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ABSTRACT

Pewter, a tin-rich alloy, has been widely used for ornamental and utilitarian purposes for the last 400 years because it is
durable, relatively easily worked, resistant to corrosion, and similar to silver in appearance. Pewter plates and implements have
been recovered and examined from what is believed to be the wreck site of the Queen Anne's Revenge, flagship of the pirate
Blackbeard, that sank near Beaufort, North Carolinain 1718. All of the pewter artifacts from the site display a surface veneer of
corrosion products and may be viewed as experiments on tin corrosion that have been continuously in operation for more than 280
years. Mineralogical examination of the pewter samples has revealed that the corrosion products are composed of romarchite
(SnO), hydroromarchite [ SnzO,(OH),], and abhurite [ Snz; Cl16(OH)140g]. The corrosion generally developsin crudely concentric
layers, with an inner layer of abhurite in contact with the pewter; the overlying outer layers consist of romarchite and
hydroromarchite. Romarchite, hydroromarchite, and abhurite occur asirregular grains and laths up to 100 micrometersin length.
Abhurite also occurs as masses of equant grains with abundant small inclusions of residual pewter. Thermodynamic considera-
tions reveal that romarchite may be a metastable phase, and is present as the result of sluggish kinetics in the process of the
formation of cassiterite (SnO,), the most stable tin oxide in most natural environments. Observation and identification of these
phases will be useful in understanding the stability of tin in the weathering environment and the nature of the metal’s corrosion
products.

Keywords: romarchite, hydroromarchite, abhurite, tin oxide, pewter, corrosion, Queen Anne’s Revenge, Blackbeard, metd arti-
facts, North Carolina.

SOMMAIRE

L’ utilisation d' alliages d’ étain a été répandu au cours des 400 derniéres années dans | es applications ornamental es et utilitaires
a cause de leur durabilité, la facilité avec laquelle on peut les travailler, leur résistance a la corrosion, et leur ressemblance a
I"argent. Des assiettes et des outils en étain ont été récupérés et examinés d’ une épave qui serait celle du Queen Anne's Revenge,
navire major du pirate Blackbeard, qui afait naufrage prés de Beaufort, en Caroline du Nord en 1718. Tous les artéfacts en étain
provenant de ce site ont un placage de produits de corrosion; on peut ainsi les considérer comme témoins d’ une expérience en
corrosion de I’ étain qui dure depuis plus de 280 ans. Un examen minéral ogique de ces échantillons d’ étain arévél é la nature de
ces produits de corrosion: ils contiennent romarchite (SnO), hydroromarchite [ SnzO,(OH),], et abhurite [Sn,;Cl16(OH)140g]. La
corrosion se développe en général en couches a peu pres concentriques, avec une couche interne d’ abhurite en contact avec
I" étain; les couches externes contiennent romarchite et hydroromarchite. Romarchite, hydroromarchite, et abhurite se présentent
en grains irréguliers et en tablettes atteignant 100 wm en longueur. L’ abhurite se présente aussi en masses de grains
équidimensionnels avec de nombreuses petites inclusions de I’ étain original. D’ apres les considérations thermodynamiques, la
romarchite pourrait étre métastable, et serait présente a cause de la cinétique lente du processus de formation de la cassitérite
(SnOy), le produit d' oxydation le plus stable dans |a plupart des milieux naturels. L’ observation et I"identification de ces phases
seront utiles pour bien comprendre la stabilité de |’ é&ain dans des milieux de météorisation et la nature des produits de corrosion
de ce métal.
(Traduit par la Rédaction)

Mots-clés: romarchite, hydroromarchite, abhurite, oxyde d’ étain, étain, corrosion, Queen Anne's Revenge, Blackbeard, artéfacts
de métaux, Caroline du Nord.
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INTRODUCTION

