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I came to explore the wreck. 

The words are purposes. 

The words are maps. 

I came to see the damage that was done 

and the treasures that prevail. 

I stroke the beam of my lamp 

slowly along the flank 

of something more permanent 

than fish or weed 

 

the thing I came for: 

the wreck and not the story of the wreck 

the thing itself and not the myth 

the drowned face always staring 

toward the sun 

the evidence of damage 

worn by salt and sway into this threadbare beauty 

the ribs of the disaster 

curving their assertion 

among the tentative haunters.  

-Adrienne Rich, Diving into the wreck, 1973, lines 52-70 
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to facilitate research into site formation processes, 3D visualization and cultural heritage 

management. The ship-time proposals addressed both the UNESCO-2001 convention that aims 

to protect cultural heritage which has been submerged for at least 100 years and WW1 centenary 

commemorations.  

To date, 68 countries have ratified the UNESCO-2001 convention (see section 1.4 below), but 

the Republic of Ireland and the United Kingdom are yet to do so (Kirwan 2010; Roberts 2018). 

Nevertheless, both countries have established heritage protection legislation applicable to 

shipwrecks. In the UK, there is the Protection of Wrecks Act (PWA) 1973; the Ancient 

Monuments and Archaeological Areas Act (AMAA) 1979; and the Historic Monuments and 

Archaeological Objects (Northern Ireland) Order 1995. In the Republic of Ireland, there is a 

blanket protection for all shipwrecks over 100 years old, as implemented under the National 

Monuments Acts 1986 and 1994. In the UK, the Protection of Wrecks Act (1973) grants 

protection only to specific wrecks and individual artefacts designated based on their significance. 

Considering both the aim of the UNESCO-2001 convention and the compliance with the national 

legislations, it is paramount to develop efficient techniques for monitoring of the underwater 

cultural heritage and garner information about its long-term stability.  

As this project has concentrated on wrecks located in the Irish Sea, it is worthwhile exploring the 

Irish setting in more detail. More than 18000 wrecking incidents are recorded for the island of 

Ireland, with at least 1800 ships lost during WWI (Brady et al. 2012; Cotswold Archaeology 

2015). Long-term stability and formation processes of these shipwrecks are largely unknown and 

before the 2014 Marine Institute grant proposal, little had been done on these sites. 

During the 2015 and 2016 Celtic Voyager cruises, surveys were completed over ten historic metal-

hulled shipwrecks, nine of which date back to WWI and one to 1875. The wreck sites were chosen 

to represent a range of environmental conditions, characterized by varied tidal settings and 

different geological substrates. However, all wrecks are more than 100 years old and according 

to the UNESCO-2001 convention should be treated as underwater cultural heritage. Additionally, 

each of these wrecks is associated with some elements of the matrix of interests, described earlier 

(Fig. 1.1).    

All the WWI wrecks investigated in this PhD were lost due to submarine action, either torpedoed, 

sunken by gunnery or hit by mines. The unrestricted submarine warfare resumed by Germany in 

early 1917 is recognized as a key narrative of the period (Wessex Archaeology 2011) and 

highlighted in an archival assessment of WWI wrecks in the Northern Irish Waters by Cotswold 

Archaeology (2015). The wrecks are of relevance for understanding the historic and military 

contexts of WWI in the region. Additionally, three of the them: RMS Leinster, SS W.M. Barkley 

and SS Hare, are associated with loss of life. They therefore present commemorative value and 

are monuments for those who lost their lives at sea in the tragic circumstances of naval warfare.  
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passengers. Elders & Fyffes, Ltd was mainly involved in banana trade between Jamaica and 

Britain. Chirripo was sunk on 27.12.1917 after hitting a mine laid by the U-boat UC-75 and her 

propeller was salvaged in 1970.  

1.3.4. SS Tiberia 

SS Tiberia was built as a cargo ship in 1913 by the Northumberland Shipbuilding Company, 

Howdon-on-Tyne. Formerly known as Frimley, she was owned by the Anchor Line, Scotland at 

the time of sinking (Cotswold Archaeology 2015). She had a single triple-compound engine and 

was a schooner with two masts. On her last cruise she participated in a mercantile convoy which 

had an escort of 6 destroyers and 4 sweepers sailing from Glasgow to New York with a general 

cargo. After the convoy was ordered to seek shelter in Belfast due to bad weather, she was 

torpedoed on 26.02.1918 by U-19, which sank SS Santa Maria a day earlier (desribed above). 

There were no casualties.  

1.3.5. SS Polwell 

Initially named Northumbria, SS Polwell was built in 1888 by J.L. Thompson & Son in 

Sunderland. She was powered by a triple-expansion engine and changed owners and name many 

times in her history. In 1914, being registered in Hamburg under the name Syra, she was captured 

sailing nearby Gibraltar by the British Admiralty. From 1917 to 1918, after gaining the name 

Polwell, the vessel was used as an armed collier, managed by the Clyde Shipping Co. Ltd. based 

in Glasgow. She was sunk on 4.06.1918 by U-96 during a cruise from Scotland to France, with a 

cargo of coal onboard, intended to support allied forces. Before sinking, a warning shot was fired 

by the hostile submarine and the whole crew managed to escape the vessel safely (Brady et al. 

2012). 

1.3.6. FV St. Michan 

St. Michan was a motor fishing trawler built in 1912 by Michael Tyrell of Arklow, operated by 

Joseph Harford and Christopher Shines, Dublin. On 30.03.1918 she was sunk by gunnery of U-

96 (Helgason), with no loss of life.  

1.3.7. RMS Leinster 

RMS Leinster was a twin-screw steel steamer, propelled by two independent triple-expansion 

engines and built in Liverpool in 1896 by Lairds. The vessel was owned by the City of Dublin 

Steam Packet Company and delivered mail between Ireland and Britain. On 10.10.1918, just a 

few weeks before the Armistice in November, Leinster was torpedoed without notice by a German 

UB-123. She was on the way from Carlisle to Holyhead with a general cargo and sacks of mail. 

