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Introduction
The discovery and subsequent investigation of shipwrecks with cultural and historic value,
particularly those in energetic settings, often leads to a site management dilemma – whether to
preserve artifacts in-place or remove them to a more secure location. Ramifications of a decision to
recover all of the artifacts may include enormous space and revenue needs, and possibly shorten the
time period available for ‘undisturbed’ site investigation. On the other hand, leaving the artifacts inplace may ultimately lead to the destruction of the site and artifact disintegration by anthropogenic
(e.g. trawling) or natural causes. The difficulty of this decision is often compounded due to a poor
understanding of what physical conditions the site may be exposed to in the future and what
conditions have prevailed in the past. This introduction presents an empirical model, designed to
predict scour and burial of shipwreck artifacts, and describes an observational approach that provides
boundary conditions for the model and sheds light on the physical conditions a wreck site may have
been exposed to in the past. We do not explicitly address wreck disintegration resulting from
biological, chemical, and physical factors. Instead, a generalized approach to site management is
proposed that is based on a concept of scour-related exposure as a function of energy (waves and
currents) and geology. This approach is designed for the onset of an investigation where the results
pertaining to exposure or burial of the wreck site may then be applied to object-specific wreck
disintegration models (e.g. Ward et al., 1999), and remain widely applicable to maritime artifacts in
many shallow, marine settings.
The discovery of an early eighteenth-century shipwreck, archaeological site 31CR314, near
Beaufort Inlet, North Carolina, and believed to be the pirate Blackbeard’s flagship Queen Anne’s
Revenge (QAR), offered an incredible opportunity to examine the long-term fate of artifacts in an
energetic setting where the wreck was frequently exposed by storms and a historically migrating tidal
inlet. Observations at the wreck site were used as the case study in which much of the model and
observational approach were developed. The experimental design of this study was such that the
actual identity of the vessel was not important. Key variables pertinent to the findings of this work
are the approximate size, draft, and date of loss (or length of time on the seafloor) all of which are
undisputed.
After their initial assessment in 1997 and 1998, archaeologists reported vessel remains at the
wreck site were confined to an area approximately 50 meter (m) x 25 meter (m). A preliminary
analysis of datable artifacts placed the vessel’s loss in the first quarter of the eighteenth century
(Wilde-Ramsing and Lusardi 1999). Based on hull timber dimensions and anchor sizes the remains
represented about a 250 - ton ship with an expected depth of approximately 3.7 m (Moore 1999).
These findings coincide with historical evidence reported about the nature and loss of Queen Anne’s
Revenge a three-mast ship of 200 to 300 tons, which “ran aground” while attempting to enter Beaufort
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Inlet in 1718 (Moore 1997). The initial question posed to marine geologists was, ‘Is it feasible to
expect, after nearly three centuries that the remains of a grounded vessel of this description could
now rest in 7 m of water and exhibit relatively little horizontal dispersion?’
Reconstruction of depths at the time of sinking from historical charts near the location of the
shipwreck further corroborate the idea that the vessel ran aground or sank in relatively shallow water
(~3-4 m) and did not simply sink in water depths comparable to modern conditions. Archaeological
evidence such as the proximity of objects that were likely cast off at the time of grounding (e.g.
deployed anchors, cannons) or spilled when the hull opened indicate that the wreck has remained in
the same location since the initial grounding. Collectively, these findings suggest that the numerous
and varying-sized artifacts scattered around the debris field have settled through approximately 3.5 m
of substrate. Interestingly, from the perspective of this work, all of the artifacts appear to rest on the
same depth horizon (within 50 centimeter [cm]), although the largest pieces are typically more
exposed above the seafloor surface.
The wreck site entails a large rubble mound measuring approximately five by ten meters
horizontally that includes the lower portion of the hull and a host of artifacts such as cannons, ballast
stones, and anchors all of which have become concreted into one indistinct mass, with an
approximate diameter of two meters. Smaller mounds encasing objects such as cannons, anchors,
and cannon balls that were likely separated from the vessel at the time of sinking litter the perimeter
of the main rubble mound and lie at varying states of exposure on the seafloor or within 50 cm of
the seabed. Given that the area around the wreck site has undergone considerable erosion related to a
combination of waves, currents, and a historically migrating ebb channel, it is fascinating and
intriguing to note that artifacts of different size and mass were all found resting on the same horizon
after centuries on the bottom. Remarkably, evidence ranging from the relatively unspoiled condition
of the bottom timbers, location of all the artifacts at roughly the same depth horizon, and young
encrusting coral (less than 15 years old; N. Lindquist, personal communication) and other encrusting
invertebrates on ballast stones (Hageman 2001) all suggest that a process which preserves the
artifacts through burial and maintains an equal rate of settling regardless of size has been operating.
The potential for physical disintegration and actual advection of individual objects away from a
wreck site by waves and currents can be easily predicted by well-established transport equations
(Ward et al. 1999). Similarly, scour and transport of sediment around objects on the seafloor has
well-established numerical relationships that are easily modeled (Whitehouse 1998). The influence of
the geology underlying the wreck, however, has largely been ignored. Most scour models assume 1)
uniform grain size, and 2) no geotechnical differences in the shallow strata underlying the objects in
question. Results from this case study indicate that the characteristics of the strata beneath the wreck
site may play a critical role in the long-term preservation or ultimate destruction and dispersal of the
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artifacts. McNinch et al (2001) hypothesized that the extensive settling through unconsolidated sandy
sediment of the wreck resulted from episodic periods of scour and burial, and that the wreck’s recent
exposure occurred because it had reached a depth in which the sedimentologic nature of the
underlying geology, combined with lower energy from waves, limited continued scour and inhibited
complete re-burial.

Figure 1. Underwater photographs of the concreted, main rubble
mound exposed on the seafloor surface (A), and an individual cannon
(B) from wreck site 31CR314 (courtesy of the NC
Underwater Archaeology Branch).
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This section begins with a description of the field setting at the Beaufort Inlet followed by
background information on tidal inlets, scour, and geological stratigraphy that is common along
many beaches and near shore environments around the world. The methods and results of numerous
observational exercises conducted at the wreck site are presented next and include: 1) measurements
of currents and waves with sediment transport calculations, 2) reconstruction of historic tidal inlet
migration as a driving mechanism of scour and burial, 3)evolution of seafloor morphology (scour
pits) revealed through repeated bathymetric surveys and 4) measurements of the underlying geology
through sediment cores and seismic profiles. Results from our scour prediction model follow. Lastly,
an observational approach coupled with an empirical scour model is discussed as a methodology for
enhancing site management strategies at this shipwreck and other historic wrecks in similar physical
settings.
Field Setting
The wreck site is located within the low-energy depositional limb of the Cape Lookout Cuspate
Foreland along the central North Carolina coast (Moslow and Heron 1994; also see Steele, 1980)
The two barrier islands immediately adjacent to Cape Lookout are Core Banks to the northeast and
Shackleford Banks to the west. The two cuspate foreland limbs are exposed to very different energy
regimes. The north limb receives three times the wave energy of the southwestern limb (Heron et al
1984), a result of its exposure to the North Atlantic and the northeastern winds that predominate
during the fall and winter seasons. Winds from the southwest are predominant during the spring and
summer but wave height is more fetch-limited, and wind events are typically less energetic than the
northeasterly blowing winter storms. Tide range in the Shackleford Banks region is approximately
one meter (Klavans 1983), while Core Banks has a range of .47 m (Heron et al 1984). Physical
oceanographic processes of the region are described by Pietrafesa et al (1985) as having synoptic
variability (days to weeks) driven by wind forcing and Gulf Stream frontal effects, and seasonal
variability (months) driven by large-scale meteorological influences. Gulf Steam frontal events are the
dominant driving mechanism in the outer shelf, while wind stress and waves dominate the inner and
mid-shelf region. From a sediment transport perspective the wreck-site can be described as a microtidal, storm-wave dominated setting.
Beaufort Inlet, a barrier island tidal inlet formerly known as Old Topsail Inlet, has remained
open and navigable since at least 1585 (Fisher 1962). Consistent channel depths of five meters have
availed travel by shallow-draft fishing, commercial, and military vessels since the late sixteenth
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Figure 2. Beaufort Inlet and location of the QAR wreck site.
The platform of sand extending seaward of the inlet defines
the ebb tidal delta. Swash bars migrate across the tidal delta
surface often attaching to the adjacent barrier islands.