For more than ten thousand years, humans have used
metals to create both utilitarian and ornamental imple-
ments. These implements now provide arich legacy of
artifactsranging from jewelry to tools and weapons that
provide insight into past cultures. Most metallic items
suffer some corrosion over time, usually as a result of
oxidationin air or water. Corrosion is nature’ sreclama-
tion of the pure metal s back into more stable phasesthat
are commonly similar to the ore minerals from which
the metalswere originaly refined. The corrosion phases
are often considered nuisances that form at the expense
of the underlying metal, destroying or obscuring sur-
face features. Although this may be true, the corrosion
phases are extremely beneficial in that they often pro-
vide protection, or passivation, for the artifact by form-
ing layersthat shield the remaining metal and thusretard
destruction. The corrosion layers can thus provide du-
rable, and in some cases impenetrable membranes that
protect the underlying metal from further interaction
with corrosive elements. The corrosion products that
form, oxides, hydroxides, carbonates, sulfides and sul-
fates, are dependent upon theinitial metals present and
the environmental conditions under which the artifacts
were buried or submerged. A study of corrosion phases
isvaluablein interpreting the underlying metallic mate-
rial and environment of corrosion, and may provide
valuable information for determining the best means of
preservation or restoration of the artifact. Wefocus here
on pewter artifacts recovered from the Queen Anne's
Revenge, which was destroyed in 1718 at Beaufort In-
let, North Carolina.

BACKGROUND INFORMATION

Pewter implements, made of atin-rich aloy, have
been used for more than 3,500 years. The earliest pew-
ter artifact, found in agrave, is attributed to the XV111th
Dynasty (1580-1350 B.C.) of Abydos, Egypt (Hatcher
& Barker 1974). Pewter was found to be durable, to be
relatively easily worked, to beresistant to corrosion, and
toresemblesilver in appearance; thereforeit waswidely
used and is commonly found in archeological sites. A
wide diversity of alloys are considered to fall under the
term “pewter”, al containing large amounts of tin and
varying amounts of lead, copper, antimony, zinc, bis-
muth or other hardening metals (Hatcher & Barker
1974). Traditionally, the corrosion materials that form
on pewter artifacts in seawater were assumed to be the
tin oxide cassiterite (SnO,) (North 1987), but recent
discoveries have contradicted this assumption. Organ &
Mandarino (1971) reported the discovery of corrosion
phases on a tin pannikin that had remained submerged
in fresh water at Boundary Falls, Winnipeg River,
Ontario, for approximately 150 years. On the basis of
X-ray powder-diffraction data, compared with those of
synthetic SnO and Sn3zO,(OH),, they characterized the
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two phases and proposed the mineral names romarchite
and hydroromarchite, respectively, for them. Their re-
port, unfortunately, consisted only of abrief abstract and
contained no illustrations. At the time of the present
study (much of it in the form of S. Dunkl€’ sthesis), the
report of Organ & Mandarino (1971) constituted the best
information available on these minerals. Subsequent to
completion of our study and submission of this manu-
script, Ramik et al. (2003) were able to complete their
study, which considerably expanded the information
available on romarchite and hydroromarchite. We were
pleased to delay final revision and return of this manu-
script so that the Ramik et al. (2003) paper could ap-
pear as a companion paper. Those authors have
uncovered alarger list of natural siteswhere romarchite
occurs than was known to us. We refer the reader to
their paper for additional data.

Chung et al. (1997) detected romarchite using X-ray
diffraction in an investigation of afilm of puretininair
and oxygen. They reported that SnO was the initial tin
phase to form by oxidation, but that it subsequently
transformed into SnO,. Williams et al. (1998) reported
X-ray-diffraction evidence for the presence of romar-
chitein black surface residue on ancient Chinese bronze
mirrors, but were unable to provide visual evidence.
Matzko et al. (1985) named and described the tin oxy-
hydroxychloride mineral abhurite [Snp;Cl16(OH)1406]
that had formed on tin ingots submerged in the Red Sea,
north of Jiddah, Saudi Arabiafor about 100 years. They
described the mineral asforming platy, fragile, six-sided
crystalsaveraging 1.5 mmin diameter. The crystal struc-
ture of synthetic equivalents of romarchite and
hydroromarchite has been refined respectively by abini-
tio calculations (Wilson et al. 1996) and Rietveld analy-
sis (Abrahams et al. 1996). Some additional localities
for the tin corrosion phase are given in Ramik et al.
(2003). The only reported illustrations of abhurite were
provided by Matzo et al. (1985), whereas romarchite
and hydroromarchite had never been illustrated in the
literature prior to this and the accompanying manuscript.
Hence, the nature and stability of tin corrosion minerals
are neither well documented nor understood; analysis
of pewter archeological artifacts may provide further
insight into corrosion processes and may prove useful
in archeological conservation.

