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The bydvodynamic and sedimentary processes at the seabed ave particulavly velevant vo wreck
formation processes. In conjunction with avchacological wovk in 1997, seismic and sediment
surveys weye undevtaken avound the wrech site of the H.M.S. Pandora (1791), on the eastern
edge of the Great Bavrier Reef, novthern Austvalia. Furthey, wave and cuvvent meteys weve
deplayed at the wrech site for @ one-month period in ovder to chavacterize the local hydrody-

AWML VEFIME,

At the Pandora wrech site, tides occur twice daily, and have a stronger ebb tide than flood.
The wreck is buvied in sediments dominated by the vemains of calcaveous algae and

foraminifera, and labovatory experiments on these sediments indicate that appreciable trans-
pore of sediment ocours at the site under the influence of layge spring tides. Sedimentation is
controlled by tidal and other unidivectional cuvvents, except duving majov stovm events when
waves become tmpoviant. Wrech disintegration can be consideved using a model which relates
the vate of wreck disintegration to sediment accumulation ov vemoval. It is likely that the Pan-

dora bas undergone seveval episodes of burial and exposuve, aithough fusthey evidence is ve-

gutved to establish long-tevm cycles.

Introduction

The earliest European navigation of the Great Barrier
Reef (GBR) by James Cook (ca. 1770} revealed the dan-
gers of a region strewn with extensive and uncharted coral
reefs. Captain Edward Edwards was to discover these dan-
gers when on 28 August 1791 his ship FLM.S. Pandora,
which had been commissioned to recapture the mutineers
of H.M.S. Bounty, ran aground on a submerged reef in
what is now known as the Pandora Entrance on the east-
ern edge of the GBR (F1G. 1). The Pandora sank the fol-
lowing day 2 ca. 30 m of water, at 11°22°S 143°59E,
where it remained undiscovered until 16 November 1977.
Because of its location in relatively deep waters, the Pan-
dova is one of Australia’s berter preserved shipwrecks and
extensive archaeological excavations have revealed details

of the British warship and of its travels to various Pacific is-
lands in the 18th century (Gesner 1991). Details are given
in various publications of the Queensland Museum (e.g.,
Gesner 1988, 1993) who were delegated responsibility for
excavation and documentation of the Pandora wreck.
Swong currents and large waves occur at the wreck site,
which must have played an important role in the mechan-
ical breakdown of the wreck and redistribution of wreck
material over the last 200 years.

Sedimentation and Wreck Disintegration

Most marine archaeological studies have used terrestri-
al analogies to determine the relationship between archae-
ological remains and their environment {e.g., Schiffer
1987}, but marine environments are often more complex
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Figure 1. Location map of H.M.S. Pandora, which was wrecked an the outer shelf of
the Great Barrier Reef in 1791, Inset shows the wreck situated between Pandora Reef
and West Reef. Little is known about wreck formation in this poorly surveyed envi-

ronment. {Spot depths in meters).

because of periodic and episodic sediment disturbance by
currents and waves. Gaining some understanding of the
genceral hydrodynamics and sedimentology around a wreck
site 1s important for archaeological understanding, partic-
ularly of wreck site formanon (Muckelroy 1978; Caston
1979). Wave and current data help assessment of dispersal
of material and the nacure of sedimentation, and an in-
creased number of site-specific studies of these physical as-
pects will gready improve our understanding of their im-
portance in wreck formation.

Within the sediments, complex biological and chemical
processes occur that may influence the preservation of or-
ganic and inorganic wreck components {Weier 1974; Gau-
tier, Kharaka, and Surdam 1985; Ferrari and Adams
19903}, and which themselves will be strongly influenced

by variations in sediment accumulation, transport, and re-
moval through ame. Ward, Larcombe, and Veth (1998,
1999) have recently argued that the primary control upon
wreck deterioration is the nature of sedimentaton, includ-
ing its temporal variation. The rate of wreck disintegration
may be considered in terms of relative sediment accumula-
tion or removal (FIG. 2). Overall, the process of wreck for-
mation is contnuous, but changes in sedimentation rate
will affect physical, biological, and chemical processes, so
that disintegration may occur at greatly varying rates over
time. Consequently, the life history and distribution of
wreck components may vary greatly across a wreck excava-
tion. Improved understanding of the depositional enwvi-
ronment provides a framework in which to better predice
the nature of the material preserved, and thus the most ef-
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Figure 2. Wreck disintegration (dD/dt) may be plorred against the rela-
tive sedimentation rate {dS/dc), which is a first order control on the
forces of degradation (physical, chemical, and biological). The combi-
nation of wreek deterioration with sedimentation gives rise to several
seenarios, which rarge from the extremes of 1) rapid rates of burial and
slow rates of deterioratian, resulting in a well-preserved wreck in sever-
al meters of sedimenc (top left); and 2) rapid rates of erosion and dete-
rioration, resulting in very little preservation on a hard exposed seabed
(botom right). The model js independent of time or scale, and is thus
applicable to the wreck as a whole or to individual components, and a
wide range of timescales (after Ward, Larcombe, and Veth 1999),

fective and least damaging ways to excavate. This paper de-
scribes the oceanographic and sedimentary processes that
influenced the disintegration of the Pandora wreck.

