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Abstract: Ballast is essential for vessels to lower their centre of gravity, improve stability, and ease
their motion during sailing. During the modern period, heavy materials used for ballasting ships
were an issue of particular concern for both authorities and ship owners, subjected to increasing
control, regulation, and standardisation. These items represent a very common find in wreck sites
and deserve special attention, as their characteristics, distribution, and provenance can deliver critical
information for assessing where the vessel was ballasted, sailing routes, ship tonnage, and site
formation processes. This article is centred on pig iron ingots, introduced in the early 18th century
in sailing warships and shortly thereafter in sizeable merchant vessels, a type of ballast which is
frequently overlooked in archaeological research. In particular, specimens retrieved from the Chilean
Navy armed transport Infatigable (1855) were analysed through macroscopic and physicochemical
characterisation using LM, SEM-EDS, WD-XRF, and IGF. The results obtained indicate the ingots
were manufactured with cast iron of different quality, suggesting they may have come from different
production centres. The investigation resulted in a better understanding of ballasting practices on
a South American navy ship in the early post-independence period and provided new data for
discussions of off-site and non-nautical technological issues, such as the materials, knowledge, and
techniques associated with the production of pig iron in the mid-19th century.
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1. Introduction

The stability of sailing vessels depends on a precise balance between hull shape
and ballast—in addition to other weighted objects carried on board as cargo, supplies, or
ordnance—and the dynamic action of sea and wind. Thus, in general, ballast can be broadly
defined as an extra heavy weight introduced into the vessel to lower its centre of gravity
and therefore improve its stability and ease of motion during sailing [1] (see pp. 2−3, on
how ballast influences ship stability, freeboard, draft, and trim). For that reason, during
the modern period the weight used as ballast in the holds of ships, namely wooden-hulled
sailing vessels, was an issue of particular concern for both authorities and ship owners
and, as such, was subjected to increasing control and regulation. This was largely the
situation with warships and sizeable merchant vessels sailing to overseas territories, which
used different types of solid heavy materials as ballast, depending on their availability,
requirements, and costs. However, a tendency toward a standardised practice can be

Heritage 2023, 6, 2126–2151. https://doi.org/10.3390/heritage6020114 https://www.mdpi.com/journal/heritage

https://doi.org/10.3390/heritage6020114
https://doi.org/10.3390/heritage6020114
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/heritage
https://www.mdpi.com
https://orcid.org/0000-0001-8936-8482
https://orcid.org/0000-0002-1995-6227
https://doi.org/10.3390/heritage6020114
https://www.mdpi.com/journal/heritage
https://www.mdpi.com/article/10.3390/heritage6020114?type=check_update&version=2


Heritage 2023, 6 2127

observed beginning in the latter half of the 18th century, in particular, associated with the
adoption of iron ballast (see below).

Ballast is a very common find in shipwreck sites. In maritime and nautical archaeology,
it has been widely acknowledged that the study of ballast deserves special attention, as its
characteristics, distribution, and provenance can yield valuable information for assessing
where the vessel was ballasted, sailing routes, ship tonnage, and site formation processes [2]
(pp. 413–418); [3] (p. 22); [4] (pp. 131–132). A cluster of stones used as ballast can be one of
the few types of evidence remaining from a shipwreck in situ and, thus, can help delimit the
place where the ship was lost [5]; also, ballast mounds can help preserve structural remains
and other artefacts deposited below them [6,7]. Morphometric and distributional studies of
ballast have shed light upon decisions related to the ship stowage and shipping mishaps,
among other aspects [8]. Surface marks on ingots, such as the date of manufacture or the
foundry’s name, can also prove highly diagnostic for dating and provenance studies [9]
(pp. 27–32). Previous studies that combined archaeometric characterisation of stones, coral,
and metal ballast remains with documentary evidence have provided new information
about the characteristics and service life of several modern European- and American-built
vessels [10–14]; [11] (annexe 2, pp. 153–154); see also [1] and references therein.

This article focuses on pig iron ingots (kentledge), a special kind of ballast introduced
in the early 18th century for use in sailing warships and shortly thereafter in large merchant
vessels, both in Europe and overseas. A comprehensive examination of the ballast remains
from Infatigable (1855), a three-masted sailing vessel adapted by the Chilean Navy as
an armed transport, which exploded and sank in Valparaiso harbour, was conducted. This
study aimed to gather new data about the ballasting practices of a South American navy in
the early post-independence Republican period, considering possible foreign influences
(e.g., Anglo-American and Spanish practices) and local preferences. The value of an
archaeometric approach should be highlighted here; in particular, the physicochemical
characterisation of specimens using LM, SEM-EDS, XRF, and IGF provided new data for
discussing off-site and non-nautical technological issues, such as the materials, knowledge,
and techniques associated with mid-19th century pig iron production. Finally, considering
technological data, and by comparison with other contemporaneous pig iron specimens,
the quality of the materials was examined as a proxy for relative dating and provenance
assessment of the ingots.

1.1. Infatigable: A Chilean Navy Armed Sailing Transport

Infatigable (meaning indefatigable in English) was a ~200-ton three-masted sailing
barque adapted as an armed transport by the Chilean Navy and destined primarily to
supply the colony of Punta Arenas on the Magellan Strait. The vessel was lost at anchor
on August 3, 1855, after a massive explosion in the powder magazine and subsequent fire
destroyed and rapidly sank the vessel. The Infatigable wreck site was discovered in 2005
during the archaeological assessment for a dredging project at Terminal No. 1 of the Port of
Valparaiso (33◦ S), on Chile’s central coast (Figure 1).

The main visible features at the site are two wooden structures 20 m long, correspond-
ing to the port and starboard sides of the ship, projecting approximately 30 cm above the
seabed. A concreted layer of pig iron ballast remains in situ, while several individual pigs
(ingots) lay dispersed. The archaeological signature of the artefact finds exhibits an appar-
ent north-south distribution, with materials projecting northward from the hull, including
several clusters of stone shingle ballast in the form of gravel (cobbles) (Figure 2).

