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ABSTRACT

The northern area of Ningaloo Marine Park incorfegsaa 40 m strip inland of the
modern shoreline along Cape Range Peninsula. Hidaens a segmented barrier off
the coast, controlling oceanic processes and tetaiastal evolution.

The Tertiary Cape Range Anticline extends alongdéetral region of the peninsula,
expressing past tectonism as a series of emergeates on the western flank.

The area has been relatively tectonically stabieesithe Last Interglacial, peaking
between 121 and 128 ka BP. Reefs colonised Tetlilgstone at this time and form
the foundation of the modern coastal plain, infltiag its morphologic development.
Climate and related eustatic fluctuations since Liage Pleistocene are primarily
responsible for the geologic and geomorphologicetigament of the coastal plain, with
6 distinct stages recognised as dominant contno&s/olution. These stages are; 1) The
Last Interglacial highstand 2) a related secondsetd Interglacial highstand (?118 ka
BP); 3) an overall regressive phase lasting fro® tbl30 ka BP; 4) a glacial peak and
lowstand between 20 and 30 ka BP; 5) transgressiarhighstand at 5.3 ka BP, and, 6)
a regressive phase to the present.

GIS analysis of spatial variations in substrate g@oimorphology enabled delineation of
zones at risk of degradation from anthropogeniw/iiess. It is evident that the majority
of current coastal tourism access nodes are atrisglof degradation and careful land
use planning is essential to ensure sustainabifitgurism in these areas.

Furthermore, storm surge associated with tropigalones, tsunamis and potential sea
level rise are capable of impacting low relief dabhsireas and it is vital that these

hazards be considered in future planning for ptegttourism increases in the region.
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1 INTRODUCTION

Northern Ningaloo Marine Park is situated adjaderthe western and northern coastal
plain of Cape Range Peninsula, in the north wesAwsdtralia, between 230'S and
21°45’'S. The environmental value of this area has Wveeagnised by the development

of the Ningaloo Marine Park and Cape Range NatiBaak (Figure 1.1).

The area is characterised by a series of emergemices representative of palaeo-reef
systems, of which the lowest terrace defines thdemocoastal plain foundation. Late
Pleistocene and Holocene aeolian and marine sedimeposition upon this unit
characterises the coastal plain lithology and molgayy. The primary feature of the
adjacent marine environment is the segmented, 28Qokg fringing Ningaloo Reef,

formed up to 3 km offshore as a modern analogymlafeo-reefs (Hearet al, 1986).

The unique landscape of the region has recently bsmgnised by the tourism industry
and as land use magnitude is substantially inangagiovernment agencies are faced
with the task of developing sustainable managensémstegies (Western Australian

Planning Commission, 2004).

A sound knowledge of substrate characteristicsgamnorphology is required in order
to understand the potential risk of degradation tddand use. Furthermore, recognition
of the terrestrial impacts of natural hazards talvin the determination of sustainable
access node placement. This study is intendeddeide government agencies with a

database to aid in regional natural resource manage
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Figure 1.1 Location map of Cape Range Peninsula, Ni ngaloo Marine Park and
Cape Range National Park, Western Australia (from D epartment of Fisheries,
2003).




1.1 Aims and Scope
The primary objective of this study is to evaludite geology, geomorphology and
physical processes in the north and western regfi@ape Range Peninsula to provide a
database and framework for assessment of degradagics in the vicinity of tourism
activity nodes.
Specific aims enabling the desired outcomes inglude
Analysis of regional geology and physiography tongan understanding of the
relationship between the wider region and the sardw;
Description of climatic and oceanographic processescharacterise coastal
geologic and geomorphologic responses;
Digital mapping of the coastal plain and hinterlasfdhe adjacent Cape Range
Anticline in a Geographic Information System (Giféymat to delineate the
spatial layout of lithology and geomorphologic feats.
To utilise GIS to document substrate charactesStand distinguish spatial
variations in capacity to withstand natural anchampogenic impacts;
To map nodes of land use and delineate potent@hdts on substrate;
To combine the outcomes of substrate and land @ggpimg to develop a model
using GIS that demarcates regions at potentialafisiegradation, and
To use a digital elevation model to map coastabgoaphy in the vicinity of
major activity nodes and to make a preliminary sssent of degradation risk

due to tropical cyclones, tsunamis and projectedeseel rise.

! Substrate characteristics are defined in termsoastituents, consolidation, slope, vegetation cavel
runoff potential, the overall capacity of a geotgr geomorphic unit to withstand change based upon

these variables is defined as “substrate capacity”



1.2 Previous Work
Extensive research regarding the regional geoldgith® Cape Range area has been

conducted since 1953, when West Australian PetnolBty Ltd (Wapet) first struck oil.

Condon (1954) and McWha al (1958) initially documented the regional stradigjny
of the area. Condon (1965, 1967 and 1968) furthibtighed three bulletins describing

stratigraphy in more detail for The Bureau of MadeResources.

van de Graakt al. (1976) described the tectonic history and lithglad the area in
production of the 1:250,000 Yanrey — Ningaloo mbjpcking et al. (1987) further
delineated these features in a geological studyhefentire Carnarvon Basin. More
recent investigations regarding the tectonic hystufrthe area have been completed by

Malcolmet al (1991) and Etheridget al. (1991).

Geomorphology and Late Cainozoic geological evolutdf the Cape Range has been

documented by various authors and summarised by/allyet al (1992).

Bryant and Nott (2001), Nott and Bryant (2003) &lletat and Scheffers (2003) have

developed preliminary theories on tsunami impacthe region.

Geology, geomorphology and land use extending 17 @dkthe south of the Cape Range
Peninsula have been documented in a GIS framewpoBdckwell (2002) and Leeden

(2003).



1.3 Research Methodology

1.3.1 Reconnaissance

Initial determination of the extents of the studggion involved analysis of areas
adjacent to Ningaloo Marine Park that have not ipresty been geologically mapped
and documented in a GIS format and are subjectdjegied increased land use. Based
upon these criteria, Northern Winderabandi Poird 8undegi Sanctuary Zone were

respectively chosen as the southern and northemdaoies.

Four distinct management regions exist in the agaah subject to different land use

regulations. Therefore, further division of thigarnto four zones was deemed the most
suitable way to assist in management. A large @ortf the northern area of Cape

Range Peninsula is administered by the Federalrgment for defence purposes, and as
such is neither accessible to the public, nor abéel for land use study due to security
restrictions. This inaccessibility resulted in gmptal mapping principally being

accomplished through photo interpretation and &inel luse impacts not being analysed.

