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Earliest iron blooms discovered off the
Carmel coast revise Mediterranean trade
in raw metal ca. 600 BCE
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Shmuel Ariely?, Thomas E. Levy*®’ & Assaf Yasur-Landau'”’

, Andrei loffe®, Dafna Langgut®, Yoav Bornstein', Zachary C. Dunseth®®’, Marko Runjaiji¢',

The discovery of exceptionally well-preserved iron blooms during underwater excavations in the Dor
Lagoon provides a rare and transformative window into southern Levantine Iron Age metallurgy and
trade. For the first time, unworked iron blooms, still encased in protective slag, have been recovered,
representing the earliest securely dated industrial iron products identified to date. Radiocarbon
modeling of an embedded charred oak twig, together with additional short-lived carbon samples,
dates the blooms to the late 7th—early 6th centuries BCE. These findings challenge assumptions that
iron blooms were typically forged immediately after smelting. Instead, the Dor blooms demonstrate
that raw iron was transported in its as-smelted state, with adhering slag protecting the metal from
corrosion during shipment. Results suggest that Iron Age urban centers focused on smithing rather
than smelting activities, while raw iron circulated as a traded commodity, possibly under Saitic-
Egyptian rule following the Neo-Assyrian withdrawal from the region.

Iron is one of the most abundant metals on Earth’s crust, yet humans
learned how to produce it only thousands of years after the introduction of
copper, bronze, silver, and gold. This is probably due to its unique pre-
modern production method, the bloomery process (or smelting), which
involved heating the ore in a furnace with carbon-rich fuel to approximately
1200 °C. Unlike other metals, the iron did not melt during this process.
Instead, the reduction of iron oxides resulted in the slow consolidation of a
solid mass of metal, known as a “bloom.” As the bloom formed, particles of
slag and charcoal became embedded within it. To remove the adhering slag
and expel these inclusions, primary smithing was performed by hammering
the bloom, typically while it was still hot' ™. Simultaneously, this also con-
solidated the metal into a more compact and manageable billet or bar, which
could be further worked to produce iron tools—a process termed “sec-
ondary smithing””. The bloomery process was assumed to be the prevailing
metallurgical technology from the Iron Age (ca. 10th century BCE) to the
Umayyad period (7-8th centuries CE) and possibly later®”’.

The reasons for the transition from bronze to iron are not fully known.
Possible explanations are easier access to the mining sources of iron, in place
of copper and tin, the main components of bronze, and/or superior prop-
erties of iron/steel compared to bronze (e.g., refs. 10,11, and references

within). These properties may have resulted from mastery of technological
steps, including alloying iron with carbon (transforming it into steel) and
applying thermal treatment—two techniques that make iron harder than
bronze. Alternatively, bloomery smelting processes can also produce car-
burized steel directly, as a natural outcome of uncontrolled smelting
operations (e.g., refs. 12-16).

Once metalsmiths mastered this technology, iron became a valuable
resource, widely used to manufacture various tools, weapons, and other
objects. Societies relied heavily on iron for agriculture, manufacturing,
construction, shipbuilding, and military activities, making it a strategic
resource. However, the production and utilization of iron and steel, from
raw ore to finished tools, were constrained by geological and environmental
factors. In the Levant, iron ore deposits have often been described as
limited™'”'*, and the only deposit clearly attested for iron exploitation during
the Iron Age is Mugharet al-Warda in the Ajlun region, northwestern
Jordan"*. On this basis, it has been suggested that, from the onset of the
Iron Age, much of the iron required for both civilian and military purposes
in the southern Levant was imported, necessitating political agreements and
commercial alliances to secure supplies”’. A recent survey, however, indi-
cates that additional iron-bearing deposits exist in the Jordan Rift Valley and
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the Negev Highlands, suggesting that local resource availability and
potentially the scale of exploitation may have been greater than previously
assumed, implying a larger degree of independence in iron production in the
Levant’.

Extractive iron metallurgy likely originated in Anatolia in the early Iron
Age, yet the first to adopt this technology broadly were the Levantines and
Cypriots*'*”. The importance of the Levant in the expansion of iron
metallurgy during the Iron ITA (~950-800 BCE) has been established on the
basis of well-documented ironworking debris'>*****". Evidence of iron-
working in the Levant is found in contexts starting from the Iron Age and
into the Persian period”*’. Maritime trade, driven by the Phoenicians,
probably played a continuing key role in spreading iron technologies across
the Mediterranean throughout these periods’~*.

Iron was customarily transported in the form of billets and bars, which
were produced by working and forging blooms, a practice known to have
existed since the Iron Age. The earliest known examples were found in the
royal palace of Khorsabad, of the 8th-century BCE Neo-Assyrian Empire”.
Numerous finds of billets and bars across Europe indicate that these were the
preferred forms for inland transportation of iron since the 7th century
BCE"""*. Starting from the Hellenistic period, there is evidence that they
were shipped across the Mediterranean, with the earliest underwater
example being the corroded iron billets from the late-3rd-century BCE
Kyrenia shipwreck”. On the basis of these finds, it is widely accepted that
iron was traded and imported as semi-finished or finished products
(e.g., ref. 12).

