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| refer to the letter dated 1 December 2006 inviting comments on the proposal
referred to in the Environmental Review and Management Programme
(Assessment 1521). The Department for Planning and Infrastructure (DPI) prowdes
the following advice and comments for your consideration in assessing this
proposal. Specifically, the proposal has been considered within the context of.

« Ningaloo Coast Regional Strategy Carnarvon to Exmouth 2004 (the Strategy)
« State Planning Policy No. 2.6 (SPP2.6)
in summary, the DP! is concerned about:

(a) the potential land-use conflict that will arise by allowing an extractive industry to
- e established in an area identified as being of high nature conservation value
and a priority for inclusion in Western Australia’s marine reserve system; and

(b) the inadequate demonstration of the impacts of coastal processes, particularly
cyclonic storm surge inundation and sea level rise, on the project area and the
implications for development setbacks and the structural integrity of proposed
infrastructure.

Ningaloo Coast Regional Strategy Carnarvon to Exmouth

The Ningaloo Coast Regional Strategy Carnarvon to Exmouth, released by the
Western Australian Planning Commission (WAPC) in August 2004, is a 30-year
strategic land use plan that provides the framework for planning for sustainable
tourism and land use on the Ningaloo coast including Exmouth Gulf. The Strategy
identifies the southern and eastern mangal areas of the Exmouth Gulf and adjacent
coastal waters as recommended marine protected areas, consistent with the
findings of the Marine Parks and Reserves Selection Working Group (MPRSWG)

(1994) — the ‘Wilson Report'.
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The Strategy states that any development in these areas should be in accordance

with the recommendations of the MPRSWG (1994). It is considered that the o
@: ,,,,, proposed salt operation would be inconsistent with the recommendation that the i)w.

eastern side of Exmouth Gulf be included in the marine conservation system. In

particular, the MPRSWG (1994) states that the “reservation of the supratidal flat

between the mangroves and the hinterland would be essential to ensure adequate

management of the mangal and coastal habitats of the marine reserve.”

It should also be noted that the northern part of Giralia Station is immediately
adjacent to the Southern Field Concentration Ponds described in the proposal. The
Strategy identifies Giralia Station as a proposed conservation and recreation area,
in recognition of the previous identification of this area for addition to the
conservation reserve system. This area has been identified as being necessary to
manage adjacent areas of high conservation value in the Exmouth Gulf.

State Planning Policy No. 2.6

The DPI recommends that the EPA use the objectives and guidelines of State
Coastal Planning Policy 2.6 when considering the impacts of coastal processes on
the proposed development and the implications for development setbacks and the
structural integrity of proposed infrastructure.

SPP2.6 is applicable to the coast throughout Western Australia and seeks fo
ensure that the location of coastal facilities and development takes into account
coastal processes including erosion, accretion, storm surge, tides, wave conditions,
sea level change and biophysical criteria. 1t also seeks to protect, conserve and
enhance coastal values, particularly in areas of landscape, nature conservation,
indigenous and cultural significance.  SPP2.6 contains guidelines for the |,
determination of setbacks that protect development from coastal processes by i
absorbing the impact of severe storms including cyclones, allowing for shoreline | i
movement, sea level rise, and the fluctuation of natural coastal processes.

Development Setback

The eastern side of the Exmouth Gulf consists of a mangrove shoreline backed by
algal mats and supratidal salt flats that are up t010 km wide. Emportantiyffﬁé fotal 1 .
L2+ relief across these flats is of the order of 20-30cm higher than the edge of thggigal e
T mats (Straits Salt, 2006). Inundation of the supratidal flats during elevated water i

levels is acknowledged in the ERMP.

P\

The ERMP provides a development setback of 40m from the ‘inland edge of the
algal matt boundary’, based on a cursory assessment of sea level rise of 0.38m
over 100 years and application of the Bruun Rule. 1t should be noted that SPP2.6
states that the Bruun Rule is to be applied only to sandy shorelines and that for

other shore types, the setback for sea level rise shall be assessed in regard to local
geography, - In the pre-development scenario, we would expect the extent of ;Qf
inundatiori for a 0.38m sea level rise at this site to be extensive. The response of m
the shoreline to this sea level rise is likely to be complex and should be considered / >
in significantly more detail by the proponent. -






We would dispute that the proposed 40m setback is a ‘conservative overestimate’
in this instance. The development setback does not take into account the
combined effects of cyclonic inundation, historic shoreline movement, and sea-level
rise. The nomination of ‘the edge of the algal matt’ as the Horizontal Setback ||
Datum, i.e. the point from which a setback is calculated, is also unlikely to be o)
conservative. VA e §
In cyclone prone areas, SPP2.6 requires development to be set back from any
areas that would potentially be inundated by the ocean during the passage of a
Category 5 cyclone tracking to maximise its associated storm surge. It is noted that
this would be extremely difficult for this proposal However the impact of an event
of this nature on the eastern shores of the Exmouth Gulf is demonstrated by Knot
(2006) and should be considered (Refer Attachment — “Tropical Cyclones and the
Evolution of the Sedimentary Coast of Northern Australia” by Jonathon Nott). Post
cyclone measurements of debris at Tubrigi Point, which is immediately north of the
development area, indicated a depth of flow of@ 8mAH® e e
. w‘;é\«‘ s

The proponent should be asked to provide:

. A detailed assessment of shoreline response to sea level rise over an R
appropriate planning period at the site, in both the pre- development and post @ '

development scenario.

» An assessment of the deve[opment setback in terms of the severe cycion:cf s

impact, historic shoreline change and sea level rise. 7!»*&" )
Levee Design
The ERMP notes that the duration of the project is > 60yrs (Table 2-11) and a
typical sea levee would be rock armoured and designed fo withstand a one in 254j
year ARl event. It is noted that ‘storm event exceeding the one in 25 year event O

—ay—resulf in~ overtopping, but the structural integrity of the levees will be &
maintained’ (2-35).