With 501 casualties from 771 passengers (over 400 of which were soldiers), it is one of the worst 
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and (7), by assessing long-term stability and vulnerability of the sites to external environmental 

and anthropogenic factors. This research is expected to be ultimately beneficial for site 

management of Underwater Cultural Heritage (8).  

1.5. Outline of the thesis 

Following this introduction, chapter 2 provides a detailed review of methods and research aimed 

at physical site formation processes at shipwreck sites. It identifies knowledge gaps and presents 

further justification both for the selection of the objectives and the methods for this project.  

Chapter 3 contains a published research paper addressing the first objective. In the study, a 

residual relief modelling method is presented for the semi-automated extraction of depositional 

and erosional signatures (wreck marks). The GIS method is developed and successfully tested for 

three shipwreck sites: SS Hare, SS Polwell and SS Tiberia using the high-resolution bathymetric 

DEMs obtained for the project. In the end of the chapter, methodological considerations and 

archaeological implications for the presented workflow are discussed in detail.  

Chapter 4 presents a published research paper addressing the second objective. Sediment budget 

change and its hydrodynamic triggers are investigated for all the sites described in the 

introduction.  This is conducted through a GIS integration of time-lapse multibeam echosounder, 

geophysical, geological and modelled oceanographic data. The time-lapse bathymetry datasets 

allowed investigating evolution of the sites in multiple temporal (weekly, annual, multiannual and 

decadal) scales and at a spatial resolution previously unrealised in underwater physical site 

formaton assessments. The quantified sediment budget change is discussed from geotechnical and 

archaeological perspectives. While the former perspective explores factors controlling the 

variability in recorded geomorphic change between individual sites, the latter discusses the sites 

based on their equilibrium states (static and dynamic), yielding different in-situ preservation 

estimates.  

Chapter 5 contains a detailed investigation of hydro- and sediment-dynamic settings at the sites 

of SS W.M. Barkley and HMS Vanguard. Hence, it addresses the third objective of the thesis. The 

study combines the use of advanced CFD simulations involving 3D models of the complex wreck 

sites and is validated with difference modelling performed using the time-lapse multibeam 

echosounder data. Results show intricate patterns of flow developed around the wreck structures 

and demonstrate that CFD simulations can explain and predict which areas at shipwreck sites are 

prone to erosion. The discussion of the findings highlights their implications spanning across 

marine science, engineering and spatial planning and cultural heritage management. 

The discussion of the thesis is presented in Chapter 6. The chapters corresponding to the research 

objectives are discussed individually, and additional remarks are made regarding the 

methodologies developed in the thesis. The summary and recommendations sections 
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subsequently present a narrative linking all the chapters together to form a multi-method approach 

for the characterization of shipwreck sites, and then identify future research prospects based on 

the newly acquired knowledge. 

2. Physical formation processes of shipwreck sites: A review   

2.1. Introduction 

The rapid development of marine survey technologies in recent decades has led to the discovery 

and identification of a great number of shipwrecks (Croome 1999; Ballard 2007; Brady et al. 

2012). These sites have become part of our common underwater landscape and are of interest to 

many parties (Firth 2018). Historic wrecks act as time capsules, reflecting technology and life on 

board at their time of loss (Elkin et al. 2020; Geraga et al. 2020). Many of these vessels were lost 

in dramatic circumstances of naval warfare and are commemorated as mass graves. Shipwrecks 

are also islands of hard substrata on the seabed, resulting in thriving marine communities on and 

around them  (Zintzen et al. 2008; Balazy et al. 2019; Johnson et al. 2020). Accordingly, wrecks 

are often visited by sport divers, fishers and sea anglers.  

On the other hand, wrecks are sometimes negatively perceived; as threats to navigation and to the 

environment, often containing unused fuels, heavy elements and unexploded ordnance (Landquist 

et al. 2013; Ndungu et al. 2017; Vanninen et al. 2020). All these factors make shipwrecks a very 

important hidden resource, often neglected by authorities and presenting multiple challenges with 

respect to site management and marine spatial planning (Firth 2018; Papageorgiou 2018). These 

two activities can only be implemented effectively when shipwrecks are understood in their local 

environmental context. This context determines whether a given shipwreck needs immediate 

attention, due to risk of accelerated degradation, or can be left as it is. One way to better 

understand shipwrecks and their surroundings, through assessing their environmental context and 

conservation status, is the study of site formation processes. 

2.2. Definition of site formation processes 

In archaeology, site formation processes are defined as the factors which create the archaeological 

and historic records (Schiffer 1996). In shipwreck research, site formation comprises singular 

and/or continuous events and processes that contribute to the condition of a wreck site at a given 

time (Oxley and Keith 2016). Site formation is influenced by cultural factors (C-Transforms), 

where the driver is human behaviour, and natural factors (N-Transforms), driven by the natural 

environment (Oxley and Keith 2016).  

One of the pioneers of shipwreck site formation research was Keith Muckelroy, who proposed a 

model representing the evolution of submerged shipwrecks as a function of N- and C-Transforms 

(Fig. 2.1a) (Muckelroy 1976). In a simple but organized manner it categorizes processes and 

events which change a site over time. He identified processes that lead to the loss of material from 
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2.2.4. Anthropogenic site formation processes 

C-transforms, also referred to as cultural or anthropogenic processes, are associated with the 

impact of humans. There are numerous possible sources of human activity, which can influence 

underwater sites, including the construction of underwater pipelines, development of renewables, 

oil and gas infrastructure, port structures, cable laying, dredging, illegal salvage, disposal of 

material, bottom trawling and sport diving, occasionally ending up in looting (Stewart 1999; 

Gibbs 2006; Quinn and Boland 2010; Brennan et al. 2013, 2016). Excavations and invasive 

research conducted at shipwreck sites also change the site permanently, and are therefore also 

classified as formation processes (Muckelroy 1978). 

