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Introduction

Rusting iron is synonymous with the
marine environment owing to the com-
bined effects of salts, moisture and oxy-
gen which rapidly corrode uncoated
metal. Iron recovered from historic ship-
wrecks corrodes at an elevated rate once

it has been removed from the sea-bed-

unless preventative conservation mea-
sures . are apphed v The -corrosion
mechanism for iron and its alloys bhas

been the subject of great controversy

owing to the broblcms associated with
delays between excavation and sub-
sequent apalysis.?

" Thanks to the pioneering work of Neil

-North at the WA Museum, the nature of

marife iron trapped under the protec-

tive'caleareous concretion layer has been

détefipined,® Further work on a variety
of shxpwrecks has shown that on-site
undérwater measurements of corrosion
potentials and the pH of the interfacial

‘regions'can provide a remarkable insight

into how-microbial and marine biologi-

| .cal.activity-and alloy composition affect
‘corrosion rates.

Recent ‘work ‘on the wreck of HMS
Sirius on ‘Norfolk Istand has led fo the
development of a corrosion model that
bas major xmphcanons for the manage-
ment. of our maritime archaeological
heritage.

Concretion Formation
and Iron Corrosion

The formation of marine concretions
on iron objects refers to the complex
series of physical and chemical changes
that ensue following the placement of an
uncoated iron ob;ect in the sea.?As iron

The au:hormeasurmg pH ana‘carrosxon potentials of ballast at the Sirius wrecksme
Photo: Pat Baker.

begins to corrode the metal has anodic
and cathodic areas on the one surface,
but this situation soon changes.

Dependent on the water depth, temp-
erature and .the season of the year,
marine organisms will rapidly colonise
the surface of the object and cause pliys-
ical separation of the anodic and
cathodic reactions. Within the space of a
few years the hard calcareous layers of
coralline algae, bryozoa and foramini-
fera wiil have reduced the corrosion rate
of iron by virtue of the physical barrier it
provides to dissolved oxygen..

The concretion also acts like a semi-
permeable membrane which results in
the increased concentrations of chloride
and hydrogen ions ‘at the surface adja- -
cent to the corroding metal (see figure
1). The major primiry corzosion product
is iron (I1).chloride (up to 0.6 MFe C1,)*
and the pH falls to typical values of 4.8,
though sometimes as low-as 4.2, as a
result of hydrolysis reactions such as. .
2FeCl+2H,0—
FeCl,.Fe(OH),+2H*+2C1~ (1)
Outsrde the concretion, the pH of sea
water is 8;2 # 0.2 and the dissolved oxy-
gen level s typically 78 ppm:.

Measurements of the conductivity of
iron concretions show that fréshly exca-
vated material will have resistance of the
order of 4,000Q across 2cm of marine
growth while dry concretions have very
low conductance. In the wet condition
the current is predominantly carried by
ionic species whereas in the dry state the
semi-conducting properties of secondary
corrosion products sach as magnetic and
iron-oxy hydroxides result in resistances
as high as 15MQ) across the same sample.

The thickness of the concretion layer
has 2 major infinence on the corrosion
" rate. On-site measurements of the corro-
sion.: potentxals vunderthe - coneretion
show that the 1 !ron is- oftcn in strongly

lts atpH4
hydrogea- evolution” pol
same pH{Hydrogen hias beeir i
a8 a. major component - ¢f 1l
released ‘when concretions ar
rated for the first time in centurigsi4 -~
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Figure 1: Schematic cross-section of a concreted corroded iron object in sea water.

Other gasés ‘included carbon dioxide
from CaCO, dissolution, and methane,
Since methanogenic bacteria are often
active in strongly reducing conditions it
was essential to determine if the CH, was
of inorganic or biological origin. Since

bacteria effectwely fractionate carbon |

isotopes in favour of 2C the isotope shift
(delta 3C) has values —55 to ~75ppt’
(relative to the standard limestone,
PDB) for bacterially produced methane.
The observed isotope shift was —4.7 ppt
which .showed . that the methane was
inorganically derived via reactions such
as :

CO,+4H,~~CH,+2H,0 2)

Inspection of the carbon Pourbaix
diagram® shows that methane is the ther-
modynamically stable form of carbon

under the lower portion of the range of
Eh and pH..

Corrosion and HMS Sirins

A-recent expedition to Norfolk Island
located and accurately surveyed the pos-
itions of 220 concreted lumps of iron bal-
last from the wreck of HMS Sirius. The
flagship of the First Fleet struck a reef
close to the shore and was wrecked while
unloading convicts and stores in 1790.

