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Abstract

We reconstructed the palaeoenvironmental conditions of Cartagena Bay during the
Holocene after a multidisciplinary study to identify natural variations and the anthropic
processes of this coastal area. A total of 119 samples were recovered for amino acid
racemization dating, 3 for radiocarbon dating (**C), and four sets of 80 samples for
sedimentological and palaeontological determination, mineralogical content, biomarker
and trace elements quantification. Two natural scenarios were identified from the
variations of n-alkane indices and palaeobiological content. The first period (6,650-5,750
yr cal BP) was marked by the development of euhaline marine conditions with strong
inputs from aquatic macrophytes and high biodiversity. After a hiatus, the area underwent
a profound change, becoming a paucispecific brackish marsh environment with
increasing inputs from land plants, with possible episodes of emersion with a greater
presence from terrestrial gastropods (3,600-300 cal yr BP). By combining trace element

abundance and stanol distributions, our study also provides a novel approach to identify
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the predominant influence of anthropogenic factors in the last three millennia in the
coastal record of Cartagena Bay. Findings confirmed that Pb mining and metallurgy
began during the Bronze Age, with considerable inputs of this heavy metal into the
atmosphere during Phoenician, Punic and particularly Roman times compared to the
Middle Ages. Pollution by Cu and Zn was also observed during Punic and Roman times,
and was first documented in the Middle Ages. In addition, faecal stanols, such as
coprostanol, derived mainly from humans, and 24-ethylcoprostanol from herbivores were
present, thereby indicating for the first time a continuous presence of human populations
and significant pollution input since 3,600 yr cal BP, this being greater in the late Bronze
Age and Phoenician, Punic and Roman times than during Late Antiquity and the Middle

Ages, when the city was in decline.

Key-words: n-alkanes, faecal stanols, trace elements, palaeoenvironment,

Southeastern Spain

1. Introduction

Coastal marine areas are dynamic systems that hold valuable information about
palaeoenvironmental conditions at a regional and global scale (Kraft et al., 1977;
Pavlopoulos et al., 2006; Triantaphyllou et al., 2010; Torres et al., 2014). In addition,
these areas are highly sensitive to direct pollution sources. Their sediments are therefore
useful records of palaeoenvironmental change and human activity (Delile et al., 2014;
Elmaleh et al., 2012; Le Roux et al., 2003, 2005; Stanley et al., 2007; Véron et al., 2006,

2013; Manteca et al., 2017). .
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The ecosystems present in coastal environments are characterized by high biological
productivity, due to the presence of a significant amount of organic matter (OM) from
various sources affected by both marine and continental inputs (Hedges and Keil, 1995;
Gonzélez-Vilaetal., 2003; Blazquez et al., 2018). In this regard, sedimentary biomarkers,
such as aliphatic hydrocarbons (e.g., n-alkanes), are useful to study OM sources in coastal
aquatic ecosystems and can contribute to environmental reconstructions (Volkman et al.,

1980; 2008; Prahl and Carpenter, 1984; Gonzélez-Vilaet al., 2003; Blazquez et al., 2018).

Changes in lipid composition reflects environmental variations as, in most cases, OM is
a mixture of components from multiple sources (algae, aquatic macrophytes, land plants)
with variable degrees of preservation (Meyers, 2003). n-Alkanes are among the lipid
biomarkers most commonly used as they are source-specific and have the advantage that
they are less susceptible to microbial degradation than other compounds (Prahl and
Carpenter, 1984; Meyers et al., 1995). In addition, the lipid compounds 5B-stanols are
typically present in animal faeces, thus allowing the identification of faecal pollution
(Leeming et al., 1984, 1996; Bethell et al., 1994; Shah et al., 2007) and allowing the

identification of anthropic influence in sedimentary records.

Since prehistoric times, human activities have played an increasing role in the evolution
of terrestrial and coastal ecosystems, generating impacts such as changes in the landscape
and biotic communities, and atmospheric/water pollution. The anthropogenic signals of
these activities are preserved in natural archives, such as coastal records, in the form of
variations in the accumulation of chemical elements and compounds (Martinez Cortizas
et al., 2005).

Metal mining and metallurgy have played a keys roles in world history, i.e., copper, lead
and zinc have been progressively exploited mainly since the Chalcolithic (Killick and

Fenn, 2012). In this regard, studies show that major atmospheric metal pollution started

4
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in the Bronze Age (Brannvall et al., 2001; Martinez Cortizas et al., 2002; Renberg et al.,
2002; Monna et al., 2004; Kylander et al., 2005). The Iberian Peninsula has a long history
of metal mining and metallurgy. Indeed, it was one of the main sources for metals in the
Bronze Age (Leblanc et al., 2001; Hunt-Ortiz, 2003) and during the Roman Empire
(Nriagu, 1983), the southeastern part of Spain, specifically around Cartagena (Murcia, SE
Spain), being considered one of the areas where mining first took place. In this regard,
this area has a rich ancient cultural heritage, as manifested by various archaeological sites
containing relicts depicting the emergence and decline of highly populated and advanced
societies.

