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ARTICLE INFO ABSTRACT

Editor: Dr. Fabienne Marret-Davies Organic-rich deposits are valuable paleo-archives, recording significant paleoceanographic changes linked to
past climate variations and marine deoxygenation events. The deposition of organic-rich sediments stops when
bottom-water reventilation/oxygenation occurs. This impedes organic matter preservation, enabling macro and
micro burrowing-organisms to recover and bioturbate the seafloor. In this sense, highly bioturbated sediments

require particular attention when sampling is done for geochemical analyses, as sediments can be considerably
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gzzzzéerfation mixed. While avoiding trace fossils during sampling for geochemical analyses is easy for large traces (e.g. Pla-
Mediterranean nolites, Thallasinoides, and Zoophycos), it becomes challenging for smaller and complex traces (< 0.5 cm), as is the
Sapropel case with Chondrites. Chondrites-producers have an opportunistic behavior, being one of the first organisms to
Paleoceanography colonize the seafloor after an anoxic event. As a result, Chondrites are commonly and sometimes abundantly

found in the upper layers of organic-rich sediments, including sapropels and black shales.

This study focuses on sapropel S7, which was deposited between ~198.5 and 191.9 ka at the top of Eratos-
thenes Seamount and exhibits abundant Chondrites. For this sapropel, we demonstrated that Chondrites-producers
can bioturbate significant volumes of organic-rich sediments (over 35%), introducing oxic/dysoxic material
downward into anoxic sediments enriched in redox-sensitive trace metals and organic matter. This process can
dilute up to 18% the original concentration of redox-sensitive trace metals (e.g. Mo, U and V). This dilution is
especially important to consider when calculating trace metals and organic matter burial flux from bulk sediment
data. Therefore, Chondrites-producers can play a crucial role in altering the sediment texture and distribution of
minerals and organic matter at sub-cm scale, and may thus impact paleoenvironmental and paleoceanographic
reconstructions based on geochemical signals. Furthermore, the subsequent redistribution of organic matter and
redox-sensitive trace metals (including oligoelements) within the sediment can affect carbon and nutrient
cycling, microbial activity, organic matter degradation in deep-marine sediments, and the overall sedimentary
biogeochemistry.

1. Introduction

Organic-rich deposits are regarded as oceanographic paleo-archives
of significant environmental importance because they record profound
paleoceanographic changes typically associated with past climate vari-
ations. They are valuable tools for comprehending long-term oceano-
graphic responses to contemporary climate change (Hennekam et al.,
2020). The combination of sustained surface water eutrophication and
water-column stagnation promotes expansion of the Oz-minimum zone
into deeper settings and oxygen-depletion in deep bottom-waters,
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respectively (Zirks et al., 2019). In deep-marine settings, bottom-water
deoxygenation leads to enhanced organic matter (OM) preservation
and to the authigenic enrichment of redox-sensitive trace metals
(RSTMSs) such as Mo, U, and V (Tribovillard et al., 2006). Therefore, the
concentrations of RSTMs in marine sediments are broadly utilized in
geochemical paleoenvironmental studies as proxies for redox conditions
(Warning and Brumsack, 2000; Tribovillard et al., 2006; Calvert and
Pedersen, 1993, 2007; Algeo and Liu, 2020).

In this context, organic-rich deposits —such as sapropels— represent
exceptional records of past deoxygenation events. Sapropels are quasi-

Received 2 August 2023; Received in revised form 6 February 2024; Accepted 14 February 2024

Available online 15 February 2024

0921-8181/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:ricardo.monedero@csic.es
www.sciencedirect.com/science/journal/09218181
https://www.elsevier.com/locate/gloplacha
https://doi.org/10.1016/j.gloplacha.2024.104387
https://doi.org/10.1016/j.gloplacha.2024.104387
https://doi.org/10.1016/j.gloplacha.2024.104387
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gloplacha.2024.104387&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

R.D. Monedero-Contreras et al.

cyclic organic-rich sediments deposited in the Eastern Mediterranean
during periods of enhanced productivity and bottom-water restriction
(Emeis et al., 2000). Their cyclic deposition is linked to astronomical
precession cyclicity, whereby periods of minimum astronomical pre-
cession result in maximum insolation in the Northern Hemisphere
(Fig. 1c) (Hilgen, 1991; Lourens et al., 1996; Hennekam et al., 2014).
This phenomenon triggers the intensification and northward migration
of the African monsoon, leading to increased freshwater and nutrient
input into the Eastern Mediterranean, and thereby promoting a decrease
in surface water salinity and deep-water stagnation and deoxygenation
(Weldeab et al., 2014; Tachikawa et al., 2015; Rohling et al., 2015; Wu
et al., 2016, 2018; Andersen et al., 2020; Monedero-Contreras et al.,
2023a).

Bottom-water deoxygenation ceases once ventilation occurs. Subse-
quently, during the reactivation of bottom-water circulation,
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oxygenated waters reach the seafloor and inhibit the accumulation/
preservation of organic-rich sediments, as is the case during sapropel
termination (Pruysers et al.,, 1991, 1993; Reitz et al., 2006; de Lange
et al., 2008; Filippidi and de Lange, 2019). During bottom-water reox-
ygenation, both macro and micro benthic organisms rapidly colonize
and repopulate the seafloor (Lowemark et al., 2006). Opportunistic
burrowing organisms penetrate the underlying organic-rich sediments,
leading to two potential outcomes: (i) discrete traces with marked out-
lines and differentiated infill, or (ii) a total remobilization and mixing of
the sediment, determining a mottled background, consisting of bio-
deformational sedimentary structures, having no distinct outline
(Rodriguez-Tovar, 2022). In either case, these processes may alter the
original concentrations of RSTMs within the organic-rich sediment.
Consequently, bioturbation is seen as a crucial factor when assessing
RSTM concentrations in paleoenvironmental and paleoceanographic
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Fig. 1. (a) Base map generated using GeoMapApp, showing location of core 966B, Eastern Mediterranean circulation pattern and the superficial expression of the
bathymetric transect. (b) Bathymetric transect obtained by European Marine Observation Data Network (EMODnet) (http://www.emodnet-seabedhabitats.eu/).
Location and depth of core 966B are indicated as a white circle at the top of Eratosthenes Seamount (E. Smt.). Eastern Mediterranean water-masses are indicated.
Modified Atlantic Water: WAW, Levantine Intermediate Water: LIW, Eastern Mediterranean Deep Water: EMDW. (c) S7 time interval (198.5-191.9 ka) based on
Ziegler et al. (2010; 65°N summer insolation curve (in orange) from Laskar and Boudin (1993).
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reconstructions. It is therefore essential to identify trace fossils to avoid
the infilling material when sampling for geochemical analyses. Trace
fossils are often visually distinguishable in organic-rich sediments due to
their contrasting coloration when compared to the host sediment. Larger
trace fossils frequently registered in deep-marine environments, such as
Planolites, Thallasinoides, and Zoophycos (Rodriguez-Tovar, 2022), can
usually be avoided during sampling for geochemical analyses. However,
the same cannot be said for smaller trace fossils (< 0.5 cm), such as
Chondrites, which are also very common in deep-marine environments
and exhibit highly complex architecture (Baucon et al., 2020).

Chondrites normally exhibit a branching tunnel system, as a dendritic
network, consisting of a small number of sub-vertical burrows, con-
nected to the paleosediment-water interface (Baucon et al., 2020 and
reference therein). Chondrites-producers exhibit opportunistic behavior,
often being one of the first tracemakers to bioturbate the seafloor just
after an anoxic event, e.g. a sapropel event (Lowemark et al., 2006; Lohr
and Kennedy, 2015). Monogeneric or low-diversity assemblages with
Chondrites are associated with dysoxic environments (Bromley and
Ekdale, 1984; Bromley, 1996; Buatois and Mangano, 2016; Baucon
et al., 2020). The producers of Chondrites appear to be capable of colo-
nizing environments characterized by oxygen levels unfavorable for
other tracemakers (Savrda and Bottjer, 1984; Lohr and Kennedy, 2015),
being considered as an “extremotolerant” ichnotaxon (Baucon et al.,
2020). As a result, they are frequent or even, in some cases, abundant in
organic-rich sediments (see Baucon et al., 2020 for a review). This trace
has been registered in black shale sediments through the fossil record
linked to oceanic anoxic events such as the End Permian Mass Extinction
(Rodriguez-Tovar et al.,, 2021), the Toarcian Oceanic Anoxic Event
(Early Toarcian; i.e., Bromley and Ekdale, 1984; Rodriguez-Tovar and
Uchman, 2010; Montero-Serrano et al., 2015; Fernandez-Martinez et al.,
2021; Rodriguez-Tovar, 2021a, 2021b), the Bonarelli Event (Cen-
omanian-Turonian boundary; Schonfeld et al., 1991; Hilbrecht and
Dahmer, 1994; Uchman et al., 2008, 2013a, 2013b; Rodriguez-Tovar
et al., 2009a, 2009b, 2020; Rodriguez-Tovar and Uchman, 2011;
Monaco et al., 2012, 2016), and the Faraoni Event (upper Hauterivian;
Rodriguez-Tovar and Uchman, 2017).

Chondrites-producers can introduce significant volumes of overlying
sediments downward into deeper sediments of different composition
(Baucon et al., 2020). Discrete bulk sediment samples collected from
organic-rich sediments with abundant Chondrites will exhibit a mixed
geochemical signal resulting from the composition of both Chondrites
infills and host sediments. Therefore, the RSTM concentrations obtained
from bulk sediment samples do not reflect the syndepositional concen-
trations. Carbon isotope analysis of trace fossil infills —including
Chondrites — at the Agost section in southern Spain was used to distin-
guish between different phases of macrobenthic colonization during the
K-Pg boundary period (Rodriguez-Tovar et al., 2004, 2006). Yet there
are not many studies that specifically assess bioturbation impact on
RSTM distribution and concentration within the sediment.