The four study zones chosen for analysis have blessified as;
Bundera Coastal Protection Area (Area E),
Coastal Cape Range National Park (Area F)
Jurabi Coastal Park. (Area G)
Northern Cape (Area H)

These areas and major landmarks are defined ind-ipa.



p L f‘ EXMOUTH
(df MANGROVEBAY
3 }
27 "
7560000 | 4 49/ MILYERING J/ | 7560000
I;I
‘f
5 TURQUOISE BAY {
/
AREAF f
1
i ']
7540000( 4 Jﬁ s*_ 4 7540000
,{ OSPREY BAY d
‘.‘#- \:'J
v‘lv fl
/ |
_,_‘-f!j 5 B
2~ YARDIE CREEK &
P
Ve
/
7520000 + -LE;F s T 7520000
pi
\ ]
(r,., /E'I -l
¥ & A
| WINDERABANDI POINT N/} ;
; h L
0 10 km A [
7500000 + + + 1] 7500000
| 780000 800000 820000 840000
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The following photos were utilised, in hard copyrnfat, for detailed air photo
interpretation of geological and geomorphologidsiand activity node locations.

Area E- Film WA4945(C) (Run28_5097-5099, Run 29_5091-508407/03.

Area F - Film WA2764(C) (Run 4 5142-5171, Run 3_5138-5142/08/89, Film

WA4945(C) (Run 27_5109, 5118) 07/07/03.

Area G — Film WA2764(C) (Run 3_5134-5141, Run 2 %$6133) 12/08/89, Film
WA4945(C) (Run 22_5159-5162, Run 24 _5149-5150) 1020

Area H — Film WA 4945(C) (Run 22_5159-5162, Run2449,5150) 08/07/03.

Regional characteristics were determined throughofitandsat and ASTER imagery in
conjunction with the 1:250,000 Yanrey-Ningaloo @dslow map sheets produced by

the Geological Survey of Western Australia (1987).

1.3.2 Fieldwork
Fieldwork was conducted over a period of twentysd&y ground truth and map the
geology, geomorphology and activity nodes previpushterpreted from aerial

photography, and to further assess substrate ¢gpaci

Stratigraphy was documented through analysis afder scarps, road cuttings and
shallow trenches. Substrate and characteristictagge were collected and described
for each geological unit. Further documentationcohsolidation, topography, unit

thickness, run-off potential and primary erosiomrses was completed to enable the

analysis of spatial variations in substrate cagacit



Ground traverses from low tide to the first terracarp were carried out in all accessible
locations to document different stages of landsceyp@ution and associated spatial

layout.

The magnitude of degradation in the vicinity of esx tracks, campsites and car parks

was documented to develop a model to delineatextent of land use impacts.

Coastal topography surrounding day use and camspsas documented for the purpose

of modelling degradation risk due to natural preess

GPS locations were taken frequently and verifiethva projected digital image to

ensure mapping accuracy

1.3.3 Classification and Terminology

Development of nomenclature and descriptive metheds carried out with
management concerns in mind. As land use activiies primarily tourism based,
impacts due to the various activities associateti this industry have been focused on

in definition of potential anthropogenic relatedycedation.

For the purpose of assisting managers in the dpretat of sustainable land use
regimes, it was deemed necessary to add furthernmation to standard geological
descriptions by describing the surficial attributdseach type of substrate, vegetation
and land use magnitude. This served to emphasgentbrconnectivity of dominant

natural resources.

The term “Land Unit” has been used to define tlasaiiptive regime. This terminology

was modified from Zonneveld (1989) and Choudhurg dansen’s (1998) use of the



term. Thus “land unit” now defines specific propestof land using a multidisciplinary
approach to account for overall geologic, geomarpdmd vegetation characteristics.
This results in a more comprehensive understandlirgpatial variations in assessment

of potential degradation due to land use.

The term Substrate Capacity has been modified dfarxd Assessment (1997),
Blackwell (2002) and Leeden (2003) to enhance dmsmns of land units by
emphasizing the interconnectivity of lithology, sotidation, unit thickness, vegetation
coverage and type, slope and runoff potential. Goethassessment of these features is
intended to define a unit’'s capacity to withstamgpacts from natural or anthropogenic
sources. A scale of 1-5 is used to assign a substegacity index (SCI) to each unit

based upon qualitative assessment of predominaitt characteristics (Table 1.1).



Table 1.1 Unit characteristics used to classify sub  strate capacity index (SCI) for land units (modifie d after Land
Assessment, 1997; Blackwell, 2002; Leeden, 2003).
SClI 1 2 3 4 5
Very Low Low Moderate High Very High
- Completely - Unconsolidated to| - Poorly to - Moderately - Well consolidated
unconsolidated poorly consolidated| moderately consolidated to well - Predominantly

Consolidation/

- Predominantly

- Predominantly

consolidated

consolidated

limestone

Constituents mobile calcareous | calcareous sands | - Predominantly - Predominantly (recrystallised or
sands and channel compacted compacted calcretised) and
conglomerate calcareous sands, | calcareous sands | conglomerate
undergoing modern| clayey sands, silts | and conglomerate
lithification and clays
Slope Very steep to cliff | Moderate to steep | Moderate Moderate to shallow Gentle — level
> 45° 30-45 10-30 5-10 <5°
Unit Thickness | >5 m of > 5 m of poorly 0.1-5m of 0.1 -5 m of well Exposed limestone
(Depth to unconsolidated consolidated moderately consolidated
Limestone Base) | material material consolidated material
material
- None to very - Sparse - Moderate - Moderate to high | - High
Vegetation sparse - Shallow rooted - Grassland with - Scrubland and - Established
Coverage and | - Shallow rooted, | grassland and low | presence of low acacias with low acacias, high
Type low grassland scrubland scrubland and grassland scrubland, and
acacias grasses
Runoff Potential | Very low Low Moderate High Very high
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1.3.4 GIS Mapping

Arcview 3.2 GIS software was used to produce apdesent geology, substrate capacity

and tourism node maps.

This process involved the transferral of boundadetermined in the field and through
interpretation work onto a digital ortho rectifiedr photo mosaic with a ground
resolution of 1.4 m supplied by the DepartmentlahRing and Infrastructure. The scale

used for digitizing varied from 1:500 to 1:2000.

Mapping of the spatial extent of potential degramatue to tourism related land use
involved initial classification of access types aasisessment of over 400 sites to
determine an optimal impact extent. Based upon d@halysis, 15 m envelopes were
created around all activity nodes to representpibiential area affected by use. The

Land use classification and envelope extent reagasidiscussed in Appendix 1.

1.3.5 GIS Land Use Risk Analysis

A risk assessment model to delineate the magnifigetential impacts on land units in
the vicinity of activity nodes has been modifietieafGeoscience Australia (2004) and

Stephengt al. (2003), defined as follows;

Risk = Hazard + Exposure + Vulnerability.

Hazard is defined as the land use type,
Exposure is defined as the potential optimal aflect®d by use, and

Vulnerability is defined by substrate capacity.
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The aim of risk assessment is to determine the diestiegies to mitigate impacts. This
involves spatial analysis of each component andsassent of which variables can be
changed to optimally reduce risk. Figure 1.3 ilasts this concept by representing each

component as sides of a triangle, with total riskg the area.

Figure 1.3 Risk model for hazards. Risk is represen ted by the area of the triangle
and controlling variables by each side. The larger triangle portrays each variable
as equal, the smaller triangle illustrates reduced risk due to exposure and
vulnerability mitigation (after Geoscience Australi a, 2004).