To gain a full understanding of the environmental context affecting the choice of location
for ancient cities in the Mediterranean realm and to capture environmental changes and
their effect on societies, several studies have reconstructed the palaeoenvironment of their
surroundings (Kraftetal., 1977, 2007; Pavlopoulos et al., 2006; Vétt et al., 2006; Ghilardi
et al., 2010; Triantaphyllou et al., 2010; Gebara and Morhange, 2010; Haenssler et al.,
2013; Véron et al., 2013, 2018). However, scarce records covering the last 3000 yr are

documented for the Iberian Peninsula.

Here the main goal was to gain new information to reconstruct the palaeoenvironmental
evolution of the southeastern part of the Iberian Peninsula by interpreting the
sedimentology, mineralogy, palaeontological content and biomarkers (n-alkanes) of
sediments retrieved from Cartagena Bay. In addition, we also evaluated the influence and
characteristics of anthropogenic activities using stanol content and trace elements for the
first time.

It must be highlighted that SFT core contains a well-preserved and large record covering
the last 3,600 yr (representing 7.5 m). Therefore, our study, which combines the

measurement of trace elements of environmental concern (Pb, Zn and Cu), lipid
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distributions and palaeontological content in the coastal record of Cartagena Bay,
provides a novel and detailed approach to improve the knowledge of the chemical
imprints of natural processes and the growth of Cartagena, the most important city in the
western Mediterranean realm since the Bronze Age, and nearby protohistorical and
historical activities. Indeed, the largest Pb-Zn and Cu deposits of the western
Mediterranean, which have been mined since ancient times, are located close to

Cartagena.

2. Geographical and geological setting

The city of Cartagena is located on the southeastern tip of the Betic Cordillera, in the so-
called Internal Zone. More precisely, it is situated on the boundary between two major
geological and geomorphological units—to the south, the Sierra de Cartagena, a coastal
mountain range, and to the north, the Neogene-Quaternary plain of the Campo de
Cartagena, delimited by the Cartagena-La Union fault (Fig. 1) (Manteca Martinez y

Garcia Garcia 2004).

This region is characterised by the predominance of a warm and semi-arid ombro
climate or arid warm Mediterranean climate: a subtropical steppe. The mean annual
temperature is 20 °C and the annual rainfall is 270 mm (Rivas-Martinez and Rivas y

Séenz, 2017; Rodriguez Estrella et al., 2011).

Towards the north, there is EI Almarjal, a marshy endorheic shallow depression 2 m
above the local sea level, which had short phases of connection to the sea eastwards. It
also received water and sediments from the Benipila, El Honddn and Saladillo Creeks. Its

drainage basin extends over 72.5 km? (Conesa and Garcia-Garcia, 2003).
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The bay opens from the mouth of the Benipila Creek—Mar de Mandarache—to the south.
At its northern end, the bay lies on the hills of Cartagena, in which the remains of the
ancient cities (Carthaginian and Roman) are found and which would have formed the
"waterfront" during the Holocene. Mar de Mandarache, in the inner part of the estuarine
environment, was a galley anchorage point, which was separated by a small sand bar of

the wide marsh flat located to the north, EI Almarjal.

3 Material and methods

A borehole with continuous core recovery was drilled in the Cartagena Basin, obtaining
a 15 m deep core, named SFT. The core was inspected visually and the lithology,

sedimentary structures, fauna content, and colour were noted.

Eighty samples were taken at regular intervals (ca. 10 cm) to study the sedimentology and
fossil content, 3 samples were used for 1*C dating and 119 ostracode valves from 37 beds
were analysed for amino acid racemisation dating. In addition, three sets of the same 80
samples were used for biomarker, X-ray diffraction and X-ray fluorescence analysis. The

description of all methodologies are found in Suplementary Information.

4. Results

4.1 Chronological framework
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The ages obtained by the radiocarbon method and AAR are shown in Tables 1 and 2
Supplementary information, respectively. The age of a single level was the average of the
numerical ages obtained for Asx and Glx DL values (samples at 14.5 m and 14.3 m) or
Asx DL values (rest of the levels) measured in the samples (Fig. 1 Supplementary

information). Age uncertainty was the standard deviation of all the values obtained.

In general, the numerical datings obtained were consistent with depth, except the *C age
of the sample at 9.6 m (1990+45 yr cal BP), which was much younger than the ages
obtained using AAR for this bed and nearby ones (Table 2 Supplementary information).
Moreover, the organic and inorganic geochemical data revealed marked differences
below and above ca. 9.5 m, revealing a clear anthropic influence at < 9.5 m (sections 5.2
and 5.3) and suggesting an older age for this level. Therefore, we did not consider this

14C age for the chronological model because of contamination and/or drilling operations.

The results revealed two markedly different age clusters: the lowermost part of the record
(ca. > 14.2 m) was deposited during the Upper Pleistocene, whereas the upper 14.2 m
belonged to the Holocene. Indeed, the lowest part of the record (15.0-14.2 m) comprised
yellow sands, which were also observed in other cores of the area and were dated at the

Upper Pleistocene (Torres et al., 2018).