Site Setting

The Pandora Entrance (FIG. 1) 1s ca. 5.6 km wide and
20-73 m deep (Australia Pilor 1973), on the western side
of which a chain of reefs (ca. 10 miles long) form a fan that
chanpels tidal currents on and off the shelf (Carter and
Hooper 1993). The Pandora wreck lies in ca. 30 m of wa-
ter on a sg-sloping part of the Pandora Entrance, among
three small detached coral reefs, Pandora Reef, West Reef,
and Bombie Reef. Three sand cays lie to the sE and sw,
within 5 km of the wreck. The bathymetry of the outer-
GBR shelf is generally complex because of the presence of
coral reefs, banks of accumulated sediment {mainly the cal-
careous algae Halimeda), and erosional features (Orme,
Flood, and Sargent 1978; Orme and Salama 1988).

In the porthern GBR, currents are generally driven
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northward by the prevailing sE trade-winds in the months
from May to December (Flinders 1814), with irregular
currents frequently flowing southwards at other times of
the year, such as during the summer monsoon (Janu-
ary-April) when Nw or variable winds prevail. North of
10°S, wind-driven currents within a few kilometers of the
coast are blocked by a network of reefs, then driven south-
ward in deeper water adjacent to the reef (Wolanski and
Ruddick 1981). Superimposed on the seasonal currents are
tidal currents, forced from the Coral Sea. Sea-level] records
at Raine Island, 26 km south of the Pandora wreck sire,
show that the tides occur twice daily and mixed in nature,
ranging from 0.5 m to 2.7 m (Wolanski and Thompson
1984). Maximum flood speeds range from 50 cm to 130
cm (Wolanski and Thompson 1984) and are strongly in-
fluenced by reef topography (Burrage 1993).

During the summer, cyclones may develop in the Coral
Sea {Pickard et al. 1977) or in the Gulf of Carpentaria,
tending to move southward, or east across Cape York,
some regenerating in the Coral Sea (Hopley 1982). Ar
1078, there are abour 8 cyclones every 10 years (Lourenze
1981; Puotinen, Done, and Skelly 1997). Severe cyclones,
with wind gusts up to ca. 5§ m per second and storm
surges of ca. 1.6 m, occur about every 50 to 70 years
(Gagan, Chivas, and Herczeg 1990). The area of the Pan-
dora wreck may thus have been subject ta three or four se-
vere cyclones over the last 200 years, as well as more fre-
quent smaller systems. Cyclones are likely to have two ma-
jor ocecanographic effecrs in the area. Large waves cause
strang reversing currents near the bed, and large volumes
of ocean water may be forced onto and off the continencal
shelf because of wind shear at the water surface and raised
water level caused by the large reduction in atmospheric
pressure at the cyclone’s center. The results are reflected as
unidirectional currents lasting 1-2 days.

Methods
Oceanography

Measurements of current speed and direction were rak-
en over a monthly lunar cycle from 17 January to 24 Feb-
ruary 1997. A Woods Hole SEAPAC directional wave,
tide, and current gauge (fixed to a frame at a depth of 33
m) was deployed past south of West Reef (F16. 3). A ude
gauge was positioned off the anchor at the stern of the
wreck at ca. 16 m depth. In addition, two Interocean S4
current meters were positioned at the bow and stern of the
Pandora wreck (F1G. 3). The §4 at the bow (RAN1660)
was anchored 1 m off the secabed, and the one at the stern
{RAN1710} was anchored 3 m off the seabed.

An indication of regional winds was obtained from the
nearest offshore weather station at Coconut Island
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Figure 3. Bathymetric map of the area surrounding the Pandoya wreck site, obtained from
LADS imaging, showing location of seismic survey lines {Line O-P), sediment grab sites,
and, vibrocore site. {Spot depth in meters). Inser shows location of sediment grab sites and

current meter moorings within the wreck sire.

(10°3°S, 143°3 36 E), approximacely 150 km nw of Pan-
dora Entrance from the Bureau of Meteoralogy. In early
January at the Pandora wreck site, SE winds prevailed and
during the deployment of instruments winds came from
the NNw. Regional wind speeds average 4 m per second
but wind data recorded at the wreck site shows a general
decrease in wind speed from ca. 15 knots (7.5 m per sec-
ond) to ca. 5 knots (2.5 m per second) during the period
of instrument deployment.

Sedimentology

Following deployment of current and tide gauges, the
R.V. James Kirvby undertook scismic recordings and sedi-
ment collection surrounding the Pandora wreck site. Lines
O and P were run around the marked wreck site (F1G. 3).
A total of 19 grab samples were collected along these seis-
mic lines, and an additional 12 grab samples were taken by
divers from the Pacific Conguest at various sites ac the wreck
site itself. A single vibrocore (VC8) was obtained near the
wreck site.