century. The inlet is sheltered from east and northeast storm waves by the adjacent barrier islands,
Bogue and Shackleford Banks, and by Cape Lookout Shoals. The inlet is therefore passable during
the strongest storms, which generally have winds and seas from the north and northeast (NDBC
1999). Only hurricanes and severe southwest winds create wave conditions that are unsafe for
navigation through the inlet. Despite the relatively benign nature of Beaufort Inlet, conditions across
the shallow portions of the inlet can be quite treacherous. Although we are not aware of
documentation that describes sea conditions when the vessel sank, it seems entirely possible that a
change in orientation of the main channel from its previously charted position or a slight navigation
error relative to the main channel could bring disaster to a sailing vessel even during fair weather.
QAR-R-05-01
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Background
Tidal Inlets
Tidal inlets are one of nature’s most dynamic coastal features. As conduits between ocean and
sound, tidal inlets are controlled by wave-, tide-, and storm-driven currents, and they open and close

Figure 3. Models of migrating and stable inlet behavior (modified from the U.S. Army, Corps of
Engineers, Engineer Manual 1110-2-1810, 1995). Light shading shows general outline of ebb tidal delta.
Dark shading shows swash bars and spits. Knowledge of morphologic stability provides a certain level
of predictive capability. Migrating inlets are shallow and shift along the shoreline, in some cases in
excess of 100m/yr, creating new spit growth on the up-drift flank and chronic erosion on the downdrift flank. As migration proceeds, an elongated and inefficient channel evolves. An abrupt shift in
course often repositions the inlet throat to a location close to its former up-drift position, initiating a
new cycle of migration (from Wells and McNinch, 2003).

in accordance with the balance between deposition of sediments and scour by currents. Virtually all
inlets are fronted by a composite shoal system referred to as the ebb tidal delta (Hayes 1980;
Nummedal and others 1977). The channels and bars of the ebb tidal delta (ETD), the fan-shape
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composite of shoals located on the seaward side, are shaped by a balance between tidal flow through
the inlet, wave energy, and sand supplied from the adjacent barrier islands and are thus subject to
rapid changes. Sand in these shoals also modifies incoming wave energy and influences adjacent
barrier islands (Cleary and Marden 1999).
Barrier islands, segmented by tidal inlets, comprise approximately 18 percent of the ocean
shoreline in North America, five percent in Europe and 13 percent worldwide. The inlets originate in
several distinct ways. Most are breaches that occur during severe storms and, as such, they tend to be
unstable. Others occupy former river channels that were flooded during the most recent episode of
sea level rise. Tidal inlets can be broadly classified, based on morphologic stability, as either migrating
or stable (Hayes 1980; Oertel 1988; Cleary 1999). Knowledge of morphologic stability provides a
certain level of predictive capability. Migrating inlets are shallow and shift along the shoreline, in
some cases in excess of 100 m per year, creating new spit growth on the up-drift flank and chronic
erosion on the down-drift flank (Figure 3a).

As migration proceeds, an elongated and inefficient

channel evolves. An abrupt shift in course often repositions the inlet throat to a location close to its
former up-drift position, initiating a new cycle of migration.
In contrast, stable inlets, which typically occupy ancestral river channels, remain relatively fixed
geographically. They are usually wide and deep. In many inlets where the throat is stable, there is
offshore pivotal movement of the main channel across the ebb tidal delta (Figure 3b). This
movement segments the ebb tidal delta, releasing sand bars to move landward and attach to the
adjacent barrier islands. In other stable inlets, the main channel occupies a fixed position in the
offshore region as well (Figure 3c). Yet, even in the cases where there is no pivotal movement of the
channel, migration of sand bars and formation of spits is likely. Dynamics of an inlet and its ebb tidal
delta can therefore have profound impacts on marine artifacts. A shipwreck that is exposed on the
bottom can be quickly buried by migration of sand bars across the ebb tidal delta. Alternatively, a
shipwreck that is buried can be exposed by scour from channel migration. The details of scour and
burial predictions are also complicated by the fact that behavior of tidal inlets can be site specific,
with each inlet responding to local environmental and geological factors.
Geologic Framework
Although the initial time and location of barrier island formation along the US east coast
continue to be debated, there is general agreement that the barrier islands have been transgressing
across the shelf since forming at least 4,000-5,000 years ago (Heron et al. 1984; Dolan and Lins 1986;
Niedoroda et al. 1985; Kraft et al. 1987). The principal ideas pertaining to barrier island transgression
have been well established for over thirty years (see collection of benchmark papers in Schwartz
1973; Leatherman 1979). In passive margin settings, where much of the sand is being captured within
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the upper reaches of the estuaries (Meade and Trimble 1974; Field and Duane 1976; Inman and
Dolan 1989), the islands are thought to have kept pace with rising sea-level by recycling former backbarrier and inlet sands into the active barrier island sediment budget. As barriers migrate landward,
they ride above former back-barrier and inlet-related substrates. These Holocene (last 10,000 years)
barrier platform sediments (Oertel 1985) are exposed and reworked across the upper shoreface
during high-energy events when the thin covering of shoreface sand is removed. Once excavated,
most of the sand-sized fraction is transported shoreward and reintroduced into the barrier’s active
sediment budget. This recycling mechanism, often termed shoreface bypassing (Swift 1968), operates
by exhuming underlying substrates that become exposed on the seafloor when the shoreface migrates
landward.
The landward migration of barrier islands across the continental shelf and the associated
processes of exhuming underlying sediment and bypassing sand to the beach typically leave a thin
trail of sand overlying much older substrates. Regional studies from North Carolina cite a thickness
of the Holocene sand sheet of less than one meter (Riggs et al. 1995; Hine and Snyder 1985) over
older sediment that varies in composition from gravel to mud. The stratigraphy that typifies much of
the inner-shelf in the region of Beaufort Inlet has Tertiary or Pleistocene units outcropping just
below a thin covering of Holocene sand, except near the cuspate forelands or within paleo-fluvial
channels. The influence of the geologic framework to marine artifacts, particularly in shallow, barrier
island settings, is potentially quite important. One cannot assume, for example, that the sediment
underlying a given shipwreck is similar to the characteristics of sediment found on the surface of the
seabed, and the nature of the substrates underlying the shipwreck plays a critical role in whether
scour and settling of objects can occur.
Scour
The underlying layers of sediment, possibly many meters below the seabed, can eventually
become exposed on the seafloor if an object projects above the seabed and the currents remain
strong enough such that scour processes can mobilize sediment around the object. Several
hydrodynamic effects are important for scour adjacent to an object that obstructs flow near the
seabed: 1) horseshoe vortices around the front and sides, 2) spatially accelerated flow that is deflected
around the object, and 3) wake vortices in the lee of the object. A horseshoe vortex, resulting from
the vertical gradient in stagnation pressure on the upstream side, is initiated as downward flow and is
carried around the sides of the object. Horseshoe vortices are considered to be a primary mechanism
for sediment scour around piles (Smith 1999). Accelerated flows around the object and wake vortices
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Figure 4: Schematic of scour and settling processes when a free-standing object is placed
on an unconsolidated substrate and exposed to flows that are near or above critical
threshold velocities (after DeWall, 1983). Scour progresses until the slab eventually
settles to a level at which it no longer acts as an obstruction to flow.
During quiescent periods, the scour hole may infill with finer-grained sediment.
Partial infilling may also occur during the waning hours of a storm event
when wave-driven currents can still transport sediment from areas up-drift
of the scour hole. Artifacts and scour pits may become buried by
migrating sand bars -- particularly around tidal inlets where there
is often an abundance of sand and dynamic sand bars.