Arcview Spatial Analyst 1.1 software was used ttingate the combination of each
component at any one location, which enabled asssdsof potential degradation
magnitude. The process involved conversion of coteeal vector maps of substrate
capacity (vulnerability), activity node extents gesure) and type (hazard) into to raster
(grid) format using a 5x5 m grid cell size. Thiopess essentially turned initial maps
into 25 nf cells with the characteristic substrate capaaitg/ar activity node in each

defining the cell value. Grid cell size selectr@asoning is outlined in Appendix 2.
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Upon completion of grid creation, the SCI valueydaise type and exposure of each cell
was added together over the entire study regiatefime unique risk values for every 25
m? cell. The process of risk determination is furtlwertlined in Figure 1.4 and the

classification scheme used to categorise grid gellsable 1.2.

Table 1.2 Degradation Risk Classification relatedt o tourism based land use.
Risk Classification | Factors Controlling Classification

Substrate Capacity 1 and two or more of the foliai
Extreme - within bounds of access track,

- within designated car park and

- within designated campsite

Substrate Capacity 1 and one or more of the foligyi
Very High - within 15 m of access track,

- within 15 m of designated car park and

- within 15 m of designated campsite

Substrate Capacity 2 and one or more of the foligyi
High - within 15 m of access track,

- within 15 m of car park and

- within 15 m of campsite

Substrate Capacity 3 and one or more of the foligyi
Moderate - within 15 m of access track,

- within 15 m of designated car park or

- within 15 m of designated campsite

Substrate Capacity 4 to 5 and one or more of thewmng;
- within 15 m of access track

Low - within 15 m of designated car park

- within 15 m of designated campsite

Also, all areas within bounds of sealed 2WD roaut$ rzo
other activity nodes

Negligible No current land use

13



Figure 1.4 Risk analysis methodology in determin

ing potential degradation of landscape as a result

of land use.
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1.3.6 Natural Hazard Classification

Based upon past records of natural hazard occurrence and futuateatimange models,
natural hazards posing the most risk to tourism based activity ngpadddon have
been classified as storm surge related to tropical cyclomestat inundation from

tsunamis and projected sea level rise.

The model adopted to define risk associated with natural hazardsets lygon the same
concepts used in risk analysis due to land use as defined in 1.3.5, whereby fisleds de
by the combination of exposure, vulnerability and hazard characteraticpecific

locations (Geoscience Australia, 2004).

Exposure and hazard characteristics are the primary varigblesidered in risk
analysis, as mitigation of degradation to access site infciste and landscape can be
achieved to the highest degree through a firm understanding of taembles.
Vulnerability is defined by an area’s SCI and although this inflegnice magnitude of
degradation to access sites, it is most relevant to minimigeoteeatial to exposure and

hence a model has been produced to delineate this variable.

The maximum potential properties of each hazard have been consideddanalysis

to enable optimal sustainability in resource management.

Exposure definition involved determination of topography using a digiglation
model accurate to 1 m to indicate spatial variability in potetdi@estrial inundation

based upon hazard classification.
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Storm surge and sea level have been analysed according toak@um sea level
reached by each process and defined as being capable of inuratatisgbelow this
elevation. The reason for this assumption is that storm surgsestally a prolonged
rise is sea level that takes place over a period of hours, cagahlendating landscape
below the level reached. Similarly, long-term sea leved vidgll effectively have the

same impact in terms of terrestrial inundation.

Inundation of landscape by tsunamis occurs more rapidly and theadsdokinetic
energy of waves is capable of causing extensive inland inundassentially only
alleviated through drag of the lower water layer upon the subgtBEtgsonet al,

1978). Therefore, in addition to wave magnitude, the surface roughreessidered the

most important factor in determination of exposure.

The Natural Environment Research Council (2000) has defined the maximbama

extent of inundation, Xt, as;

X, = 0.06 (H) *?

(M

where; H = Wave amplitude at shoreline
n = Manning’s surface roughness coefficient

Considering n = 0.035 to 0.060 for ephemeral streams on plains with brush to low tree
coverage, these values are classified as end members of surface roogeéfiiessnts

(Gardiner and Dackombe, 1983).

The process used to define tourism access nodes at most risk to degradation and the

limitations in modeling are further described in Appendix 3.
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1.3.7 Sample Preparation and Analysis

Thin sections, including grain mounts, were prepared by Curtin Uniyetgsiplied
Geology Department. Grain mounts were prepared by loosely packdimesd,
ensuring maximum preservation of original fabric, and bonding with epsiy. Slides

were ground to 30 um.

Samples from major units in the study region were analyseddasdriptions of

characteristics were made to delineate processes in substrate evolution.

1.3.8 Map Production

Geological units, trend lines, drainage, substrate capacity andribesvg/pes of access
nodes have been mapped for the entire study region and presentedainfaligiat on
the accompanying CD. As the area of most interest to landgeeni&s the Cape Range
National Park, 8 geological maps of the coastal plain and the lamdenf the adjacent
anticline have also been produced in hard copy at a scale of 1:15000, prozlitaosa

1 and 2.

Based upon substrate capacity in the vicinity of access nodes, copy maps
representing potential risk due to land use have been produced fsatesognised by
the Western Australian Planning Commission (2004) as major toumstes and

presented on Maps 3 and 4.
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2 REGIONAL GEOLOGY AND GEOMORPHOLOGY

2.1 Tectonic Framework
Cape Range Peninsula is situated in the onshore portion of the MeBammicith Sub-
basin, which defines the southern boundary of the Phanerozoic NorthernvB@arnar

Basin (Hockinget al,, 1987; Malcolmet al, 1991).

The Exmouth Sub-basin is bound to the east by the Rough Range, Buamiegi
Learmonth Faults, to the west by the Cuvier Abyssal Plain atitetoorth by the Long

Island Fault System (Figure 2.1) (Hockiegal, 1987; Malcolnet al, 1991).

Figure 2.1 Tectonic elements of Cape Range and part of the Exm  outh Sub-basin
(after Malcolm et al., 1991).
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Five significant tectonic events have influenced the evolution diEtheouth Sub-basin,
which broadly correlate with the stages of development fornheeevestern and north-
western margins of Australia (Veevers and Powell, 1984). These episodesliaed in

Table 2.1and have been described in further detail by Malcetia. (1991)

Table 2.1 Summary of major tectonic events, Exmouth Sub-basin (from Malcolm
etal., 1991).
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The most important phase of activity that has defined the modern structung sethe
region took place in the Late Miocene. Reactivation styles dunisgoeriod vary along
the North West Shelf relative to the change in convergence angled the margin,

depending on the strike of the underlying reactivated structure (Ethetid$)e1991).

The Cape Range and Rough Range Anticlines formed at this timegthan east west
phase of compression resulting in structural inversion and thrusting tiie Learmonth
and Rough Range Faults, respectively. The reason the antekeewlify the Miocene
tectonic event so well appears to be related to the atypwangle listric nature of the
underlying faults at the basin margin, which maximised the uefftct of lateral

reverse movement (Figure 2.2) (Etheridggel, 1991; Malcolmet al, 1991).