Blooms, in contrast, are a rare and unexpected find prior to the Roman
period. In Europe, over 500 blooms or bloom fragments from 90 sites were
recorded, but only 13 could be securely attributed to pre-Roman contexts
(Hallstatt period, Iron Age, roughly 8th-6th centuries BCE; 3). In the
Levant, the only evidence of whole blooms is from the Carmel Coast.
Exposed by a storm, 93 partly consolidated blooms were revealed, along
with nails and various types of iron bars. The finds, however, were dated by
the excavators to the 12th century CE". It was thus assumed that early
smiths tended to “strike while the iron was hot,” processing blooms into
billets immediately after smelting, which explains the scarcity of unworked
or intact blooms in earlier contexts.

Therefore, iron masses yielded in a cargo revealed in the recent
underwater excavations of the Dor Lagoon, south of Tel Dor (Fig. 1), are a
unique find. The cargo, termed Dor L, lay at a shallow depth of about 3 m
below sea level. In addition to the iron masses, it included basket-handle
amphorae, some with resin-coated interiors; a composite lead-and-wood
anchor; and ballast stones. Pottery typology and radiocarbon dates of short-
lived samples date the cargo to the 7-6th centuries BCE*..

Following the excavations, one of the masses was sectioned and sub-
jected to microscopic, chemical, and radiocarbon analyses. The results, as we
demonstrate below, indicate that it was an unworked iron bloom from the
late 7th or early 6th century BCE. The finds therefore challenge previous
assumptions about the maritime trade in iron and provide the missing link
in the chaine opératoire of iron production and transportation during the
Iron Age.

Methods

Nine sub-rectangular heavy blooms were unearthed in the Dor Lagoon
(Figs. 1, 2). Their weight ranges between 5 and 10 kg, and their average size is
17 x 14 x 11 cm (Table 1). Their outer surface is covered with light con-
cretions, including sand and shells of bivalves, consistent with the makeup of
the sediment in which they rested. An initial chemical composition of one of
the items (Fig. 2:3; Table 1:3) was measured in an exposed area of the metal,
using an Olympus Vanta M Series XRF. The results show that the item was
made of iron. This bloom was selected for further examination to gain
additional insights into these items and understand their function.

Conservation procedure
Iron is highly susceptible to corrosion, especially when extracted from
seawater, which is rich in chloride. Once the surface of the iron is exposed,

residual chloride ions migrate through pores in the metal and cause cor-
rosion in the entire item*. This necessitates a desalination process that
gradually removes chloride without damaging the blooms. A silver nitrate
chloride test was used to measure the relative amount of chlorides released
from the bloom™.

Metallurgical analyses

A cross-section was extracted from one iron bloom (Fig. 3) using a metal-
lographic cutting machine. The section was further cut into smaller sections
representing the sides and the core of the cross-section, denoted samples S-I
and S-II (Fig. 3b).

The microstructures of samples S-I and S-II were analyzed after
mounting in Bakelite, followed by grinding and polishing. Optical micro-
scopy (OM) was performed using an Olympus BX51 light microscope, and
SEM was conducted with a Thermo Fisher Prisma equipped with Oxford
energy dispersion spectroscopy (EDS) and wavelength dispersion spectro-
scopy (WDS) detectors applied for analysis of the composition of slags and
corrosion products. A Zeiss Ultra-Plus High-Resolution SEM equipped
with a Bruker electron backscattered diffraction (EBSD) detector and a
Rigaku SmartLab X-ray diffractometer were used for phase analysis. The
hardness of the samples was measured using a Micro Vickers Future Tech
tester with a 100 gr load.

Commonly used chemical analysis methods providing information
about the average composition of the sample’s area on a scale of centimeters
could not be applied to determine the base metal composition, due to the
presence of several pores, many of which contained slag inclusions and
corrosion products. The presence of slag could have led to errors in the
results. Therefore, a scanning electron microscope equipped with a WDS
detector of higher sensitivity was used to estimate the base-metal compo-
sition, including trace elements.

Corrosion products on the sample surface and inside pores were
examined using XRD and EBSD.

The metallurgical analyses were performed at the Israel Institute of
Materials Manufacturing Technology (IMT).

Dendroarchaeological analysis of charred wood

A small, charred wood fragment embedded within the iron bloom was
subjected to dendroarchaeological analysis and radiocarbon dating.
Taxonomic identification of the charred sample was carried out by
examining the wood’s anatomical structure with the use of a Carl Zeiss
SteREO Discovery.V20 microscope. Anatomical determination was
based on comparison with a wood and charcoal reference collection (the
Steinhardt Museum of Natural History), as well as published wood
anatomy atlases™™"".