The wreck—designated site S3 PV—has been archaeologically investigated compre-
hensively for more than a decade [15,16]. The survey and excavations conducted recorded
the structural remains of the hull and produced numerous varied artefact assemblages for
analysis. The material culture of Infatigable reflects the complex cultural influence of several
traditions coexisting onboard mid-19th century Chilean Navy vessels, thereby providing
a hitherto untapped primary source of data about South American navies of the period.
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remained largely unexplored to date. 

Figure 1. Map showing the location of the remains of the Chilean barque Infatigable (site S3 PV)
in the inner harbour of Valparaiso, located on the central coast of Chile (33◦ S) (Illustration:
Francisca Morales).

Infatigable was a former American merchant vessel named Haydée, presumably built in
Baltimore in 1847–1848. The vessel was purchased by Valparaiso shipowners in February
1850 in San Francisco, California, during the Gold Rush, renamed Honoria, and destined
for the Chilean coastal trade. Acquired by the Chilean Navy in 1851, this armed transport
supplied the colony of Punta Arenas on the Magellan Strait on twice-yearly voyages,
transporting military regiments and their families, civil servants, and convicts, in addition
to provisions and livestock [16].

Documentary research of Navy records of the period has provided scarcely any in-
formation on the ballasting practices on board Chilean naval vessels, so the subject has
remained largely unexplored to date.

1.2. Historical Remarks on Ballast and Ballasting of Vessels in the Modern Period

Late 18th- and 19th-century marine dictionaries and manuals provide valuable source
material on ballast and the procedures for ballasting sailing vessels. According to Falconer,
ballast is “a certain portion of stone, iron, gravel, or such like materials, deposited in a ship’s
hold, where she has either no cargo, or too little to bring her sufficiently low in the water. It
is used to counter-balance the effort of the wind upon the masts, and give the ship a proper
stability . . . ”, concluding that “the whole art of ballasting, therefore, consists in placing the
center of gravity to correspond to the trim and shape of the vessel, so as neither to be too
high nor too low; neither too far forward, nor too far aft; and to lade the ship so deep, that
the surface of the water may nearly rise to the extreme breadth amidships; and thus she
will be enabled to carry a good sail, incline but little, and ply well to the windward” [17]
(ballast).

Moore’s [18] and Steel’s [19] brief definitions, as well as the one offered by Meade [20]
(p. 456), are summarized versions of the previous one. Spanish dictionaries of this period
also offered a glimpse into the type of ballast usually used on ships. O’Scanlan defined
lastre (or enjunque) as the “stone, iron, sand, shingle, or another heavy material which is
placed and arranged in the hold of a ship, aiming to properly draught into the water, and
acquire stability” [21] (p. 332, translation by the authors). De Lorenzo, De Murga, and
Ferreiro referred to it in the same way [22] (p. 324). In the corrected and enlarged version
of Falconer’s dictionary, Burney added a mention on how both iron and shingle ballast
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should be arranged in the hold of ships belonging to the Royal Navy and the merchant
service, according to the vessel shape and interior features [23] (p. 30).
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Figure 2. Site plan of Infatigable highlighting iron and shingle ballast elements, 2009 survey. (a) Top
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of the same locus, featuring hull frames in the foreground and a concreted layer of blocks in the
background (Drawing: Francisca Morales. Photographs: David Letelier).
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Broadly speaking, the stowage of the ballast and cargo of a ship was a very delicate
procedure, given its implications for the vessel’s trim (forward and aft floating position),
motion, and stability. Therefore, the quality, proportion, and distribution of weight in the
ship’s hold, calculated according to the ship’s characteristics and the purpose of navigation,
were subject to strict rules [23] (pp. 507, 581–582); [24] (pp. 63–64). Permanent ballast could
be incorporated at the time a ship was built, as part of its design, to provide a minimum
degree of stability, while mobile ballast was used according to sailing requirements [10]
(pp. 5–6). For instance, 38 tons of iron ballast were added to the port side of HMS Victory
to correct a list to starboard after her first floating in 1765 [25] (p. 260); [26] (p. 120).
An incorrect calculation or inappropriate use of ballast and other weights on board have
been identified as significant factors in the lack of stability and subsequent loss of ships
under sail, such as HMS Sirius (1780–1790) [27] and USS Somers (1846) [28] (pp. 71–72),
among others.

Ships voyaging ‘in ballast’ (en lastre, in Spanish) or loaded with cargo used different
types of materials as ballast, such as stones of various sizes (e.g., cobbles, pebbles, and
sand), earth (dirt), coral, cement, and metal bars and ingots [1] (pp. 16–21). Spanish ships
travelling to and from Spain and its American colonies in the late 18th century were, by
preference—and, for a while, by command—stone-ballasted because of that material’s
advantages over sand, which tended to clog the ship’s pumps. This and other regulations
related to the acquisition and management of ballast reflect an increasing interest in these
matters on the part of the state and naval authorities [3] (p. 23 & 26); [4] (pp. 137–138).

For merchant ships, all or part of the cargo usually served as ballast, and the higher
the load density, the less other ballast was needed. Semi-finished products such as iron bars
and straps were a typical high-density cargo carried in modern-era wooden ships [29–32].
The high number of bricks found in the Dutch East Indiaman Vergulde Draeck (1656) were
destined for Batavia (present-day Jakarta) as ballast [33] (p. 288 & Figure 19). The ballast of
small and/or private vessels used for cabotage could be rather eclectic, and ships visiting
multiple ports of call could also carry a diverse array of materials in their holds. Along with
the aforementioned elements, other heavy pieces used as complementary ballast might
include old iron guns, which were commonly placed in the mid-ship area of the ship’s hold.

On the other hand, regular metal ballast was comprised mainly of pig iron, lead ingots,
and scrap metal. The introduction of these materials as primary ballast occurred during the
18th century, as will be further explained below. However, they also served this function
earlier, when carried as supplies or cargo, a case in point being the part-cargo heavy metals
(lead, iron, copper, tin) used as compensatory low stowage factor (i.e., high cargo density)
materials on board vessels in antiquity [34] (p. 357). The following section provides a brief
introduction to the use of iron ballast on board European (mostly British and Spanish) and
Anglo-American warships and its expansion to other vessels.