Wes Eas

Figure 2.2 Interpreted mechanism for the formation of Cape Range Anticline as a
blind thrust (modified after Malcolm et al., 1991).
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The amount and lateral extent of movement along the Learmonth Feufjreater than
that of the Rough Range Fault, as demonstrated by the Cape Ratigjine having a
vertical closure of 314 m in comparison to 60.7 m for the Rough Rangdirentic

(Wyrwoll et al, 1992; Ellis and Jonasson, 2001).

Episodic uplift subsequent to the Late Miocene is exemplified byxisence of four
distinct, emergent terraces discontinuously defining the wefilatk of Cape Range
Anticline. Timing of tectonic activity is not known, as stratigrapliating is not
complete. However, the youngest terrace, dated at 118-130 Ka BRaa®ow signs
of deformation, indicating that episodic uplift continued into the Quatgrbat has

declined or ceased since this unit's deposition. (Kenatieht, 1991).

2.2 Regional Geomorphology

Cape Range Peninsula is situated in the physiographic regmgnised by Hockinget
al. (1987) as the Macleod Region, which extends 200 km to the south, tengetathe
Gascoyne River. The dominant morphologic signature of the ardeebaslefined as “a
series of variably dissected anticlinal domes (Tertiarypusgpd by low-lying areas in

filled by Pleistocene marine and aeolian sediments” (Hoakirad, 1987).

The largest of these anticlinal domes is the Cape Range iAetiathich extends along
the majority of the central region of the Cape Range Penindwdantionly in the far
north. This anticline trends north to northeast and extends 100 km north lp sout

reaching up to 20 km in width (Wyrwatt al, 1992).

The western flank of the anticline is characterized by seseaf emergent terraces.

These terraces provide a record of tectonic history, indicatomgrdination of episodic
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uplift and sea-level fluctuations. Van de Gragtffal (1976) distinguished four erosional
terraces; Tantabiddi, Jurabi, Milyering and Muiron. Each termaweérlain by shallow
marine, shoreline and aeolian sediments and truncated seawandebgséonal scarp,

forming the corresponding members (Figure 2-3). (van de Getalf,1976).

Figure 2.3 Morphology of the Pleistocene-Holocene ¢  oastal plain and Tertiary
aged terraces to the east of the plain (from van de Graaf et al., 1976).

The height above sea level of each terrace was measureddati®nie along the range
by Van de Graaét al. (1976), the localities and corresponding elevations are outlined in

Figure 2.4 and Table 2.2.
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Figure 2.4 Locations of elevation measurements alon g Cape Range Peninsula
(adapted from van de Graaf, etal., 1976).

Table 2.2 Elevation of Cape Range Terrace Members.  Datum is mean low water
springs level at Norwegian Bay. (modified after van de Graaf et al, 1976).

Terrace Members A B C D E F G H
Pigramunna-Vlaming contact 52 74 a 78 7B 95 16 V2
Base of Pilgramunna 25 47 62 42 38 65 A2
Upper Muiron contact C 57.4 7?48 57 61.58 55.8| 62.5
Upper Milyering contact 19.8 33.3 3146.6|42.1| ?39.1| 38.2| 37.6
Upper Jurabi contact littoral/aeoliarc 103 | a c ?22] 189 a 18
Jurabi base of littoral c 8.8 9.1 1987.9|15.2 | 12.8/14.3
Upper Tantabiddi sheetwash/reef| 1.2 2.3 35| 55| 34| 3 36 35
contact

Lower Tantabiddi coralgal reef c 2.3 c 56 ¢ c C Q

¢ = concealed, a = absent, ?=le¥2Im (difficult to place in field), elevation in metres.
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The three upper terraces are deeply dissected and associatedl dkns have
developed extensively upon the lowest terrace, which forms the foomdati the

modern coastal plain (Wyrwaodit d., 1992).

Sea level variations subsequent to the formation of the Tantabiddic&eare primarily
responsible for evolution of all other geomorphologic features of thstatoplain.
Longitudinal desert dunes characterise a large area in the ofotiie peninsula and
landward of the anticline in the southern regions of the peninsula, formatpwstand

period when sea level was —125 m (Wyrwaild., 1992).

Beach ridges predominantly define the region ranging between 10808 from low
tide, with the most landward ridge characterising the leval mfarine highstand 5.3 Ka

BP, and seaward prograding ridges represent regression since this time.

The offshore environment is dominated by the Ningaloo Reef, which nmsodern
analogue of adjacent palaeo-reefs, forming a shoreline panaltedw reef crest and
lagoonal environment up to 3 km wide (D’Adamo and Simpson, 2001). The ctatkdi
wind, wave and tidal currents within the lagoon that in turn control madarime and

terrestrial sedimentary systems, defining coastline morphology (&amd2000).

2.3 Cainozoic Geology

A 500 m thick sequence of Palaeocene-Miocene rocks, the Cape Rangef@raupe
core of the range. Up to 10,000 m of Phanerozoic rocks underlie this (igpd90).
Members of this group in the region include; Mandu, Tulki and Treal@esiones,
Vlaming Sandstone, and the Pilgramunna Formation, these form a singtenformity

bounded, depositional unit in the Carnarvon Basin (Hoc&traj, 1987).
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Quaternary sequences represent sedimentation subsequent to they.T€he four
emergent marine erosion terraces preserved on the westeknoflahe Cape Range
Anticline are made up of the Exmouth Sandstone along the upper Muironilyednid
Members and the Bundera Calcarenite along the lower Jurabi arabitaihtMembers.
Extensive areas to the northeast and south east of theawmng&pressed as low lying

desert dune plains formed in the last Glacial Period 20 Ka BP.

The coastal plain is extensively covered by Late Pleistocged alluvium derived
primarily from the Cape Range Group and Late Pleistoceridotocene calcareous
marine and aeolian sediments. Table 2.3 outlines the ages and ntlagbogic

components of each unit. Further detail of Quaternary Units is m@wdchapters 4, 5

and 6.
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Table 2.3 Cainozoic geology of the Cape Range Penin

sula (after Hocking

et al., 1987; Van de Graaf et al., 1976)

1]

)

1)