Radiocarbon modeling

To narrow down the historical context of this unique find, radiocarbon
dates of short-lived samples obtained from the Dor L cargo® were
remodeled. Together with the pottery found on the boat, the cargo was
dated to about 700-530 BCE (Iron IIC). In this study, we model the
radiocarbon ages from the short-lived samples to better determine the
lower chronological boundary of the cargo. The goal is to understand
whether the lower date range for the cargo also includes the Persian
period (beginning at Dor ca. 525 BCE) or ends before it, during the
Babylonian period. To do so, we estimate the date of the ship’s last voyage
(LV) following the shipwreck methodology outlined in Manning et al.**.
Briefly, this Oxcal phase model uses a Tau Boundary paired with a
Boundary, which assumes that the dates in the assemblage are more likely
toward the end of the lifespan of the phase—in this case, the sinking of
the ship**™".

We intentionally selected the twig from the iron bloom, along with
radiocarbon samples that relate to wine and its transportation, specifically,
grape seeds and resin from amphorae—in this case, the cargo with the
shortest shelf life. Historical documents indicate that wine was usually
intended for consumption within one to two years of production (see ref. 51
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Fig. 1 | Maps showing the location and submerged environment at the
Dor/Tantura Lagoon. a Dor in the Levant, generated by Earthstar Geographis, with
ArcGIS Pro; b Tel Dor and its Iron Age harbor remains, including the location of the
2023-2024 excavations (see ref. 41), by A. Tamberino; ¢ top plan showing iron
Blooms 1-9 in context, with pieces of basket-handle amphorae and wooden anchor

stock to the north. To the right, orthographic 3D model from 2023 expedition
showing five iron blooms; 3D model and figure by M. Runjaji¢. numbers with black
triangles — depth below MSL [m]; light blue — 7th/6th century pottery, yellow — iron
blooms, dark blue— lead, brown — wood.
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Fig. 2 | The iron blooms. Photo by Marko Runjajié.

and references therein). For example, the Ahiqar scroll, an erased customs
account (dated to 475 or 454 BCE), records only vintages of two specific
years (years 10 and 11, interpreted as referring to the reign of Xerxes)™.
Twentieth-century CE ethnographic accounts from Greece also attest to
usual consumption within one to two years (e.g., ref. 53). We therefore
produced models where the ship’s LV is constrained by a uniform dis-
tribution of a maximum of + 3, + 5, 4 10, and + 20 years (+ 10 and + 20
years to account for the possibility of very old aged wine) after the pro-
duction of the wine and/or preparation of the wine storage vessels.

Results

Conservation procedure

The blooms were placed in tap water for five months, and the water was
changed every four weeks. For some of the blooms (Nos. 1, 2, 4, and 5),
sodium carbonate was added to the water to increase pH and reduce the risk
of corrosion. After five months, a silver nitrate chloride test revealed that the
amount of chlorides released in 24 h was less than 10 ppm. At that point, the

blooms were removed from the tap-water baths, air-dried, and stored in a
dry cabinet at 20% relative humidity.

Samples S-Iand S-II-obtained from the surface and bulk of the bloom’s
cross-section, respectively, were selected for further analysis (Fig. 3b).

Optical microscopy (OM)

The microstructure of the surface of the iron bloom (Sample S-I) revealed
that it is covered with a crust of slag and postdepositional deposits, with a
total thickness of 2-4 mm, comprising two layers divided into several phases
(Fig. 4a).

The macrostructure of the bulk of the iron bloom (Sample S-II) con-
tains numerous pores and inclusions of different sizes, from several milli-
meters to several microns. The microstructure of this sample shows iron
with varying carbon contents. It presents relatively coarse ferrite and pearlite
grains, yet the share of pearlite varies across the sample. In some areas, nearly
pure iron is evident (Fig. 4b, c), while in other regions, a larger share of
pearlite with acicular ferrite can be seen. Note also the Widmanstitten
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structure, which indicates relatively rapid cooling (ref. 54; Fig. 4d). Such
microstructure is typical of iron with a nonhomogeneous carbon content
resulting from the iron being cooled from an austenitic state at a rapid and
uncontrolled cooling rate.

Hardness

Vickers hardness was measured at 16 random points across the cross-
section. Due to different microstructures, the hardness of the metal ranges
widely from 73 to 129 HV 5, with a mean value of 103 HVys.

Base metal composition (measured with WDS)

The base metal composition was analyzed within micron locality and
averaged using WDS. Results indicate traces of Si (0.02 wt%), Ni (0.11 wt%),
S (0.01 wt.%), and P (0.01 wt.%) (Tables S1, S2; Fig. S1). Although carbon
content cannot be measured with WDS, OM images (Fig. 4) suggest that the
base metal contains low amounts of carbon. The results show traces of nickel
and low concentrations of sulfur and phosphorus, indicating nearly
pure iron.

