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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 

Chl-a Chlorophyll a 

CPT Cone Penetrometer Testing 

DWER Department of Water and Environmental Regulation 

Deflated dunes  Sand dunes eroded by wind, down to the level where they are wet 

due to groundwater 

EPA Environmental Protection Agency 

ERD Environmental Review Document 

ESSP Eramurra Solar Salt Project 

GBR Great Barrier Reef 

HAT Highest Astronomical Tide 

Hydroperiod  The frequency of inundation by tides 

MSL Mean sea level 

NWS North West Shelf 

PSD Particle size distribution 

Qtz Quartz 

RFFE Regional Flood Frequency Estimation  

RSL Relative sea level (relative to the land) 

SLR Sea-level rise 

TC Tropical Cyclone  

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

elevations.  Vs is the Storage Volume is, which for the ESSP area the 

volume at 2.5 m AHD, Vc is the Creek Volume, here the volume at 

1.7 m AHD.   
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1. Introduction and Scope of Work  

1.1. Introduction  

This report responds in part to the ñScope of Works ï Request for Proposalò sent by Regina Flugge, Leichhardt 

Document ESSP-EN-14-SOW-0030, with issue date 06/10/2023.  Subsequent discussions led to a proposal 

from MetOcean Consulting to Leichhardt Salt (hereafter LS). 

Below is the present understanding of the timeline: 

¶ LS submitted draft documents to the EPA late last year. 

¶ LS expect feedback from EPA early 2024, which feedback will be incorporated into é 

¶ é the new work that LS know they will require on sea-level rise (SLR) and benthic community habitats 

(BCHs), with work to be completed by early April 

¶ é so that Preston Consulting can put the Environmental Review Document (ERD) together.  The EPA 

will then judge whether the ERD is fit to go out for public comment. 

¶ ~Q4 of 2024 ï ERD out for public comment. 

¶ Later, required amendments are made and the information is resubmitted to the EPA for formal 

assessment in Q4 2025. 

Below we refer to O2 Metocean 2022a (in the references)  

ñCoastal processes study to support BCH assessmentò STATUS: Rev 2, REPORT NUMBER: 20MET-0016-13 / R210391, 

ISSUE DATE: 18 November 2022, Leichhardt Report No.: ESSP-EN-14-TRPT-0003  

as the ñCP-BCH Reportò.   

This report also draws on work undertaken by Piers Larcombe (Larcombe, 2024) to check the interpretations 

and conclusions made by the CP-BCH Report.  This check was required because the CP-BCH Report used 

hypsometric data (catchment shapes and their volumes at different tidal elevations) that turned out to be 

incorrect, and the pond shapes have since changed. 

This report was co-written by Piers Larcombe (of Piers Larcombe Consulting) and Matt Eliot (of Seashore 

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

oceanography.  The contract was held by MetOcean Consulting. 

This document should be referred to as: 

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.  Report to Leichhardt Salt Pty Ltd.  

Piers Larcombe Consulting, Report No. PL2024-002, Version 3.1, 19th July 2024. 

1.2. Purpose  

This report is designed to assess the impacts of sea-level rise on intertidal habitats and the potential response 

of mangroves, algal mats (hereafter referred to as benthic mats1) and samphire in the context of the Eramurra 

Solar Salt Project (ESSP).  The general approach is to review existing reports on: 

 
 
1 óBenthicô mats replaces óalgalô because many are dominantly bacterial and secondarily algal.  Although it 
could be more correct here to call them intertidal mats. 
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¶ the effects of sea-level rise on tidal inundation, surface water, groundwater, and coastal processes.  

¶ intertidal benthic communities and habitats (BCH), and BCH cumulative loss assessment.  

The work then integrates information to develop projections of the future mangrove, samphire and benthic mat 

habitats in response to future sea-level rise, with and without the ESSP in place. 

1.3. Data supplied  

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

¶ Elevation contours between -19 m and +7 m AHD (in 0.5 m intervals between -1 m and + 5 m AHD, 

and in 1 m intervals otherwise; Figure 1, Figure 2) derived from a LIDAR survey. 

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

¶ The pond scenarios 6.2.0 and 7.2.1. (Figure 3, Figure 4) 

¶ Creek catchment boundaries (watersheds) for a series of defined tidal creeks (Figure 5) 

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

creek catchments for pond scenarios 6.2.0. and 7.2.1. 

¶ and a variety of associated GIS information. 

 

Figure 1.  Aerial image of the ESSP pond area and associated areas, with elevation contours (AHD) between -19 m AHD 
and + 7 m AHD. 
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Figure 2.  Aerial image of the ESSP pond 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). 

 

Figure 3.  As Figure 2 plus the salt ponds of scenario 6.2.0.  (Colours of ponds not significant).  Superseded - not used in 

this report. 
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Figure 4.  As Figure 2 plus the salt ponds of scenario 7.2.1.  (Colours of ponds not significant). 

 

Figure 5.  Relevant creek catchments (watersheds) landward to just beyond the 5 m AHD contour. 
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2. Rationale  and report structure  

2.1. Rationale  

This report is required to assess sea-level change and its effects on natural coastal physical change, then 

consider the specific aspects the ESSP area and possible complicating factors from the proposed 

development.  As background, it is helpful to consider the relative knowledge of various key aspects of the 

coastlineôs geomorphology and processes.   

Below we outline the aspects using a description specifically of estuarine change (Figure 6), very closely 

related to the ESSP setting: 

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

considerations, that are expanded below using the headings in Figure 6: 

o Basin structure is largely ócreatedô by Sea Level rise (SLR), i.e. it 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 does not deal with 

episodic behaviour and no rates 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 process 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 A process or controlling feature more intermittent in nature and in its morphological effect is 

time variable, also within the overall trend.  An example here is the 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 incudes such aspects as: 

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

o What engineering intervention 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 6.  Conceptual differences in levels of understanding about different aspects of estuarine change.  The smaller the 
squares, the less knowledge. 
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2.2. Report structure  

This report reports on work conducted in a series of broadly sequential steps, which form the reportôs headings.   