that develop on the lee side are important in scour because they result in higher velocities at localized
places where eddies impact the seafloor.
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When flows approach or exceed critical threshold velocity, the size and strength of the vortices
and the resulting depth of the scour pit depend on the size of the object. The proportionality of
object size and scour depth is important with respect to exposure of artifacts because it implies that,
with sufficient flow speed and underlying sandy sediment, the exposed surface area of the artifacts
will continue to generate scour until the object(s) settles into the hole and becomes roughly level with
the surrounding seabed. Figure 4a and b is a schematic drawing of scour and settling around a slab
(DeWall 1983). It shows that scour progresses until the slab eventually settles to a level at which it no
longer acts as an obstruction to flow. During quiescent periods, the scour hole may infill with finergrained sediment. Partial infilling may also occur during the waning hours of a storm event when
wave-driven currents can still transport sediment from areas up-drift of the scour hole. Lastly, the
artifacts and scour pits may become buried by migrating sand bars -- particularly around tidal inlets
where there is often an abundance of sand and dynamic sand bars.
Methods and Results
Scour from Waves at the Wreck Site
An electromagnetic current meter with an integrated pressure sensor (InterOcean S-4A) was
deployed approximately 15 m southwest of the main rubble mound to provide information on waves
and currents near the wreck. The S-4A was rigidly mounted to a stand that held the sensors one
meter above the bottom. Measurements of pressure and flow were collected at two Hz for 12
minutes every hour. This sampling scheme was continued for 298 days from May 1998 to April 1999.
Measurements of current and pressure collected by the S-4A were analyzed for both wave-driven
flows (high-frequency, oscillatory currents) and mean currents driven by tides and wind. In an effort
to characterize conditions to which the wreck may be exposed in a given year, five types of
commonly-occurring weather events were selected for analysis: a direct impact from a hurricane
(Hurricane Bonnie), a marginal impact from a hurricane (Hurricane Georges), an extra-tropical
winter storm (Northeaster), a sustained southwesterly wind, and an extended period of calm winds. A
two-week data record encompassing each of these meteorological events was analyzed. Wave
properties (significant height, direction and period, and oscillatory flows) were calculated from a
twelve-minute data burst every three hours. Mean velocities represent an average of each of the
twelve-minute bursts. An estimate of sediment transport forced by near-bottom currents was
calculated using Bailard’s (1981) combined mean and oscillatory flow equation:
2
3 ⎫
3
5 ⎫
⎧ 2
tan β
ε
⎧ 3
Qx = K b ⎨ u u~ + u u −
u ⎬ + K s ⎨ u u~ + u u − s tan β u ⎬
W
tan φ
⎩
⎭
⎩
⎭
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where Qx is cross-shore sediment transport volume per unit width per unit time (cm3/cm/s). The
total horizontal velocity vector, u , is comprised of orthogonal components u and v (positive east and
north, respectively), and u and u~ are mean and oscillatory cross-shore currents, respectively. Local

bed slope is represented by tan β . Coefficients K b and K s are given by:

Kb =

ρw
ε
ρw
ε
Cf s
C f b and K s =
(ρ s − ρ w )g tan φ
(ρ s − ρ w )g W

(2)

where W is fall velocity, tan φ is friction angle of the grains in the bed, and the so-called efficiency

factors, ε b and ε s , are set to .135 and .015, respectively, following Gallagher and others (1998). A
bed drag coefficient, C f = .003, is used. Although estimated sediment transport for the wreck site
was not independently verified, justification for use of this model exists through successes of
Gallagher and others (1998) and Thornton and others (1996) in predicting the movement of near
shore sand bars. It should be noted that the Bailard approach (equation 1) is a “standard” sediment
transport estimate and not one that strictly accounts for scour processes (e.g. flow acceleration,
horseshoe vortices, and the like). The sediment transport estimates are, nevertheless, useful to
characterize the general transport potential near the site and under varying wave and current
conditions.
Current and wave observations during 1998 indicate that near-bottom conditions close to the
wreck were quiescent with minimal sediment transport under each of the weather events except
Hurricane Bonnie. Significant wave heights did not exceed two meters except during hurricanerelated periods, and the direction of wave approach was generally from the south during all observed
events. Near-bottom flows during the non-hurricane time periods rarely exceeded critical threshold
velocity. Although sediment is mobilized when wave heights approach one meter, the volume of
transport is quite small, less than .1 cm3/cm/s or an order of magnitude less than the flux during
Hurricane Bonnie. Sediment is substantially mobilized near site 31CR314 only when wave heights
exceed two meters and mean currents (probably wind-driven) are very strong. However, the presence
of an object projecting above the seafloor and the resulting near-bed turbulence may allow sediment
transport to occur even if the mean current does not fully reach a critical velocity threshold.
Critical threshold velocity, or the minimum velocity necessary to suspend and transport
sediment, was calculated from the typical sand characteristics found at the wreck site. The
characteristic threshold velocity used here is based on quartz sand in seawater at 20° C subject to
steady flow (Miller and others 1977; Sundborg 1956); threshold velocity neither incorporates the
influence of wave-derived oscillatory flows, the influence of the scour agent, nor does it provide an
estimate of the volume of sediment transported. Critical threshold velocity is plotted relative to mean
QAR-R-05-01

McNinch/Trembanis/Wells

12

velocities simply to demonstrate consistency with the Bailard transport estimates. Times during
which the Bailard equation (equation 1) indicates significant sediment transport should coincide with
periods when mean currents exceed critical threshold velocity.
Figure 5 shows wave and current observations and sediment transport estimates from a twoweek period surrounding Hurricane Bonnie. The impact of the hurricane is apparent in the
significant wave height (top panel) where heights of almost three meters were sustained at the site for
approximately two days (hours 140-190). Wave-driven currents, defined as standard deviations of
the 12-minute velocity records (rms orbital velocity), exceeded one knot (.5 m/s) throughout the
two-day period (3rd panel). The direction of mean flow during the storm was towards the northwest

Figure 5: Wave and near-bottom current observations from a two-week period around
Hurricane Bonnie. Panels from top to bottom show: significant wave height;
direction of wave propagation with north towards the top;
wave-related current velocities (standard deviations);
tide or wind-driven mean current velocities (12-minute averages);
and volume and direction of sediment transport (from McNinch and Wells, 2001).

and exceeded critical threshold velocity throughout much of the storm (4th panel).

