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Table 1.  Abbreviations and terms 

Abbreviation or term 

 

Full meaning 

 

AEP Annual Exceedance Probability 

AHD Australian Height Datum 

BCH Benthic Communities and Habitats 

BOM Bureau of Meteorology 

CD Chart Datum 

Chl-a Chlorophyll a 

CPT Cone Penetrometer Testing 

DAWE Department of Agriculture, Water and the Environment 

DCCEEW Department of Climate Change, Energy, the Environment and Water 

DEM Digital Elevation Model (Topography + Bathymetry) 

DTM Digital Terrain Model (Topography) 

DWER Department of Water and Environmental Regulation 

Deflated dunes  Sand dunes eroded by wind down to the level where they meet groundwater 

EIA Environmental Impact Assessment 

ENSO El NiñoïSouthern Oscillation 

EPA Environmental Protection Agency 

ERD Environmental Review Document 

Erosion  Landward movement of the coastline 

ESD Environmental Scoping Document 

ESSP Eramurra Solar Salt Project 

GA Geoscience Australia 

GIS Geographic Information System 

GBR Great Barrier Reef 

HAT Highest Astronomical Tide 

Hydroperiod  The frequency of inundation by tides 

IOD Indian Ocean Dipole 

IUCN International Union for Conservation of Nature 

LAT Lowest Astronomical Tide 

Leichhardt Salt, or LS  Leichhardt Salt Pty Ltd 

MHWS Mean High Water Springs 

MLWS Mean Low Water Springs 

MSL Mean Sea Level 

NGO Non-Governmental Organisation 
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NWS North West Shelf 

Pa Pascals, the unit of shear stress (same as Newtons/m2).  

Progradation   Seaward movement of the coastline 

PSD Particle Size Distribution 

PSMSL Permanent Service for Mean Sea Level 

Qtz Quartz 

RFFE Regional Flood Frequency Estimation  

RSL Relative Sea Level (relative to the land) 

SLR Sea-Level Rise 

SME Subject Matter Expert 

SOI Southern Oscillation Index 

Subtidal  Below the level of LAT 

Supratidal  Above the elevation of HAT 

TC Tropical Cyclone  

TIM Tidal Inundation Model 

Vs:Vc ratio  Ratio of water volumes in a creek system at different tidal elevations.  Vs = 

Storage Volume, at 2.5 m AHD, Vc = Creek Volume, at 1.7 m AHD for ESSP. 

WA Western Australia 

NB - Directional convention.   

¶ Wind and wave directions use the standard meteorological convention of ócoming fromô.   

¶ Currents use the standard oceanographic convention of óflowing toô. 
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1. Introduction  

1.1. Purpose  

This report has two main purposes: 

¶ To establish the best available understanding of the physical processes that control the coastline and 

associated habitats relevant to the Eramurra Solar Salt Project (ESSP) development area. 

¶ To use that understanding to develop a defensible understanding of the possible future state(s) of the 

coastline and its associated key habitats, with and without the ESSP development. 

This report is designed to provide physical context to Leichhardt Salt Pty Ltdôs (LS) Eramurra Solar Salt Project 

(ESSP).  It integrates relevant parts of existing reports, adds available new information and is designed to be a 

single document to inform the regulatory assessment of LSôs ESSP proposal. 

This document should be referred to as: 

Larcombe, P., Eliot, M. & Buchan, S. (2025) The past, present and future coastal 
dynamics relevant to the Eramurra Solar Salt Project, with implications for benthic 
habitats.  Report to Leichhardt Salt Pty Ltd.  Piers Larcombe Consulting, Report No.  
PL2025-001, Version 2.0.  25th Feb., 2025. 

This report was led by Piers Larcombe (of Piers Larcombe Consulting) with contributions from Matt Eliot (of 

Seashore Engineering).  Steve Buchan (MetOcean Consulting) contributed to some aspects of meteorology and 

oceanography.  The contract was held by MetOcean Consulting. 

The report draws on, adds to, builds on, integrates and re-interprets part or all of several previous reports 

relevant to coastal processes in the ESSP area, most notably (and in date order): 

O2 Metocean 2022a. Coastal processes study to support BCH assessment. Final Report R210391 to 

Leichhardt Salt Pty Ltd. Rev. 2. 18 November 2022. 

O2 Metocean 2023a. Eramurra Solar Salt Project - Coastal and Intertidal Processes Assessment, ESSP 

Scenario 7.2. Leichhardt Salt Pty Ltd. Report no. R220181, Rev 0. 04 July 2023. 

Larcombe, P. 2024. Review of the interpretations and conclusions made by the CP-BCH Report, updating 

them using the latest pond scenarios and corrected hypsometric data - Eramurra Solar Salt Project. 

Report PL2024-001 to Leichhardt Salt Pty Ltd, 44 pp, Rev.1.1.  5th March 2024.  Leichhardt 

Document No. ESSP-EN-14-TRPT-0031 

Larcombe, P., Eliot, M & Buchan, S. 2024. Effects of future sea-level rise and solar salt ponds on the 

coastline, Eramurra Solar Salt Project, with implications for benthic habitats.  Eramurra Solar Salt 

Project.  Report for Leichhardt Salt Pty Ltd.  Report No. PL2024-002, Version 3.1. 17 July 2024. 

Leichhardt Salt Document No. ESSP-EN-14-TRPT-0033. 

Where there are differences in data, analysis or interpretation, this report takes precedence.   

1.2. Sources of data and information  

The report draws on a wide literature and is fully referenced throughout, with sources referred to in the relevant 

text, figures and tables.  Sources include: 

¶ The formal published literature, such as journal papers and government publications. 
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¶ Relevant unpublished grey literature. 

¶ Measured processes from instruments deployed in the field, samples taken in the field and analysed, 

and relevant similar data obtained from elsewhere. 

¶ Reputable websites, such as those operated by the Bureau of Meteorology and Geoscience Australia. 

o Of particular interest are documented changes in the physical environment, both qualitative and 

quantitative.  Examples include qualitative measures such as assessments of past aerial photos, 

and quantitative or semi-quantitative measures such as the changing horizontal locations of 

mean sea level at the shoreline (MSL) as derived from satellite imagery combined with 

oceanographic model data and made available by Geoscience Australia (2022). 

