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Abstract: The Mazarrén 2 shipwreck was found in 1994 on the beach of Playa de la Isla (Mazarroén,
Murcia, Spain). This finding is extremely important because the boat and its lead cargo were still in a
reasonable conservation state and, therefore, provided new data on naval construction, commercial
goods, navigation routes, and the relationships between the Phoenicians and the local population
in the 7th-6th century BC. Currently, the shipwreck remains underwater, protected by a metallic
coffer. In the last 2 years, a Preliminary Studies Project has been carried out, supported by national
and regional public institutions. This research aims to know the shipwreck’s conservation state
and to determine the extraction and conservation methods at the Museo Nacional de Arqueologia
Subacuatica ARQVA (Cartagena, Spain), where the conservation and restoration treatment will be
conducted. The sampling strategy and analytical study included not only wood and other materials
from the shipwreck and its cargo but also the seawater and the seabed materials in the vicinity of the
shipwreck. This paper presents the results of the geochemical study of the archeological site. The
applied methodology included physico-chemical tests, X-ray diffraction, optical microscopy, FTIR
spectroscopy, field-emission scanning electron microscopy coupled with X-ray microanalysis, and
X-ray microscopy. The results indicated that, despite the wreck being buried at a shallow depth (less
than 50 cm) in a marine environment with a water column of 2-2.5 m, influenced by complex coastal
dynamics that favor an oxic environment, early diagenetic processes like the formation of pyrite
framboids are particularly intense in the pores and internal channels of the wreck’s wood, where a
different dysoxic—anoxic environment prevails. These processes have been the main mechanisms to
have affected the wreck and are related to the biogeochemistry of sediments. The sediments have
been confirmed to be closely related to the geological context of the Mazarron region. The conducted
study found no significant evidence of pollution due to the lead cargo.

Keywords: Mazarrén 2; shipwreck; Phoenician; waterlogged wood; conservation; pyrite framboids;
marine sediment; slags; coastal dynamics

1. Introduction

Waterlogged archeological wood can exhibit different alterations, which may occur at
various degrees of severity depending on the site’s environmental conditions (e.g., marine,
lacustrine, marshy, etc). Shipwrecks are also preserved differently when covered by seawa-
ter or buried by seabed sediments [1]. Shipwreck deterioration occurs in the broader context
of geochemical processes on the seabed regardless of the specific underwater environment.
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These processes induce chemical, physical, or biological changes that characterize wood de-
cay. The most critical geochemical processes are (a) sediment compaction; (b) bioturbation
and bio-irrigation; (c) dissolution of minerals, particularly those of biogenic origin that are
accompanied by exchange processes between adsorbed and aqueous cations; (d) postdepo-
sitional mobilization and migration of minerals; (e) mineral neoformation, modification,
and redistribution; (f) degradation of organic matter by bacteria and the medium change
from an oxidative to reductive state [2]. In addition, mineralization processes driven by
microorganisms impact aquatic ecosystems [3]. Therefore, sediment diagenesis has been
extensively studied in the last few decades [4-6].

Although shipwreck deterioration is associated mostly with the biogeochemistry
processes involving seabed sediments and microorganisms, the current research focuses
on characterizing the wood preservation state [7-25], the resultant alteration products
in wood [8,12,13,15-23,26-32], and aquatic organisms and microorganisms that affect
shipwreck materials [14]. Very few studies report the composition of sediments around
wrecks [24,32], and no studies exist in which the geological context and geochemistry of
the aquatic medium are linked with the wood alterations.

Another issue related to shipwrecks has recently drawn researchers’ attention. It refers
to the negative effect that the hull and ship cargo can have on the marine ecosystem as a
probable source of heavy metal pollution [33].

This study focuses on the Mazarrén 2 wreck, found in 1994 on the beach of Playa de
la Isla in Mazarrén (Murcia, Spain) in shallow maritime waters (Figure 1). The wreck is
currently buried at a shallow depth (water column at ca. 2-2.5 m). The ownership of this
site is the Comunidad Auténoma de la Region de Murcia (CARM; the Spanish Autonomous
Community of Murcia Region), which declared the site an “Asset of Cultural Interest” (BIC,
Spanish acronym) in the Archeological Zone category in 2015. This finding is extremely
important because the boat and its lead cargo were still in a reasonable conservation state
and, therefore, provided new data of archeological interest. In 2000, the shipwreck was
excavated, and its cargo and other objects were recovered, but the wooden boat remains
are in situ buried and protected by a metallic coffer (Figure 2) [34-36]. The study of the
wreck’s geological context, which is presented in this paper, is part of a Preliminary Studies
Project that began in 2022 and is supported by the Ministerio de Cultura de Espafia (MCU;
the Spanish Ministry of Culture) and CARM. These studies have focused on assessing the
shipwreck’s conservation status prior to making further decisions about its future man-
agement [37]. This Preliminary Studies Project has been structured as a coordinated and
interdisciplinary effort that involves the different specialists responsible for recording and
documenting the wreck [38] and for designing an appropriate sampling strategy to study
wood deterioration, marine sediments, and seawater composition [39]. The Preliminary
Studies Project results are essential for developing a proyect draf, which must be reviewed
and validated by international experts and national managers. Then, the validated pre-
liminary draft should serve as a guide for the future management plan for Mazarron 2,
including raising methodologies and remediative conservation tasks at the Museo Nacional
de Arqueologia Subacuatica ARQVA (National Museum of Underwater Archeology, Carta-
gena, Spain) and long-term research, remediative/preventive conservation, and public
dissemination efforts related to the shipwreck [37].

This study presents the geochemical findings of the site and correlates them with
the wreck wood analysis to identify the alteration processes that affect the current preser-
vation state of Mazarrén 2. The applied methodology included physico-chemical tests,
X-ray diffraction, FTIR spectroscopy, optical microscopy, field-emission scanning electron
microscopy—X-ray microanalysis (FESEM-EDX), and X-ray microscopy (XRM).



Minerals 2024, 14, 778 3 0f 23

(a)

Mazarrén 2"
_ ~ El Gachero

2

(b) . ‘ : ... Playa de la Isla
Punta de los
Gavilanes

Marina

Geographical location

I:I Country: Spain
|:| Departament: Murcia region

; ‘ : # Archaelogical and mining context
I:l Town: Mazarrdn .