The report flow notes sea-level change, existing models of coastal physical response and controls on natural 

change, then considers the specific setting of the ESSP to develop key questions to be answered.  The report 

then integrates available information to consider how several key parts of the ESSP might respond to SLR and 

arrives at conclusions on how the habitats of the ESSP area might vary with SLR, and how this might be 

altered by the emplacement of the ESSP ponds. 

As a result, there are three main parts to the work, noted below: 

¶ Review 

o Section 3 reviews the relevant aspects of sea-level changes. 

o Section 4 describes some key concepts regarding habitat viability, the various conceptual 

models for geomorphological changes associated with SLR, and for key hydrodynamic 

changes resulting from relative SLR. 

o Section 5 notes the variety of factors and processes that cause natural changes to coastal 

environments and explains the relevance to habitats. 

¶ The ESSP 

o Section 6 describes the physical setting of the ESSP area, including the main hydrodynamic 

drivers of change, the main geomorphic units, their past changes, the evidence for past and 

present sediment dynamics.   

o Section 7 develops some sedimentary hypotheses and considers the potential age of the 

sediments involved in the coastal response to SLR and the effects of the proposed 

development. 

o Section 8 describes the planned development and notes the key features likely to generate 

physical and habitat changes. 

¶ Analysis 

o Section 9 analyses the information available to answer Section 7ôs questions, in the light of 

predicted SLR over the next century and coupled with possible pond emplacement.  It presents 

analysis of several factors that might affect coastal stability in the area with SLR, including 

detail on selected key areas and locations.  

o Section 10 describes the main uncertainties in the work, and the resulting caveats upon 

conclusions formed. 

o Section 11 presents the main conclusions, including a scale of confidence in each. 
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3. 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.  Whilst MSL is relevant, especially because it forms a long record of changes 

over the last few decades or more, itôs 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 include: 

¶ Tidal range .  The astronomical tide varies by up to 4.7 m or so (section 6.1.1.1), 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 3.1);  

¶ 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 6.1.1.1).  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 6.2.4).  These surges are generally associated with 

strong waves and may last several hours; 

¶ 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 THE PHYSICAL ASPECTS , ITôS ABOUT FAR MORE THAN JUST A 

FUTURE RISE IN MEAN SEA LEVEL . 

Below, the science of sea-level change is addressed, to provide essential context and background 

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

ensure the work encompasses the relevant timescales.  Past informal feedback from the Department of Water 

and Environmental Regulation (DWER) was to consider a 100-year planning horizon, consistent with state 

coastal planning policies. 

3.1. 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. (2022a).  

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 
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(termed sea-level lowstand) (Figure 7).  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 8) and continued 

rising to a midȤHolocene relative highstand of elevation +1.5 to +3 m (above present levels), lasting 3,000Έ

4,000 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 7.  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. 2022a).  Error bars in elevations have not 
been shown. 

 

 

Figure 8.  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. 
2022a)2.  SLIP = Sea level index point. 

 
 
2 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 
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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 relative sea-level rise, i.e., the rise in sea level relative to the land.  Synthesis of regional or global MSL 

trends, variously incorporating models for isostasy, have been developed.  Relative SLR over the 20th Century 

was reported for most tidal stations, with rates of rise varying depending on coverage, time scales, statistical 

methods and observational frameworks. On the whole, accelerating relative SLR has been perceived, 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. 

¶ 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 

9) 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 available for the latter 

phase. 

 
 
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. 



Page 25 of 212 

 

 

Figure 9.  Regional relative seaȤlevel change over the last 10,000 years (After Ward et al. 2022b). 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 measurement 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 10, Figure 11) indicates high variability and a mean rate of SLR since 1985 of 2 to 4 mm/yr.   

https://psmsl.org/
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Figure 10.  Onslow - monthly and annual sea level data since 1985 (PSMSL) 

 

Figure 11.  Dampier (King Bay) - monthly and annual sea level data since 1985 (PSMSL) 
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3.2. Projected f uture change  

Future changes in MSL are unknown, but there are some relevant scientific predictions 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 12).  Further, previous informal feedback from DWER (in the CP-BCH report) was to 

consider a 100-year planning horizon, consistent with state coastal planning policies and the EPA guidelines for 

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 12.  Future SLR trajectory used by the WA Department of Transport (DOT, 2010). 
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4. Review ï the main factors and conceptual models of change  

4.1. 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 focusses 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 to 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 2). 

Table 2.  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 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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4.1.1. Mangroves 

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).  Within the coastal margin, steep and often dynamic 

ecological gradients limit the viable habitat for any single mangrove species.  In response, mangroves typically 

develop species zonation, 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 species identified at the ESSP include Avicenna marina, Rhizophora stylosa and Ceriops australis, 

with Avicennia the dominant species (O2M 2023). 

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. 

Morphodynamic change is particularly important in the context of rapid SLR, especially if coastal change 

truncates the geomorphic features and environments suitable for mangroves or is too rapid for mangroves to 

colonise them (Gilman et al. 2007; Anthony & Goichot 2020).  In many cases, decadal-scale morphodynamics 

determine the capacity for geomorphic features to support mangrove communities, with a period of 5 to 8 years 

for mangroves to reach maturity in the wet-dry tropics (Twilley et al. 1999) and longer in the arid conditions of 

the Pilbara. 

Evaluation of mangrove response to physical disturbances can be separated into the effects of soil salinity, 

hydroperiod (frequency of inundation), erosion, smothering, waves and sea-level change: 

¶ Effects of varying soil salinity have been examined by correlating the presence and abundance of 

mangrove species to salinity gradients.  Work indicates that Avicennia marina is most abundant when 

salinity is close to marine conditions, and it is unable to grow where porewater salinity is above 90 ppt 

(Semeniuk 1996). 