In this context, paleoenvironmental and paleoceanographic re-
constructions require the assessment of Chondrites’ influence on the
original concentrations of RSTMs in organic-rich sediments that repre-
sent past deoxygenation events. The influence of Chondrites on the sub-
cm distribution of RSTMs and OM in organic-rich sediments is examined
in sapropel S7, deposited at the top of Eratosthenes Seamount. The aim
of this study is to demonstrate the important role of discrete traces,
particularly Chondrites, when using TMs as paleoceanographic proxies,
while also assessing their potential impact on sedimentary
biogeochemistry.

1.1. Assessed trace metals

Under oxygen-deficient conditions in marine systems, diverse
authigenic minerals can precipitate, leading to the enrichment of marine
sediments in RSTMs such as Mo, U, V, Re, Cu, Co, Ni, Cr, Zn, Pb, and Mn.
Normalizing these metals allows them to be used as redox proxies, to
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infer different redox conditions in ancient marine environments (Berner,
1981; Calvert and Pedersen, 1993, 2007; Crusius et al., 1996; Tribo-
villard et al., 2006, 2008; Algeo and Tribovillard, 2009; Scheiderich
et al., 2010; Little et al., 2015; Paul et al., 2023). In this study, we focus
on the assessment of trace elements Mo, U, V, Co, Cu, Ni, Cr, Zn, Pb, and
Ba, which are normally enriched in sapropel layers. Under oxygen-
depleted conditions, Mo, V, Co, Cu, Ni, Cr, Pb, and Zn are scavenged
from the water-column by manganese (Mn) and iron (Fe) oxy-
hydroxides, as well as OM, and are subsequently deposited on the sea-
floor (Scholz et al., 2017). If euxinic conditions occur in the bottom-
water or porewaters, these metals become permanently fixed through
association with pyrite (FeS) or by forming their own sulfides (e.g. MoS,
CuS, CuSy, NiS, and [Zn,Fe]S, CoS, NiS) or oxides in the case of V (e.g.
V203) (Tribovillard et al., 2006 and references therein). U behaves
differently, as it is not influenced by the redox cycling of Mn and Fe in
the water-column. Instead, U precipitates as the less soluble lower
oxidation state in association with humic and fulvic acids derived from
OM degradation during anoxic conditions in bottom-waters (Zheng
et al., 2002; McManus et al., 2005; Morford et al., 2005; Tribovillard
et al., 2006; Calvert and Pedersen, 2007).

The Ba in sapropel sediments is primarily attributed to an increase in
the abundance of marine barite (Martinez-Ruiz et al., 2000). The pre-
cipitation of barite in the water-column has been linked to periods of
heightened productivity and degradation of OM in the mesopelagic zone
(Bishop, 1988; Paytan et al., 2002, 2004; Calvert and Pedersen, 2007;
Paytan and Griffith, 2007; Gallego-Torres et al., 2007a, 2010; Martinez-
Ruiz et al., 2020; Filippidi and de Lange, 2019). Martinez-Ruiz et al.
(2018, 2019) have demonstrated the significant role of bacteria and
particularly Extracellular Polymeric Substances in promoting saturated
microenvironments in which Ba precipitates. Due to its correlation with
productivity, the Ba content is commonly employed as a qualitative
proxy for assessing past oceanic productivity. Consequently, in this
study, the potential Ba dilution resulting from the remobilization of
Chondrites sediments was also evaluated.

2. Paleo-oceanographic setting and sediment record

The studied sediment record, containing the sapropel S7, was
retrieved in 1995 during the Ocean Drilling Program (ODP) Leg 160
expedition at Site 966-Hole B, hereafter referred to as Site 966B (see
Emeis et al., 1996 for Leg 160 expedition scientific report). Site 966B
(33°47.765'N, 32°42.090'E) is located near the northern margin of the
Eratosthenes Seamount plateau, at a depth of 927 m below sea level
(mbsl) (Fig. 1a and b). At present, circulation in the Eastern Mediter-
ranean is controlled by two main mechanisms: wind stress and ther-
mohaline forcing (POEM Group, 1992; Millot and Taupier-Letage, 2005;
Amitai et al., 2018). The Eratosthenes Seamount lies beneath the
present-day Levantine Intermediate Water (LIW) (Fig. 1a and b). The
depth of Site 966B corresponds to the lower limit of MIW and the upper
limit of Eastern Mediterranean Deep-Water (EMDW), around 1000 mbsl
(Wiist, 1961). Despite the close proximity of Eratosthenes Seamount to
the Nile River mouth, Site 966B is not affected by fan deposition from
the Nile Cone, and is not influenced by downslope gravity processes that
could disturb the sediment record (Emeis et al., 1996). However, during
sapropel events, the water-column structure and current dynamics
differed significantly from those observed in the modern Eastern Med-
iterranean. Specifically, sapropel event S7 occurred between 198.5 and
191.9 ka, during Marine Isotope Stage 7a (Fig. 1c; Ziegler et al., 2010).
This period, in the Eastern Mediterranean, was characterized by
exceptionally intense African monsoons and high freshwater input,
which resulted in high marine productivity, stable water-column strat-
ification, and anoxic/euxinic EMDW (Gallego-Torres et al., 2007a;
Benkovitz et al., 2020; Sweere et al., 2021; Monedero-Contreras et al.,
2023a).

The 966B sediment record consists mainly of nannofossil clay, clayey
nannofossil ooze, and nannofossil ooze, with characteristic layers that



Table 1

Major element concentrations (wt%), TMs concentrations (pg/g), TOC (%) and calculated DOPt values obtained from geochemical analyses of bulk sediment samples. S7 subsections are indicated.

ICP-MS (ug/g)

ICP-OES (wt%)

Depth (cm) TOC (%) DOPt Ba \% Co Cr Ni Cu Mo U Zn Pb Al Ca Fe K Mg Mn S Ti
470.0 0.49 0.21 260 67 16 58 56 45 1 4 55 9 3.68 17.62 2.52 0.96 1.60 0.04 0.61 0.28
472.0 0.21 0.24 286 68 14 56 48 56 2 3 55 9 3.70 16.81 2.55 0.98 1.48 0.04 0.71 0.28
474.0 0.89 0.09 265 68 16 59 55 56 3 3 56 9 3.74 16.29 2.38 0.95 1.59 0.04 0.25 0.28
477.0 0.28 0.04 326 78 13 71 52 27 3 3 58 10 4.35 13.96 2.79 1.05 1.56 0.04 0.13 0.32
479.0 2.04 0.12 616 96 20 93 76 88 7 4 72 9 4.30 14.37 2.95 0.98 1.35 0.04 0.40 0.28
481.0 3.43 0.33 660 119 31 73 113 85 26 5 67 8 4.19 13.91 3.67 0.92 1.27 0.04 1.39 0.27
482.0 3.01 0.32 736 157 35 67 120 76 51 8 65 9 4.15 13.96 4.66 0.96 1.29 0.04 1.69 0.27
S7b section 484.0 2.32 0.13 557 208 33 70 106 67 27 7 69 10 4.52 12.57 3.47 1.05 1.45 0.04 0.53 0.31
486.0 2.87 0.19 582 204 37 75 127 73 53 9 70 11 4.81 11.86 3.36 1.11 1.49 0.04 0.74 0.33
488.0 1.76 0.12 567 185 30 71 103 65 47 7 65 11 4.53 13.49 3.21 1.07 1.56 0.05 0.45 0.32
489.5 1.88 0.11 544 202 33 76 112 72 16 9 73 11 4.86 12.37 3.30 1.09 1.53 0.04 0.41 0.34
491.0 1.79 0.16 371 194 24 80 91 63 20 7 64 10 4.98 11.99 3.03 1.05 1.43 0.03 0.57 0.32
493.0 0.78 0.12 422 110 21 68 71 51 4 6 67 11 4.54 14.75 3.24 1.07 1.56 0.04 0.46 0.33
494.5 0.80 0.23 418 101 22 69 77 51 14 6 69 10 4.50 14.74 3.31 1.05 1.54 0.04 0.87 0.32
496.0 0.97 0.14 391 104 19 72 70 58 7 5 64 10 4.45 13.59 2.90 1.00 1.42 0.03 0.46 0.30
S7a section 498.0 0.81 0.20 412 103 21 68 70 51 4 5 65 10 4.43 14.47 3.00 1.04 1.55 0.04 0.67 0.31
500.0 0.34 0.15 300 103 21 69 73 48 10 5 57 9 4.15 14.53 2.73 0.95 1.58 0.04 0.48 0.29
501.0 0.98 0.13 365 121 22 67 77 53 8 5 64 10 4.39 14.52 3.10 1.03 1.64 0.05 0.45 0.32
503.5 1.53 0.29 312 116 26 68 88 55 14 5 61 9 4.08 14.42 3.15 0.94 1.52 0.04 1.06 0.28
505.5 0.45 0.34 123 66 19 48 55 37 6 3 49 7 3.07 18.28 2.41 0.80 1.78 0.05 0.94 0.23
507.0 0.22 0.24 97 67 18 41 47 35 4 3 44 7 2.87 20.23 2.26 0.77 2.05 0.05 0.62 0.21
509.0 0.18 0.11 91 65 17 49 49 44 2 3 47 8 3.19 18.36 1.91 0.82 1.81 0.05 0.24 0.24
511.0 0.16 0.39 87 59 24 40 59 34 2 3 44 7 2.97 19.28 3.36 0.79 2.02 0.05 1.50 0.23
512.0 0.16 0.11 110 70 18 48 51 29 2 3 52 8 3.42 18.82 2.37 0.90 2.02 0.06 0.29 0.27
514.0 0.32 0.14 90 61 16 46 47 32 1 2 44 7 3.20 18.90 2.13 0.81 1.90 0.05 0.34 0.24
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Fig. 2. Results of geochemical analyses of bulk sediment samples. (a) Vertical plots of Al-normalized TMs concentrations ([TM]/[Al] x10’4), TOC (%) and DOPt
values. S7a and S7b subsections are indicated. Selected samples for thin-section preparation are indicated on the core image as yellow boxes. (b) Box-plots of major
elements and TMs concentrations, TOC (%) and DOPt values within interval S7 delimited by Ba enrichment. (c) Box-plots of TMs concentrations, DOPt and TOC (%)
of S7: top half (section S7b) and S7 bottom half (section S7a). All box-plots are presented in log; scale. (d) Principal Components scatter-plot (PC1: y-axis, PC2: x-
axis) with a biplot projection of the variables. This allowed for a visual establishment of the main geochemical affinities and fractions in S7 sediments. Identified
geochemical fractions are shown in different Eigenvalues, and variance (%) values of PC1 and PC2 are indicated. For details on Principal Components Analysis and
the Kaiser-Meyer-Olkin Test (KMO) value see to section 3.6. For additional geochemical information about S7 at Site 966B, including calculated enrichment factors of
assessed trace metals, consult Monedero-Contreras et al. (2024). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