° Sfilredic: Hazarind . Phoenician period O 19th-20th centuries

Figure 1. Location of the Mazarrén 2 shipwreck in the Murcia Region (Spain) and its archeological
and mining contexts. (a) The Murcia Region in Spain; (b) the Mazarrén district in the Murcia Region;
(c) a photograph of the Mazarron 2 site. Red dots show Punta de los Gavilanes and the Mazarron
2 shipwreck archeological sites from the Phoenician period. The green dot denotes the El Gachero
embankment on the El Rincén de Playa de la Isla. Photographs are from the open access database of
the Instituto Geografico Nacional de Esparia (Spanish National Geographic Institute): general maps
(a,b) and orthophoto PNOA 2022 (c); figure assembled by Rocio Castillo-Belinchén.

(a)

Figure 2. (a) Metallic coffer used for the wreck’s in situ protection since 1999; (b) image of Mazarrén 2
during works in June 2023 (photographs by Pedro Ortiz (a) and Milagros Buendia-Ortufio (b) archive
of the Museo Nacional de Arqueologia Subacuatica).
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2. Historical and Geographical Setting

Mazarrén 2 is a small ship (8.15 m long x 2.20 m beam and a minimum depth of
0.9 m) built in wood, whose hull is almost entirely conserved. The ship carried a cargo
of 2800 kg of lead ingots, along with various objects that witnessed life on board (e.g., a
stone hand mill, a basket of sparto grass, and remains of animal bones) [36,40]. A wooden
anchor with lead stocks close to the hull is considered the oldest example of this type of
anchor throughout the Mediterranean [36,41]. These findings document shipbuilding and
shipping routes in the first half of the 1st millennium BC. They are also a testimony of
the exploitation of metals by the Phoenicians in the Iberian Peninsula [36]. Recent studies
on naval shipbuilding suggest that Mazarron 2, together with Mazarrén 1, another wreck
found nearby, are the oldest examples of naval shipbuilding of Phoenician origins found
on the Mediterranean coast of the Iberian Peninsula [42,43]. These studies on shipbuilding
techniques, especially the latest studies on the anchor, confirm that Mazarron 2 is a ship
from the Phoenician period and allow more specific dating between the end of the 7th
century BC and the first third of the 6th century BC [36-38,44-46].

The Mazarrén 2 shipwreck is linked with the local mining context. The lead isotope
analysis of the Mazarrén 2 cargo suggests that it comes from the mining districts of Carta-
gena and Mazarrén [47]. The Mazarrén mining region covers an area of 7 km? around the
city of Mazarrén. Since ancient times, this region has been rich in metal deposits, copper,
iron, silver, lead, and alum. The area includes three main mining sites, San Cristobal-Los
Perules, Pedreras Viejas, and Coto Fortuna, exploited during various periods and separated
by phases of inactivity from antiquity to the 1960s [48-50]. Two other local archeological
sites, located 5 km away from the above-mentioned mining sites and dating back to the
Phoenician era, from the same historical period of Mazarron 2, might be related: Punta de
los Gavilanes and Playa de la Isla (Rincon de la Isla) (Figure 1). In the Phoenician enclave
of Punta de los Gavilanes (Cabezo del Gavilan) on Playa Bahia, located 1 km away from the
Mazarrén 2 shipwreck, archeologists have found remains of the oldest silver cupellation
workshop in the Murcia Region, including cupels, silver, lead, and slags [51]. In the anchor-
age of Playa de la Isla, primarily used in Phoenician times and where shipwrecks Mazarrén
1 and 2 were found, noticeable archeological remains include some lead ingots, a silver
scarab, the handle of an iron-rich bronze lance, and abundant fragments of Phoenician
ceramics, which indicate the presence of a sophisticated kiln [52].

Mazarron 2 is located some 500 m away from Santa Elisa’s lead-smelting factory. It
operated between 1886 and 1927 and was the first lead-smelting factory in Spain. By-
product slags were discarded at the Rincon de la Isla, 200 m away from Mazarrén 2, and
gradually formed an embankment called El Gachero. This embankment grew progressively
along the Playa de La Isla shoreline [53,54]. The sandy barrier formed in El Gachero
significantly altered the local marine coastal dynamics at Playa de la Isla (Figure 3). The
central area slowly eroded, while loose sand accumulated in the coastal shelter formed in El
Gachero, located in the eastern sector of the beach. In the 1980s, the construction of a nearby
marina in the western area of Playa de la Isla negatively influenced the coastal dynamics
and contributed to the increased erosion of the central part of the beach where Mazarrén 1
and Mazarrén 2 are located [55,56]. These active coastal processes allowed archeological
remains in the area to be discovered in the 1980s and 1990s. However, they currently pose
a threat to the in situ conservation of the Mazarron 2 wreck. As a result, the MCD and
CARM have agreed to raise the ship, but not before conducting the Preliminary Studies
Project, which includes the study of the geochemical context presented in this paper.
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Figure 3. Evolution of the coastal dynamics and profile of Playa de la Isla, with the Mazarrén 2
shipwreck marked by a red dot, and reflected in this aerial photographs series: 1957, American flight
(USAF); 1981 regional flight (CARM); 1999, 2007, 2016, and 2022 national orthophotos (PNOA—IGN)
(assembled by Rocio Castillo-Belinchén with free access images available at the CARM and the
Instituto Geografico Nacional.

3. Materials and Methods
3.1. Sampling

The sampling strategy for the Preliminary Studies Project was carefully planned to
achieve complete process traceability. The sampling strategy enabled the correct identi-
fication of the sample type (seawater, sediment, cargo, wood hull, life-on-board things,
etc.) by assigning a standardized inventory code according to the protocol for receiving the
underwater materials developed at the ARQVA since 2011 (Table S1 provided as Electronic
Supplementary Materials). The first four characters of standard code MZB2 identify the
place (MZ = Mazarrén) and the site (B2 = boat 2), followed by several characters that
correspond to the year and sampling point. This methodology contrasts with previous
samplings of the cargo and life-on-board objects authorized by the CARM, which were
noted for their bias [37].
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Eighteen sediment samples were recovered from the archeological site. The 16 re-
ferred to in this paper, from MZB2-01 to MZB2-16, were recovered in an area of 16 x 26 m
surrounding Mazarrén 2 (Figure 4). The other two samples were recovered from El
Gachero (Playa de la Isla) (MZPI-01) and Cabezo del Gavilan (Playa Bahia) (MZCG-01)
(Figure 1). Two wood samples, labeled MAZ-01 and MAZ-02, were recovered from the
wreck (Figure 4). The complete sample list, references, and details of the sampling points
are provided in Table S1. Sample MZB2-14 was used for an archeological study that is not
reported in this paper.