¶ Hydroperiod affects the capacity of mangroves to absorb oxygen, and has been correlated with 

species distribution in Darwin Harbour (Crase et al.  2013). 

¶ Mangroves occupy the mid to upper intertidal area, with the depth of root structure within the lower 

intertidal area strongly influenced by species and plant maturity.  Consequently, seedlings can be 

susceptible to seasonal erosion, whereas a mature community may be able to tolerate short-term 

erosion to a depth of 0.5 to 1.0 m, depending upon species. 

¶ Mangroves commonly act to trap sediment mobilised from adjacent coastal landforms.  Whilst 

sediment influx can be a source of key nutrients for mangroves (Anthony & Goichot 2020), rapid, thick 

accumulations of sediment can smother juvenile mangroves. 

¶ The capacity for mangroves to dissipate wave energy has been widely recognised (World Bank 2016) 

following a range of previous studies (Brinkman et al.  1997; Mazda et al.  2006; Quartel et al.  2007; 

Vo-Luong & Massel 2008; Bao 2011; Horstman et al.  2014).  However, under strong wave conditions, 
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mangroves can be broken or uprooted, with damage typically reported where nearshore significant 

wave heights exceed 0.75 to 1.0 m (Eliot, personal observation). 

Along many coastlines, in sedimentary terms, it is often convenient to distinguish fringing mangroves that occur 

along open coastlines exposed to waves, from estuarine mangroves that occur along the banks of estuarine 

channels and tidal creeks.  In riverine 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 significant control on the zonation. 

Thus, a different spectrum of environmental conditions may induce a different relationship of mangrove 

zonation with 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. 

Details of the mangroves in the ESSP area are provided in section 6.5.1. 

4.1.2. 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, 

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 

13).  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. 
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Figure 13.  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 6.5.2. 

4.1.3. 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 6.5.3. 
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4.2. Influence of SLR upon geomorphic  dynamics and h abitat s 

4.2.1. 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 14).  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 14.  The coastal response in tidal systems subject to SLR can include accumulation of sediment input from the sea 
and from the land. 

4.2.2. Dynamics of habitats 

Dynamics in sedimentary environments and their habitats creates challenges for the associated biological 

assemblages, which therefore have created an array of adaptive characteristics supporting 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 15).  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. 
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Figure 15.  Concept of unrestricted mangrove evolution with SLR (from Gilman et al. 2007). 

Semeniuk (1994) interpreted stratigraphic records to identify geomorphic response to PostȤGlacial SLR.  He 

also examined the existing structure of mangrove complexes and suggested their potential evolutionary 

response to SLR.  Two main alternatives were identified, based on the availability of sediment and capacity for 

material to be distributed throughout the mangroves. 

¶ For complexes with wellȤdeveloped tidal networks and a suitable sustained supply of sediment, the 

network allows material to be distributed, enabling the floodplain to rise or fall with sea level (Ellison & 

Stoddart 1991; Gilman et al. 2007).  Evidence of the headward expansion or retraction of tidal creeks in 

response to subtle sea-level fluctuations is available (Cobb et al. 2007), resulting in sediment supply to 

or from the adjacent coastal region.  Interaction with resistant structures, such as walling or rock 

features, may limit movement of floodplain zones. 

¶ For complexes with wellȤdeveloped fringing ridges, notably where chenier ridges or coastal spits are 

present, there is limited capacity for sediment distribution through the mangrove complex, even in 

cases where there is a sustained sediment supply.  In these situations, SLR might be likely to result in 

the progressive rise of the ridge, until it is breached, causing flooding of the mangrove flat, and 

potential rapid change to the mangrove system.  This may subsequently enable formation of a tidal 

creek network, which then facilitates sediment distribution across the flat and associated estuarine 

mangroves. 

Observations of modern coastal wetlands along the Pilbara coast indicate that different parts of estuarine 

systems can have progressive, incremental or adjustive responses to change (Figure 16).  This is a useful 

concept and can help illustrate why coastal changes are rarely even and continuous, and why future changes 

might be less than readily predictable. 

Different parts of a hypothetical sub-tropical arid coastal system might operate in different ways.  Taking a 

century-scale perspective, examples are given here. 

¶ Adjustive behaviour 

o This can occur at the mouth of tidal creek systems, along their narrow creeks and at their 

landward heads.  Whilst there might be an overall trajectory of coastal response, such as 

landward migration or seaward progradation, there will be a variety of shorter-terms periodic 

and episodic responses that change creek morphology during a period of 100 years.  The tidal 

flat can change from importing to exporting sediment and back again, producing repeated 

relatively small adjustments in volume, such as down-cutting of the heads of tidal creeks or the 

development of depositional fans or bank levees (Eliot & Eliot 2013). 

¶ Incremental behaviour 

o This might typically occur for a coastal barrier system, whereby it might be stable between 

episodic storm events, but each significant storm event might drive erosion on its landward 

side, overwash and sediment accumulation on its landward side.  This leads to long-term 

coastal rollover in one direction, but it actually occurs in small increments.  Further, the barrier 

does not migrate seawards with periods between storms or falling sea level.   
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o A second example might be the accumulation of low sand bodies at the mouth of the major 

rivers where they discharge onto the highest tidal flats during episodic major river floods.  Here, 

especially if the bed elevation is low and groundwater is near the surface, there may be no 

mechanism capable of removing any sediment once deposited.  Hence, these sand bodies 

might accumulate material slowly and incrementally, only during rare major events. 

¶ Progressive behaviour 

o Landward of active mangrove creeks and beyond the influence of the adjustive tidal creeks, 

there can be extensive areas of tidal flats that are only inundated by tides very infrequently, but 

periodically and predictably.  If these areas are also away from sources of river input, then 

these large areas are effectively starved of sediment input.  They might only very rarely receive 

any sediment, and even then at very low rates, for example by settling of silts and clays during 

surge-related inundation events.  There may be no mechanism capable of removing any 

sediment once deposited, so that over a century, these areas might accumulate material very 

slowly and in one direction.  