SCoPE OF THE STUDY

In this paper, we report on the corrosion of pewter
artifactsrecovered from the wreck site of Queen Anne's
Revenge, flagship of the renowned pirate Blackbeard
(Lusardi 2000, Lawrence & Wilde-Ramsing 2001). The
ship was destroyed by wave action and storms after
becoming lodged on asand bar in Beaufort Inlet, North
Caroling, U.S.A. in June 1718 (Fig. 1). The wreck was
discovered during a magnetometer survey in 1996 after
hurricanes Bertha and Fran removed some of the sand
covering the remains. Many pewter artifacts have been
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Fic. 1. Map showing modern wreck site of the Queen Anne's Revenge (1718).
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recovered, including a syringe, a spoon and a number
of large plates and dishes (Fig. 2) (Craig et al. 2001).
This study, part of the first author’s thesis (Dunkle
2002), deals with the mineralogy and chemistry of the
corrosion products that have formed on the surfaces of
these artifacts.

Six samples were examined in this study (Table 1).
The sampleswere buried in offshorefine sands and silts
of coastal North Carolina for approximately 280 years.
The corrosion environment varied from oxidizing sea-
water conditions, as evidenced by the formation of ox-
ides and hydroxides, to sulfur-rich reducing conditions,
demonstrated by the presence of sulfide minerals (Craig
et al. 2001) and the preservation of organic matter, in-
cluding portions of the ship’s wooden hull (Lusardi
2000).

ANALYSIS OF SAMPLES

The specimens examined in this study were taken as
small but representative fragments (approximately 2 to
5 mm in length) of corroded material from pewter arti-
facts. The specimens were mounted in a cold-setting
EPOFIX epoxy; after hardening, these epoxy plugswere
ground and polished to expose a cross section of the
pewter artifact and corrosion products using methods
described in Craig & Vaughan (1994). Generd textural
examination was carried out using standard reflected-
light microscopy and a Camscan Il scanning electron
microscope (SEM); back-scattered electron images,
based upon differences in average atomic weight, were
found to be particularly useful in deciphering subtle tex-
tures. Individual phases were analyzed using a Cameca
SX-50 electron microprobe operated at an accelerating
voltage of 15 kV, abeam current of 20 nA, and abeam
diameter of 1 pm. These data were used not only to
determine the exact chemical makeup of the phases, but
also to create maps to examine the distribution of ele-
ments in the uncorroded metal. Limited X-ray powder-
diffraction data were collected using a Scintag
XDS2000 powder diffractometer.

TABLE 1. DESCRIPTION OF ARTIFACTS, ALLOYS AND
CORROSION PRODUCTS ON THE SIX PEWTER ARTIFACTS
FROM THE QUEEN ANNE'S REVENGE (1718)

Artifact summary Mirerals identified

Hydro-

Artifaet Type Alloying Abhurite  Romarchite

metals romarchite
271.000A plate Cu, Fe, As [ ] L] L]
350.001 chatger  Cu, Fe,Pb L] L]
351.001 charger Cy, Fe L] L]
128.000 charger Cu, Fe, As n ] ]
271.000B*  charger Cu, Fe
457.000 unknown Cu, Fe, Pb ] L] L]

* 'This sample had undergone cleaning, which apparently removed the encrusting
corrosion-induced layers. A corrosion chip from the same specimen (271.000A)
contained all three of the tin-corrosion minerals.
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ResuLTS