Two chronological models were constructed for the Holocene record as a hiatus was
observed: one model for the interval between 14.2 m and 9.5 (ca. 6,650 to 5,750 yr cal
BP), and the other from 9.5 m to 3.0 m (< ca. 3,600 yr cal BP) (Fig. 1 Supplementary
Information). These models were built using the Bayesian R-code package “Bacon 2.3.7”
(Blaauw and Christen, 2011), both after 10,000 Markov Chain Monte Carlo iterations, as
Bayesian age—depth modelling is considered more robust and flexible than other

approaches.
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4.2. Sedimentology and palaeontology

The SFT core (Fig. 2) was 15 m deep and consisted mainly of muds, sandy muds and
fine-grain sands, in some cases with pottery sherds, especially at 9.0-8.5 m, 7.5-6.0 m,
and 5.0-4.5 m, and a lead button at 3.8 m. Between 6.0 m and 4.8 m, breccias made of
angular carbonate gravel were present. The upper part (< 1.6 m) of the core consisted of
recent rubble and was not considered for the study. All beds showed reduced colours
(grey to black), indicating the abundance of particulate OM. In some cases, minute
charcoal fragments, showing their primary vegetal structure, were abundant. Plant seeds

were also frequent.

Between 14.2 and 9.5 m, quartz was abundant, accounting for ca. 45% of the mineral
content, followed by calcite (20%) and mica (20%). The upper 9.5 m showed clear
mineralogical differences, as quartz decreased (ca. 30%), whereas calcite was
predominant (40%), and dolomite was higher than in lower beds.

A total of 27 mollusc genera were identified (Fig. 2). In general, a high biodiversity of
molluscs was observed between 14.2 and 9.5 m, dominated by Hydrobia sp., P. conicus,
Rissoa, Loripes, Cerastoderma, Retussa, Gastrana and Bivonia. In contrast, in the
uppermost 9.5 m, there was a sharp decrease in the diversity of mollusc genera, especially
between 4.8 and 2.0 m, in which only Hydrobia was present, together with terrestrial
gastropods. Between 6.0 and 4.8 m, fossils were virtually absent, coinciding with the

breccia bed.

Cyprideis torosa was the predominant ostracode, forming monospecific accumulations in

most cases (14.2-12.2 m, 9.5-6.0 m, 4.8-4.2 m), while at other levels Loxoconcha
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elliptica, Loxoconcha rhomboidea and Aurila sp. (12.2-9.5 m) and Cypris sp. (4.2-2.0

m) were also present. Miliolida were the most common foraminifers.

4.3 Biomarkers

4.3.1 n-Alkanes

Typical chromatograms of n-alkanes from selected samples are shown in Fig. 2
Supplementary Information. All the samples showed a predominance of odd carbon
numbers, with a chain length distribution ranging mainly from Ci7 to Cs3, maximising at

Ca9 or Cs1. The homologue Cas was predominant only in the lowermost part of the record.

The profiles of the various indices related to the n-alkane content, namely the
predominant n-alkane chain length, the average chain length (ACL = (Cix i + Ci+1 X (i+1)
+ Ci+2X (i+2)...+ Ch x n))/ (X Ch+1 + Chsz + ...+ Cy), with i= 13, n = 33; Poynter, 1989)),
the terrigenous/aquatic ratio of hydrocarbons (TARHc = (C31 + Cog9 + C27)/(C15 + C17 +
C19); Silliman et al., 1996), the aquatic macrophyte proxy (Paq= (C23 + C25)/(C23 + C25 +
Co9 + Caz1); Ficken et al., 2000), and the carbon preference index (CPl =% [(X Ci+ Cix2
+..+ Cixg) / (X Cit+ Cis1 + ...+ Cis7) + (T Ci+ Cis2 +...+ Cirg) / (£ Cisz+ Cisz + ...+ Cisg)],

with i = 25 (Bray and Evans, 1961), are shown in Fig. 3.

The ACL index varied between 25.6 (9.9 m) and 30.0 (6.6 m), with a slightly increasing
trend from the bottom to the top of the core. The lowest TARHc values (between 7.2 and
74.9) were found at the bottom (> 9.5 m), with a maximum values (> 100) in the
uppermost 9.5 m. Paq values ranged between 0.03 (6.6 m) and 0.42 (10.0 m) and showed

a decreasing trend from the bottom to the top of the record. The CPI ratio showed

10
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oscillations, with values mainly > 8 in the upper 9.5 m of the record, with a maximum at

2.4 m (16.8), while values of between 3.1 and 7.3 were found in the lowermost 9.5 m.

4.4. Stanols

The main stanols identified in the core included 24-ethyl-5B-cholestan-3p-ol (24-
ethylcoprostanol), 5B-cholestan-3p-ol (coprostanol), 5a-cholestan-3p-ol (cholestanol),
24-ethyl-5B-cholestan-3a-ol (24-ethylepicoprostanol) and 24-ethyl-5a-choles-22E-en-

3B-ol (5a-stigmastanol).