 

Figure 16.  Conceptual diagram of the three main types of estuarine geomorphic response to change.  These can apply to 
the whole system and each of its components.  This can be applied to the ESSP area, with a century-scale 

perspective, and also shorter timescales. 

Such variation in geomorphic response also occurs on smaller timescales, such as over only a few years.  For 

example: 

¶ For tidal creeks, adjustive behaviour can occur on seasonal timescales, through to sub-decadal 

timescales, due to variable hydrodynamic forcing from tides, episodic events and subtle associated 

changes in creek hypsometry.  The tidal flat can switch rapidly from importing to exporting sediment, 

producing relatively small adjustments in volume, such as down-cutting of the heads of tidal creeks or 

the development of depositional fans or bank levees (Eliot & Eliot 2013). 

Therefore, identifying the general behaviour of the various parts of the ESSP system is important to allow a 

first-order interpretation of the various datasets, and begin to form the basis of projections of possible future 

change.  These concepts underpin the interpretations made through analysis of relevant datasets, such as 

such as geomorphological changes seen on aerial photographs, dated sediment cores, surface bedform types 

and their location, measured river flows and/or direct observations of changes in sediment-associated habitats.  



Page 36 of 212 

 

4.3. Change s to hydrodynamics associated with SLR  

Whilst a general consideration of hydrodynamics is provided later (Section 5.1), here are noted only those 

aspects likely to change with SLR.  Here, óhydrodynamicsô includes aspects of tidal currents, waves and wind-

driven currents.  The changes are relatively simple in concept in the main different habitat-forming 

environments (Table 3).  The relevant environments include the shallow marine seabed, a range of intertidal 

environments and low supratidal areas that may become more subject to surges than at present.   

Table 3.  Main generic change in selected hydrodynamic factors associated with a SLR of ~1 m on the main habitat-forming 
environments on a coastline similar to the ESSP area.  Assumes no change in bed elevation levels nor coastal 
morphological change, i.e., it describes the general consequences of an óinstantaneousô SLR.  The table also 
tends to note those conditions where changes in sediment transport would result and considers the net result of 
a year or more.  Coloured cells indicate changes of greater significance. 

 Hydrodynamic factor 

Present Environment Tidal currents  Waves  Wind -driven 

currents  

 
With sea level 1 m higher than today (óinstantaneousô change) 

Marine Shallow 

marine  

- Incoming from 

the ocean 

Locally generated 

by winds 

- 

Intertidal Low intertidal  Weak increase in 

ebb speeds 

Slight rise in 

wave size and 

potential for 

increased 

mobility 

- - 

Coastal 

fringing 

mangroves  

Weak increase in 

current speeds 

Greater bed 

mobility 

Greater bed 

mobility 

- 

Tidal creeks 3 Tendency towards 

faster and longer-

duration ebb flows 

- - - 

Estuarine 

mangrove 

forest  

Tendency towards 

faster tidal flows 

Greater 

exposure, bed 

mobility 

- - 

High 

intertidal 

flats  

Faster flows, 

greater period of 

inundation 

Small increase 

where 

mangrove forest 

is narrow or 

absent 

Greater exposure 

to bed 

disturbance, 

especially at 

downwind 

margins 

Greater period 

of time and 

potential bed 

mobility  

Terrestrial Low 

supratidal  

- - Greater chance of 

episodic 

exposure 

- 

Using the estuary as an example of different types of coastal and shallow marine morphology (Figure 17), the 

~15 km long southern margin includes extensive areas of subtidal and intertidal flats, tidal creeks of various 

forms and sizes, fringing and estuarine mangroves, and other BCHs.  East of Gnoorea Point are several tidal 

creeks, again of various forms and sizes (e.g., Figure 79 and section 9.3.5).  The coastline bordering the ESSP 

area therefore contains a variety of coastal morphologies, sediment transport regimes and sediment transport 

pathways.  Because of the broad geomorphological complexity and the variable influence of the hydrodynamic 

drivers on each environment, raised sea levels may change some coastal environments and habitats more 

 
 
3 Refer CP-BCH report. 
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than others.  This also depends partly on the features in the area that are able to anchor the shoreline in certain 

places, whereas others are more able to change.  For example, the presence of a rocky headland can limit 

nearby change to sedimentary coastlines. 

 

Figure 17.  Distinct types of coastal and shallow marine geomorphology along the ESSP proposal frontage, i.e., the 
southern margin of the estuary (from CP-BCH report). 
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5. Review ï the various controls on natural change s 

5.1. Coastal changes  and relevant processes  

In the geological, geographical, and sedimentological literature, the complexity and dynamics of coastlines are 

well-described (Boyd et al. 1992; Davis & Dalrymple, 2012; Dyer, 1986).  Coastlines may be characterized in 

many ways, including in terms of their: 

¶ long-term mobility (e.g., hard or ñsoftò), 

¶ shape seen in 2-D or 3-D form,  

¶ perceived long-term change in location (e.g., progradation v erosion), 

¶ planform (i.e., morphology seen from above), 

¶ tendency for stability or for rapid change, and 

¶ driving processes (e.g., high-energy, sheltered, macrotidal, microtidal, etc.). 

Viewed simply, sedimentary environments can be considered as a combination of just three main factors:  

¶ the volume of the sediments themselves,  

¶ their physical nature and composition, and  

¶ their dynamics (Pethick 1984).  

In sub-tropical regions, interactions between these factors can generate environments as different as muddy 

mangrove swamps, silty salt flats, sandy beaches and shelly chenier ridges.  Considering changes to 

ñcoastlinesò necessarily involves assessing the interactions between a large suite of sedimentary environments, 

including those of the adjoining continental shelf, deltas, estuaries and rivers, and the coastal plain.   

There are six main physical ñdrivers of changeò in subtropical shelves and shorelines (Larcombe et al. 2018), 

these are: 

i. fluvial sediment delivery, 

ii. shelf sediment availability, 

iii. shelf bathymetry, which includes the intertidal zone and all associated peritidal topography,  

iv. waves, 

v. tidal range and currents, and  

vi. cyclones (including tropical lows).  