Labovatory Analyses
GRAIN SIZE

Grab and vibrocore samples were analyzed for grain size
using the Malvern Mastersizer long-based laser particle siz-

er, after wet-sieving through a 1 mm sieve {procedure out-
lined in Woolfe and Michibayashi 1995). Sub-samples
were digested with 10% nitric acid to determine the pro-
portion of non-carbonate material. Mast samples com-
prised over 99% carbonate.

SEDIMENT TRANSPORT

We have no data on observations of movement of bed
sediment at the wreck, and no detailed measurement of
flow conditions at the seabed. Hence, to provide informa-
tion on the potential transport of bed sediment ac the
wreck site, a series of experiments were performed at James
Cook University to determine flow conditions at the bed
above which bedload transport occurs. Bedload transport
depends upon the shear stress imposed upon the bed
(Soulsby 1983), which can be calculated for the flume da-
ta and then applied to the field site. Samples of bed mate-
rial from the wreck site (ca. 3 kg) were placed at the base
of a glass-walled flume (3 m long, 0.10 m wide, water
depths up to 0.30 m), and subject to increasing current
speeds. For each speed, the vertical current profile was
measured and notes were taken of the extent of bed move-
ment. A laser Doppler current meter system (with
FLOware software) was used to measure 30-second aver-
age current speeds ac 10 mm depth intervals through the



Table 1. Summary of flume results.
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Exgpevivent  Shear velpeity Mean flow velocities

£y, (che pev secontd) (s per second) Nates on extent of bed mavement

L 0.61 0.14 Mosdy no movement, but fine sand grains
slide accasionally along the bed.

2 1.92 0.18 Mostly no movement, except occasional fine
sand grain is overtuened.

3 0.58 0.23 Less than 5% of grains are mobile, with,
aecasional fipe sand grains overturned, and
large grains are slightly imbricated.

4 0.49 0.26 Less than 5% of grains are mobile,
imbrication strong, with small bed defects
being generated, and few grains moving.

5 1.07 0.28 5-10% of the bed is mobile, bed gradually
becoming armored.

6 0.66-0.71 0.34 10-20% grain being rolled continucusly
{esp. the finer fraction), incipient saltation.

7 1.5-1.6 0.45 50% of the bed is fully mabile {mainly fine
fraction), scouring presenc, longirudinal
features and small bars.

3 3341 0.51 100% of grains are mabile, small bedforms

{< 10 mm high, 15¢ mm spacing, migration,

rate 180 mm per mioute}.

water column. Eight different speeds were used, with mean
flow velocities increasing from 0.14 m per second to 0.51
m per second (TABLE 1). Flow data were firted to the Von
Karman equation.! Results are given in Table 1.

Results
Tidal Elevations

The tidal curve from the SEAPAC current meter shows
that rides are semi-diurnal and asymmetric (FIGS. 44, 5A).
The curve may be described as a set of ewo tidal cycles, the
first flood and ebb tides of which have a greater range than
the second, and are hereafter referred ro as major and mi-
nor tides respectively. The tides show a neap tidal range of
ca. 1.0 m and a spring tidal range of ca. 2.0-2.25 m.

Currents

Data from the current meters indicate that during the
spring tidal period, currents are generally stronger and

1. Sediment transport at the seabed is dependent upon the vertical
gradient of increasing flow speed away from the bed, ie., shear in the
neat-bed flow. This shear can be represented as the shear velocity, U*,
whete 4 higher number means greater shear and thus greater sediment
transport. Our flow dara were fitted to an equation that describes flow
shear, the Von Karman equation. The shear velocity, U*, is given by:

K ( Ua-Ub

where k = Von Karmans constant {0.4). This requites a value for the
hydraulic “roughness” of the seabed, Z&. We have used a roughness
length of 4.3 em {Soulshy 1983},

rransient eddies may form. The fastest current recorded at
West Reef 15 the major flood (ca. 0.6 m per second) to the
NE {FIG. 4B), and the strongest flood recorded was 0.9 m
per second. These speeds are of the same order as observed
further south at Raine Island (Wolanski and Thompson
1984). Ebb tides flow dominantly sw to west and average
about 0.4 m per second during both spring and neap tides.

Qver the wreck site itself, divers have abserved that the
dominant flood cides flow ta the NE, but current measure-
ments taken near the seabed indicate that che strongest cur-
rents {ca. 0.4 m per second) flow to the south, and occur
at the beginning of the major ebb ude (F1c. sB). The
strongest ebb currents of 2.3 m per second and 1.0 m per
secand were recarded ar the stern of the wreck (FIG. sD).
Spring flood tides generally flow to the north or Nw, and
during the neap tides current speeds are much lower (ca.
0.2 m per second) and flow mare toward west (FIGS. §B,
sD}.

