Development of the marine Holocene environment in a drowned paleovalley with final anthropic
influence in the Cartagena Bay (Murcia, SE Spain)
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Abstract

Sedimentological, paleobiological, mineralogical, and geochemical analyses of a sediment core retrieved on the seafront
of Cartagena Bay were performed after high-resolution sampling. A wide series of dates obtained through radiocarbon
and amino acid racemization proved that the Holocene record on the analyzed core began at ca. 7300 yr cal BP.
Reinterpretation of the marine seismic profiles indicated that the beginning of this transgression was channeled along
erosive paleochannels excavated on a coastal plain of, at least, MIS5¢ age. The Holocene paleoenvironmental
evolution consisted of a first period marked by marine conditions with strong inputs from a fan delta linked to the
reorganized fluvial network that occurred after the sudden rise of the base level, which caused a growing sedimentary
prism. Later, the full marine environment was reflected in the development of a Posidonia-Cymodocea meadow
hosting a rich biodiversity of marine species (mollusks, foraminifera, ostracoda). Around 3800 yr cal BP, the area
underwent a profound change and a silting process started to alter the conditions, turning the area into a
paucispecific brackish marsh environment in which mud deposition was dominant. Since Carthaginian times,
arrangement works locally affected the record, allowing the arrival of some marine species due to port work
(dredging) undertaken to gain depth and showing anthropic influence.
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Introduction

Cartagena Bay (Murcia, Spain) is one of the most interesting areas in the Mediterranean realm as it
reflects the geographical evolution of this zone since the beginning of historical times. The bay is
characterized by a richness of raw materials, such as iron, lead, and silver, as attested by old mines,
tail ponds, slag heaps, and abandoned metallurgical factories (Bode et al., 2015; Domergue, 1990;
Ramallo and Berrocal, 1994; Trincherini et al., 2009). The abundant wealth of the area brought about
the growth of the city of Cartagena via terracing, landfill, and reclamation processes, to such an
extent that outcrops were almost absent.

The protected bay is considered the most perfect natural anchorage along the coast of Spain.
During Roman times, docks were built, and piers and related warehouses can still be observed buried
below 19th-century buildings, thereby attesting to the artificial retreat of the waterline. Later, a galley
base was established and there was continuous development of navy facilities from the 18th century
onward, reflected by the city wall and development of docks, shipyards, and arsenals, as well as
increasing and continuous dredging processes (Conesa and Garcia-Garcia, 2003; Pérez-Crespo,
1992). Finally, population growth in Cartegena led to the expansion of the city beyond its walls, with
settlement sprawling toward the north and covering the marsh of El Almarjal. The characteristics of
the area imply that the interplay between eustasy, paleo-landscape, neotectonics, and anthropic
activity hinders research into its recent geological record on land.

In 2017, an excavation was made to rebuild a 19th-century building named “Tivoli.” An
interesting Holocene section cropped out at the foundation wall (named E1), revealing a coastal
character, with black muds with drifted Posidonia oceanica remains and articulated shells at the
bottom, followed by fine sands with pelecipoda shells, and sands with pottery shreds and logs driven
into the sediments in the uppermost part, thus indicating its use during Punic times (Torres et al.,
2018). In addition, the remains of a Roman mole are still visible in another historical building named

Casa Llagostera Foundation (E2), close to E1 section (Figure 1).

Sixteen boreholes with continuous core recovery on building plots and gardens were obtained on
works conducted by teams from the University of Murcia (Manteca et al., 2017; Torres et al., 2018).
Together with technical reports from tens of geotechnical drill holes in the area, these boreholes
allowed a general paleoen- vironmental reconstruction (Torres et al., 2018) mostly focused on marsh

deposits inland (EI Almarjal) and therefore poorly representing typical marine deposits.
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Figure 1. Geographical location of Cartagena. Geological map (modified from Manteca et al., 2017) with the location of the
seismic profiles shown in Figure 2.

To better understand the evolution of the basin and the paleoenvironmental characteristics of the
coastal margin during the Holocene, including the human activities that influenced sedimentation in
historical times (Punic and Roman epochs), we drilled a new core (E3) in the vicinity of E1 and Casa
Llagostera (E2) (Figure 1). Of note, E3 contains a well preserved and large record covering the whole
Holocene record (11.1 m), which was dated through radiocarbon and amino acid racemization (Ortiz
etal., 2021), thus allowing continuous sampling (with 3 cm inter- vals) for a high-resolution study.
Furthermore, intense amino acid racemization and radiocarbon sampling followed by a Bayesian

analysis allowed the establishment of a reliable chronology (Ortiz et al., 2021).

To this end, we performed a multidisciplinary study of the paleoenvironmental evolution
considering the sedimentological characteristics, paleontological content, mineralogy, and trace
elements together with a reinterpretation of geophysical data. Thus, this study aimed to reconstruct
the paleoenvironmental conditions and the landscape evolution of Cartagena Bay over the Holocene

and the influence of human settlements.

Geographical and geomorphological settings
Cartagena Bay is an estuarine environment enclosed by craggy sierras — La Muela-Atalaya and La
Fausilla, among others — that protect it from dominant easterly winds. To its north, the hills where

Punics and Romans built their cities, act as a partial lock that separate them from a wide marsh 2 m



above the sea level, EI Almarjal (Figure 1), which, after intensive drainage, is now covered by
buildings.

An ephemeral stream, named Benipila Creek, with a catchment area of 72.5 km? (Conesa and
Garcia-Garcia, 2003) runs along the southern boundary of El Almarjal marsh debouching at the
southern corner of the bay at the “Mar de Mandarache,” where navy facilities were built. Other minor
streams, which are wadis, built the small alluvial fans of Concepcién and Santa Lucia, as well as a

number of minor ones that now reach the bay through the sewage system.

The underwater environment of Cartagena Bay holds a fossilized paleo-landscape excavated on
soft sediments of a coastal plain of MIS5 age, as revealed by marine geophysics (Cerezo, 2016;
Torres etal., 2018, 2020). This landscape conditioned the inflow of marine water during MIS1, as
discussed later. From a geological perspective, the present morphology of the study area was
developed during the Alpine Orogeny, which stacked a series of nappes of metamorphic rocks
belonging to both the Nevado-Filabride Complex and the Alpujarride Complex (Figure 1). The
Cartagena-La Union Fault, separates the meta- morphic complexes from a large depression named
“Campo de Cartagena” with a thick Neogene infill that shows only slight deformation (Manteca
Martinez and Garcia Garcia, 2004). A fault network of NW-SE and NE-SW (N.70 and N.130) strike
controlled the course of Benipila Creek (Benipila Fault) and the morphology of EI Molinete Hill. In
the area iron, lead, copper, and silver ores accumulated from hydrothermal processes linked to
volcanic calco-alkaline activity during the Neogene (Manteca Martinez and Ovejero Zappino, 1992;
Oen et al., 1975).