Sediment

transport estimates (5th panel) are closely aligned with time periods when mean currents exceed
critical threshold velocity. Transport estimates indicate that sediment was being moved towards the
northwest, in the same direction as the mean flow, at an average of 1 cm3/cm/s during the hurricane.
QAR-R-05-01
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Approximately 18 m3/m of sediment was transported over the 50-hour storm period or, in practical
terms, a volume equivalent to two dump-truck loads of sand was transported across a one meter
wide patch of seafloor in the immediate vicinity of the wreck.
Sediment transport estimates include the volume of sand entrained in both bedload and
suspended load at the point in which currents are measured and assume that sediment was suspended
prior to arriving at this location. Further assumptions implicit within these estimates are a single
homogeneous sediment size/type, and no depth variation in grain size and/or geotechnical
properties. If the volume of sediment transported into a given region equals the volume exiting the
region, the fluxes balance and there is no net erosion or deposition in the region. Since currents were
measured at only one point in this study and we were limited to one flux estimate, a true difference in
sediment transport flux cannot be calculated. Nevertheless, results from bathymetric surveys and our
scour prediction model (presented in later sections) suggest that a difference in flux occurs between
the immediate area of the wreck and the lee or down-current side of the main rubble mound when
waves exceed one meter. The large rubble mound, which acts as an obstruction to near-bottom flow,
likely diminishes the volume of sand delivered to the lee side through enhanced turbulence, which
prevents localized settling and leads to excavation of a large scour pit.
Scour and Burial from Inlet Channel Migration
A reconstruction of the early configuration of Beaufort Inlet was undertaken to determine the
patterns of change that have occurred in the navigation channel and on the shoals of its ebb tidal
delta. Using data from historic maps and charts the configuration, size, orientation, and depth of the
inlet and shoal system was determined and used to estimate the speed and duration of burial and
scour at the wreck site resulting from inlet processes operating on decade time scales. Approximately
40 historic maps and charts (mostly copies) were purchased or obtained on loan for this study.
Primary sources included the North Carolina Maritime Museum, Ft. Macon State Park, National
Archives and, in the case of more recent maps, those produced by the U.S. Coast and Geodetic
Survey and its predecessor the National Ocean Survey (National Oceanic and Atmospheric
Administration). After screening for quality, a subset of 22 maps spanning 265 years was selected for
analysis. Our original intent was to find at least one survey very close to or possibly preceding the
date of the possible grounding (1718); however, the earliest available map was that of Edward Mosley
in 1733 and the earliest map considered to be of reasonably good quality was the Wimble Chart of
1738.
Maps selected for analysis were digitized on a Calcomp 9500 digitizing table using Didger
software. By electronically digitizing the shoreline and bathymetry on successive surveys, the
information can be stored digitally and displayed later at any scale using some or all of the maps, thus
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allowing comparisons that give the sequence of change over time. The land-water interface was
usually well delineated; however, on some maps, even throughout the 1800s, there was uncertainty in
the boundaries of tidal flats and intertidal wetlands. Since our primary interest was in the inlet
channel and offshore shoals, this uncertainty was of minor concern. The lack of latitude and
longitude, or an accurate distance scale, on maps throughout much of the 1700s presented a more
significant problem. Great liberty was evidently taken by mapmakers in areas where survey data were
scarce, and the maps of the 1700s were generally disappointing with regard to the information that
they provided. The vertical datum also presented a potential source of error since mean sea level,
mean low water, and mean lower low water were all used at various times for vertical reference.
Nevertheless, the gradual rise in sea level locally (~0.5 m over the past 280 years) was probably
accounted for each time a vertical datum was reestablished, and is thus of minor concern. By the
early 1800s the reliability of maps had increased significantly, and by the mid-1800s the quality is
considered to be excellent.
Throughout most of the 1700s, the navigation channel opened offshore to either the southwest
or west-southwest and made a rather consistent arc back to the north and northwest once inside the
barrier islands (Figure 6). The 1738 Wimble chart gives an especially clear indication of alignment
for safe passage through the inlet, which required viewing on the eastern margin of Bogue Banks

a

b

c

d

Figure 6. Charts of the 1700s showing the location and orientation of the main navigation channel.
These maps have been reproduced, insofar as possible, at the same scale. Lack of latitude/longitude
and accurate distance scales suggest substantial errors in many of the early maps.