It is worth noting that the uppermost 9.5 m of the core showed the highest stanol
abundance (between 0.82 and 4.27 mg/kg), with a maximum at 8.5 m (10.48 mg/kg),
whereas its concentration was very low below this depth (< 0.05 mg/kg) (Fig. 3). Also,
between 6.0 and 4.8 m, the concentration of these compounds was low (0.04-0.82 mg/kg).
The profiles of the various indices related to the stanol content used as proxies for
distinguishing human vs. herbivore faecal input, namely the coprostanol/24-
ethylcoprostanol ratio (Bethell et al., 1994; Evershed and Bethell, 1996) and the
(coprostanol + epicoprostanol)/(24-ethylcoprostanol + 24-ethylepicoprostanol) ratio
(Bull et al., 2002), are shown in Fig. 3. The values of these ratios were negligible below
9.5 m, peaked between 9.5 and 6.0 m (>1.0 and 1.5, respectively), and decreased in the

uppermost 6.0 m (< 1.0).

4.5 Enrichment factors

11
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Variations in the relative abundances of Pb, Zn and Cu through the core were studied to
establish anthropogenic influence. To this end, the abundance of a given element was
normalised to a conservative (lithogenic) element, calculating the [Me]/[X] ratio, where
[Me] stands for the abundance of the element and [X] the abundance of the lithogenic

element (a “conservative” element such as Ti, V or others).

Next, the [Me]/[X] ratio of the samples was normalised again to the [Me]/[X] ratio of
samples from pre-anthropogenic times (Kylander et al., 2005; Mil-Homens et al., 2008).
Here we normalised the abundances to Ti as other typical elements used for this purpose,
such as V and Sc, were not analysed, and the abundance of Zr was low in most samples.
The reference values for Me/Ti were taken from the baseline of the record, which is the
average of samples below 10.5 m, which were clearly situated in pre-anthropogenic times.

Thus, the enrichment factor (EF) of a certain element Me was calculated as:

MeEFti = ([Me]/[Ti])sampie/ ([Me]/[Ti])reference

To distinguish between anthropogenic vs. lithogenic inputs of Pb, Zn, and Cu, we
followed the approach proposed by Shotyk et al. (2000). Thus, we calculated the

abundance of lithogenic Pb, Zn and Cu as follows:

[ME] lithogenic= [Ti]sample X ([Me]/[Ti])lithogenic

where [Me]iithogenic IS the abundance of Pb, Zn, and Cu. Once the lithogenic Pb, Zn and
Cu components had been estimated, the anthropogenic concentration was easily

calculated: [Me]anthropogenic = [Me]total - [M€]1ithogenic

Figure 4 shows the results obtained for the EFi of Pb, Zn and Cu. To obtain a global

vision of the accumulation of these elements, this information can be complemented with

12



282

283

284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

the concentration of lithogenic and anthropogenic Pb, Zn and Cu in the SFT core,

calculated using Ti as a reference.

Of note, high abundances of lithogenic Pb (643-260), Zn (864-350) and Cu (158-64) were
found in the lowermost part of the record (> 9.5 m) and they then decreased progressively.
In contrast, anthropogenic values of Pb (45658-4374), Zn (2736-284) and Cu (1203-118)
were markedly high in the upper 9.5 m, although the abundance of these metals decreased

between 6.0 and 4.8 m, coinciding with the breccia bed.

5 Discussion

5.1. Palaeoenvironmental conditions

The CPI values observed in the core (> 4) indicated low degradation of n-alkanes and
were thus interpreted in terms of the origin of OM input (cf. Hedges and Prahl, 1993;
Zheng et al., 2007). The results indicated that the correlation coefficients between the CPI
and the other indices (ACL, Pag, TARHc) were significant (Table 1). The observed trend
points to low microbial degradation of n-alkanes in these sediments and indicates the
usefulness of n-alkane indices for interpreting palaeoenvironmental conditions in

Cartagena.

There was generally good correspondence between the TARHc ratio, the predominant n-
alkane chain and ACL values, a good proxy for distinguishing between low vs. high
molecular weight n-alkanes (Pancost et al., 2002; Rommerskirschen et al., 2003) in the
core, and an inverse correlation with the Paq index (Table 1, Fig. 3). High TARHc values
pointed to an increase in the input of terrestrial plants, whereas low values (< 1) were

linked to a major input from algae (Silliman et al., 1996). It has to be considered that
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TARHc may overestimate the contributions from terrestrial sources as terrestrial plants
typically contain a greater proportion of n-alkanes than aquatic algae (Bourbonniere and
Meyers, 1996). Furthermore, the lower molecular-weight n-alkanes (Cis, C17, C19) that
typify algae are generally more susceptible to microbial degradation than land-plant n-
alkanes (Meyers and Ishiwatari, 1993). This ratio nonetheless is valuable for determining
changes in relative contributions of organic matter from land plants and algae
(Bourbonniere and Meyers 1996). In this regard, the contrast between the low TARHc
values in older sediments and the higher and more variable values since 3,600 yr cal BP
(Fig. 3) reflected a change in geolipid sources. Thus, samples in which ACL and TARHc

values were high coincided with low Paq ratios.