Material and methods

Drilling and sampling

We drilled a 30-m-long core with a diameter of 7 cm named E3, which was obtained with a
conventional single barrel drill pipe and continuous core recovery (95%) with a direct flow of water.
The core boxes were stored under controlled conditions in a wet chamber. For sampling, the core
surface was scraped to remove any contamination linked to the drilling process. The soft sediments
were manually split into two halves using a steel blade. One half was stored at the Spanish
Geological Survey facilities for further study, while the other half was sampled by driving plastic

boxes (3 x 3 x 1cm) into it.

The uppermost 3.1 m consisted of very recent rubble (19" century) and encaustic cement tile
fragments. This rubble was used as infill for this swampy area and was discarded for the purposes of
this study.

The chronology between 11.1 and 3.1 m was obtained through radiocarbon dating (10 samples) and
amino acid racemization of ostracoda (30 ostracoda valves from 12 beds) (Ortiz et al., 2021). The
chronology established revealed that materials of the upper

11.1 m belonged to the Middle (8300-4200 yr BP or Northgrippian) and Upper (>4200 yr BP



Meghalayan) Holocene stages. A chronological model for M1S1 was constructed with the Bayesian

R-code package “Bacon 2.3.7” (Blaauw and Christen, 2011) after 9000 Markov Chain Monte Carlo
iterations. The record between 11.1 m and the bottom of the core was dated at MIS5c.

A total of 216 representative samples with a thickness of 1 cm were taken at ca. 3 cm intervals
between 11.1 and 3.1 m, each sam- ple being separated into diverse subsamples for different studies:
sedimentology and paleontology; X-Ray fluorescence (XRF); X-ray diffraction (XRD); and
magnetic susceptibility (MS).

Sedimentology and paleontology

To examine the sedimentological and paleontological content, samples of ca. 100 g were dried at
room temperature and water- dispersed. They were then passed through a 63-um sieve, dried, and
weighed to calculate the mud fraction. Examination under a microscope allowed determination of the
textural and microfossil content.

Given the low weight of the dry sample, the frequency of macro-mollusk species was considered
unsuitable for statistical analyses. Therefore, we focused on micro-mollusks, which were counted in
all the samples and normalized their frequency to 100 g.

Mollusks and microfossils (foraminifera, ostracoda) were identified at species level and
exceptionally at genus level. For the identification of mollusk species, we used Arduino et al.’s
(2016) web page and data from the studies by Giannuzzi—Savelli et al. (1997) and D’ Angelo and
Gargiullo (1978).

To identify ostracoda species, we used the studies of Carbonel (1985), Guillaume et al. (1985),
Mazzini et al. (1999), Nachite et al. (2010), and Martinez-Garcia et al. (2013).

To identify benthic foraminifera, we followed Loeblich and Tappan (1988), Milker and Schmied|
(2012), Hayward et al. (2017), and WORMS (Word Register of Marine Species/World Foramin- ifera
Database). The Density index is calculated by the number of carapaces per g. The Shannon-Weaver
diversity index allows estimation of specific diversity by taking into account the number of
individuals and also the number of taxa (Spellerberg and Fedor, 2003). This index is defined by H =
2 [(pi) x In(pi)], where pi is the proportion of total sample represented by species i, and it is calculated
by dividing the number of individuals of species i by the total number of samples. The Fisher’s alpha
index is another diversity proxy that establishes the relationship between the number of species and
the number of individuals of those species (Fisher et al., 1943). It is defined implicitly by the formula
S=a X In(1 + n/a), where S is number of taxa, n is number of individuals, and « is the Fisher’s alpha.
The Equitability index is a function of species even- ness and it takes into account the number of species
and the relative abundance of species in a community (Begon et al., 1996). It is calculated using the

Shannon-Weaver diversity index divided by the logarithm of the number of taxa (E=H/log (S)).

Mineralogical analysis by X-Ray Diffraction (XRD)



We selected 216 samples between 11.1 and 3.1 m and powdered them to <10 um. The mineralogy of
these samples was obtained with an XRD Rigaku MiniFlex 300/600 difractometer. An X-ray tube

with Cu anode material was used as radiation source, with a Cu-Ka. target tube. The primary
divergent slit was 0.625° and the axial soller slit 1.25°. Scans were made over a 20 range of 10°—
110° with a total exposure time of 14 min. For the regular powders, a step size of 0.05° and a counting

time of 56.9 s/step were used.

Magnetic susceptibility

Magnetic susceptibility (MS) has recently been used to differenti- ate source areas in Late Quaternary
deposits (Boar and Harper, 2002; Chan et al., 1998; Ghilardi et al., 2008; Robinson et al., 1995;
Rowntree et al., 2017). Although the size and shape of mineral grains can lead to different responses
to the measurements (Maher, 1998; Yim et al., 2004), we chose to use MS as it is a non-destructive —
a valuable criterion due to sample scarcity.

MS reflects the capacity of a substance to be magnetized. In the case of rocks and sediments, it is
also a measure of their ferromagnesian mineral content. This parameter can be used as a proxy of
high-flow periods, that is to say, periods marked by an increase in the flux of detrital magnetite-
bearing material. In addition, the magnetic particle content can be later modified depending on the
oxidation/reduction processes that occur after sedimentation. Therefore, MS can also be used as a
proxy of the extent of reductive iron oxide dissolution processes (Canfield and Berner, 1987; Dekkers,
1997; Murdock et al., 2013; Nowaczyk et al., 2004; Ortega et al., 2006).

Magnetic susceptibility (MS) data were obtained at the Spanish Geological Survey using the U-
channels of a GEOTEK Multi-Sen- sor Core Logger (MSCL-GEOTEK) equipped with a Bartintong
MS2E surface point sensor for MS determination. The resolution of the sensor is 2 x 107° Sl on the 0.1

SI measurement range.