and the “white house” in the town of Beaufort (knowledge of the early channel alignment was used
to narrow the search for the QAR; Masters 1998). The early maps depict tremendous variation in the
length and orientation of Bogue Banks and Shackleford Banks, but it is unlikely that these islands are
accurately portrayed (except in the proximity of the inlet) since the maps were made for marine
rather than terrestrial purposes. Although the ebb tidal delta was poorly defined in maps of the
1700s, and there were few soundings outside the main navigation channel, most surveys show an
QAR-R-05-01
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intertidal or shallow subtidal shoal extending nearly due west off Shackleford Banks. The consistent
channel alignment to the southwest and west-southwest throughout the 1700s was clearly tied to the
persistence of this feature. Water depths within the channel ranged from 3.6 to 12.5 m but the outer
bar, where the distal channel rapidly shoals, remained at about 4.5 m (15 ft). Of particular interest to
the question of whether the QAR simply sank in seven meters of water or ran aground in a depth of
3.5 m, is the charted depth at the location of the wreck site. The earliest chart, 1733 Mosely (Figure
6a), suggests that the wreck occurred on the western flank of the ebb tidal delta in shallow depths
outside of the channel but the poor geographic control of the chart and the 15 years that had elapsed
since the sinking and creation of the chart makes this purely speculative.
By the early 1800s the map-making process had improved so significantly that details of the ebb
tidal delta could be used more effectively in navigation. For example, a chart in 1806 depicted,
perhaps for the first time, a more realistic-looking ebb tidal delta, and by the mid-1800s the maps had
as much detail as those in the early to mid 1900s. Maps of the 1800s also revealed the strong
connection between the inlet and the flanking barrier islands as is often the case in barrier island
systems (FitzGerald 1988). The navigation channel showed considerable offshore movement
throughout the 1800s, unlike the 1700s, undergoing pivotal motion that spanned an arc of at least 90
degrees within the ebb tidal delta. Deflection of the channel typically resulted in erosion of one of the
flanking barriers and development of a highly skewed ebb tidal delta (Cleary and Marden 1999).
Despite the pivotal movement, there was little net migration and Beaufort Inlet, in contrast to many
of North Carolina’s inlets, has occupied a relatively fixed position between Bogue and Shackleford
Banks. Several of the surveys were annotated with warnings about the “constant breakers” that
occurred along the flanks of the channel and on the broad swash bar platform as far as two
kilometers offshore. Water depths within the channel ranged throughout the 1800s from 4.5 to 12.5
m and the outer bar at the location of the main channel continued to maintain a nearly constant
depth of 4.5 m (15 feet). Figure 7A is a composite map that shows the range of channel orientations
and locations over the past three centuries as well as variations in depth at the wreck site. The inlet
has swept across the site several times in the past. Although there was a wide range in orientations,
there was also a high degree of stability in the inlet throat between Bogue Banks and Shackleford
Banks. Water depths at the site have undergone episodic and significant changes since 1733.
Figure7A shows that, following the grounding in 1718 when water depth was 3.7 m (12 feet), depths
(relative to mean low water) have ranged from a minimum of .9 m (3 feet) in the mid 1800s to a
maximum of 7 m (23 feet) in 2000. Moreover, the variations were tied to five distinct episodes of
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Figure 7A. Pivotal movement of the channel at Beaufort Inlet, N.C. relative to
wreck site 31CR314 (see Figure 2 for location). Panel to the right shows from
depth variations the 5 episodes of artifact burial associated with 9 changes in
channel orientation. The dashed line shows that maximum depth of scour
has deepened progressively over the past 3 centuries.
Figure 7B.
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shoaling that had an average duration of 45 years. Each episode of shoaling resulted in burial of the
artifacts and each was related to changes in channel orientation. For example, the shallowest water
depths at the wreck site occurred when the channel was oriented to the south or south-southwest
and the greatest water depths occurred when the channel orientation was either southwest or
southeast. Since pivotal movement of the channel influences the behavior of swash bars and dictates
the location of the levee-like channel margin bar (Cleary 1996), these changes essentially control the
water depths at any given location (e.g. the QAR site) on the ebb tidal delta. Continued control of
depth across the ebb tidal delta by channel location is also apparent during the twentieth century.
The US Army Corps of Engineers began dredging Beaufort Inlet in 1904, initially following the path
of the natural channel (Figure 7B). By the early 1930’s, however, repeated dredging along a fixed
channel path has led to a progressive deepening at the site since neither the channel nor adjacent
shoals have been allowed to migrate (Suggs 2004).
Evolution of Scour Pits
Numerous swath bathymetry and side scan sonar surveys were collected at the QAR site from 1999
to 2002 utilizing an interferometric (Submetrix 234 kHz) swath sonar system integrated with a
motion sensor and a real-time kinematic global positioning system. With horizontal and vertical
survey accuracy of 2 m and 15 cm, respectively, the soundings provided resolution of larger features
across the rubble mound as well as large nearby bedforms such as sand bars and scour holes. A
typical survey yielded roughly 80 measurements of depth and seafloor backscatter (side-scan sonar)
per m2. These surveys were consistent with diver observations that noted continued exposure of the
main rubble mound, extending approximately 1-2 m above the seafloor surface, along with scour
excavations around the mound. McNinch et al (2000) documented the excavation of a large teardropped shaped scour depression in the lee of the mound, where scour processes are enhanced,
following Hurricane Bonnie (Figure 8). Divers report that the scour hole began during Hurricane
Bonnie in August, 1998 and may have progressed during Hurricanes Dennis, Floyd, and Irene in
1999. The scour depression is teardrop-shaped, 20 m long and 10 m wide, and roughly 1 m deeper
than the surrounding seabed. More recent surveys show, however, that the mound continues to
remain exposed above the seafloor and has not settled a measurable distance into the depression.
Observed linear scour marks are consistent with the description provided by Quinn et al. (1997)
where shipwrecks protruding above the seafloor often generate scour trails that may be visible in side
scan sonar (Figure 8B). Diver observations and our surveys also show that the area is covered
ephemerally with fine sand and silt, which settles from the water column and drapes the rubble
mound and partially fills the scour depressions. Large-scale sandy bedforms have also been seen to
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Figure 8. Seafloor bathymetry surrounding the wreck site (top panel) showing scour around
the base of the rubble mound and a large scour hole on the northwest side.
Ripple scour depressions emanating from the rubble mound and exposing an
underlying shell-rich substrate (bottom panel).

migrate through the area and temporally cover some of the artifacts and previous scour pits.
Sediment losses are greatest on the north side of the rubble mound following storms (lee side) and
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episodic fluctuations in seabed elevation occurs from migrating sandbars and very fine grained
sediment settling from the water column (Southerly 2005).
Local Underlying Geology
Many attempts were made to collect long sediment cores (vibracores) from around the wreck site
and directly beneath the main rubble mound. A large Alpine vibracoring system obtained nine cores
in 2002 but none of them penetrated more than 1.5 m below the seafloor surface, terminating on
stiff, well sorted, and silty sand. Smaller diver-held vibracores, used to core beneath the mound, also
met refusal roughly one meter below the surface. A subsequent coring effort in November 2004
using an electric vibracore system yielded deeper penetration. Four cores were collected near the
wreck site and the longest reached a depth of 2.7 m below the seabed.

Figure 9. Diagrammatic cross-section of substrates
and relative location of artifacts found at cannon C#2
[QAR232.001] (courtesy of NC Underwater Archaeology Branch,
Mark Wilde-Ramsing), and a sediment log from vibracore #1
(Panel B) collected near the wreck.
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Analyses of the cores and diver observations during archaeological excavation (Wilde-Ramsing
and Lusardi 1999) reveal three distinct substrates (Figure 9A). Closest to the rubble mound,
excavations show surface sediment (Level 1) that varies in thickness from zero to one meter and is a
poorly sorted fine to medium sand with fine shell hash. Beneath the surface sand is a very poorly
sorted sand and coarse shell layer that contains most of the artifacts, designated Level 2. The layer
beneath the shelly substrate (Level 3) is a very well sorted, grey silty sand that is stiff and slightly
cohesive. Similar substrates were found in the nearby vibracores (Figure 9B) but the variability of
substrate thickness is evident with Levels 1-2 extending to just over two meters below the seabed
surface at the location of Core One. The spatially variable thickness of the surface sand layer is also
evident from acoustic backscatter images (side scan sonar) that reveal areas near the wreck in which
the underlying shelly layer, Level 2, is exposed on the seafloor (Figure 8B).
The underlying geology was also examined using seismic reflection technology. An Edgetech
Chirp sub-bottom profiler with a frequency range of .4-15 kHz was towed over the QAR wreck site
just prior to collecting vibracores in November 2004. Seismic reflection reveals the acoustic

impedance of two materials and the strength of the reflection, KR, is determined where ρ is density
and V is the velocity through the medium:

KR = ρ2Vp2 - ρ1Vp1

ρ2Vp1 + ρ1Vp1

We wanted to test whether the culturally sterile substrate layer that was so difficult to vibracore
(Level 3) would also generate an acoustic contrast sufficient enough to map across the region with
the chirp. We also hoped to gain insight as to the nature of the geology below the deepest vibracore.
The sub-bottom profiles near the rubble mound did not show a reflection surface or acoustic
contrast in the upper four meters. Levels 1-3 were acoustically indistinguishable. Although maps of
the upper-most reflection surface (the layer below the seafloor that generated a strong acoustic
contrast) revealed an irregular topography near the wreck site approximately four meters below the
seabed, there was no acoustic evidence of a layer directly below the rubble mound that would inhibit
scour. The vertical resolution of the chirp, however, requires a substrate thickness in excess of 10-15
cm with a substantial difference in acoustic impedance in order to generate a seismic reflection. As
such, the chirp record simply indicates that a thick layer (> 15 cm) with very different acoustic
characteristics from the surface sands (Levels 1-2) was not present within four meters of the seafloor
surface. The minimal thickness of Level 3, as revealed from vibracores, therefore is not visible in
seismic profiles but still may play an important role in preventing further scour.
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Scour and Burial Predictions with an Empirical Model
Methods
The hydrodynamic and geologic observations collected at the early eighteenth-century wreck site
all support a hypothesis of extensive settling of the artifacts through unconsolidated sandy sediment
as a result of episodic scour-settling and reburial from waves and a migrating tidal inlet. However, in
order to translate this conceptual model of scour and burial to other wreck sites, and to forecast what
may happen if the artifacts are left in-place, an empirical model was developed. To this end, the scour
equations developed in the engineering literature for scour around free settling cylinders subjected to
steady currents (Sumer and Fredsoe 2002; Whitehouse 1998) were chosen because of their reliance
on well-established engineering relations for scour around seabed objects.