2.3. The importance of physical site formation research 

Changes in sediment budget may directly lead to complete or partial burial/exposure of a 

shipwreck (Ward et al. 1999; Quinn 2006; Quinn et al. 2007). Whether the shipwreck structure 

is buried or exposed to the water column determines oxygen availability, which in turn limits the 

accessibility of marine organisms and controls corrosion. Therefore, physical site formation 

processes strongly influence biological and chemical processes, especially in the early stages, 

when changes in sediment budget due to scour are the most dynamic (Quinn 2006). Although the 

temporal scales of geomorphic seabed changes are not fully understood at shipwreck sites, some 

of them undergo reorganization multiple times during their residence on the seafloor (Quinn and 

Boland 2010; Pascoe 2012; Astley 2016). Hence, physical site formation is a decisive 

consideration for in-situ preservation.  

In ocean engineering, geomorphic change of the seabed and scour processes are considered 

detrimental to submerged offshore structures (Whitehouse et al. 2011). Offshore development 

plans require extensive environmental assessments and suitability studies and constructions like 

windfarm monopiles require scour mitigation measures (Melling 2015). Scour can potentially 

cause partial or complete collapse of manmade structures, including wrecks (Quinn 2006).  

Conversely, the signatures developed by scour processes (i.e. wreck marks) and continuous 

geomorphic change (or its absence) are useful indicators of the local hydro- and sediment-

dynamic environment. By assessing the seabed geomorphology in detail, it is possible to derive 

information about the direction of net sediment transport (Caston 1979). Therefore, wreck sites 

can potentially act as proxies and studying them allows us to characterise geotechnical and 

oceanographic processes operating in the local environment. 

In summary, we require a better understanding and quantification of physical site formation 

processes at wreck sites. This review therefore assesses recent developments in the field and 

identifies gaps in knowledge which contribute to developing the research questions addressed in 

this project.  
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Montblanc et al. 2016), CFD simulations provide site-focused, detailed evaluation of the acting 

hydro-dynamic patterns and forces (e.g. Smyth and Quinn 2014; Quinn and Smyth 2018) (Fig. 

2.5).  

 

Figure 2.5. 3D streamline patterns coloured according to flow velocity, obtained with CFD simulations 

over a MBES data-derived 3D surface of a shallow-water (16 m depth) shipwreck site located at Arklow 

Bank in the Irish Sea (east coast of Ireland) (from Smyth and Quinn 2014).  

CFD can be defined as the analysis of problems involving fluid flow using computer simulations. 

CFD uses Navier-Stokes equations to describe fluid motion and characterise various fluid 

dynamic quantities. The most commonly used numerical solution technique of the governing 

equation is the finite volume method. This algorithm initially integrates the governing equations 

over control volumes of a domain or mesh. Then the resulting integral equations are converted to 

a system of algebraic equations, which are iteratively solved (Versteeg and Malalasekera 2007). 

Solving the Navier-Stokes equations directly is currently computationally prohibitive for 

turbulent flows with high Reynolds numbers (the ratio of inertial to viscous forces). Therefore, 

approximated solutions of the governing equations are applied that either average the turbulence 

(Reynolds-Averaged Navier Stokes Equations, RANS) or filter and model fine scales of 

turbulence, while directly simulating larger scales (large eddy simulations, LES). A combined 

RANS/LES approach is also used, referred to as a detached eddy simulation (DES). To date, only 

the RANS approach has been used to model turbulent flows over shipwreck sites. It is a common 

method across many disciplines including environmental (e.g. Smyth 2016) and industrial 

applications (marine engineering, aerodynamics and others) of CFD. Computationally expensive 

simulations using the LES model are recommended when very accurate results are required.  
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Shipwrecks usually act as substantial obstacles to flow, hence seabed scouring around them is 

often extensive (Fig. 2.6), frequently creating deep erosional signatures, occasionally extending 

to great distances (Quinn 2006; Garlan et al. 2015). Scour signatures are typically accompanied 

by mounds of re-deposited sediments, and together the erosional and depositional features are 

referred to as wreck marks (Caston 1979). Depending on the depth of a shipwreck, the seabed 

scour can be caused by waves, currents or combined waves and currents (Soulsby 1997).  

 

Figure 2.6. MBES backscatter (a,b) and (c) bathymetric plots showing examples of unidirectional singular 

(a) and twin (b), and bidirectional triplet (c) scour/depositional features around shipwrecks in the macrotidal 

regime off the coast of France (from Garlan et al. 2015).  

As physical formation processes comprise a variety of oceanographic, geological and 

geotechnical phenomena, their objective assessment is challenging. One way to measure them is 

by evaluating changes in sediment budgets, defined as net sediment gain and loss in the wreck 

area (Ward et al. 1999). As the hydro-dynamic regime and the geomorphic changes (resulting in 

the sediment budget changes) are inextricably linked, this approach enables us to discuss physical 

site formation in a quantitative way, allowing comparisons between and across case studies. 
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turbulent kinetic energy and shear stress were observed in an area downstream of the wreck, 

approximately where the geomorphic change had been previously recorded (Quinn and Boland 

2010). Nevertheless, the time-lapse investigation (Quinn and Boland 2010) concluded that some 

wreck sites are in an equilibrium state,  and resilient enough to absorb an external forcing like the 

Arklow Bank site, while others, like Drogheda Boat, are not. The latter type of site evolves to a 

new state after experiencing external forcing.  

Another example of intense anthropogenic forcing detected with time-lapse multibeam data 

gathered at 11 months interval was presented by Brennan et al. (2016), who quantified bottom 

trawling damage to ancient shipwreck sites. Trawling not only damages and scatters artefactual 

material, but also removes sediments, exposing artefacts, and smooths out natural morphological 

features of the seabed (Brennan et al. 2016).   