2. Research Background
2.1. Kentledge or Pig Iron Ballast

The diversity of materials used as ballast on board wooden sailing ships is recorded in
both documentary sources and shipwrecks around the world. Iron ballast in particular was
introduced relatively late, at first in ships of war. Initial experiences in Britain dating to
the early 18th century included the use of old iron guns and ammunition, as well as the
lead cast into weights. The first serious attempt to introduce pig iron as ballast in warships
is attested to in the Royal Navy’s contracts with private suppliers in the late 1720s [35].
According to Lavery, despite early trials, its use remained very limited until the following
century. A significant change took place around the mid-18th century: a list of Royal Navy
warships dated 1752 specifies that its vessels carried only one type of ballast, most likely
shingle, while in 1756, another list including almost all these same vessels refers to the
use of a combination of iron and shingle ballast. By the end of the century, Royal Navy
vessels were usually ballasted with a combination of iron ingots and shingle (in a 1:4 ratio,
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on average, although this could vary significantly), with amounts being defined according
to the number of guns [36] (p. 186).

Pig iron ingots were also known as ‘kentledge’ in Britain. This term is defined in early
19th-century dictionaries as “pigs of iron for ballast, laid upon the floor, near the keelson,
fore and aft” [18] (kentledge); see also [23] (pp. 210, 343). Broadly speaking, iron ballast
blocks were stowed in the lower part of the ship’s hold, i.e., close to the keelson at the
midship section. Other ballast, such as shingle, was placed on top of the kentledge [36] (see
pp. 186–187). If any cargo was loaded, it was placed above the latter. The shingle ballast
also served to receive the first layer of large water casks carried on board, traditionally
designated ’ground tier’. Figure 3 provides an example of how iron and shingle ballast and
casks were typically stowed in the main hold of a sailing vessel of the period.

In Falconer’s new dictionary, the table titled “Ballast allowed to the following Ships”,
provides a general idea of the quantity of iron and shingle ballast (in tons) required for ships
of the line, frigates, and unrated British vessels [23] (p. 30). A similar panorama is reported
in his English-Spanish dictionary by Martínez de Espinosa y Tacón [38] (p. 29), whose
account is grounded in the information available (published) in the early 19th century.
Other treatises of the period also report on the type and quantity of ballast carried on board
according to the number of guns and tonnage of vessels.

From the 16th to the 18th century, the Spaniards relied largely upon large river cobbles
for ballasting their ships, yet during the last third of the latter century, naval vessels also
began to use pig iron ingots. The frigate Santa Maria Magdalena (1773–1810) was ballasted
with this type of material to address the stability problems that previous vessels built
under Francisco Gautier’s shipbuilding system had shown. A common practice among
Spanish vessels was to use iron and shingle ballast, which might also be combined with
discarded heavy iron objects such as cannons and ammunition [39] (pp. 352–355). For
instance, an inspection of the frigate Nuestra Señora de las Mercedes (1804), anchored at the
port of Montevideo on 5 June 1804, reported 549 quintales (i.e., hundredweights, cwt) of
iron ballast and 150 cwt of zahorra (gravel) [40] (p. 334).

Ballasting ships with pig iron was a delicate and time-consuming task that required
significant preparation. Brady, describing these procedures on board United States naval
vessels, states that the hold had to be cleaned, swept, and whitewashed. Hoop poles were
placed athwart ship, with each pig iron resting on at least two of them. Rust had to be
removed from each pig, which in turn had to be whitewashed. Each pig had to be weighted
and stowed following the mould of the vessel to achieve the best sailing trim and care was
taken to distribute the same number of pigs on each side of the keelson. Finally, a draft
of the ballast was produced, recording the exact number of pigs, the exact position they
occupied, and their exact weight [41] (pp. 126–127).

A general description of the main features of ballast ingots is provided by O’Scanlan,
De Lorenzo, and others: the lingotes (or galápagos, both Spanish terms for ingots) were
generally made of cast iron, with a parallelepiped shape and in various sizes and weights;
the ingots also had a hole in one head to allow their handling. A smaller type of iron block,
known as lingotes de romaneo (shifting ballast), was also used on board to shift the position
of ballast fore and aft, as required, to improve the ship’s behaviour [21] (p. 341); [22]
(pp. 332–333). If this was the case for Spanish ingots by the first half of the 19th century, the
basic morphology of these items seems to have been quite similar between the two nations.
British ones also came in two main standardised dimensions, as both documentary sources
and evidence from shipwrecks indicate (see below).

Iron ballast blocks are commonly found at wreck sites of sailing warships and other
vessels of the period, thus providing useful archaeological data on their introduction,
prevalence, and characteristics. As for the early use of kentledge as permanent bal-
last in British warships, evidence from the second quarter of the 18th century is still
rare and includes HMS Looe (1741–1744) and HMS Fowey (1744–1748) [42] (p. 67); [43]
(pp. 101–102); [44] (pp. 111–114). For subsequent periods, several wreck sites contain-
ing iron ballast corresponding primarily to British, but also to French, Spanish, and
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Anglo-American naval vessels from the second half of the 18th century [44] (p. 112); [45]
(p. 37); [46,47] (pp. 74–75); [48,49] (p. 51); [50] (pp. 37–47) and into the 19th century [44]
(p. 112); [51,52] (pp. 63 & 67–69); [53] (p. 66); [54] (pp. 217–223) have been investigated
and reported.

Heritage 2023, 6, FOR PEER REVIEW  7 
 

 

 
Figure 3. Diagram representing the typical stowage of iron and shingle ballast and casks (starboard 
side only) in the main hold of a vessel in the mid-19th century: top view (above) and cross section 
of the mid-ship area (below). (1) Iron ballast; (2) Shingle ballast; (3) Keelson; (4) Main mast step; (5) 
Cant to secure iron ballast; (6) Limber boards; (7) Fore bulkhead; (8) After hold bulkhead. The dark 
shaded area in the top view would be stowed with a second ‘tier’ of iron ballast on top of the first 
(Illustration: F. Morales. Adapted from Steel [37] (p. 286). 