Since the pig iron ballast was scattered
over the site it provided the opportunity
to carry out a corrosion survey where
any differences in parameters would be
due to local conditions. Our measure-
ments ‘of the iron corrosion potential
(Eon) showed a considerable variation
with the range being —=0.290 < E,, <
~0.130 volts vs NHE at water tempera-
tures of 22:£1°C, The sahmt¥ of the site
was 35.7 parts per thousand.

The ballast pigs with the most corro-

sive E,,, values also had significantly -
lower pH values of 4.2 < pH < 4.6 than .

those normally encountered, ie, most
iron - concretions have 4.8 as the
minimum value of pH. The results of all
the measurements are shown on the iron
P;)urb'aix diagram for sea water (figure
2).

Inspection of the archacological site
plan showed that wrought iron anchors
and cast iron pigs in the shallower partof
the site (1-2 metres) generally had higher
E.ore values than those found in the
deeper part of the site at depths of 2-3
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metres. The pig with the lowest B,
value of ~—0.290 volt was recorded in the
lagoon area off the main wreck site
where it had been covered with half a
metre of sand.

By way of contrast the ballast (No, 21)
with the highest Eqat —0. 130 volts was
in 1.25 metres of watcr lymg on top of
several other pxgs whgre it was exposed
to maximum turbulence as the two metre
waves broke abovc ‘the inner part of the
wreck sxte duririg our measurements '

The.next most’ aggressive- -environ-
ment was. recorded by an isolated lump
of ballastlying proud of thie hard-calcare-
ous rock at a-depth of between-one-and
two metres. Closer inspection of the sur-
face showed that pits approximately Scm
in diameter.were found along the verti-
cal faces of the concretion.

Subsequent excavation showed that

the50kg cast fron block (initial weight)®

had been more extensively corroded
than the pig recovered from the lagoon.
The depressions were made by Wunna's,

the black long-spined sea urchins
Heliocidaris tuberculata (Lamarck, 1816)
which create a protective niche for them-
selves by burrowing into the cohcretions
which are approximately 20mm thick.

" Siige théSonretion providesa
ical and electrocl}cmxcal bartie;

reflects anincrease of 143 per Ceniin cor-
rosion rate,

Dcvelop’ment of Corrosion Model

Measurements of dissolved oxygen on
wreck sites™ around the Australian
coastline show little difference between
surface Jevels and those found at depths
upto 30 metres. There is aslightincrease
in oxygen concentration up to. depths of
approxxmately 50 metres which is due to
the pressure increase of one atmosphere
for every ten metres of depth.

The major factors.affecting solubility

of oxygen in sea water are the water
temperature and sali mty Since these

Factoxs affectmg water’ movement on
a wreck site ‘are ‘going t0 include the
height and period of the waves, the
water depth, prevaxlmg currents and the
turbulent ‘motion associated with the
rush of water as waves break and
respond to the profile of the sea bed and
the objects scattered across it.

George Creswell’ showed that

 because of the way in which the reef plat-

form falls away to deeper water, the
“Sirius” site is subject to the full force of
waves breaking over the inner part of the
wreck site. With water moving at speeds
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Figure 2: Pourbaix diagram for iron showing pH and corrosion potentials of iron

artefacts on the HMS Sirius wreck site.



of greater than Sms~* (10 knots) it is not
strprising that the inner ballast blocks
reflected a very corrosive environment

with high E,, and record low pH values.

It also explains why every object was not
measured —~ a typical wave shoves a
diver back and forwards a total distance
of 11 metres!’

Calculations of the formal reduction
potential for oxygen at pH 8.2 and 7 ppm
for the equation
0,+2H,0+4e"—40H" 3)
gives a potential of 0.546 volts. Since the
average E,.,, for the “Sirius” site is
—0.217 volts this represents an overvoi-
tage of 763mV for the-cathodic reaction
and 230mYV for the anodic oxidation of
pure iron to Fe?*. Under diffusion con-
trolled conditions the limiting current is
inversely proportional'® to the thickness
of the diffusion layer delta.

Increased water movement charac-
terises the site condifions in the shal-
lower part of the “Sirius” site and so the
greater corrosion rate and higher E,,
values are largely due to an increased

oxygen flux-and lower delta values.’