C, H, and N analysis

Another set of 216 samples along the uppermost 11.1-m-long section were taken for CHN analysis.
These samples (1 g) were then homogenized with a mortar and pestle. The inorganic carbon fraction
was removed by adding HCI. Total C, H, and N were determined using a LECO CHN-2000 analyzer
(LECO Corp, St. Joseph, MI) at INCAR (CSIC).

Geophysics

A marine geophysical survey campaign was carried out in Cartagena Bay, the primary results of
which were widely described in Cerezo (2016). The campaign was performed using a SES-2000
Parametric Sub-Bottom Profiler (sediment echosounder) with the specific software INNOMAR
(SESWIN) and the Hydromagic/ Survey software for position control. The different tracks were

oriented N-S along the major axis of the bay and perpendicular to it. Reinterpretation of the data is



presented on the basis of the new stratigraphical data observed in the E3 record, a series of fence

diagrams, and a chrono-stratigraphical reassignment.

E1 section

We also obtained a manual core, named E1, from a 5.4-m-thick section in the foundations of a new
building. This core was sampled for dating (**C and AAR) and sedimentology and paleobiology
analysis (Torres et al., 2018). New samples from the uppermost part were chosen for radiocarbon

dating, and sedimentology and paleobiology were revised.

Radiocarbon dating

Seven new samples, consisting of plant and charred material, and wood, from various depths
(Table 2) were sent to Beta Analytic for radiocarbon dating. An articulated marine shell found in life

position was sent to the “Centro Nacional de Aceleradores” (CSIC, Seville, Spain).

Samples were pre-treated with diluted HCI and NaOH to remove carbonate and secondary organic
acids, respectively. Finally, they were rinsed with acid to neutralize the solution before drying. The
carbon in the samples was reduced to graphite (100%), which was then examined for **C content with
an accelerator mass spectrometer. The radiocarbon age was calculated and calibrated using the CALIB
8.2 program (Stuiver et al., 2021) with the INTCALZ20 calibration curve (Reimer et al., 2020) for the
wood, plant, and charred material, and the MARINE20 calibration curve (Heaton et al., 2020) for the

marine shell. All age values are in calibrated years BP (cal BP).

Results
Geophysics
For the fence correlation, five geophysical profiles reported by Cerezo (2016) were selected, one of
them (A1) with an N-S align- ment and four (B1, B2, C1, and AR54) with an E-W orientation (Figure
2). Based on the stratigraphy of core E3, it was possible to gage the former seismostratigraphical units,
namely the infill of the Holocene units and also the ancient thalweg, which represents a primary stage
of the still active Benipila wadi before Holocene times. Taking into account the vertical scale of the
graphs, the fluvial incision of the Upper Pleistocene age appears to have been only moderate, although a
general areolar erosive surface without defined channels resulting from a stronger erosive process
cannot be discarded. Thus, the Holocene record unconformably lies on an erosive surface developed
over, at least, MI1S5c coastal plain sediments — findings consistent with the information provided in
previous drilling campaigns (Torres et al., 2018). The Holocene seismic unit consisted of a stratified
lower bed capped by a mas- sive unit formed by recent ooze rich in organic matter, locally with
anthropic influence.

It must be highlighted that in the Mandarache area (NE area of Cartagena Bay), the AR54 profile

nicely marked the development of a fan delta at the mouth of the Benipila Creek or a minor alluvial



fan, the development of which was identified in Torres et al. (2018). Indeed, the activity of this creek
is reflected in nearby cores, which showed alluvial fan deposits made of gravel beds.
The fence correlation also revealed paleo-channel infills that could hold a more complete Holocene

marine record.
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Figure 2. Fence correlation of seismic profiles A1, B1, B2, C1, and AR54. The single seismic profiles were modified
from Cerezo (2016). Data from inland cores CT407, CT408, E1, and E3 sections are included. Seismic Units are described
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Sedimentology and mineralogy

The Holocene record core showed mainly brown/gray to black muddy sands, sometimes with clearly
recognizable marine plant remains and shell fragments, linked to reducing conditions. There were
also medium-size sand beds, especially at the bot- tom, and some horizons of sandy muds (Figure 3).
Generally speaking, the most abundant sediment size was between 63 um and 2 mm (sand).

The mineral content was dominated by quartz (average: 40%), calcite (29%), dolomite (6%), and
micas (20%), with significant amounts of clay minerals also present in some beds (Figure 3). Quartz
usually corresponded to fine-grained sands, most likely derived from Miocene age sandstones that
outcrop in the nearby catchment of the Benipila Creek. Calcite and aragonite were considered
together because it was impossible to distinguish between grains of pure detrital origin and bioclastic
particles (sometimes complete shells of micro-mollusk and foraminifera). Dolomite had a clear
detrital origin and its source can be confidently placed in the mountains at each side of the bay where
dolostone beds make up the major lithology. Mica group minerals and other silicate groups were
linked to the micaceous siltstones of Miocene age, as well as to the micaceous schists of the

catchment.
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Figure 3. Stratigraphic section of the Holocene record of core E3 with the chronological scale (Ortiz et al., 2021), and the
profiles of Corg, Br/Al, Si/Al (Ortiz et al., 2021), magnetic susceptibility, and predominant mineral components. The

environmental interpretation based on mollusk, ostracoda, and foraminifera associations is included.

The mineralogical content showed scarce variations along the Holocene record, although certain
changes allowed the differentiation of three intervals (Figure 3).
Ininterval A (11.1-8.7 m), quartz dominated (>60%), and calcite+ aragonite (10-15%) and

dolomite were abundant. Mica minerals were frequent (10-15%). Shifts toward very low quartz
percentages were detected at 9.7 and 9.4 m. A different case is a group of seven samples in the 9.2-9.0

m interval, which showed a marked decrease in the quartz content. Gypsum appeared in some isolated



samples of this unit, sometimes reaching 10% of the mineral content.

Interval B (8.7—6.4 m) was marked by a progressive decrease in the quartz content, reaching its
minimum value at 7.02 m (3.6%). Calcite was the dominant mineral and dolomite was scarce or
absent. Silicate-group minerals (mostly muscovite) were also abundant.

Interval C (6.4-3.2 m) showed a clear augmentation of the quartz content (50-60%).

Calcite+aragonite were not abundant (usually >10%) and dolomite content was generally below 5%.