The ERMP does not provide an adequate assessment of the impact of a severe ,
__cyclone upon the structural integrity of external seawalls. tis noted in the ERMP [
that ‘catastrophic failure of the levees is h[ghly unlikely’ (2-35), however the
engineering detail is not provided to assess this claim. Such an assessment would
seem particularly important for designing measures to avoid or mitigate the risk of '
discharge of hypersaline water and bitterns from the storage ponds into the marine

environment during an extreme storm event.

The proponent should be asked to provide:

. A design report that includes the structural design of the external seawall, ;
design conditions, performance of the seawall under events that exceed des;gn
conditions and the proposed maintenance of the seawall. HI







The points discussed above have been highlighted as being of most relevance to
this submission. The EPA may also note that SPP2.6 and other WAPC planning
policies also provide objectives and guidance for a range of other coastal
development matters such as contaminated stormwater runoff, acid sulphate soils
and the protection of the coastal and marine environment.

Yours sincerely
Gnreg Martin
Director General

J:13 12007
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Tropical Cyclones and the Evolution of the Sedimentary
Coast of Northern Australia

Jonathan Nott

School of Tropical Environment Studies and Geography
James Cook University

Cairns, Australia

Jonathan Nott@jeu.edu.au

ABSTRACTW

P » NOTT, J., 2008, Tropical cyclones and the evelution of the sedimentary coast of northern Australia. Journal of Coastal
BJacsessenni Research, 22(1), 49-62. West Palm Beach (Florida), ISSN 0749-0208.

* A considerable portion of the sedimentary coast of northern Australia is deminated by ridge plains (beach ridges)
where the ridges ave composed of coarse-grained sands and/or sand and beds of marine shells that rise above the
Ylimits of normal (fair weather and noneyclonic storms) wave run-up. Elsewhere, there exist ridge plains composed of
lithic gravei, coral shingle, shell (cheniers), and, in one location, a ridge of pumiee, These ridge sequences also lie
above the zone of normal wave (noncyclonic) processes. There is littie doubt that these ridges are deposited by waves

and it is likely that only fropical cyclone-generated marine inundations are able to cause the necessary ephemeral

rise in sea level in order to emplace them,

Tropical cyclones also cause substantial erosion of the coast. When the marine inundation (surge + tide + wave
sel-up + waves + wave run-up) or just wave run-up alone overtops coastal dunes (eclian) or ridges where they are
unconsolidated, those dunes are eroded vertically and removed. At times, this can result in the deposition of sand
sheets thaf extend inland for several hundreds of meters and taper in thickness landward. The sedimentary coast of
northern Australia is composed therefore of a mosaic of landforms that represent the constant interplay between high-
intensity, fow-frequency events and precesses and high-frequency, lower energy processes. The presence of numerous
coastal landforms generated by tropical cyclones highlights the importance of recognizing the role of these events in
policies eoncerning the management of coastal landscapes and also the reduction of hazard risks in this region.

ADDITIONAL INDEX WORDS: Tropical eyclone, send coast, beach ridge, chenier, dune erosion, wove-depesited sand

sheet.

INTRODUCTION

Tropical cyclones play an important role in the deposition
of sedimentary landforms and hence progradation of coasts
in northern Ausiralia. They are also highly erosive agents
and can completely remove, through wave and surge action,
some of these same landforms and also those deposited by
eolian processes. Recent observations of the impact of high-
intensity tropical cyclones in Queensiand and Western Aus-
tratia and studies of the late Quaternary development of de-
positional landforms in these locations, suggest that tropical
cyclones may play a much more substantial role in shaping
tropical sedimentary ccasts than previously thought. Evi-
dence is presented here to show that tropical eyclones have
likely been responsible for kilometers (both length and width)
of coastal progradation in the form of beach ridges composed
of coarse-grained sands, lithic gravel, coral shingle, shell {co-
quina), and mixtures of all four. In this sense, substantial
areas of the coast of the Gulf of Carpentaria may owe their
origin fe this process, while the lengths of coast along
Queensland’s eastern seaboard and the Western Australian
coast shaped by this process are less but still significant,
Sand sheets extending hundreds of meters inland and more
than a meter thick aeross back barrier flats also oceur, and

DOL10.2112 105A-0005.1 received and accepled 10 May 2005,

these, too, are due to cyclone storm tide and waves. Evidence
is also presented here to show that storm tides and waves
can remove entive multivowed eolian dune systems up to 7
meters high above Australian height datum (AHD) and rep-
resent a much more significant erosive agent than wind
alone.

TROPICAL CYCLONES~THEIR FORMATION AND
CHARACTERISTICS

All of the coast of northern tropical Australia (10—28°8)
is prone to the influence of tropical cyclones. This is hecause
sea-surface temperatures here are normally above 27°C in
the months from December to April and because this region
lies sufficiently south of the equator to allow for the influence
of the Coriolis effect. Tropical cyclones produce both streng

winds and a marine inundgtion.Fhe marine jpyndation i

composed of sﬁi‘?m surge, tide, wa%v{“}],set-up, wa&'ﬁacﬁon, ag%-
wave run-up. Storm surge is an elevation of the sea surface
both anead of and during the passage of a tropical cyclone
toward the coast. The surge is a long gravity wave with a
wavelength similar to the diameter of the gencrating tropical
cyclone. A surge can be likened to a raised dome of water
that inundates the coast. Vagpiations in the height of surges
are caused by, the intensity :@entral pressure of the c@one,
the foryard (@translati‘ﬁﬁ‘é’l"’s‘ﬁ“e’éﬂ“ﬁ'f The cyclone, the'fddius
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of maximum winds, }gle of approach of the«iycione track to
the coast, the offshoré-bathymetry, and th{e-'coast.al configu-
ration or shape of the coastline. Surge heights can exceed.Z.
m under optimal conditions. »

——~3t57tn Tide refers to the level of inundation resulting from
the storm surge and tide combined. Wave set-up is the ad-
dition to the water column from broken waves and wave run-
up is the uprush of those waves against an object or a sloping
surface, such as a beach. Each of these componenis combined
along with wave action produce the marine inundation.

