or brackish-water settings
(Charman, 2001). Rare species can survive in brackish waters (Van Hengstum et al., 2008;
Vazquez Riveiros et al., 2007). They also have the following advantages: high species
diversity, widespread distribution, and the ability to tolerate extreme conditions (Beyens and
Chardez, 1995) and/or react quickly to environmental change (Booth et al., 2004). Testate
amoebae distribution is controlled by salinity (Gehrels et al., 2001; Van Hengstum et al.,
2008). Other parameters also affect the development of testate amoebae communities, such as
pollution (Nguyen-Viet et al., 2008) and seasonal variables like temperature, light penetration,
primary production and precipitation (Neville et al., 2010).

Foraminifera are currently used to reconstruct marine paleoenvironments (Armynot du
Chatelet et al., 2005; Edwards and Horton, 2000; Leorri et al., 2010), and testate amoebae are
utilized in the same way as a common tool for freshwater paleoenvironmental reconstruction
(Asioli et al., 1996; Charman, 2001; Ellison, 1995; Medioli and Scott, 1988; Wall et al.,
2010). Meanwhile, in transitional environments (e.g. those with salinity constraints), a
combination of both foraminifera and testate amoebae has been used in historical studies to
reproduce environments of the past (Duleba and Debenay, 2003; Eichler et al., 2004; Gehrels
et al., 2001; Lloyd, 2000).



An extensive study over about 15 worldwide estuaries published in 2006 (Dalrymple,
2006) indicates that, following the Zaitlin et al. (1994) model, most of the late Pleistocene—
Holocene estuaries experienced severe changes in sediment fluxes during the overall rising
sea level system. Most estuaries first present a transgressive unit prograding shoreward
followed by a seaward prograding Highstand System Tract (HST; Dalrymple, 2010). French
estuaries (whose Loire estuary), follow this general trend (Chaumillon et al., 2010; Proust et
al., 2010). Numerous paleoenvironmental studies have examined the fossil fluvial valleys
preserved on continental shelves. It is also the case that various approaches have been used all
around the Bay of Biscay: seismic survey (Chaumillon et al., 2010; Menier, 2003; Proust et
al., 2010), core drilling (Sorrel et al., 2010; Traini et al., 2013), or a combination of
seismic/sedimentological/bio-indicator tools (Perez-Belmonte, 2008; Poirier, 2010).
Nevertheless, no study has examined the continental parts of these valleys.

Using a multiproxy approach (sediment and faunal characteristics), the main objective
of this research is to reconstruct the evolution of the environmental deposits during the
Holocene sea level rise in the Loire upper estuary. This study allows a better understanding of
the estuarine microfaunal response during the Holocene transgressive, which could be of

importance for other worldwide paleoenvironmental studies.

Study area
The Loire River drains a watershed of 115,000 km” and flows into the Atlantic Ocean in the
widely developed continental shelf of the Bay of Biscay. The Loire estuary extends over 100
km from Ancenis (upper limit for the tidal wave) to Saint-Nazaire (Figure 1). The flow rate
ranges from 80 to 5500 m’/s (850 m’/s on average; Etcheber et al., 2007), while the turbidity
reaches 3 g/L and the tidal prism is 3 x10° m’ (Etcheber et al., 2007). The seawater intrusion
reaches 65 km upstream (Ciffroy et al., 2003b), and the turbidity maximum zone constitutes a
stock of 1.5 x10° tons of fine particles with a residence time between 4 and 10 months. The
sedimentation rate ranges from 0.5 cm/year upstream close to the Island of Nantes to 4
cm/year downstream close to Le Pellerin (Ciffroy et al., 2003b). During the Holocene, the
thickness of the accumulated sediments was ca. 30 m near Nantes and ca. 40 m close to the
river mouth in Saint-Nazaire (Ottmann et al., 1968; Ters et al., 1968).

The spatial extent of the flood plain is controlled by the lithology and the Hercynian
substratum structure. The Loire River watershed is composed of Paleozoic (Hercynian)
metamorphic and magmatic bedrock and Mesozoic to Cenozoic sedimentary formations

(Proust et al., 2010; Thinon et al., 2008). The northern part of the watershed is composed of



altered granites, shales and gneiss that provide both illite and kaolinite (Delfau and Le Berre,
1981; Esteoule-Choux, 1967). The southern part of the watershed is composed of sand and
sandy marl from which smectite is derived, and altered amphibolite and gabbros that provide
vermiculite and other clay minerals (Esteoule-Choux, 1967).

The larger extension of the estuary is bordered by a tidal marsh and a tidal flat. The
Nantes area is characterized by an island that is built from Hercynian headland. This so-called
Nantes Island is 4.9 km long and 1 km wide. It is surrounded by two river channels: the
Madeleine channel to the north and the Pirmil channel to the south (Figure 1). The area is now

widely urbanized.