Following Pethick (1984), these six drivers are either process-based (drivers ivïvi) or are physical particles 

(drivers iiïiii), to which is added pre-existing topography and bathymetry (driver i).  Cyclones (driver vi) 

encompass several relevant processes and also involve fluvial sediment delivery, but they are a key driving 

feature of subtropical shelves (e.g., Carter et al. 2009; Larcombe & Carter 2004; Nott 2006) including 

contributing to the ephemeral nature of many sedimentary environments and habitats, so are listed separately 

here. 

Coastal and marine environments are influenced by a mixture of these drivers.  Other factors may also 

influence shelf and coastal sedimentation, such as (i) the effects of rare events such as tsunamis (Scheffers et 

al.  2008) and (ii) large-scale failures of submerged sedimentary bodies (Hengesh et al. 2012) or exposed reef 

edges.  Further, there can be (iii) changes of coastal ñstate,ò whereby relatively small changes in coastal 
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configuration, such as closure of the entrance of as narrow lagoon, estuary or river, can lead to major changes 

in sedimentary environments.  Such changes can occur in regions where episodic events are a key feature, 

such as along the North West Shelf (NWS), and the environment of the Pilbara lends itself to such state 

changes. 

Over long timescales, sea-level change by itself mainly influences the location of the primary process drivers, 

and, among other things, can affect shelf sediment availability through playing a part in modulating biogenic 

sediment production, and modulating the sedimentary results of cyclones through changing water depths.  The 

full complexity of the interactions of sea-level change with shelf and coastal sedimentary processes has yet to 

be fully grasped in the biological and ecological literature, and similarly by regulators charged with managing 

human use of coastal environments (Larcombe & Morrison-Saunders 2017). 

From the above, it is necessary to have a firm understanding of the interactions of past relative sea level, 

coastal configuration and sedimentation.  This supports the ability to make defensible statements about the 

implications of human intervention in coastal environments and the impacts upon sedimentary environments 

and associated BCHs, or at least to be able to constrain the possible impacts.  This report is based on an 

expert-driven integration of the above factors and processes, focused on the potential changes to coastal 

sedimentation, and where quantification is impossible, it is designed to constrain potential changes. 

5.2. Relevance to BCH assessments  

óBenthic Community Habitatsô or BCHs, is a specific term for habitats on the seabed, but is often used in 

regulatory documents (e.g., EPA 2016) to include those habitats in intertidal and some supratidal 

environments.  A key control upon such coastal and marine benthic habitats is the presence, nature, 

distribution and dynamics of bed sediments (Larcombe & Morrison-Saunders, 2017).  In essence, the control is 

the nature of the sediment transport pathways, and especially of sandy sediments across the bed, which are a 

key component of so many habitats on Australiaôs dynamic NWS (Harris et al.  2005; Jones 1973; Passlow et 

al.  2005; Picard et al.  2014).  Whilst there exist some regional maps of sea-bed type and of some sediment 

characteristics (e.g., Harris & Hughes 2012), appropriate sedimentary data and studies to define sediment 

transport pathways are largely absent.  For some habitats, such as estuarine mangroves, the link is more 

towards those locations where the accumulation of silty sediments occurs. 

Further, regarding ónatural variationô, the requisite oceanographic, sedimentary and biological information is 

also largely absent for the NWS and shoreline.  There are no published field studies on the óageô (i.e., the time 

since their last major disturbance) of benthic habitats on the NWS, their natural changes of state through time, 

and the frequency and magnitude of mobility of their associated sediments.  Although there are regional 

models on the issue of sediment mobility (Harris & Hughes 2012; Porter-Smith et al.  2004), these are not 

detailed enough to help gauge physical or temporal scales to apply in the EIA process, and they are 

unsupported by detailed measurements of sediment and their dynamics.   

As a result, it remains unclear how assessments can realistically be made of the ecological resilience of benthic 

habitats on the NWS, and how to gauge the ósignificanceô of observed changes in relation to human activities.  

There is ample evidence that methods need to be developed to begin to resolve these fundamental issues and 

to underpin a new approach to assessment of habitat changes.  The evidence includes:  

¶ the highly active bed sediment dynamics on the NWS (Larcombe et al.  2014; Dufois et al., 2017)  

¶ the existing understanding of similar tropical and sub-tropical cyclone-influenced carbonate continental 

shelves in Australia (Belperio 1983; Gagan et al.  1988, 1990; Larcombe & Carter 2004) and of those 

elsewhere (Hubbard 1992; Mearns et al.  1988; Morton 1988), and  

¶ the increasingly well documented nature of decadal-scale coastal change (e.g., 

https://maps.dea.ga.gov.au).   

This report integrates available information to indicate aspects of future potential sedimentary change in the 

ESSP area.  It considers sediment transport processes and sedimentary changes close to the coast in the 

https://maps.dea.ga.gov.au/
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ESSP area.  Whilst the sedimentary aspect is critical to habitats, primarily in forming features and substrates 

available for colonization, there are a range of other factors involved (e.g., section 4.1). 

As an example, the relative elevation of habitats compared to the tidal range is a good starting point, but is 

complicated by the physical responses that vary across places of similar elevation.  All BCHs are associated 

with sediments, whether located on area where sediment is accumulating, is mobile and passing through, 

where it is actively eroding from the bed, or where it is absent.  In this way, sedimentary processes are critical 

factors in understanding the processes that create and maintain BCHs.  It is necessary to consider the 

dynamics of: 

¶ the system within which habitats are located; 

¶ the systemôs component parts, and; 

¶ the links between those parts. 

In the case of the ESSP, this means considering a very large area encompassing river catchments, channels 

and deltas, the coastline and intertidal area, and the subtidal seafloor of the inner shelf.  Further, given the 

need to assess potential development-associated changes to BCH in terms of their past natural variation, there 

is also a need to include time periods between daily tidal variations out to a century in the future, to link with 

existing planning schemes for the Pilbara region.   