Age Formation Thickness Lithology Comments
HOLOCENE Various coastal Aeolian deposits, alluvium, colluvium, littoral degits. Predominantly unlithified
plain units <20 m (Described in Detail in chapters 4, 5 and 6) carbonate sediments
PLEISTOCENE | LONGITUDINAL Longitudinal Dunes- Quartzose and calcareous dierepoorly - Aeclian Member age
DUNES lithified sand unknown, intertidal beach fac|
BUNDERA Bundera Calcarenite Tantabiddi Member — Lower nmrgalcarenitg overlain by foredune aeolian
CALCARENITE | <20m and calcirudite with extensive coralgal framestdgigper margins deposits.
- Tantabiddi intertidal and lagoonal calcirudite and grainstone. - Tantabiddi Member confine
Member Bundera Calcarenite Aeolian Member - Medium texdurebified to shoreline platforms and
- Aeolian and moderately indurated calcarenite overlain bydacale cross- | minor outcrops on coastal
Member bedded calcareous aeolian deposits. Large solpijes penetrate | plain
- Mowbowra this dunal deposit from a strong surface calcrete. - Mowbowra Conglomerate
Conglomerate Mowbowra Conglomerate — Limestone pebble conglotaexeell diachronous with modern
Member sorted calcarenite and minor coralgal reef deposits channel deposits
PLIOCENE BUNDERA Jurabi Member — Coralgal boundstone and grainstone All members dissected and
CALCARENITE Exmouth Sandstone discontinuously preserved.
- Jurabi Member | <20 m - Milyering Member: Algal boundstone and conglonteraverlying | Milyering and Muiron
EXMOUTH and laterally grading into coarse grained to pelgjigrtzose Member: Basal margin forme
SANDSTONE calcarentite with large scale, cross bedding. in a littoral environment,
- Milyering and - Murion Terrace Member: Calcareous quartz areaitging from grading upwards to an aeolial
- Muiron Terrace coarse grained sand to pebbly granule conglomgratiing upwards| environment. Occasional
Members into a well-sorted, medium grained quartzose caltite. shallow karst features
E€ONFORMITY
MID-LATE VLAMING ~ 38-65 m| Calcarenite: well sorted, quartzose, ideabrigin. Crops out around Yardie
MIOCENE SANDSTONE Creek and the northern Cape
PILGRAMUNNA | ~20-30 m| Calcarenite: well sorted, quartzose ¥iegy coarse grained - Crops out in northern regior
FORMATION with interbedded beds of packstone and boundstone. of Cape Range Peninsula
TREALLA ~20m Relatively pure and commonly shelly, biotitapackstone. Containg Outcrops negligible to absent
LIMESTONE Banded dolomitic micrite interpreted as algal mepakits in western margin of Cape
Range
TULKI ~95m Coarse grained calcarenitic, muddy foramraifpackstone and mud Extensive outcrop where
LIMESTONE free grainstone locally associated with low angtess bedding. Pliocene Bundera Calcarenite
Upper facies, massive recrystallised limestone. Exmouth Sandstone absent
MANDU ~ 278 m Calcarenite/calcilutite/calcisiltite: chalio marly Outcrops negligible to absent]
LIMESTONE fossiliferous, notable large Lepidocyclinid foraifiéma. on western margin of Cape

Range
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3 PHYSICAL PROCESSES

3.1 Climate
Coastal processes and associated influences on landscape dewtlaam only be

understood with a firm knowledge of palaeo and modern climate controls.

3.1.1 OQuaternary climate and Eustacy

Cyclic changes in climate and sea level are known to hagtedxior at least the past
250 ka (Figure 3.1) (Wyrwoll, 1993; Chappell and Shackleton, 1986). However, the
major fluctuations that have controlled coastal plain evolution of thee GRange
Peninsula have taken place since 128 Ka BP (Stidira).,, 1998). Records of changes
can be interpreted through analysis of preserved coral reef depoditpalynology.
Analysis of corals involves interpretation of water temperattogesfer sea level at the
time of growth. Assumption that environmental conditions for specifintgrowth was
analogous in the past to the present, palynological assessmdm pblten record
through time reveals evidence of characteristic vegetations shepresentative of

climate changes.

The most significant highstand of the Quaternary Period peaked bet®@8esnd 121
Ka Bp. Coral and coralgal reef building commenced as a resthisoévent and Sr/Ca
ratios from preservedPorites from Vlamingh Head, at the north of the peninsula,
suggest sea level was +3 to 4 m and summer and winter temperegapectively

ranged from 23C to 28C and 23C to 20C. (McCulloch and Esat, 2000).
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Kendricket al (1991) analysed corals from Pilgonaman Gorge and inferred a possible
double peak in climatic maxima, with the major phase of warming being folloyvad b
cooling trend and another warming episode at approximately 118 Ka BP. However,
evidence of this phenomenon is not conclusive and further research is required to

confirm or dismiss this theory.

Figure 3.1 Eustatic Sea level variations. (after Ch  appell and Shackleton, 1986).
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Van der Kaars and De dekker (2002) identified climatic flux subsedoetiite Last
Interglacial through palynological analysis of oceanic cores 6Qdkithe west of the
Cape Range Peninsula. Results of these studies reveal that téyngaiable cycles of

arid and relatively tropical conditions have persisted for the past 100 ka.

The climate between 100 ka and 64 ka B.P was relatively humidawithal rainfall of
at least 300-400mm. Maximum summer rains, most likely relat@icteased Tropical

Cyclone incidence, are evident at 100, 80 and 79 ka BP.

A hiatus from 64 ka to 46 ka BP prevents climatic inference through piiiiod.
However, subsequent to this time, pollen records suggest a shift soweadity.
Furthermore, evidence of a glacial period is recorded through thelogenent of
longitudinal dune fields in the northern and southern areas of the penMauiaoll et

al. (1992) obtained two thermoluminescence ages of 23.4+6.7 and 16+1.7 ka BP from
dune sands in area G defining the timing of this event. Wymtall. (1992) determined

that sea level was approximately 125-130m below the present height.

The cool, dry period was followed by a rapidly fluctuating climatél 12,370 ka BP,
represented by high rates of vegetation change inferred froenpatords (Van Der
Kaars and De dekker, 2002). However, the overall trend was towardsichmaaming

until 5.3 ka BP. At this time the climate reached the most remanin, wet period.
Mangrove habitation along the coast is representative of this event (Kendrick ared Mors

1990). Flooding of inland regions in various locations suggest sea level was +1-2 m.

Subsequent to this warmer climate, a regressive phase reprgsecteasing aridity

began and has continued to date.
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3.1.2 Present Climate

The climate of the Cape Range Peninsula is hot arid, withwelatiigh temperatures,
low rainfall and significant evaporation rates. Two distinct seasons #adtpt summer
spans from October to April and moderate winter from May to Sdpe The mean

annual rainfall and temperature ranges are illustrated in Figure 3.2

Figure 3.2 Mean annual variations in temperature an  d rainfall for Exmouth, 5 km
south of study area H (from Bureau of Meteorology, 2003).

Rainfall differs up to 40% inter-annually averaging 200-300mm, andh reeaporation

is 3137mm/year (Bureau of Meteorology, 1999; D’Adamo and Simpson, 2001).

Infrequent summer precipitation is commonly cyclone related, ealseearly winter
cloud bands account for over 80% of rainfall during this period (J. Cqurpess.

comm., 2004).
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On a broad scale, prevailing wind patterns are controlled by the anarhlsouth
movement of the high pressure belt systems circumnavigating/dbhe (D’Adamo and
Simpson, 2001). In summer the belt moves southward, and monsoonal wind systems
move into the area predominantly bringing southerly winds witlntsligriations to the

east and west (Heargt al, 1988). Greater variation in wind direction is evident in
winter, with southerlies to south-easterlies most common (Sandersaf), T@enporal

wind variability and persistence is detailed in Figure 3.3.