Table 1 | The blooms from the Dor Lagoon

Bloom number Mass [kg] Length [cm] Width [cm] Height [cm]
1 5.10 15 13.0 11.0
2 5.60 18 9.5 12.0
3 6.90 15 14.0 12.0
4 6.80 17 13.0 10.0
5 9.35 17 16.0 12.0
6 10.45 18 14.5 11.0
7 9.15 16 16.0 11.0
8 9.65 18 16.0 13.5
9 6.75 21 15.0 10.0

™™ ™™ s 10CM

SEM-EDS analysis
The microstructure and composition of the bloom’s crust (Sample S-I) were
further analyzed using SEM-EDS (Fig. 5a, S1; Table 2).

The results reveal that the crust contains two layers: an external,
postdepositional layer, formed under the sea, and an underlying layer, as
detailed below:

1. Postdepositional layer: the crust’s external layer consists of deposits
that were formed during the bloom’s exposure to seawater. Three different
postdepositional phases were distinguished in these deposits:

1.1. The outermost phase, particles enriched with Si and O were
indicated (Fig. 5: 1; Table 2). The Si:O atomic ratio suggests these particles
may have been embedded with sand.

1.2.In the middle phase, deposits enriched with S, Mg, and Ca, typically
formed in the sea by biomineralization processes (Fig. 5a: 2-5)*>"".

1.3. The innermost phase consists of corrosion products, including
enriched particles of Fe, S, and O (Fig. 5a: 6-7). These are formed as a
reaction of iron and slag with seawater. Fe- and O-containing particles are a
mixture of iron oxides and hydroxides, which are typical corrosion products
of iron in mineralized water. The presence of iron sulfides can be explained
by microbiologically influenced corrosion (MIC).

Almost no chlorides are present on the exterior of the sample (Fig. 5, S1;
Table 2), probably because soluble chlorides were washed away during the
desalination process in the laboratory (see above); however, a small amount
of chlorine is found under the deposits on the interface with the slag.

2. Underlying layer: a glassy phase, which is a solid solution of several
oxides, mostly Al, Si, Ca, and K oxides, and traces of Mg, Ti, P, S, and Zn
oxides, is evident all around the bloom, under the postdepositional deposits
(Fig. 5a: 8-9, Fig 5b: 2, Fig. 5¢: 2; Table 2). Some Fe particles were detected in
this layer (Fig. 5a: 10, Fig. 5b: 3, Table 2).

Iron oxide egg-shaped particles with a diameter of 10-100 um were
identified in the slag’s glass (Fig. 5b: 1; Fig. 5¢:1). The chemical composition
of these particles shows an Fe:O ratio of 1:1, suggesting that they are Wiistite.
These particles are therefore identified as partially reoxidized or not fully
reduced iron. Their transformation into iron due to reduction by CO during
smelting is presented in Fig. 5b.

S-II

Fig. 3 | The analysed iron bloom. a the encrusted bloom as recovered. b a cross-section from its core. ¢ the locations of metallographic samples S-1and S-II within the cross

section. The arrows point to their locations.
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Fig. 4 | Microstructures of the iron bloom, as observed through optical microscopy. a Sample S-I, unetched: slag crust and pores near surface. b Sample S-11, etched: an area
with low pearlite content. ¢ Sample S-II, etched: area with higher pearlite content. d Sample S-1I, etched: the Widemanstitten structures indicate relatively rapid cooling.

Slag inclusions, similar in composition and microstructure to those on
the bloom’s surface, are present inside the iron bloom (Fig. 5¢; Table 2). This
further confirms that the layer covering the bloom’s surface originated in the
smelting furnace. This is a rare instance in which the smelting crust, formed
during the iron-smelting process, was found intact, with blooms recovered
in an unrefined state. Their presence within a maritime transport context
provides an exceptional glimpse into the initial stages of iron production and
distribution prior to secondary refining.

Many pores were detected in the iron bloom, showing no signs of
closing or deformation (Figs. 3, 4). Their morphology closely resembles
clustered ellipsoids. Fine features formed during ferrite and pearlite grain
growth, visible on the surfaces of the pores (see Fig. S2), could be formed
only at the cooling stage of the bloom during smelting, with no additional
processing. The absence of deformation suggests that the iron bloom was
neither forged nor mechanically processed after smelting and cooling.
Additional analysis of the pores is available in SI.

Dendroarchaeological and radiocarbon analysis of

charred wood

The small piece of charcoal, which was likely trapped within the ingot during
the blooming process, was identified as oak (Quercus sp.) (Fig. 6a, b; see
more in SI). It was determined to be of relatively young age or from a
younger portion of the plant, based on its ring curvature. The charcoal was
identified by the rays of two different sizes (uniseriate rays and very large
rays), diffuse-in-aggregate parenchyma, and mostly solitary vessels, espe-
cially away from the ring boundary. The vessels were ring-porous (with a
maximum diameter at the ring boundary of ca. 75 um), indicating a

deciduous oak type. Oaks can make for good smelting and metalworking
fuels, due to their thick fibers. The latter contribute to their high wood
densities and consequent high calorific values, potentially making them
hotter and longer burning fuels than other available wood types (e.g.,
refs. 47,57,).