The sedimentary environments in the area that house BCHs are many and varied, in their nature and their 

propensity for change.  Indeed, most sub-tropical coastal and marine environments are ephemeral on various 

timescales, with implications for their associated habitats and organisms.  For example, on the Great Barrier 

Reef coast and shelf, the frequency of habitat resetting for coastal mangroves is a few decades to perhaps a 

century (Larcombe 2007).  Whilst there are no such data yet for the Pilbara, it is the timescales of resetting of 

the habitats and associated biological communities that are unknown ï their fundamental ephemeral nature is 

not in question. 

5.3. Modern s ea-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, due to a datum change (Figure 18).  

However, for stations with continuous records, a rise occurred over this period.  At 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).  These increases in MSL are important for interpretation of coastal and 

habitat response to SLR. 

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 13).  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. 
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Figure 18.  Monthly tidal maxima measured at Dampier. 
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6. ESSP physical setting  ï current knowledge  

The key principles involved in assessing the key sedimentary processes and coastal changes on the NWS 

have been summarised in a suite of recent papers (Gallop et al. 2015; Dufois et al. 2017; Larcombe & 

Morrison-Saunders 2017; Larcombe et al. 2018, Ward et al. 2022a, 2022b).  One of the most critical issues 

with these types of shorelines is their natural tendency for change.  This relates in part to their exposure to a 

complex mix of periodic (repeating) and episodic driving forces.  On generally decreasing timescales, these 

factors include SLR, inter-annual variability (ENSO), seasonality, storms, tides, waves and tsunami. 

6.1. Periodic drivers  

Here, periodic is taken as clearly and identifiably periodic ï this essentially means the tides, but also includes 

some aspects of the wave regime (e.g., daily and seasonal) relevant to sediment transport at the coastline. 

6.1.1. Tides 

There are various stations that have produced oceanographic information specific to the ESSP region (Figure 
19), with results summarised in O2 Metocean (2022b).   

Regarding tidal currents, just outside the estuary (UNS05), spring tidal speeds approach 0.4 m/s.  The M2 

ellipse is orientated slightly west of N and east of S (Figure 20).  The ellipse is relatively broad, so tidal currents 

rarely return to zero.  Off the eastern end of the ESSP (ERA05), tidal currents are slightly weaker with spring 

tidal speeds rarely exceeding 0.3 m.  The M2 ellipse is orientated WNW-ESE and is relatively narrow, so tidal 

current speeds often return to zero (O2 Metocean 2022b).  Fine to medium sand is mobilised at around 0.3 m/s 

so these data indicate that flows are fast enough to mobilise fine sand, but would need to be supplemented by 

waves and/or wind-driven or other additional unidirectional current to transport medium sand and coarser 

material.  
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Figure 19.  Locations of metocean data collection (O2 Metocean 2022b).  Spectral wave observations were made at all 
sites except sites STR02 and SIC02.  Locations UNS05 and ERA05 are most relevant to the ESSP area.        
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Figure 20.  M2 tidal ellipses at the measured sites, with the ellipses illustrated for the two inshore sites. 

6.1.1.1. Tidal creek flows are controlled by the elevations of high tide 

The report uses the tidal planes adopted by LS (Table 4).  The term óhypsometryô means the measurement of 

the elevation of features of Earth's surface relative to a datum (generally MSL or similar).  A hypsometric curve 

therefore represents the distribution function of elevations in a geographical area.  Used in the context of the 

ESSPôs tidal creek systems, the hypsometry of each creek is the vertical distribution of the bed elevations, 

which defines the volume of water within each creek system at different tidal elevations (Figure 21).  This can 

be used to define the storage volume Vs (the volume at 2.5 m AHD) and the creek volume Vc (the volume at 

1.7 m AHD).  Emplacement of ponds in the intertidal zone will reduce the volume of water exchanged with each 

tide, especially above the level of the creek banks, therefore mostly affecting Vs (i.e. reducing storage), and 

reducing the ratio of Vs:Vc.  This ratio is a strong indicator of key aspects of flow hydrodynamics and sediment 

transport capability (refer CP-BCH report). 

The tides in the area generally exhibit a semi-diurnal inequality, i.e., there are two tides per day of dissimilar 

elevation, so that there is one large high tide and one smaller high tide within a 24-hour period.  A section of the 

CP-BCH report noted three categories of tides (also described below), distinguished by the nature of flows in 

tidal creeks and the associated water elevations at high tide.  In the ESSP project creeks, there are some 

uncertainties to note. 

¶ Current measurements are only available for McKay Creek, and the characteristics of the tidal flows 

were used to derive the key tidal elevations noted in the CP-BCH report and used below.   

¶ The elevations of high tides given in Table 4 are slightly lower (perhaps by 0.2 m) than derived in the 

CP-BCH report and used below.  This is probably a result of some remaining uncertainty about the 

elevation of the instruments in McKay Creek used to derive water levels there, the differences in tidal 

elevations between McKay Creek and offshore locations and uncertainty about the data from the 

offshore locations (see O2 Metocean 2022b, Section 7 7. Water Level Measurements). 
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These uncertainties did not affect the main conclusions of the CP-BCH report, largely because other areas of 

uncertainty, including lack of flow data, lack of evidence of sand transport pathways and of sub-surface geology 

in the intertidal zone, are greater. 

Table 4.  Tidal planes in the area (supplied by LS), with the shaded column adopted by Leichhardt (from CP-BCH report) 

 

 

Figure 21.  Example hypsometric curve of a tidal creek catchment (blue line) with reduced volumes due to emplaced ponds 
(orange line), and definitions of Vc and Vs. 
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Using the CP-BCH report, for McKay Creek, the key different types of tides are as follows.  