include foraminiferal sandy levels, discrete tephra layers, and sapropels
(dark layers) (Emeis et al., 1996, 2000). The 45 cm studied interval —
spanning from 515 to 470 cm in core section 966B 1H-4— includes
sediments from sapropel S7, as well as underlying and overlying sedi-
ments. The interval was sampled at 1-3 cm resolution, with a total of 25
discrete sediment samples for geochemical analyses (i.e. Rock- Eval,
ICP-OES and ICP-MS; refer to section 3.1) (Table 1). From this interval,

eight samples belonging to S7 sediments were selected for sediment
thin-section preparation. The sediment thin-sections were prepared by
embedding 1-2 cm sediment samples in resin, and then slicing them into
~100 pm thick sections (Fig. 2a). Sediment thin-sections were used for:
(i) high-resolution images, (ii) bioturbation quantification, (iii) Laser
ablation-ICP-MS analyses (LA-ICP-MS), and (iv) Scanning Electron Mi-
croscopy (SEM) observations.
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3. Methodology approach
3.1. Geochemical analyses

Total organic carbon (TOC) content was measured in the 25 sedi-
ment samples by means of the Rock-Eval pyrolysis method, at the
Institute of Earth Sciences (ISTE) of the University of Lausanne (UNIL).
This method involved heating the samples from 200 °C to 850 °C in
successive steps in a pyrolysis oven with an inert atmosphere (N3). TOC
(%) is calculated from the obtained thermograms using the following
equation: TOC (%) = Pyrolyzed Carbon (wt%) + Residual Carbon (wt
%). Samples were calibrated using the IFP160000 standard with an
instrumental precision of <0.1 wt% for TOC (Lafargue et al., 1998;
Behar et al., 2001; Ordonez et al., 2019).

ICP-MS and ICP-OES analyses were carried out at the Scientific
Instrumentation Center of the University of Granada. For ICP analyses,
discrete sediment samples were oven-dried at 60 °C and then powdered
in an agata mortar. The 25 Samples were processed in one batch and an
analytical blank was added. Solutions for ICP analyses were prepared
using 0.1 g of powdered sample in Teflon vessels, where successive
acidifications using HNOs (69%) and HF (48%) were performed at
130 °C until evaporation. A final acid digestion with HNO3 (69%) and
water at 80 °C for 1 h was performed to achieve a total acid dissolution
of the sediment samples. Subsequently, dissolved samples were diluted
with Milli-Q water in 100 ml flasks following standard procedures (Bea,
1996).

Major elements in discrete sediment samples were measured with an
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
Perkin-Elmer Optima 8300 (Dual View) with a Perkin-Elmer autosam-
pler. Certified standards (BR-N, GH, DR-N, UB-N, AGV—N, MAG-1, GS-
N, and GA) were measured for element quantification. Trace elements in
discrete sediment samples were measured by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) — NexION 300d (Perkin Elmer)
spectrometer— using Rh as the internal standard. For major elements,
ICP-OES precision was better than 1%. For trace elements, ICP-MS
precision was close to 2% and 5%, respectively on concentrations of
500 pg/g and 5 pg/g (Bea, 1996). Trace metals were normalized with
aluminum (TM/Al) due to its conservative properties and since it is
considered an optimal method for evaluating trace metal variability
(Tribovillard et al., 2006; Calvert and Pedersen, 2007; Algeo and Li,
2020; Algeo and Liu, 2020; Paul et al., 2023).

LA-ICP-MS is known to have high potential for reliable quantitative
analysis of diagnostic trace elements (e.g. Mo, V, U and Ba) in (lami-
nated) resin-embedded sediments (Jilbert et al., 2008, 2010; Hennekam
et al., 2015; Sosa-Montes de Oca et al., 2018). Therefore, trace element
concentrations in selected locations on the sediment thin-sections were
determined by laser ablation (LA-ICP-MS) at the Scientific Instrumen-
tation Center, University of Granada. The LA-ICP-MS analyses were
performed using a 213 nm Mercantek Nd-YAG laser coupled to an
NexION 2000b quadrupole ICP with a shielded plasma torch. The
ablation was carried out in a He atmosphere, with a laser beam fixed at
60 pm diameter. The spot was pre-ablated for 45 s at a laser repetition
rate of 10 Hz and 20% output energy. A NIST-610 glass was employed as
an external standard (see Pearce et al., 2007 for NIST-610 details). In
each analytical session of a single thin-section, the NIST-610 glass was
analyzed at the beginning and at the end, and also after every nine spots
to correct for drift. Concentration values were corrected using silicon as
an internal standard. The precision, calculated on five to seven replicates
of the NIST-610 glass measured in every session, was in the range of 3%
to 7% for most elements. Data reduction was carried out using software
written by F. Bea (freely available upon request) in STATA programming
language (StataCorp, 2007). Further details on LA-ICP-MS analysis can
be found in Bea et al. (2005).

The locations of punctual analyses (i.e. spots) performed on each
sample were visually determined using the high-resolution images.
Because the aim of these analyses is to compare the geochemical

Global and Planetary Change 234 (2024) 104387

composition of the host sediments versus the Chondrites infill material,
the analyzed spots were selected and grouped as: (i) host sediment an-
alyses (blue dots in Figs. 10 and 12), and (ii) Chondrites infills (red dots
in Figs. 10 and 12) in each sample. It is worth mentioning that no LA-
ICP-MS analyses were performed in areas where coring disturbances
were observed. Refer to Figs. 10-12 for statistical details of LA-ICP-MS
punctual analyses of sediment thin-sections.

3.2. High-resolution images

High-resolution images of sediment thin-sections were captured
using a Sony Alpha 7 MII camera attached to a Schneider-Kreuznach 50
mm Componon-S f 2.8 enlarging lens and closed bellows between the
camera and lens. The high-resolution images were taken at the Scientific
Instrumentation Center, University of Granada, by means of an auto-
mated motorized “Stack and Stitch” system designed for high-resolution
panoramic views. This system utilizes focus stacking methods,
combining a series of digital images captured from various quadrants
and depths (i.e., focus levels) of the sediment thin-section. Utilizing a
computer program, these images are merged to create a panoramic view
of the entire thin-section offering exceptional high-definition. Conse-
quently, the stacked and stitched gigapixel macro images can be zoomed
into without a loss of resolution and pixelation, providing detailed in-
sights into Chondrites disturbances and infills. In this specific case, the
stacks were made every 80 pm and each panoramic image comprised
~25 photos, each photo being made up of 100 stacked images. The thin-
section images are therefore made from ~2500 photos.

3.3. Bioturbation quantification

The quantification of bioturbation is a key feature of any ichnological
analysis, traditionally accomplished through the use of indices such as
the bioturbation index (%), assessed by visual observation (Taylor et al.,
1993). This implies that the assignment of the percentage of bioturbated
area is, to some extent, subjective and semi-quantitative. However, by
employing digital image processing techniques based on pixel analysis,
an objective quantification of bioturbated areas can be achieved, thus
enhancing the reliability of the assigned degree of bioturbation (Dorador
et al., 2014a; Dorador and Rodriguez-Tovar, 2017; Dorador and Rodri-
guez-Tovar, 2015, 2018).

Firstly, the images were cropped to exclude border regions where
sediments were disturbed during coring. Discrete traces in the high-
resolution images were then visually enhanced by adjusting optical
parameters (e.g. contrast and brightness) using Adobe Photoshop CS6
software, following the methodology described by Dorador et al.
(2014b). Once the visibility of traces was improved, the number of pixels
corresponding to Chondrites and the pixels associated with the host
sediment were separately determined (Table S1 in Supplementary Ma-
terial). The percentage of bioturbated areas was calculated as in Dorador
et al. (2014a). “Similar Pixel Selection Method (SPSM),” was employed
for pixel selection and subsequent quantification of bioturbation by
Chondrites. For further details on image processing and digital bio-
turbation quantification, see Dorador et al. (2014a).

3.4. Scanning electron microscope (SEM) imaging and compositional
maps

After capturing high-resolution optical images and conducting LA-
ICP-MS analyses, sediment thin-sections were coated with carbon for
detailed observation under the SEM using an AURIGA FIB-FESEM Carl
Zeiss SMT microscope at the Scientific Instrumentation Center of the
University of Granada. The SEM is equipped with various detectors,
including an EDX (energy dispersive X-ray) detector system from Oxford
Instruments, SE (secondary electrons), SE-inLens, BSE (backscattered
secondary electrons), EsB (energy selective backscattered electrons) and
STEM (scanning transmission electron microscopy) detectors. EDX
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served to obtain punctual microanalyses and compositional maps and
profiles of major elements in selected areas of the sediment thin-
sections. A composite EDX map was generated considering qualitative
concentrations of Al, Si, Mg, Fe, S and Ca. Moreover, BSE images of
selected areas were captured to facilitate comparison with the high-
resolution optical images.

3.5. Data presentation and statistical analyses

Al-normalized trace metals (i.e., [trace metal]/[Al]) is the optimal
normalization method to evaluate trace metal variability given the
conservative behavior of Al in marine sediments (Paul et al., 2023).
Consequently, for temporal and correlative assessment, trace metals
concentrations in discrete samples were Al-normalized and then verti-
cally plotted (Fig. 2). Degree of pyritization (DOPt) values were also
vertically plotted. This value indicates the abundance of authigenic
pyrite in the sediments and it was calculated through the following
equation: DOPt = S; x (55.85/64.12) / Fe.: where Sg: total sulfur (%), Fe
total iron, and the coefficient 55.85/64.12 represents the weight ratio of
Fe/S in stoichiometric pyrite (Algeo and Li, 2020; Algeo and Liu, 2020).