The complex current patterns are supported by diver
observations:

Eddies can be up to 100 m across but more commonly
abour 40 m, and they tend to move slowly around the site.
The currents on the site can be ruaning very rapidly on the
surface but can be quite workable on the bottom. The ther-
moclines can be as wide as 10 m apnd as narrow as 2 m.
There seems to be a warm bottom currene ar oimes with a
cold mid-column current and a warm surface current.
However, these will vary in size and over time (Peter Il-
lidge, personal communication 1997).
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Figure 5. Tide and current dara from the bow and stern of the Pandora wreck site for

the period of 17/1/97 to 13/2/97.
Werves

Current and wave patterns recorded within the wreck
site are summarized in Figure 6. South of West Reef
records show that wave direction is generally toward the
north or NE (consistent with south and SE prevailing
winds), where they are most likely refracted around West

Reef. Wave heighe varies with tide and wind direction and
ranges from 5 to 70 am, with maximum wave heights oc-
curring at the time of high tide (F1G. 4E}, with waves prop-
agating toward the north. The onset of greater wave
heights (FIG. 4E), NE propagating waves (FIG. 4G), and in-
crease in peak period (FIG. 4F), correlates with the onset of
SE trades around 30 January (Julian day 30). During the
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Figure 6. Summary of current and wave data,

month of instrument deployment, peak period generally

increases (FIG. 4F), showing an apparent inverse relation-
ship to wind conditions, The highest peak period (ca. 16
sec} occurs toward the end of the period of deployment
with the arrival of storm waves from the southern Coral
Sea.

Sediments and Geophysics

Seismic surveys around the Pandora wreck site (FI1G. 7)
show similar characteristics to more regional parts (Ward
1998). A prominent sub-bottom reflector (interprered as
Reflector A clsewhere) occurs around the Pandora wreck
site. The surface boundary is generally sharp with an indis-
tinct, discontinuous parallel sub-botrom reflector (Reflec-
tor A) that outlines a sea-floor with considerable relief {ca.
-5 to -120 m). This reflector probably outlines the hard-
bottom reef platform, which is overlain by a thin veneer of
acoustically transparent sediment in much of the area. Else-
where, the hard-bottom is overlain by banks of acoustical-
ly ransparent sediment which probably comprise Halime-
da sediment debris. Halimeda is a genus of calcareous
green seaweed found throughout the tropics, the plate-like
“leaves” of which may form major sediment deposits of the
outer shelf of the Great Barrier Reef (Orme and Salama
1988)

SEDIMENT DESCRIPTION

Observations from divers suggest Haltmda sediment is
thickest on the sE side of the wreck near Pandora Reef, and
is rare on the NW side near West Reef. Microscopic analy-
sis of the sediment around the wreck site indicates that the

sand is composed of pieces of coral and echinoderm debris
(including Lunillear sp.), calcareous algae, small bivalves,
some gastropods, ostracoda, and foraminifera (including
Alveolinelln sp., Amphisogina sp., Marginopora sp., Textulay-
ia sp., and Scaphodia sp.). Grab sites G6, G7, G10, G11,
and G14 comprised pebble-sized reef rubble (including
coral, Bryazoa sp., Halimeda sp., and Foramintfera sp.),
with virtually no sand.

Up to 60% of the sediment fraction is greater than 1
mm in size, dominantly of Halimeda debris. Halimeda ma-
terial is not obvious in the size fraction less than 1 mm, and
results from the laser sizer indicate that the sediment is uni-
modal and well-sorted. The modal size of the less than 1
mm sediment fraction around the wreck site is less than
620 um, mostly of foramuniferal and coralgal debris, and
further south, near Moulter Cay, modal grain size increas-
es up to 800 um (F1G. 8), probably related to greater ex-
posure to waves. At the Pandora wreck site itself, the modal
grain size is larger near both Pandora and West reefs. The
modal grain size is also relatively coarse within scour marks
associated with larger objects around the wreck such as the
oven and the obelisk (F1G. 1), and within scour-pits on
West Reef, indicating some in sicu rcworkmg of sediment
around the Pandora wreck.

In the vibrocore taken adjacent to the wreck site (VC8),
grain size decreases from carbonate gravel to coarse-sand
downcore, with coral rubble at the base of the 30 cm long
core. The modal size of the less than 1 mm fraction, how-
ever, is constant with depth (ca. 500 sm). There is a clear
color change downcore from white to yellow, probably re-
lated to the development of anoxic conditions.
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Figure 7. Simplified seismic prafiles around the Pandova wreck site (track lines on Figure 3), wich loca-
tions of grab (G} and vibrocare (VC) sites. Note the sharp changes in bathymertry and bottom gype.