4 MP-07 4 MP-08 MP-09
MZzB2-10 ® MmzB2-11 MZzB2-12
A MP-01 A MP-02 A MP-03
® MZzB2-02 e MZzB2-03 e MZB2-04
; W MT-O01 ‘
MZB2-01 1
RS e imin i
MZB2-09 ® | <’ A MP13 > i ® MZzB2-05

: |
h | | 1 SE

® MZB2-08 ® MzB2-07 ® MZB2-06
A MP-06 A MP-05 A MP-04
e MZB2-16 e MZB2-14y 15 e MZB2-13
A Mmp-12 A wmp-11 4 Mp-10
W S_
LEGEND - Sampling point A Manual pit ] Manual trench
H:::B Metalic protection structure «Z>» Mazarrén 2 boat * Mazarrén 2 anchor

Figure 4. Distribution of sediment sampling points (MZB2-01 to MZB2-16, MZPI-01 and MZCG-01),
measurement points (MP-01 to MP-12), and manual trench MT-01 around the Mazarron 2 shipwreck
in June 2023 (Drawing made by Rocio Castillo-Belinchén y Nuria Guasch-Ferré).

Manual excavation pits, made with a small shovel, were used for sediment sampling
purposes to avoid subjecting the wreck to unnecessary vibrations. The sample from under
the anchor (MZB2-01) was collected at approximately 80 cm (—80 cm) below the seafloor
surface. The remaining samples, both those collected in the vicinity of the shipwreck
(MZB2-02 to MZB2-09) and those collected within 10 m of the shipwreck (MZB2-10 to
MZB2-16), were taken at about 20-30 cm and (—20)—(—30) cm from the seafloor surface. In
all these cases, the bathymetry of the seafloor was approximately 2 m.
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The samples from the other two extraction sites were taken on the seafloor surface,
very close to the shore: MZPI-01 (Playa de la Isla) and MZCG-01 (Cabezo del Gavilan). In
these two cases, the bathymetry of the seabed was approximately 1 m.

The sediment samples were airtight-sealed and frozen to preserve their original com-
position and to prevent any potential deterioration. They were conserved in a refrigerator
until the sediment analyses were carried out. The wood samples were conserved in
seawater to maintain their moisture content and to prevent drying. They were placed
inside sealed flasks in a refrigerator at 3 °C. Prior to the different instrumental analyses,
the sediment subsamples were dried to a constant mass in a laboratory oven to ensure
accurate measurements.

3.2. Instrumentation

The instruments and operating conditions are provided in Table S2. The laboratory
methods included the following:

(1) Optical microscopy: The sediments and wood samples were directly examined un-
der an optical microscope. The sediment samples consisted of dried sand-silt—clay
dispersed with a thin needle on a glass slide.

(2) Scanning electron microscopy-X-ray microanalysis: The same subsamples examined

under an optical microscope were mounted on aluminum disks and carbon-coated
before acquiring images and X-ray spectra. A second series of sediments were finely
powdered in an agate mortar and mounted on aluminum discs to perform the quanti-
tative elemental analysis. The ZAF method of correction of the interelemental effects
on intensity values was applied in each X-ray spectrum for every element. Three
X-ray spectra from an area of 2.4 x 2.4 mm were acquired on three replicates of each
sediment. The oxide wt% values of the different elements were calculated using the
AztecOne software.
A third series of subsamples were prepared as cross-sections. A small amount of
sediment was embedded in polyester resin (Glasspol 328, Glasspol Composites SL,
Valencia, Spain) and polished with abrasive dishes of SiC (Struers, Champigny sur
Marne, France) until a uniform cross-section was obtained. The X-ray spectra acquired
from these specimens enabled the characterization of the mineral composition of indi-
vidual grains to avoid the interfering effect of the NaCl microcrystals deposited on the
surface during drying in the laboratory (Figure S1). The stoichiometry of the mineral
is deduced from the molar ratio among the identified elements, which is provided by
the quantitative processing of the detected X-ray counts.

(3) FTIR spectroscopy: sediments and wood subsamples were finely powdered in an
agate mortar.

(4) X-ray diffraction: sediment subsamples were finely powdered in an agate mortar.

() X-ray microscopy: dried wood fragments of a few mm were examined by an
X-ray microscope.

3.3. Physical Tests
3.3.1. Density

The basic density (BD) and maximum water content (MWC) were calculated for the
wood samples following the method described elsewhere [9,10].

3.3.2. Sediment Color Determination

The color of the marine sediments was determined using the Munsell Soil Color
Chart (version 2009) [57]. Samples were air-dried and evaluated under natural light. The
resulting color annotations, such as the hue, value, and chroma, were noted in the log with
the sample code [58].
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3.3.3. Granulometric Analysis

The samples’ particle size distribution (PSD) was determined using a set of laboratory
test sieves. Thirteen groups of sediment grain sizes were measured from a silt and clay size
of <0.063 mm to a pebble >4 mm [6,59-61]. Analyses were conducted with 100 + 2 g of
each sample. Sedimentary textures and their corresponding terminology were determined
according to the Unified Soil Classification System (USCS) [62]. Granulometric fractions
(gravel + sand + mud), statistical parameters defined by Folk and Ward [63] and Royse [64],
and the coefficient of uniformity (C,) and curvature (C.) used to classify soils were cal-
culated. These parameters are related to the effective sizes (D1y), (D3p), and (Dgp), which
represent the characteristics of the PSD curve in terms of the shape factors [60,62,65].