¶ Overbank tides - where high tide Ó ~2.5 m AHD 

o These large high tides cause water to flood the high intertidal areas beyond the estuarine 

mangroves and into the saltflats beyond, where samphire and benthic mats are located.  Within 

the creek, these typically generate ebb tides stronger and of longer duration than the flood, and 

therefore tend to transport sandy sediment out of the creek mouth, helping maintain the creek 

channel.  At the same time, the relatively long periods of inundation and slow currents within 

the estuarine mangroves and on the saltflats, can result in the deposition of fine sediment onto 

the bed in these environments. 

¶ Intermediate tides ï where high tide is 1.7 to ~2.5 m AHD 

o At high tides, these tides just begin to exceed the levels of the creek banks and show varying 

characteristics of overbank tides. Within the creeks, flows associated with these tides can vary 

in their character, probably associated in part with consequences of the preceding high water 

and strong ebb tide, and their impact on sediment transport is consequently variable. 

¶ Within-creek tides - where high tide Ò 1.7 m AHD 

o These small high tides move water into and out of the creeks, but the tide remains constrained 

at all times within the steep creek banks. These tides tend to drive little net transport of sandy 

sediment.  In general, they can move fine sediment slowly towards the creek head, but this is 

neither a ubiquitous nor necessarily clear feature, and it is not significant in terms of the overall 

sediment budget. 

Examples of these tides and the associated flows measured in the creeks are shown in Figure 22 for a tidal 

creek in Queensland, and in Figure 23, Figure 24 and Figure 25 for McKay Creek.  Noting the fast, extended 

flow speed of overbank tides, and the fact that sand transport is a cubic function of flow speed, the most critical 

tides to understand are thus the largest overbank tides because they have the greatest potential consequences 

in terms of sediment transport and creek morphology.  Using that logic, surges and heavy rainfall are also likely 

to be important, because: 

¶ should a short-lived coastal surge drive water up onto the high tidal flats, above the predicted tidal 

levels, then it might generate some currents similar to those of overbank tide, and  

¶ should there be a short-lived extreme rain event in the area (such as a squall) or a longer period of 

heavy rain that might result from a cyclonic low, the accumulation of water on the overbank areas might 

also drive a strong ebb-directed flow in the creeks, especially if the rainfall coincides with a falling tide.  

In the ESSP project area, the elevation-flow relationship for natural conditions has only been derived for McKay 

Creek.  However, the distribution of coastal slopes (section 6.3.1.1) allows moderate to high confidence that the 

relationship will be similar within the catchments in Areas A, B and McKay Creek of Figure 17.  In the absence 

of more detailed information, that will be an assumption used in this reportôs interpretations.  
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Figure 22.  Velocity-stage diagrams for lower Cocoa Creek, Townsville, during a spring-tide period with strong semi-diurnal 
inequality.  For the 3 overbank tides illustrated, the ebb speeds were far faster than the flood.  For the 2 within-
creek tides illustrated, the flood and ebb were largely similar in speed and duration. Velocity peaks have the 
following abbreviations: F1, initial flood peak; FMIN, bank-full minimum speed; F2, second flood peak of 
overbank tide; EMAX, maximum ebb speed, that occurs when the ebb flow has fallen to become constrained 
within the creek banks (Modified from Bryce et al., 2003). 

 

Figure 23.  Time-series data over a 24-hour period, showing ebb dominance in peak speed and duration of an Overbank 
Tide .  The four time-series plots show: tidal height above the depth sensor with vertical distribution of speed, 
current speed 1.05 m above the bed, current direction 1.05 m above the bed, and water temperature at the bed 

(from CP-BCH report). 
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Figure 24.  Time-series data over a 24-hour period, showing characteristics of an Intermediate Tide .  (Plots as described in 
Figure 23). 

 

Figure 25.  Time-series data over a 24-hour period, showing characteristics of a Within -Creek Tide .  (Plots as described in 
Figure 23). 

 

6.1.1.2. Tidal dynamics indicated by catchment hypsometry 

As noted in Larcombe (2024), the hypsometric data and the ratio Vs:Vc for each catchment (Figure 26) can be 

used a first-order indicator of possible tidal flows through the creek mouths for those tidal creek systems where 

there have been no measurements (i.e., all creeks except McKay Creek), and the hypsometric curves (Figure 

27) can help compare some catchment characteristics.   
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Dealing here with the natural flows, the western systems (Creek 2, Baldy/Straight and McKay) have very similar 

ratios, at 3.0 to 3.3, like those catchments fronting the easternmost ponds (Creeks 7 & 8). 

 

Figure 26.  Calculated Vs:Vc ratios for the natural catchments.  For those catchments where the ponds of scenario 7.2.1, 
the first number is the natural ratio, and the number after the arrows is the new ratio with the ponds (Larcombe, 
2024). 

It is notable that 40 Mile Road W and E are markedly different to other catchments.  They have the largest 

Vs:Vc ratios for the entire ESSP region, at 4.1 and 3.8 respectively, are similar in overall hypsometry but both 

their curves are relatively shallow across the elevation range 1.7 to 2.5 m AHD (i.e., elevations between 

overbank tide and Highest Astronomical Tide (HAT) and therefore both indicate a relatively strong hypsometric 

effect on tidal flows for high tides.  It is also notable that the shallow slope of the hypsometric curve for 40 Mile 

W (Figure 27) cuts across many other curves, indicating that it is not at a similar stage of physical equilibrium to 

those other catchments.  This may be a result of the different range of sedimentary processes it has been 

subject to over several thousand years (or perhaps much more), including its relative lack of modern terrestrial 

sediment input and its partially sheltered nature behind the spit. 
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Figure 27.  Hypsometric curves for all natural catchments (plus the artificial scenario 7.2.1 catchment of the nascent 
mangroves) (Larcombe, 2024).  Note the shallow slope of the curve for 40 Mile Road W, that it cuts across many 
other curves, indicating that it is not at a similar stage of physical equilibrium to those other catchments.  The 
blue bar highlights the elevation range 1.7 to 2.5 m AHD.   