Figure 3.3 Monthly mean wind vectors along the Cape Range coast. Wind velocity
is proportional to arrow length (black arrows: 9:00 am, green arrows: 3:00pm) and
wind constancy (persistence of the wind direction) (after Taylor and Pearce,
1999).
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3.1.3 Tropical Cyclones

Tropical cyclones (TC’s) are an important characteristithefsummer climate regime
in the north west of Australia, passing the Cape Range eveoy3Ryears between
December and March (Figure 3.4). Although the majority of Tfak under the
reasonably low impact categories of 1 or 2 in terms of magnitiglely variable spatial
and temporal properties for each event lead to spatially un@kldiatainfall, flooding,

winds, storm surges and associated infrastructure dafhagke 3.1).

Origination of TC’s is to the north of the region over warm oceaters subject to
very low atmospheric pressure from solar heating. The movemeair 6 achieve
pressure equilibrium is influenced by the Coriolis Force, develogirgclonic wind
system characterised by velocities 4 to 5 times greaerdverage (Collinst al, 1999).
The system travels southwards, exposing the coast to northerly asnitie clockwise

flow of air approaches the land (Figure 3.5).

Coastal impacts from TC'’s include; severe erosion of beaches, endbiles and
blowouts, flooding and related erosion and sediment transport, potentialhg redfects

that persist through typical quiescent periods (Sanderson, 1997)
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Figure 3.4 Magnitude and wind velocity associated w
the Cape Range Peninsula since 1910. (from Bureau o

ith tropical cyclones passing
f Meteorology, 2003).

33



Table 3.1 Tropical cyclone severity categories, typ
characteristics and recorded occurrence (after Bure

ical wind and pressure
au of Meteorology, 1999).

widespread destruction.

Category Average | Peak Wind Central Recorded
Wind Velocity Pressure Typical Effects Occurrence:
Velocity (km/hr) (hpa) Learmonth
(km/hr) (1910-1999)
63-90 <125 >985 Negligible house damage. 22
1 Damage to some crops, trees and
caravans. Craft may drag
moorings.
90-120 125-170 985-970 Minor house damage. 10
Significant damage to small-
2 scale infrastructure.
Risk of power failure.
Some roof and structural
3 120-160 | 170-225 | 970-945 [ damage. Some caravans 2
destroyed. Power failure likely,
4 160-200 225-280 945-920 Significant structurahedge. 0
Dangerous airborne debris.
Widespread power failure
5 >200 >280 <920 Extremely dangerous with 1

North

Figure 3.5 Generic model of a tropical cyclones (ho
toward the coast. The region of strongest winds is

(adapted from Coch, 1994).

rizontal section) approach
in the forward left quadrant
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3.1.4 Climate Change Scenarios

Global temperature and sea level rises over the past cemtmadus to the expected

natural rates of change suggest anthropogenic-induced impacts on climate.

Mean global temperatures rose by 0.7°C in the twentieth centwgniparison to an
average of0.3°C (Church and Gregory, 2001). Furthermore, sea level rise over a 10
year period towards the end of the century of 2.4mm/year was meelegithan

preceding rates of 0.3 to 0.8mm/year (Hardy, 2003).

The proportion of climatic variation able to be attributed to humanwiggctannot be
resolved with certainty. However, it is evident that an unnaturapawers taking place
and assumption that this trend will continue enables development dinsine

management strategies to account for possible climatic shifts andl rsdatéevel rise.

Based upon climatic trends of the twentieth century, The Intergovatahieanel on
Climate Change (IPCC) (1996) has developed global models to predigte

temperature changes likely to take place over the next cqiigiyre 3.6). The CSIRO
(2001) has further delineated likely influences for climaticakyrelative regions in

Australia, outlining predicted temperature changes by 2030 and 2070 (Figure 3.7).
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Figure 3.6 Ranges of predicted global warming by 21 00 (after IPCC, 1996).

Figure 3.7 Projected temperature rise in Australia. By 2070, annual average
temperatures are expected to increase by between 0. 8 and 7.1C (From CSIRO,
2001).
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Higher temperatures are likely to lead to increased evaporaties The CSIRO (2001)
modelled potential evaporation changes, predicting that increases wiljevetaveen 0
to 8% annually per degree of global warming. The precise intipliafor the Cape
Range are not known as this model implies an increase anywlemehed-1505mm
annually. Considering inferred rainfall fluctuations for the nextwg are only:10%, a
significant increase in evaporation will lead to a rise inniemoisture balance deficit,

leading to further aridity in the region (CSIRO, 2001).

The magnitude of eustatic sea level rise related to ®ictzange is debatable due to the
wide range of variables to consider in modelling. However, the IEG86) produced a
series of scenarios based upon models of projectede@@sions and related climatic

responses (Table 3.2).

Table 3.2 Global sea level rise scenarios - 1996 Es timates (After IPCC, 1996).

Low Scenario 0.03 m 0.06 m 0.13 m
Medium Scenario 0.11m 0.2m 0.49 m
High Scenario 0.23m 0.4m 0.93 m

Although the extent of sea level rise is not currently well utoeds this phenomenon

must be accounted for in coastal planning for this region.
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3.2 Oceanography
Global and local climate changes have a significant impact on prevaikagioc
processes. Temporal and spatial variability of interactions between tlhessges has

contributed to coastal evolution along Cape Range Peninsula (Figure 3.8)

Figure 3.8 Structure and function of the morphodyna mic model for the coastal
system illustrating interdependence of processes. D ashed arrows represent
input-output between the coastal system and the env ironment. (adapted from
Carter and Woodroffe, 1994).
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3.2.1 Reqional current systems

The regional currents dictating oceanic flow dynamics argtmmwith flow directions
and current interaction variability controlling coastal processes ianomalous manner
compared to other western continental margins around the world (P&88%. The

West Australian, Leeuwin and Ningaloo Currents represent dominant regionsl flow

The West Australian current is a 100-200 km wide cyclonic stresatdd 100 km
offshore, travelling equator ward at a mean velocity of 0.5 (hdrews, 1977). This

distal current has a negligible effect on coastal flow dynamics.

Of more significance to the oceanic processes affecting the colastliseuwin Current,
a pole ward flow of warm, low salinity water that is responsibiedelivering larvae to
the region for reef building and maintaining water temperaturesrfganic survival.
Pearce (1991) proposes that this flow is due to the existence of ngenesian
passages magnifying the influence of pressure gradients betv@eenequatorial waters
and the cool southern ocean. This gradient induces an easterly geodtooplosvards
Australia and as it reaches the North West shelf edgedefiscted along this margin.
The current maintains a mean width of 50 km and reaches depths of.20®se
proximity of the shelf break to the Ningaloo Reef (<10 km) makeseffects of this

current significant for reef sustenance (Hearn and Parker. 1988).

McGowran et al. (1997) used biological markers to trace temporal variationtien t
course of the Leeuwin Current since the Tertiary and propose that ithegistarelates

with interglacial periods, impacting physical processes most duringtihesse
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The Leeuwin Current is strongest between March and Augustsaggsentially absent
during the summer months due to the overriding impacts of the wind intllicgdloo

Current (Taylor and Pearce, 1999). This current is driven lpngtsouth-to-south
westerly prevailing winds, causing cool water to flow equatardwalong the extent of
the Cape Range Peninsula. The currents have a dynamic interagtbnthat the
Ningaloo Current dictates the dispersal of coral larvae follgwire autumnal mass
spawning, playing an important role in retaining planktonic biomatsnathe Ningaloo

Reef ecosystem (Taylor and Pearce, 1999).