MINERALOGY

Petrographic studies of undigested (carbonate-free) and
digested (10% HNO3;) sediment samples indicate that the
sediment is composed of carbonate (aragonite and calcite),
quartz, heavy minerals, and pyroxene. X-ray diffraction
analyses indicate that the carbonate component, which
makes up over 99% of the total, comprises aragonite and
calcite. The non-carbonate component js composed of
quartz and pyroxenes (augite, ferrosilite), which may be
volcanically-derived {Okubo and Woolfe 1995); and heavy
minerals including authigenic pyrite (FeS). Visually, the
greatest amount of pyritic materia} is observed in the exca-
vated sediment samples (G21), and previously buried glass
decanters, and indicates increasing anoxic conditions with

depth.
Discussion

Sediment Stratigvaphy

Evidence from sediment cores indicates that the low-re-
lief transparent seismic facies (FIG. 7} that surrounds the
Pandora wreck (Carter and Hooper 1993) represents Hal-
imedn-dominated sediment. The acoustic characteristics
are prabably indicative of natural carbonate sand, contain-

ing little or no wreck debris. Regionally, calcareous re-
mains of Halimedn (H. hedevacea and H. copiosa} and
foraminifera (Mawginopora and Alveolinelln) probably make
up to 98% of the surficial sediments (Blakeway 1991).

The strong seismic reflector {Reflector A) has previous-
ly been interpreted as part of the Pleistocene carbonate reef
platform thar extends from the mid-shelf, or a hard layer
within the Holocene facies (Searle et al. 1981; Johnson,
Searle, and Hopley 1982; Carter and Hooper 1993; Har-
ris 1994). It remains to be determined whether the Pando-
ra wreck actually rests on Reflector A, and if so, whether
the wreck has scoured down to the hard bottom since
1791, or if the hard bottom was exposed at the time of the
wreck, and Halimeda sediments have subsequently accu-
mulated around it.

Sediment Transport

The numerous reefs forming the Pandora Entrance pro-
tect the Pandora wreck from waves generated in the GBR,
and strongly influence local currents. The correlation of
maximum measured wave heights (ca. 70 cm) with high
tide, suggests that water depths over the shallow reefs in-
fluence the local wave regime. The broad correlation of
long-period ocean swell {period ca. 15 sec) with the SE
trade winds indicates that the wreck site is open to region-
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al waves generated further south in the Coral Sea. The
wave regime at the Pandora wreck site thus may vary be-
tween one of dominant wind waves or ocean swell waves,
according to the prevailing wind.

Currents around the Pandora wreck site have a tidal pe-
riod, but are also influenced by the local reef morphology,
with transient eddies probably shed off reefs during peak
tidal flows. The superposition of large waves and currents
will enhance sediment transport. Our laboratory experi-
ments indicate that appreciable bedload transport occurs
when shear velocity (represented by the notational symbol
U*) exceeds ca. 0.6-1.0 cm per second. By converting our
cutrent data from the wreck site into shear velocity near the
bed (B1G. 4C}, we can infer that much of the bed is mobile
under the influence of large spring tides, independent of
waves. The episodic eddies that pass through the site are
likely to move appreciable amounts of bed material, al-
though for short periods.

The distribution of the finest sediment fractuon in shel-
tered parts, such as arcund the Pandora wreck, indicates
that the regional accumulation transport of sediment is
probably mainly controlled by waves. Sheltered from wave
action, sediment transport within the wreck site will main-
ly be cantrolled by currents, except when long-period swell
waves come from the south, such as may occur during ma-

jor storm events. Within the wreck area, there is likely to
be Jocalized burial and exposure of wreck parts through
scouring,

From their seismic surveys, Carter and Hoaper (1993)
concluded that the majority of wreck debris occurs dose to
the eastern edge of the site on the starboard side of the ves-
sel. This was confirmed by subsequent excavations (Gesner
1993}. During our observation period, the strongest cur-
rent flowed towards the south, and thus, if such currents
have dominated since burral, it appears likely that the ob-
served debris probably fell from the vessel when it first
sank, rather than having subsequently been transported
there by tidal currents. Lighter material may have been
transported outside and south of the surveyed area.

In addition to vertical accumulation, consideration
should also be made for lateral movement of sediment
across a wreck site. Estimating a threshold velocity of 54
cm per second for biogenic carbonate (mean size 610 um)
Harris (1991) calculated the lateral movement of bed-
forms in the Torres Strait at 0.13 m per day. This thresh-
old velocity is of similar magnitude for Halimeda sediment
around the Pandora wreck site. Thus over the last 200
years, similar bedforms could have migrated a distance of
over 9 km, a distance much greater than the extent of the
wreck. Previous seismic surveys of the wreck site indicate



that the surficial sediment layer exhibits a relief of 1-2 m
across sediment dunes (Carter and Hooper 1993). If the
presence of the dunes can be confirmed by sediment sur-
veys, then this may be evidence of active sedimentation
acrass the wreck site. The implications for the wreck site
are that there may have been many phases of exposure
{oxygenation) and (re-)burial as the dunes migrated. Dune
migration is likely to accur mostly with strong unidirec-
tional currents (spring tides, eddies, or storm-driven cur-
rents). The depth of disturbance by the movement of small
bedforms is likely to be less than a decimeter. The return
period or frequency of such currents is therefore important
to the rate of sediment transport and dune migration
{TABLE 2), and consequently to the rate of wreck disinte-
gration by physical, chemical, and biological means (TABLE
3). Anoxic conditions may become re-established within
periods of days or weeks.