DEPOSITIONAL LANDFORMS
Beach-Ridge Plains

Beach ridges ave defined here as & wave-deposited berm or
beach often separated by a swale, which in some instances

can be inundated by tides and may be capped by an eolian—~

veneer. Foredunes are wind-deposited ridges of eolian sand
lying on top of beach deposits and usually separated from
other ridges by a lower swash of eolian sands. Cheniers are
regarded as deposits of shell and or shell and sand lying upon
a layer of mud, which also forms the swale between cheniers.
There have been a nurmber of varying hypotheses regarding
the specific processes responsible for beach-ridge develop-
ment, most of which acknowledge the importance of waves
(Davies, 1967, KoMaR, 1976, TanNgr, 1995; TavLor and
SronE, 1996). The same is true of cheniers (CHAPPELL and
GRINROD, 1984).

Wave heights in northern Australian nearshore environ-
ment arve usually much smaller than in the southern half of
the continent. This is due to a number of reasons, including
the protection offered by the Great Barrier Reef (GBR) along
Queensland’s east coast, the shallow epicontinental sea of the
Guif of Carpentaria, and the considerable distance from
swell-generating subpolar low-pressure systems that influ-
ence the shores of southern Australia. However, at times,
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al. {1980) found that radiocarbon dates frem near the crest

and base of a rldge in several al iocatwns were nearly zdentlcal

one event (one ridge per event).

T RHODES e al. (1980) arid Ruopes (1982) suggested that

troplcal cyclones produce waves of considerable size (up £0.30..,

ater) which, unlike the normal fair-weather
“waves or those “produced during episodes of strong trade
winds (30-40 knots), are capable of generatmg swash xeach
ing greater than 5 m AHD 77 '

Substantial sections of the coast of northern Australia ave
composed of beach-ridge plains and, to a lesser extent, chen-
ier plains, This is particularly the case around the shores of
the Gulf of Carpentaria (Figure 1). Here in places up to 80
individual ridges, paralleling the shore, form beach-ridge
plains that extend inland for over 5 km. The ridges, along the
eastern and southern shores of the Gulf, contain_shell-rich
layers up to 1-2 m thick interspersed within medium- to
coarse-grained sand (RHODES ef gl, 1980). They rise up to 6
m above mean sea level (tidal range of approximately 2 m)
and extend along shove for over 10 km in places. RHODES et
al. (1980) suggeste& that the udges were de’pos__, 4
tropical. cyclones There are several reasons why this is hkely
to be the case. First, as mentioned, the ridges here contain
distinet beds of marine shells (Anadara sp.). Second, their
height above sea level places them beyond the range of in-
undation by normal wave processes but not waves and storm
tides generated by tropical cyclones. And third, RHODES et

beach ridges and cheniers alternated in their times of for-
mation around the Gulf of Carpentaria depending on sedi-
ment supply. Wetter phases of climate during the late Holo-
cene resulted in rivers transporting higher levels of sediment
to the coast and therefore beach-ridge formation, and chenier
development was favored during drier phases, when shell
production in the nearshore zone increased with diminished
sediment loads. CHAPPELL and GRINROD (1984) also noted
that chenier formation in Princes Charlotte Bay in northeast
Queensiand was likely a balance between sediment supply
and shell production. Here, the cheniers merge into beach
ridges along shore and Hayne and CHAPPELL (2005), and
Norr and Havwg (2001) used the latter as a record of pre-
historic tropical cyclone frequency over the last 2500 years.
Not everywhere, though, do beach ridges contain shells and
shell beds that may be taken as indicative of high-energy
deposition. In many locations acress northern Australia,
beach ndgemﬁﬁﬁ“ély of ¢ sand A sequisticeof

aileling the coast occur at Cowley Beach approximately 130
km south of Cairns (Figure 2). Grauam (1393) suggested
these beach ridges formed as abandoned berms, which grad-
nally accreted due to normal swash and eolian processes. The
height of these ridges, however, up to 5 m AHD, and the
texture of the sand (coarse- to very coarse-grained with many
partictes larger than l-mm diameter) suggest that their ac-
¢retion is beyond that capable of normal wave conditions. The
region here is dominated by southeasterly trade winds that
rarely exceed 30-40 knots except during tropical cyclones.
Waves larger than 1 m at shore are rare except during trop-
ical eyciones because there is a limited feteh, being approxi-
mately 30-40 km between the mainland coast and the GBR,
and the offshore gradient is very shallow (extending from 0
m at shore to approximately 50 m depth at GBR). The waves

Journal of Coastal Research, Vol. 22, No, 1, 2006
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F:gure 2 ()bhque aerial view of beach-ridge plain at Cowley Beach south of Cairns, Queensland. ’l‘he rldges here are composed of coarse- gramed sands

to gravel and rise to over § m AHD. There are approximately 30 consecutive ridges in the Helocene sequence. {Photo by D. Hopley.} ] i

&::rt,.uﬂ 7,
PRt 2 e,

that are generated during normal southeasterly trade wind
conditions and winds generated by low-pressure systems that
have not developed into a tropical ¢yclone have limited run-
up petential and are unable to reach the crest of the beach
ridges at this location. Tropical cyclones appear to be the only
mechanism capable of producing waves and surge of suffi-
cient height to be able to deposit a sand ridge of this elevation
at this location, irrespective of whether the ridge aceretes
over a series of events or just one.

The beach ridges at Cowley Beach vary in age from ap-
proximately 5000 YBP at the landward margin of the se-
quence o less than 1000 YBP nearer the coast. Those toward
the rear of the beach-ridge plain would have formed when
relative sea level was higher {due to hydreisostatic rebound),
which, in this region, was approximately 1-1.5 m higher than
today (CHaPPELL et al, 1983). Relative sea level would have
played a progressively diminishing rele in beach-ridge for-
mation toward the present day with sea level having little
influence in possibly assisting waves produced during normal
fair-weather conditions to generate swash heights equal to

p— T

the crest height of the ridges after approximately 2500 YBP.
The same is true of the Holocene high-energy window, which
was a phase during the early phases of the H Holocene marine
transgression when vertical coral reef growth was outpacefl
hy sea-levei ise and the m Wl \d‘coast of north astern Aus-