Optical and electron-microprobe analyses of the
uncorroded pewter reveal that most artifacts are com-
posed of nearly pure tin. Some samples, however, con-
tain small inclusionsthat are copper-rich (up to 21 wt.%
Cu; Fig. 3). Otherscontain small inclusionsthat areiron-
enriched (up to 20 wt.% Fe), or even consist of iron ar-
senide (equivalent to FeAs, westerfeldite). The copper
inclusions are irregular to lath-like and 1 to 30 wm
across, whereas the iron and iron arsenides display
subhedral to euhedral crystal formsand areup to 50 um
across. Trace amounts of lead were observed in two
samples. Results of spot analyses of theseinclusionsare
presented in Table 2. A bulk analysis of the pewter arti-
facts reveals an average composition of 96 to 98 % tin
(by weight), with nearly all of the remainder being
copper.

Crystals of tin corrosion minerals can be seen on the
surface of most pewter artifacts (Fig. 4). In cross-sec-
tion, it is apparent that the corrosion of pewter resultsin
the progressive development of enclosing zones of ox-
ide and hydroxide phases, asillustrated in Figure 5. Spot
analyses reveal the presence of three tin-oxide corro-
sion minerals: abhurite [Sny;Cl16(OH)140g], romarchite
(SnO) and hydroromarchite [Sn3zO0,(OH),] (Table 2).
The corrosion occurs in a concentric fashion from the
contact with the outside environment to the inner metal .
These corrosion layers vary from 10 pm to 2 mm in
thickness. Most commonly, the outer layer is made of
romarchite and hydroromarchite, whereas the inner
layer is abhurite. The romarchite and hydroromarchite
occur asirregular grainsor lathsup to 100 wm in length.
The abhurite occurs in massive layers (Fig. 5a) or in
thin plates (Fig. 5b). A tin sulfide mineral, believed to
be herzenbergite (SnS), was also observed in materia
from the shipwreck (Fig. 6) (Craig et al. 2001). This
mineral, observed on contents from inside the pewter
syringe, formed as the tin reacted with sulfur, most
likely present as a result of bacteria using sulfate as a
terminal acceptor of electrons in this reduced environ-
ment.

X-ray-diffraction analysis, using Ni-filtered CuKa
radiation, was attempted using ground-up material from
the surface of the pewter artifacts. The following spac-
ings, in A, of the reflections (and relative intensities)
were: 3.00 (10), 2.70(2.7), 1.80 (3.5), 1.61 (2) and 1.49
(1.6). These match the data for romarchite reported by
Organ & Mandarino (1971) and Ramik et al. (2003).
Subsequent to completion of our study, Andrew C. Rob-
erts of the Geological Survey of Canada kindly con-
ducted microdiffraction analysis of some samples of
pewter-corrosion products from Queen Anne’ s Revenge
artifacts and confirmed the presence of romarchite and
hydroromarchite.
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Fic. 3. Back-scattered-electron image of a polished surface of pewter from the Queen
Anne's Revenge (1718) (FN-340). The small, dark irregular blebs are areas of high
concentration of copper in amatrix of nearly puretin. Scale bar: 30 pm.

Fic. 4. Needles of romarchite (SnO) developed on the surface of a pewter charger (FN—
350). Thecrystalsare on the outermost surface of the corrosion products, approximately
0.5 mm away from what remains of the original pewter. Scale bar: 30 wm.
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TABLE 2. REPRESENTATIVE CHEMICAL COMPOSITION OF
TIN-CORROSION PHASES ON PEWTER ARTIFACTS
FROM THE QUEEN ANNE'S REVENGE (1718)

Pewter: tin matrix

Sn (&} As Cu Fe Pb Total
99.65 0.01 0.01 0.12 0.04 0.19 100.02
98.88 0.01 0.02 0.06 0.00 0.00 98.98
98.78 0.01 0.00 0.13 0.00 0.08 99.01
98.94 0.00 0.00 0.05 0.01 0.00 99.00
98.72 0.01 0.01 0.00 0.02 0.07 98.84
96.95 0.06 0.00 0.23 3.14 0.00 100.36