Around the wreck site, Halimeda plates make up most
of the greater than 1 mm fraction, and probably represent
the accumulation of debris transported from Halimeda
banks near the wreck site, e.g., behind West Reef (G8 and
VC8) and NE of Pandora Reef (G13) (F1G. 7). Assuming
the strong sub-bottom seismic reflector ar the wreck site
represents the Pleistocene-Holocene boundary (ca. 10,000
b.p.}, a sediment thickness of 2—4 m over the wreck gives a
time-averaged Holocene sediment accumulation rate of ca.
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0.03 mm per year. Sedimentation is not constant, howev-
er, and episodic events such as storms may induce erosion
or accumulation of sediments ar the wreck site.

Implications for Wreck Disintegration

Physical, biological, and chemical variables act together
in wreck deterioration, but the primary control is the pa-
ture of sedimentation. The major environmental processes
operating at a wreck site can each depend upon whether
the seabed is eroding or is accumulating sediment, through
the effects on the physicochemical conditions of the sedi-
ment, and the suitability for habitation (TABLE 3}. As the
wreck deteriorates, its physical influence on the environ-
ment (and vice versa) will decrease bur the sediment con-
ditions may have been completely altered by the presence
of breakdown products of biochemical and chemical
processes.

The color change observed downcore in the Halimeda-
dominated sediments (VC8) is probably related to the de-
velopment of anoxic conditions, which develop when the
rate of organic matter supply and sedimentation exceeds
the rate of its decomposition via aerobic bacteria (Curtis
1987). Micro-biological studies around the Pandora wreck
site have confirmed that suffate reduction occurs at the sur-
face and down into the sediments, and sulfate reduction
decreases with increasing distance from the wreck (Guthrie

Table 2. Characteristics of the main hydrodynamic processes that influence sediment

transport at the Pandora wreck site.

Pracers Recurrence interval G 2
Eddies Days to fortnights Local burial, scouring
{rapid)
Large spring rides Fortnights Lacal sediment transport
{movement of dunes?)
Shelf waves (associated Weeks to months (but Regional sediment
with low pressure systerns} concentrated in wet transport {movement of
season) dunes?)
Waves Monthly, seasonally, Long-term enhancemerit of
storms current-driven bedload
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Table 3. Some examples of the influence of relative sedimentation on physical, chemical,

and brological processes.

Relative Phiysical Bualogical Chensical
sedimientation processer frracesies proceses
Accumulacion Compaction Elevation of Anaoxic conditions
biostratigraphic layer
Sulphate- and methane- Reduced corrasion
reducing bacteria
dominant
Erosion Increased exposure Remaval of Oxic conditions

o waves and
currents

Abrasion by maoving
grains

biostratigraphic layer

Oxidizing bacteria
dominant

Locreased earrosion
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et al. 1994). The conversion of dissolved H,S to pyrite
(FeS,), organic sulfur, or elemental sulfur complexes is
suggested from this and other studies (Guthrie et al.
1994}, and has significant implications for the formation
of acid-sulfate sediments. Resuspension of sediments such
as during excavation allows oxidation and neutralizauon of
sediments by seawater, and oxidation of sulfides to sulfuric
acid, which may temporarily advance degradation of the
artifacts and hull of a wreck. Sediment resuspension may
also oceur during major storms, which may promote oxi-
dation of sulfides, but it is likely that only the upper few
centimeters are mobilized, and the system may be buffered
to some extent by seawater and the carbonate-rich sedi-
ments. In contrast, the depth of archacological excavation
is significantly greater, with great potential impacts on
metal and pnon-metal companents from the resultant acid-
rich water between the grains wichin the sediment column.

Conclusion

Despite some initial and ongoing studies, the environ-
ment of the Pandora wreck on the ourer-shelf of the GBR
remains pootly understood. Preliminary data presenred in-
dicate that currents and waves at the wreck site are influ-
enced by the surrounding reef morphology. Tides are semi-
diurnal and asymmetric, with a stronger ebb than flood,
and transient very fast eddies form around reefs mainly on
the dominant ebb tide. Wave direcrion is generally north
or NE, and wave height varies with tide and wind direction.
Sediments around the wreck comprise a coarse fraction
dominated by Halimeda debris and a finer fracrion (less
than 1 mm) dominated by foraminiferal material. Limited
grain size data of the finer fraction indicate that regional
sedimentation is probably controlled by waves. In the
more sheltered wreck site, sediment transport is influenced
mainly by currents, particularly under the influence of
large spring tides when shear velocity exceeds ca. 0.6-1.0
cm per second. High resolution records of wave and cur-
rent data, combined with seabed observations would allow
a more accurate prediction of the movement of sediment,
for example, during high energy periods. More detailed
seismic and sediment surveys on and around the wreck area
would help determine whether sedimentation is source- or
transport-controlled.