The Whitehouse

equations were adapted to allow scour by time-dependent wave-induced bed stresses for use with
submarine archaeological artifacts in sandy wave dominated environments (Trembanis et al. in
review; Friedrichs 2001). Model simulations were run using three artifacts with distinctly different
diameters under varying wave conditions, namely a cannon ball (D =.15 m), a cannon (D = .25 m),
and the main rubble mound of the wreck site (D = 2 m). Four distinct wave condition episodes, a
tropical hurricane, an extra-tropical winter storm (Nor’easter), a series of sustained southwesterly
winds (Sou’wester), and a fair weather period, were culled from two years of observed near bed
velocities and fed into the model to predict the resulting depth of scour below the ambient seabed.
Each model run was treated separately assuming each artifact was initially at rest on the surface
of the seabed. The resulting scour depths were then compared to the observed condition of the
wreck artifacts and used to assess the role of underlying geology on artifact resting depth. The key
environmental parameters to the model when applied to the shipwreck were near bed orbital
velocity, sand size, diameter of the object, and time. Orbital velocity was set by each time series
dataset. Analysis of the vibracore taken nearest to the wreck site was used to roughly characterize the
grain-size variation from the surface to a depth of 2.6 m. Three distinct sedimentary units were
identified and used in the model: Level 1 from the surface to a depth of 60 cm was characterized by a
median grain size of 250 microns; Level 2 from 60 cm to 121 cm had a median grain size of 125
microns; Level 1B from 121 cm to 231 cm had a median grain size of 250 microns; Level 3 from 231
cm to 257 cm had a median grain size of 500 microns, and Level 2B started at 257 cm and was
characterized by a median grain size of 125 microns to the bottom of the core at 270 cm below the
seafloor. Figure 9b shows the vertical grain size profile from the vibracore taken nearest to the wreck
site. The representative diameter for each artifact (cannon-ball .15 m, cannon .25 m, and rubble
mound 2 m respectively) was based on archaeological analysis of the wreck site (Wilde-Ramsing
2002).
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The scour model utilizes a simple rate equation for energetic scour and burial:
S = Sinf (1 - exp(t/T)),

(1)

where Sinf is the equilibrium depth of scour (with a maximum of 1.15 diameters of the structure), t is
time, and T is a time-scale factor which, in turn, is a function of dimensionless numbers
characterizing the environmental forcing. The rate of scour for a cylinder is given by (1) with
Sinf = 0 for Uc < 0.75 Ucr,

(2a)

Sinf = 1.15 D (2 Uc - 1.5 Ucr)/Ucr for 0.75 Ucr ≤ Uc < 1.25 Ucr,

(2b)

Sinf = 1.15 D for Uc ≥ 1.25 Ucr

(2c)

where D is the cylinder diameter, Uc is the characteristic velocity above the object (either unidirectional, oscillatory or combined), and Ucr is the critical velocity for the initiation of motion of
non-cohesive sand as a function of sand size and density. The time-scale factor in (1) is given by
T = 0.095 q-2.02 D2 [g(s-1)d3)]-1/2,

(3)

where q = u*2 [g(s-1)d]-1 is the Shields parameter, g is the acceleration of gravity, s is the submerged
weight of sand relative to water, d is grain size, and u* is the skin-friction shear velocity.
Other observations suggest a cylindrical mine on a sandy inner shelf buries by repeatedly falling
into its own scour pit (Whitehouse 1998; Briggs et al. 2002; Friedrichs 2002). We hypothesize that the
same mechanism occurs in the case of artifacts lying on the seafloor. The depth of burial of a
shipwreck relative to the undisturbed surrounding bed is given by the maximum depth of scour,
Smax, experienced to that point by the wreck normalized to the object diameter.
The input of orbital velocity into the scour model can come either in the form of direct near bed
measurements (Ubob) or from predictions of near bed orbital velocity (UbLWT). In order to generate
the later estimates, first significant wave height (Hs) and peak wave period (Tp) were determined
from spectral analysis of the time series of pressure data recorded by the S4 current meter, following
the approach of McNinch et al (2001). Alternatively, near bed orbital velocities can be estimated by
applying linear wave theory to the wave height (Hs) and period (Tp) values using the solution from
linear wave theory (LWT) for horizontal velocity of a linear progressive wave (Dean and Dalrymple,
1991)

Ub =

πH cosh(h + z)
T

sinh(kh)

cos(kx − wt)

.

(5)

In this study, UbLWT was chosen over Ubob for several reasons. First, as will be shown in the
results, linear wave theory estimates (UbLWT) were in close agreement to the observed values (Ubob).
The UbLWT values, in fact, represent slightly conservative estimates of near bed flow conditions.
Secondly, by utilizing time series of wave height and period, the possibility exists for using global

QAR-R-05-01

McNinch/Trembanis/Wells

23

wave forecast models such as NOAA’s widely available Wave Watch 3 (WW3) model to predict realtime scour conditions for the wreck and other similar sites in the absence of bed mounted
instruments. A similar scour prediction approach has recently met with success in being able to use
forecasts of environmental conditions to predict scour-related burial of seabed mines (Trembanis et
al. in review IEEE; Briggs et al 2002).
Wave Predictions
The time series of wave height (Hs) and period (Tp) for each of the four separate forcing cases is
shown in Figure 10. The most energetic waves were observed during Hurricane Bonnie, with peak
wave height of 3 m and peak wave periods of 15 s. For more than 90 hours waves exceeded 1 m in
height with periods between 10-17 s. The second test case was comprised of a period of persistent

Figure 10. Oceanographic conditions at 3 hour intervals for the wreck site
under four wave conditions observed with an S4 current meter.
(a) Significant Wave Height in meters. (b) Peak spectral period in seconds
(from Trembanis and McNinch, 2003).

southwesterly winds (Sou’wester). During this period, wave heights were between .2 – 1.1 m with a
mean of .5 m. Wave periods varied between 5 – 11 s with a mean of 7 s. Due to the orientation of
the coastline around Beaufort Inlet and the sheltering protection of Cape Lookout, extra-tropical
winter storms (Nor’easters) have a somewhat limited impact on this site (McNinch et al. 2001). The
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Nor’easter recorded in this data represented the third most energetic model wave case. Wave height
ranged from .2 – 1.1 m with a mean of .44 m. Wave periods were between 5 – 12 s with a mean of
8.3 s. The fair weather case was the least energetic condition tested, comprising a period of very calm
and essentially negligible wave conditions. Wave height ranged from .05 – .5 m with a mean of .25 m.
Wave period varied between 5 – 17 s mean of 9 s.
Figure 11 shows a comparison of measured (Ubob) and estimated (UbLWT) orbital velocities. There
is good agreement between the two with UbLWT frequently providing a more conservative estimate of
the measured conditions. Similar studies (Trembanis et al., in review IEEE; Briggs et al, 2002) have
used linear regression transforms to improve the fit between observed and LWT derived near bed
orbital velocities.