Bates et al. (2011) investigated the site of HMS Stirling Castle, a ship-of-the-line lost on the 

Goodwin Sands in 1703, using similar time-lapse methods. The shipwreck, located in a highly 

dynamic, tidally- and wave- influenced environment, has been reported to periodically disappear 

under sediments, since its discovery in 1979 (Pascoe 2012). The time-lapse investigation of the 

Stirling Castle site involved MBES data collected between 2002 and 2006, allowing for the 

assessment of geomorphic changes at the site over various time-scales: within a few months, one 

year and four years (Bates et al. 2011). The investigation determined that coarser-grained 

sediments are present in areas around the wreck, where erosion has occurred, while depositional 

areas are characterized by a finer-grained substrate. The geomorphic changes were attributed to a 

local perturbation of the tidal flow by the wreck, migration of sand dunes around the site and a 

large scale, regional migration of the entire sandbank, on which the wreck is located (Bates et al. 

2011). The authors, similar to Quinn and Boland (2010), highlighted the complexity of factors 

affecting sedimentary conditions at sites located in dynamic environments, and the necessity to 

continuously conduct time-lapse surveys, to allow site formation assessments at multiple temporal 

scales.  

A scenario of perhaps one of the most extreme possible hydro-dynamic forcing occurring at a 

wreck site in the marine environment was recorded and described by Stieglitz and Waterson 

(2013). The authors investigated how Cyclone Yasi affected the shipwreck of SS Yongala, a 

luxury passenger steamer lost in 1911 off north Queensland, Australia, now resting in 30 m of 

water. They reported substantial damage to the hull structure, recorded in multibeam datasets 

acquired before and after the cyclone had passed through the site. They noted that damage may 

be further exacerbated by scour processes activated by extreme weather events like cyclone Yasa.  

Raineault et al. (2013) investigated scour development at tidally- and storm-influenced artificial 

reef structures (i.e. subway cars) located at the continental shelf off Delaware Bay (United States) 

at a mean water depth of 28 m in an area where the seabed is composed of multimodal sediments. 
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In summary, research on geomorphic change at shipwreck sites has progressed significantly 

during recent decades. However, some limitations persist. Firstly, no robust objective method for 

delineating scour and depositional signatures has been developed. The associated erosional and 

depositional signatures are often developed at multiple spatial scales, from near-field scour pits 

to depositional and erosional wreck marks extending up to kilometres from a shipwreck, and the 

problem is exacerbated as these features are frequently embedded in other regional 

geomorphological features. In order to understand these complex local zones of erosion and 

deposition, they first need to be accurately and objectively delineated.  

Survey methodologies for shipwreck site monitoring are well-established at this stage, and 

currently allow us to characterize sites and evaluate geomorphic change at very high resolution, 

at various spatial and temporal scales. Although the number of published case studies is increasing 

all the time, the time-lapse survey approach is still under-utilised (possibly due to prohibitive 

costs and lack of expertise in archaeological research teams), despite the great number of 

shipwrecks estimated in seas and oceans (3 million according to Croome 1999). Therefore, we 

need to expand time-lapse case studies in order to improve the resolution and sophistication of 

site formation models.  

Geomorphic change at shipwreck sites needs to be understood at multiple time-scales, ranging 

from very-short (e.g. daily changes related to storms), intermediate (weekly, monthly changes 

related to tidal cycles), long (intra-annual, seasonal changes) and very long (inter-annual, decadal 

changes) periods. Such data can enhance site management and allow us to construct accurate site 

formation models. Site formation models with the added time-variability component would allow 

archaeologists, site managers and other parties to prioritise shipwreck interventions. For example, 

an emergency excavation or physical protection might be required on one site, while others could 

be left as they are for the time being. Additionally, understanding geomorphic change and the 

related physical processes is critical to construct relevant decision trees for managing potentially 

polluting shipwrecks (Landquist et al. 2013).  

The idea of Caston (1979) to use shipwrecks as indicators of net sediment transport can potentially 

be expanded further. If enough case studies are conducted at sites with varying environmental 

factors, models can be constructed, deriving current magnitude and direction from scour 

signatures (data about local sediment substrates, wreck morphology and local geomorphology 

would still be necessary for such models to be accurate). Similar models exist for deriving current 

magnitudes and directions by observing natural bedforms: for example, the bedform velocity 

matrix proposed by Stow et al. (2009). As shipwrecks are distributed in many seas and oceans, 

especially in places with intense marine traffic, this indirectly derived information about currents 

could be used, for example, to validate large-scale hydro-dynamic models, which are often 
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important applications in offshore engineering (Melling 2015). We believe that this study will 

add to the existing knowledge on the use of high-resolution MBES data for such applications and 

presents a step towards automated seabed morphology extraction and characterisation. 

3.2. Materials and methods  

3.2.1. Study area 

The three World War 1 shipwrecks used in this study are located in the Irish Sea; two off Dublin 

and one off Belfast (Fig. 3.1). The steam collier SS Polwell was sunk by the German submarine 

U-96 on 5 June 1918 (Brady et al. 2012). The 93-m long wreck is located at a depth of 30 to 36 

m, 20 km northeast of Dublin. On 14 December 1917, SS Hare was torpedoed by the German U-

62 (Brady et al. 2012) 22 km east of Dublin. The 54-m passenger/cargo ship now rests in 53 to 

60 m of water. The merchant vessel SS Tiberia was torpedoed on 26 February 1918, probably by 

the German U-19 (Wilson 1979). The 125-m long wreck is located in 48 to 63 m of water at the 

northern entrance to Belfast Lough. 

 

Figure 3.1. Locations of the sites chosen for the study in the Irish Sea (backdrop bathymetry obtained 

from (EMODnet Bathymetry Consortium 2018). 

All three wrecks lie on non-cohesive sandy sediments (Brady et al. 2012; Bond 2014). 

Considering the depths of the shipwrecks and their location in the western part of the semi-

enclosed Irish Sea, the wave influence at the sites is minimal, and processes acting on the sites 

are dominated by bi-directional tidal currents. Around SS Tiberia, depth-averaged tidal currents 
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3.3. Results 

3.3.1. Digital elevation models 

DEMs of the three wreck sites are presented in Fig. 3.3. These were chosen because they each 

have a different background geomorphology, allowing the methodology to be tested on different 

regional settings. On the SS Polwell site, a pipeline to the north of the shipwreck (Fig. 3.3a) 

intersects the extensive longitudinal erosional and depositional wreck marks. Ridge-shaped 

features of a similar length-scale as the scour marks are present to the south of the wreck structure. 