3.3.4. Geotechnical Characterization of the Seabed

In parallel to the sampling, geotechnical measurements were taken to assess the
physical properties of the seabed using Jacob’s Staff (a —1.5 m length metal staff marked
every 10 cm) to avoid subjecting the wreck to unnecessary vibrations. The 13 measurement
points—labeled MP-01 to MP-13—are shown in Figure 4. Additionally, a bigger pit or
manual trench (MT-01 in Figure 4) was made to record the stratigraphy of the geological
substrate at the site next to the shipwreck. The manual trench was made with dredge
pumps used in archeological excavations. The trench dimensions were 50 cm? in area and
—150 cm in depth, counted from the bottom of the shipwreck (Figure 5).

s
s

Figure 5. Manual trench (MT-01) inside the metallic protection structure, northwest of the shipwreck,
during works in June 2023 (Left); detail of the prior image (Right) (Photographs by Rocio Castillo-
Belinchon, Archive of the Museo Nacional de Arqueologia Subacuatica).

3.4. Degree of Pyritization

The degree of pyritization (DOP) was calculated according to the theoretical model
and experimental procedure described elsewhere [66-69]. The concentration of the metal
in aqueous extracts was spectrophotometrically determined [70]. DOP provides not only a
measure of the amount of pyrite present in the samples but also an estimate of the oxygen
levels [71,72], where:

e  Normally oxygenated (oxic) environment: DOP < 0.45;
e  Oxygen-restricted (dysoxic) environment: DOP ranges 0.4 < DOP < 0.7;
e  Oxygen-depleted (anoxic to euxinic): DOP > 0.7.

4. Results
4.1. Topography of the Seabed

The obtained results (Table S3 and Figure 4) determined that the wreck does not sit
directly on a rocky substrate, as at all the measured points. A sandy sediment layer was
found, which varied from a —20 cm to —68 cm depth, depending on the checked point.
The manual pits also indicated that, on the outermost sandy layer of depths of a few cms,
the sediment was influenced by water recirculation. As it deepened, and depending on the
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measurement point, sediment became more resistant to staff penetration, which suggests
the material’s higher density. The values summarized in Table S3 also show how a thicker
sediment layer tends to appear at the south-oriented measurement points. These latter
results were confirmed in the manual trench (MT-01). In this case, a succession of sandy
sediment layers of different densities was documented, but no rocky substrate was found.

4.2. Characterization of Sediments
4.2.1. Physical Properties

Three properties were considered to be representative of the physical properties of the
sediments: color, grain size distribution, and grain morphology.

The near-wreck sediments MZB2-02 to MZB2-16 and MCGC-01, taken immediately
below the sediment-water interface, looked brownish. The deepest sample, MZB2-01, taken
from under the anchor, was gray. The El Gachero sediment was darker and reddish brown
(Figure 6a). Under the optical microscope, most of the grains were translucent, bright, and
opaque, with a wide range of hues varying from black to white, gray, yellowish, reddish,
ochre, sienna, brown, and green. All the grains seemed to be dyed orange, probably due to
the deposition of iron oxides and oxyhydroxides (Figure 7a,b).

(b)

a, b, b, b, b,

Figure 6. (a) Photograph of sediments MZB2-01 (left), MZB2-02 (middle), and MZPI-01 (right); cm
scale. (b) Classification of sediment samples according to their color.
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Figure 7. Photographs of the dried sediments obtained by using a stereoscopic microscope operating
with episcopic illumination: (a) MZB2-09 and (b) MZPI-01. Backscattered electron images of the
sediments, acquired with FESEM at 20 kV: (¢) MZB2-01 and (d) MZPI-01. Arrows point out the
microcrystalline deposits of formed NaCl on the grains’ surface during laboratory drying of the
sediment samples.

According to the Munsell Chart, all the samples belong to the 10YR Hue category, a
yellowish hue corresponding to 10 parts yellow to 1 red. The sediments were classified
into five different color types, depending on their lightness and saturation, as follows [73]:
type a; (10YR 5/4), yellowish brown; type by (10YR 6/1), gray; type by (10YR 6/2), light
brownish-gray; type bz (10YR 6/3-6/4) pale brown-light yellowish brown; type by (10YR
6/6) brownish yellow (Figure 6b and Table S4).

Two color trends of depth and orientation were recognized. A significant color dif-
ference was observed between the sediments MZB2-15 and MZB2-01, taken at depths of
20-30 and 80 cm, respectively (Figure 6a). Second, a progressive increase in darkness was
also recognized when the sediments passed from north to south.

The optical and electron microscopy images shown in Figure 7a,c (samples MZB2-
09 and MZPI-01) represent the grain morphology of the wreck surroundings’ sediments.
Near-wreck sediments are composed of grains primarily comprised within the sand range.
Under an optical microscope, most grains fell within the range of coarse sand to fine graves.
The subangular to a rounded shape and the scarce to fine superficial roughness denote their
terrigenic origin and the erosive processes undergone during their diagenesis. Biogenic
materials were easily identified in all the examined samples. They were micro-fragments
of skeletons of small-sized marine organisms (gastropods, echinoderms, diatoms, among
others). Sample MZPI-01 from EI Gachero differed from the near-wreck samples by having
larger grains (Figure 7b,d).

The grain size classification of the analyzed sediments was based on the Wentworth
scale [74]. When analyzing the fine fraction was not possible, the binary based on the
sand-to-mud (silt + clay) ratio was applied [75]. About 60% of the studied samples were
composed of fine sands, with a 0.125 mm preferred grain size, and the remaining 40%
were divided between the medium sands (0.250 mm preferred grain size) and fine gravels
(>2 mm preferred grain size) (Table S5). The percentages of gravels, sands, and fines of
sediments were calculated from the PSD curves (Figures S2 and S3 and Table S5). In this
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case, ca. 60% of the studied sediments obtained a value of >95% of sand, corresponding to
fine sands, and the very coarse and very fine fractions represented a <5% retention. The
D1p, D3p, and Dy, and C. and C, parameters calculated from the PSD curve are also shown
in Table S5.