¶ Data and information supplied by LS, such as maps, and data on catchment volumes (noted below). 

1.3. Data supplied  

LS supplied a range of reports, noted where appropriate in the references.  LS also supplied GIS files of: 

¶ Elevation contours at 1 m intervals between -19 m and +7 m AHD, and at 0.5 m intervals between -1 m 

and + 5 m AHD. 

¶ Distribution maps of mangroves, samphire and algal mats (hereafter referred to as benthic mats) 

¶ The proposed pond scenario 7.2.1. 

¶ Creek catchment boundaries (watersheds) for a series of tidal creeks, with catchments boundary 

locations defined by the lead author. 

¶ Volumetric data (hypsometry) between -1 m and +5 m AHD (in 0.5 m intervals) for the individual tidal 

creek catchments for pond scenario 7.2.1., and 

¶ A variety of other associated GIS information. 
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2. Report structure  

This report presents a series of broadly logical and sequential parts, first laying the basis for the study, 

presenting the evidence of the natural environment, then considering how it might change in the future, and how 

that future might be affected by the ESSP development. 

As a result, after the introduction, there follow six main parts to the work, noted below: 

PART ONE - KEY UNDERLYING PRINCIPLES AND FACTORS.  (Sections 2 to 6). 

This part deals with sea-level changes, the factors and key concepts of natural habitat change, the 

influence of sea-level rise on coastal geomorphology and associated habitats, and concludes noting the 

relevance of natural coastal change to the assessment of benthic community habitats. 

PART TWO ï THE ESSP REGION, PRESENT UNDERSTANDING.  (Sections 7 to 12). 

This part describes the key physical aspects of the ESSP region, including its physical processes, its 

marine and coastal landforms and the main sedimentary units.  It then considers the relevant aspects of 

sediment transport, including quantifying some aspects of past change, and notes a series of tests that 

could usefully be applied to identify the sediment transport pathways and the significance of the various 

deposits.  

PART THREE ï THE ESSP REGION, NATURAL FUTURE CHANGE.  (Sections 13 & 14). 

This part focuses on the key elements involved in assessing future change, and the method of doing so. 

PART FOUR ï FUTURE CHANGE WITH THE ESSP DEVELOPMENT.  (Sections 15 to 21). 

This part notes some initial sedimentary concepts including sources, transport processes and evolution, 

and notes some basics about the ESSP project.  It then examines in detail the tidal processes in the 

various creek catchments, considers river runoff and how it might affect habitats and the different 

constraints on coastal stability with SLR.  Results of numerical models help indicate some areas of likely 

change.  Qualitative descriptions are given for potential coastal changes over the next century. 

PART FIVE - FUTURE CHANGE FOR KEY SITES.  (Section 22). 

This part integrates all available evidence and uses expert judgement to derive quantitative measures of 

potential future change.  These are applied to a series of key sites in the ESSP area presented as 

detailed worked examples, to outline potential habitat changes at each site over the next century, with 

and without the ESSP development. 

PART SIX ï CONCLUSIONS AND SUMMARY.  (Sections 23 to 25). 

This part presents clear statements of the workôs caveats and uncertainties, highlighting the more 

significant aspects.  Using defined levels of confidence, a series of conclusions are stated regarding the 

past and present natural system, natural future change, and potential change with the ESSP 

development in place. 
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2.1. Locations, names & key maps  

A series of maps below show the main locations, their names and other key features: 

¶ The regional location of the proposed ESSP development - Figure 1 

¶ The pond scenario 7.2.1. and the previous scenario 7.2.0. - Figure 2 

¶ The main named locations used in this report - Figure 3 

¶ The regional bathymetry - Figure 4 

¶ Detailed bathymetry - Figure 5 

¶ The ESSP area with selected elevation contours - Figure 6  

¶ The proposed pond locations of scenario 7.2.1. - Figure 7 

¶ The nature and distribution of subtidal and intertidal habitats - (Figure 9 & Figure 10). 

More detailed maps are included as appropriate within the main text.   

The elevation of various tidal planes in the area (supplied by LS) is given in Table 2. 
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Figure 1.  Regional location of the ESSP proposed development. 
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Figure 2.  The ESSP proposed development envelope. 
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Figure 3.  Main named physical features as used in this report, plus named tidal creek catchments (watersheds) taken 
landward to just beyond the 5 m AHD contour. 

 

Figure 4.  Regional bathymetry and seabed features (Lebrec et al., 2021). 
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Figure 5.  Aerial image of the ESSP area with elevation contours at 1 m intervals between -19 m and + 7 m AHD. 

 

Figure 6.  Aerial image of the ESSP area with selected elevation contours (AHD) at 0 m (white), +1.5 m (purple, 
approximating the top of the creek banks), +2.5 m (blue, mean high tide), and +5 m (green). 
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Figure 7.  As Figure 6 plus the salt ponds of scenario 7.2.1. with internal bunds. (Colours of ponds not significant). 

 

Figure 8.  The outer extent of pond scenario 7.2.1. (yellow hachures) and its 16 ha smaller footprint than the superseded 
scenario 7.2.0.  (The latter is used for some hydrodynamic modelling, with no substantive difference in outputs.) 

Gap in ponds
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Figure 9.  Compiled Subtidal BCH map for the study area within LAUs (O2 Environment 2025a)  

  

Figure 10.  Intertidal BCH and Terrestrial vegetation classification within Proposed LAUs (O2 Environment 2025b). 
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Table 2.  Tidal planes in the area (supplied by LS), with the shaded column adopted by LS. 

 

2.2. A note on s ediment cells  

Coastal sediment (littoral) cells are sections of the open coast that are considered to share a defined source, 

transport pathway and sink of sediment (Bowen & Inman 1966).  In the 1990s a series of maps of sediment cells 

were developed around the UK, including by Motyka & Brampton (1993) for England and Wales and by HR 

Wallingford (1997) for Scotland.  The essential concept was that of a series of sediment cells or compartments, 

where within each cell sediment may be transported by the longshore drift of beach material (sand, shingle etc.), 

but between adjacent cells there is limited sediment exchange.  This concept was arrived at because most cases 

of severe coastal erosion around the UK coast had been caused by interruptions to the natural longshore 

transport of sediment.   