Material and methods

The core and the sampling

The core is situated close to Nantes Island (Figure 1). It was selected from nine cores drilled
for a Collective Research Program (PCR Loire) that took place from 2010 to 2013. These
cores were positioned following the inventory of the sedimentary deposits preserved within
the Loire valley (Arthuis and Nauleau, 2008). This inventory is based on the 1586 core
drillings carried out and compiled by The French geological survey (Bureau de Recherches
G¢éologiques et Minieres) in the area (available online at http://infoterre.brgm.fr/). The drilling
was conducted with a swindler with a piston corer, and produced cores that are 1.5 m long
with a 10 cm diameter. The total length is 30 m (the longest core in the area) and reaches the
Hercynian substratum.

The core is located on the ancient channel of the Loire River and consequently records
most of the sediment deposits that occurred throughout the Holocene. Two sets of sediment
samples were selected: (1) 177 samples were chosen for the sediment grain size analyses, and
(2) of these, 50 were also subjected to microfaunal analyses, calcium carbonate content, C and
N elemental analyses, and a clay mineralogy analysis. The second set of samples was selected
according to clayey and silty sediment grain size, which is more suitable for larger
foraminiferal database and subsequent interpretation in estuaries (e.g. Armynot du Chatelet et

al., 2009).

Sediment analyses
Sediment grain size. As a first step, the sediment grain size was eye-estimated to define the

stratigraphic column and the lithologic units. Next, the 177 selected samples were analysed



using the principle of diffraction of a monochromatic laser beam on suspended particles
(Malvern Mastersizer 2000, red He—Ne laser, 632 and 466 nm wave lengths). This method is
detailed by Trentesaux et al. (2001). Measurements can range from 0.02 to 2000 um, with an
obscuration of between 10% and 20%. A maximum of two modes were determined and used
as descriptive parameters. Grains were grouped into six size classes: clay (<2 um), fine silt
(2-10 pm), sortable silt (10—63 um), fine and very fine sand (63— 250 um), medium sand
(250-500 pm), and coarse and very coarse sand (>500 pum).

Calcium carbonate. The calcium carbonate content was determined from 1 g of finely crushed
bulk sediment using a Bernard calcimeter. The proportions are expressed as a dry sediment
weight. Measurements were taken in triplicate for each sample. Reproducibility was good and

all the three measurements were processed as a mean.

OM. The quantity and quality of the OM was approximated by estimating the total organic
carbon (TOC) and N content in the sediment. This technique used a FlashEA 1112 Elemental
Analyser (Thermo) and is explained in a former study performed in a similar environment by
Armynot du Chatelet et al. (2009). The analysis was performed on 1.5-2 mg of sample added
to approximately 5 mg of vanadiumpentoxide, used as a combustion catalyst. 2,5-bis(5-tert-
butyl-benzoxazol-2-yl)thiophene (BBOT) was used as standard. The TOC content was then
determined by subtracting the carbonate carbon (deduced from the calcium carbonate
proportion) from the total C. Measurements were taken in duplicate for each sample and a
mean was calculated after checking that there was no dissimilarity. An estimation of the OM
quality was determined with the TOC/N ratio. Fresh OM from microalgae, which are protein-
rich and cellulose-poor, has atomic TOC/N values that are commonly between 4 and 10,
whereas vascular land plants, which are protein-poor and cellulose-rich, create OM that
usually has TOC/N ratios of 20 and greater (Meyers, 1994). The proportions of OM that
originate from these two general sources can consequently be distinguished by their TOC/N

ratios.

Clay mineralogy. The clay mineralogy was used to trace the origin of the sediment in the
estuary. The protocol used for clay mineralogy analyses is the classic procedure described by
Bout-Roumazeilles et al. (1999). The analyses were run on a Brucker Endeavor D4
diffractometer coupled with a LynkEye detector between 2.49° and 32.5°. Each clay mineral

was then characterized by its layer plus interlayer interval as revealed by an XRD analysis



(Brindley and Brown, 1980). The semi-quantitative estimation of the abundances of the
various clayey minerals is based on peak areas and added together to obtain 100% (smectite +
illite + vermiculite + mixed-layers + chlorite + kaolinite = 100%). The error on the
reproducibility of the measurements is estimated to be <5% for each clay mineral, as checked

by an analysis of replicate samples.

Microfaunal analysis

The 50 samples (~20 cm3 each) were wet sieved through 38, 63, 125 and 315 um mesh
sieves. Five samples were used to identify the size fraction corresponding to the size of the
fauna. Rare specimens are present in the 38—63 um fraction. As a consequence, the study’s
focus is on the 63-315 um fractions. Within these fractions, terrigenous grains on the one
hand and foraminifera and testate amoebae on the other were separated by flotation on
trichloroethylene (d = 1.46 g/cm3). A detailed control of the residue of three test samples (the
latter described as harbouring a rich fauna) was used to validate the methods: no foraminifera
or testate amoebae were found in these residues.