Figure 3. Diagram representing the typical stowage of iron and shingle ballast and casks (starboard
side only) in the main hold of a vessel in the mid-19th century: top view (above) and cross section
of the mid-ship area (below). (1) Iron ballast; (2) Shingle ballast; (3) Keelson; (4) Main mast step;
(5) Cant to secure iron ballast; (6) Limber boards; (7) Fore bulkhead; (8) After hold bulkhead. The
dark shaded area in the top view would be stowed with a second ‘tier’ of iron ballast on top of the
first (Illustration: F. Morales. Adapted from Steel [37] (p. 286).
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The adoption of kentledge by cargo-carrying merchant sailing vessels is less well-
documented. The drop in iron production costs during the late 18th century most likely
favoured this process [44] (p. 112). Nonetheless, archaeological evidence suggests that
this kind of ballast was in use earlier still in merchantmen, as the remains of the Sussex,
an English East Indiaman lost in the Indian Ocean in 1738, demonstrate [55] (p. 83). Iron
ballast was also employed by French trading ships as early as the 1740s, as attested to by
the remains of the East Indiaman Prince de Conty (1746) [56] and the frigate L’Aimable Grenot
(1749), a former privateer converted into a merchant vessel assigned to the Spanish trade
route [9] (pp. 27–32); [57]. By the end of the century, ships engaged in the transatlantic
slave trade between Mozambique and Brazil employed iron ballast also, as the discovery
of the Portuguese slave ship São José Paquete de Africa (1794), and the subsequent recovery
of an assemblage of cast iron blocks from the wreck site, reveal [58].

Along with their characteristic dimensions, pig iron ingots could also display diagnos-
tic marks on their surface. Pieces used on board Royal Navy vessels were usually stamped
with the broad arrow used to mark British Crown property, as the findings from HMS
Fowey (1744–1748), HMS Sirius (1780–1790), and HMS Pomone (1805–1811) demonstrate [44]
(pp. 112–113 & Figure 8.2); [45] (p. 37); [54] (pp. 217 & Figure 39). Other possible marks
include the year of production and the manufacturer’s name. For instance, ingots found
at the wreck site of L’Aimable Grenot (1749) were stamped with the years 1746 and 1747
and the names POTUXENT and Stepn Onion, respectively, which allowed archaeologists to
trace their place of manufacture [9] (pp. 27–32); [57].

For the early 19th century, archaeological evidence related to merchant and fishing
vessels suggests a more diverse scenario in the use of iron ballast in sailing vessels. The fact
that American traders and British whalers operating in the Pacific were carrying iron ballast
during the first decades [59] (pp. 22 & 39–40); [60] (pp. 95–98); [61] (p. 594) indicates that
this type of ballast was more affordable and not reserved exclusively for high-performance
naval vessels. However, stone continued to be employed as prime ballast throughout
the century. This extended use is reflected in the wreck sites of several vessels, such as
the American China trader Rapid (1811) [60] (pp. 149, 153–155), the Valparaiso-based
Guatemalan ship Francisco Álvarez (1868) [62] (p. 53), and the Brazilian clipper Redemptora
(1898) [63], among others.

The study of pig iron ingots can provide new and more detailed information about
this type of ballast, yet this evidence has not been the subject of extensive research. Data
retrieved thus far from iron ballast is focused on the main dimensions (form, size, and
weight), surface marks, and distribution of ingots within the hold. With very few excep-
tions [64] (for a specific detailed study on the ballast recovered from H.L. Hunley, 1861),
data collection and reporting standards on kentledge varies widely, and detailed artefact
information is seldom provided. Moreover, an undetermined number of shipwreck case
studies remain as difficult-to-access grey literature. The resulting lack of quality datasets
hinders the development of a systematic approach to the subject, and this bias remains
a serious problem for academic research.

Another relevant aspect is that scientific data on the material characteristics of ingots
provide a valuable source of information for assessing cast iron production in general,
the manufacturing of semi-finished products, and the quality of these specific ballast
elements. Despite its potential, however, archaeological finds of this kind have seldom
been characterised empirically and systematically [65,66]. In this context, archaeometric
and comparative approaches must be highlighted for their potential for exploring materials
knowledge and technological change in both naval and metallurgical industries of the
modern period [67–69] (and references therein). This study of the cast iron pieces from
Infatigable (1855) is framed within this scope of research.

2.2. A Brief Definition of Cast Iron

According to material scientists [70] (pp. 327–338); [71] (pp. 335–336, 416–422); [72]
(pp. 37–38), cast iron is generally defined as a ternary iron-carbon-silicon alloy with a carbon
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content >2.11 wt%, which can often contain phosphorous, manganese, and/or sulphur as
alloying additions or impurities, and other elements in low percentages. Normally, cast
iron’s carbon content ranges from 2.11 to 4.5 wt% (and up to 6.7 wt%).

There are different types of cast irons, and their production, physical properties, and
microstructure all depend upon both chemical composition (especially the content of carbon
and silicon) and the manufacturing process, in particular the cooling velocity (see below).
The melting point of cast iron with 3 to 4.5 wt% of carbon, for instance, is about 1150 to 1300
◦C, significantly lower than wrought iron and steel. Therefore, this type of cast iron is easily
melted and cast. Moreover, each type of cast iron exhibits distinctive mechanical properties.