Coral Shingle Ridges

Coral shingle ridges occur predominahtly around the
shores of islands and cays along the length of the GBR (Fig-
ure 1). There appears fo be little doubt that these features
are deposited by cyclone-generated waves and surge for they
are composed of clasts too coarse to be fransported by wind
and there have been several eyewitness accounts of their for-
mation during such tempests (CHAPPELL ef al, 1983; CHarp-
PELL, and WaLLENSKY, 1986; CHivas, HavynNE, and CHap.
PELL, 2000; MaRAGOS, Baings, and BEvERIDGE, 1973). Coral
shingle ridges are nearly identical in form to sand beach ridg-

Journal of Coasta! Research, Vol. 22, No, 1, 2006
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Figure 8. Stratigraphy and chronology (calibrated radiccarbon years) of
the coral shingle ridge sequence at Curacoa Island, central Great Barrier
Reef (after Nott and Hayne, 2001}

es except they are composed almost _entirely of coral ﬁag—

ments eroded from’ near-shore s Teels by wave action.. and/iE, ..o

offshore accumulat:ons of these fragments.(BaiNes, BEVER-
mae, and Maragos, 1974; Davies, 1967, Hucxes, 1999;
Rasszr and Riecr, 2002). The offshore accumuiatmns result

from a number of eroswnal prot:ésses, Rch a“’bwde@ adation ”
wave “action during Bt ERHRE AR fai WEA ther tondi-
tiens (IHHuGHES, 1999; RassER and Riraw, 2002). Coral shin-
gle ridges oceur in locations where coral reefs occur close to
shore. It is thought that the angle of the offshore reef slope

plays a role in detexrmining whether the eroded fragments are
transported predominantly offshore or onshore. Steep reef
fore-slopes favor offshore transport of frag;ne ts, often to
d'é'ﬁ'hs of greater than 50 m, which is too deep to be reworked
and EraREpEEEL By Sloim waves. Shallow sloping and, par-
ticularly, wide reef fronts favor tréﬁé"ﬁﬁhff onshore and the
formation mm&mg; However, some sites, such
as CUTaroy 1S1aHa 1h the central GBR that are fronted by
narrow, steep reef slopes, have extensive coral shingle ridge
development on land (Haywe and CHAPPELL, 2001; NoTT
and HayNE, 2001}, These sites with minimal accumulation of
coral shingle in the shallow waters of the reef and maximum
accumulation of shingle in the deeper offshore waters below
wave base (depth to which waves will entrain and transport
sediment on ocean floor) suggest that the onshore ridges
couid have formed from predominantly live coral fragments
broken off during storms. At other sites, however, there can
be liftle doubt that onshore ridges were formed from the re-
working of existing accumulationis of shingle in the shallow
waters offshore.

The number of shingle ridges in a sequence varies hetween
locations from 2 to over 20; Curacao Island in the Palm Island
Group north of Townsville, for example, has 22 consecutive,
shore-paraliel coral shingle ridges (Figure 3). The ridges often

Figure 4. Gravel ridge sequence along the east Kimberley coast, Western Ausiralia. The gravel ridge barriers here often impound lagoons. The ridges
rise above 5 m AHD. e e ’

Journal of Coastal Research, Vol 22, No. 1, 2006
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rise in height to over 5m AHD and oceur predommanﬂy,on

the shelfered

€ SNCLEIeC oL
gests that their presel"vatlon potentlal is l'ughest in these lo-
cations, as they are likely removed hy_erosion, possibly
through wave attack aftheir Base during “fair-weather con-
dmons on the windWard-fatng coasts BAINES, BEVERIDGE,
and MARAGOS {1974}, BaiNes and McLEaN {1976), and Mc-
Leaxn (1983) have noted that coral shingle ridges formed by
tropical cyelones on Pacific islands and atolls tend to move
across the reef fiat with time to become welded to former
shingle ridges. Hence, they do not tend to be preserved to the
same degree as distinct and separate ridges like they do aleng
the GBR.

Shell Ridges

Unlike cheniers, shell ridges do not form as separate fea-
tures on a mud substrate. Rather, they are rauch more akin
te sand beach ridges except they are composed entirely of
marine shelis. They are not commoen around the coast of
northern Australia, although they are extensively preserved
at Shark Bay, Western Australia. Here, the sheils of the spe-
cies Fragum erugatum, otherwise known as the Cardiid cock-
le, flourish in the hypersaline waters of Shark Bay (Figure
1). There is limited circulation of waters between the open
ocean and the deeply indented bays here, particularly Hamlin
Pool, hecause of the formation of the Faure sill, a sand bar
that developed during the mid to late Holocene and stretches
across the mouth of Hamln Peol. The limited number of
predators of Fragum erugotum means that this species
thrives in the nearshore envirenment and provides an abun-
dant supply of shells of remarkably uniform size (5-8-mm
diameter), to be transported onshore during marine inunda-
tions induced by fropical cyclones. The resulting shell ridges

are composed entirely of this sheli species and only in the ‘

most shoreward ridges does any sand oceur; this sand ap-
pears to be removed from the ridges with time because the
second and third row of ridges inland are devoid of any sand.

There are approximately 40 ridges paralleling the coast
and extending inland at Harlin Pocl, and the ridges increase
in age with distance inland; the myjority of the ridges were
deposited from 5500 YBP o the prezent (NoTr, unpublished
manuscript). Pleistocene ridges are also preserved here land-
ward of the Holocene sequence. The Pleistocene ridges differ
from the Holocene ones, as the former are compesed of a
much wider array of shell species, which are also larger in
size compared with the single species of uniform size in the
Holocene ridges. These larger Pleistocene shells are open-
ocean species and suggest that water circulation between the
open ocean and the indented bays was much better during
the Pleistocene compared with that at present. The shell ridg-
es here extend in height up to 8 m AHD, Such ndges s could
only, within this very protec?ed and ealm-water environment,
have been formed by tropical cyclone-induced waves and

surge.