Statistical analyses and box-plots were derived with the software
PAST 4.0 (Hammer et al., 2001). Box-plots were used to compare major
and trace elements concentrations (i) among different S7 subsections
and (ii) between Chondrites infills and host sediments. Principal Com-
ponents Analysis (PCA) was performed on the geochemical data ob-
tained from discrete bulk sediments analyses (n = 25). The
concentrations of Al, Si, Mg, Fe, K, Ca, Sr, Ti, Mn, S, Mo, U, V, Co, Cu, Ni,
Zn, Pb, Cr, Ba, as well as DOPt and TOC (%) values, in S7 and sur-
rounding sediments, were introduced in the PCA in order to obtain the
main geochemical fractions in S7 sediments and elucidate the trace
metals that are mainly enriched in the authigenic fraction. It is impor-
tant to highlight that PCA was performed using non-normalized ele-
ments concentrations, ensuring there were no pre-induced correlations
that could mask the real affinities and associations of the variables under
assessment.

The PCA eigenvalues and eigenvectors were obtained from the cor-
relation matrix, with the Singular Value Decomposition algorithm. A
correlation matrix was used instead of a variance-covariance matrix
because the variables are in different units; this implies normalizing all
variables through division by their standard deviations (Hammer et al.,
2001). The percentages of variance accounted for by Principal Compo-
nent 1 (PC1) and Principal Component 2 (PC2) are given in Fig. 2e,
along with a scatter-plot for a ‘Biplot’ projection of the variables. The
scatter-plot shows all data points plotted in the coordinate system given
by PC1 and PC2. A Biplot projection of the original axes (variables) is
shown onto the scatter-plot, facilitating visual assessment of any affin-
ities among the variables. This procedure made it possible to identify
subsets of components having similar relative variation patterns, which
ultimately represent the main geochemical fractions in S7 sediments.
Additionally, a Kaiser-Meyer-Olkin (KMO) test was conducted to
determine the suitability of the data for factor analysis, assessing
whether the variables are interrelated enough to state meaningful in-
terpretations. The KMO test produces a value between 0 and 1, a higher
KMO value indicating that the variables are better suited for factor
analysis (refer to Fig. 2e for KMO value).

To assess the influence of Chondrites bioturbation on the dilution of
RSTMs within the organic-rich sediments, a qualitative dilution factor
(df) was computed. It is noteworthy that the method for calculating this
dilution factor of RSTMs by Chondrites bioturbation has not been pro-
posed by previous studies, presenting a novel approach in the field. The
calculation assumes that the median trace metal concentrations of the
host sediment represent the syndepositional concentrations. Thus, the
calculated df provides an estimation of the extent to which RSTMs are
diluted by Chondrites in the organic-rich sediments. To obtain the df, a
weighted average concentration ([wTM]) for each trace metal in every
sample was determined, considering the Chondrites area (Ch%), host

Global and Planetary Change 234 (2024) 104387

sediment area (hs%), median trace metal concentration in Chondrites
infills ([TM]¢p), and median trace metal concentration in host sediments
([TM]gs). The formula to calculate [wTM] is as follows: [WTM] =
(([TM]ps * hs%) + ([TM]lcn * Ch%)) / 100%. The median was chosen
over mean/average since it is less influenced by extreme values. The df is
then calculated from the difference between the weighted average trace
metal concentration, which considers Chondrites area, and the median
trace metal concentration in the host sediment: df% = (([TM]ps — wTM])
/ [TM1ps)*100.

4. Results

The top and bottom boundaries of sapropel S7 were determined in
view of the Ba/Al trend (Fig. 2a). The Ba/Al ratio serves to determine the
original sapropel productivity signal if, eventually, OM is oxidized during
reventilation (Gallego-Torres et al., 2007a, 2007b; Filippidi and de Lange,
2019; Monedero-Contreras et al., 2024). Barite (BaSO4), the primary host
mineral for Ba, is less prone to postdepositional oxidation as compared to
TOC, and the stable sulfate saturation in Eastern Mediterranean porewater
enables its preservation during periods of oxygen-depleted bottom-waters
(van Os et al., 1991; Passier et al., 1997; Nijenhuis et al., 1999; Martinez-
Ruiz et al., 2000). This approach enabled the identification of the original
thickness of the organic-rich interval of sapropel S7, even considering
potential postdepositional oxidation. To this regard, the S7 interval is
identified between 477 and 503.5 cm at Site 966B (Fig. 2). Yet Ba/Al and
TOC exhibit similar vertical trends, decreasing simultaneously at the top
of S7, indicating that no relevant postdepositional oxidation occurred
after S7 termination (Fig. 2a). Therefore, in this case, TOC can also delimit
the original thickness of S7.

The S7 interval is enriched in RSTMs such as Mo, U, V, Co, Cu, and
Ni, and depleted in Mn (Fig. 2a and b; Table 1). Moreover, Mo, U, V, Cu,
Co and Ni have similar vertical plots, while Pb and Zn differ from the rest
and do not show significant enrichments (Fig. 2a). Among the RSTMs,
Mo exhibits the highest variability (i.e., highest standard deviation)
within S7, whereas U has the lowest variability and the lowest con-
centration (Fig. 2b). V presents the highest concentrations within S7
among the RSTMs (Fig. 2b). However, it is not the most proportionally
enriched RSTM relative to the background values (i.e. concentrations
before the onset of S7). In this sense, Mo appears to be the RSTM that is
most proportionally enriched relative to the background values, as it can
increase by up to 1500% assuming background values of 3 pg/g. Inter-
estingly, DOPt increases at the top and bottom of S7, where it reaches
DOPt values around 0.3 (Fig. 2a and Table 1).

According to the vertical plots and mean concentration of trace
metals and TOC, sapropel S7 can be subdivided into two sections, S7a
and S7b (refer to Fig. 2 and Table S3 in Sup. Mat.) Section S7a has lower
mean concentrations of RSTMs and Ba than section S7b (Fig. 2¢), indi-
cating a change in bottom-water conditions during its deposition.
Moreover, in section S7a (from 491 to 477 cm; Fig. 2a), the mean TOC is
relatively low (<1%). In section S7b (from 503.5 to 491 cm; Fig. 2a), the
TOC is higher (>3%) with mean values above 2% and presents a much
lower variability in RSTMs concentration and Ba than section S7b
(Figs. 2c and Table 1). The increase in TOC content is also made evident
by the darkening of the sediments in the upper S7 half (i.e. from 491 to
479 cm depth; Fig. 2a). See Fig. 2. for more detailed results.

According to PCA, the PC1 and PC2 group >82% of the total vari-
ance. The KMO test gives a value of 0.7, indicating the data introduced
in the PCA present a “good” adequacy for factor analysis (Fig. 2d). The
PCA analysis suggests that there are three main geochemical fractions in
S7 sediments: (1) the detritic fraction, enriched in Al, Si, K, Ti, Cr, Zn and
Pb, (2) the carbonate fraction, enriched in Ca, Mg and Mn, and (3) the
authigenic fraction, enriched in Mo, U, V, Co, Cu, Ni, Ba, Fe and TOC.
Even though pyrite is an authigenic mineral, in the authigenic fraction,
pyrite is not well correlated with the rest of the RSTMs. Only the trace
metals that are mainly enriched in the authigenic fraction (i.e., Mo, U, V,
Co, Cu, Ni and Ba) are assessed in the comparison between Chondrites
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Thin-section 1

Fig. 3. High-resolution optical images of thin-sections 1 and 2, plus SEM images of selected areas (1-6). Red scale-bar: 5 mm; yellow scale-bar: 0.5 mm (500 pm). The
amplified sections are shown as rectangles, each assigned a different color: (1) red, (2) yellow, (3) orange, (4) blue, (5) green, (6) magenta. White Chondrites are
outlined with red dashed lines and dark Chondrites in green dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

infills and host sediment composition derived from LA-ICP-MS analyses. architecture, sediment disturbances and Chondrites infills at sub-mm and
For this reason, Zn, Pb and Cr are excluded from the assessment. in natural colors, while SEM images allowed one to see compositional
changes and sediment architecture, texture and distribution at higher
resolution (Figs. 3-5). In most samples, Chondrites are easily recognized
4.1. SEM and high-resolution optical images as white subcircular branches between ~0.5 and 1 mm thick. However,
in some samples, Chondrites infills appear to be altered by the presence

High-resolution optical images made it possible to assess sediment



R.D. Monedero-Contreras et al. Global and Planetary Change 234 (2024) 104387

Thin-section 3

.

Fig. 4. High-resolution optical images of thin-sections 3 and 4, plus SEM images of selected areas (1-6). Red scale-bar: 5 mm; yellow scale-bar: 0.5 mm (500 pm). The
amplified sections are shown as rectangles, each assigned a different color: (1) red, (2) yellow, (3) orange, (4) blue, (5) green, (6) magenta. White Chondrites are
outlined with red dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Thin-section 5

Fig. 5. High-resolution optical images of thin-sections 5 and 6, plus SEM im-
ages of selected areas. Red scale-bar: 5 mm; yellow scale-bar: 0.5 mm (500 pm).
The amplified sections are shown as rectangles, each assigned a different color:
(1) red, (2) yellow, (3) orange, (4) blue, (5) green, (6) magenta. White Chon-
drites are outlined with red dashed lines. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

of orange and brown haloes, as occurs in thin-sections 3, 4, 6 and 7. SEM
images revealed a disturbance of Chondrites on sediment architecture in
S7, specifically in the destruction of the syndepositional pseudolami-
nation. In thin-section 1, situated at the top of S7, the host sediment is
mixed/homogenized; therefore, it does not exhibit lamination and
Chondrites are less evident and abundant than in the other samples. The
host sediment in thin-section 1 is primarily composed of pyrite fram-
boids with diameters >10 pm (many infilling foraminifera chambers;
Figs. 3a). In thin-section 2, both optical and SEM images showed the
presence of two types of Chondrites, with white infill and with dark
brown infill, smaller in size (< 0.5 mm) (Fig. 3b). The white Chondrites
were observed in the rest of the thin-sections, although dark brown
Chondrites appeared to be predominantly present in this particular
sample. SEM images suggest that dark brown Chondrites also disrupt the
original syndepositional architecture of S7 sediments (Fig. 3b), but have
composition a more similar to the host sediment than the white Chon-
drites, as the infilling material of these dark brown Chondrites has a color
resembling that of the host sediment.