The Paq index was originally used to determine the relative contribution of aquatic
macrophytes and terrestrial plants to some African lakes (Ficken et al., 2000), i.e., values
< 0.1 are linked to a dominant contribution from land plants, typical in the upper 9.5 m,
whereas those between 0.1 and 0.4, predominant below 9.5 m, reflect significant input

from emergent macrophytes.

Thus, we interpret the significant inverse covariation between the Py index and TARHc
values (a proxy for land plant contribution; r = -0.62) and ACL values (r = —0.89) as
evidence of an episode marked by a major contribution from aquatic macrophytes (> 9.5

m), followed by a period in which the input from lands plants predominated.

5.2.1. Palaeoenvironmental scenarios

14
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Using the predominant n-alkane chain, the ACL index, the Paq values, the TARHc ratio,
together with the mineralogical and fossil content, we defined two palaeoenvironmental

scenarios in the Cartagena record.

Scenario A (14.2-9.5 m; (ca. 6,650-5,750 yr cal BP); Figs. 2, 3). The predominant n-
alkane corresponded to Czg, followed by Csy, indicating a major input from terrestrial
plants. ACL values (average ca. 27.5) and the TARHc index (19-114) corroborated this
interpretation, although Paq (0.1-0.4) and CPI (ca. 4) values also indicated a significant
input of aquatic macrophytes (Hedges and Prahl, 1993; Zheng et al., 2007; Ficken et al.,
2000). These observations, together with the dominance of sandy muds and muddy sands,
indicated low energy conditions and the development of a relatively flooded water mass
with some marine influence (Ortiz et al., 2020). Quartz was abundant, accounting for ca.

45% of the total mineral content, and dolomite was present.

In addition, euhaline marsh conditions were interpreted by the presence of a rich
biodiversity of ostracodes (C. torosa, L. elliptica, L. rhomboidea, Aurila sp.) and mollusc

species (Richards, 1985; Torres et al., 2020) (Fig. 2).

Scenario B: This unit was identified between 9.5 m and 2.0 m (ca. 3,600-300 yr cal BP;
Figs. 2, 3) above a hiatus. The predominant n-alkanes were Czg9 and Cs1, which are linked
to terrestrial plants. The high values of the ACL index (mostly between 28 and 30) and
TARHc (> 100) and the markedly low Paq index (< 0.1) confirmed this interpretation, with
a decreasing input of aquatic macrophytes and algae with respect to land plants. Higher
CPI values in this unit than in the others (> 8) confirmed that input of terrigenous plants

was more significant (Hedges and Prahl, 1993; Zheng et al., 2007).
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Consistent with this interpretation, there was a predominance of grey/dark muds and

sandy muds, which points to a lower input from runoff and low energy conditions.

In this regard, a notable presence of calcite (> 40%) and a decrease in quartz confirmed
low energy conditions. There was a limited presence of mollusc remains, thereby
indicating a shallow, brackish, paucispecific distribution of species, dominated by
Hydrobia sp., Cerithium sp., and P. conicus (Rohde and Sandland, 1975; Richards, 1985).
Moreover, ostracodes were represented by the monospecific presence of C. torosa, which
was sometimes accompanied by Cypris sp between 4.2 and 2.0 m. The occurrence of this
ostracode and mollusc association reveals the development of a brackish marshland with

some freshwater influence at the top.

It must be highlighted that between 6.0 and 4.8 m, a gravel bed made of angular
calcareous clasts occurred, linked to flash flood episode, probably associated with the
activity of the Benipila creek, whose catchment area lies on Mesozoic limestones.
Nevertheless, this bed also contained civil work-debris of the ancient city. This high-flow
would have diluted the concentration of trace elements and stanols (Figs. 3, 4), although,

in our view, human activity (metallurgy, farming and waste) did not significantly change.

5.2 Organic pollution

5p-Stanols are commonly formed as reduction products of cholesterol and the higher
molecular weight counterparts (campesterol, sitosterol and stigmasterol) in the intestinal
tracts of most mammals (Bull et al., 2002), and they can accumulate in sediments.
Cholesterol is converted to 5B-coprostanol in the human digestive tract (Murtaugh and

Bunch, 1967; Leeming et al., 1984; Bethell et al., 1994; Shah et al., 2007). However, this
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compound is relatively less abundant in the faeces of other animals (Leeming et al. 1996;
Mudge and Morrison, 2010). In contrast, herbivores tend to produce 24-ethylcoprostanol
from pB-sitosterol (abundant in plants). Thus, stanol content, specifically the type of
coprostanol, can be used to distinguish human input from that of herbivores (Leeming
and Nichols, 1996; Leeming et al., 1996).

We interpreted the organic pollutant history from the 5B-stanol content in the SFT core
in the context of the occupation of Cartagena by human populations. The concentrations
of these compounds were markedly low below 9.5 m (> 5,750 yr cal BP), when Cartagena
had still not been founded. In contrast, we observed a continuous presence of 5p3-stanols
in the uppermost 9.5 m of the core, which corresponded to the last ca. 3,600 yr cal BP,
thus corroborating the presence of humans and cattle since the late Bronze Age. Among
these compounds, it is worth noting the presence of 24-ethylcoprostanol and coprostanol,
considered biomarkers of herbivore and human faecal pollution, respectively.