Gravel Ridges

Ridges composed entively of gravel and occasional coral
fragments are common along the Kimberley Coast of north-

west Western Australia. These ridge sequences form gravel
barriers and often impound back-barrier lagoons in embay-
ments along sections of coast dominated by steep rock cliffs
(Figure 4). They are particularly common along the western
side of Cambridge Gulf north of{@yndha? in the east Kim-
berley region. The gravel ranges in size up to 1.6-m diameter
{A-axis) and 1.4 m (B-axis) and have been deposited into se-
quences of up to 9 ridges paralleling the shore. At La Crosse
Island (Figure 1) offshore from the mouth of the Ord River,
gravel ridges have been deposited in every embayment and
thereby form a diseontinuous sequence that surrounds the
istand. The ridges at two surveyed sites each on opposite
sides of the island extend up o 5 m AHD, and radiocarbon
samples on coral fragments embedded with the core of ridges
from each of seven ridges from these sites show that they
were deposited between approximately 5000 YBP until re-
cently (Nor, 2000). The radiocarbon samples do not show a
progresswe increage in age. with.distance.Inland, suggestmg
that the ridges are rep:uiarly overtopped.and reworked by ma-

fine inundations, .,
Interestlngly, the most landward ndges within many of the
ridge-impounded embaymm?'d"fé'ﬁay concave, circular 9,?
pre551ompﬂtm§gyg_@1 mebers SEFAEE AT 1T ASEP " The b7-
{zin 5in of these features ifintriguing Beeause they do not appear
to have formed by tree fall and disturbance of the gravels by
the uprocting of the tree, as this could be expected to form
an asymmetric-shaped depression. There is also no evidence
that trees ever grew on the ridges here. And while large salt-
water crocodiles are known to inhabit the island, nesting in
ridges composed of such coarse particles is not a recognized -
behavior of this animal, nor is it known to be a feature of
turtle nesting, especially considering that the depressions are
located on the most landward ridge and a turtle wouid have
to traverse six or more substantial ridges. Similar depres.
sions within gravels and sands have heen recognize

developed during tsunami inundations in Japan (SATO et al.,
1995}, It is not suggested here that tsunamis are responsible
for the circular depressions on La Crosse Island, as the size
of the particles composing the ridges here are well within the
range of particle sizes able to be transported by tropical cy-
clone-generated waves (NotT, 2003a). This part of the West-
ern Australian coast is also not known to have experienced
tsunami impact, unlike the Indian Ocean-facing coast of
‘Western Australia during historical time. The size of the
gravel particles and the height of the ridges above sea level
suggests once again that these features are likely a product
of tropical cyctone-generated marine inundation.

Pumice Ridges

A ridge of pumice was deposited at North Mission beach,
Queensland, during the marine inundation generated BY“&
intense tropical cyclone on March 10, 1918 {TavLoR, 1982).
The inundation occurred at Tﬁ'é’ﬁ‘”ﬁtde"and was reported to
have reached at least 3.5 m ahove normal sea level. The in-
undation resulted in the deaths of many people and trans-
ported and deposited onio the mainland supplies from a she

EI)unk Island approximately 5'kKm offshore. Indéed; ohis
“latge bag of fiour was deposited over 3.5 m high in a tree and
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Figure 5. Impact of tropical eyclone Vance (March 1999) on the coastal dune systems of Tubridgi Point, Western Australia. There were three rows of 6-

m-high dunes here prior to landfall of Tropical Cyclone Vance. These dunes were completely eroded and hence removed (except for occasional knolls) and
the sand transported inland as a sand sheet for 300 m. Arrow shows direction of marine inundation movement onto the coast. The entive area was
vegetated with grasses, shrubs, and small trees to 2 m high. Note that all of this vegetation was stripped from the landscape by the marine inundation.

the flour in the center of the bag was still sufficiently dxy to
be able to make damper (a type of bread) the following day
after the maeclstrom {TAYLOR, 1982). The crest of the pumice
ridge here reaches 5 m AHD and it extends alongshore for
approximately 500 m. This is the only reported ridge of pum-
ice deposited during a tropical cyclone so far, and it is not
known whether sand was also deposited along with pumice
to form this ridge at the time. No sand cccurs in the ridge
today, for it is composed entirely of well-rounded pumice par-
ticles; however, a sand beach ridge {up to 3—4-m-high AHD)
at Scuth Mission Beach was reported (TavLoRr, 1982) to have
been deposited during this same event.

RIDGE DEPOSITIONAL PROCESSES

It is difficult to know whether wave-emplaced sedimentary
ridges are deposited gradually during the storm or as a sed-
imentary unit that moves landward from an existing offshore
sccumulation. Alternatively, one ridge could be constructed

from a series of sedimentary units deposited during succes-
sive storms. SCOFFIN (1993, p. 209) has described coral shin-
gle ridge building as ridges that “have been transported and
deposited like large asymmetric waves of sediment; material
picked up on the seaward side is rolled up the ridge and
dropped down the advancing slope,” suggesting that an entire
or substantial part of an offshore accumulation of shingle is
moved onshore as a single unit during the storm. If, on the
other hand, ridges accumulate gradually, then the ridge could
be assumed to increase in height over time during the storm.
In this instance, wave run-up may play a role in their for-
mation. ' :
Havne and CrappELL (2001) note that coral shingle ridges
contain a number of distinet sedimentary facies or units of
sediment. These include storm beach face, berm, crest, and
washover facies. Beach face and berm facies include porous,
clast-supported, coarse biogenic shingle deposits that occa-
sionally dip seaward but are usually structureless, Crest fa-
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Figure 6. Ercded dune knoll left after inundation by Tropical Cyclone Vance Depth of flow here, which was at back of beach was 6,8 m AHD end is
marked by debris left in tree on crest of dune knell.

cies are horizontally bedded and are finer grained than beach
face deposits. Washover facies are bedded, dip landward up
to 18° and sometimes contain imbricated clasts. Each of these
facies or units combine to make a storm deposit. Storm de-
posits are often separated by ground surfaces, being lenses of
pumice pebbles and a weak sooty or earthy palaeosol (ancient
soil). These ground surfaces are really former ground surfaces
or the surface of the feature that was exposed for sufficient
time between individual cyclone events so that some soil de-
velopment was able to take place. Hayne and CHAPPELL
(2001) note that ridges often contain only one storm deposit,
but t‘ney note it is possible for two or more storm m deposits to

OCOUT 10 OhE Tage. __However it is clear that the coral shmgle
rlﬂTng&Ethé'h@BR are frequently overtopped by marine
inundations, for pumice layers can sometimes be found across
the surface of the ridge sequence and radiocarhon dating of
coral clasts scattered across the surface of the ridges often
return mixed ages, particularly young ages on otherwise old-
er ridges.