A fragment of a young branch of deciduous oak was subjected to AMS
"“C measurement and yielded, upon calibration, an age range in the 20
interval from 770 to 540 cal. BCE". The identification of the branch as
young minimized the old wood effect, increasing the accuracy of the
analysis.

Radiocarbon modeling

The LV models were produced using Oxcal 4.4.4® and the IntCal20 calibration
curves” and are presented in Fig. 6c and Table 3. The Oxcal code is available in
SI. Note that, since the wooden hull from the wreck did not survive, we cannot
constrain the date range further by dating the felling of trees used for con-
struction, or other objects (dunnage, etc.), from the lifetime of the ship (as
outlined in 43). Therefore, we selected short-lived samples related to wine, a
commodity with a shorter shelf life than boat timber, to provide a stronger
indication of the chronology of the LV. All models produced a median date
around 639-631 BCE (Iron IIC) and a range of dates from approximately the
mid-8th-mid-6th centuries BCE, all before 536 BCE, and thus preclude the
Persian period as a possible date for the cargo.

Discussion
The nine-iron blooms discovered in the Dor Lagoon, dating between the late
7th and early 6th centuries BCE, constitute the earliest securely dated
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Fig. 5 | SEM images of the iron bloom. For chemical composition, see Table 2.
Numbers represent different points of analysis. a Sample S-I: crust microstructure;
arrows show the surface that was exposed to seawater; 1 = sand particles; 2 = Ca-
containing sediments; 3, 4 = sulfides; 5 = Mg-containing sediments; 6, 7 = iron-
containing corrosion products; 8 = glassy slag; 9 = iron oxides in slag; 10 = iron

particles in slag. The iron-containing corrosion-products phase was identified
(locations 6 and 7, framed). b Sample S-I: microstructure of the slag on the bloom
surface; 1 = FeO particles, 2 = glassy slag, 3 = iron particles. ¢ Sample S-II: a slag
inclusion in the bulk of the iron bloom; 1 = FeO particles, 2 = glassy slag.

assemblage of multiple iron blooms known to date. While an earlier isolated
bloom has been reported from a Kyjatice-culture pit at Safarikovo (Hallstatt
B3 period, ca. 8th century BCE) in southern Slovakia®®, this exceptional
find remains singular and is equivalent in size to the average blooms of much
later periods’. The Dor assemblage, therefore, provides unique and unpre-
cedented insight into early bloom production, handling, and maritime
transport during the Iron Age.

These findings introduce a new class of Iron Age iron products—whole
unworked iron blooms—previously undocumented in the archeological
record of the Levant. The metallurgical analysis of one bloom reveals solid,
well-preserved, low-carbon iron, with a ferrite-pearlite microstructure and
an average hardness of ~100 HV. Numerous slag inclusions and pores are

present; none show deformation from forging, confirming that the bloom
remains in its original as-smelted state.

A glassy slag crust was identified beneath the marine concretions on the
bloom surface, containing egg-shaped Wiistite particles and matching the
composition of internal slag inclusions. This suggests the bloom was
transported wrapped in slag—a highly unexpected observation, as slag was
typically removed during hot hammering to consolidate the bloom™. The
slag layer likely provided protection against corrosion, explaining the
exceptional preservation of the metallic iron after 2600 years underwater.
These findings demonstrate that shipping blooms in their as-smelted, slag-
encased state was an effective and economical method of long-distance
transport (see more below).
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Table 2 | Composition of particles (EDS), shown in Fig. 5 [At %]