In thin-section 3 (Fig. 4a), Chondrites displayed the most intense
color alteration, having marked orange and brown shades and haloes.
Interestingly, in this sample, some pyrite framboids clustered around
Chondrites. In thin-section 4, Chondrites coloration is less altered, yet
some orange haloes are still visible (Fig. 4b). Contrasting with section
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S7b, section S7a (i.e., lower S7 section), lacks pseudolamination in the
host sediment and exhibits lighter color, likely owing to the lower TOC
content (Figs. 5 and 6). The background sediments present a “mottled”
texture upon which the white Chondrites are superimposed. In terms of
texture, however, the background sediments of S7a section are similar to
the Chondrites infills. White Chondrites in section S7a are similar in size,
shape and color to the Chondrites from section S7b. In thin-section 5,
light gray sediment patches can be observed, on which the white
Chondrites are superimposed (Fig. 5a). In thin-sections 6, 7 and 8, the
white Chondrites also present orange haloes at the borders (Figs. 5b and
6).

4.2. EDX mapping

SEM-EDX compositional maps reveal how the disturbance of Chon-
drites affects the distribution of major elements and minerals of S7
sediments at a sub-mm scale. The white Chondrites in all thin-sections
are similar in terms of major element composition, suggesting a
similar source for the infilling sediments. The infilling material of these
white Chondrites furthermore exhibit a homogeneous mixture of grains
and minerals. In general, the respective infilling material has larger
grain size, abundant angular quartz grains and a higher proportion of
Ca-rich minerals in comparison to the host sediments (Figs. 7 and 8).
Althought pyrite framboids are absent in Chondrites infill, they are
present (in some cases abundant) in the host sediment (thin-section 1
and 3; Fig. 7).

Certain differences between thin-sections can be underlined here. In
thin-section 1, Chondrites are more difficult to distinguish since the
Chondrites infill has a composition of major elements similar to the host
sediment. The dark Chondrites in thin-section 2 likewise exhibit a
composition of major elements similar to the host sediment (Fig. 7).
Therefore, they are not easily distinguished in SEM-EDX compositional
maps. Still, it is evident that they disrupt host sediments and have
marked contours. In thin-sections from section S7b, Chondrites destroy/
break up the syndepositional pseudolamination within the host sedi-
ment and modify the syndepositional mineral and OM distribution
(Fig. 8). The orange shades observed in the high-resolution optical im-
ages of Chondrites infills, especially in thin-section 3 and 4, are not re-
flected in compositional maps of major elements (Fig. 7). As shown by
the high-resolution optical images, in thin-sections from section S7a, the
host sediments do not present sub-mm lamination. Chondrites in section
S7a have a composition, in terms of major elements, resembling Chon-
drites in section S7b (Fig. 8).

4.3. Bioturbation quantification

Following the methodology described by Dorador et al. (2014a), the
high-resolution optical images of thin-sections were processed, and
Chondrites could be highlighted and isolated (Fig. 9). Subsequently, the
percentage of bioturbation was calculated based on the area (i.e. number
of pixels) of these selected Chondrites (Fig. 9). In thin-section 1 (S7 top),
the selection of Chondrites was difficult due to significant sediment
mixing. Thus, only well-defined Chondrites were chosen for bioturbation
quantification in this sample, which probably determined the low bio-
turbation recorded. In the rest of thin-sections, Chondrites were well
identified and selected for bioturbation quantification. In thin-section 2,
the two types of Chondrites were selected and quantified independently
(Fig. 9). The dark brown Chondrites constitute only 4% and are only
recognized in a 0.5 cm thick interval, while the white Chondrites
represent 28%. Hence the total bioturbation percentage in this sample is
32% (Fig. 9). This finding is in accordance with thin-sections 3, 4, 7 and
8, where white Chondrites range between 34 and 36% (Fig. 9). In thin-
sections 5 and 6, the bioturbation percentage attributed to Chondrites
was lower, respectively ranging from 21% to 26% (Fig. 9). In thin-
section 5, the presence of white sediment patches hindered Chondrites
identification and differentiation from the host sediment (Fig. 9). It
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Thin-section 7
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Fig. 6. High-resolution optical images of thin-sections 7 and 8, plus SEM images of selected areas. Red scale-bar: 5 mm; yellow scale-bar: 0.5 mm (500 pm). The
amplified sections are shown as rectangles, each assigned a different color: (1) red, (2) yellow, (3) orange, (4) blue, (5) green, (6) magenta. White Chondrites are
outlined with red dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

should be noted that variations in resin impregnation in thin-sections 6,
7, and 8 resulted in differences in surface brightness and color, impeding
the automated selection of Chondrites (Fig. 9). In these areas, the iden-
tification and isolation of Chondrites had to be done manually. However,
the Chondrites infill area (i.e. the number of pixels) selected manually is
comparable to the Chondrites infill area that would have been selected
automatically.
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4.4. LA-ICP-MS spot-analyses

LA-ICP-MS spot-analyses were conducted on thin-sections to
compare trace metal concentrations between Chondrites infills and host
sediment. As previously stated, this comparison will focus exclusively on
trace metals that exhibit a significant enrichment in the authigenic
fraction and a weak influence from the detritic fraction (i.e. V, Co, Ni,
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Fig. 7. Selected SEM-EDX compositional maps of major elements of selected areas on thin sections 1, 2,3 and 4 from section S7b. Mapped major elements: Al: red; Si:
yellow; Mg: orange; Ca: blue; S: green and Fe: magenta. Red scale-bar: 5 mm,; yellow scale-bar: 0.5 mm (500 pm). Qz: quartz grains, py: pyrite framboids. See Fig. S9
in Sup. Mat. for additional SEM-EDX compositional maps of thin-sections 2 and 4. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Cu, Mo, Ba and U), as confirmed by the PCA (Fig. 2d). Among all thin-
sections, thin-section 1 exhibits the lowest trace metals concentrations
(Fig. 10b). Most trace metals (V, Co, Ni, Cu and U) have slightly higher
concentrations in the host sediment than in the Chondrites infills, while
Mo and Ba have similar values in both sediment fractions (Fig. 10). In
thin-section 2, dark Chondrites show similar or higher trace metal con-
centrations than the host sediment, whereas white Chondrites show
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lower trace metal concentrations than the host sediment. Overall, thin-
section 2 has the highest trace metals concentrations in the host sedi-
ment (Fig. 10). In thin-section 3, where Chondrites appear more altered
by the presence of orange shades, no significant differences exist in trace
metals concentrations between the Chondrites infills and host sediment.

Interestingly, Cu and Ni have significantly higher concentrations in
Chondrites infills than in the host sediment, while V, Co, Mo, Ba and U
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Thin-section 7 Thin-section 8

Fig. 8. Selected SEM-EDX compositional maps of major elements of selected areas on thin sections 5, 6,7 and 8 from section S7a. Mapped major elements: Al: red; Si:
yellow; Mg: orange; Ca: blue; S: green and Fe: magenta. Red scale-bar: 5 mm; yellow scale-bar: 0.5 mm (500 pm). See Figs. S9 and S10 in Sup. Mat. for additional
SEM-EDX compositional maps of thin-sections 5-8. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

have similar concentrations in both sediment fractions (Fig. 10). In thin-
section 4, all trace metals exhibit higher concentrations in the host
sediment than Chondrites infills, yet these differences are less marked for
Co, Mo and U. In section S7a (thin-sections 5, 6, 7 and 8), trace metal
concentrations in host-sediments and Chondrites-infills are systemati-
cally lower than in thin-sections from section S7b (Fig. 11). This could be
expected, since the bulk sediments analyses of section S7a, showed that
trace metal concentrations and TOC content were significantly lower
than in section S7b (Fig. 2). Still, the tendency of higher concentrations
of trace metals in the host-sediment than in Chondrites-infills is
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maintained, and in some cases, proportionally higher than in section S7b
—as occurs with Ba, Cu and Ni (Fig. 11 and Table 2).

5. Discussion. Chondrites and micro-scale sediment disturbances

Bioturbation can disrupt sediment layers and mix different materials
within the sediment from macro- to a microscale (Bromley, 1996).
Chondrites, being small traces relatively common in organic-rich sedi-
ments, may disrupt sedimentary architecture at the sub-cm scale, and
thereby, affect the distribution of trace metals (including diagnostic
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Fig. 9. Image treatment and bioturbation quantification using Photoshop CS6 methodology developed by Dorador et al., 2014a, 2014b. Bioturbation index is
indicated for each thin-section. Core image shown on the left to indicates the depth of each thin-section. Red scale-bar: 5 mm. (*) Bioturbation (%) obtained from
quantification of irregular white Chondrites in thin-section 1 characterized by strong sediment mixing. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

RSTMs and oligoelements) and OM within the sediments (Lowemark
et al., 2006; Baucon et al., 2020).

5.1. Chondrites: lamination, texture and mineral composition

In S7 sediments at the top of Eratosthenes Seamount, Chondrites-
producers bioturbated from 11% to 36% of the total volume of organic-
rich sediments. Thus, despite its small size, the high abundance has a
strong impact on the small-scale lamination, texture, and minerals, and
OM distribution of the organic-rich sediments. A high abundance of
Chondrites can produce disruption, or even destruction of sub-mm
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lamination or pseudolamination, which can serve as high-resolution
paleoenvironmental archives (Jilbert et al., 2008, 2010; Hennekam
etal., 2015; Sosa-Montes de Oca et al., 2018). Sediment bioturbation by
Chondrites-producers can therefore alter valuable geochemical infor-
mation used to reconstruct past redox conditions at high-temporal res-
olution (Figs. 10 and 11).