Based on such concepts, Stul et al. (2014) used existing literature, aerial imagery, bathymetric data and digital 

datasets of rivers, shoreline position, geomorphology and geology propose a hierarchy of ósediment cellsô for 

much of WA, including the Pilbara (Figure 11).  The hierarchy of primary, secondary and tertiary sediment cells 

was proposed to be relevant to coastal management timescales of, respectively, i) more than 50 years ii) inter-

decadal and iii) seasonal to inter-annual periods.  For much of the WA coast information is limited and available 

data places limitations on the location and nature of many óboundariesô, including whether the boundaries are 

óleakyô or not, i.e., whether they allow transfer of sediment through them, and the conditions under which that 

might occur.  The relevant cell boundaries of Cape Preston, Pelican Point, Little Hill and Regnard Bay were 

defined as óopenô (Stul et al. 2014) indicating that they are permeable to sediment transport between adjacent 

cells.  Cape Preston, Pelican Point and Little Hill have a rock basement (Section 9.2, see also Figure 96 & 

Figure 64), indicating little sediment transport under fair-weather conditions. 

Whilst these proposed cells are a helpful concept and are used by some management and regulatory agencies, 

it should be clarified that there has been almost no field testing of these compartments in WA - for example using 

sediment particle size and compositional data.  Further, for some developments, these specific cells are unlikely 

to be useful because of cell size compared to the development.  Relevant to the ESSP, the proposed cell 

boundaries are widely spaced (red dots on Figure 11) and together with the lack of field data, the concept is 

unable to usefully contribute to an assessment of the resilience of the coastline and associated habitats to 

anthropogenic changes in coastal sediment transport regimes.  This sediment cell concept is not used in formal 

terms further in this report, but sediment sources and pathways of sediment transport are fundamental to the 

entire report. 
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Figure 11.  A hierarchy of regional sediment cells proposed by Stul et al. (2014) for the central Pilbara.  Red dots indicate 
proposed boundaries, between which coastal cells or compartments occur.  Green box marks approximate extent 
of ESSP coastal area. 



Piers Larcombe Consulting, Rep. 2025 -001, ESSP Coastal Processes for BCHs 

Page 37 of 387 
 

       PART ONE - KEY UNDERLYING PRINCIPLES AND FACTORS  
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3. Comments on levels of understanding about coastal change  

As part of the remit, this report needs to assess the effects of future sea-level change (presumed net sea level 

rise SLR) over the next century on natural coastal physical change, then to consider the specific aspects of the 

ESSP area and possible effects of the proposed development.  As background, it is necessary to consider key 

aspects of the coastlineôs geomorphology and processes. 

A description specifically of estuarine change (Figure 12) is closely related to the ESSP setting and helpful to 

illustrate some issues.  Of the four aspects below, the first is known relatively well and successive aspects are 

less well known than the previous: 

¶ Trajectory ï We know about the general direction of overall change.  This includes various 

considerations, that are expanded below using the headings in Figure 12: 

o A basin structure is largely ócreatedô by SLR, i.e. the sea has flooded a pre-existing suitable 

surface. 

o The basin tends to migrate along a streamline, i.e., most estuaries will tend to move towards or 

away from the fluvial input and the marine entrance. 

o The basin becomes infilled to some extent, between zero and full. 

¶ Pathway ï We have some idea that the direction of overall changes is not straight. 

o Three main controls on estuarine change, waves, tides and fluvial input (often drawn as a 

ternary diagram) influence sediment input and accumulation.  NB - this type of consideration 

tends not to deal with episodic behaviour (such a Tropical Cyclones) and no rates of change are 

derivable. 

o Directions of change vary between estuarine types, and thus locations. 

¶ Rate ï We have no knowledge about the variable rate(s) of change (without age dating). 

o The overall rates of development of the key sediment bodies are usually partly known (e.g., over 

several centuries). 

o Some processes and/or controls are always present, and they modulate and/or filter the general 

longer-term morphological response.  An example is a tidal creek.  These creeks are always 

present and operate on timescales of say, several decades or so, within the overall trend. 

o Various processes or controlling features are intermittent in nature and in their morphological 

effect are time-variable, also within the overall trend.  An example here is the western sand spit 

anchored at Gnoorea Point, that will tend to cause changes over timescales of several decades 

or more. 

¶ Response ï We can make educated guesses about what the estuaryôs journey looks like, but only within 

a ówindowô of rates, and noting the occurrence of unpredictable episodic changes.  The morphological 

response includes such aspects as: 

o What feature or set of features does the sediment form in the estuary? 

o What engineering intervention (if any) is appropriate? 

THE KEY MESSAGE IS THAT IT IS NOT POSSIBLE TO JUMP STRAIGHT INTO THE óRESPONSEô, BUT WE 

CAN BUILD A LOT OF UNDERSTANDING TOWARDS IT . 

It is also important to understand that whilst mean sea level (MSL) is relevant, itôs not the key or sole controlling 

factor upon the coastline.  Other aspects of water level are more directly relevant to the actual processes that 

maintain the coastline and its associated BCHs.  These include tidal range, various tidal periodicities, the 

influence of óoverbank tidesô on tidal creek flows, and surges and tsunami.  So, the work is about far more than 

just a future rise in MSL. 
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Figure 12.  Conceptual differences in levels of understanding about several different aspects of estuarine change.  The 
smaller the squares, the less knowledge. 
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4. Sea-level changes  

A key reason for this work is to assess natural changes with projected future SLR.  To underpin this assessment, 

it is necessary to note the relevant past changes in relative sea level (rise and fall), because these changes have 

influenced the locations and nature of key sedimentary processes, deposits, environments and habitats.  The 

key habitat-forming coastal environments are mangroves, samphire and benthic mats.  A key question is what 

the inferred future changes are in these habitats caused by natural processes.  A variety of relevant natural 

processes occur.   