Figure Label (o] Mg Al Si P S Cl K Ca Ti Fe Zn
5a 1 (Sand) 7.7 0.0 0.0 28.2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
2 (Ca-containing sediments) 70.2 5.8 0.1 8.5 0.0 0.2 0.6 0.0 11.1 0.0 3.5 0.0
3 (S-containing sediments and corrosion products) 36.2 0.4 0.2 0.2 0.0 22.7 0.0 0.0 0.0 0.0 40.2 0.0
4 (S-containing sediments and corrosion products) 9.0 0.4 0.0 1.0 0.1 44.6 0.0 0.0 0.1 0.0 44.9 0.0
5 (Mg-containing sediments) 57.1 12.8 0.3 1.1 0.1 6.7 0.5 0.0 2.1 0.0 9.4 0.0
6 (FeO-containing products) 51.1 0.3 0.4 0.2 0.0 2.9 0.0 0.0 0.0 0.0 452 0.0
7 (FeO-containing products) 56.2 0.3 0.1 1.0 0.0 0.2 0.1 0.0 0.1 0.0 421 0.0
8 (slag, glass) 60.2 0.4 55 146 03 02 0.0 1.1 7.7 0.1 10.0 0.1
9 (slag, FeO) 48.4 0.4 1.9 3.7 0.1 0.1 0.4 0.2 1.6 0.1 431 0.0
10 (slag, iron) 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 99.8 0.0
5b 1 (FeO) 49.4 0.4 0.5 0.2 0.0 0.0 0.0 0.0 0.1 0.2 49.2 0.1
2 (glassy slag) 58.6 0.4 5.4 14.3 0.2 0.1 0.1 1.0 8.4 0.1 11.3 0.1
3 (iron) 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 99.9 0.0
5c 1FeO 48.7 0.4 0.6 0.4 0.0 0.0 n.d. 0.0 0.1 0.1 49.6 0.1
2 Glassy slag 60.0 0.4 5.7 15.5 0.2 0.1 n.d. 1.0 6.4 0.0 10.4 0.1

The low-carbon blooms are inferior in comparison to cold-
hammered and annealed bronze. The mechanical properties of iron—
its hardness and tensile strength, in particular—are not inherent
characteristics of the material condition of the metal. They are pro-
vided solely by the mastery of specific production steps that add
carbon to the iron, which significantly enhance its properties, pro-
ducing steel. This is obtained through a variety of techniques,
including carburization, quenching, and tempering, practices which
are also generally known as smithing™*"*. Nonetheless, the production
of low-carbon iron blooms was likely intentional, as producing
homogeneous, carbon-rich steel blooms suitable for smithing required
advanced skill and control during smelting—abilities that were not yet
fully developed in this period®”. It is therefore probable that carbon
was introduced at later stages of smithing, during bloom consolidation
or forging, when localized carburization could be more easily achieved
under controlled workshop conditions.

Trace element analysis indicates the presence of 0.1-0.2 wt% nickel, a
concentration found in Levantine ores from the Ahihud Forest, approxi-
mately 60 km north of Dor”, suggesting a possible source. However, the
association of the cargo with Cypriot or Aegean-style amphorae® may also
point to wider eastern Mediterranean sources.

Radiocarbon modeling of charred short-lived plant remains within the
cargo, including a young oak twig embedded in slag, securely dates the
blooms to the late 7th—early 6th centuries BCE. The presence of this twig,
likely used for kindling, suggests furnace temperatures did not exceed
~1200 °C, consistent with bloomery smelting technology. At a low heating
rate, oak has been found to undergo gradual pyrolysis rather than rapid
combustion, forming charcoal while retaining its original morphology and
cellular structure®.

These findings suggest a possible resolution for a longstanding debate
over the nature of Iron Age ironworking in the southern Levant in earlier
stages of the period (Iron IIA, late 10th—early 9th centuries BCE). Arche-
ological evidence from urban sites—slag, hammer scale, and rare bloom
fragments—has been variously interpreted as testimony either of smelting
or smithing activities. While some scholars have argued that smelting
occurred within urban centers'"'>'***%, others emphasize the difficulty in
distinguishing between smithing and smelting debris'*.

The Dor blooms demonstrate, for the first time, that smelting and
primary smithing could be spatially separated (Fig. 7). Iron blooms could be
produced in rural or remote smelting sites, transported as raw blooms, and
only subsequently forged within urban centers. Indeed, all three stages of

iron production—smelting, primary smithing (bloom consolidation), and
secondary smithing (artifact production)—produce diagnostic waste: slags,
slag prills, and hammer scale. However, while primary smithing leaves
abundant slag and prills'*”, secondary smithing of imported blooms would
generate relatively little slag and mainly hammer scale as evidence of
ironworking.

The archeological record at Dor aligns perfectly with this model. Small-
scale ironworking is attested at Dor in the 7th century BCE, evidenced by
limited slag and hammer scale accumulations”, precisely the waste expected
from secondary smithing workshops. The Dor L cargo itself reinforces this
conclusion. The production of ~50kg of high-quality iron blooms, as
represented by the cargo, would have generated large quantities of slag. The
fact that such large-scale smelting debris is absent at Dor strongly indicates
that these workshops could not have produced the iron blooms. This
strengthens the case for their importation as raw material for local smithing.
Thus, the Dor L cargo, dated to Iron Age IIC or slightly later, illustrates that
slag and bloom fragments can occur in urban centers as products of sec-
ondary smithing activities rather than primary iron production. This evi-
dence offers a relevant comparative model for interpreting similar slag and
bloom assemblages recovered in Iron Age ITA urban centers, despite the
chronological gap between the datasets.