SS Tiberia (Fig. 3.3b) rests on a sloping seabed, which deepens to the east. Two distinct scour 

pits are imaged around the wreck, with more subtle far-field depositional and erosional marks to 

the north and south. SS Hare lies semi-buried within a deep and extensive scour pit, with dunes 

developed across the entire site (Fig. 3.3c). The regional bathymetry deepens to the south, with 

the trend being disrupted by the scour pit. 

 

Figure 3.3. DEMs representing (a) SS Polwell, (b) SS Tiberia and (c) SS Hare sites. The rasters were 

occluded with a hillshade layer set to 70% transparency. 

3.3.2. Residual relief modelling 

The results of the residual relief modelling are shown in Fig. 3.4. On the SS Polwell site, the relief 

modelling distinguishes extensive, longitudinal positive and negative relief features clearly 

related to the presence of the wreck (Fig. 3.4c). On a preliminarily classified layer (Fig. 3.4b), the 

amount of positive and negative residuals is significantly higher than on the final output layer 

obtained after the final separation (Fig. 3.4c), as many of the local morphological features are of 

the same scale as the wreck marks and needed to be removed during the third step. This operation 

was supported by visual examination of the enhanced contrast DEM, occluded with the 

multidirectional hillshade and the Sobel vertical functions (Fig. 3.5a, d). Both visualisation 

techniques allowed for the clear distinction of the longitudinal far-field scour mark boundaries, 
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Figure 3.7. Results of the manual vectorisation for (a) SS Polwell, (b) SS Tiberia and (c) SS Hare with the 

scour areas separated by the RRM highlighted with a yellow line in the background for a comparison. 

3.4. Discussion 

3.4.1. Objective separation of erosional and depositional wreck marks 

In this study, we aimed to develop a method for objective extraction and classification of erosional 

and depositional scour marks from high-definition bathymetric DEMs of shipwreck sites. We 

successfully used a combination of residual relief modelling and DEM visualisation techniques, 

building on previous work in several fields of study which required the separation of 

morphological features of various length-scales (Wessel 1998; Smith and Clark 2005; Walbridge 

et al. 2018). 

Although separation of wreck marks can be performed by manual vectorisation in GIS, this 

naturally introduces user-bias due to the subjective nature of the process. In our study, the residual 

relief modelling method was compared with a manual separation supported by 3D profiles derived 

from the DEMs. Both methods were successful in identifying the main scour marks on all of the 

wreck sites. However, differences in the extents and shapes of the picked areas were observed 

(Fig. 3.7, Table 3.1). Relief modelling outperformed manual vectorisation with respect to the total 

defined erosion/deposition areas by 18% (Table 3.1). The greatest differences were noted in 

places with subtle scour marks, which are difficult to define visually and vectorise using the 

manual approach. The results indicate that manual vectorisation alone cannot be used as a 

benchmarking validation method, and that scour signature separation should always be 

accompanied by statistical analysis. The fact that the residual relief modelling method is semi-

automated and based on statistical differences between elevation values (Wilson and Gallant 

2000) makes it a more effective tool compared with manual vectorisation. 
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3.4.3. Archaeological implications 

Although the residual relief method was tested on three WW1 wreck sites, it is an important step 

towards the standardisation of the quantification of erosional and depositional zones on all 

underwater archaeological sites. As this method is semi-automated, it generates metrics for the 

delineation of local morphologies which are based on statistical comparisons, rather than on 

purely manual user interpretation. The method can be applied to any underwater site type, from 

individual artefacts to single wrecks, to submerged landscapes with varying characteristic length-

scales. In this paper, we specifically tested it to separate scour signatures, as their quantification 

is fundamental to the understanding of wreck site formation processes.  

Firstly, scour and associated sediment fluxes can trigger the burial of archaeological material 

within the sediments or can lead to the exposure of material into an oxygenated water column. 

This in turn influences processes like corrosion or biological encrustation (Ward et al. 1999). On 

the SS Hare site for example, scour processes cause the shipwreck to sink below the elevation of 

the regional seabed (Fig. 3.8). Similar scour mechanisms are described by Voropayev et al. (2003) 

and Jenkins et al. (2007) for small objects, where subsequent sinking of scour nuclei leads to their 

partial or complete burial. Similar processes happening on shipwreck sites influence the rate of 

their structural degradation (Ward et al. 1999). 

Furthermore, changes in sediment budget caused by scouring in a dynamic marine environment 

may also influence the distribution of high- and low-pressure zones on a hull structure, potentially 

leading to the partial or complete collapse of the wreck (Quinn 2006). Erosional scour pits are 

also associated with increased local flow vorticity and turbulence (Quinn and Smyth 2018), and 

as a result, wreck elements in these areas are subject to increased fluid forcing. Thus, the objective 

separation of zones of erosion and accumulation helps to categorise a shipwreck site into regions 

characterised by different grades of preservation potential.  

Zones undergoing erosional processes threaten the integrity of a submerged archaeological site, 

and therefore emphasis should be put on their monitoring. On the other hand, areas influenced by 

depositional processes generally represent the more stable component of the site, where the 

accumulated sediment aids preservation. Accurate characterisation and delineation of these zones 

can help site managers to target specific places to deploy monitoring equipment and undertake 

site protection measures involving, for example, the arrangement of sandbags and geotextiles. 

The residual relief modelling method provides an effective and objective method for the 

extraction of these features and therefore has great potential to enhance effective in-situ 

preservation planning, as encouraged by (UNESCO 2002). 