The rate of sedimentation and wreck disintegration is
intimacely linked to the return frequency and magnitude of
various hydrodynamic processes. In addition, wreck disin-
tegration is enhanced by the shortterm and localized in-
tensive excavation (e.g., Guthrie et al. 1996 on the Pando-
ra), the effects of which contrast with the broader effects of
storm events in this region. The life history and preserva-
tion of the Pandora, and other wrecks, can be better de-

scribed and predicted from an understanding of the sedi-
mentary processes that operate in the depositional envi-
ronment.

Acknowledgments

We thank the crew of the RV, James Kirby, and Kevin
Hooper who assisted with fieldwork at the Pandora wreck
site. Peter Illidge and the diving team of the Pacific Con-
guest deployed and retrieved the current meters, wich the
assistance and goodwill of Peter Gesner and Michael St.
James. We thank James Delgado and an anonymous refer-
ee for their positive comments.

Ingvid A. K. Wavd is a graduate student ar James Cook Uni-
vevsizy. This wavk forms part of hey MLA. degree and hev other
publications addvess the geochemistry of marvine sedvmentary
envivonments. Mailing address: School of Earth Sciences,
James Cook University, Townsville, Queensland 4811, Aus-
tralia.

Piers Lavcombe is curvently an Australian Research Fellow,
with publications in a vaviety of sedimentological fields includ-
ing sediment transport, marine geology and sea-level change.

Richard Bvinkman ts an expevimental Scientist at the
Austvalian Institute for Mavine Science. His curvent veseavch
activities include modelling of littoral processes and wave dy-
Hamics.

Robert M. Carter is a professor of Eavth Sciences, and cuv-
vently a holdey of a prestigions Special Investigatoy Award
from the Austvalian Reseavch Council. His work has included
pateontology and the sedimentary effect of sea-level changes,
presently focusing on paleoceanography.

Ausrralia Piloc
1973 East Coast of Austvalia from Outer Novth Head to Cape Yovk.
Vol. 3. Sixth edition. Taunton, U. K.: Hydregrapher of the
Navy.
Blakeway, David
1991 “Sedirnentary Sources and Pracesses in Ourer Shelf, Slope
and Submarine Canyen Environments, Northern Ribben
Reefs, Great Barrier Reef, Australia™ Unpublished honors
thesis, James Cook University, Townsville.,

Burrage, Derek M.
1993 “Coral Sea Currents,” Corellr 17: 135-145.

Carter, Robert M., and Kevin Hooper
1993 “Shallow Seismic Survey of Pandora Wreck Site)” unpub-
lished report for Queensland Museum.,

Caston, F. G.
1979 “Wreck Marks: Indicators of Net Sand Transport,® Marine
Geolagy 33: 193-204.

Curtis, C. D.
1987 “Inorganic Geochemistry and Perroleum Exploration]’ Ad-
vances in Petvolesn Geochemistry 2: 92-139.



Ferrari, Ben, and Jon Adams
1990 “Biogenic Modifications of Marine Sediments and Their
Influence on Archacolagical Material) International Jour-
nal of Nautical Avchaeology and Undevwater Explovation 19
13%-151.

Flinders, Matthew
1814 A Voyage to Terva Australis. London: G. and W. Nicol.

Gagan, Michael K., Alan R. Chivas, and L. Herczeg
1990 “Shelf-wide Erosion, Deposition, and Suspended Sedi-
ment Transport During Cyclone Winifred, Central Great
Barrier Reef, Australia” Journal of Sedimencary Petrolgy 60:
456—470.

Gautier, Donald L., Yousif K. Kharaka, and Ronald C. Surdam
1985 “Relacionship of Organic Matter and Mineral Diagenesis,”
SEPM Shost Couvse Notes No. 17. Tulsa, OK: SEPM.

Gesner, Perer
1988 “The Pandova Project: Reviewing Genesis and Rarionale”
Bulletin Asstealion Ingtivute of Mavitime Avchaeolagy 12:
17-36.

1991 H.M.S. Pandora, an Avchaeolggical Pevspective. Brisbane:
Queensland Museum Press.

1993 “Managing Pandora’s Box, the 1993 Expedition]’ Bulletin
Austvalian Institute of Marine Avchasology 17 7-10.

Guthrie, Jodie N, Linda L. Blackall, David . W. Moriarty, and Peter
Gesner
1994 “Wrecks and Marine Microbiology: Case Smady from the
Pandora Builetin Australian Ingtitute of Mavitime Avchaegl-
agy 18: 19-24.