The Dor blooms also shed light on previously unknown Iron Age
maritime trade in raw iron. It was long assumed that iron was not trans-
ported in the form of blooms, as the cooling of an unworked bloom was
viewed as inefficient”. Instead, it was suggested that primary smithing was
typically performed by hammering the bloom while it was still hot, and that
iron was usually transported and traded in the form of semi-finished or
finished products, as billets (7, see above). The excavations of Khorsabad, the
capital of the Neo-Assyrian Empire in the 8th century BCE, uncovered
about 160 tons of iron, mostly in the shape of bipyramidal bars, and similar
bars were found at Nimrud and Susa, also in Neo-Assyrian contexts. These
semi-finished products were most likely hoarded as a strategic stockpile,
perhaps obtained via tribute extracted by the Neo-Assyrians”.

In contrast, the Dor Lagoon blooms suggest a parallel, possibly
decentralized, system of long-distance trade operated beyond direct Neo-
Assyrian control, which focused on semi-final products*”. A letter from
Nineveh (CT 53, 10) documents the sale of iron by merchants to non-state
actors, such as Arab people and deportees, within the Assyrian Empire.
However, the form of iron (bloom or billet) is not described®. The blooms
were intentionally left unworked to facilitate their survival during maritime
trade, and the primary smithing process, which would have removed this
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Fig. 6 | Radio-carbon material and analysis. a young charred oak twig, trapped
within the iron bloom; b transverse view of charred twig, identified as Quercus sp.
(deciduous oak likely belonging to the Quercus subsp. Quercus group; see more in SI

and Fig. S1); c radiocarbon modeling of the twig, together with additional short-lived
(LV) carbon samples from the Dor L Cargo. The results date the blooms to the late
7th-early 6th centuries BCE.

Table 3 | Modeled date ranges for LV. Models are available in Figures S5-S8

+3yrs + 5yrs +10yrs +20yrs

10(68.3%) 20(95.4%) 10(68.3%) 20(95.4%) 10(68.3%) 20(95.4%) 10(68.3%) 20(95.4%)
LV date range 750-545 BCE 754-542 BCE 749-544 BCE 753-541 BCE 747-543 BCE 752-538 BCE 743-541 BCE 749-536 BCE
LV median 639 BCE 638 BCE 635 BCE 631 BCE

protective slag layer, was deliberately postponed, likely until after the raw
material had reached its destination. This “shipping-ready” state—a raw
bloom protected by its own slag—was ideal for long-distance transport.
While the full extent of the Dor cargo is unknown—much of it likely sal-
vaged in antiquity®—the survival of these blooms points to their intentional
transport as raw material.

The transport of unworked iron blooms, rather than finished tools or
semi-fabricated bars, bears significant socioeconomic implications for labor
organization, craft specialization, and the control of metallurgical knowl-
edge. Moving blooms implies a deliberate separation between extraction

and primary smelting, on the one hand, and secondary refining and object
manufacture, on the other hand, suggesting that urban or port-based
workshops played a key role in converting raw iron into usable products*”’.
This organization would have concentrated skilled labor, technical exper-
tise, and fuel resources within specific production contexts, potentially
supervised, managed, or controlled by elites or institutional authorities who
regulated access to raw materials and redistribution’”". Such control over
metallurgical stages may have also enhanced the economic and political
power of urban centers by anchoring craft production locally while sourcing
raw materials through long-distance trade. Moreover, the circulation of
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Fig. 7 | A simplified diagram illustrating the chaine opératoire of iron production and trade in the southern Levant. Illustrations in gray represent the model before the
discovery at Dor (after ref. 12), and the additions in blue emphasize the contribution of the Dor blooms.

blooms rather than finished goods allowed metallurgical knowledge—par-
ticularly refining techniques and alloying choices—to remain embedded
within workshops rather than being transferred wholesale across regions,
reinforcing patterns of craft specialization””. In this light, the Dor cargo
does not merely reflect trade in raw materials but points to a structured
economic system in which iron production, labor organization, and
knowledge transmission were integral to urban economies operating within
broader imperial and mercantile networks. Their presence, therefore, con-
tributes to our understanding of Dor’s role as a Phoenician-linked port city
under shifting imperial influence.

The blooms, which are now radiocarbon dated to the late 7th—early 6th
centuries BCE, were found along with Cypriot or Aegean-style basket-
handle amphorae of ref. 41, known in the Levant only from post-Assyrian
contexts’*. Chronologically, therefore, the cargo may correspond to a brief
period of Saite-Egyptian rule between about 630 and 605 BCE. This phase
followed the withdrawal of the Neo-Assyrians, which had governed Dor
since approximately 733 BCE, and preceded its incorporation into the
Babylonian Empire around 605 BCE. Although a short interlude, it is
characterized by political revival and relative independence under strong
native rulers (most notably Psammetichus I), marked by renewed cen-
tralization, foreign alliances, and a cultural renaissance drawing on earlier
Egyptian traditions™".