Figure 11. Comparison of two estimates of near-bed orbital velocity
(in cm/s) during the passage of Hurricane Bonnie. Linear wave theory
(LWT) derived estimate (blue) and S4 current meter directly measured
value (red) (from Trembanis and McNinch, 2003).

Scour Predictions
The time series of scour depth (in cm) for each of the artifacts during all four wave cases are
shown in Figure 12 and summarized in Table 1. Hurricane Bonnie -- The scour model predicts
complete scour of all three artifacts based on the forcing conditions of Hurricane Bonnie (Figure
12A). The peak portion of the storm induces complete scours around all three artifacts. The test case
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with southwesterly waves resulted in mixed scour conditions for the three artifacts (Figure 12B). As
in the case of Hurricane Bonnie, both the cannon ball and the cannon were predicted to undergo
complete scour. The conditions, however, were not sufficiently energetic to induce complete scour of
the large rubble mound. The rubble mound was predicted to receive only around 40 cm of scour.
The Nor’easter test case included three separate scour episodes (Figure 12C). The cannon ball was
predicted to undergo complete scour from the first episode. The model suggests that the nor’easter
would produce near total scour for the cannon with a maximum scour depth of 21 cm (84 percent).
The waves in this case were only capable of scouring the rubble mound to a minor depth of 25 cm

Figure 12. Predicted scour depth (in cm) for wreck site artifacts cannon ball, cannon,
and rubble mound. (a) Tropical hurricane Bonnie. (b) Persistent Southwesterly Winds.
(c) Extra-tropical Nor’easter. (d) Fair weather. *Note the change in vertical scale
between plots a/b, c, and d (from Trembanis and McNinch, 2003).

(12.5 percent). The mild waves during the fair weather period produced negligible scour (< 3 cm) in
the case of all three artifacts (Figure 12D).
Discussion
Scour and Settling – An Episodic Process of Protection
We hypothesize that a sequence of scour and settling occurred episodically at the wreck site after
the vessel ran aground. The lower hull and intact artifacts probably settled quickly into the sandy
shoal after the initial destruction of the masts and superstructure by waves. Strong tidal and wavedriven currents would have created rapid scour and subsequent settling until all of the artifacts that
were littered around the hull, and the hull itself, became level with the surrounding shallow seabed.
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This sequence of scour and settling probably repeated itself whenever strong flows from a storm or
from the inlet channel caused erosion of the surrounding bed. Rapid lowering of the seabed would
expose the wreck, and the strong flows would initiate new scour. Once the artifacts were exposed,
subsequent tidal and wave-driven currents would quickly reinitiate the scour process until the objects
settled to a level roughly equal to the new bed depth. The scour holes would then partially fill with
fine-grained sediment and may have been buried completely by migrating sand waves, ripples, or
swash bars moving across the ebb tidal delta.
Observations of currents and waves, seafloor bathymetry, underlying geology, and an analysis of
historic charts indicate that the wreck site has been periodically exposed to currents strong enough to
scour the seabed below the artifacts for much of the past three centuries. The main inlet channel
appears to have migrated across the site numerous times since 1718, and its strong currents have
eroded the surrounding seafloor to depths of at least five to six meters. Reconstruction of inlet
migration and charted depths over the wreck site (Figure 7) show that despite being buried for long
periods of time, the artifacts have been settling to greater depths as a result of the progressive
increase in bottom depth with each new episode of scour. The dashed line (see Figure 7) shows that
the long-term increase in maximum substrate depth, had it occurred gradually, would have averaged
12 cm per decade.
Wave energy at the seabed is depth-dependent; therefore, past wave-driven currents were almost
certainly stronger when the depth at the wreck site was shallower. A wave in 3.5 m of water has an
orbital velocity of 1.44 times that of the same wave in 6.8 m of water. If recent storm-induced
currents were sufficient to create the scour hole observed in October 1999 at a depth of roughly
seven meters (see Figure 8), then scour and re-burial processes around the artifacts were likely more
rapid and efficient when they rested on a shallower horizon. Although we cannot definitively state
that the vessel in question originally ran aground or simply sank in deeper water (~ 7 m), we can
conclude that there has been more than adequate energy to erode the seabed and generate sufficient
scour to account for the settling of the wreck to a deeper horizon than its original grounding depth.
Evidence from the wreck itself which includes the relatively unspoiled condition of the bottom
timbers, location of all the artifacts at roughly the same depth horizon, and young encrusting coral
also suggest that a process which preserves the artifacts through scour and rapid re-burial had been
operating for much of the time since its loss three centuries ago. Since the artifacts remain buried
until regional seabed erosion creates new water depths that exceed those at the beginning of a burial
cycle, it is possible to estimate the total amount of time that the artifacts were buried. If the five
episodes of burial determined from historic charts are a reasonable portrayal of what occurred on the
bottom, then the wreck has been covered with sand for approximately 80 percent of its life on the
bottom. The question remains, however, as to whether the wreck site has entered a new phase of
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exposure where either wave energy and/or underlying geology has reached a threshold in which the
full process of scour and reburial cannot be completed.
Exposure of the Artifacts and Implications to Other Wrecks in Similar Settings
Rapid scour and settling into the seabed may in part explain why this historic wreck site
remained undiscovered until 1996 in such a shallow, heavily-traveled inlet. Remains appear to have
reached the maximum historical depth for complete settling and reburial. In summary, field
observations show 1) partial exposure of the main rubble mound above the seafloor 2) scour
depressions activated during storms with substantial waves but negligible settling of the main rubble
mound, 3) smaller, individual artifacts at varying levels of exposure, yet all lying on roughly the same
depth horizon, and 4) most importantly, all artifacts have been discovered in a coarse, shell layer lying
directly above an erosion-resistant, stiff silty sand. Results from the model simulations, we believe,
are consistent with field observations and support the episodic scour-settling hypothesis as well as
providing insight into conditions the artifacts may be exposed to in the future.
The three objects used in the model study (cannon ball, cannon, and rubble mound) were seen to
succumb to varying degrees of scour under conditions ranging from fair weather to severe storms
(Table 1). Although varying scour rates by themselves may appear to leave the objects at different
levels in the seabed over long time periods, the occasional severe event would reset the artifact
depths to a normalized upper horizon relative to the surrounding seafloor. Simply put, a large storm
event such as the direct passage of a hurricane would wipe out the record of previously minor events