Micro-scale disturbances can be recognized by the mineral distri-
bution. The assessed white Chondrites infills exhibit a high abundance of
angular quartz grains (typically associated with aeolian input) and Ca-
enriched material, along with much lower TOC content than the host
sediment, according to color contrast. Meanwhile, the host sediment is
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@ Median values (u g/g) V C Ni Cu Mo Ba U

Thin-section 1 (B%=11)

Host Sediment (n =41) 101 58 78 32 2 189 3

Chondrites infill (n=76) 83 12 68 18 2 190 1
Thin-section 2 (B%=28)

o | Host Sediment (n=23) 541 84 321 290 67 900 21

B | White Chondrites infill (n=58)| 460 77 269 228 51 782 18

g Dark Chondrites infill (n=12) | 628 97 379 271 89 909 25
E Thin-section 3 (B%=36)

Host Sediment (n =20) 403 67 216 154 32 493 14
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Fig. 10. Box-plots of LA-ICP-MS spot-analysis results on thin-sections 1, 2, 3 and 4 from section S7b. (a) Table of TMs concentrations (ug/g) obtained by LA-ICP-MS
spot-analyses in the host sediment and Chondrites infills. n = number of spot-analyses. (b) Box-plots of LA-ICP-MS spot-analyses results. The high-resolution optical
images are indicated the locations of the LA-ICP-MS spot-analysis. Blue dots: host-sediment; red dots: Chondrites infills. Accordingly, blue box-plots indicate host-
sediment results, while red box-plots indicate Chondrites infill results. LA-ICP-MS results of the dark Chondrites observed in thin-section 2 are shown in green.
Red scale-bar: 5 mm. All box-plots have log;, scale. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

more enriched in OM and clay minerals enriched in Al, Mg and K
(typically linked to fluvial input) (Figs. 7 and 8). In this context, Chon-
drites-producers introduced overlying sediments, deposited during dryer
climatic conditions and lower export productivity, into the S7 sediments
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deposited during high fluvial inputs. This resulted in alterations in
mineral distribution at the sub-cm scale and a reduction in the overall
TOC content (Figs. 7 and 8), given that the sediments overlying S7 have
an average lower TOC (~ 0.5%; Table S3 in Sup. Mat.) and the light
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@ Median values (u g/g) V C Ni Cu Mo Ba U
Thin-section 5 (B%=21)
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£ Thin-section 7 (B%=34)
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Fig. 11. Box-plots of LA-ICP-MS spot-analysis results of thin-sections 5, 6, 7 and 8 from section S7a. (a) Table of TMs concentrations (ug/g) obtained by LA-ICP-MS
spot-analyses in the host sediment and Chondrites infills. n = number of spot-analyses. (b) Box-plots of LA-ICP-MS spot-analysis results. The high-resolution optical
images are indicated the locations of the LA-ICP-MS spot-analyses. Blue dots: host-sediment; red dots: Chondrites infill. Accordingly, blue box-plots indicate host-
sediment results, while red box-plots indicate Chondrites infills results. Red scale-bar: 5 mm. All box-plots have log; scale. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Calculated weighted average TM concentration [wTM] and dilution factor (df).
Mean and maximum dilution factor values are indicated at the bottom for each
TM. [TM]ys = median TM in the host sediment.

LA-ICP-MS (ug/g)

v Co Ni Cu Mo Ba U
Thin-section 1
[TM]hs 101 58 78 32 2 189 3
[wTM] 99 53 77 31 2 189 2
df (%) 2 9 1 5 -2 0 6
Thin-section 2
[TM]hs 541 84 321 290 67 900 21
[wTM] 522 83 309 272 64 867 20
. df (%) 4 2 4 6 5 4 3
S7b section Thin-section 3
[TM]hs 403 67 216 154 32 493 14
[WTM] 404 68 220 158 31 494 14
df (%) 0 -1 -2 -3 2 0 -2
Thin-section 4
[TM]1hs 417 69 238 218 21 520 17
[WTM] 399 67 228 205 20 505 16
df (%) 4 3 4 6 7 3 5
Thin-section 5
[TM]hs 268 50 172 174 8 376 15
[WTM] 250 47 161 153 7 346 14
df (%) 7 6 6 12 12 8 10
Thin-section 6
[TM]hs 193 49 173 151 4 544 12
[wTM] 190 48 164 132 4 490 11
S7a section df (%) 1 3 5 12 3 10 6
Thin-section 7
[TM]hs 220 48 173 151 7 393 11
[WTM] 198 44 152 124 338 9
df (%) 10 9 12 18 17 14 11
Thin-section 8
[TM]hs 261 51 161 146 6 402 10
[WTM] 247 50 155 126 5 386
df (%) 5 3 4 14 8 4 5
\% Co Ni Cu Mo Ba U
Median df (%) 4 4 4 9 7 5 6
Maximum df (%) 10 9 12 18 17 14 11

color of the white Chondrites infills indicates minimal organic carbon
content.

OM and pyrite framboids are not equally distributed between
Chondrites infills and the host sediment. Pyrite framboids and OM are
present in the host sediment but absent in white Chondrites (Figs. 3 to 8).
The connection to overlying oxic waters through Chondrites burrows
would promote higher oxygen levels within the Chondrites network than
in the host sediment, where dysoxic-anoxic conditions prevailed (ac-
cording to the enrichment of RSTMs; Fig. 2). Nevertheless, the presence
of pyrite framboids and Mo enrichments in the sediments suggest that
intermittent euxinic conditions were reached in confined sub-cm mi-
croenvironments, e.g. inside foraminifera chambers (Figs. 3 to 8) (Wil-
kin et al., 1996, 1997; Tribovillard et al., 2008; Scott and Lyons, 2012;
Lin et al., 2016; Liu et al., 2019; Chang et al., 2022; Monedero-Contreras
et al., 2023b). Chondrites, as open, actively ventilated burrows are ex-
pected to have less abundant (or absent) pyrite than the surrounding
sediment (Baucon et al., 2020). Such observations allow us to state that
Chondrites distribution, abundance and associated irrigation exerted
control on OM, S and Fe distribution and chemistry within the sediment
during early diagenesis pyrite precipitation (Phillips and Mecllroy,
2010). The absence of pyrite framboids in Chondrites infills could also be
related with the ethology of the organism; Chondrites-producers ingested
the microbially degraded OM from which framboids would have origi-
nated (Baucon et al., 2020). Furthermore, research has revealed a cor-
relation between elevated populations of benthic fauna and an increased
occurrence of pyrite precipitation within the underlying sediment. This
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phenomenon is attributed to the augmented influx of sulfate-rich water
into the oxygen-depleted sediments, which subsequently enhances the
activity of sulfate-reducing bacteria and the precipitation of pyrite
framboids (Hantsoo et al., 2023). This might explain the high abundance
of pyrite framboids surrounding some Chondrites (Fig. 7, thin-section 3).
Yet, evidence from S isotopes indicates that during sapropel deposits in
the Eastern Mediterranean, porewater was saturated in sulfate (Passier
et al., 1996). Additional support for permanent sulfate saturation comes
from the preservation of biogenic barite crystals in sapropel sediments
(Martinez-Ruiz et al., 2000; Monedero-Contreras et al., 2023b). There-
fore, Chondrites-producers would not significantly change sulfate satu-
ration in Eastern Mediterranean porewater during sapropel termination.
In deep-marine settings where sulfate is depleted in the porewater,
Chondrites-producers would, however, bear a major impact by replen-
ishing the depleted sulfate in the porewater.

The mixing and disturbance of sediments by benthic organisms
through burrowing, feeding, and movement strategies can vary due to
changes in redox conditions and OM content (Bromley and Ekdale,
1984; Bromley, 1996; Buatois and Mangano, 2016; Baucon et al., 2020).
Such variations lead to differences in the degree of bioturbation and in
the distribution of OM and oligoelements within the sediment. For
instance, background sediments in section S7a present a different dis-
tribution of OM and sediment texture than section S7b owing to dif-
ferences in bottom-water redox conditions (see section 4.3 and Fig. 13).
The section S7a background sediments show a scattered distribution of
OM and a mottling texture, while in section S7b the OM is concentrated
within sub-mm laminae. The different modifications in sediment texture
and sub-mm architecture by Chondrites-producers and other benthic
fauna can give rise to diverse distributions of oxygen, OM, S and Fe in
the sediments and porewater (Fig. 12). These differences imply a range
of potential effects on nutrient cycling, sediment biogeochemistry, and
overall macro to micro ecosystem dynamics. Bioturbation modelling and
neoichnological studies in modern marine settings demonstrate how
macrofauna (e.g. thyasirid burrows; Dufour and Felbeck, 2003; Dando
et al.,, 2004) and meiofauna (e.g. nematodes; Moens et al., 2005) can
enhance OM degradation, increase microbial and bacterial growth, in-
crease solute transport and molecular diffusion, increase sulfide oxida-
tion, shorten porewater turnover time, and alter the vertical distribution
of sedimentary phosphorus (Kamp-Nielsen et al., 1982; Meadows et al.,
1991; Neira et al., 2001; Lohr and Kennedy, 2015; Arndt et al., 2013;
Jorgensen and Nelson, 2004; Jgrgensen et al., 2022).

5.2. Chondrites: trace elements distribution and geochemical signals

The preservation and distribution of trace metals in organic-rich
sediments are influenced by various factors that include marine pro-
ductivity, redox conditions in the water-column and porewater, detrital
input, chemical diagenesis, and bioturbation (Bromley, 1996; Zheng
et al., 2002; Tribovillard et al., 2006; Monedero-Contreras et al., 2023b,
2024). As mentioned before, Chondrites-producers may bioturbated
considerable volumes (up to 36%) of organic-rich S7 sediments (Fig. 9),
which diluting the syndepositional concentration of trace metals, even
trace oligoelements (e.g. Mo, V, Ni, Cu and Co) and TOC. The median
dilution factor values of trace metals range from 4% to 9%, while the
standard deviation values are from 3% to 7%. Cu and Mo exhibit the
highest degree of dilution by Chondrites-producers, reaching up to 18%
and 17%, respectively. This suggests significant variability in the dilu-
tion of different trace metals (Table 2). The variable dilution for RSTMs
and Ba could be attributed to differences in the speciation and mobility
of trace metals under different redox conditions (Tribovillard et al.,
2006; Calvert and Pedersen, 2007). Evident dilution of trace metals
concentrations supports the interpretation that Chondrites-producers
introduce oxic/dysoxic material impoverished in RSTMs, barite and OM
downward into anoxic host sediments more enriched in RSTMs, barite
and OM (Fig. 12). Furthermore, as indicated above, the mixing of ma-
terials by Chondrites can impact trace metal speciation and mobility,
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The presence of anoxic bottom-water restricts the colonization
of benthic communities on the seafloor and promotes
OM preservation and intermittent porewater euxinia, which
facilitates the precipitation of iron sulfides enriched in RSTMs.
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Open burrows allow dysoxic bottom-water infiltrates the anoxic
organic-rich sediments. Once within the Chondrites net,
itdiffuses out of the burrows into the anoxic sediments.
This diffusion process can oxidize the sulfides and OM in the
near-burrow sediments, promoting bacterial growth.