Ritchie et al also found that the corrosion
of iron in reduced ilmenite in 0.1M
NH Cl is also limited by the oxygen flux
to the corroding surface.”

The effect of water depth on corrosion
potentials can best be demonstrated by
comparing the E_,,, values for cast and
wrought iron objects from a variety of
shipwreck sites. Although the data is
confined at present to those sites off the
Western Australian coast they do show
some interesting trends, as shown in
figure 3. Inspection of the data shows a
linear dependence of E,, on water
depth for both types of concreted iron,
namely that E_,, becomes increasingly
negative with increased water depth.
This supports the model that the corro-
sion rate is largely determined by the
flux of dissolved oxygen. The relation-
ship between corrosion potentials and
depth are given by the equations for cast

iron (4) and wrought jron (5)
E o =—0.0203d —-0.167 @
E o= —0.0174d ~0.237 )

where d is the water depth in metres and
E . is the corrosion potential in volts vs
NHE. The error associated with the
slopes of the graphs (£0.0065) means
that the E ., for cast and wrought iron
objects show the same depth depen-
dance of 18.9+1.5mV per metre.

‘The more positive corrosion poten-

tials for cast iron is a reflection ¢f the
“enobling” effect of the carbon. Typical

values of 4 wt%-(16.24 mole %) carbon

in cast iron will result-in large propor-

artefacts at the various water depths
shownin ﬁgurc 3. Itshould be noted that
wrought iron is composed principally of
pure ferrite with strips of slag incorpo-

“to b “th
tions f‘}phases such s g %%l]ute ond | 0 egm consemng e ob_;g_m;;; situ.

rated into the structure during the
blacksmithing (bot working) manufac-
turing process. -

Corrosion. of cast iron results in |-

gradual removal of the iron-rich phases

. from the surface layers which. finally

leaves only graphite. The depth of corro-
sion or graphitisation is a measure of the
mean corrosion rate,* With the passage

 of decades and centuries the enhanced

corrosion rates due to warmer summer
sea temperatures and the lowered rates
in winter wil] tend to be averaged out.

The objects measured for depth of
corrosion came from similar tempera-
ture regimes with mean annual tempera-
tures ranging from 22 to 25°C.!2 There is
insufficient data at present to precisely
determine the effects of temperature on
long-term corrosion rate but one com-
pensating factor for lowered water
temperature is an increase in oxygen
solubility.

For example, at constant salinity of 36
ppt the solubility of oxygen increases
from 4.70 to 5.65 cm™] as the termpera-
ture falls from 25°C to 15°C.13 In order to
gain an average long-term corrosion rate
the depth of graphitisation is divided by
the number of years of immersion.
There is 2 linear relationship between
the logarithm of the annual mean depth
of graphitisation and on-site corrosion
potentials, viz,
log C=3.05 E,,y,—0.210 (®)

Where E,,, is the corrosion potential
in volts (vs NHE) and C is the corrosion
rate measured in mm/year of immersion.
One mm/year is eqivalent to a corrosion
current density of 86.1uA cm~2, Owing
to limited data base there is a significant
error associated with the slope of equa-
tion 6. Using the relationship between
E..., and the corrosion rate in mm/year,
a knowledge of the total depth of corro-
sion and the on-site corrosion potential
will enable estimation of the time since
the vessel was wrecked, ie, a potentially
new dating method for archaeological
iron objects!

Site Management

When an archaeologist is conducting a
site survey a knowledge of corrosion
potentials, water depth and wave action
can help in deciding which objécts to.
raise. For example, a cannon with a
lower E,, raised from a deeper part of
the site will be less corroded and as 2
result it will take less time and money to
properly conserve and place on display.
Ifitis planned to raise an object in the
future it is possible to attach sacrificial
anodes to prevent further corrosion and

' 'FeC12+2Fe0.OH+2e .->_
Fe,0,+2C1-+H;} = .. a
One year of pretreatment on the sea

bed helped stabilise the normally
amorphous corrosion products on an
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Figure 3: Water depth dependence of E_,,,
for wrought and cast iron objects on
wreck sites.

anchor from the “Sirius” so that when
the concretion layer was removed large
sections of the original wrought surface

. were still attached. To date this treat-

ment has produced the best preserved
anchor from a shipwreck — other
anchors from the same site that were not
pretreated had much greater surface
loss. This method of stabilising corrod-
ing iron can be applied to the common
problem of “concrete cancer” in rein-
forced concrete structures.
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