Four different sediment groups (I to IV) were distinguished. Group I included samples
MZB2-01 to MZB2-05, MZB2-07, MZB2-08, MZB2-11 to MZB2-16, and MZCG-01. They were
poorly graded sediments, from medium to fine sandy, corresponding to the sand with gravel
(SP) class, according to the USCS. Three subgroups were distinguished here according to the
PSD. Subgroup I, included poorly graded sandy samples MZB2-02 to MZB2-04, MZB2-13
to MZB2-16, and MZCG-01 (Figure S2). Subgroup I}, comprised the MZB2-01, MZB2-07,
MZB2-08, and MZB2-12 samples of the SP class composed of poorly graded sand with
gravel. The subgroup I. MZB2-05 and MZB2-11 samples were composed of poorly graded
sand with silt and gravel sediments (SP SM). Subgroups I, and L. presented bigger particles,
most of which were micro-fragments of skeletons of marine organisms. In the I, sediments,
the gravel percentage was 2-6%, and the sediments in the I. subgroup varied between 9%
and 11%. Groups I, and I}, exhibited unimodal distribution with negative asymmetry on
the PSD curve, which indicates a very uniform size distribution. The values of C, < 6 and
Ce, beyond the 1-3 range, suggested poorly graded sediments. The I. subgroup exhibited
a bimodal preferential curve that was distributed between fine sand (0.125 mm) and fine
gravel (4 mm), which implies that these sediments were a mixture of materials.

Group II was composed of MZB2-09 and MZB2-10, which were silty sand with fine
gravel, and the USCS notation SM (silty sand with gravel). The amount of gravel in these
two samples fell within the 17-21% range. The PSD curves exhibited a bimodal preferential
profile with a mixture of poorly graded fine sand grains (0.125 mm) and fine gravel (4 mm)
(Figure S3).

Group III included the sediment sample MZB2-06, composed of fine gravel with sand
and silt, labeled poorly graded gravel with silt and sand (GP GM), according to the USCS.
The PSD curve, shown in Figure S3), exhibited trimodal preferential distribution with fine
sand (0.125 mm), coarse sand (0.5 mm), and fine gravel (4 mm). All this indicates a mixture
of materials poorly graded with C, > 4 and C. beyond the 1-3 range.

Finally, sediment MZPI-01 was included in Group IV, formed by silty gravel with
sand materials (GM). The PSD curve showed polymodal preferential distribution with fine
(0.125 mm), medium (0.250 mm), coarse (0.5 mm), and very coarse (1.25 mm) sand, as well
as fine gravel (4 mm). This suggests a mixture of different types of well-graded materials
(Figure S3).

4.2.2. Chemical and Mineralogical Composition

The chemical composition of the sediments is shown in Table 1. The results ob-
tained from the sediments found in the surroundings of the wreck (MZB2-@ series) and
on Cabezo del Gavilan (Bahia beach) (MZCG-@) suggest that sediments were formed
mainly by terrigenic minerals, such as quartz, aluminosilicates, clayey minerals, and
biotite (40.1-52 SiO;%, 5.8-10.2 Al;O3%). The sodium and potassium values within the
2.1-3.5 NapO% and 1.6-2.63 K,O% ranges were associated primarily with alkaline feldspars.
Halite was also identified in all the samples associated with microcrystals, probably de-
posited on the surface of grains during sediment drying (Figure 7c,d). The high calcium
contents and, to a lesser extent, of magnesium were due to the abundance of calcite and
Mg-calcite, both of terrigenic and biogenic origins (14.2-34.4 CaO%, 3.5-7.7 MgO%). Ti-
tanium within the 0.2-1.0 TiO,% range was associated with terrigenic ilmenite, titanite,
and titanomagnetite. The sulfur content of 0.3-1.6 SO3% was ascribed to pyrite and related
minerals that take part in redox processes. The iron content of 4.6-9.9 FeO% was primar-
ily ascribed to the presence of terrigenic minerals, such as micas, clays, iron oxides, and
chemogenic iron, that take part in the redox iron cycle in the sea. The sediment from Cabezo
de Gavilan, located in the ancient port where the mineral from mines was loaded onto
ships, also included some zinc and manganese. The El Gachero MZPI-01 sample exhibited
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notable compositional differences. This sample had the highest CaO (35%), FeO (22.4%),
MgO (8.4%), and SOz (2.5%) contents. Manganese, coppet, zinc, lead, and barium were
also present at minor/trace levels. These elements were related to the mining by-product
slags that formed El Gachero.

Table 1. Chemical composition (oxide wt %) obtained using FESEM-EDX in the studied sediments;
standard deviations in brackets.

Oxide MZB2-01 MZB2-02 MZB2-03 MZB2-04 MZB2-05 MZB2-06 MZB2-07 MZB2-08 MZB2-09
Na,O 3.1(0.9) 3.2(0.2) 3.41(0.03) 3.2(0.3) 34(0.3) 2.1(0.1) 34(0.1) 2.2(0.3) 2.1(0.2)
MgO 4.9 (0.5) 4.6 (0.2) 5.0(0.2) 4.37 (0.06) 5.2(0.3) 6.0 (0.5) 5.1(0.2) 5.8 (0.2) 6.0 (0.1)
Al,O3 8.3(0.7) 104 (0.1) 9.68 (0.07) 10.4(0.7) 9.5 (0.3) 5.8 (0.3) 8.2(0.3) 6.8 (0.1) 8.9 (0.4)
SiO, 53 (1) 46.3 (0.9) 42 (2) 43 (2) 42.3(0.5) 50 (2) 47 (1) 47 (1) 44.4 (0.5)
SO; 1.5(0.3) 0.3 (0.5) 1.4 (0.2) n.d. 1.6 (0.3) 0.7 (0.6) 1.1(0.2) 0.7 (0.2) 1.2 (0.2)
K,O 1.9 (0.1) 2.63 (0.04) 2.6 (0.1) 2.6 (0.1) 2.6 (0.1) 1.6 (0.1) 2.1(0.2) 1.8 (0.1) 2.2(0.1)
CaO 21 (1) 21.2 (0.1) 24 (2) 23 (2) 24.3 (0.3) 27 (1) 24.7 (2) 27.6 (0.8) 26.8 (0.6)
TiO, 0.6 (0.1) 0.8 (0.1) 0.7 (0.3) 1.0 (0.5) 0.6 (0.1) 0.3 (0.3) 0.4 (0.3) 0.6 (0.2) n.d.
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FeO 3.4(0.2) 8.5(0.2) 8.25 (0.03) 9.9 (0.2) 7.8 (0.2) 5.5(0.2) 4.8 (0.4) 5.6 (0.2) 6.7 (0.2)
CuO n.d. n.d. n.d. n.d. n.d. n.d. 0.2(0.2) n.d. n.d.
ZnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PbO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
BaO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Oxide ~MZB2-10 MZB2-11 MZB2-12 MZB2-13 MZB2-15 MZB2-16 MZCG-01 MZPI-01