Here, we start with a key influence, sea-level change.  Sea-level change is often taken to simply mean changes 

in MSL, but this is too simple.  MSL is the mean level of the sea over a long period, preferably 18.6 years to 

account for a whole cycle of the moonôs nodal cycle, often called the ólunar wobbleô.  Put more simply, MSL is the 

mean level that would exist in the absence of tides.  Whilst MSL is useful because measurements can form an 

indicator of long-term change, including over the last few decades or more where measurements are more 

accurate and better understood, MSL itself is not the key or sole controlling factor upon the coastline.  Other 

aspects of sea level are more directly relevant to the actual processes that maintain the coastline and its 

associated BCHs.  These aspects include: 

¶ Tidal range .  The astronomical tide varies by up to 4.7 m or so (Section 7.2.2), so that processes 

associated with inundation, currents and waves all vary every day in their location, elevation and nature; 

¶ Tidal periods .  There are multiple tidal periodicities involved.  Together, these generate natural changes 

in the annual measure of MSL of ~0.3 m over several decades (Section 4.1);  

¶ óOverbank tide sô.  Those tides that flood the tidal flats above the tidal creek margins are far more 

powerful in creating sediment transport than others (Section 7.2.2).  Hence, a minor increase in MSL has 

the potential to induce a relatively great increase in potential sediment transport and geomorphic 

change; 

¶ Surges .  Surges are changes in expected sea level, mostly associated with strong winds, either blowing 

offshore to produce a negative surge (i.e., a lowered sea level), or onshore producing a positive surge 

(i.e., a raised sea level).  Positive surges are most relevant here, and measurements from Dampier 

indicate that these have exceeded +1 m in magnitude around twice each decade, and have reached 

nearly +3 m in magnitude (Section 7.3.4).  These surges are generally associated with strong waves and 

may last several hours; 

¶ Coastal trapped waves.   These are ultra-long period waves (timescales of weeks to months) that 

propagate anticlockwise around the Australian continent, bringing with them coastal sea level 

fluctuations of up to +/- 0.5 m (though usually more of the order of +/- 0.2 m). 

¶ Geostrophic setup .  This can occur dur to persistent along-shelf currents such as the southward 

flowing Leeuwin Current, but this is generally poorly developed in the ESSP region, becoming more 

established south of North West Cape. 

¶ Tsunam i.  Tsunami, although rare, do occur, and they have the capacity to raise water levels at the 

coast for periods of several tens of minutes or more.  In doing so, they may create one or more 

unusually strong landward flows across areas that normally might not experience such flows and also 

generate unusually strong seawards flows.  They are thus another agent of potential coastal change. 

SO, IN BRIEF, EVEN JUST FOR UNDERSTANDING THE PHYSICAL ASPECTS  OF THE COAST, ITôS 

ABOUT FAR MORE THAN JUST A FUTURE RISE IN MEAN SEA LEVEL . 

Below, some of the relevant science of sea-level change is noted, to provide essential context and a background 

understanding of the past changes.  Then the regulatory component of future projected change is noted, to 

ensure the work encompasses the relevant timescales.  Feedback from the Department of Water and 

Environmental Regulation (DWER) has indicated the need to consider a 100-year planning horizon, consistent 

with state coastal planning policies. 
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4.1. The past record  

The WA Environmental Protection Agency (EPA) considers impacts to coastal processes in the context of the 

latest science.  This science includes past and future sea-level changes.  Understanding past changes in sea 

level is critical, because such changes form the basis of assessing present processes and future potential 

changes.  Some recent published research in the region on this topic is provided by Ward et al. (2022).  Around 

20,000 years ago, the polar ice caps were at their peak volumes (a time referred to as the last Glacial Maximum) 

and the volume of seawater was least, so that around the world sea level was thus at its lowest (termed sea-

level lowstand) (Figure 13).  At this time, the area of the ESSP was part of a broad, flat coastal plain stretching 

nearly 160 km northwards to the sea (James et al., 2004), dissected by riverine courses and containing 

scattered hills, some of which now make up the some 42 volcanic and limestone islands of Barrow Island, the 

Montebellos, the Dampier Archipelago, and similar islands.  A period of major seaȤlevel rise occurred between 

~20,000 and 8,000 years ago (the Post-Glacial transgression).  For much of the Southern Hemisphere, the rising 

sea passed through modern levels around 7,000 years ago (Figure 14) and continued rising to a midȤHolocene 

relative highstand of elevation +1.5 to +3 m (above present levels), lasting 3,000Έ4,000 years before returning to 

modern levels, probably falling in a gradual manner (see also Lewis et al., 2013).  By the 20th Century, this 

longer-term trend had reversed, and relative sea level rise has been observed. 

 

Figure 13.  Simplified relative sea-level (RSL) curve for Barrow Island for the last 120,000 years derived from the Glacial 
Isostatic Adjustment model ICE-7G_NA (modified after Ward et al. 2022).  Error bars in elevations have not been 
shown. 
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Figure 14.  Deglacial relative sea-level (RSL) curves for Barrow Island derived from the Glacial Isostatic Adjustment models 
using the ICE-7G_NA and ANU-ICE ice models paired with the HetM-LHL140 3-D earth model (Ward et al. 2022)1.  
SLIP = Sea level index point. 

Direct measurement of sea level has occurred since the 1800s, through installation of tide gauges and more 

latterly use of satellite altimetry (Douglas et al. 2001).  This data has been used to assess mean sea-level 

change, acknowledging local variation through subsidence, isostatic, tectonic and oceanographic phenomena 

with a range of temporal and spatial scales (Gornitz 1993).  Resulting estimates at any location are referred to as 

changes in relative sea-level (RSL), i.e., the change in sea level relative to the land.  Synthesis of regional or 

global MSL trends, variously incorporating models for isostasy (put simply, the changing land levels), have been 

developed.  Over the 20th Century, once corrected for isostasy, most tidal stations have reported a rise in MSL, 

with rates of rise varying depending on data coverage, timescales, statistical methods and observational 

frameworks.  On the whole, an accelerating rate of rise in MSL has been observed, although evaluation over 

shorter time scales indicates the significant influence of cyclic processes. 