Bethell et al. (1994) and Evershed and Bethell (1996) proposed the use of the
coprostanol/24-ethylcoprostanol ratio as a proxy for distinguishing human vs. herbivore
faecal input, with values > 1.5 considered indicative of human pollution and < 0.25
predominance of herbivore faeces. An extension of this approach to estimate the relative
contribution of different faecal sources was proposed by Bull et al. (2002) (coprostanol +
epicoprostanol)/(24-ethylcoprostanol + 24-ethylepicoprostanol) to distinguish between
contamination by humans (> 1) and ruminant species (< 1).

Between 9.5 and 6.0 m of the SFT core (3,600-1,700 yr cal BP, Fig. 3), the values of this
ratio were > 1, indicating a continuous source of organic pollution derived mainly from
humans and thus pointing to a large population in the ancient city of Cartagena. In
contrast, in the uppermost levels (6.0-2.0 m) of the core (last 1,700 yr), the concentration

of 24-ethylcoprostanol was markedly higher than in the rest of the record (Fig. 3). This
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finding is attributed to cattle faeces reaching the water body through surface runoff, linked
to a decrease in population.

We confirmed the major influence of human faeces between 3,600 and 1,700 yr cal BP
on the basis of the values of the coprostanol/24-ethylcoprostanol ratio (> 1.5). However,
we can establish that, at younger ages, there was a mixture of organic pollutants from

humans and herbivores, the latter being slightly more predominant.

5.3 Metal pollution

5.4.1Pb

In the lower part of the record (> 9.5 m, > 5,750 yr cal BP - Fig. 5), PbEFTi values were
low, indicating no considerable input of Pb to Cartagena Bay, which was mostly of
lithogenic origin. However, in the uppermost part of the record, the values increased
significantly, especially between 9.5 and 6.2 m. Thus, in the last 3,600 yr cal. BP, we
interpreted that the evolution of the PbEF+i was mostly linked to atmospheric pollution
caused by mining and metallurgical processes in the late Bronze Age and during
Phoenician, Punic and Roman times, the Middle Ages and the Modern Age rather than to

natural variations or sedimentological characteristics.

Of note, the maximum input of anthropogenic Pb occurred during Roman times. These
results are in coincidence with those of Manteca et al. (2017) and Ortiz et al. (2021), who
observed that atmospheric Pb pollution began ca. 4,250 years ago, with high values during

Phoenician, Punic and Roman times. This pattern has also been observed in other regions
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of Spain (Martinez Cortizas et al., 1997, 1999, 2002a; Fabregas et al., 2003; Gallego et

al., 2013, 2019) and Europe (Weiss et al., 1997; Shotyk et al., 2001).

Indeed, it is estimated that 60% of ancient Pb production in Spain occurred during Roman
times (Nriagu, 1983). A similar enrichment of Pb was found for the Roman age in
Germany, Norway, Belgium, Scotland, Sweeden and Switzerland (Kempter et al., 1997;

Weiss et al., 1997; Shotyk et al., 2001; Renberg et al., 2002).

Anthropogenic Pb decreased significantly after the end of the Roman Empire until the
beginning of Late Antiquity, a finding also reflected in other proxies, coinciding with the
gravel bed (breccia) linked to a flash flood episode. This decrease could be also
attributable to the final years of the Roman Empire and the decline of mining and
metallurgy in Cartagena. The concentration of Pb increased from ca. 1,400 yr cal BP but

never recovered previous values.

5.4.27Zn

Natural inputs of Zn were greater than those of anthropogenic sources, although Zn from
the latter increased in the uppermost part of the record (ca. 3,000 yr cal BP), reaching two
maxima: during the Phoenician period (ca. 2,800 yr cal BP) and during Punic and Roman
times (2,300-2,000 yr cal BP). This observation brings forward the age of Zn presence
in the area of Cartagena, as Manteca et al. (2017) and Ortiz et al. (2021) observed an
increase in Zn content only in Roman times, with a maximum at ca. 1,700 yr cal BP.
Indeed, on the basis of the first evidence of atmospheric Zn pollution recorded in northern

Spain, Martinez Cortizas et al. (1997) proposed that it began at ca. 1,000 AD, associated
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with the metallurgy of other metal ores. Anthropogenic Zn decreased between 1,700 and

1,400 yr cal BP coinciding with the gravel bed and then recovered previous values.

The Zn profiles did not show a clear relationship with those of Pb. This finding was also
reported in other records (Martinez-Cortizas et al., 1997; Gallego et al., 2013, 2019). Of
note, Zn values were higher than those of Pb before 3,600 yr cal BP. This behaviour is
explained by the metal contribution to the basin coming only from natural origins, at least
before 3600 yr cal BP. Indeed, Zn content has greater abundance in the source area than
Pb (Manteca y Ovejero, 1992).