3.2.2 Lagoonal current systems

The regional flow dynamics of the Ningaloo and Leeuwin Currarésnot preserved in
the Ningaloo Reef lagoonal systems. Heetrral (1986) attribute this predominantly to
bottom friction effects in the relatively shallow lagoonal environinélowever, the

seasonal variations in current activity are responsible for niaimgavater temperatures

between 26.8C in summer and 22°€ in winter (Hearret al, 1986).

Transport and circulation of the lagoonal waters are principadiytrolled by reef
morphology, waves, tides and winds. Wave pumping across the reefiscrasinly
responsible for water inflow to the lagoon. This is caused by corsdtaating of waves
against the reef crest and pressure differential production, whigksdwvater into the

lagoon at approximately 0.5 m/s (Heatral, 1986).

Once having crossed the individual reef segments, oceanic waterafel spreads
symmetrically through the lagoon along shore parallel channel9.120.5 m/s

(D’Adamo and Simpson, 2001). This flow is exemplified by grooves that represgnt lon
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term averages of bottom current trajectories (Sanderson, 1997)ed®isells of flow
evolve as water travels through the lagoon and subsequently exits thrasghk pathe

reef to maintain equilibrium on either side of the reef tract (Figure 3.9).

Winds tend to dominate the flow regime closer to the shorelinerajgnériving water
northwards, with exceptions along morphologically variable coasthiiecirculation
forces result in a typical residence time for lagoonal waters of lasattiay, preventing

sustained temperature or salinity stratification (Hesral., 1986).

Figure 3.9 Schematic flow regime operating most con  sistently across Ningaloo
Reef, in the lagoon and along the coast. (adapted f rom Hearn et al., 1986).
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3.2.3 Tides and water levels

Tides along the North West Cape are predominantly semi diurrthlnveian spring and

neap tidal ranges at Exmouth of 1.8 m and 0.3 m respectively (Sanderson, 1997).

Variations in atmospheric pressure due to the passage of high apdelssure systems
have an impact on the magnitude of tidal variation, with chamgkarometric pressure
altering sea level by aboutlOcm/hectopascal (Australian Institute of Marine Science,
2002). This phenomenon superposes astronomical tidal ranges accordinghabutiee
and direction of the pressure system and state of the tide, ypitalt barometric

impacts of£0.3 m (Department of Environment and Heritage, 2002).

Apart from tides, winds change water level on a frequent basmcalyonshore and
offshore winds in the area produce coastal water level chandgks order oft0.1 m
(Department of Environment and Heritage, 2002). Water level wargainfluence reef
exposure, wave magnitude and lagoonal circulation, playing a smmifirole in

sediment transport and coastal morphology.

3.2.4 Waves

The wave climate offshore of Ningaloo Reef shows a strongndepee on weather
conditions, characterised predominantly by long period south to south{yestell
between 12 and 22 seconds with a mean height of 1.5m. Swell wavemnaratgd in
the Southern Ocean by low-pressure systems south°8f &0 year round (D’Adamo

and Simpson, 2001).
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Variations in reef morphology control the spatial distribution ofevattenuation by the
action of shoaling, refraction, diffraction and wave breaking overdbé Sanderson
(1997) has calculated that as much as 70%-90% of incident eiseegtenuated but

spatial variations have not been well defined.

Sea waves generated by prevailing winds superpose the swell compotegons.
These meteorologically produced waves are characterised by @aods of 1-9
seconds and have an average height 1.2 m. Superposition of sea arabs\pelients

forms waves in the lagoon with mean annual height of 2.0 m and maximum up to 4.0 m.

3.2.5 Sediment Transport

Currents generated in the Ningaloo Reef lagoon by tidalnfgreavave action and wind
stress are responsible for transport of sedimentary mat&sliments are mainly
medium to fine calcareous sands derived primarily from the laidyativity of the reef

system (Sanderson, 2000).

Sediment transport is influenced by ancestral coastal morpholadytha temporally

variable interaction of processes that control lagoonal circulation.

Near shore sediment transport is predominantly towards the mstthovnortheast along
the coastline, deposited to form beaches and foredunes. However, segigretion
and formation of cuspate forelands and salient spits results frore wwmplex
circulation patterns defined by morphology of the Ningaloo Reefd&aon, 1997).
Features of the coastal zone are also influenced by teatesdiment transport, with

oceanic and terrestrial processes having an interdependent relationship.
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3.2.6 Storm and Ebb Surges

Sea surface elevation resulting from TC activity is retetoeas storm surge. Surges are
typically 1 to 5 m above sea level and 60 to 80 km wide, with magnituidg be
function of wind speed, central pressure, shelf slope and tidal (stageeret al, 2003).
Maximum surge heights are not under the eye of a TC where mesdawest, but on
the left of the eye at the radius of maximum winds (Coch, 1994addition to the
landward migrating surge component, the subsequent backwash is regpdosibl

causing further erosion and sediment transport, and is termed “ebb-surge”.

Impacts to the coastal zone due to surges are highly variablaeland inundation is a
complex function of offshore reef morphology, coastal topography and surge
characteristics. Despite the long term implications of subgésg poorly understood,
their role in morphologic evolution is significant as the water bounsigy brought to

the coast through these events is capable of transporting sexlbmenth a degree as to
overprint ongoing processes, and become preserved in the stratigrapbid to

indicate temporal variations in tropical cyclone activity (Bureau of Metegy, 1999).

3.2.7 Tsunamis

Earthquakes of magnitude 7 or greater on the Richter scale, ésdowdh the
subduction of the Indo-Australian plate beneath the Sunda Arc near lrajoaes
responsible for tsunamis up to every 5 years along the north westofo&sgstralia
(Cummins, 2004) (Collingt al, 1999). Displacement of the water column above the
source area causes the onset of a fast moving wave with eemgtvebf >100 km and
small height differential in deep oceanic waters. As the wawsses the continental

shelf, it runs up to gain amplitude. Due to the continental shetigbenly 10 km
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offshore, attenuation of wave energy is minimal with amplitude®upor 6 m being

retained at the coast (Bryant, 2002)

Impacts of tsunamis are greatest in the lee of reef pasdwse wave energy is
concentrated. Propagation of the wave trains produced through the layoaause
significant coastal erosion and sediment transport anomalous toofthahgoing

processes (Figure 3.10).

Figure 3.10 The depositional and erosional signatur  es of tsunami identified for
the coast of northern Australia (after Bryant and N ott, 2001).