6.1.2. Seasonal waves 

The sea state of the southern NWS comprises contributions from Southern Indian Ocean swell, Winter Easterly 

swell, óWest Coastô swell, tropical cyclone swell, local wind-generated sea and óold seaô (O2 Metocean 2022b).  

Of these, several are notably seasonal in nature.  (NB ï cyclonic conditions are dealt with as an episodic driver, 

in section 6.2.3).  In the winter months, three factors are of note:  

¶ Southern Indian Ocean swell.  This swell derives from the S and SW, is of typical period 12 to 16 

seconds, and deep-water heights tend to be greater in winter, typically at 2 m, before refracting across 

the shelf; 
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¶ Winter Easterly Swell.  Synoptic offshore winds can drive swell on the outer shelf.  These winter 

offshore winds (see Figure 28, months of May, June & July) can reduce waves approaching the ESSP 

shoreline; 

¶ Old Sea.  Old Sea may be generated by surges in the winter SE Trade Winds in the deeper waters to 

the N of Cape Preston.  In winter, old sea is refracted around the Dampier Archipelago and arrives at 

Cape Preston from the NNE. 

In the summer months:  

¶ Southern Indian Ocean swell is smaller in summer, typically 1 m; 

¶ Old Sea is generated by surges in the summer NW Monsoon, and it is refracted around the north of the 

Montebello Islands to arrive at Cape Preston from the NNW. 

Put simply, Regnard Bay is sufficiently protected from swell and sheltered from local winds that óOld Seaô 

becomes an important part of the local sea state.  Whilst at all times, the waves reaching the coast are modified 

by the presence of the offshore islands, the shallow shelf, the inner-shelf bathymetry and coastal orientation, 

there are seasonal differences in waves that will affect resuspension of sediments on the shelf and in the 

nearshore zone.  The period, size and direction of waves approaching the ESSP region thus varies seasonally, 

potentially driving coastal sediment transport in different directions and at different rates. 

 

Figure 28.  Monthly wind roses from the Dampier Fairway meteorological station (modified from O2 Metocean 2022b).  This 
confirms the seasonal shift in winds, with the strongest winds associated with summer tropical storms.  The most 
persistent winds are Westerlies - October to February, and Easterlies ï May to July. 

6.2. Episodic drivers  

6.2.1. Meteorology 

The climate of the Pilbara coast reflects its location at around 20oS latitude in the sub-tropical high-pressure 

belt, with its southern limit at the boundary between the Temperate and Tropical Coast Regions (desert and 

grassland Köppen zones in Stern et al.  2000).  The region experiences an arid sub-tropical (sub-monsoonal) 



Page 52 of 212 

 

climate, which is hot throughout the year, with typically low but variable rainfall falling during both summer and 

winter seasons.   

Most weather systems experienced are extra-tropical in origin, although occasional tropical cyclones are 

associated with almost all the severe wind observations on record.  During summer months, rainfall mainly 

occurs from thunderstorms, with a highly variable contribution from tropical cyclones (Milton 1980).  Tropical 

cyclones are the dominant weather system of the Pilbara (Dare & Davidson 2004), and the intensity of tropical 

cyclones is such that direct impact, even by a relatively weak cyclone, commonly causes ñhighest recordedò 

levels of wind, wave height and water level.  Typically, 3 to 5 cyclones might approach the Pilbara coast during 

the cyclone season, with 1 or 2 causing destructive winds at any specific location (Eliot et al.  2013). 

Synoptically, the region is dominated by relatively diffuse extra-tropical high-pressure systems, with latitudinal 

movement of the pressure belt inducing two distinct seasons, referred to here as ócoolô and ówarmô - there are 

short transition seasons between these two main seasons (Figure 29).  The cool season typically extends from 

May to August, with the warm season normally from October through March (Pearce et al.  2003).  Sea-breeze 

cells cause diurnal variation in the strength and direction of winds, for ~5 to 25 km both landward and seaward 

from the coast.  Although these cells are strongest during the warm season, they may occur at any time of 

year. 

 

Figure 29.  Dampier Fairway winds for July 2020 to Oct 2021.  Note the seasonal shift from winter easterlies to summer 
west-southwesterlies.  Yellow panels = Transitional seasons. 

The relative intensity of seasonal winds is known to vary on an inter-annual basis.  This behavior loosely 

corresponds to global climate variations, as described by El Nino-Southern Oscillation modes (Figure 30), with 

stronger easterly conditions typical during the La Nina phase and stronger westerly conditions during the El 

Nino phase.  This pattern is in addition to local variations in the Indian Ocean climate, and modification of 

coastal winds by fluctuations of sea breeze cell intensity.   

Rainfall within the Pilbara is generally low, but highly variable, with potential for heavy rainfall in either summer, 

often associated with tropical cyclones, or winter, commonly linked to northwest cloud-bands.  Consequently, 

the region can experience both flooding and drought conditions, each of which can disturb intertidal habitats. 

Summer west-
southwesterlies

Winter easterlies
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Figure 30.  Monthly measures of the Southern Oscillation Index (SOI) since 1880, with detail for the period since 1975.  The 
SOI is a monitor of the ENSO, so can inform on the El Nino and La Nina conditions.  SOI above +ve 8 = La Nina 
= stronger Trade Winds, warmer water on the NWS and more tropical storm activity.  SOI below -ve 8 = El Nino 
= the opposite. 

6.2.2. Rivers & freshwater runoff 

The ESSP areaôs rainfall regime is described by Land and Water Consulting (2023a, 2023b).  Mean rainfall 

data for the area is around 290 mm/yr with most rainfall occurring between January and June.  Annual pan 

evaporation rates average around 3,200 mm/yr (SILO station number 004083), far exceeding precipitation for 

every month of the year (Figure 31).  There is significant variability between years, with episodic events 

generating high rainfall (e.g., Figure 32).  

 

Figure 31.  Mean monthly rainfall and evaporation data for the ESSP area (Land and Water Consulting 2023b). 
























































































































































































































































































