The mica-group and other silicate minerals were abundant, in some cases accounting for 40% of the

total mineral fraction.

Magnetic susceptibility

The MS log revealed low values (<15 x 107 Sl) in the E3 record (Figure 3), with some exceptions.
The MS values in the lower part of the Holocene record (11.1-6.4 m) were very low (< 2 x 1076
SI), with some interbeds with higher values (3-10 or 10-15 x 10 SI). The uppermost part of the
record (>6.4 m) showed higher values (>10 x 107 SI), with some beds (5.5, 3.9, 3.8 m) > 50 x 10°°
Sl

Paleontology

Mollusks. A total of 82 mollusk genera were identified: 26 belonging to pelecipoda, 54 to gastropoda,
1 cephalopod, and 1 scaphopod (Table 1). Almost all pelecypoda corresponded to infaunal
representatives, although there was a subtle presence of genera that preferred hard substrates (Arca,
Barbatia, Mytilus, Spondylus, Ostrea). The gastropod Bivonia triquetra, typical of hard grounds, was

also present. Thirteen genera were included in the micro-mollusk group (<10 mm in length). Of note,

some macro-mollusks were represented by juvenile/very juvenile individuals when matching their
size with micro-mollusk criteria, although they were not considered in that group. All species can be
considered as common/very common in the Mediterranean Sea and are currently present in the area
and mostly associated with Posidonia meadows (Belgacem et al., 2013).

To allow comparisons of the frequencies of individuals of each genera, we normalized the amounts
to 100 g. This approach may lead to an artificial overrepresentation of uncommon genera.

Small pelecypoda shells of micro-mollusks and macro-mollusks at juvenile/very juvenile stages
were well preserved, although large shells were broken. These shells showed net breaking lines and
sharp edges, which can be interpreted as the result of crab predation (Belgacem et al., 2013; Hadlock,
1980; Lin, 1990; Torres et al., 2020; Walne and Dean, 1972). Gastropod shells were usually the most
well preserved mollusks, in some cases, traces of bio-erosion, and breaking also occurred.

Figure 3 shows the total number of mollusks along core E3 and the total number of macro-mollusk
shells after excluding those corresponding to the dominant micro-mollusks (Bivonia triquetra,

Granulina sp., Potamides conicus, and Rissoa sp.). It is possible to observe the high contribution of



these genera, which doubled or even trebled the frequency of other mollusks.

Table 1. Mollusk genera present in the Holocene record of core E3.

Gastropoda Alvania Potamides
Astraea Retusa
Bivonia Rhizorus
Bolma Rissoa
Bulla Rissoina
Caecus Scaphander
Caplyptraea Skenoidae
Cancellaria Smaragda
Cerithiopsis Tornus
Cythara Trophonopsis
Clanculus Truncatella
Coecus Turbonilla
Coelostraca Turtonia
Columbella Pelecypoda ~ Abra
Conus Anomia
Cyclichna Arca
Cyclope Barbatia
Cymatium ? Cardium
Dylvinella Cerastoderma
Eulimus Corbula
Epitonium Dosinia
Facsiolaria Gastrana
Fissurella Donacilla
Fusinus Hiatella
&F_usanus) )

ibbula Irus irus
Gibberula Leptonia
Granulina Lima
Hadriania Loripes
Homalogyrus Mactra
Hydrobia Mytilus
Hynia Mytilaster
Jujubinus Nucula
Kelia Ostrea
Littorina Parvicardium
Mathilda Ruditapes
Melaniella Scrobicularia
Monodonta Spondylus
Ocinebrina Tellina
Paludinella Veneroidea
Patella Cephalopoda  SPirulina
Pisania Scaphopoda  Dentalium

It must be highlighted that there was a high abundance of mollusks in the 9.6-9.0 and 8.7-6.4m
intervals, with macro-mollusks accounting for almost a third of the total. Moreover, at 4.8 m, there was
an overwhelming presence of micro-mollusks and a residual presence of macro-mollusks. In contrast,

in other intervals, the abundance of mollusks decreased, as did the diversity of species (11.1-9.6, 9.0—



8.7, and 6.4-3.1 m).

It is worth noting the presence of Parvicardium exiguum and Cerastoderma glaucum
representatives showed an opposite pat- tern of occurrence, as the former appeared in 9.6-9.0 and
9.0-6.8 m intervals whereas the latter was absent (Figure 4). In contrast, C. glaucum shells were
observed between 6.6 and 3.3 m, taking over from the presence of P. exiguum. It is remarkable that
Granulina, Bivonia triquetra and Rissoa showed the same trend as P. exiguum (Figure 4), although the
latter two genera were also present in the upper 6.4 m but were markedly less abundant than between
8.7 and 6.4 m.



Other mollusks, such as the minute turriculate gastropod Potamides conicus, appeared in high
numbers in the whole E3 record, either within the euhaline association or in the brackish one (Figure
4). P. conicus is a detritivorous micro-gastropod. In many environments it forms clusters of hundreds
of individuals, which colonize soft bottoms (Culha et al., 2018), as well as inter- tidal/subtidal
environments of highly saline seas (Gutzer, 2011; Zuschin and Giitzer, 2014) and even continental
saline environments (Kowalke, 2006).

Ostracoda. We identified 14 ostracoda genera within the Holocene record of core E3, although
ostracoda shells were absent in the 11.1-9.6 and 9.0-8.7 m intervals (Figure 4). Two main asso-
ciations were observed. The 9.6-9.0 and 8.7—6.4 m intervals showed high ostracoda abundance and
species diversity: Xestole- beris rubens was predominant, followed by Loxoconcha rhom- boidea,
Loxoconcha elliptica. Propontocypris sp. and Neonesidea corpulenta. Cytheretta sp., Pontocythere sp.,
Carinocythereis whitei, and Cyprideis torosa were present in few horizons. In con- trast, C. torosa was

the only species present at >6.4 m.