In the Western Australian region, fluctuations in MSL of the order of 0.3 m have been observed, caused by 

fluctuations in basin-scale heating and consequent propagation of the shelf-edge Leeuwin Current (Feng et al. 

2003).  Consequent decadal-scale sea level variability introduces non-linearity of relative SLR and complicates 

comparison of trends from different length records (Haigh et al. 2011a).  This has implications for interpretation 

of regional trends if different datasets are used (Church et al. 2005), or when analysis over several decades 

straddles a substantial climate phase shift (White et al. 2014).  Since the 1990s, there has been a transition 

towards increasing occurrence and intensity of La Nina climate periods (BOM 2012).  This complicates 

comparison of long-term trends between the Pilbara (2 to 5 mm/yr over recent decades) and southwest Australia 

(1 to 2 mm/yr over the 20th Century), although comparison of overlapping data periods indicates greater 

consistency. 

Some important points arise: 

¶ Relative Sea Level (RSL) approached modern levels around 120,000 years ago, at the time of the last 

Interglacial period, so that some geomorphological features at the modern coastline that could house 

BCHs might be remnants of that time. 

 
 
1 The pre-Holocene data are from James et al. (2004) and Yokoyama et al. (2000, 2001), whilst the Holocene data (expanded right) are 
reinterpreted from Twiggs and Collins (2010) and May et al. (2015, 2016, 2018).  Inferred timings of Melt-Water Pulses MWP1A and B are 
indicated, as are the elevations of the regional horizontal submarine terrace surfaces postulated by Fairbridge (1961; see inset).  Pre-
Holocene and Holocene marine limiting data are separated because for the pre-Holocene deglaciation, the hydro-isostatic effects are likely 
to be less variable across and along wider areas of the shelf and differences are less important than for the Holocene. 
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¶ The Holocene highstand has seen sea levels close to modern levels for the last 7,000 to 8,000 years, so 

that some geomorphological features at the modern coastline might have been formed at any time in 

that period. 

¶ The modern tidal range (e.g., 5 m at Dampier) is large compared to the Holocene RSL changes (Figure 

15) and the geological evidence indicates far greater variations in coastal sea levels associated with 

episodic events such as cyclones).  Hence, some geomorphological features at the modern coastline 

might represent the result of one or more past episodic events, so that the modern hydrodynamic regime 

might not be fully or partly responsible for their formation or dynamics. 

¶ MSL rose by about 0.2 m over the 20th Century, subject to decadal-scale variability with a similar order 

of magnitude.  Interaction of the two has produced two phases of óacceleratedô relative sea level rise, 

from 1950-1960 and 1992-2013.  Aerial photographs of physical change are generally available for the 

latter phase only. 

 

Figure 15.  Regional relative seaȤlevel change over the last 10,000 years (After Larcombe et al. 2025).  Note the modern tidal 
range at Dampier (blue arrow) and the elevation of Holocene indicators of extreme sea levels in the Dampier 
Archipelago area (red arrow), assumed to be caused by cyclones. 

Tide gauges around the world provide measurements that provide information on the state of SLR around the 

world.  Data are curated by the Permanent Service for Mean Sea Level, Liverpool, UK, from whom data are 

available (https://psmsl.org/).  Data for the last 50 years around Australia indicate an average rate of SLR of 2.1 

mm/yr.  The ESSP is located between monitoring stations at Onslow to the SW and Dampier to the E, for which 

data (Figure 16, Figure 17) indicates high variability and a mean rate of SLR since 1985 of 2 to 4 mm/yr.  For the 

ESSP area, 3 mm/year represents mean SLR for the period 1988-2020, relevant to the Geoscience Australia 

https://psmsl.org/
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(GA) data used to support an analysis of coastal change presented below (Section 11).  Note though that BOM 

quote 1.7 mm for King Bay, Dampier. 

 

Figure 16.  Onslow - monthly and annual sea level data since 1985 (PSMSL) 

 

Figure 17.  Dampier (King Bay) - monthly and annual sea level data since the early 1980s (PSMSL).  This includes data from 
Withnall Bay (prior to 1985) which data should not be included in the SLR estimate, as the comparative datums 
are not well-established. 
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4.2. Modern sea -level variability  

MSL around Western Australia has been measured by a network of tide gauges, and the data indicate a long-

term rising trend, and substantial sea level fluctuations that correlate with ENSO climate phases (Pattiaratchi & 

Buchan 1991, Feng et al. 2004; Haigh et al. 2011a).  Since the 1990s, there has been a transition towards 

increasing occurrence and intensity of La Nina climate periods (BOM 2012).  These are associated with higher 

shelf temperatures, and an increased and repositioned Leeuwin Current, resulting in raised MSL.  This 

substantial transition has dominated MSL trends in the Pilbara (Church et al. 2004, White et al. 2014) because 

observations commenced in the 1980s, although fluctuations are largely consistent with longer-term records 

available from other parts of Western Australia. 

For the Dampier record, change in MSL from 1990-2020 is less apparent (Figure 18).  However, for stations with 

continuous records, a rise occurred over this period, e.g., for Fremantle, the MSL increased by 0.126 m from the 

1990s to the 2010s, with MSL 0.20 m above the 1990s levels during the severe La Nina over 2011-2013 (BOM 

2012), but this is very different to the ESSP area because of the importance of the Leeuwin Current there at 

Fremantle.  Changes in MSL are important for interpretation of coastal and habitat response to SLR but can be 

difficult to assess. 

It is noted that tidal modulation is of a similar magnitude, with the 4.4-year cycle (Eliot 2011, Haigh et al. 2011b) 

affecting monthly maximum tidal levels by around 0.2 m (Figure 23).  Approximately half of the elevated tide 

phases have corresponded to La Nina phases, creating opportunity for more variable inundation patterns than 

represented solely by predicted tides or variability in MSL. 

¢ƛŘŀƭ мфур мфуф мффп мффф нлло нллу нлмн нлмт нлнм 
a{[ ς ҌǾŜ ς ҌǾŜ ς ҌǾŜ ҌǾŜ ς ҌǾŜ 

 

Figure 18.  Monthly tidal maxima measured at Dampier.  The datum changes was deliberate and well-controlled and 
shouldn't obfuscate measures of sea level change. 