From an oceanographic point of view, the distribution of scour marks provides information about 

directions and magnitudes of dominant bottom currents and the local net sediment transport 

(Caston 1979). The three shipwrecks chosen for this study are all located in similar bi-directional 
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flow regimes in the Irish Sea, on non-cohesive beds. However, the results of the RRM show that 

the complex patterns of wreck marks vary significantly across individual sites and between 

different shipwreck sites (Fig. 3.4). Although all three shipwreck sites are characterised by scour 

marks extending in opposite directions as a result of bi-directional tidal flow, only on the SS 

Tiberia site are the scour marks aligned symmetrically. Asymmetrical distribution of scour marks 

indicates two possibilities: either that ebb and flow current magnitudes are distributed unequally 

or that local variations in seabed morphology and/or composition can limit the extent of scour 

development. The RRM method successfully captured the zones of scour marks, which act as 

proxies allowing for the analysis of local sediment mobility. 

The separation method reported here can also be applied to offshore engineering. For example, 

on the SS Polwell site, the wreck-related scour clearly extends beyond the pipeline located 600 m 

north of the wreck (Fig. 3.4c; Fig. 3.3a). The location of the wreck therefore influences the 

integrity of the seabed engineering, indicating that wreck marks should be mapped rigorously to 

estimate buffer zones, within which no offshore development should take place. Such an approach 

would potentially minimise detrimental effects caused by shipwreck-induced scour impacting 

offshore engineering, and vice versa. This factor is becoming increasingly important at a time 

when coastal and marine landscapes are being transformed as a result of coastal engineering 

initiatives to support developing urban centres. 

3.5. Conclusions 

In this study, we present a GIS-based residual relief modelling method for the semi-automated 

extraction of depositional and erosional features at wreck sites. We applied the method to three 

World War I shipwreck sites and evaluated it against traditional manual vectorisation techniques. 

The results suggest that the semi-automated modelling method is robust, time-effective and 

capable of quantifying the products of scour processes with increased objectivity. Our method 

holds great potential for the objective characterisation of erosional and depositional patterns and 

processes at wreck sites, which have important implications for site formation studies and in-situ 

preservation of underwater cultural heritage. 

High-resolution multibeam echosounder surveys of wreck sites are now routinely used for 

archaeological prospection and assessment as they provide detailed, wide and time- effective 

coverage (Manders 2009; Plets et al. 2011; Astley et al. 2014). The increasing availability of 

high-definition multibeam-derived digital elevation models of historic wreck sites (Westley et al. 

2019) allows for an entirely new level of detailed interrogation and analyses of the 

geomorphological features developed around them. Multibeam surveys are however still 

financially expensive and resource demanding. Therefore, their products should be used 

comprehensively to provide as much information as possible. The residual relief modelling 

coupled with the application of the DEM visualisation techniques adds another layer to the use of 
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Figure 4.3. (a) Seismic line acquired over HMS Vanguard and (b) its interpretation, showing the digitized 

horizons vertically limiting further development of the scour pits. The profile's location is shown in Fig. 

4.2d. Sediment waves and a large sediment wave are visible SSE and NNW of the wreck, correspondingly. 

Multiple reflections (seismic artifacts) are marked separately.  

4.3.1.2. Multimodal sites 

SS Chirripo, SS Tiberia, SS Polwell and FV St. Michan rest on mixed substrates (Table 4.2), 

characterized by multimodal distribution of sediment fractions. The modelled current magnitudes 

vary across sites, with the weakest currents not exceeding 0.3 m/s at SS Chirripo, reaching 0.4 

m/s for SS Polwell and FV St. Michan, and exceeding 0.5 m/s for SS Tiberia (Table 4.2).  

At the SS Chirripo site, distinctive thin (10-15 m wide), typically 0.2-0.4 m high elongate 

depositional signatures extend symmetrically up to 700 m from the shipwreck (Fig. 4.4a). A slight 

offset between the directions of these features and the modelled current directions is noted. A 

group of pockmark-like holes are imaged W, NW and N of the shipwreck (Fig. 4.4a). They are 

circular, with approximate radii of 15 m and depths of 0.4 to 1 m. Granulometric analysis of the 

sediment samples indicates gravelly muddy sand on the depositional wreck marks, while gravel 

becomes more dominant away from these. No distinct scour zone is recorded at this site.  

SS Tiberia, located 2.4 km NE of SS Chirripo, exhibits an intricate pattern of nearly symmetrical 

depositional and erosional signatures, aligned with the modelled currents (Fig. 4.4b) and reaching 

up to 500 m from the shipwreck (in NW direction). Two scour pits with maximum depths of 4.27 

m are formed in immediate proximity to the wreck, extending from the bow and stern. The 

depositional ridges and erosional troughs extend far from the wreck (Fig. 4.4b), with variable 

lengths and widths. Sediment samples show muddy sandy gravel inside the scour pits and slightly 

gravelly muddy sand on the depositional signatures, while the seabed outside of the wreck marks 
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The longest flow-aligned depositional and erosional signatures are developed at the SS Polwell 

site, where ridges extend for 1190 m and scour features for 1290 m respectively, parallel to 

modelled NNW orientated peak tidal flow (Fig. 4.4c). The wreck marks, less developed in the 

SSE direction, are also up to 100 m wide, with the deepest depression and the highest elevation 

in relation to the ambient seabed being 1.48 m and 1.00 m respectively. Gravelly muddy sand is 

recorded in the erosional signature stretching to the NNW, while the rest of the samples indicate 

muddy sand (Fig. 4.4c). At this site, the volume of eroded material calculated from the relief 

modelling is slightly higher than for the deposited material (Table 4.2). 

FV St. Michan rests on the boundary of the Western Irish Sea Mud Belt, an area that typically 

experiences lower bed stresses than the surrounding sand-dominated areas (Belderson 1964; 

Coughlan et al. 2020). Nevertheless, a deep scour pit has developed around the shipwreck with a 

maximum depth of 4.34 m (Fig. 4.4d). The shipwreck, which is much smaller in comparison to 

the other investigated vessels (Table 4.2) is elevated above the pit on a sediment mound (Fig. 