In fact, accumulating research has shown that under Egyptian dom-
ination, connections between Greece (and Cyprus) and the Levant were
renewed””*'. The establishment of East Greek trading “colonies” in Egypt
during this period, most famously Naukratis on the Canopic (west) branch
of the Nile™™, is the best-known aspect of this new Greek-Egyptian-
Levantine (and most probably also Cypriot) exchange sphere. It is this
maritime trade circuit that likely facilitated the arrival of Greek silver in the
southern Levant®*. The accumulating evidence of a growing magnitude of
seaborne trade in the 7th century BCE suggests that the Dor L cargo may
have been compiled during this Egyptian interlude.

While this scenario is plausible, alternative chronological frameworks—
both earlier and later-should be considered. During the earlier phase of
Neo-Assyrian rule, the Phoenician king Ba’al of Tyre was granted trade and
anchorage permission at Dor, alongside additional Levantine ports, as part
of a vassal treaty agreement” ™. This political arrangement stimulated a
significant increase in trade, population growth, and urban development at
Dor, including the construction of fortifications and a sea gate™ . Indeed, a
large amount of disposed Phoenician commercial jars was found in 7th-
century BCE refuse pits at Dor, alongside iron-smithy waste debris, sug-
gesting an active smithy operated at Dor during this period, under Neo-
Assyrian control”””.

It also remains uncertain whether Dor experienced Babylonian
destruction, as did many other Levantine sites”. By the Persian period,
however, the city came under Sidonian control, having been granted by a
Persian king—possibly Cambyses II—to Eshmun’ezer II of Sidon, as part of
political tribute™”!. Within this context, the Dor cargo represents an early
example of maritime iron trade conducted alongside amphora-borne
commodities, a practice attested in the later Persian period. Support for such
a model is found in an Egyptian customs entry preserved in the Ahiqar

scroll, which records the arrival of a large Phoenician ship arriving in Egypt,
carrying Sidonian wine (vintage year 10), together with two categories of
iron (przl), denoting either distinct provenances or different grades or types
of iron”.

Dor, as a coastal mercantile city, likely provided opportunities for
Phoenician merchants to buy and sell bloomery iron, both in Dor and
elsewhere. The availability of iron in the market meant that there was no
significant restriction or state control on its procurement and on the pro-
duction of iron objects. The blooms could provide independent urban
smithies, and even itinerant blacksmiths, not attached to a palace or the
state, with the iron needed to produce tools on a small-medium scale™.

To conclude, the Dor cargo may reflect activity under Egyptian rule,
although Neo-Assyrian or Babylonian imperial spheres cannot be ruled out.
During these periods, the port of Dor functioned under the authority of
imperial client kings, while Phoenician actors were actively involved in its
maritime commerce. Consequently, the iron trade represented by the Dor
blooms likely occurred within Phoenician mercantile networks.

To conclude, the discovery of the Dor iron blooms fundamentally
expands our understanding of both Iron Age metallurgical practice and
long-distance trade in raw iron. Technologically, these finds introduce the
earliest, poorly documented category of iron product—unworked blooms
transported in their as-smelted, slag-encased state. Their exceptional pre-
servation demonstrates that slag wrapping served as a protective barrier
against corrosion, providing an efficient means of transport over maritime
routes.

The metallurgical and contextual data firmly indicate that bloomery
smelting and smithing were spatially separated processes. Iron blooms could
be smelted at remote production sites, transported as raw material, and
subsequently refined and forged within urban centers. This finding resolves
previous debates over the nature of ironworking debris found in Levantine
cities, demonstrating that such remains may represent secondary smithing
rather than primary smelting.

The Dor blooms also reveal an unexpected mode of Iron Age iron
trade. Contrary to prevailing models that emphasize the shipment of forged
billets and bars, these blooms suggest that raw iron was actively traded
across the Mediterranean, likely integrated into a broader exchange network
operating under shifting imperial authorities. The dating of the Dor cargo to
the late 7th—early 6th centuries BCE may situate it within a short interlude of
Saite-Egyptian control, though alternative scenarios under Neo-Assyrian or
Babylonian rule remain plausible.

Finally, these findings hint at emerging long-distance trade circuits
linking the Levant, Egypt, Cyprus, and the Aegean, which became
increasingly prominent in the late Iron Age and early Persian period. The
Dor blooms thus provide the earliest direct archeological evidence for sea-
borne commerce in raw iron, transforming our understanding of Iron Age
trade economies and metallurgical organization in the eastern
Mediterranean.

Data availability
All data generated and analyzed during this study are included in this
published article and its supplementary materials. No additional digital
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datasets were generated. The analyzed iron blooms are curated and stored at
the Laboratory for Coastal Archeology and Underwater Survey, Depart-
ment of Maritime Civilizations, Leon Recanati Institute for Maritime Stu-
dies, University of Haifa, Israel. Access requests may be submitted by
contacting Prof. Assaf Yasur-Landau.
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