As aresult, RSTMs are rel d into the por . Then, RSTMs
can (i) diffuse back to the water column or (ii) reprecipitate in
the surrounding anoxic/euxinic sediments or in the Chondrites
infills if oxygen is exhausted.

~100 ym

After Chondrites-producers activity ceased, the open burrows are
completly filled with oxic material impoverished in OM, barite
and RSTMs . Subsequently, the vertical shaft is blocked,
preventing oxic water to infiltrate the organic-rich sediments.

- — - Redoxcline D Syndepositional pyrite framboids

Fig. 12. Chondrites evolution scheme in organic-rich sediments and induced geochemical processes at sub-cm scale.

thus influencing their bioavailability, and subsequently the microbial
activity, efficiency of OM degradation and nutrient cycling within the
sediment (Green and Chandler, 1994; Rysgaard et al., 2000).

In thin-section 2, the dark Chondrites appear in a limited ~5 mm
thick interval (Figs. 3 and 9). These Chondrites do not exhibit a strong
color contrast and have a composition of major elements and trace
metals similar to that observed in the host sediment (Figs. 7 and 10). One
explanation for the existence of these dark Chondrites is bioturbation by
tracemakers during deposition of the sediments overlying thin-section 2,
when a slight increase in oxygen levels occurred. Vertical plots reveal an
increase in oxygen levels above thin-section 2 (at 484 cm; see Fig. 2a),
supported by a correlative decrease in TOC (%), DOPt values and certain
Al-normalized RSTMs (e.g. Mo, U, Ni, and, to a lesser extent, Cu). In this
case however, Chondrites-producers had to be highly resistant to low
oxygen levels (slightly oxygenated during thin-section 2 deposition)
because the infills reflect oxygen depleted bottom-waters and high
productivity levels, as suggested by the high concentrations of RSTMs
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and Ba. An alternative explanation is that the infill of these Chondrites
corresponds to fecal material introduced by active backfilling (Lohr and
Kennedy, 2015); still, this possibility is controversial as such behavior
has only been reported from uncertain Chondrites (Knaust, 2017; Baucon
etal., 2020). At any rate, this hypothesis might explain the similarities in
geochemical and mineral composition, as well as in texture (grain size)
and color, with regard to those of the host sediment.

In thin-section 3, where Chondrites infills appear darkened with or-
ange/brown shades and haloes, potentially indicating postdepositional
alteration, the concentrations of trace metal are comparable to or even
higher than those observed in the host sediment, with dilution factors
ranging from 2% to —3% (Table 2). This could be explained by the
postdepositional oxidation and remobilization of trace metals in the
near-burrow sediments, and the subsequent reprecipitation within
Chondrites infills. Chondrites burrows open to the sediment-water inter-
face allowed oxic water to flow into the Chondrites network. Oxygenated
water, whether derived from the moment of deposition of the layer
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corresponding to thin-section 2 (deposited during an oxygen increase in
bottom-water) or from S7 overlying sediments deposited after sapropel
termination, could diffuse out of the Chondrites network into the anoxic
sediments and create sub-mm oxic areas surrounding the burrows
(Fig. 12) (Jovanovic et al., 2014). This may lead to the oxidation of host
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mineral phases of RSTMs in the surrounding sediments, resulting in
dissolved RSTMs in the porewater that can reprecipitate within the
sediment or diffuse upwards to the oxic/dysoxic bottom-water. The
precipitation of RSTMs in the Chondrites infills could occur in association
with Mn and Fe oxyhydroxides under dysoxic conditions into the

- Sluggish water-column circulation during S7a
interval resulted in dysoxic bottom-water
at E.Smt. and intermittent
anoxic/euxinic porewater.

- Specialized benthic fauna to low oxygen
conditions remobilized the sediments,
which led to a complete biodeformational
mottling of the deep-sea sediments.
Bioturbation may have occurred continuously
or limited to short periods of increased
bottom-water oxyganetion.

- Moderate export productivity.

- During the S7b interval, bottom-water
stagnation resulted in bottom-water anoxia,
causing a cessation of benthic activity and the
preservation of sedimentary lamination.
However, the possibility of meiofauna activity
cannot be ruled out. Additionally, there were
brief periods of enhanced bottom-water
oxygenation that allowed small
Chondrites-producers to temporarily colonize

the seafloor, identified as dark Chondrites.

- High export productivity.

- During S7 termination, E.Smt. bottom-water
was ventilated and oxygenated. This
enabled opportunistic Chondrites-producers
to be the first to colonize the seafloor and
bioturbate the underlying anoxic
organic-rich sediments.

- Return of oligotrophic water-column.

Medium-size
light Chondrites

Small-size
dark Chondrites

Fig. 13. Scheme of S7 evolution at Site 966B using geochemical and ichnological information. SWI: sediment-water interface; E.Smt.: Eratosthenes Seamount.
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Chondrites burrows. Yet this suggestion does not fully account for U
enrichments, as U tends to precipitate as uranite during anoxic condi-
tions rather than in association with Fe or Mn oxyhydroxides under
dysoxic conditions (McManus et al., 2005; Tribovillard et al., 2006;
Calvert and Pedersen, 2007 and references therein). Moreover, SEM-
EDX maps of altered Chondrites do not show Mn enrichments (Fig. 7).
An alternative mechanism for the reprecipitation of RSTMs must
therefore be evoked to explain such enrichments. One potential expla-
nation is that dissolved RSTMs reprecipitated within Chondrites infills,
probably by absorption and/or co-precipitation into authigenic phases,
once oxygen was depleted again due to aerobic bacterial activity along
with OM and sulfides oxidation.

In any case, Chondrites-producers are changing the redox conditions
in confined sub-cm areas of the anoxic organic-rich sediments and the
distribution of RSTMs, including some oligoelements such as Fe, S, Mo,
Co, Cu, V and Ni (Fig. 12). Aller (1994) stated that cyclic redox patterns
are common within individual burrow structures and are accompanied
by rapid switching in dominant metabolic processes, generating
geometrically and temporally complex redox mosaics in the sediment
matrix. This observation aligns with findings by Jgrgensen et al. (2005)
and Meysman et al. (2006), who state that oxic sub-cm microniches can
occur along the burrow walls in anoxic sediments due to occasional oxic
ventilation. Yin et al. (2017) further corroborated this by demonstrating
how burrowing ragworms (polychaete Nereis succinea) oxidize the walls
of the burrows in salt marsh sediments. Accordingly, the irrigation by
Chondrites-producers creates a complex sub-cm redox mosaic within the
sediments and can potentially enhances microbial productivity,
involving sulfur-oxidizing and magnetotactic bacteria in the near-
burrow sediments where the redox transition zones are located (Lefe-
vre and Bazylinski, 2013).

5.3. Multiproxy reconstruction of S7 evolution

The compiled geochemical dataset and ichnological assessments of
S7 enable a multiproxy paleoenvironmental reconstruction of the S7
evolution, deposited between ~198.5 and 191.9 ka (Ziegler et al.,
2010). S7 was deposited during very humid conditions with large
nutrient-rich fluvial inputs from the African borderlands, primarily by
the Nile River (Gallego-Torres et al., 2007a, 2007b; Wu et al., 2018).
Hence, the S7 sediments are enriched in OM as a result of increased
export productivity and oxygen-depleted bottom-waters (Benkovitz
et al., 2020; Sweere et al., 2021). As previously stated, the S7 event at
the Eratosthenes Seamount can be divided in to two sub-sections tied to
different redox and environmental conditions (Fig. 2a). The deposition
of section S7a (from 503.5 to 491 cm of core 966B; Fig. 2) was accom-
panied by a moderate increase in productivity and weak deep-water
restriction due to intermittent bottom-water ventilation/oxygenation,
followed by low RSTMs authigenic enrichment. During the S7a period,
oxic to dysoxic conditions most likely prevailed at the top of Eratos-
thenes Seamount. They allowed macro and micro-opportunistic organ-
isms to intermittently colonize the seafloor and homogenize the
sediments, erasing sub-mm lamination and producing a mottled texture
(Fig. 13) (Rodriguez-Tovar, 2022). Further evidence of syndepositional
benthic activity lies in the presence of fecal pellets (see thin-section 8 in
Fig. 6b.6) (Lohr and Kennedy, 2015). In this framework, OM accumu-
lation/preservation was not very efficient during S7a period; TOC con-
tent does not exceed 2%, supporting a weak oxygen-depletion at this
water-depth in conjunction with moderate productivity (Fig. 2).
Nevertheless, intermittent and confined porewater euxinia must be
evoked to explain the Mo enrichments and the presence of euhedral
pyrite framboids in the host sediments of section S7a (Helz et al., 1996;
Tribovillard et al., 2008; Scott and Lyons, 2012; Helz and Vorlicek,
2019).