Pewter: inclusions in tin matrix

Sn Cl As Cu Fe Pb Total
90.07 0.03 0.02 0.08 12.08 0.02 102.29
83.23 0.01 0.01 0.24 20.04 0.00 103.53
83.52 0.01 0.01 0.19 19.83 0.01 103.57

4.69 0.02 53.56 0.07 42.79 0.00 101.13

1.41 0.01 56.10 0.04 45.63 0.15 103.65
70.81 0.48 0.27 21.43 0.07 0.28 93.33

Abhurite, Sn,, Cl,,(OH),,0,

Sn Cl As Cu Fe Pb O Subtotal H,O Total
74.65 1486 000 000 000 0.00 671 9622 378 10060
7536 1352 002 025 000 001 715 9612 375 9950
7353 1578 0035 004 0.02 000 638 9578 378 99.56
7467 13.90 001 007 0.05 000 69 9566 378 99.44
7526 13.28 0.02 009 0.04 0.03 709 9591 378 99.69
72.64 17.06 000 000 000 000 594 6565 378 09943
75.08 1329 0.05 003 000 000 715 9559 378 9937

Romarchite, SnO

Sn Cl As Cu Fe Pb o} Total
88.12 0.00 0.00 0.00 0.00 0.00 11.88 100.00
87.59 0.03 0.02 0.08 0.01 0.20 11.85 99.77
88.28 0.16 0.00 0.16 0.00 0.00 11.90 100.50
87.58 0.83 0.01 0.01 0.05 0.09 11.64 100.20
87.47 0.21 0.03 0.09 0.00 0.09 1178 99.67
87.03 0.21 0.00 0.56 0.00 0.08 11.83 99.71
89.39 0.18 0.00 0.01 0.01 0.00 12.02 101.61
87.80 0.17 0.00 0.14 0.08 0.00 11.86 100.05

Hydroromarchite, Sn,0,(OH),

Sn Cl As Cu Fe Pb O Subtotal H,0 Total
8436 000 0.00 000 000 0600 {137 9573 427 I00.00
8299 041 005 113 005 0.04 1141 9609 427 10036
8488 052 000 008 003 000 1135 968 427 101.13
8481 027 002 000 024 005 1145 9683 427 101.10
8495 039 000 017 005 000 1142 9697 427 10124
8228 027 000 054 005 000 11.18 9432 427 098359
8561 022 000 009 000 0.04 11352 9747 427 101.74

The analytical data were collected using a Cameca SX—50 electron microprobe
(reported in weight pereent).  Ideal elemental weight percents of constituents in the
mincrals are shown in italics. The weight percent of oxygen cannot be measured by
the clectron microprobe and is there fore based upon charge neutrality and the assumed
valence of the cations present in the mineral. Also, the ideal weight percent of H,0
is added to the hydrous minerals.