The most common types of cast iron found as ancient or modern archaeological
remains correspond to white, grey, and mottled cast iron. In white cast iron, most of the
carbon appears as iron carbide or cementite, a metastable intermetallic compound, while
in grey cast iron it is precipitated as free carbon, a stable product usually solidified as
flakes (lamellas) of graphite in a matrix of ferrite or pearlite. The shape, size, quantity, and
distribution of graphite flakes determine the properties of the materials and can appear
randomly distributed, in dendritic or rosette forms. Due to the presence of cementite,
white cast iron is extremely hard and very brittle; on the other hand, grey cast iron exhibits
higher tenacity and can be mechanized. The latter also presents good casting fluidity at
pouring temperature, and a low contraction degree, making it very suitable for casting
pieces with complex shapes. Mottled cast iron presents a mix of features characteristic of
white and grey cast irons (i.e., cementite and free graphite, respectively) in different areas
of its structure.

By the 1850s–1860s, commercial classification for pig iron was well-established, in
which the different categories were associated with the quality of cast iron produced,
based on its physical characteristics (colour, hardness, brittleness, and appearance of the
freshly fractured surface). The scale used varied slightly in England and elsewhere, but
Cleveland’s system was widely in use. In general, grey iron ranges in the degree of
greyness and grain size (in decreasing order) from Nos. 1 to 4. The remaining lesser-
quality products were classified as mottled (weak and strong) and white (or specular) cast
iron. Several contemporary treatises on ferrous metallurgy not only describe this basic
system but also provide valuable quantitative data on the composition of a series of ingots
from different provenances [73] (pp. 203–212); [74] (pp. 231–237); [75] (pp. 320–323); [76]
(pp. 275–282); [77] (pp. 60–65). Both major and minor elements reported in these works
display a varied spectrum of percentages of typical alloying elements (C, Si, S, P, and Mn,
among others), attesting to the heterogeneous quality of products manufactured and used
at this time. As will be seen, these elements have specific effects on cast iron characteristics.

These alloys have been widely used to manufacture different industrial goods for civil
and military purposes. For instance, since cast iron ordnance was developed in the early
modern period, guns were manufactured using grey cast iron. On the other hand, up until
the 19th century, most artillery ammunition was commonly produced with comparatively
lower-quality white cast iron [67] (pp. 140–144); [78]. As mentioned above, beginning in
the 18th century, large volumes of cast iron were produced to obtain ingots for ballasting
sailing ships. The outcomes of the research conducted on elements retrieved from the
barque Infatigable (1855) are presented below.

3. Materials and Methods
3.1. Iron Ballast Samples

For the present study, four different specimens were selected from the Infatigable site
iron ballast assemblage (Figure 4). Ballast No. 1 was retrieved during test excavations of the
site conducted in 2006 in area C, immediately north of the starboard side hull structure. By
contrast, ballasts Nos. 2, 3 and 4 were specifically recovered for metallurgical examination
during the monitoring of the site in 2017. Ballast No. 2 was recovered in area B, within
the port side hull structure and Ballast No. 3 in area A, abaft of the starboard side hull
structure. Conversely, Ballast No. 4 was retrieved in area D, north of the hull structure
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and only associated with superficial deposits comprising small artefacts and ballast stones.
Subsequent to in situ archaeological documentation—including a comprehensive survey
and high-resolution underwater photographs—ballast blocks were recovered through
diving operations using lifting bags.
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Samples were sectioned using the combination of a disc-cutting machine and a water
jet cutter. While ballasts Nos. 2 and 3 were returned to their original position at the
site, Ballast No. 4 underwent conservation treatment and was added to the Infatigable
archaeological collection.

3.2. Microstructural Characterisation and Chemical Analyses

Metallographic examination of the ballast samples was undertaken at the metallurgy
and materials lab in the Department of Metallurgical Engineering at the Universidad de
Santiago de Chile (LIMM-USACH) and involved several scientific methods, including both
non-invasive and destructive testing. Microstructural features were examined using light
microscopy (LM) and scanning electron microscopy (SEM) with secondary electron (SE) and
backscattered electron (BSE) signals. Samples were sectioned with a cut-off machine and
specimens were mounted in epoxy resin. Sample preparation was performed following
ASTM specifications [79]. Unetched surfaces were observed at the optical microscope
after polishing. Subsequently, samples were etched with Nital 2% for microstructural
characterisation. A Zeiss Axiotech optical microscope and a Tescan VEGA3 (tungsten
filament) scanning electron microscope were employed. For SEM-EDS analysis, the surface
of specimens was covered by a thin layer of Au-Pd and analysed according to ASTM
standards [80].

A combination of methods was used to determine the major and minor elements
present in the alloy of the sampled ingots, including wavelength X-ray fluorescence
(WD-XRF) and inert gas fusion (IGF) technique, the latter for determining carbon and
sulphur content. Additionally, to analyse the microconstituents present in the alloy, energy-
dispersive X-ray spectroscopy (EDS) was applied. The instrumentation used in each case
was as follows: WD-XRF spectrometer Siemens SRS3000; inert gas fusion elemental anal-
yser LECO 744; and the cited SEM coupled with an EDS Bruker Quantax xFlash 6 analyser.
In each case, the followed standards were WD-XRF [81], IGF [82], and SEM-EDS [80].

Before analysis, the surface of the samples was subjected to a grinding and polish-
ing process, as indicated above. The remaining corrosion was eliminated by chemical
decoupage. Analyses were conducted at room temperature (25 ◦C). For WD-XRF and IGF,
SRM C1137a and NIST2160 patterns were used, respectively. Each sample was tested at
three points, and the mean of values obtained is reported herein. For XRF measurements,
a 10 × 10 mm area was scanned, with an acquisition time of 420 s per scan.

4. Results
4.1. Macroscopic Study

Archaeological documentation of the selected ballast specimens retrieved from Infati-
gable for sampling revealed that these correspond to parallelepiped iron blocks of various
sizes (Figure 5). Relevant information about these artefacts is summarised in Table 1.

Ballast No. 1 is approximately 59 cm, long, 14 cm wide, and 14 cm thick and weighs
72 kg. It exhibits crudely manufactured cast diagonal channel holes on each end, con-
necting the lateral and superior faces. No marks were observed. Iron ballast of relatively
similar shape and size was found at the wreckage of Frolic, an American clipper bound
for Gold-Rush San Francisco from China and lost off the coast of California in 1850 [59]
(pp. 22 & 39–40).