Microfaunal observation, extraction and determination were carried out under a
binocular Olympus SZX16 with a maximum magnification of 115. The taxonomic references
used for the testate amoebae were: Leidy (1879), Ogden and Hedley (1980), Cash and
Hopkinson (1905), Lee et al. (2000) and Clarke (2003).

For the foraminifera, the taxonomic references were: Brady (1884) and Cimerman and
Langer (1991). Only the species present as a proportion of at least 5% of at least one sample
were selected for the statistical analyses. This procedure allowed us to remove the rare
species.

The testate amoebae and foraminifera were classified into eight ecological groups
(EGs): freshwater, tidal channel under a continental influence, salt marsh, tidal flat, tidal
channel, marine infralittoral, marine circalittoral, and widespread estuarine species. The
marine infralittoral group was subdivided into four subgroups: epiphytes, dysoxic/anoxic
tolerant infauna, OM rich and low O, content tolerant infauna/epifauna, and opportunist oxic
epifauna. The ecological groupings are based on the work of: Severin (1983), Jones and
Charnock (1985), Bernhard (1986), Corliss and Chen (1988), Duleba et al. (1999) and
Goubert et al. (2001).

Radiocarbon dating



Six levels were dated by the 14C dating method. The maximal interval between two dated
samples was 6.6 m. The samples were processed in the Beta Analytic laboratory and AMS-
dated (classical dating of the short lived single-component materials which have been well
preserved within the sediment).

The dates obtained were used to calculate an age—depth model, which was produced
using the Bacon (Blaauw and Christen, 2011) approach: age—depth modelling uses Bayesian
statistics to reconstruct Bayesian accumulation histories for deposits. The age-model was
computed using the WinBacon package for the R software. The radiocarbon ages were
converted to calendar ages using IntCall3 (Reimer et al., 2013). The age—depth model
obtained was then discussed in light of the results obtained from the sediment and faunal

characteristics.

Statistical analysis
The contingency, proportion and density were calculated based on microfaunal counting. The

diversity index ( H' — Shannon— Weaver index) was calculated as follows (Eq. 1):

S
H =-— Z pi log,p;
i=1

where i is the species and p; is species proportions compared with the total number of species.

All of the biological and sedimentological data were treated with the integrated suite R
(R-Development-Core-Team, 2014) with the following packages: Base (descriptive statistics),
Vegan (diversity calculation), Rioja (construction of diagrams with timescale), Bacon

(Blaauw and Christen, 2011; age—depth modelling).
Results

Lithology and sediment characteristics

Lithology, grain size and dating. The total length of the drilling was 30 m (Figure 2a). The top
4.5 m is composed of clearings and was not studied further. The base of the core (from 30 to
26.70 m) comprises gravely sediment, followed by coarse to fine sand (from 26.70 to 24.2 m).
These levels are grouped in Section F;. Another section with coarse sediment is also observed

from 12.2 to 7.2 m (Section F3), while laminated sediment with sizes ranging from clayey-silt



to fine sand are observed (Section F;) between these two sections. Three intervals with fine
grain size sediments are observed in Section F; (between 22.3 and 21 m, 19.5 and 18.2 m, and
then 13.9 and 12.9 m). The top section (from 7.2 to 4.5 m), meanwhile, is initially laminated
and then the grain size rapidly decreases in size, reaching clayey-silt (Section Fy).

The 177 core sediment analyses revealed that the grain size ranges from clay to sand
(Figure 2b). A total of 94 samples (more than 50% of the total sample) have mixed sand-silt—
clay and clayey-silt sediment. A total of 18 samples are sand in size and 19 are clayey-sand.
No pure clay sediments were measured.

A total of 41 samples present a bi-modal distribution. The coarsest mode ranges from
123 to 554 pum, while the fine particle mode ranges from 8.5 to 57 um. The 14C ages (Table
1) are stratigraphically consistent and indicate that the sediments are Holocene in age, with a

maximum age of 8770 cal. yr BP at a depth of 24.0 m.

Clay mineralogy. Six clay minerals were observed: smectite, illite, kaolinite, chlorite,
vermiculite, and mixed-layers 10—14 (Figure 2¢ and Supplementary Data 1, available online).
The chlorite proportion is almost constant throughout the core (13% + 2%). The other clay

minerals are grouped into three associations distributed along the core as follows:

* Between the bottom of the core to 24.2 m, the clay fraction is dominated by illite
(~45%), associated with mixed layers and kaolinite. The vermiculite and smectite
proportions are small (~7% and ~5%, respectively). This association corresponds to
Section F;.

* Between 24.2 and 12.2 m, smectite is dominant (~35%) and associated with illite
(~21%) and kaolinite (~18%). The mixed-layer mineral proportions are small (less
than 9%). This association corresponds to Section F,.