Discussion

The same corrosion mineralogy formed on all pew-
ter samples regardless of the concentration of copper,
iron and iron arsenide within the tin matrix, as long as
the artifact was corroding in oxidizing conditions (Fig.
3). We thus contend that romarchite, hydroromarchite
and abhurite form universally during tin corrosion in
seawater regardless of the composition of the origina
pewter artifact. Textural analysis using reflected light
microscopy and back-scattered el ectron images permits
a preliminary assessment to be made concerning the
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order of formation of tin-rich corrosion minerals
(Fig. 5). Abhurite generally occurs adjacent to the
uncorroded metal and still contains inclusions of
uncorroded tin within it; therefore it is most likely the
first corrosion-induced phase to form in seawater. Over
time, the abhurite seems to recrystallize to romarchite
and hydroromarchite upon loss of chlorine. Cassiterite,
previously believed to be the most common corrosion-
induced oxide minera of tin, was not unequivocally
confirmed on any of the Queen Anne’s Revenge (1718)
samples. The absence of cassiterite cannot be explained
thermodynamically, and therefore may be a result of
sluggish kinetics. The stability of tin oxides and dis-
solved tin species was discussed by Edwards et al.
(1992) and Séby et al. (2001). The Eh—pH conditions
present in seawater and marine sedimentsfall within the
stability field of cassiterite at a dissolved tin activity of
1071° (Fig. 7). Romarchite does not appear on the dia-
gram in Figure 8 because a solution does not become
saturated with Sn(OH).° species until an activity of dis-
solved tin of 107572 is reached at a pH between 4 and
9.7 (Fig. 9). Figure 9 illustrates that the Sn(OH),° field
shrinks with increased activity of dissolved tin at the
expense of the growing fields of SnO,, stable at higher
Eh, and SnP, stable at lower Eh. Our thermodynamic
calculations from data presented in Séby et al. (2001)
show that the Sn° field and the SnO,(s) field converge
at an activity of 1095, suggesting that romarchite is
stable over a range in activity of dissolved tin from
10573 t0 107559, It islikely that this range iswithin the
error of the data used to make these calculations. Al-
though the activity of dissolved tinisrarely high enough
for romarchite to form in the natural environment, it is
possible that within the pore spaces adjacent to a cor-
roding pewter artifact, these high activities could occur.
Because the stability range of romarchiteisso small and
the ambient conditions to which the samples were
exposed varied with time, it isquite possible that romar-
chite is athermodynamically stable phase. However, it
is possible to assume that it could form metastably and
persist during the 280 year interval that we are consid-
ering. If true, we expect that romarchite will eventually
recrystallizeto form cassiterite. Because romarchite has
never been observed in nature other than on corroded
tin materials, it is possible that metallic tinisarequired
precursor for its formation. The near-absence of native
tin in the natural environment suggests that human in-
tervention may be necessary for the formation of
romarchite.

CoNCLUSIONS

Pewter has been used to construct implements for
over 3,500 years and thus provides arich legacy of ar-
cheological artifacts. Pewter artifacts from the Queen
Anne's Revenge (1718) provide approximately 280-
year-long experiments revealing the metal’ sreaction to
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Fic. 6. Herzenbergite, SnS, formed within the pewter syringe. Scale bar: 10 pm.

SnOs,
SnO,*
-0.6 — f Sn(OH)°
Sn(0) Sn(OH)+
1.0 | T T T T T
0 2 4 6 8 10 12 14

pH

Fig.7. Thesystem Sn—O-H,0 at standard state with adissolved tin activity of 1071°(Séoy
et al. 2001). Dashed lines represent the stability field of water. The box represents the
areashown in Figure 9.

Fic. 5. Back-scattered-electron images of corrosion phases
on a polished cross section of pewter artifacts. The boxes
are areasrepresented inimages at higher magnification. (a)
FN—457, (b) FN-340.
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Fic.9. Expanded view of Sn(OH),° field from Figure 7. The contours represent the log of
the agueous tin activity. The shaded region is the stability field of Sn(OH),%at a dis-
solved tin activity of 107,
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corrosive elements and the nature of the corrosion min-
eralsthat result. Although the corrosion phases are nor-
mally viewed as a nuisance in the field of archeology,
they actually protect artifactsfrom further deterioration.
Their presence can also provide insight into the pro-
cesses of tin corrosion that cannot be determined accu-
rately in a normal time-frame in the laboratory. For
example, romarchite, little known before this study, has
been observed on every pewter artifact from thiswreck
site where the corrosion products were left intact.
Dunkle (2002) extended this study to artifactsfrom five
other shipwrecks on the eastern seaboard of North
Americaand the Caribbean Seato determine how wide-
spread the occurrence of romarchite is on corroding
pewter in seawater. Unpublished results suggest that
romarchite, hydroromarchite and abhurite are much
more widespread than previously believed. As moreis
learned about the nature of tin corrosion and metal oxi-
dation in general, the understanding of how these phases
serve as a buffer between the reduced metal and the
oxidizing natural environment can benefit not only ar-
cheologists in their quest to preserve the physica evi-
dence of our history, but may also have wider industrial
applications.
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