4.3. Projected f uture change  

Future changes in MSL are unknown, but there are some relevant scientific projections, and some assumptions 

made for planning purposes.  The EPA states that it will consider impacts to coastal processes in the context of 

the latest science, and while this is still a developing area and there are a range of predictions, the EPA 

recognises that a rise of 0.9 m in MSL (from 2020 levels) by 2110 is currently considered the best prediction for 

decision making (Figure 19).  Further, previous informal feedback from DWER (O2 Metocean 2022a) was to 

consider a 100-year planning horizon, consistent with state coastal planning policies and the EPA guidelines for 
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coastal processes (EPA 2016).  Thus, a SLR of 0.9 m over the next century will underpin this workôs 

considerations, i.e., roughly an average SLR of 10 mm/yr. 

 

Figure 19.  Future SLR trajectory used by the WA Department of Transport (DOT, 2010). 
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5. Natural h abitat change - main factors and conceptual models  

5.1. Intertidal habitat viability  

Intertidal zones are spatially constricted areas, across which there is a steep transition from marine to wholly 

terrestrial conditions.  Factors which may affect the viability of habitats to develop and thrive include salinity, 

sediments, nutrients/pollution, and wave energy, including change of these factors over time (Winterwerp et al. 

2013).  This report focuses on SLR and associated sedimentary change, but the key factor is perhaps the 

interaction of these with other aspects affecting habitat viability.   

Benthic and coastal habitats present along the ESSP coast each have different relationships with the 

environment, which may determine connection to physical features (e.g.  morphology or freshwater sources) or 

determine responsiveness to processes (e.g.  erosion or hydrology) likely to change with human interventions or 

sea level rise.  Sensitivity or tolerance of different intertidal species typically provides a general zonation, with 

habitats along the ESSP coast having a general sequence from the sea southward to the land (Table 3). 

Table 3.  Generalised zonation of main habitats across the coastline in the ESSP region 

  Salinity  Sediments  Nutrients  Wave Energy  
(relative)  

Ocean Bare seabed Marine Calcareous & mixed N/A High 

 Mangroves (BCH) Marine Mixed Low Moderate 

Bioturbated zone Hypersaline Mixed N/A Low 

Benthic mats (BCH) Hypersaline Mixed Low Low 

Samphire (BCH) Brackish Mixed Low-Mod. Low 

Land Hinterland Freshwater Terrigenous Moderate N/A 

 

The basic concept of zonation is modified by changing conditions over time, ability of species to modify their 

environment, and life-cycle effects on tolerance.  A consequence is that intertidal habitats can create a complex 

habitat mosaic, reflecting a mixture of both active and relict physical conditions (Berger et al. 2008). 

Conceptual models for intertidal habitat viability, which subsequently provide a basis for projection of response to 

change, correspond to four general classes, with some interaction.   

¶ Propagation .  Habitat presence is controlled by the propagation phase of a species life cycle.  In 

general, physical conditions viable for habitat occur across a wider area, but the habitat structure is 

developed through connection to a parent community.   

¶ Resources .  Habitat is controlled by the occurrence of specific resources related to the species life 

cycle, such as seasonal fresh water, or presence of suitable sediments.  Species presence can be linked 

to the presence or absence of these resources, e.g.  Porewater salinity provides a crucial influence on 

species zonation, with hypersaline conditions impeding both mangroves and samphire. 

¶ Competition .  If multiple species may occupy similar location, or where presence of a species can 

generate new areas of viability (e.g., wave sheltering behind mangroves), then adaptive or competitive 

advantages can determine the habitat distribution.  This is usually indicated by the occurrence of 

intermixed species, often with substantially different life cycles, or an environment illustrating relict or 

colonizing behaviour (Ewel et al. 1998). 

¶ Disturbance .  When species are affected by disturbance episodes (e.g.  storm erosion or drought), their 

presence and structure can be determined by erosion-recovery cycles.  This is particularly important on 

coast-fringing mangroves, with root-structure influenced by plant maturity, so that storm erosion 

pressure more frequent than once per 5 to 8 years tends to impede recovery.   

It is noted that conceptual models relating the development of habitat distribution are likely to require 

interpretation when simulating future change (Twilley et al. 1999). 
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5.1.1. Mangrove environments 

5.1.1.1. General setting 

Mangroves are a collection of different species of vegetation occupying a common ecological niche, on the 

comparatively narrow and dynamic marine fringe of sub-tropical and tropical environments (Alongi 2008).  Each 

species has different adaptive characteristics, making them better able to tolerate different stressors, such as 

bed instability, poor substrate, nutrient deprivation, inadequate water exchange, pollution or relative frequency of 

freshwater conditions (Winterwerp et al. 2013).   

 

Figure 20.  The main factors influencing intertidal habitats, including those occupied by mangroves. 

The viability of different settings to provide mangrove habitat depends on a series of dynamic factors at the 

shoreline, including the effects of storms, climate fluctuations, tidal network development, nutrient availability 

(particularly through mangrove litter), and sea level variability.  These factors interact to vary the susceptibility of 

mangroves to cycles of disturbance and recovery, so that in a large area of mangroves there may be a complex 

arrangement of different species and maturity.  For a narrow area of mangroves, these factors may cause 

repeated cycles of destruction and regeneration.  Wherever mangroves occur, their distribution varies through 

time, and after disturbance they require the availability of niches and pathways for propagation for regrowth. 

Within the coastal margin, steep and often dynamic ecological gradients limit the viable habitat for any single 

mangrove species.  In response, mangrove systems typically develop species zonation, or an array of sub-

habitats (Figure 21) with a transition from those species most adapted to marine conditions, (e.g.  tolerant to bed 

movement) at the outer edge towards species more suited to fluvial systems (e.g.  reliant on seasonal 

freshwater) located further landward (Duke 1985, Ellison 2002).   

Mangrove environments provide a critical habitat for diverse species, including key habitat for invertebrates, 

breeding and juvenile areas for fish stock, and foraging areas for marine turtles and birdlife.  Mangroves have 

high bioproductivity and often play a significant role in contributing to coastal resilience (Alongi 2008).   