It is likely that all components of an inundation contribute
to the deposition of a sedimentary ridge. It is difficult to know
to what degree the eventual crest height of a ridge is 2 re-
M of the he}ght of the storm tide plas wave and reef set-

ottt s e,

up {wave set-up over a coral reef being a separate phenom-
enon and in addition fo normal wave set-up) or just some of
these components, or whether wave run-up extending beyond
the storm tide level plays a substantial role, However, storm
tide events of equal or near-equal height to the ridge crests
must oceur because the ridges are clearly overtopped by sub-
sequent inundations, In these situations, it is uniikely that
the ridge plain is overtopped by wave run-up alone extending
ahove and beyond a storm tide that is substantially lower
than the height of the ridge crests. Hence, the overtopping .

inundation isnore.likely to consist of a stoxm tide of at Ieast
equal height to.the glggemgz;es_tg_beca_gsg_ waye run-up alonel
v»(gt}idwnot be able to travel.over.a ridge plain consist ing of
ultiple and separate ridges.-Also, observations of historical
storm tide-emplaced coral shingle ridges suggest that wave
run-up may play an insignificant role in at least some situ-
ations (NotT, 2008b). For example, the 3.5-m-high ridge de-
posited on Funafuti Atell during Tropical Cyclene Bebe in
1971 was deposited during a marine inundation (not includ-
ing wave run-up) that was 5 m above the level of the reef
flat, or mean lew tide level, and 1.5 m higher than the ele-
vation of the resulting ridge crest (MaraGos, BaiNgs, and
BevERIDGE, 1978). A similar situation occurred during the
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Figure 7. Toe of sand sheet deposited by marine inundation from Tropical Cyclone Vance. Note two sets of tabular cross-bedded foresefs suggesting
that more than one inundation flooded the coast here during the event.

emplacement of the pumice ridge at North Mission Beach
during the intense tropical cyclone of March 1918, Eyewit-
ness observations and results from numerical storm surge
and wave models of the event, along with knowledge of the
tide level at the time, shows that the storm tide (surge plus
tide) and wave set-up combined amounted to an inundation
level of 4.7-4.9 m (AHD) (Norr, 2003b); the ridge crest is
4.5-5.1 m AHD. This suggests that wave run-up could have
only contributed 0.2-0.4 m of the ridge height at it highest
elevation. Elsewhere, where the ridge is cnly 4.5 m high
(AHD), wave run-up does not appear to have contributed to
formation of the pumice ridge.

It would appear, therefore, that in af least some instances
the height of the cxest, of .coral s}iiﬂ‘gle and pumlce r1dges is
close to or Tess than the height of the storm "{ide and wave
set-up combmed This does not mean, however, that prog'}es-

the storm. But it does mean that wave run-up may not al-
ways be an 1mp0Wog@ntJMEe,marme Trundation
%

during ridge aceretion. Determining to what extent wave run-
P does play a role’in ridge accretion is important when at-
tempting to determine the intensity, or central pressure, of
tropical cyciones responsible for deposition of prehistoric ridg-
es (Norr, 2008b; NoTT and HaynE, 2061).

SAND SPLAYS AND COASTAL DUNE EROSION

Coastal sand dunes are often eroded and diminished sub-
stantially in height, when overtopped by storm tides and
waves, The eroded sand can be transported inland as a splay
or sheet that thins landward (DoONNELLY ef al, 2001; Liv and
Fearn, 1993} An excellent example.of a.fropical cvclone-de-
posited sand splay occurred when Tropical Cyclone Va.nce
with central pressure 910 hPa, crossed the Western Austra-
lian coast near Tubridgi Point in March 1999. Historically,
this was the mom cyclone to cxoss the Australian
coast. Winds around the eye were estimated at 300 km/h and
'I‘mplcal Cyclone Vance generated the strongest ever record-
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ang 10 m long. Location is about/200 m inland.

Figure 8. Scour pits and debris‘(nﬂmi'a-e}asain tree. Scouring occurred on landward side of trees. Scour pit here measures about 1m deep, 3 m wide,

R —

ed wind gust in Australia of 267 km/h at Learmonth, approx-
imately 30 km from the eye. The zone of maximum winds
struck a section of coast composed of a sand barrier compris-
ing three rows of parallel dunes approximately 6 m above
mid-tide level behind a wide, sandy beach (Figures 5 and 6).
In most locations along this section of coast, the fivsh twn
_xows_of dunes were completely, eroded and the sand trans-

ported away, presumably offshore, and the third or most in:
Jand dune row was eroded o form a steep scarp . Précisely ™
where the zone of' mammum winds Struck; Hewever, all. th;g;e,

land 75 an extensive splay apprommately 400-500 wide and
900-250 m deep (extending iniand from the position of the
former first dune row) (Figure 5}

This sand splay decreases in thickness from 1.5 m imme-
diately to the rear of the position of the former third row of
dunes to 0.75 m thick at its most inlang extent. The splay
terminates abruptly at a salt marsh, where it is marked by
a steep fronted {~30° angle) toe slope, Sediments within the

splay were deposited as steep (—30°) tabular cross-beds {Fig-
ure 7). Medium- to coarse-grained sand occur at the base of
the unit along with clasts of coral and shells and grades up-
ward into medium- to fine-grained sand.

Lithic gravel measuring up to 25 cm across was also de-
posited in an imbricated position within the sand sheet in-
jand of the position of the former dunes. The gravel dips to-
ward the ocean, showing it was deposited by the onshore
flow. The marine inundation also generated scour pits within
the sand splay, These pits measure 1p 10.3 mwide.and 1 m
deep and occur on the lee (m]and) side of tree sturnps The
oh—hore ﬂow waéj also able to carve ehafinels 1 m"”c‘leep and
several meters wige over distances of several 10s of meters.
(F’{‘Et?re 8. They were carved by the onshore flow of water
rather than water draining from the land, as demonstrated
by the imbricated gravels in the sand floor of these channels.
All of the vegetatwn, including clumps of spinifex grasses,
which-dsminated the low- lying szlt-marsh plain behind the
former dunes, small trees (up to 3 m high), and bushes, were
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Figare 9. Remnant foredune knolls left after marine inundation during tropical eyclone Chris (February 2001} Marine inundatien overtopped foredunes

here, removing them completely except for remnant knolls.