Foraminifera. The diversity and abundance of foraminifera spe- cies varied along the Holocene record
of core E3. To examine these parameters, we calculated the indexes shown in Figure 4. Foraminifera
species were present in diverse intervals in the Holocene record. The following species were present
between
11.1 and 10.0 m: Ammonia beccarii, Elphidium crispum, Trilocu- lina trigonula, Elphidium
macellum, Elphidium advenum, Nonion commune, Adelosina colomi, Quingueloculina seminula,
Quique- loculina duthiersi, and Quinqueloculina aglutinans. However, there was a low diversity of
species compared with other intervals, as revealed by the lowest values of the Shannon-Weaver (ca. 1),
Equitability (0.5), and Fisher’s alpha (<2) indexes (Figure 4).
At 10.0-9.6 m, Q. duthiersi, Elphidium excavatum, E. crispum, A. beccarii, E. macelllum, Rosalina
globularis, and Adelosina laevigata occurred but they were poorly preserved. The diversity indexes
in this interval showed a moderate increase, although the density of carapaces was still low (<100
n/g) (Figure 4).
The 9.6-9.0, and 8.7-6.4 m intervals showed a huge number of tests and species, including the
following: A. colomi, Elphidum aculeatum, E. crispum, Q. reticulata, Q. aglutinans, Triloculina
trigonula, Sigmoilina grata, A. laevigata, Planorbulina mediter- ranea, Planorbulina variabilis,
Rosalina mediterranensis, R. globularis, Peneroplis pertusus, E. advenum, Asterigerinata mamilla,
Quinqueloculina bicornis, A. colomi, Miliolinella circu- laris, Masilina secans, E. excavatum,
Miliolinella eburnea, E. advenum, Spiroloculina excavata, Lobatula lobatula, and Q. sem- inula.
Indeed, these intervals showed the highest values of all the indexes (Figure 4).

In contrast, in the 9.0-8.7m interval and in the uppermost 6.4 m, forams were scarce and those present

were poorly preserved. In this regard, there was a very low density of foraminifera tests, although the



Equitability index indicated that the number of species and individuals of each one were balanced.

The Shannon- Weaver index pointed to an impoverished ecosystem.
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Rissoa, Granulina and Potamides representatives, ostracoda associations, and the Density index, Shannon-Weaver
index, Fisher’s alpha index, and Equitability index of foraminifera, together with the environmental interpretation.

Paleobotany. From the bottom of the Holocene record to 6.7 m, there was a continuous presence of
plant (genus indet) seeds and a noticeable lack of Chara oogonia, which appeared in the Holocene age
deposits of the nearby EI Almarjal marsh (Torres et al., 2018).

Of note, tangles of decayed leaves belonging to Posidonia oceanica and Cymodocea nodosa
appeared, being abundant at 9.5-9.0, 8.2-8.0, and 7.8-6.8 m and having a moderate presence at 6.8—
6.2 m (Figure 4).

The seagrasses P. oceanica and C. nodosa are typical in shal- low Mediterranean Sea bottoms.
Generally, the former forms the most common, productive and widespread meadows of this water body
and represents the marine system with the highest levels of biodiversity (Gallmetzer et al., 2005;
Gobert et al., 2006; Lepoint et al., 2006; Mazzella et al., 1993; Tomasello et al., 2018).

Discussion

The morphology of the Holocene Basin

According to the chronological model obtained from *C and AAR ages, the Holocene record began in
the E3 area at ca. 7300 yr cal BP. There was no record of earlier Holocene because of the sea-level
position. Thus, this date implies a certain delay in the start of the Holocene transgression when
compared with the ages proposed by Vacchi et al. (2016, 2018) and Rovere et al. (2016). However,
Vacchi et al. (2018) found small differences between five coastal basins in the western Mediterranean
realm. In this regard, the geophysical research revealed that Holocene sedimentation began with ancient
paleo-channel infills, which may con- tain an almost complete marine record of the Holocene.

It should be noted that the Holocene transgression did not take place on a lineal coastal morphology



but on a pre-existing flat valley or coastal plain formed during MIS5 times (Torres et al., 2018).
From MIS5 to MIS2, the valley was under erosive conditions (Torres et al., 2018). Indeed, the age of
the Pleisto- cene record in core E3 at 11.5 m was ca. 95 ka (Ortiz et al., 2021; Torres et al., 2019),
meaning that the youngest sub-episodes of MIS5 and MIS4-2 were not deposited or that those
materials were eroded, the debris being transported to the sea along the erosive channels that the
marine geophysics revealed (Figure 2). We can tentatively postulate that these erosive
morphologies channeled the seawater flow of the Holocene transgression as they were filled by the
oldest Holocene deposits which were well-stratified (Torres et al., 2018).

These processes of basin (river mouth, paleo-valleys) infill controlled by pre-existing geoforms have
been interpreted in other places, including the mouth of the river Tagus (Vis et al., 2008, 2010), the
Rhine estuary (Hijma et al., 2009), the Po delta (Rossi and Vaiani, 2008), Brittany (Menier et al.,
2010), the Elbe river (Hepp et al., 2019), and the Languedocian lagoons (Raynal et al., 2010).

In the Cartagena area, there was clear geophysical evidence that the former paleovalley river
(Benipila Creek) was drowned (Bailey et al., 2020), but the Holocene transgression was also
responsible for changes on the mainland. These changes were linked to the sudden and rapid change of
the base level landwards, affecting the phreatic level. In this regard, the development of an extensive
saline marsh in EI Almarjal can be explained by the rise of the phreatic level, with short marine
ingressions being common (Torres et al., 2018).

Thus, the Early Holocene (Greenlandian, Walker et al., 2012, 2018) was not registered in the
Cartagena coastal record, nor was the beginning of the Middle Holocene (Norgrippian). In contrast, the

Late-Holocene (Meghalayan) was fully recorded.

Environmental evolution

For the interpretation of the paleoenvironmental conditions, we firstly considered the MS and also Si
and Br normalized to Al (Figure 3), these latter parameters presented in Ortiz et al. (2021), as they are
the most common element ratios used as proxies for fluvial terrigenous inputs and reducing
environments, respectively (Frigola et al., 2007; Martinez-Ruiz et al., 2015; Martin- Puertas et al.,
2010; Nieto-Moreno et al., 2011, 2013).

MS may indicate the input of detrital sediments into the basin. However, MS did not show any
correspondence with the sediment characteristics of the E3 record, as sand beds provided either high or
low MS values. It should be noted that reductive iron oxide dissolution commonly occurs in organic-
rich sediments, where reducing conditions linked to the presence of organic matter result in the
dissolution of magnetic particles (Canfield and Berner, 1987; Dekkers, 1997; Murdock et al., 2013;

Nowaczyk et al., 2004; Ortega et al., 2006). Here, the organic content (Corg) was inversely related to

the paramagnetic mineral content and may indicate reductive iron oxide dissolution processes when

Corg increased. Thus, it appears that in samples from the E3 core MS was regulated mainly by a low

input of iron minerals and organic matter content.