* Between 12.2 and 4.5 m, higher proportions of illite (~37%) and kaolinite (~20%) are
observed than in the underlying sections. These dominant minerals are associated with

smectite (~18%). This clay mineral association corresponds to Sections F3 and F.

OM quality and quantity. The TOC is variable and ranges from 0% to 5% (Figure 2d). Almost
no TOC (0.12%) is measured in the lowest section of the core. This corresponds to Section F,
with the coarsest sediments. All along the second section with coarse sediment (F3), the TOC

proportions are slightly higher, but never exceed 1%. In Section F,, the sediment contains a



mean TOC of 1.78%. A total of 33 samples (~80%) have a detectable proportion of N and
enable the C/N ratio to be calculated (Figure 2e). The C/N ranges from 4.28 at 5.45 m to
17.33 at 18.32 m. For most of the sample, the C/N ranges from 9 to 12.

Microfaunal analysis

Microfaunal content. Among the 50 selected samples, 41 contained specimens of foraminifera
and/or testate amoecbae. A total of 10,726 individuals were extracted and identified at a
species level: 10,384 are foraminifera and 342 testate amoebae. These specimens belong to 71
species of foraminifera and 23 species of testate amoebae. The main species are illustrated in
Figures 3—6. The counting is set out in Supplementary Data 1, available online.

The density of the foraminifera is highly variable along the core, ranging from 0 to
4600 specimens per gram of sediment (Figure 2f). No faunas are observed in the two coarsest
sediment sections, F; and F3. Three levels of high density are observed: from 22.7 to 21.6 m,
19.8 to 18 m, and at around 16.0 m. Testate amoebae are only observed in the upper section of
the core between 8.4 m and the top (Figure 2h). The highest density reaches 428 individuals
per gram of sediment (at 7.2 m). The mean density for the other samples where testate
amoebae occur is 1.25 specimens per gram of sediment. Save for only one sample, the levels
where testate amoebae occur correspond to the levels with an absence of foraminifera.

The diversity of the foraminifera ranges from 0 to 3.3 (Figure 2g), while that of the
testate amoebae ranges from 0 to 2.5 (Figure 2i). This diversity is high for the foraminifera
between 24.2 and 12.2 m (Section F,), but is lower before and after that section. One sample
close to 17.7 m has slightly lower diversity compared with its neighbouring samples. The top
sediment sample reveals a great diversity of foraminifera, reaching 2.8. The diversity of the
testate amoebae (above 8.5 m) reached 2.5 in only one sample at 7.20 m.

Haynesina germanica, with 20% of the total counted foraminifera, is the most
common species. The other most frequent foraminifera species are as follows: Ammonia
tepida (7.8%), Brizalina variabilis (7.5%), Bolivina pseudoplicata (7.4%) and Fissurina
lucida (7.1%). The most frequent testate amoebae species are as follows: Centropyxis
constricta (29.7%), Centropyxis aerophila (9.6%), Centropyxis aculeata (7.5%), Difflugia sp.
(7.2%), Cyclopyxis kahli (6.9%) and Centropyxis ecornis (6.9%).

Ecological groups
The foraminifera and testate amoebae species are subdivided into eight EGs (Supplementary

Data 2, available online): freshwater, tidal channel under continental influence, salt marsh,



tidal flat, tidal channel, marine infralittoral, marine circalittoral, and widespread estuarine
species. The marine infralittoral group has been further subdivided into four sub-groups:
epiphytes, dysoxic/ anoxic tolerant infauna, OM rich and low O2 content tolerant
infauna/epifauna, and opportunist oxic epifauna. The tidal channel under continental
influence, salt marsh, tidal flat and tidal channel groups are all estuarine EGs.

The EGs evolve over time and are grouped into three periods (Figure 6). The Sections
Fi, F3 and F4 are composed of only one or two EGs, whereas Section F, comprises all of the
EGs but with variations in their relative proportions. The estuarine EGs are dominant at the
bottom of the section. Moving up to 20.3 m, the proportion of the marine EGs increases (from
23% to 63%). Then, from 20.3 to 16.88 m, an alternation of the dominance of estuarine
(mainly salt marsh and tidal channel under continental influence) and marine dominated EGs
is observed. The samples at 20.3 and 16.88 m reveal an exceptionally high proportion of the
tidal channel under continental influence EG. From 16.88 m up to the upper sample of this
section, the proportion of each EG is roughly constant, with the marine EGs dominating
(more than 56%) in association with the salt marsh EG. This increase in the proportion of the
marine EG is due to the rise in the amount of the marine circalittoral and dysoxic/anoxic
tolerant infauna EGs.

The highest proportion of the epiphytic EG is always associated with the highest
percentage of the salt marsh and tidal channel under continental influence EGs.

Section F4 comprises only the freshwater EG that is characterized by testate amoebae.
The uppermost samples (RS in Figure 6) have an association of EGs that are similar to those

described in the section ‘Study area’.