5.1.1.2. Sub-habitats 

The transition from marine to terrestrial conditions, including tidal creeks, supports the development of different 

sub-habitats (Figure 21) which can reflect the nature of varying hydrodynamic stresses, different sediments and 

changing salinity. 
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Figure 21.  Mangrove sub-habitats characterised by their main physical control. 

Simply, this provides three distinctive zones (bulwark, forest, & channel), characterised by the physical process 

which most influences the presence and abundance of mangroves (Figure 22).  Here, bulwark means those 

mangroves that are influenced by waves and the direct exchange of material across them between the land and 

the sea, e.g., the mangroves of the nascent mangrove fringe of the western ESSP shoreline and the long narrow 

fringe seawards of the barrier in the eastern ESSP.  Mangrove environment further landward reflect sediments 

derived from various sources (Figure 24).  

In zoned heterogeneous systems, each zone may be occupied by a different mix or abundance of species, such 

as the red-black-white mangrove sequence occurring on many well-established mangrove communities in 

Florida and the Caribbean.  For the western Pilbara region, which is dominated by Avicenna marina, the 

zonation reflects pressures, and often mangrove health or abundance, but less often results in significant 

species change. Mangrove species identified at the ESSP include Avicenna marina, Rhizophora stylosa and 

Ceriops australis, with Avicennia the dominant species (O2 Marine 2023a).  Details of the mangroves in the 

ESSP area are provided in Section 9.3.1. and Appendix Section 33. 

 

Figure 22.  Notional mangrove zonation and sediment fluxes (Seashore Engineering 2021). 
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In a purely morphological sense, it is often convenient to distinguish: 

¶ fringing mangroves that occur along open coastlines exposed to waves; 

¶ estuarine mangroves that occur along the banks of estuarine channels and tidal creeks (and between 

adjacent tidal creeks where thicker muds1s - and older individual plants - may occur, i.e., the forest 

mangroves noted above; 

¶ island-fringe mangroves, that occupy the often rocky and narrow margins of islands (See Appendix 

Section 33.3). 

This report will generally use the terms fringing and estuarine mangroves, being specific where necessary.  It is 

of importance that for estuarine mangroves, where wave action is negligible, there is an intimate relationship of 

the tide with the hydrodynamics, sediment transport and sedimentation (Wolanski et al. 1980; Larcombe and 

Ridd 1995).  In large estuaries, where tidal elevations vary along the estuary, there will be a natural axial 

variation in mangrove elevations.  In contrast, where mangroves are developed as fringe forests or overwash 

forests, waves and wet season floods might be expected to be a control on the zonation.  Thus, a different 

spectrum of environmental conditions may induce a different relationship of mangrove zonation with elevation.   

5.1.1.3. Mangroves and tidal elevation 

Larcombe et al. (1995) reviewed the occurrence of mangroves and their elevations along the Great Barrier Reef 

(GBR) sub-tropical and tropical coastline, and the material below draws on that paper.  Locally, mangroves may 

be strongly well related to tidal levels (Woodroffe 1998).  For example, on the Townsville coastal plain, 

mangroves are found from 1.5 to 3.0 m (referred to Port Datum Townsville) on a local tidal spectrum of 0 to 

3.8 m (Belperio 1979).  Bunt et al. (1985) found that ñthe topographic height range of individual plants of a single 

species may be almost 4 mò, and that erosion, accretion or other disturbances may cause variation of ~ 1 m in 

the elevation of a mangrove species or community.  Spenceley (1982) showed that even in areas only 20 km 

apart, the heights of different zones within a mangrove system varied by up to 0.5 m. 

In terms of the muds deposited within estuarine mangroves, for the central GBRôs terrigenous-sediment-

dominated systems, mangrove muds represent an elevation range of -0.1 to +1.5 m AHD (Larcombe et al., 

1995).  Gagan et al. (1994) documented that the elevation of mangrove mud in mesotidal Mutcheroo Inlet 

becomes progressively lower in a landward direction, falling by 0.9 m in 4 km, possibly due to effects of 

freshwater runoff. 

5.1.2. Benthic mats 

Benthic mats are comprised of opportunistic, highly persistent cyanobacteria, which can take advantage of short 

periods of benign conditions, such as seasonal rainfall or tidal inundation, to grow rapidly (Paling et al. 1989; 

Lovelock et al. 2010, Taukulis 2018).  These mats may occur as a thin coating on surface sediments, or as a 

thick mat, comprised of multiple growth layers.  Once developed, the benthic mat helps to bind surface 

sediments and reduces permeability, potentially modifying local drainage and percolation pathways. 

Benthic mats develop on land surfaces subject to inundation and ponding, particularly salt flats, mudflats and 

overbank basins adjoining tidal creeks.  Tidal flows provide a cross-shore transition of bed stress, which in the 

long-term can generate spatial sorting of bed sediments, with coarser sediments near the coast and finer 

sediments further landward.  This zonation supports a classic convex structure for muddy coasts, with a 

decreasing sediment surface gradient toward land (Rossington et al. 2009).  In the semi-arid tropics, as well as 

some more temperate settings, the upper intertidal area can become extremely flat and only occasionally 

inundated by tides.  Microtopography, including swash lines and vegetation, causes local ponding, with 

evaporation causing development of hypersaline conditions. 

The opportunistic nature of algal mats due to their capacity for nitrogen fixing, plus the capacity for disturbance 

of thin layers through bed stress, suggest their distribution is strongly related to hydroperiod.  Consequently, 
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inferred response to sea level rise is typically upward migration of the landward contour for existing algal mats, 

which approximately describes the level at which the mats become desiccated too frequently to survive (Figure 

23).  The lower limit of algal mats is commonly attributed to bioturbation, including disturbance by crustaceans 

and waterbirds, but is also influenced by excessive inundation events, particularly under storm conditions, where 

floating algal mat can be pushed by wave action. 

 

Figure 23.  Conceptual uneven asymmetric distribution of algal mats under conditions of a rising sea level, whereby they are 
more prevalent towards the base of their distribution.   

Details of the benthic mats in the ESSP area are provided in Section 9.3.2. 