It is worth noting that in the lower part of the profile (11.1- 9.6 m), coinciding with a sandy bed,

both MS and Corg showed low values. Furthermore, the fossil content was very scarce or even

absent. However, the Si/Al ratio showed the highest values, indicating fluvial input (Martin-Puertas et
al., 2010; Nieto- Moreno et al., 2011, 2013; Ortiz et al., 2021), probably related to the fan delta that
developed at the mouth of the Benipila Creek (Torres et al., 2018). In this regard, quartz predominated,
and there was a significant presence of calcite and dolomite. Given that these minerals are

diamagnetic, their presence should have decreased the MS values.

Fossil associations. The fossil assemblages allowed us to define two environments, namely euhaline
phytal and brackish (Figure 4).

The euhaline phytal association was characterized by a rich biodiversity of mollusks (Table 1),
ostracoda and foraminifera (Figure 4), together with Posidonia and Cymodocea tangles, which
occurred at 9.6-9.0 and 8.7-6.4 m intervals.

The most characteristic feature of this association was the presence of the mollusks P. exiguum and
Granulina (which were absent in other intervals), together with a high abundance of Bivonia triquetra
and Rissoa. Furthermore, X. rubens, L. elliptica, L. rhomboidea, all linked to phytal environments,
were found only within this association.

P. exiguum is a small cardiodea that usually appears in associa- tion with seagrass meadows
(Uzunova, 2010). The micro-gastro- pod Granulina (Marginella) is a common inhabitant of Posidonia
meadows (Antit et al., 2013; Urra et al., 2013). Rissoa is also a minute gastropod that, in the
Mediterranean realm, includes many species, and colonizes soft bottoms covered by seagrass, where it
grazes on algae and bacteria (Gofas et al., 2011). B. triquetra, a sessile organism that inhabits the
intertidal zone (Sisma-Ventura et al., 2020). Although very little is known about the development
phases of B. triquetra, Calvo and Templado (2005) defined swimming/crawling behavior during the
pediveliger stage. This feature is not irrelevant in the E3 record because we found hundreds of free
individuals.

The main ostracoda species of this association was X. rubens, followed by L. rhomboidea, L.
elliptica. Propontocypris sp., and N. corpulenta, with Cytheretta sp., Pontocythere sp., and C. whitei
present in few horizons. In coherence with the consider- ations made through the mollusk association,

the high frequencies of X. rubens (>40%) were interpreted as greater abundance and/ or density of

sub-aquatic vegetation (Athersuch, 1979; Cronin et al., 2001), as it is a typical phytal indicator of
euryhaline shallow-water vegetate bottoms like those belonging to the biocenosis of the Posidonia
meadow (Triantaphyllou et al., 2010). Loxocon- cha spp is a survivor-type ostracoda that tolerates
fluctuating salinity (Lachenal, 1989; Stone et al., 2000) and hypoxic waters (Alvarez Zarikian et al.,
2000; Bodergat et al., 1997, 1998). The presence of L. rhomboidea may indicate more open
environments with a greater influence of marine water (Ruiz et al., 2000a; Smith and Horne, 2002), and
it is considered a typical phytal species (Althersuch et al., 1989). Moreover, representatives of
Proponto- cypris spp are more common on sublittoral phytal and coralline substrates (Maddocks,



1966, 1969). Similarly, N. corpulenta is considered a nearshore species limited to shallow marine
environments, rich in bottom vegetation (Bonaduce et al., 1976; Mad- docks, 1969; Sciuto et al., 2015;
Szczechura, 2006). Likewise, Cytheretta sp., Pontocythere sp. and C. whitei are typical coastal
infralittoral euryhaline (30—40%o) ostracoda (Nachite et al., 2010; Ruiz et al., 2000a, 2000b, 2003),
characteristic of coastal phytal and periphytal environments (Ruiz et al., 2000a).

Coinciding with the information provided by mollusks and ostracoda, foraminifera showed a high
abundance and diversity of species, as reflected by the indexes calculated. Thus, this association is
considered a marker of euhaline conditions (marine) with soft bottoms covered by Posidonia and
Cymodocea meadows, which produce high biodiversity.

The brackish marsh association, which occurred between 6.4 and 3.1 m, was characterized by a
decrease in both the abundance and diversity of mollusk species (Figure 4). It was marked by the
presence of C. glaucum (absent below 6.4 m), which has wide tolerance to fluctuations in salinity,
although it is a flourishing colonizer of brackish water masses (Anaddn, 1989; Rich- ards, 1985;
Torres et al., 2018). Here, C. glaucum representatives corresponded, in most cases, to juveniles,
thereby indicating environmental stress caused by low salinity or emersion. It is worth noting that C.
glaucum is a well-known inhabitant of the Holocene sediments in the marshy area of El Almarjal
(Torres et al., 2018).

Other less frequent species were Hydrobia sp., which is also typical of a brackish water
environment (Brown et al., 1975; Saxena, 2005), and Loripes lacteus, typical of anoxic sulfur-rich
muddy bottoms (Rossi et al., 2013). Other taxa also present in this association were Bivonia, Rissoa
and Potamides, showing a marked decrease in abundance with respect to the euhaline association.

It is worth noting that Cyprideis torosa was the only ostracoda species present, except for three
horizons in which Heterocypris salina also occurred. C. torosa can inhabit waters with a wide range
of salinity, varying from freshwater to hyperhaline (0.5— 60%o) (De Deckker, 1981), and can be found
together with a vari- ety of ostracoda species. However, coastal lagoons have ostracoda assemblages
with very low diversities, characterized by brackish taxa accompanying C. torosa, which is frequently
predominant (Pint and Frenzel, 2017). Monospecific occurrences of C. torosa occur mainly in
hypersaline environments, but also in lagoonal brackish environments.

This fossil association was also characterized by low species richness and specimen abundance for
foraminifera. Foraminifera tests revealed the presence of Ammonia beccarii while other planktonic
representatives were virtually absent.

These species associations, therefore, indicated an oligohaline or low mesohaline shallow-water

environment, probably in a pro- tected water mass with sporadic marine influence.