In contrast, starting on that date, the Pb content significantly surpassed that of Zn due to
the development of an early mining and metallurgical industry based on Pb ores, with Zn
playing only an accessory role (Manteca et al., 2017). However, at ca. 900 yr cal BP, there
was a peak in the Zn abundance, which might be attributable to the mining of a certain
ore (Ag) containing this metal. In this regard, Ag (and Pb) mining activities near
Cartagena were significant during the early Middle Ages, with Zn (sphalerite) usually

associated with these ores.

5.43Cu

It is worth noting that Pb and Cu signals were not coincident, thereby suggesting that they
may have derived from different mines or that the Romans turned their interest away from

Pb to Cu. However, a technological change cannot be discarded.

The Cu profile showed an increase coinciding with the Phoenician period (ca. 2,800 yr
cal BP) and the Punic and Roman times (4.5 m, 2,300-2,000 yr cal BP, Fig. 5). This

increase was linked mainly to anthropogenic sources, indicating a major input derived
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from mining activities in this area, consistent with observations made by Hong et al.
(1996), who reported a sharp rise of world Cu production at ca. 2,500 yr cal BP. Indeed,
during Roman times, the main Cu mining regions were in Spain, which accounted for
more than half the worldwide production of this metal (Darling, 1990). In this regard, the
Punics and Romans appear to have worked Ag deposits, which are linked to those of Cu
(Darling, 1990). In fact, in the Phoenician site of La Fonteta (Guardamar del Segura,
Alicante), close to Cartagena, materials used in Pb and Ag production, as well as in Cu-
based metallurgy, were found, and cuproargentiferous ores were probably exploited
(Renzi et al., 2009). Of note, those authors reported that anthropogenic Cu input peaked
in the early Middle Ages. Indeed, a peak in anthropogenic Cu was observed at ca. 1300-
1200 yr cal BP. Thus, Cu abundance could be explained by the metallurgy of Ag
sulphides. In this regard, numerous kilns that were active during the Middle Ages have
been documented in Cartagena mountains (Grafieda, 2008). Nevertheless, this increase in
Cu abundance could be also associated with the important exploitation of alum deposits
in the area of Cartagena during the Middle Ages, as such deposits are commonly linked

to Cu sulphate minerals (Pérez Macias, 2019).

6 Conclusions

The use of amino acid racemization and *C dating allowed us to establish the
chronological framework of the palaeoenvironmental evolution of the Cartagena Bay

during the Holocene and the anthropic processes that affected this coastal area.

A novel multidisciplinary study combining sedimentology, palaeontology, and
mineralogical and biomarker content allowed wus to distinguish two main
palaeoenvironmental scenarios in the Holocene record: 1) between ca. 6,650 and 5,750
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yr cal BP, the main input of OM came from aquatic macrophytes and algae in a euhaline
coastal area with high biodiversity, and 2) between ca. 3,600 and 300 yr cal BP, the main
input was from land plants, thereby indicating a shallower water body (marsh), with
brackish conditions, as reflected by the paucispecific fauna, with low energy conditions,
although flash flood episodes occurred. At the top of the record, freshwater inputs may

have occurred, together with some episodes of emersion.

Our study also revealed that the influence of anthropogenic inputs was considerable in
the last three millennia, i.e., faecal stanols and trace elements were used together for the
first time to reconstruct the emergence (3,600-1,700 yr cal BP) and decline (< 1,700 yr)
of the ancient city of Cartagena, the most important settlement in southwestern
Mediterranean since the Bronze Age. In this regard, it is worth noting that scarce records
covering the last 3000 yr are documented for the Iberian Peninsula. Pb exploitation and
metallurgy occurred since, at least, the Bronze Age, with a significant increase during
Phoenician, Punic and particularly Roman times. In contrast, Pb pollution during the
Middle Ages decreased. The Cu and Zn signals derived from anthropogenic sources were
also significant during Phoenician and Punic times, reaching maximum values during
Roman times. Moreover, there was a considerable input of these elements in the Middle

Ages, which was not previously documented.
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Table 1. Correlation coefficients and significant levels (correlations statistically
significant at the level of p < 0.001 are in bold) for ACL, TARHc, and Paq indices in

SFT core.

CPI Paq TARHC

ACL 0763 0896 0.722
CPI -0.747  0.774
Pag ~0.616
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Figure captions

Fig. 1. Location of the Cartagena Basin with the position of the core. Adapted from

Ortiz et al. (2021).

Fig. 2. Stratigraphic section of the Holocene record of SFT core with the chronological
scale and the profile of predominant mineral components, together with the downcore
presence of ceramic fragments, charcoal, sedes, phytoclasts, molluscs, ostracodes and
foraminifers. The environmental interpretation based on mollusc, ostracode and

foraminifer associations is included.