The mixing and biodeformation of the sediments during period S7a
probably took place through the interplay of two different bio-
turbational mechanisms, creating a distinctive “mottled” sediment
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texture (Fig. 13): (i) in fine sediments with high water content, burrows
created by macrotracemakers appear as biodeformational sedimentary
structures, showing no distinct outline, leading to total sediment mixing
without evident signs of well-defined burrows, outlines, or color con-
trasts (Rodriguez-Tovar, 2022), and (ii) meiofauna, despite their small
size, could have actively mixed and homogenized the sediments.
Furthermore, the bioturbation might have been a continuous process
throughout S7a deposition, or else could have been limited to periods of
increased bottom-water oxygenation. The grayish sediment patch in
thin-section 5 (Fig. 5) appears to be syndepositional because the pres-
ence of Chondrites “cuts” through it, and the irregular outline suggests it
is not a biosedimentary structure. It can thus be interpreted as a partially
erased oxic layer with low TOC (due to bioturbation) that was deposited
during bottom-water ventilation. Even though brief bottom-water ven-
tilations might have occurred, no apparent indications are seen in the
geochemical record (e.g. Mn peak; Fig. 2) (Filippidi and de Lange, 2019;
Monedero-Contreras et al., 2023b). Still, we cannot be discarded the
possibility that Mn-oxyhydroxides precipitating during ventilation
might have undergone postdepositional dissolution as a result of the
redox transition towards anoxic porewaters during the deposition of S7b
section.

If a near-constant sedimentation rate is assumed for the entire S7
event —considering Ba enrichment as the complete sapropel event
following Gallego-Torres et al. (2010) methodology— one may surmise
that a change in water-column dynamics, redox conditions, and pro-
ductivity rate occurred around 196.6 ka at the top of the Eratosthenes
Seamount. This change marked the onset of the S7b period, character-
ized by (i) stronger deep-water stagnation, which boosted bottom-water
deoxygenation at the top of Eratosthenes Seamount and enhanced
adsorption and/or co-precipitation of RSTMs into authigenic phases by
seafloor sediments, and (ii) increased productivity, that enhancing
barite precipitation in the water-column (Fig. 13). The accumulation/
preservation of OM was thereby enhanced, which derived in higher TOC
content in S7b section (TOC up to 3.4%; Fig. 2a). Higher Mo concen-
trations and the high abundance of pyrite nanocrystals (> 1 pm) in the
host sediments further supports that euxinic conditions may have been
reached not only within confined microenvironments in the porewater-
sediment system, but also sporadically in bottom-waters at the top of
Eratosthenes Seamount (Wilkin et al., 1996, 1997; Wilkin and Barnes,
1997; Scott and Lyons, 2012; Lin et al., 2016; Liu et al., 2019; Chang
et al., 2022). The existence of sub-mm lamination furthermore indicates
that macro benthic organisms were absent from ~196.6 ka to 191.9 ka
because of bottom-water anoxia (Fig. 13). The existence of meiofauna
that living between the grains, incapable of disturbing sub-mm lami-
nation, cannot be ruled out, however (Lohr and Kennedy, 2015). Such
insights would indicate that during period S7b the redoxcline in the
Eastern Mediterranean was placed above ~900mbsl due to strong water-
column stratification and deep-water deoxygenation (Benkovitz et al.,
2020; Sweere et al., 2021; Monedero-Contreras et al., 2023a, 2024). A
correlative decrease in various RSTMs concentrations at 484 cm deep
points to a brief period of weakened bottom-water anoxia around
194-193 ka at Eratosthenes Seamount. This allowed small Chondrites
tracemakers to colonize the seafloor for a short spell, until bottom-water
anoxia returned (Fig. 13); hence small dark Chondrites in the underlying
sediment present a very similar composition to the host sediment and
are only observed within a 0.5 cm thick interval (thin-section 2; see
Figs. 3 and 9).

After S7s termination, dryer conditions ruled in the Eastern Medi-
terranean, meaning decreased fluvial input, increased aeolian influence,
and lower OM accumulation/preservation. The end of S7 at Eratos-
thenes Seamount took place when deep-water formation/circulation
was reactivated. The absence of a “marker bed” — an interval enriched in
Mn-oxyhydroxides atop the S7 organic-rich sediments— does not sup-
port the occurrence of an abrupt reventilation during S7 termination at
the Seamount (Wilson et al., 1986; Calvert and Pedersen, 1993; de Lange
et al., 2008; Filippidi and de Lange, 2019). However, the immediate
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return of oxic bottom-waters after S7s termination at the Eratosthenes
Seamount is corroborated by the rapid colonization of the seafloor by
opportunistic Chondrites-producers and by the synchronous drop in TOC,
RSTMs and pyrite content at the top of S7 sediments. Since there are no
signs of postdepositional sapropel burndown, e.g. a mismatch between
Ba/Al and TOC (Fig. 2a) (van Santvoort et al., 1997; Monedero-Con-
treras et al., 2023b), we can affirm that the redoxcline was never situ-
ated below the upper boundary of the organic-rich sediments during the
deposition of section S7b (Fig. 13). Despite the fact that porewater
anoxia was maintained during S7 termination, Chondrites-producers
were able to bioturbate the organic-rich sediments, taking advantage of
the oxygen from the overlying oxic/dysoxic bottom-waters due to the
presence of a vertical shaft.

The DOPt increases below S7 organic-rich sediments is indicative of
authigenic pyrite enrichments, linked to the existence of a synsapropel
interval, which corresponds to an interval with low TOC content but
high pyrite content below a sapropel (Passier et al., 1996, 1997, 1999;
Benkovitz et al., 2020; Matthews et al., 2017; Filippidi and de Lange,
2019; Monedero-Contreras et al., 2023b). The DOPt increase at the top
of S7 corresponds to the synsapropel interval of the overlying sapropel
(i.e. S6) (Monedero-Contreras et al., 2024). The precipitation of pyrite
below some sapropels is controlled by the reaction of downward HS™
fluxes in contact with the upward diffusing Fe from underlying sedi-
ments (Passier et al., 1996). Thus, during S7 deposition, a downward
diffusion of excess HS™ produced by sulfate-reducing bacteria promoted
pyrite formation through sulfidisation of the sediments below S7
(Passier et al., 1996). This scenario implies that reactive Fe for pyrite
precipitation was depleted in the organic-rich S7 sediments. Moreover,
the vertical plots indicate that Co, Ni, and Cu, precipitated in association
with the synsapropel pyrite (Monedero-Contreras et al., 2023b, 2024)
(see Fig. 2d).

6. Conclusions

Detailed ichnological analysis reveals the influence of Chondrites on
the RSTMs enriched in sapropel S7 (~195 ka), at the Eratosthenes
Seamount (Levantine Basin, Eastern Mediterranean). Chondrites alter
sedimentary features at a sub-cm scale, impacting lamination, texture
and mineral distribution. The bioturbation of materials by Chondrites-
producers also modifies the distribution and concentration of OM and
trace elements, including oligoelements that are vital for macro and
microorganisms (e.g. Fe, S, Mo, Co, Cu, V and Ni).

Chondrites-producers are able to bioturbate significant volumes of
organic-rich sediments (from 11% to 35%). They can introduce over-
lying oxic/dysoxic material of low trace metals concentrations and OM
content downward, into anoxic sediments more enriched in trace metals
and OM. By doing this they can introduce oxic porewater below the
sedimentary redoxcline. The whole of this process modifies redox con-
ditions in the zones surrounding the Chondrites burrows and remobilizes
trace metals through the oxidation of sulfides and OM in the near-
burrow sediments. Remobilized trace metals can reprecipitate within
the sediment, or diffuse to bottom-waters. As a consequence, the change
in trace metal speciation, mobility, and distribution influences the
bioavailability of trace metals. In turn, Chondrites can impact carbon and
nutrients cycling, microbial activity, and OM degradation, impacting in
turn the overall sedimentary biogeochemistry of deep-marine sedi-
ments, where Chondrites tend to be abundant.

With respect to the implications for paleoceanographic/paleoenvir-
onmental reconstructions based on geochemical signals, Chondrites
bioturbation would dilute the overall TOC content and the concentra-
tion of paleoenvironmental diagnostic trace metals (e.g. Mo, U, V, Ba) in
bulk sediment samples. Although the average dilution factor is between
5% and 6%, in some cases the dilution can be >10% for key paleo-
ceanographic trace metals (e.g. Mo, U and Ni); depending on the
abundance, distribution and infilling material composition of Chondrites,
and on the speciation and mobility of the trace metal under different
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redox conditions. If the distribution of Chondrites remains relatively
constant throughout the sampled organic-rich section, vertical trends of
RSTMs will not be substantially affected. At any rate, however, Chon-
drites presence must be considered for accurate sedimentary record
comparisons and for calculating trace metals and OM burial fluxes.
High-resolution redox reconstructions based on sub-cm analyses (e.g.
LA-ICP-MS line-scanning and XRF core-scanning) should take into ac-
count the presence of Chondrites, as RSTMs variations might not be
related to time variations but rather to Chondrites infills geochemical
composition.

Based on the obtained geochemical data and ichnological informa-
tion, the paleoenvironmental evolution of S7 was interpreted, leading us
to characterize of two phases with different redox and environmental
conditions. During the lower half of S7 (S7a), deep-water stagnation and
deoxygenation was weak and marine productivity was low, then, as the
upper S7 section (S7b) was deposited, deep-water stagnation strength-
ened and marine productivity increased. This enhanced deep-water
deoxygenation, OM accumulation/preservation and trace metal authi-
genic uptake, in addition to shallowing the redoxcline above 900 mbsl
and inhibiting the establishment of benthic organisms.

Overall, the sub-cm modifications caused by Chondrites have wide-
ranging implications beyond mineral redistribution and trace metals
dilution within organic-rich sediments. Chondrites-producers exert sig-
nificant influences on biogeochemical processes, carbon and trace
metals cycling, and the fate of organic carbon in deep-marine environ-
ments, highlighting the intricate and complex interplay between bio-
logical activity (i.e. bioturbation), sedimentary processes, and carbon
and trace metal dynamics. Therefore, understanding the impacts of
Chondrites bioturbation on sedimentary biogeochemistry by assessing its
effect on trace metals distribution and OM preservation within the
sediments is crucial for (i) accurately interpreting past oceanographic
events (in particular deoxygenation events) from deep-sea records, and
(ii) evaluating its potential impacts on carbon and trace metals cycling,
as well as carbon sequestration in marine sediments.
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