Na,O 2.4 (0.4) 3.5(0.2) 1.8 (0.1) 2.7(0.1) 2.3(0.1) 2.5(0.1) 4.3(0.1) 2.7 (0.3)

MgO 5.6 (0.4) 7.0 (0.4) 7.7 (0.2) 4.4(0.5) 4.6 (0.3) 3.9(0.5) 3.5(0.1) 8.4 (0.8)
Al,O3 8.8 (0.3) 7.2 (0.3) 7.2(0.4) 10.2 (0.2) 8.4 (0.2) 9.0 (0.6) 9.6 (0.2) 4.1(0.2)

SiO, 42.6 (0.6) 42 (2) 40.1 (0.8) 48.1 (0.6) 50.3 (0.8) 51.4 (0.5) 52 (1) 17.4 (0.4)

SO;3 1.1 (0.2) 1.3 (0.3) 1.1 (0.1) 0.4 (0.3) 0.7 (0.3) 0.8 (0.2) 1.05 (0.08) 2.5(0.2)

K,O 2.5(0.1) 1.8 (0.2) 1.8 (0.1) 2.5(0.2) 2.07 (0.02) 24 (0.2) 2.0(0.1) 0.8 (0.1)

CaO 28.5 (0.3) 29.2 (0.8) 34.4(0.7) 21.4 (0.4) 24.6 (0.4) 20 (1) 14.2 (0.3) 35 (1)

TiO, n.d. n.d. 0.2(0.2) 0.7 (0.2) 0.6 (0.4) 0.4 (0.1) 0.56 (0.09) 0.3 (0.1)

MnO n.d. n.d. n.d. n.d. n.d. n.d. 0.1(0.1) 0.3 (0.3)

FeO 6.1 (0.1) 4.6 (0.3) 4.7 (0.1) 8.2(0.5) 5.5(0.2) 8(1) 9.7 (0.7) 24.4 (0.3)

CuO n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.3 (0.7)

ZnO n.d. n.d. n.d. n.d. n.d. n.d. 0.2(0.2) 0.8 (0.9)

PbO n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3 (0.5)

BaO n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.5 (0.5)

n.d.: not detected.

The mineralogical composition of the samples was determined by combining FESEM-
EDX, XRD, and FTIR. The diffractograms and IR spectra of the sediments around the wreck
were dominated by intense quartz and biotite features. Calcite and Mg-calcite were also
present. Weak signatures of alkaline feldspars, pyroxene, plagioclase feldspars, hematite,
goethite, titanomagnetite, and clayey minerals of the kaolinitic type were also identified
(Figures 8 and 9 and Table S6). A reduction in the intensity of hematite and goethite features
occurred within the MZB2-01 spectra taken from under the anchor (Figures 8c and 9c).
Sediment MZGC-01 from Cabezo del Gavilan showed a higher iron oxide content than
the near-wreck samples (Figure 9b). Sediment MZPI-01 from El Gachero had higher
Mg-calcite hematite and goethite contents than the near-wreck samples. Wollastonite,
magnetite, maghemite, fayalite, and kirchseinite were also identified in this sediment
(Figures 8d and 9d, Table S6). The other minerals to be identified at minor/trace levels
within the X-ray spectra were halite, titanite, sodium feldspars, sillimanite, cordierite,
garnet, zircon, apatite, augite, rutile, ilmenite, titanomagnetite, pyrite, and mackinawite
(Table S7).
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Figure 8. Diffractograms acquired from samples: (a) MZB2-11; (b) MZB2-02; (c) MZB2-01; (d) MZPI-
01. B: biotite; C: calcite; D: dolomite; G: goethite; H: hematite; K: kaolinitic clayey minerals;
M: magnetite; Mh: maghemite; Kr: kirchseinite; Q: quartz; Fk: K-feldspar; Fn: Na-feldspar;
Fp: plagioclase feldspar; Px: pyroxene; Tm: titanomagnetite; W: wollastonite.
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Figure 9. IR absorption spectra acquired from samples: (a) MZCG-01; (b) detail of MZB2-01 and
MZCG-01 within the IR spectra as 500-1000 em™?; (¢) MZB2-01 and (d) MZPI-01. B: biotite; C: calcite;
Cy: clays; D: dolomite; Fk: potassium feldspar; Fp: plagioclase feldspar; Fy: fayalite; G: goethite;
Gh: gehlenite; H: hematite; Kr: kirchsteinite; M: magnetite; Mh: mahemite; Px: pyroxene; Q: quartz;
W: wollastonite.

4.2.3. Redox Status

The DOP values provided an estimate of the samples’ redox status. The average
DOP values that were determined in the set of samples are summarized in Table S8. The
DOP values reported from samples MZB2-02 to MZB2-16 and MZCG-01 were <0.45 and
correspond to an oxic environment. The DOP value reported in sample MZ-01 was 0.66
and corresponds to a dysoxic environment. The highest value, 0.82, reported for sample
MZPI-01 from El Gachero corresponded mainly to the pyrite present in slags and to the
pyrites formed in the furnace as a consequence of the chemical reaction between soluble
ions Fe?* and §?~.
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4.3. Wood Samples

The waterlogged wood samples MAZ-01 and MAZ-02 obtained BD values of 0.17 and
0.19 g cm~3, respectively, which confirm the wreck wood’s high decay level. Figure 10
displays three projections, which were obtained at different depths while scanning the
fragment MAZ-01 cross-section by XRM. The image shows the characteristic anatomical
elements of softwood, such as alternated spring and summer growth rings. Mineral
aggregates are deposited on the external surface, fill the internal channel of tracheids,
and infiltrate along thin fissures that are 0.5 cm long. The content of mineral inclusions
drastically drops at ca 0.7 mm inside. Most of them are clusters of pyrite framboids
(Figure 11a), but quartz, alkaline feldspars, halite, galena, and mackinawite were also
found (Table S7). The IR spectrum acquired from the surface of wood samples exhibits
bands at 1560 and 1543 cm ™!, assigned to the manganese and calcium carboxylates formed
by the complexation of these ions with fatty acids released from wood lipids (Figure S4) [76].