Ballast No. 2 is approximately 91 cm long, 15 cm wide, and 15 cm thick and weighs
140 kg. It exhibits diagonal channel holes on both ends, with no visible marks. Abundant
shingle ballast stones (cobbles) and other materials were recorded concreted to the external
corrosion layer. Its shape, dimensions, and weight are in good agreement with the largest
of iron ballast pigs described by British mid-19th century sources: these were 3 feet long,
6 inches square, weighted 2 cwt, 3 qrs, 12 lbs, and calculated as 7 to a ton [83] (p. 83); [84]
(p. 81). In addition, this iron ballast format has been extensively recorded within wreck sites
of 18th-century British warships investigated archaeologically [44] (pp. 111–114); [46,66]
(pp. 76–78).
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Table 1. Selected iron ballast blocks recorded.

Artefact Dimensions (cm) Weight (kg) Channel Holes Marks Description

Ballast No. 1 59 × 14 × 14 72 Double -

Single ballast block. Diagonal channel
holes on each end.
Shingle ballast stones, fibres, and wood
remains recovered during the
deconcretion process.

Ballast No. 2 91 × 15 × 15 140 Double -

Single ballast block. A diagonal channel
hole is visible on one end, its opposite can
be inferred. Abundant concreted shingle
ballast stones and remains of wood
were observed.

Ballast No. 3 1 46 × 11.5 × 11.5 60.8 Single -

Two ballast blocks of similar size
concreted alongside, one visibly
disintegrated. A diagonal channel hole is
visible on one end.

Ballast No. 4 41 × 10.5 × 11 33.7 Single -

Single ballast block. A diagonal channel
hole is visible on one end; the opposite
side is presumably fractured. Wood
remains on the inferior face,
possibly dunnage.

Note: 1 The dimensions and weight of this ballast were inferred from the best-preserved piece.

When examined, Ballast No. 3 was revealed to be composed of two single blocks of
similar size, concreted along their longitudinal axes. One of the blocks exhibits apparent
signs of deterioration. The best preserved is approximately 46 cm long, 11.5 wide, and
11.5 cm thick. Since the concreted blocks weigh 60.8 kg, it can only be roughly inferred
that each piece should weigh approximately 30 kg. It exhibits a diagonal channel hole at
least on one end.

Finally, Ballast No. 4 measures 41 cm long, 10.5 cm wide, and 11 cm thick and
weighs 33.7 kg. Only one end exhibits a diagonal channel hole. The opposite end has
presumably broken off. Interestingly, during the deconcretion process, the remains
of a flat, thin piece of wood were revealed adhered to the inferior face of the block,
approximately perpendicular to the longitudinal axis. This evidence is consistent with
the practice of installing strips of boards or hoop poles as dunnage athwart ship beneath
the ballast to prevent damage to the floor timbers of the hull [41] (pp. 127–128); [85]
(p. 137).

4.2. Microstructural and Chemical Features

Metallurgical examination of the sampled ingots indicates that all four pieces are
in the as-cast condition. WD-XRF and IGF data revealed that all samples have a carbon
content of >2.5 wt%, with the presence of silicon, phosphorous, and manganese in
different amounts. The content of major and minor elements of the iron-carbon alloy of
samples are reported in Table 2.

Table 2. Elemental composition of specimens (wt%), obtained by WD-XRF and IGF.

Sample Fe C Si P Mn Al S

No. 1 94.51 2.52 0.31 1.27 1.29 n/d 0.10

No. 2 94.27 2.58 0.14 1.15 1.28 0.42 0.16

No. 3 92.63 2.9 2.31 0.13 1.37 0.41 0.25

No. 4 95.29 3.89 0.15 0.04 0.45 <0.01 0.01

Based on metallographic observation of samples using LM, two main types of cast
iron alloys were identified. Sample Nos. 1 and 2 display a microstructure of white cast
iron, while samples Nos. 3 and 4 correspond to mottled cast iron.
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The microstructure of Sample No. 1 consists of a pearlite matrix (a two-phased,
lamellar structure formed by crystals of ferrite and cementite) with cementite (iron
carbide, Fe3C) (Figure 6). SEM-EDS mapping also revealed, on one hand, the presence
of steadite (eutectic of ferrite, iron phosphide, and cementite, α-Fe + Fe3P + Fe3C),
a microconstituent of high-phosphorus cast iron; and on the other, that the non-metallic
inclusions previously observed with LM correspond to manganese sulphides (MnS)
(Figure 7). Iron phosphides were not observed in the photomicrographs but were de-
tected through SEM-EDS mapping (Figure 8). Micro-shrinkages related to the solidifica-
tion process were also observed in some parts of the sample.
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Figure 6. Photomicrographs of Sample No. 1: (a) pearlite matrix (grey) with cementite (elongated 
white crystals); and (b) detail of the microconstituents mentioned, where alternated layers of ferrite 
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Figure 7. Photomicrographs of the unetched polished surface of Sample No. 1, showing non-metallic 
inclusions of different sizes (a,b) identified as MnS particles (light grey). Magnification: 500×. 
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Figure 7. Photomicrographs of the unetched polished surface of Sample No. 1, showing non-metallic
inclusions of different sizes (a,b) identified as MnS particles (light grey). Magnification: 500×.

Sample No. 2 presents similar microstructural features to Sample No. 1 (Figure 9).
This sample also exhibits a high amount of inclusions of MnS (Figures 10 and 11).
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Figure 8. SEM-EDS analysis of the alloy constituents of Sample No. 1: (a) SEM image (BSE); (b) EDS 
mapping of the area presented in (a) combining O, S, Si, Al, P, and Mn. MnS inclusions are seen in 
light green; in addition, the presence of iron phosphides is observed (light purple); and (c) EDS 
spectra of different microconstituents (blue spectrum corresponds to an MnS inclusion). 
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This sample also exhibits a high amount of inclusions of MnS (Figures 10 and 11). 