Paleoenvironmental units. According to the interpretation of the sedimentological, mineralogical,
paleontological, and geochemi- cal proxies, there were changes in the paleoenvironmental conditions
in the area. We were able to establish three units: coastal conditions influenced by fluvial inputs (Unit
A), open marine conditions at 9.6-6.4 m (Unit B), and restricted brackish marsh at 6.4-3.1m (Unit C).



Unit A (11.1-9.6 m; 7300—6300 yr cal BP). This unit was characterized by a sandy bed, which
consisted of medium-size grains made of quartz, calcite, and dolomite grains, producing low MS. The
fossil content was scarce, except for the uppermost part, in which some marine mollusks appeared,
although the diversity and abundance of foraminifera were very low. We pro- pose that the shifts
toward very low quartz percentages observed at 9.7 and 9.4 m are explained by the abundance of
bioclastic material in the sample.

We interpreted that these materials were deposited in a shallow marine environment (beach?) with a
strong fluvial influence of the Benipila Creek delta (Figure 5a), as indicated by high Si/Al values

accompanied by low Corg. This activity was probably linked to the “mise en place” of the Benipila

Creek fan delta.

Unit B (9.6-6.4 m; 6300-3800 yr cal BP). This unit was characterized by low MS and Si/Al values,

high Br/Al and Corg values, abundant Posidonia phytoclasts, and it was colonized by the euryhaline

association of fauna typical of phytal environments.

Thus, there was a stable shallow marine environment with the development of a P. oceanica
meadow that served as a nursery, shelter, and grazing area for a high diversity of mollusk and ostracoda
species, and where filtering organisms, such as foraminifera, thrived (Figure 5b).

The presence of Posidonia beds marked the marine limiting line, which can be interpreted as an
inner bay environment (McGlathery et al., 2007) with growing eutrophication processes. The
presence of gray to dark muds, silty muds and fine sands, rich in calcite, together with high

values of Corg and Br/Al and low values of Si/Al, indicated low detrital input and

organic matter preservation under low energy conditions. Thus, relative anoxic bottoms were likely
to occur. Further- more, low values of MS may indicate the input of detrital sediments into the basin

and/or reductive iron oxide dissolution processes when Corg increased (Canfield and Berner, 1987;

Dekkers, 1997; Murdock et al., 2013; Nowaczyk et al., 2004; Ortega et al., 2006). Likewise,
according to Ziegler et al. (2008), bromine in sediments are exclusively linked to marine
environments.

Mollusks, ostracoda, and foraminifera showed a high biodi- versity of species, which points to
euhaline conditions (marine) with an abundance of typical phytal indicators of shallow-water vegetate

bottoms.
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Figure 5. Paleogeographical scenarios in Cartagena with the facies distribution: (a) during Unit A (7300-6300yr cal BP); (b)
during Unit B (9.6-6.4m; 6300-3800yr cal BP); and (c) during Unit C (3800— 1600yr cal BP). For reference of the location
map, see Figure 1.

It must be highlighted that between 9.0 and 8.7 m (5850— 5650 yr cal BP), there was a short pulse of
the alluvial fan input into the marine realm, as attested by the increase of Si/Al values. Moreover, from
the paleobiological perspective, this episode was devoid of macro-mollusks and ostracoda, and
foraminifera were scarce. Only micro-mollusks (Rissoa, Bivonia, Potamides, Gran- ulina) appeared,
but in low frequencies (transported?).

Toward the top of Unit B, a certain degradation of the ecosystem was detected as Posidonia remains,
foraminifera, Parvicardium, and Rissoa (temporally) vanished. The MS values and Si/Al ratio
indicated that silting began at this time, although marine species still survived at low frequencies. C.

glaucum presence was also detected.

Unit C (6. 4-3.1 m; 3800-1600 yr cal BP). In contrast to the previous unit, in Unit C, sandy beds
occurred, showing an increase in quartz content, the mica-group and other silicate minerals being
abundant, thereby indicating more detrital input. Indeed, the MS values and Si/Al ratio increased,

whereas the Br/Al ratio and Corg significantly decreased. It is remarkable that Posidonia remains



disappeared, and euhaline fauna (P. exiguum, B. trique- tra, Rissoa spp.) was substituted by the
brackish water association (characterized by the presence of C. glaucum and C. torosa), with less
diversity of macro-mollusk and ostracoda, and foraminifera almost totally disappeared. The most
abundant micro mollusk was P. conicus, an ever-present inhabitant of marine and marsh environments
in the area (Torres et al., 2019, 2020).

Thus, we interpreted that this unit occurred in a marsh partially isolated from the sea by a chenier-
like barrier made of shells and Posidonia fragments, possibly with small passageways that
communicated the sea and dry land (Figure 5c).

Influence of anthropic activities

Special attention was paid to complete the paleoenvironmental reconstruction of Cartagena during the
last ca. 2300 yr (top of Unit C), a period characterized by the rise of the city and an important
occupation that markedly disturbed sea bottoms and sedimentary sequences (Torres et al., 2018). To
this end, we also studied the uppermost part of sequence E1, located close to core E3. We chose this
section (E1) as, in spite of a strong anthropic influence during this period, the E1 record remained
almost undisturbed, although with human influence. The anthropic influence was previously
interpreted in this area through the presence of metal-polluted beds attesting metallurgical activity
(Ortiz et al., 2021, 2022), formerly detected in cores from El Almarjal marsh (Manteca et al., 2017). In
the present study, we focused on the sedimentological characteristics.

The interrelation of changes in geoforms and anthropic activity has been widely discussed in other
areas (Anthony et al., 2014; Marriner and Morhange, 2007; Marriner et al., 2006, 2014; Morhange et
al., 2000). However, in our case, the interpretation was constrained by the reduced observation offered
by the E1 section. In this regard, the lowermost 3.7 m of the E1 sequence (black muds with drifted P.
oceanica remains and articulated Pinna nobilis, followed by fine sands with pelecipoda shells) can be
cor- related with core E3 (Figure 6): units B and C were clearly identifiable in E1, although a hiatus
may occurred at 6.2-5.6 m, between ca. 5500 and 3000 yr cal BP (Torres et al., 2018), which could be
linked to port work (dredging) undertaken to gain depth in a muddy coastal approach. However, some
differences attributable to anthropic influence were observed between the 4.2 and
2.6 m of the E1 sequence and characteristics of E3 (Unit C). Indeed, the 3.9-4.2m (E1) interval

consisted of flat oriented pottery sherds in a sandy bed. Many stakes made of slender pine logs were

driven into the underlying Unit C. Three C ages (Table 2) placed these stakes in the Punic period.