Interpretation and discussion

Environmental evolution versus faunal preservation

Large and diversified foraminifera assemblages have been described all along the core,
whereas testate amoebae only occur in the upper section. The easiest explanation is an
environmental change that caused a shift from a marine to a continental environment. This
shift from foraminifera to testate amoebae is the same used by Lloyd (2000) for an Holocene
environmental reconstruction. Moreover, Gehrels et al. (2001) observed that the vertical range
of testate amoebae in salt marshes is small, attributed to a strong correlation with
environmental changes. Duleba and Debenay (2003) specified, not surprisingly, that salinity

was the main stress factor, which introduced the shift between foraminifera and testate



amoebae. Nevertheless, the poor preservation of testate amoebae in the deepest sections could
be also envisaged. In our study, the largely dominant genera Difflugia and Centropyxis
(dominant as well in Lloyd’s (2000) study, and associated with two other agglutinated genus,
Phryganella and Pontigulasia) are constituted of agglutinated shells, composed of minerals
from the surroundings and cemented by an organic lining. Thanks to this strong structure
(Armynot du Chatelet et al., 2013; Ogden and Hedley, 1980), they have a good chance of
being preserved. In contrast, the Arcella and Euglypha genera, which are far less abundant,
may be dissolved (Mitchell et al., 2008; Ooms et al., 2011; Swindles and Roe, 2007) or
degraded because of sediment dehydration (Roe et al., 2002). As a consequence, they would
not be well preserved in a fluvial environment such as the Loire estuary. A large diversity of a
testate amoebae shell type could only be correctly preserved in a calm environment such as a
lake (Wall et al., 2010). As a consequence, both environmental evolution and faunal
preservation are responsible for testate amoebae changes throughout the core. The most
robust testate amoebae shells (agglutinating forms) would be the only ones adapted for past
environmental reconstruction in such a dynamic environment.

Agglutinated and calcareous foraminifera could also be prone to dissolution
(Boltovskoy and Wright, 1976) and mechanical deterioration in coarse sediment (Armynot du
Chatelet et al., 2009). In the present study, foraminifera are observed in all of the sections.
Only the coarse sediment grains sections have logically lower densities. Within the other
sections, the foraminifera are well preserved with a great diversity and density that makes

them of high value for environmental reconstruction purposes.

Evolution of environment — OM and sediment size constraints

In a study of surface sediments from Skagerrak and Kattegat (Scandinavia), Alve and Murray
(1999) showed that there is no obvious relationship between sediment grain size, organic
content and the composition of foraminifera assemblages. In contrast, Armynot du Chatelet et
al. (2009) in the Canche estuary (English Channel, Northern France) evidenced that both
sediment grain size and total organic content appear to be limiting factors. In the present
study, critical thresholds such as those defined by Murray (2001) are often reached all along
the core. For example, both density and diversity are very low along the sections with the
coarsest sediments (F; and F3). These sections reflect high-energy environments that may
inhibit OM sedimentation and favour the washing of bacteria biofilms or algal mats. Such
environmental conditions prevent foraminifera from feeding, settling and developing in

accordance with the strategy described by Murray (1986) and Schonfeld (2002).



All along the section (F»), the clayey, silty and sandy layers rapidly alternate. Diversity
and density (and the number of EGs) are high in this section. As a consequence, such tidal
sediment layers do not limit the development of foraminifera and testate amoebae.

The second limiting factor may be the OM content and its quality, as depicted by the
TOC proportion and the C/N ratio. Fresh OM from microalgae, which are protein-rich and
cellulose poor, has atomic C/N values that are commonly between 4 and 10, whereas vascular
land plants, which are protein-poor and cellulose- rich, create OM that usually has C/N ratios
of 20 and greater (Meyers, 1994). The proportions of OM that originate from these two
general sources can consequently be distinguished by their C/N ratios. The average C/N value
of the OM present in the core is intermediate between the two end-members (4.28 and 17.33),
and therefore indicates a mixed contribution from algae and higher plants. Within the
intermediate section, the C/N values indicate that OM derived as well from algae and higher
plants. Through the interpretation of this proxy, pulses of continentalization or return of
marine conditions alternatively could be evidenced. Nevertheless, the occurrence of N-rich
layers between 6500 and 1650 yr BP may reflect as well early agriculture activities, as it has
been observed through pollen evidence in close areas (Visset et al., 2001, 2002) and in Europe
(Jalut, 1995; Lopez-Garcia and Lopez-Saez, 2000; Puertas, 1997; Richard, 1994). Finally, in
the upper part of the core, the C/N values are low and may reflect algae influence. However,
as these sediments are the most recent, an increase of agriculture influence cannot be
excluded and the use of N-rich fertilizers may be responsible for the decrease in the C/N ratio
observed. As a conclusion, C/N probably reflects episodes of continentalization throughout
the core, with a specific anthropogenic influence in the most recent part of the record.