  

Figure 9. Photomicrographs of Sample No. 2: (a) pearlite matrix (light grey) with cementite (white 
crystals); and (b) detail of the main microconstituents. Magnification: 100× (a); and 500× (b). Etching: 
Nital 2%. 

  

Figure 10. Photomicrographs of the unetched polished surface of Sample No. 2. A high amount of 
iron manganese sulphides (grey inclusions) can also be observed. Magnification: 100× (a); and 500× 
(b). 

Figure 8. SEM-EDS analysis of the alloy constituents of Sample No. 1: (a) SEM image (BSE); (b) EDS
mapping of the area presented in (a) combining O, S, Si, Al, P, and Mn. MnS inclusions are seen
in light green; in addition, the presence of iron phosphides is observed (light purple); and (c) EDS
spectra of different microconstituents (blue spectrum corresponds to an MnS inclusion).

In contrast, both samples Nos. 3 and 4 exhibit a pearlite matrix with a significant
amount of free carbon within the microstructure, observed both as laminar and inter-
dendritic graphite corresponding to types A, C, and E, respectively (Figures 12–15). The
content of graphite type A in Sample No. 4 is notably higher than in Sample No. 3.
Moreover, cementite was recorded in both samples, primarily associated with areas
exhibiting interdendritic graphite (Figures 14 and 16).
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Figure 11. SEM-EDS analysis of the alloy constituents of Sample No. 2: (a) SEM image (SE); (b) EDS 
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Figure 12. Photomicrographs of the unetched polished surface of Sample No. 3, where lamellar 
graphite (type A & E) is shown. Magnification: 100× (a); and 500× (b). 

Figure 11. SEM-EDS analysis of the alloy constituents of Sample No. 2: (a) SEM image (SE);
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iron phosphides are in light purple; and (c) EDS spectra of inclusions (red spectrum corresponds to
an MnS particle).
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Figure 13. Photomicrographs of the unetched polished surface of Sample No. 4, where lamellar 
graphite (types A & C) is observed. Magnification: 100× (a); and 500× (b). 

  

Figure 14. Photomicrographs of Sample No. 3: (a) microstructure of pearlite (light grey) and cement-
ite (elongated white crystals); and (b) detail of the lamellar graphite surrounded by a pearlite matrix. 
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Figure 14. Photomicrographs of Sample No. 3: (a) microstructure of pearlite (light grey) and cementite
(elongated white crystals); and (b) detail of the lamellar graphite surrounded by a pearlite matrix.
Magnification: 100× (a); and 500× (b). Etching: Nital 2%.
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Figure 15. Photomicrographs of Sample No. 3, showing an enlarged view of pearlite (grey lamellar 
structure) and cementite (white) phases. Magnification: 500× (a); and 1000× (b). Etching: Nital 2%. 

  

Figure 16. Photomicrographs of Sample No. 4: (a) microstructure of pearlite (light grey) and cementite
(elongated white crystals); and (b) amplification of lamellar graphite surrounded by a pearlite matrix.
Magnification: 100× (a); and 100× (b). Etching: Nital 2%.

Both sample Nos. 3 and 4 show MnS inclusions, and titanium nitrides (TiN) were
also noticed in the latter specimen. The very limited presence of phosphorous com-
pounds was observed in Sample No. 3, while this element was not detected in Sample
No. 4 (Figures 17 and 18).
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Figure 17. SEM-EDS analysis of the alloy constituents of Sample No. 3: (a) SEM image (SE); and (b) 
EDS mapping of the area presented in (a); and (c) EDS spectra of microconstituents (blue spectrum 
corresponds to an MnS particle). 

Figure 17. SEM-EDS analysis of the alloy constituents of Sample No. 3: (a) SEM image (SE); and
(b) EDS mapping of the area presented in (a); and (c) EDS spectra of microconstituents (blue spectrum
corresponds to an MnS particle).
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Figure 18. SEM-EDS analysis of the alloy constituents of Sample No. 4: (a) SEM images (SE & BSE); 
and (b) EDS spectra of MnS and TiN inclusions, which can be observed at the centre and top-right 
of (a), respectively. 
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largest pigs of iron described by British sources of the period. It should further be noted 
that Ballast Nos. 3 and 4, retrieved in areas A and D, respectively, the smaller two and of 
similar size, likely correspond to material related to the stern of the vessel [86]. In addition, 
while pigs were observed deposited directly over the floor timbers of the hold, remains of 

Figure 18. SEM-EDS analysis of the alloy constituents of Sample No. 4: (a) SEM images (SE & BSE);
and (b) EDS spectra of MnS and TiN inclusions, which can be observed at the centre and top-right of
(a), respectively.

5. Discussion

The archaeological investigation of the Infatigable wreck site demonstrates that the
well-documented practice of combining iron and shingle ballast on board sailing vessels
was employed by the Chilean Navy by the mid-19th century. A single layer of pigs
can be observed running fore and aft parallel to the keelson, without evidence of blocks
running athwartships. No evidence of methods to secure the ballast in place has been
observed so far. On the more heavily exposed starboard side of the hull, most of the
remaining ballast lies stacked aft, where the pump well would have been located, with
ingots lying only centimetres from the keelson, thus leaving no access to the limber boards.
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However, this observable distribution of ballast might be influenced by the complex site
formation processes which have affected the site [86], and possible interpretations should
be approached with caution.

The macroscopic study of selected ballast specimens revealed that these correspond to
parallelepiped iron blocks of various sizes, cast with a diagonal channel hole on each end.
These holes were intended to aid the lifting and transportation of the pieces, as already
reported [59] (pp. 39–40); [64] (p. 104). In particular, Ballast No. 2, retrieved close to the
centre of the hull in area B, is consistent in terms of weight and dimensions with the largest
pigs of iron described by British sources of the period. It should further be noted that
Ballast Nos. 3 and 4, retrieved in areas A and D, respectively, the smaller two and of similar
size, likely correspond to material related to the stern of the vessel [86]. In addition, while
pigs were observed deposited directly over the floor timbers of the hold, remains of a thin,
flat piece of wood adhered to the inferior face of Ballast No 4 may indicate some type of
dunnage to prevent damage to the hull.