Fig. 3. Concentration of n-alkanes (ug/kg), predominant n-alkane chain, ACL, TARHc,
Paq index and CPlin SFT core, with the chronological scale, and the identification of the
paleoenvironmental episodes. Profiles of stanols content (mg/Kg), coprostanol/24-
ethylcoprostanol ratio [c/24-ec] and (coprostanol + epicoprostanol)/ (24-ethylcoprostanol

+ 24-ethylepicoprostanol) ratio [(c+ec)/(24-ec+24-eec)] were also plotted.

Fig. 4. Downcore plots of total, anthropogenic and lithogenic Pb, Zn and Cu
concentrations, with their enrichment factors. Anthropogenic and lithogenic
concentrations were calculated following Shotyk et al. (2000) using Ti as a conservative
element and data were normalized using the average of elemental concentrations of

samples.
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Tables Supplementary information

Table 1 Suppmenetary information. Radiocarbon age (yr BP) of selected levels from
SFT core 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).

Sample No.  Depth (m) &%C (V-PDB) Conventional age BP  Calibrated BP

CNAS5746 2.05 -23.9 235+29 277+85
CNAS747 6.00 -21.2 2004+30 1940+66
CNA5748 9.60 -30.4 2045+31 1990445
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Table 2 Supplementary information. Mean aspartic acid and glutamic acid

racemization ratios obtained in ostracode valves from SFT core.

Depth (m) Ostracode species D/L Asx D/L Glx Age (years)
2.05 Cypris sp. (4) 0.096+0.013  0.026+0.020 701£525
2.45 Cypris sp. (3) 0.096+0.017  0.054+0.033 732+695
2.70 Cypris sp. (4) 0.114+0.014  0.029+0.021 14744572
2.90 Cypris sp. (3) 0.107£0.014  0.027+0.004 11744583
3.05 Cypris sp. (5) 0.097+0.005  0.032+0.022 759+196
3.50 Cypris sp. (4) 0.107£0.014  0.027+0.004 11754583
4.10 Cypris sp. (5) 0.123+0.015  0.036+0.004 1852+648
4.30 C. torosa (2) 0.110+0.011  0.045+0.030 1305+467
5.20 C. torosa (4) 0.117+0.006  0.034+0.006 1582+267
5.40 C. torosa (3) 0.129+0.010  0.039+0.002 2079+431
6.00 C. torosa (3) 0.120£0.020  0.043+0.007 17184832
6.20 C. torosa (2) 0.123+0.004  0.056+0.032 1851+184
6.40 C. torosa (1) 0.126 0.032 1970
7.40 C. torosa (4) 0.137£0.011  0.035+0.005 2433457
7.80 C. torosa (2) 0.162+0.006  0.048+0.007 3490+253
7.85 C. torosa (5) 0.160+0.018  0.046+0.011 3407754
8.20 C. torosa (1) 0.145 0.030 2782
8.40 C. torosa (1) 0.136 0.035 2390
8.50 C. torosa (1) 0.139 0.031 2529
8.70 C. torosa (2) 0.146 0.038 2790
8.90 C. torosa (2) 0.141 0.054 2610
9.05 C. torosa (5) 0.142+0.010  0.038+0.008 2635+420
9.15 C. torosa (1) 0.172 0.055 3910
9.30 C. torosa (1) 0.149 0.045 2930
9.65 C. torosa (5) 0.228+0.019  0.065+0.010 62331776
9.80 C. torosa (4) 0.217£0.008  0.052+0.010 57994331
9.90 C. torosa (4) 0.218+0.015  0.056+0.009 58061645
10.00 C.torosa (3) + Aurila (1)  0.218+0.022  0.066+0.007 58331942
10.90 C. torosa (3) 0.234+0.013  0.067+0.029 6502+548
11.10 C.torosa (2) + Aurila (1) + 0.215+0.033  0.075+0.046 5692+1397

Cypris (1)
11.40 C.torosa (2) + Cypris (1)  0.232+0.017  0.055+0.007 6407+726
11.90 C. torosa (1) + Loxoconcha 0.224+0.014  0.054+0.001 6094+568
(1)
12.00 C.torosa (2) + Aurila (1)  0.219+0.015  0.043+0.010 5867+638
12.90 C. torosa (2) 0.234+£0.003  0.069+0.009 6488+130
14.30 C. torosa (4) 0.355+0.026  0.155+0.039  145000+31000
14.50 C. torosa (5) 0.358+0.033  0.137+0.041  124000+30000
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Figures Supplementary Information

Fig. 1 Supplementary information. Bayesian age-depth models established for the
Holocene record of SFT core (between 14.2-9.5 m and 9.5-2.0 m) constructed using the
software R-code package “Bacon 2.3.7” (Blaauw and Christen 2011), both after 20000
Markov Chain Monte Carlo iterations. The black line indicates the single best model
based on the weighted mean age for each depth, and the grey area shows 95% confidence
intervals. Dates were obtained through radiocarbon (Table 1 Supplementary

information), and amino acid racemization (Table 2 Supplementary information).

Fig. 2 Supplementary information. Typical chromatograms of n-alkanes from selected
samples in SFT core. Samples maximized: (A) at high molecular weight n-alkanes (Csy);

(B) at high molecular weight n-alkanes (C2g); (C) at C29 n-alkane.
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