In the intermediate part of the core, the highest biological densities are associated with
the highest C/N values. Even if the highest C/N cannot be considered as a direct causation of
highest densities, and TOC and C/N may be responding to an independent environmental
factor that also impacts microfossil assemblage, this observation concurs with the findings of
a previous study in the Canche salt marshes (Armynot du Chatelet et al., 2009), which
evidenced a gradient of density and diversity related to C/N. Low TOC proportions (<2%)
and C/N <12 are associated with the lowest foraminifera density and the highest species
richness. In contrast, when the TOC is high and the C/N is >12, the density is high and the
species richness is medium. In the present study, intervals of both high biological densities
and high C/N values correspond to an increase in the proportion of salt marsh and tidal marsh
EGs. They are followed by a fall in C/N, a decrease of foraminiferal density and an increase

of the marine EG.



The low diversity of foraminifera in Section F4 is registered parallel to the occurrence
of testate amoebae. This association suggests the transition from an estuarine to a freshwater
environment under river influence.

In the uppermost sample, labelled RS, the similarity to the assemblages from the
intermediate section (F») is indicative of reworked sediment. This occurred during the recent
settlement of the city of Nantes by consolidating the island border with the sediment dredged

from the main river channel.

Evolution of the environment — Clay mineralogy

Topographic variations in the watershed, changes in runoff intensity/ weathering conditions,
transport and the petrographic nature of the bedrocks can influence the clay assemblages.
Some anthropological processes (e.g. farming) or climatic phenomena (storms, floods,
deglaciations) may also modify the origin and transport patterns of the terrigenous clay
fraction (Bout-Roumazeilles et al., 2013a, 2013b; Montero-Serrano et al., 2011). As a
consequence, the variations in the clay mineral composition can be used to reconstruct
temporal fluctuations of detrital clay mineral supplies.

The clay mineral distribution is contrasted throughout the watershed area because of
rather different petrographic bedrocks. The northern part of the Loire River watershed drains
Paleozoic formations, which are mainly composed of micaschists. These deeply altered
formations are typically enriched in kaolinite that is associated with illite (Esteoule-Choux,
1967). Similarly, kaolinite is also derived from the alteration of Paleozoic granites and gneiss
from the northeastern part of the watershed (Delfau and Le Berre, 1981). In contrast, the
southern watershed, drained by the Sévre Nantaise River, is composed of mid-Miocene and
Pliocene sand and sandy marl. The clay fraction of these formations is dominated by a high
concentration of smectite, which represents ca. 50% of the clay content, in association with
illite and kaolinite in the Faluns formations, and up to 90% with 10% kaolinite in the red sand
formation (Esteoule-Choux, 1967). This area is also characterized by local important content
of vermiculite that is derived from the alteration of Paleozoic amphibolite and gabbros
(Esteoule-Choux, 1967).

The lowest section (F;) is enriched in illite and mixed-layers. This enrichment is
explained by the physical alteration from the metamorphized bedrocks. The second section
(F») is enriched in smectite associated with kaolinite and illite. This clay association suggests
an input from the mid-Miocene sediment deposits located in the southern part of the

watershed and drained by the Sévre Nantaise River. The third section (F3) is characterized by



a high content of illite associated with kaolinite and a low proportion of smectite. Such clay
mineral associations would at first glance indicate an origin from the northern part of the
watershed. Nevertheless, the relatively high content of illite compared with kaolinite may also
suggest that sediments are reworked. This is in accordance with the formerly described coarse
sediments. The upper section (F4) is composed of kaolinite and illite associated with lower
proportions of vermiculite and smectite. This assemblage suggests a mixed origin of clay-size

particles from both the northern and southern parts of the watershed.

Reconstruction of the Loire environment along the Holocene
The age—depth model (Figure 7) was calculated between depths of 24 and 4.97 m. The
sediment deposit ranges from 8850 to 10 cal. yr BP.

The earliest sediment deposits (Section F;) are constituted of coarse particles
associated with illite and chlorite clay minerals. These sediments are probably produced by
soil erosion and the reworking of the metamorphized Paleozoic bedrock, triggered by
high hydrodynamics. As many Atlantic estuaries, this rocky substrate bedrock corresponds to
the Holocene basement described by Proust et al. (2010) close to Saint-Nazaire (50 km
downstream). Moreover, the scarcity and the great variability of foraminifera EGs observed
during this period testify to the high hydrodynamics and are of a dominant marine influence.
These sediments probably correspond to reworked fluvial sediments deposited during the
period of low sea level along the Pleistocene glacial stage (Lowstand Systems Tract, LST;
Posamentier and Allen, 1999). These earliest deposits (Section F,) probably correspond to the
early Holocene (defined by Walker et al., 2012), prior to 8850 cal. yr BP.