Iron-carbon alloys recorded in the ingots sampled from Infatigable correspond to
white and mottled cast iron. This type of material corresponds to an intermediate product
generally known as pig iron, which was poured into moulds directly from the cupola
furnace. As previously mentioned, the varying degree of graphitization (i.e., formation of
graphite during solidification) of the analysed samples is associated with both composition
and solidification rate, resulting in pieces of different quality. A comparison between
pieces can be established based on the cast iron carbon equivalent (CE), using the following
formula [70] (p. 331):

CE (wt%) = C +
1
3

Si

where C is carbon and Si is silicon, the latter being the main element that promotes the
reaction of cementite decomposition and free graphite formation during solidification [71]
(p. 335). It should be noted that other authors also consider the phosphorus content in the
formula, which is added to the silicon percentage [72] (p. 38); [87]. In general, a high CE
and low cooling rate favour the formation of grey cast iron, while a low CE and a high
cooling rate tend to produce white or mottled cast iron. Sample Nos. 1 and 2 have a CE of
ca. 2.6% (ca. 3, if the content of phosphorous is considered), while in the case of specimen
Nos. 3 and 4, this factor falls between ca. 3.7 to 3.9%. All samples are within the range of
hypoeutectic cast iron (<4.3 wt%). In comparison, at a slow cooling rate, the last two would
be more prone to solidify as grey cast iron.

Regarding other minor elements in the iron-carbon-silicon alloys, manganese stabilises
cementite, as well as sulphur. Nonetheless, given their strong affinity, when both are present,
they mix, forming MnS particles, with no significant influence on carbon [72] (p. 37). Thus,
this element counteracts the detrimental effects that sulphur, probably deriving from iron
ores, usually has on the mechanical properties of iron products [66] (pp. 76–77). The
high manganese content detected in at least three samples—and most likely the fourth,
as well—can be understood as an intentional addition to the alloy. As a regular practice
in the modern iron industry, the use of manganese as a deoxidizer, and to counteract the
disadvantageous effects of sulphur in the alloy, can be related to the patent of Josiah Heath
(1839), which is why the presence of Mn in iron samples has been considered as a terminus
post quem of about 1840 [88].

Additionally, phosphorus chemically promotes the formation of the metastable system,
yet its presence in the alloy tends to produce the ternary phosphide eutectic known as
steadite. This was the last constituent to solidify, given its low melting point (960 ◦C),
resulting in both austenite (γ-Fe) and cementite solidifying slowly and allowing silicon
(when present) to promote the graphitization process [72] (pp. 37–38). Both samples Nos. 1
and 2 have a significant amount of phosphorus (>1 wt%), although the low silicon content
(<0.5 wt%) would have been insufficient to promote graphite formation in the solidification
conditions experienced by both ingots.
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Thus far, the microstructural and compositional data obtained from the sampled
kentledge of Infatigable allows us to group specimens into at least two categories: white
and mottled cast iron. The composition of samples (primarily, their CE) and the variables
involved during the casting process (e.g., pouring temperature and solidification rate)
were determinants in the products obtained. Despite their differences, and considering the
commercial classification of the time, all four pieces occupy a lower position in terms of
quality. The use of low-quality pig iron for ships’ ballast is not unexpected, as white cast
iron ingots were easier to produce, cheaper, and heavier than those manufactured in grey
cast iron. Therefore, for ballasting purposes only, grey cast iron would have provided no
significant advantage over white cast iron.

While the composition of some ingots could eventually result in the attribution of
a specific provenance, it was not possible to establish a direct correspondence between the
analysed samples from Infatigable and the available records regarding the composition of
coeval cast iron ingots from different places [74] (pp. 234–235); [76] (pp. 275–279); [77]
(p. 63). However, the correspondence between the physicochemical characteristics of the
investigated samples and the classification and compositional quantitative data provided
by Turner [89] (pp. 212–213), even if not conclusive, suggests that the variability recorded in
samples from the wreck site can attest to the use of dissimilar raw materials (minerals, fuel)
and/or production in different foundries. As a step forward, the development of a broader
database seems a useful path for assessing regularities and laying the groundwork for
identifying possible compositional signatures.

6. Conclusions

The use of pig iron as ballast for ships is widely recorded by documentary sources
and archaeological evidence from the period. Notwithstanding their importance for the
stability and seaworthiness of naval and merchant vessels, with very rare exceptions, no
detailed examination of these common finds, either their macrostructural features or their
microstructural and compositional characteristics, has been undertaken to date.

In this paper, an analysis of pieces from the Chilean Navy barque Infatigable (1855)
was conducted, following an interdisciplinary approach to better understand the materials
used in an armed transport operating for a developing South American navy in the early
post-independence period. Furthermore, this research strategy allowed us to address
aspects related to mid-19th-century metallurgical practice, with a focus on the materials,
knowledge, and techniques associated with the production of pig iron.

A combination of LM, SEM-EDS, XRF, and IGF techniques provided a glimpse into
the different microstructures and compositions of the pieces. These data attest to the
use of heterogeneous raw materials, which were subjected to different solidification rates
after the molten metal was poured into moulds. This variability is also well reflected in
their dimensional features, especially if Ballast Nos. 1 to 3 are compared with Ballast No.
4. Available data may suggest, in this venue, that these ingots were made in different
production centres, but further analyses are needed to better assess this possibility.

The use of ingots with heterogeneous characteristics would not have been unusual
in the historical context of Infatigable (1855), given the ship’s original provenance, its
purpose/function, and supply constraints related to its operation in Chilean Patagonia and
the Magellan Strait, all of which could have led to several ballast loading and unloading
events. Extending this kind of study to other wreck sites of the period will provide not only
further specific data to better understand this largely neglected but significant component of
ships’ technology but also a more comprehensive panorama for addressing the production
processes and changes in iron foundries during industrialisation.
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