5.1.3. Samphire 

Samphire (Tecticornia spp.) are perennial shrubs, with either a spreading or an erect structure, up to 1 m high, 

and they are highly specialised to their environment, being arid-zone plants which tolerate heat, cold, drought 

and hypersaline conditions (Moir-Barnetson et al. 2014).  They are highly tolerant of saline and waterlogged 

conditions, commonly occurring as the first fringing community adjacent to the bare margins of salt lakes across 

Western Australia.   

Samphire generally occur as: 

(i) a dominant species in a narrow upper-intertidal fringe at the base of supratidal slopes, including 

upward slopes of mainland remnant islands, dunes abutting salt flats or adjacent to banks; or 

(ii) either a dominant species or mosaic presence in supratidal basins or in channels upstream of tidal 

conditions. 

They are able to persist in highly saline environments because when direct rainfall occurs, they are able to 

quickly recover by growing fine roots and initiating shoot growth, ensuring foliage production, and have evolved 

high drought tolerance due to their succulent leaves and shallow woody roots.  Their shallow root structure 

determines that samphire preferentially occupy nearly flat land with infrequent bed disturbance ï including 

effects of waves or bioturbation.   

The requirement for freshwater and damp ground at times each year means that they tend to occupy flat ground 

close to the base of a slope.  The slope provides freshwater supply through runoff, and the adjacent low-gradient 

area means that the ground is well-watered, at least for at some stage, each year.  Location in upper intertidal to 

lower supratidal zones supports seasonal waterlogging.  The topographic features of these samphire habitats 

allow local accumulation of freshwater, either downslope or downstream.  Although rainfall is typically low, this 

combination provides occasional freshwater (brackish) phases, beneficial to halophytic vegetation. 

The above characteristics mean that the samphire environment can be less amenable to physical migration than 

some other habitats, such as mangroves, but both are partly controlled by coastal slopes and the ability of the 

coastline to provide suitable sediment and other environmental conditions.   

Details of the samphire in the ESSP area are provided in Section 9.3.3. 
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5.2. Influence of SLR upon geomorphic  dynamics and h abitat s 

5.2.1. Geomorphic concepts  

Models for coastal evolution, including response to SLR, are built around three main concepts, which are 

implemented and integrated in different ways depending on local morphology, including geological framework, 

sediment composition and role of vegetation.  The three concepts are: 

¶ Cross-shore adjustment, where sediment is redistributed up and down a coastal profile, in response to 

changing conditions, most typically tides and waves.  Change mostly occurs within the intertidal zone but 

can be distributed from offshore as far landward as the extent of wave runup.  Enhanced change can 

occur if a crest is overtopped (Sallenger 2000);  

¶ Alongshore transport, where there is a net transfer of sediment from one section of coast to another.  

This is commonly related to wave-driven sediment transfer in the littoral zone, although this can also 

include tidal transfers, landform evolution or dispersion from a source, most typically a river mouth; 

¶ Storage areas, where the volume of sediment contained within an area can change without modifying 

the profile or alongshore orientation.  Dunes and estuaries are the main storage areas. 

Adjustment to projected SLR is typically simplified to cross-shore adjustment (Bruun 1962, Davidson-Arnott 

2005) integrated with the accumulated effect of alongshore transport over decadal timescales.  Adjusted storage 

volumes in dunes and estuaries are commonly assumed as continuation of historic behaviour (e.g., sediment 

budgets) or based on projected relationships. 

Although developing through diverse pathways, estuaries are basins that have not completely infilled with 

change in sea levels, with adjustment effectively controlled by the rate at which sediment can enter the basin, 

from marine or fluvial sources (Figure 24).  This concept has been used as a general basis for estuarine 

classification, with a broad distinction between estuaries as sediment sinks and deltas as sediment sources, and 

further distinction based on key drivers and sediment availability (Galloway 1975, Ryan et al. 2003). 

Although the morphology of estuaries can be related to different classes, the form of estuaries is often a result of 

different parts of the geological and sedimentary framework with the different drivers.  For example, the overall 

structure of many Pilbara estuaries includes features defined by bedrock, lithology, sand and shell landforms, 

and silt landforms, listed in order of increasing dynamism.  The response of estuaries to SLR is developed 

differently for each landform, generally with the less mobile features providing a framework within which the 

more active features experience redistribution. 

The capacity for material storage within each landform framework varies.  Changes in capacity become 

significant especially where the sediment supply is of a range of particle size.  In particular, sand or gravel 

landforms (including coastal ridges) may form the landward side of a tidal basin that can only hold a certain 

amount of silt, with any excessive silt volume exported by the estuary.  In these circumstances, silt landforms 

(e.g.  floodplain areas) might adjust to SLR due to high silt supply, particularly if mangrove evolution can 

enhance capture of silt.  However, if the effective storage volume is controlled by the sand and gravel landforms, 

then their adjustment to SLR may limit estuary response to sea level rise.   
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Figure 24.  The coastal response in tidal systems subject to SLR can include accumulation of sediment input from the sea 
and from the land. 

5.2.2. Dynamics of habitats 

Temporal and spatial changes in sedimentary environments create challenges for their associated biological 

assemblages, which use an array of adaptive characteristics to support their survival, listed below. 

¶ Saline tolerance, with some species able to withstand marine or even hypersaline conditions. 

¶ Ability to withstand seasonal dry periods, or extended phases of drought. 

¶ Resilience through phases of rapid growth, making opportunistic and effective use of ephemeral 

resources. 

¶ Structural habitat modification, such as sediment trapping by mangrove root systems. 

¶ Capacity to tolerate wave impacts and bed change (erosion or smothering), such as prop structures or 

buttress roots. 

¶ Inter-species interactions supporting mutual benefit. 

The tolerance and adaptive capacity of intertidal species have been noted as key attributes anticipated to 

support migration of these species under scenarios of projected sea level rise (Figure 25).  Evidence of 

mangroves migrating with changing sea level is available from stratigraphy.  However, the capacity to migrate 

can be constrained, particularly where resources contributing to adaptation are physically limited, including 

sediment. 


























































































































































































































































































































































































































































































































































































































































