™~

—~siripped from the land surface up to 800 m inland by this

flow. Only occasionally were the dead stumps of trees re-
maining, such as on the crest of an eroded knoll of the former
foredune or inland of the former dunes. Debris in these dead
stumps show that flow gfpths were still at t least 2 m mat 150—"
200 m inland, and How veloc1t1es were als0 hlgh as ggavel
T dasts were enﬁggéﬂded_,,mthm_the Gebris BY AR elevatmn of 1.5
m above the present ground surface (Figure 8). -
The extent of the sand splay (washover sheet), the tabular
cross-beds, scour pits, and imbricated gravel spggest that the
marine Migpgdation generated.by.Tropical Cyclone Vance near
Tubridgl Point struck.the.coast with considerable force and
\n;?veMand_@s A xeasonably high veloeity bore. The pres-
énce of ‘%n_(ﬂwscour - pits 2 and ero,s_mnal features in beach and

syt oS A

flow was trane) orting lif inc g;:avel clasts as sus-
ended, or at least saltating (bouncmg) load 1.5 rﬂ}}_lgh over

L

200 m inland shows that the flow velocity must have been
high. Hence, the flow depth was between.b=1.m.aigh (above
the event tide) across the beach here and at least.2.m.high
200 m inland. Such flows and the impacts on the coast are

"mgrg,.r.e.mm_yssent of tsunamis than that normally aseribed to

sterm tides (KAWATA et al, 1999)

Extensive dune erosion has also occurred during other in-
tense tropical cyclones striking the Western Australian coast
in recent years. Tropical Cyclone Chris (915 hPa central pres-
sure) crossed the coast north of Port Hedland in December
2001, The maximum inundation during this event appears to
have oceurred along a 500-700-m stretch of sandy coast and,
here, dune ercsion was greater than elsewhere along the
coast. The dunes experienced horizontal erosion or scarp re-
treat where they were not overtopped by the inundation, The
dunes were totally removed with only occasional knolls of
dune left intact where the inundation did overtop the fore-
dune (Figure 9) and dune swales behind the frontal dune
were scoured where the height of the inundation was great-
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Figure 10. Erosion in third row of dunes at same location as Figure 9. Note cow wedged inte scoured opening in dunes and debris line of inundation.
Photo highlights that, even if dunes inland of foredunes are not overtopped and ercded, they can still be substantially eroded.

est. Many cows were deposited along the beach during the
event and, at one site, a cow was deposited in a narrow open-
ing through the third row of dunes (Figure 10). This opening
appears to have been scoured, or at least enlarged, during
the cyclone storm tide event, for an oblate-shaped depression
has been eroded into the sand floor at the mouth of the open-
ing. Mud was eroded and transperted from the swale between
the first and second rows of dunes and deposited at the head
of this opening well inland of the third row of dunes. The
storm tide in this instance penetrated approximately 150 m
inland beyond the position of the first row of dunes.

The nature of erosion to the sandy coasts impacted by Trop-
ical Cyclones Vance and Chris is very similar to the erosional
impacts of hurricanes in the United States (MorTON and
SALLENGER, 2003; SALLENGER, 2000). Based on observations
and measurements of numerous hurricane impacts on US
sandy coasts, the Federal Emergency Management Agency
(FEMA) has noted that, where the dune reservoir (area of
dune above the storm still-water level) is greater than 540

square feet (~20 square m per meter length of beach), that
dune is likely to experience horizontal erosion only (FEMA,
2003). Where the dune reservoir is less than 540 square feet
that dune is likely to evcde vertically and be largely removed.
In the latter situation, FEMA noted that the marine inun-
dation will penetrate inland beyond the former dune position.
While dune reservoirs have not been calcuiated for the former
dunes along the Western Australian coast impacted by Trop-
jcal Cyclones Vance and Chris, the resulting styles of erosion
and relationship to inundation height were essentially the
same {Figure 11},

DISCUSSION

There appears to be little doubt that tropical cyclones play
a significant role in shaping substantial sections of the north-
ern tropical Australian coast. This is not to say that these
extreme events are the only geomorphic processes cperating,
for clearly, more gradual processes, such as tides and fair-
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Figure 11. Conceptual diagram of relationship between dune erosion and height of marine inundation, This model is based on observations of impacts
of tropical cyclones on celian sand dunes in Western Australia, such as after Tropical Cyelone Vance and Chris, and also in the United States (FEMA,
2002; Morton and Sallenger, 2003; Sallenger, 2000; USGS, 2003}, Where inundation overtops dunes, that dune erodes vertically and can be completely
removed. Dune erodes horizontally or scarps when inundation does not reach crest of dune but dune still stays largely intact and can prevent marine
inundation from penetrating further intand. Wave-transported sand sheets will accur when the inundation overtops and removes the dune but are unlikely

when inundation only results in dune scarping.

weather wind and wave regimes and associated nearshore
tidal currents, also play a very important role in shaping
beaches, estuaries, and coastal dunes. But there is a suite of
landforms that could be seen to be the product of more high-
energy, less frequent evenis that exist in concert with land-

forms resulting from lower energy processes. The prograda-
tion of ridge plain coasts here appears te be primarily driven
by tropical eyclone-induced marine inundations. And at the
same time, infrequent but substantial erosional events can
leave long-lasting imprints on the coast when marine inun-
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dations overtop sand dunes and carry the sand inland over
nundreds of meters as sand splays.