Figure 10. In-depth projections of sample MAZ-01. Coordinates -x and -y in the cross-section plane
of the wood, and orthogonal coordinate -z along images (a—c).
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Figure 11. Backscattered electron images (FESEM, 20 kV): (a) aggregates and clusters of framboidal
pyrites in sample MAZ-01; (b) spherulitic aggregates of framboidal pyrite growing in the internal
channel of a tracheid in MAZ-02.

5. Discussion
5.1. Sediment Biogeochemistry

The mineralogical composition of the terrigenic part of the sediments was in accor-
dance with the geology of the Mazarrén region. The results obtained from the sediments
found in the surroundings of the wreck (MZB2-@ series) and at Cabezo del Gavilan (MZCG-
01) suggest that most minerals are derived from the rocks that have shaped the geological
region of Mazarrén. According to Lopez Ruiz et al. [77,78], the Mazarron region is mainly
composed of calc-alkaline and potassic volcanogenic rocks that have undergone further
metamorphism episodes. Andesitic and dacitic rocks, and those of the shoshonitic type,
including banakite and latite, were the most remarkable. Most of the minerals that com-
posed these rocks, such as plagioclase, alkaline feldspars, sillimanite, biotite, cordierite,
garnet, and augite, appeared in the analyzed sediments, which confirmed the weathering
processes that have led rocks to disaggregate and be transported to the sea. A second
source of terrigenic grains of calcite composition is an extensive region that occupies the
lowest topographic areas along the shoreline, composed of post-orogenic sedimentary
rocks, mostly from the Quaternary age and the rest from the Neogene. It is a marly—sandy
detrital series with levels of marls alternating with sandstones and sands, clogged by a
Quaternary cover formed by conglomerates of heterometric pebbles and calcareous matrix.
The disposition of these materials is subhorizontal.

The FESEM-EDX analysis confirmed that most grains exhibited the typical composition
of impure minerals due to the disaggregation of the above rocks [79]. Quartz and feldspar
grains had interstitial or substitute ions in the silica lattice [80] (Table S7). Other minerals,
which were found as inclusions of quartz grains, were biogenic apatite (Ap) (Figure S5a),
pyrite (Py), iron oxides (I,), and lead-rich microcrystals (Pb) (Figure S5b).

The biogenic minerals were the remains of planktic and benthic organisms and bio-
genic apatite. They included silica, calcite, and Mg-calcite. Chemogenic minerals, including
pyrite and mackinawite formed in superficial sediments, are considered in the next section.

There was one important part of the El Gachero (MZPI-01) sediments that was com-
posed of the by-product slags formed during the processing of raw minerals in furnaces [81].
These materials consisted mainly of iron oxides that contained other metal impurities (Pb,
Zn, Ba, Al, Ca, and Mg), accompanied by kirschsteinite (CaFeSiO4) (K) (Figure S6), titano-
magnetite, and titanite. Slag particles were also present in samples MZB2-@ and MZCG-01.

Some correlations were established among the sampling points, chemical composition,
color, and PSD. The sediments showed color progression following a south-north profile
and in such a way that the samples acquired lighter and pale brown-yellowish hues when
one passed from south to north (Figure 12). The PSD also followed a gradation. Silt was
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also predominantly found in the sediments from the northern part, while sand prevailed
in the near-wreck sediments, and the sediments containing more gravel were found on
the periphery of the south site. The chemical composition also exhibited a south-north
profile. The calculated mean values for the calcium oxide percentage in the three color
areas exhibited an increasing south-north profile, while the iron oxide percentages showed
the opposite trend. Therefore, the light brownish silt-rich sediments that occurred in
the northern area outside the metallic coffer were associated with significant contents of
brownish clayey and grayish calcite. A mixture of silt and fine sand minerals prevailed in
the pale yellowish-brown sediments of the area inside the wreck coffer, with significant
contents of iron oxides, quartz, and feldspars. In the brownish sandy-gravel sediments from
the southern part, the dark iron oxides and the highest black biotite contents, confirmed by
XRD, were significantly prevalent.
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Figure 12. Correlations among sampling points MZB2-01 to MZB2-16, color, particle size distribution
types Gla, Gl, Gl, GII and GIII, and silica, iron and calcium oxide content of sediments.

These results could be tentatively related to the changed marine coastal dynamics,
which have influenced the water circulation around the wreck [56]. Hence, the silt com-
posed of clayey and ochre iron oxides and oxyhydroxides in the northern area prevailed
because of better sediment transport and oxygen-rich water renovation due to the coastal
dynamics. The poor water renovation in the southern part favored the accumulation of
dark, larger, and heavier materials, such as biotite or magnetite. The difference between
the fine sand sediments at the shipwreck site (MZB2-@) and the medium-sized sand on
Playa Bahia (MZCG-01) was also associated with the shallower bathymetric depth on Playa
Bahia (—1 m) than at the shipwreck site (—2 m) [82]. A second factor for the lower particle
size of the shipwreck sediments was the increased erosion of the central area of Playa de la
Isla, promoted by the nearby marina being built.
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5.2. Chemical Processes in Sediments

The main processes that can affect the wreck’s integrity, associated with sediments
and their biogeochemistry, lay in the iron cycle that involves precipitation, dissolution, and
redox processes (Figure S7). In either the upper sediments or the euxinic water column,
hydrogen sulfide and Fe?* can nucleate to form monosulfide precursors, which lead to
pyrite precipitation [83]. The iron oxides, oxyhydroxides, magnetite, and clays present in
sediments in the solid state are dissolved to Fe?" via reductive dissolution under anoxic
or suboxic conditions. Iron reduction may also occur through dissimilatory reducing
microorganisms, which couple this process with organic carbon or S>~ oxidation [84,85].
Sulfate-reducing bacteria reduce S0,4%~ to H,S. These processes lead to a higher FeZ*
content, which favors the formation of iron sulfide species [83]. Mechanisms of pyrite
precipitation, intermediated by related iron sulfides, have been proposed and are based
on the oxidation of iron sulfides by HyS or polysulfides [86,87]. Nevertheless, part of
the dissolved Fe?" can diffuse upwardly and undergo oxidation with oxygen, nitrate, or
manganese oxides. Fe** can accumulate on the redoxcline to form iron oxides and lead
to an iron-rich layer immediately above. This redoxcline or redox boundary is defined
roughly by the oxygen penetration depth and DOP [84]. Then, formed oxides can diffuse
downward below the redox boundary to complete the active cycle of the iron displacement
around the redox boundary [2].