The second section (F;) extends from 8850 (24.2 m) to 5850 cal. yr BP (12.2 m). The
sediment deposits are typical of an estuary, and are composed of an alternation of clay and
fine sand layers, with high foraminiferal density and diversity (Figure 5). The clay fraction is
enriched in smectite, which could have two origins: an increase of the runoff of the Sévre
Nantaise River; and/or increased marine influence, as continentally derived smectite would
easily flocculate with an increase in water salinity. These deposits are characteristic of a tidal
regime, with a regular deposit of fine particles in which estuarine foraminifera EGs could
develop. Marine fauna EGs also regularly occurred, depending on the speed of the infilling.
By the same way Llyod (2000), in an isolated basin in Scotland (UK), observed high diversity
from 9100 to 6700 BP. Variations of diversity were, however, less marked than those
observed in Loire estuary. The C/N, always of intermediate value during that period, confirm

these typical estuarine conditions. This section, deposited during the mid Holocene, is



characterized by a TST deposit under a tidal dynamic. This period is marked by the
transgression associated with the increase in the available space for the sediment infilling.
These observations corroborate the study of Perez-Belmonte (2008) that described an oceanic
invasion of the Golfe du Morbihan (65 km from the Loire estuary) that occurred from 9000 to
5000 cal. yr BP during the end of the Flandrian transgression, conducting the establishment of
the TST. These observations also corroborate the large consensus after studies of Ters (1986)
that defined TST from 11.7 to 6 years BP along the French Atlantic coasts. The TST is
controlled by glacio-eustatism (Posamentier and Allen, 1999). The end of the TST is marked
by the Maximum Flooding Surface (MFS).

The third section (F3) is characterized by sandy deposits of continental origin
subjected to erosion, which make an incision in the former TST, and corresponds to an HST.
Indeed, from 5850 to 2100 cal. yr BP, the sediment clay fraction is composed of high levels of
illite. This may be interpreted as reflecting a high erosion regime or intense reworking, due to
the decrease in the speed of the sea level rise, which is inferior to the sedimentation rate. This
section is almost azoic, which fits with the notion of high hydrodynamics. The migration of
the channel implies a lack of the deposit that could occur all along this period, from 11.2 m
(5100 cal. yr BP) to 7.5 m (2350 cal. yr BP). This erosive period extends during the mid to
late Holocene. By the same way, Perez-Belmonte (2008) in the Golfe du Morbihan observed
that after ca. 5000 cal. BP, the established HST is subjected to frequent erosive episodes
because of external and internal forcing. During that period, the coastline shifted towards the
ocean (Posamentier and Allen, 1999). This shift is associated with a migration of the main
sediment depositional zone, located on the shelf, off the estuaries that flow towards the Bay of
Biscay (Poirier, 2010; Traini, 2009). This change implied change in the environmental
conditions and forced the foraminiferal fauna to migrate or disappear, replaced by testate
amoebae. These observations are the same for Lloyd (2000) where diversity is low and fauna
is dominated by brackish fauna. Controlling factors could be of (1) climatic origin (recurrence
of storms; Chaumillon et al., 2010 and references therein), (2) the reduction of the available
space after the transgression that thus limit the conservation of recently deposited sediments
(Clavé et al., 2001), and (3) human activity as for example here testified by C/N results
(Poirier, 2010).

The last section (F4) extends from 2100 cal. yr BP (7.2 m depth) to the top of the
analysed sediments. The sediments are composed of a succession of clayey and sandy layers.
The combination of the development of testate amoebae, the absence of foraminifera, the

decrease in illite and increase of smectite and kaolinite proportions support the hypothesis of a



continentalization of the environment. The environment is under the strong influence of
freshwater. In the small basin described by Lloyd (2000), testate amoebae are occurring from
700 BP. In Loire estuary, testate amoebae are occurring earlier, probably because the study
area is far more inland. The samples labelled RS in Figures 2 and 7 have sediment and faunal
characteristics that are similar to the sediment observed in Section F,. As a consequence, they
probably correspond to reworked sediments dredged from the main channel and deposited as

embankments.

Conclusion

The main stages of the Holocene Loire Valley evolution in Nantes are as follows:

* Up to 8850 cal. yr BP. A high water dynamic period due to an early Holocene
transgression, the erosion of the metamorphic substratum, deposits of coarse particles,
and rare transported microfaunal specimens. The sediments are structured in an LST.

* From 8850 to 5850 cal. yr BP. An estuarine dynamic period with abundant and
diverse typical foraminifera species. The sediments show an alternation of clayey/sand
deposits. The marine influence is increasing. The sediment deposit is structured in a
TST.

*  From 5850 to 2100 cal. yr BP. A fall in the sea level rise and the available space for
sedimentation. There is migration of the channels and intense movement of the
sediment. The sediments are structured in an HST. Fauna are rare in this highly
dynamic context.