Little is knowm of the relationship between tropical cyclone
characteristics and the lecations of deposition (ridge devei-
opment) and erosion of coastal dunes and sand splay depo-
sition. The answer may lie in the position of cyclone landfall.
Based on ohservations of recent tropical cyclone impacts, for
example, it would appear that ridge development does not

'pumlce

the marine inundations generated by tropical cyclones, Un-
like ridge plain sequences in temperate latitudes, those in
tropical Australia contain sediments too coarse to have been
transported. by_w;nd and ndge crests sit at elevatwns beyond

waves. deges composed of coral fragments, marine SHells™
ic gravel, and coarse- to very coarse-grained sand
up to 6—8 m AHD most likely owe their origin to marine in-

appear to to occur where the zone of maximum winds crosses
"he ‘coast, Rather erosion _gj,dunes and degosmxon of sand

it

cur at | these locations. This wounld Suggest
ome distance fromn the

stage, t}us d]stance 15

by phys1cal landscape factors, such as the coastal configura-
tion or depth of offshore bathymetry. It may be possﬂale also

thaj:wrldge development is, favored by partwular cyc]one bE-
hay ich f' ard the toa ‘and.f

"~ The geomm p‘mc 1mprmts Teft in the coastal landscape by
tropical cyclones can be used fo reconstruct a record of the
frequency and magnitude of these events. Ridges and storm
deposits can be dated to obtain a frequency of tropical cy-
ciones and a method to determine the magnitude of the tem-
pest has been developed by Norr (2003b) and Norr and
HavNE (2001). Recent work in this area has shown that the
historical record of these events in Queensland underesti-
mates by an order of magnitude the frequency of the more
intense tropical cyclones in this region. This has significant
implications also for policies relating fo hagzard risk and
coagtal develogment aithough such data are rareiy if ever
mcorporated into the event time series used by those assess-
ing the risk (NoTT, 2008b, 2004). Unlike the United States,
where prehlstonc data is often mcorporated mto nsk assess-

ments, assessors oF hazard risks in Australiz xely solely on

the Short historical record of events from which to determine
magnitude/frequency relationships. The difference in ap-
proaches between the United States and Australia is likely
due to the fact that thgz‘Umted States is often struck by geo-

understand the hazard

tend to be predominantly of atmosphelic origin meteorolo-,

gists, engineers, and physicists, who are much, less familiar
with the reconstiuction d value of natural prehistoric re-
\cords, are used in haz 1'1sk assessments As a conse-
quence, development along the ‘northern Australian coast is
allowed to occur in locations that the prehistoric record shows
are regularly impacted by extreme-intensity tropical cy-
clones. Increasing awareness, however, of the significant role
that tropical eyclones play in shaping the coast here and the
records left, therefore, by these events will help reduce com-
munity vulnerability and risk to this hazard.

CONCLUSION

Substantial parts of the coast of the Guif of Carpentaria,
along with coral cays and bedrock islands along the GBR, and
sand and shell beach-ridge plain sequences elsewhere along
the mainiand coast of northern Australia owe their origin to

“indations generated by extreme-intensity tropical cyciones
Fxtensive dune erosion can aiso oceur during such inun-
dations along “with deposition of Washover sand splays or
sheets. Although gradual processes also play a very impor-
tant role in shaping the sedimentary coasts of northern Aus-
tralia, the record of less-frequent, high-energy events is also
very evident in this landsecape. Landforms resulting from
gradual low-energy processes are at times completely de-
stroyed by high-energy events, and landforms created by |
these extreme events are in turn modified by the higher fre-
quency processes. This tropical coast therefore is & mosaic of
landforms resuiting from different scale energy events.
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Mr C J Murray

Acting Director

Environmental Impact Assessment Division
L.evel 8, 168 St Georges Terrace

PERTH WA 6000

Dear Mr Murray

Yannarie Solar Salt Farm Proposal (Assessment 1521) Supplementary
Information :

| refer to your letter dated 22 February 2008 inviting the Department for Planning and
Infrastructure (DPI1) to comment on Straits’ modified proposal and supplementary
reports for the Yannarie Solar Project (Assessment 1512). In addition, the Minister for
Planning and Infrastructure, Hon Alannah MacTiernan MLA, has asked me to thank
you for your letter of 22 February 2008 regarding the modified proposal. In response
to both letters, the following advice and comments are provided for your
consideration.

The DPI has considered the modified proposai within the context of the Ningaloo
Coast Regional Strategy Carnarvon to Exmouth and State Planning Policy No. 2.6.
The DPI's previous advice and comments of 14 March 2007 (refer attachment),
provided in response to Straits original Yannarie Solar Project proposal, remain
current with regard to the modified proposal.

In summary, the DP| makes the following points:

e« The Ningaloo Coast Regional Strategy Carnarvon to Exmouth 2004 (NCRS),
adopted by the WAPC and endorsed by Cabinet, identifies relevant areas within
Exmouth Gulf as 'Recommended Marine Protected Areas', consistent with the
1994 findings of the Marine Parks and Reserves Selection Working Group.
The NCRS explicitly states that development in these areas should be in
accordance with the recommendations of this report.

« The proposal does not adequately demonstrate that the impacts of coastal
processes - particularly cyclonic storm surge inundation and sea level rise - on
the project area have been assessed, nor does it fully explain the implications for
development sethbacks and the structural integrity of proposed infrastructure.



The modified proposal contains several changes relevant to DPI's concerns about
the impacts of coastal processes. For example, the diesel fuel farm at Hope Point
has been relocated to higher ground (8-9m AHD) to reduce the risk of fuel spill in
extreme weather conditions, and the setback for the crystalliser and concentrator
ponds has been increased from 40m to 100m from the fandward edge of the algal
mat. With regard to the [atter, the increase in the setback distance appears to have
been motivated by concerns about the impacts on algal mats and mangroves from
seepage. However, this setback distance does not appear to be supported with
reference to any detailed assessment of coastal processes.

DPI advises that the proponent should be asked to provide the following:

« A detailed assessment of shoreline response to sea level rise over the expected
period of operation at the site;

« An assessment of the adequacy of the development setback in terms of severe
cyclonic impact, historic shoreline change and potential sea level rise; and

+ Evidence that the proposed structural design of the external seawall, and the
proposed maintenance of the structure, are adequate o enable it to withstand
severe weather events. Modelling should be based on historical cyclonic storm
surge data and potential future weather conditions under climate change
scenarios.

Yours sincerely

Moo o

ROB GILES
CHIEF OF STAFF