4.4d). Some material has been redeposited around the pit and is therefore reflected in the 

calculated depositional volume (Table 4.2). Sediment samples were highly multimodal. Muddy 

sandy gravel is recorded close to the boundary of the scour pit. Attempted sampling was 

unsuccessful inside the pit, indicating a coarse sediment. Gravelly mud is recorded in the 

depositional mound proximal to the shipwreck and slightly gravelly and gravelly muddy sands 

are present in the depositional signatures outside the scour pit and in the surrounding seabed (Fig. 

4.4d). 

4.3.1.3. Gravel-dominated sites 

SS Lugano and SS Santa Maria are located on coarser substrates compared to the other sites, 

which is reflective of a much stronger tidal regime, with peak modelled flows of 1 m/s (Table 

4.2). SS Lugano is situated on a sandy gravel and gravel bed, with a small depositional zone near 

the bow and lacking any erosional signature. A narrow (around 10 m wide) low-profile (0.1-0.2 

m) depositional braid extends 120 m SSE from the shipwreck, probably comprising finer sediment 

(Fig. 4.5a). In contrast, at the SS Santa Maria site located 9.6 km SE of SS Lugano, significant 

flow-aligned erosional signatures (Table 4.2) with depths exceeding 5 m extend up to 140 m from 

the broken bow of SS Santa Maria (Fig. 4.5b). At this site, no clear depositional zone is imaged.  
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4.3.2.2. Wave influence 

Analysis of the M2 wave buoy (Fig. 4.1b) data shows the calculated 99th percentile of significant 

wave height distribution is 3.5 m (18 years return period). According to equation (1), only wreck 

sites shallower than 35 m are directly affected by storms in the study area. The SS Chirripo, RMS 

Leinster and SS Polwell sites meet this criterion, but they are all located closer to the western 

shore of the Irish Sea than the M2 buoy and hence are assumed to be partly sheltered, with a very 

limited wave influence. During a storm event that disrupted the 2019 survey significant wave 

height did not exceed 3 m, hence none of the sites surveyed in the period were directly influenced 

by waves.  

4.3.3. Time-lapse analysis 

Results of the time-lapse analysis are divided into multiannual (9, 5 and 4 years), annual and 

weekly change. Table 4.3 contains measured maximum scour depths and their time-lapse changes, 

which are mostly within the detection threshold (30 cm) and are therefore deemed insignificant. 

SS WM Barkley is the exception, where the scour pit underwent significant (>30 cm) changes 

with respect to its maximum depth, however the net change (2010-2019) is only 33 cm (Table 

4.3). Results of the time-lapse volumetric change calculations for shipwrecks on sandy beds are 

listed in Table 4.4. Analysis for the multimodal sites does not indicate any significant volumetric 

changes outside detection thresholds and no time-lapse data are available for the gravel-

dominated substrate sites. 

4.3.3.1. Multi-annual change 

Multiannual difference models were created using 2010, 2015 and 2019 DEMs. Sites with major 

and minor changes are shown in Fig. 4.6 and Fig. 4.7, respectively.  

In general, the biggest changes occurred at the sand-dominated sites (Fig. 4.6, Table 4.4). At the 

SS Hare and SS WM Barkley sites, significant changes occurred outside and inside the dominant 

depositional and erosional signatures in all of the multiannual time steps. Changes at the SS WM 

Barkley site are the largest, with a maximum depth of erosion recorded at -4.9 m over a 4-year 

period (Fig. 4.6b) and maximum deposition of +3.3 m for the preceding 5-year period (Fig. 4.6a). 

These changes occurred in the immediate vicinity of the shipwreck, causing partial burial of its 

portside and partial exposure of the starboard side. A scour pit extending from the detached bow 

(NE part) was infilled with sediment between 2010 and 2015 (Fig. 4.6a) and eroded again to the 

initial condition between 2015 and 2019 (Fig. 4.6b). During the 9-year period, the seafloor 

immediately SE of the wreck structure eroded, and material was deposited further downstream 

(Fig. 4.6c), resulting in a build-up of a sand mound. In terms of volumetric changes, the overall 

net sediment budgets calculated for the SS WM Barkley and SS Hare wreck sites in the 100 m 

circular buffer are negative (Table 4.4). At SS Hare, major geomorphic changes occurred between 
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Figure 4.10. Weekly digital elevation models of difference (2019) for (a) SS WM Barkley and (b) SS Hare. 

Pixels within the detection threshold (30 cm) were retained to avoid information loss. 

Table 4.3. Maximum depths and annual changes of bed erosion (relative to a preceding time-step) 

due to scour at the sites.  

Category Shipwreck Year Max. scour depth [m] Change [m] 

Sand 

RMS Leinster 
2015 -3.00 - 
2016 -2.99 +0.01 
2019 -3.00 - 

HMS Vanguard 
2015 -11.69 - 
2019 -11.63 +0.06 

SS Hare 

2010 -11.38 - 
2015 -11.32 +0.06 
2016 -11.13 +0.19 
2019 -11.15 -0.02 

SS WM Barkley 

2010 -13.64 - 
2015 -12.96 +0.68 
2016 -13.50 -0.54 
2019 -13.97 -0.47 

Multimodal 
 

SS Chirripo 2015 No erosion recorded - 
2016 No erosion recorded - 

SS Tiberia 2015 -4.27 - 
2016 -4.18 +0.09 

SS Polwell 
2015 -1.48 - 
2016 -1.52 -0.04 
2019 -1.54 -0.02 

FV St. Michan 2015 -4.34 - 
2019 -4.47 -0.13 

Gravel SS Lugano 2016 No erosion recorded - 
SS Santa Maria 2016 -5.23 - 
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4.4. Discussion 

In this study, we aimed to expand our knowledge of shipwreck site formation processes, focusing 

on sediment budgets and hydrodynamic conditions. To accomplish this, we investigated the 

spatial and temporal scales of geomorphic change at metal-hulled historic shipwrecks in a tidally 

dominated environment. The sites, characterized by a mosaic of seabed substrates and varying 

tidal currents, are all more than 100 years old, thereby their protection is endorsed by UNESCO 

through the Convention on the Protection of Underwater Cultural Heritage (UNESCO 2002).  