These findings may indicate the use of these stakes to drag or condition a sea-dryland “channel” in

order to overcome the barrier (“chenier”) that protected a muddy shallow brackish marsh. Thus, we

interpreted that the E1 hiatus was the result of dredging the muddy bottom.
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Table 2. Radiocarbon age (yr BP) of selected levels from E1 sequence and calibrated age (yr cal) converted using the
Radiocarbon Calibration Program 8.2 (CALIB 8.2) (Stuiver et al., 2021) with the calibration dataset IntCal20 (Reimer et al.,
2020) for the wood, plant, and charred material, and the MARINEZ20 calibration curve (Heaton et al., 2020) for the marine
shell.

Sample no. Material Depth (m) §13¢c (V-PDB) Conventional age BP  Calibrated BP
Beta-490660 Wood Stake -26.3 2170+30 2052-2308
Beta-490661 Wood Stake -293 2220+ 30 2146-2333
Beta-464997 Wood Stake —24.6 2240+ 30 21512338
Beta-464998 Plant 2.9 -26.0 1980+ 30 1863-1991
Beta-464999 Plant 5.6 —-10.1 2760+ 30 27762937
Beta-465000 Plant 6.3 -12.5 3430+ 30 3575-3726
Beta-465332 Charred material 29 -21.9 1900+ 30 1728-1887
CNA-5841 E. rugosa shell 3.5 17 2436+ 30 1945-2305

The forced development of coastal conditions, as saline waters entered the area, led to the
sedimentation of pale yellow fine sands with large articulated clam valves between 3.8 and 3.3 m
(Figure 6). Only representatives of a thermophile tropical-affinity species (Eastonia rugosa) (Soriano et
al., 2010) were observed in this interval dated at 2125 = 180 yr cal BP, indicating that warm
conditions occurred during the Roman period (in Torres et al. 2018) they were erroneously
attributed to R. decussatus). This bed was followed by dark brown massive clay (3.3-2.9 m) linked to
sediment input from dry land as a result of a flood period, and yellowish sands with pelecypoda shells,
including Rissoa and Bivonia (2.9-2.8 m), indicating the reactivation of marked marine influence. A
thin black bed comprising charred vegetal remains occurred at its top, dated at 1935 =+ 60 yr cal BP and

1835 + 65 yr cal BP. Scattered well-rounded gravel also appeared. The sequence ended with pale

yellow fine sands with medium-scale cross bedding (2.8-2.6 m).

Thus, from 2300 to 1600 yr cal BP, Cartagena provided safe anchorage and port facilities for Punic

and Roman ships. It seemed that the first inlet amenagement took place during Punic times as reflected



by C ages from the stakes driven into the sea bottom and a pottery sherd accumulation took place.
Later during Roman times the inlet was still active as a bidirectional duct channeling runoff from
the nearby hills as attested by a thick bed of red mud of alluvial origin. During Roman period under
short- timed the marine influence a rapid sand infill deactivated its functional use. In any case dragging
works, that probably took place in any measure, were quite different of other of the Mediterranean
realm (Carsana et al., 2009) although the limited exposure does not allow to obtain more conclusive
information.

Later, to favor naval operations, intense dredging activities and moles (wave breakers) distorted the
pristine aspect of Cartagena Bay. In the open marine realm of Cartagena Bay, dredging processes,
probably since the XV century, removed the uppermost part of the Holocene record, as attested by
evidence provided by marine geophysics.

The characteristics of the E1 sequence reinforces the observations made by Melis et al. (2018), who
noted that coastal modifications during the Holocene were driven by the interplay of climate,
geomorphological processes and human activity. In Cartagena, which has been the most important safe
port in the Spanish Mediterranean coast since at least Phoenician times, a series of works were done to
improve land and port access. The uppermost part of the E1 record reflected a limited attempt to
achieve this access, but the effect of torrential flooding, typical of the Mediterranean climate, thwarted
these efforts and the record resulted biased (Marriner et al., 2006), as suggested by the presence of
pale yellow sands. Giaime et al. (2019) described the development of ancient harbors in deltaic
contexts and, in fact, a small-scale fan-delta regime dominated in Cartagena Bay. Channel digging
probably altered the ecological equilib- rium of the uppermost part of the Unit C record slightly, as
sug- gested by Morhange et al. (2016). An ancient map of the 17th century (Figure 7) drawn after a
severe flood that affected the navy base, before the development of the modern city, reveals an inlet (a

creek mouth) across the marsh being a good analog of the upper part of the E1 record.



Figure 7. Anonymous 1738 map of the Cartagena Bay, including the Navy Base area, showing the silted zone after a highly
severe flash flood.



Conclusions

The Holocene evolution of the Cartagena basin was obtained through a detailed multidisciplinary
study of a new core named E3. The Holocene record began at ca. 7300 yr cal BP, filling the pre-
existing valley, excavated on a coastal plain of, at least, MIS5c age.

The Holocene transgression deeply affected the area: a series of fan-deltas developed, as reflected
by the detrital inputs in the E1 and E3 records. The new position of the base level led to the
development of a very shallow phreatic level, which caused waterlogging of the “El Almarjal” area,
where episodic marine ingressions occurred. This process was reflected in a rapid silting- up of the area,
as confirmed by geochemical data, in such a way that full marine conditions occurred from 7300 to
3800 yr cal BP, as reflected by mollusk and foraminifera biodiversity, which changed to a biologically
impoverished brackish marshy-environment between 3800 and 1600 yr cal BP linked to the
development of a sandy-muddy bar (chenier).

The marked differences between the top of the E1 and E3 sequences allowed us to deduce the
presence of a micro-land- scape because of anthropic influence during Punic and Roman times. E3
reflected a homogeneous flat marsh while in E1 a pre- existing erosive inlet was altered by humans to
give access to dry land, as attested by pottery sherds and by logs of Punic age, which were driven into
the underlying sediments. This wooden structure favored a certain degree of marine influence on the
surrounding area, as reflected in the E3 record, but this influence was short- lived because the zone
was quickly filled by sand.

Thus, this environment of the area changed from an open marine to a marsh environment, probably
caused by intense silting linked to processes that allowed the buildup of a bar that partially isolated a

narrow strip of the marsh from the sea.
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