Guthrie, Jodie N., Linda L. Blackall, David J. W. Moriarty, and Peter
D. Nichols
1996 “Decompasers of Shipwreck H. M. S. Pandora,” Microbiol-
oy Awstralin 17 17.

Harris, Peter T.

1991 “Reversal of Subtidal Dune Asymmetries Caused by Sea-
sonally Reversing Wind-Driven Currencs in Torres Serait,
Northeascern Australia) Continental Shelf Research 11
655-662.

1994 “Incised Valleys and Backstepping Delraic Deposies 1n
Foreland-basin Setring, Totres Strair and Gulf of Papua,
Australial SEPM Special Publication 51: 97-108.

Hopley, David
1982 The Geomorphology of the Great Bayvier Reef: Quaternary De-
velapment of Coval Reefs. New York: John Wiley and Sons.

Johnson, David I, David E. Searle, and David Hopley
1982 “Positive Relief Over Buried Post-glacial Channels, Great
Barrier Reef Province, Continental Shelf, Australia) Ma-
rine Geglogy 46: 149-159.

Lourenze, B. §.
1981 Twopical Cyclones tn the Australia Region July 1909 to June
1980. Canberra: Australian Government Publishing Ser-
vice.

Muckelray, Keich
1978 Maritime Avchasolggy. New York: Cambridge University
Press.

Okubo, Chris, and Ken Woolfe
1995 “As Much as 90% of the Terrigenous Sediment Reaching
the Quter Reef Is Volcanic” in Piers Larcombe and Ken
Waolfe, eds., Great Bawvier Reef: Tervigenous Sedimment Flux

Journal of Field Avchacology/Vol. 24, 1999 53

and Human Impaces. Townsville: CRC Reef Research Cen-
tre, Research Symposium Proceedings, 107-110.
Orme, Richard G., and M. §. Salama
1988 “Form and Seismic Stratigraphy of Halimeda Banks in Part
of the Northern Grear Barrier Reef Province,” Cosal Reefs
6:131-137.

Orme, Richard G., Peter G. Flood, and Graham Sargent
1978 “Sedimentation Trends in the Lee of Queer (Ribbon})
Reefs, Nocthern Greae Barrier Reef Province,' Philosophical
Transactions of the Royal Society of London A 291: 85-89.

Pickard, George L., Jean-René Donguy, Christian Henin, and Fran-
cois Rougerie
1977 A Review of the Physical Oceanography of tite Grear Bayvier
Reef and Western Coval Sea. AIMS Monograph Sevies. Vol. 2.
Canberra: Australian Instimute of Marine Science.

Puctinen, Majeta L., Terry . Done, and Chris W, Skelly
1997 An Atlas of Tropical Cyclones in the Great Bavvier Reef Region:
1969-1977. CRC Reef Reseavch Centve Techwical Repovr 19,
Townsville: CRC Reef Research Centre.
Schiffer, Michael B.
1987 Formation Processes of the Avchasological Recovd. Albu-
querque: University of New Mexico Press.

Searle, David E., Nicholas Harvey, David Hopley, and David .
Johnson

1981 “Significance of Results of Shallow Seismic Research in the
Grear Barrier Reef Province Berween 16°L0°S and
20°05°8) Proceedings of the 4th Imtevnational Coval Reef
Congress, Manils 1: 139-144.

Soulsby, Richard L.

1983 “The Botrom Boundary Layer of Shelf Seas” in B. Johns,
ed., Physieal Oceanagraphy of Constal and Shelf Seas. Amster-
dam: Elsevier, 189-266.

Ward, Ingrid A. K.

1998 “Sedimentary History of the Pandora Wreck and Sur-
rounds.” Unpublished Masters thesis, James Cook Univer-
sity, Townsville.

Ward, Ingrid A. K., Piers Larcombe, and Peter Vech

1998 “Towards New Process-orientared Models for Describing
Wreck Disintegration: An Example Using the Pandsra
Wreck,” Bulletin Australian Institute of Maritime Avchacolo-
Ay 22: 109-114.

1999 “A New Process-based Model for Wreck Sice Formation,”
Jouvnal of Avchaeolggical Science 26: 561-570.
Weier, Lucy
1674 “The Disintegration of Inorganic Materials Under che Sea)
Bulletin of the Institute of Mavitime Awchasolagy 11:
131-163.

Wolanski, Eric, and Barry Ruddick
1981 “Water Crreulation and Shelf Waves in the Northern Great
Barrier Reef Lagoon, Australian Jowrnal of Mavine and
Fresinpater Research 32 721-740.

Wolanski, Eric, and Richard Thompson
1984 “Wind-driven Circulation on the Northern Grear Barrier
Reef Continental Shelf in Summer,” Eauarine, Coastal, Shelf
Science 18: 271-289.
Waoalfe, Ken [, and Katsu Michibayashi
1995 ““Basic’ Entropy Grouping of Laser-derived Grain-size Da-
ta: an Example from the Great Barrier Reef]® Computers and
Geosciences 21: 447462,