4.4.1. Variability of geomorphic change at sites in different seabed environments 

At all wreck sites where erosional and depositional signatures were identified, a strong correlation 

between their directionality and the prevalent current direction is noted, suggesting that current-

induced bed stress is the dominant control on scour processes. Geomorphic change verified by 

difference modelling primarily takes place either inside the scour signatures or is associated with 

the tidally controlled migration of sediment waves. Even during storm conditions, the influence 

of wave action on the sites is shown to be insignificant. However, in order to fully determine the 

influence of storm events, deployment of monitoring equipment at the sites would be necessary. 

4.4.1.1. Sand-dominated sites 

Wreck sites located in sand-dominated settings are highly dynamic, with significant changes in 

seabed morphology recorded on a weekly, annual and interannual basis. Geomorphic change at 

sand-dominated sites includes the dynamic evolution of the scour pits and significant migration 

of sediment waves across individual wreck sites. Sediment wave trains provide a constant 

sediment supply, causing continued reorganization of both depositional and erosional signatures. 

Sediment is subsequently carried away from the sites with migrating sediment waves, which are 

magnified downstream of the shipwrecks. The sediment budget therefore fluctuates, which is 

reflected in the volumetric changes representing erosion and deposition at and around the sites.  

Sand-dominated sites exhibit the highest, and most consistent levels of bed stress values 

exceeding sediment thresholds, enabling mobilization (Table 4.2). The stratigraphy at these sites 

is often complex, with Quaternary sediments overlain by migrating bedforms and sand sheets 

controlled by contemporary hydrodynamic processes. Sediment waves in this part of the Irish Sea 

are typically formed in an upper mobile layer that comprises reworked glacial and post-glacial 

sediments. Beneath this mobile layer lies a coarse gravel lag of glacial origin, either the Chaotic 

Facies or the Upper Till members described by Jackson et al. (1995). These Late-Pleistocene 

layers are more resistant to scour due to their coarse composition and/or over-consolidated nature 

(Coughlan et al. 2020). This is demonstrated at the HMS Vanguard site, where significant 
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Localized areas of low magnitude change not exceeding 30 cm at SS Polwell (Fig. 4.7a) and SS 

Tiberia (Fig. 4.9b) are attributed to fluctuating, turbulent components of flow around the 

shipwrecks, which locally magnify current-related shear stresses exerted on the seabed by 

introducing lee-wake vortices and vortex shedding (Quinn 2006; Smyth and Quinn 2014). The 

same mechanism was cited by Astley (2016) to explain localized, internal changes at the SS 

Richard Montgomery site.  

At the SS Chirripo site, pockmark-like features are observed around the shipwreck. Their origin 

remains unknown, although they could be traces of salvage operations conducted at the site in the 

past. Another possibility is that the impact of the shipwreck on the seabed exerted excessive 

pressure on the sediments, causing gas emission from the interstitials, creating the pockmarks. 

This formation mechanism had been hypothesized by Geraga et al. (2020) for similar 

morphological features at wreck sites in the Ionian Sea. 

The seabed around SS Chirripo is also characterized by elongate depositional ridges, with no 

significant erosional features (Fig. 4.4a). Despite its relative proximity (located 2.4 km to the 

north east), the SS Tiberia site (Fig. 4.4b) is characterized by more complex intricate patterns of 

erosional and depositional signatures. Differences in scour patterns at the two proximal sites are 

attributed to higher peak current values and subsequent higher levels of sediment threshold 

exceedance for mobilization at the SS Tiberia site. This influence is also reflected in the migration 

of low-profile sediment waves nearby the site (Fig. 4.9c). Additionally, SS Chirripo is orientated 

oblique (nearly parallel) to the dominant currents, hence perturbing flow to a far lesser extent than 

SS Tiberia, whose full length is oriented nearly perpendicular to peak flow (Quinn and Smyth 

2018). 

Local geological control on scour signature propagation is also observed at the multimodal SS 

Polwell site. Although extensive scour is recorded to the north of the wreck, scouring to the south 

of the structure is limited (Fig. 4.4c), despite a strong bidirectional current flow. A distinctive 

ridge feature located to the south acts as a horizontal (or spatial) impediment to scour propagation. 

Given its morphology and the regional geology, this ridge is likely to be a surface or near-surface 

expression of the Chaotic Facies or Upper Till member.  

Difference modelling for the FV St. Michan site shows that the low-magnitude change is confined 

almost entirely to the scour pit (Fig. 4.7b), suggesting that the flows magnified by the shipwreck 

are still eroding the seafloor. Analysis of grab samples collected at the site indicate highly 

multimodal sediments, as the shipwreck rests on the rim of the Western Irish Sea Mud Belt. The 

sediments in this area, the Mud Facies of Jackson et al. (1995), are typically under-consolidated 

with low shear strength values and are prone to scour (Callaway et al. 2009; Coughlan et al. 

2019). Furthermore, mobilization and removal of fine-grained sediments in this area of the Irish 
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introducing in-situ preservation measures, planning regular monitoring or authorised emergency 

excavation.  

An exception among the sand-dominated wrecks, is the HMS Vanguard site, where scouring 

appears to have reached its maximum depth. A non-erodible coarser sediment layer exposed in 

the scour pit limits the vertical scour extent and sediment wave migration occurs only outside of 

it. As sediment supply to the site has ended, the site appears to have reached a static equilibrium 

phase (Fig. 4.11a). This stability has possibly aided the remarkable preservation of the shipwreck, 

despite it being older than the other sites investigated. HMS Vanguard is nearly fully intact on 

the seabed in comparison to the other sand-dominated sites (Table 4.2), which are partly buried 

and scattered. Although the site appears stable, change may be triggered in the future by events 

like severe storms, anthropogenic activities or parts of the wreck itself collapsing (Fig. 4.11a). 

HMS Vanguard is still in a negative disequilibrium trend like any other underwater site and will 

undergo a gradual degradation due to corrosion and other formation processes, as she is almost 

entirely exposed to the seawater (Ward et al. 1999) (Fig. 4.11c). 


























































































































































