Skeletons and shells of diatoms, foraminifera, and other benthonic species provide
microenvironments in which the exchange of ionic species is restricted. Here, iron sulfide
process precipitation is promoted by the easy oxidation undergone by the organic matter
of the soft parts mediated by microorganisms. Simultaneously, electronic receptors, such as
Fe3* and SO42~ (but also O, and Mn**), are reduced (e.g. Fe3* is reduced to Fe?*; SO42 is
reduced to $27) [83].

Chemogenic pyrite can adopt different morphologies as follows: single crystals (cube,
octahedron, and pyritohedron; diameter of <2 um) and their aggregates, particularly the
spherulitic aggregates termed framboids (diameter, 4-50 um) and framboids clusters. Sev-
eral studies carried out in recent decades have demonstrated that these pyrite structures can
be used for establishing the type of redox status of the depositional environment in which
they have been formed as an alternative method to determine the DOP values [83,88-91].
In this study, a correlation was established between the DOP values and the pyrite features
identified in the sediments. Three different sample groups can be discriminated according
to the DOP, pyrite crystals, and aggregates morphology.

The first sample group included the near-wreck MZB2-@ and MZGC-01 samples,
which were taken at depths ranging from 20 cm to 30 cm. The DOP values reported for
these sediments were < 0.45, which corresponds to an oxic environment. This result agreed
with the almost total lack of pyrite formations, which were limited to isolated features in
biogenic grains (Figure 13a,b). The diameters of the framboidal aggregates that formed
were <10 pm, which corresponds to a dysoxic environment. The reductive status inside the
porous patterns of biogenic grains favored pyrite precipitation, as previously described.

The second group of sediments included sample MZB2-01, taken at a depth of 80 cm
below the anchor. Many framboidal aggregates and small clusters were found in the micro-
cavities of biogenic grains and sometimes in mineral grains (Figure 13c). The DOP value of
0.66, reported for this sediment, corresponds to a dysoxic environment in accordance with
the profusion and complexity of the pyrite formations found in this deeper sediment.

The third group included sample MZPI-01 (El Gachero). The DOP value (0.82) for
this sample corresponds to an anoxic environment (DOP > 0.7). The sample was character-
ized by the presence of individual pyrite framboids, which had sometimes formed close
to sources of Fe>* ions, such as iron oxide grains of by-product slags or biogenic grains
(Figure 13d). Such abundance and morphology are more characteristic of dysoxic environ-
ments. This apparent discrepancy between morphology and the DOP can be justified by
the large amount of non-authigenic pyrite and the related compounds contained in the
by-product slags that contribute to an increase in the DOP value.
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Figure 13. Backscattered electron image (20 kV) (a,c,d) and the secondary electron image (2 kV) (b) of
the framboidal pyrites identified in (a) sample MZB2-05); (b) sample MZB2-08; (c) sample MZB2-01
below the anchor; (d) sample MZPI-01 from El Gachero.

5.3. Chemical Processes in Wood

As described above, the fissures and internal channels of the tracheids in the wood
samples contained plenty of clusters of framboidal pyrite. The framboids exhibited broad-
sized distributions with values of up to 10 um. This suggests that the internally degraded
wood structure shaped a dysoxic-anoxic microenvironment, which promotes pyrite forma-
tion. This microenvironment not only promotes redox processes like the reduction of Fe*
or SO4%~, but also other reactions that require a certain concentration of metal ions. The
identification of metal carboxylate complexes by FTIR spectroscopy (Figure S4) denoted
that, inside channels, metal ions like CaZ* or Mn2* accumulated and were prone to react
via complexation.

The analyses for determining the lead concentration in the samples from the water
column and sediments were conducted to assess the possible effect of the lead cargo
transported by the ship as pollution sources (data not reported). No significant differences
were found in the results obtained in the three studied areas, namely, El Gachero, the
shipwreck site, and Cabezo del Gavilan. In all cases, the analytical values were in the
order of the background levels established for the Mediterranean Sea [92,93]. These results
suggest that the possible pollutant effect of the lead cargo while it remained in the shipwreck
has progressively gone into remission after the cargo was recovered in 2000.

6. Conclusions

The sediments’ composition and their biogeochemistry were studied in an attempt to
determine their influence on Mazarrén 2’s decay. This study demonstrated that the sedi-
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ment composition was related to the geological context of the Mazarrén region. Sediments
exhibited a similar composition, characterized by a high quartz content and by moderate
calcite, Mg-calcite, biotite, and feldspar contents, with abundant impurities and a small
amount of other minerals directly related to the rocks in the region.

The influence of the changes in coastal dynamics as a consequence of building a nearby
marina in the 20th century caused the gradation in the properties and composition of the
sediments surrounding the wreck. These changes also promoted the displacement of the
by-product slags from El Gachero to where the wreck is located and slightly modified the
sediments’ composition. The main minerals associated with the by-product slags were iron
oxides, kirschsteinite, and, to a lesser extent, ilmenite, titanite, and titanomagnetite.

This study demonstrated that using the formed pyrite morphology can be a suitable
proxy for the sediments’ redox status, and the results obtained with the Mazarron 2 samples
agreed with the DOP values.

It also revealed that the iron reductive cycle in superficial sediments notably impacted
the wreck’s conservation state. In the sediments, pyrite formation occurred prevalently in
the dysoxic to anoxic environment inside biogenic grains. Similarly, pores, fissures, and
internal channels of wood were from dysoxic-anoxic environments that have favored the
formation of large aggregates of pyrite framboids and clusters.

Finally, this study has proven essential for deciding about the raising and conservation
treatments for Mazarron 2. The geotechnical measurements taken demonstrated that the
depth of the rock bed beneath the shipwreck area exceeds 1.2 m, which indicates that the
raising of the wreck can proceed in block or without significant fragmentation [37], contrary
to another proposal of extraction on portions [38].
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