*  From 2100 cal. yr BP to the present. Continentalization. Testate amoebae are settling

in a freshwater environment.
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Figure captions

¢ Position of the core-drilling

[E23 Current course of the Loire
[] Floodplain (0 - 8 m AMSL)

0 1000 m

Figure 1. Localization of the study site in the European Atlantic coast (a) Loire estuary and
(b) position of the core drilling at the eastern extremity of the (c) Nantes Island. AMSL
(elevation above mean sea level, relative to the average sea level datum: NTF, ellipsoid

Clarke 1880 IGN).
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Figure 2. Along core analyses: (a) reconstitution of the lithostratigraphic column, (b)
proportion of the grain size classes (Cl: clay, CISi: clayey-silt, SiCl: silty clay, Si: silt, SiS:
silty sand, SSi: sandy silt, fS: fine sand, mS: medium sand, gS: gravelly sand, G: gravels), (c)
clay mineral proportions, (d) total organic carbon (TOC in %), (¢) TOC/N ratio, (f)
foraminifera density (number of individuals per gram of dry sediment), (g) foraminifera
diversity (Shannon—Weaver index), (h) testate amoebae density (number of individuals per
gram of dry sediment), (i) testate amoebae diversity (Shannon—Weaver index), and (j) the four

sections (F; to F4) of the evolution of the Nantes Island environment.



Figure 3. Anaglyphic (online coloured version only) SEM (scanning electron microscope)
pictures showing foraminifera diversity of Nantes Island (1/2). 1: Remaneica plicata (50 um);
2: Miliolinella subrotunda (50 pum); 3: Globulina minuta (50 pm); 4: Adelosina longirostra
(50 um); 5: Quinqueloculina seminula (100 um); 6: Homalohedra williamsoni (100 pum); 7:
Favulina scalariformis (50 pm); 8: Lagena cf. sulcata (50 pm); 9: Hyalinonetrion cf.
clavatum (100 um); 10: Lagena gracilis (100 um); 11: Lagena sulcata spirata (50 pm); 12:
Lagena sulcata (50 pm); 13: Vasicostella sp. (100 um); 14: Astacolus crepidulus (50 um); 15:
Fissurina cf. semimarginata (50 pm); 16: Fissurina semimarginata (50 pum); and 17:

Parafissurina sp. (50 pm).






Figure 4. Anaglyphic (online coloured version only) SEM (scanning electron microscope)
pictures showing foraminifera diversity of Nantes Island (2/2). 18: Fissurina fasciata carinata
(50 um); 19: Paliolatella orbignyana (50 pm); 20: Lagenosolenia plena (50 pm); 21:
Lagenosolenia seguenziana (50 pm); 22: Lagenosolenia lagenoides (100 um); 23: Patellina
corrugata (50 um); 24: Cornuspira involens (50 um); 25: Cassidulina crassa (20 um); 26:
Stainforthia fusiformis (50 pm); 27: Bulliminella elegantissima (50 pm); 28: Bolivina
pseudoplicata (50 um); 29: Ammonia tepida (100 um); 30: Rosalina bradyi (50 pm); 31:
Elphidium earlandi (100 pum); 32: Cribroelphidium gerthi (50 um); 33: Cribroelphidium

margaritaceum (50 pm); and 34: Haynesina germanica (50 pm).



Figure 5. Anaglyphic (online coloured version only) SEM (scanning electron microscope)
pictures showing testate amoebae diversity of Nantes Island. (a): Cyclopyxis kahli (20 um);
(b): Centropyxis aerophila (50 pm); (c): Centropyxis aculeata (50 pm); (d): Centropyxis
ecornis (50 um); (e): Centropyxis lobostoma (20 um); (f): Plagiopyxis declivis (50 um); (g):
Difflugia globulosa (20 pm); (h): Difflugia cf. tenuis (20 pm); (1): Difflugia sp. (50 pm); and
(j): Pontigulasia sp. (50 um).
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Figure 6. Diagram of the evolution of the microfauna composition (a) subdivided into
ecological groups from freshwater to marine circalittoral and (b) their geographical
distribution within an estuary. Most of the key species are illustrated (see text legend of

Figures 3-5). Scale bar of the SEM pictures = 100 pm.
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Figure 7. Diagram of the Nantes Island infilling evolution with age—depth model, microfauna
evolution, and reconstructed maps of Nantes Island zone (modified after Arthuis and Nauleau,

2008. HST: Highstand System Tract, TST: Transgressive System Tract.



Table 1. Dating results of the six samples selected all along the core, obtained by the 14C

dating technique

Depth (cm) Measured age (BP) Calibrated age (BP)
497 1068+0.3 0
660 1780+30 1570-1730

1319 5770+30 6490-6660

1832 6790+30 7580-7680

2030 7170 +40 7940-8030

2249 7560 +40 8340-8420

2400 7860 +40 8590-8770