Table 1. Summary of scour model results for wreck site 31CR314
artifacts under four wave cases (from Trembanis and McNinch, 2003).
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leaving artifacts at a depth in the seabed in direct adjustment to the hurricane conditions. Scour alone
cannot excavate an artifact through layers of fine sand deeper than the size of the object itself, since
once the artifact has settled and no longer protrudes above the surrounding seafloor the scour
mechanism shuts off. The tops of all the artifacts, including the main rubble mound, will therefore
reach the same depth horizon episodically whenever a severe wave event occurs at the site if the
current magnitude and characteristics of the sediment are such that scour is sufficient to enable the
object to fully settle below the surrounding seafloor.
A significant contribution provided by the model was revealed by comparing modeled scour
behavior and the actual resting depth of the main rubble mound following Hurricane Bonnie. The
model predicts full scour (two meters) during the storm (Figure 12), whereas the rubble mound has
instead remained perched above the seafloor throughout the years of observation (1996-present). We
believe this discrepancy occurs because the rubble mound is resting on a more scour resistant layer
(Level 3), the cohesive silty sand (Figure 9), and continued excavation is unlikely even under the most
severe wave conditions. We suspect that not only is this lower substrate difficult to core, its cohesive
properties likely make it resistant to erosion and thereby serves as a boundary to further scour.
Although we have modified the model to incorporate varying substrate characteristics, the erosionresistant nature of a cohesive, well sorted silty sand is not well parameterized in the model. In this
case, grain size alone does not accurately reflect the erosion-resistant nature of Level 3. Future work
will investigate improving critical threshold velocities for cohesive substrates. As suggested
conceptually by McNinch et al (2001), the maximum settling depth may be controlled by either the
magnitude of near-bottom currents and the characteristics of the underlying sediment or a
combination of both. In the case of this wreck site, we suspect that the limiting variable is the
characteristic of the underlying substrate and not wave energy.
Model results also suggest, from the perspective of artifact preservation, that scour will continue
to occur when the site is impacted by hurricane-strength processes but that the more erosion
resistant layer will limit complete excavation and settling leaving the larger objects perched above the
seabed (see Figure 8). This may explain why timbers from the lower portion of the hull have only
recently become exposed and why diver inspections of stakes near the mound show an overall
decrease in elevation of the regional seabed. When the hull rested in shallower waters above a thick
layer of unconsolidated sand, scour and complete settling would have occurred much more rapidly
such that the wood near the lower portion of the hull would have remained buried and thus
preserved after the initial sinking.
Our findings further suggest that other vessels which ran aground or sank in shallow, energetic
waters may be similarly preserved just beneath the seabed but will eventually become exposed as they
reach a depth or seabed horizon where local currents can no longer effectively complete the scour
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and burial process. For example, a ship that initially ran aground off a beach in depths of three to
four meters may now be visible on the seafloor surface at depths of seven to ten meters. The portion
of the hull and artifacts that survived the initial breakup would quickly scour and settle into the sandy
substrate of the outer surf zone (assuming adequate wave height and current magnitude). Remains of
the wreck would probably settle to deeper horizons through time after repeated erosion of the
seafloor from storms, inlet migration, and long-term increases in depth and position relative to the
beach as sea-level continues to rise and most barrier beaches migrate landward.
We believe the lesson for locating and reconstructing the fate of other vessels in shallow-water
sandy environments is that the wreck will likely lie on a horizon below its original grounding depth
and above the maximum depth of scour dictated by regional wave and mean current conditions and
the nature of the underlying stratigraphy. Evidence of this scour-settling concept beyond site
31CR314 can be seen from a cursory review of other documented, shallow-water shipwrecks. At least
26 shipwrecks, mostly from the nineteenth century, are located in or near tidal inlets along the North
Carolina coast (Table 2). Essentially all of the shipwrecks are in water depths that are greater than

Table 2. List of vessels that ran aground in the surf zone of North Carolina
documenting initial grounding depth and the depth horizon in which the
artifacts now rest (compiled by R. Lawrence, NCUAB).
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the respective vessel drafts at the time of grounding, and some remain buried. These vessels clearly
document the widespread pattern of scour that occurs at many wreck sites, highlighting the
discrepancy between initial and final depth of any object that comes to rest on the seafloor in shallow
water.

An Observational and Modeling Approach
An important goal of this study is the development of an operational approach for predicting
historic and future exposure of artifacts in shallow, marine settings. We believe this is best achieved
by a combined observational and modeling study that considers the physical conditions specific to
each wreck site. Although the physical setting of many wreck sites are often somewhat unique, the
approach proposed here should enable researchers to assess the site through common, shared
questions and ultimately predict the likelihood of seabed exposure or burial.
The fate of artifacts in regards to seabed exposure or burial can be predicted with knowledge of
the current regime and the underlying stratigraphy in any marine environment. To this end, a flow
chart of questions for site assessment is shown on Figure 13. The first question addresses a
determination of whether the vessel or artifacts of concern initially came to rest in an energetic
marine environment. Although there are many exceptions to the rule (e.g. wrecks near western
boundary currents like the Gulf Stream that have very strong currents extending to great depths,
turbidity currents, and internal waves), most wrecks in depths greater than 200-300 m of water would
not likely be exposed to very energetic currents. If the vessel sank in shallow waters, one should next
assess the nature of the underlying geology. This can be done through a literature review of previous
geological investigations from the region but due to the spatial variability common in geology is best
addressed through trenching, cores, and seismic surveys. Sediment characteristics determined from
sampling from a trench or core can then be fed into the scour model. If the underlying sediment is
not consolidated whereby scour and settling may be possible, the next question involves an
evaluation of the hydrodynamic environment. The magnitude of tidal currents is available for much
of the world through numerical models and printed navigational information. And, as illustrated in
Figure 10, many online models are available to predict the height of waves from wind hindcasting
from which wave-driven currents could be calculated near the bed. Alternatively, near-bed
measurements of waves and currents can be collected near the wreck site. Current magnitude can
then be fed into a scour model, along with geological characteristics of the underlying strata, to
predict scour, settling, and possible reburial in the future.
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Figure 13. Flow chart assessing potential for exposure
of artifacts on the seabed.

If an erosion resistant layer is present at a depth in which currents remain strong, the artifacts
will likely become exposed on this layer and eventually be transported away or be exposed to
degradation, depending on the size and transportability of the artifacts. We believe this may explain
the many anecdotal stories of wrecks suddenly appearing on beaches following a severe storm
decades or centuries after the vessel sank. If a wreck occurred in the outer surf zone, remains would
quickly scour and settle into the sandy substrate. Episodic erosion of the surrounding seafloor would
gradually cause the remains to settle in-place to a lower and lower horizon until either it reached a
depth in which currents were no longer strong enough to scour or it encountered an erosion-resistant
layer in which case it would gradually degrade in-place or possibly be transported shoreward and left
on the beach or widely dispersed.
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Conclusions
Observation and modeling of the physical setting near an early eighteenth-century shipwreck
located in Beaufort Inlet, North Carolina reveal:
1) Depths at the location of the wreck site have undergone repeated changes associated with a
migrating inlet channel and adjacent sand shoals; maximum depths have progressively increased
and will likely continue if the inlet channel remains fixed by maintenance dredging.
2) Wave-driven currents regularly exceed critical threshold velocity at the present depth of the
wreck (~ 7 m), which suggest that scour-related settling of the artifacts could easily occur in
earlier times if the wreck rested on a more shallow seabed horizon.
3) Scour continues to occur but the main rubble mound has not settled into the scour pit,
presumably a result of an erosion-resistant substrate. The wreck will likely remain exposed and
continue to be subject to degradation by physical, biological, and chemical factors.
4) Characteristics of the underlying geology and hydrodynamics can be used to predict historic and
future exposure of shipwrecks. A shipwreck could settle through several meters of substrate,
from three to seven meters below sea level, given the current magnitudes and sediment
characteristic specific to the Beaufort Inlet wreck site.
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