3.2.8 Seiching

Seiches are long period standing waves typically triggerestdiyn surges and wind
direction and velocity changes, causing a rise and fall of shoretner levels. The
potential effects on coastal evolution are not known in detail. HowB/dr, Science
and Engineering (2002) suggest they play an important role in coastopment as
Ningaloo Reef effectively acts as a barrier prohibitingg@néransformations spreading
out to sea, causing a rebound of energy, resulting in a back andrtarkimgy” action of

water levels in the lagoon that influences sediment transport.
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4 QUATERNARY EVOLUTION

Episodic uplift coupled with eustatic variations prior to the ons#tetf ast Interglacial,
128 ka BP, is responsible for the development of the terraced Gapge FRnticline,

which defines the eastern and northern boundary of the coastal plain in the stoaly regi

Geologic and geomorphologic expression of the coastal plain has evohespamse to
eustatic variations since 128 ka BP, with adjacent range litholagynaorphology

dictating the spatial development of drainage systems, definimguah dispersal. 6

major stages of Quaternary evolution are evident and outlined in Table 4.1.

Table 4.1 Major stages of Quaternary Coastal Plain

geomorphologic responses (Adapted from Hockin

evolution and geologic and

g, 199 0; Wyrwoll et al., 1992).

Stages of evolution

Sedimentary Record

Geomorphology

Stage 1

128-121 Ka BP
(Interglacial High
stand, sea level 4 m

- Bundera Calcarenite: Tantabidd
Member

- Bundera Calcarenite: Mowbowra

Conglomerate Member

Low gradient coastal plain foundation u
to 5 km inland from current shoreline.

Stage 1b

? Timing

(highstand sea level
+2-3 m)

- Bundera Calcarenite —Aeolian
Member, Mowbowra
Conglomerate Member

2-7 m ridge, discontinuously exposed
along coastal plain between 800 m and
4.9 km from current shoreline

Stage 2
118 Ka 30 Ka
(Regression)

- Bundera Conglomerate:
Mowbowra Conglomerate Membe
- Red alluvium cover upon
Tantabiddi Member of Bundera
Calcarenite

-Widespread, low relief coastal plain
rsurficial alluvium cover
- Ephemeral Channels and alluvial fans|

Stage 3

30 ka—- 18 ka
Lowstand, sea level
—125 m)

- Siliceous and calcareous
Longitudinal dunes

- Alluvially derived calcareous
conglomerate, calcirudite and
mudstone

- Longitudinal dunes up to 15 m high ar
sand plains with low relief

- No exposure of conglomerate

- Ephemeral Channel and alluvial fans

Stage 4
18 Ka - 5.3 Ka
(Transgression)

- Gypsiferous sand silt and

clay flats
- Alluvially derived conglomerate,
calcirudite and mudstone

- Low relief supratidal saline Flats

- Intertidal flats and mangrove swamps
- Alluvial fans

- Ephemeral channels

Stage 5

5.3 Ka — Recent
(highstand, sea leve
+1-2 m — modern
sea level)

- Unlithified to poorly lithified
calcarenite and grainstone dunes
and blowouts

- Unlithified to poorly lithified
conglomerate, calcirudite and

- Prograded Mobile and vegetated bead
ridges

- Blowouts

- Modern Foredunes

- Active Beaches

mudstone

- Modern channels and alluvial fans
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4.1 Stage la

The foundation of the modern coastal plain formed during the most prominent
interglacial period of the Quaternary, peaking between 128 and 1BPK&tirling et

al., 1998). This period was characterised by +3 to 4 m sea levatdegenland to the
Tantabiddi scarp, which defines the modern boundary of the coastal piaipatkage

of sediments deposited in this phase is defined as the Tantabiddi Meintibe Bundera

Calcarenite (Hockingt al., 1990).

Colonisation of the Tertiary Tulki Limestone, morphologically dedirby the ancestral
physiography of this unit, led to the development of coral andgairatefs at depths
between 0.5 and 1 m below sea level and an associated lagoonal enniranalegous

to that of the modern Ningaloo Reef (McCulloch and Esat, 2000). Tstimcti facies

are recognised in this member, with coral and coralgal repbdits extensively
preserved as framestone and lagoonal deposits representedesal gikainstone and
packstone to rudstone. These deposits crop out adjacent to one another but more
frequently with the lagoonal deposits overlying the framestong@resenting
progradation of the lagoonal facies as sea level fell anegeeebf tract deposits became

inundated (Figure 4.1a).

Along modern and relict ephemeral channels, the coralgal reef gmohi deposits are
laterally replaced by the Mowbowra Conglomerate Member of Bunalcarenite, a
limestone pebble to cobble calcirudite consisting of recognisalliéuddtrom Tertiary

limestones of the adjacent Cape Range (Figure 4.1b) (Wyetvall 1992)
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4.2 Stage 1b

Following the major Last Interglacial, an overall regressivesphaas at some time
subject to a climatically derived pause. This is evident throtlge widespread
occurrence in areas E, F and G of a discontinuously preservedecalseaidge, the
Tantabiddi Aeolian Member of the Bundera Calcarenite, represeshiareline and

foredune environments up to 300 m seaward of the inland extent of stage 1a deposits.

Sporadic outcrops of bevilled stage la deposits seaward of ¢feepridvide evidence of
littoral zone reworking of earlier reef deposits during this qukritemporally

distinguishing this phase from stage 1a.

The lower margin of the ridge is primarily grainstone, interpreted asch loeposit, and
the upper margin is made up of a moderate to well sorted aeoli@edlealcarenite,
most likely representing relict foredunes (Figure 4.1c and 4.1d)spéigal relationship
of these two deposits suggests sea level maxima is repikbgritee beach deposits and

overlying foredunes developed as a response to sea level regression.

Thermoluminescent dating is currently being conducted to aid in gamihgtter
understanding of the timing of deposition and the likely mechanismdefcglopment.
Kendricket al (1991) suggest this unit was deposited in a second peak of the pgecedin
interglacial, in which sea level fell and later stabilised ttua second peak of warming
(Figure 4.2). This hypothesis is considered the most likely scendowever, until
further research is carried out and dating complete, another iscehaea level fall and

a subsequent rise at some time later in the Pleistocene cannot be discounted4(B)g
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Skeletal
Grainstone Conglomerate

Framestone

a. Last Interglacial Reef, coral frame- b. Mowbowra Conglomerate outcrop in
stone overlain by lagoonal grainstone. the vicinity of a palaeo-channel
¥,

Calcarenit

grainston

c. Boundary between lower beach d. Ridge morphology at Pilgonaman Gorge
grainstone and aeolian calcarenite.

Figure 4.1 Stage 1la and 1b units in Area F, Cape Ra nge National Park

Figure 4.2 Model of likely mechanism for ridge form  ation in stage 1b, a direct sea
level regression and subsequent pause

Figure 4.3 Model representing possible sea level re  gression and subsequent
transgression followed by a pause and stage 1b ridg e development.
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4.3 Stage 2

An overall regressive phase subsequent to stage 1b, lasting glaitlia onset at 30 ka
BP was characterised by continued development of alluvial systenthe modern
terrestrial realm to 125 m below the modern shoreline, markingxteat of the lowest
sea level attained (Peltier, 2002). During this period, drainage fienadjacent Cape
Range in Areas E, F and G played a major role in coastal plaiatien. Incision of the
ridge formed during stagelb along channels has dictated its nejral preservation.

Furthermore, climatic aridity of this period led to extensive calcteirsaf this ridge.

Alluvial fan development in the vicinity of the terminus of ephernhenannels, coupled
with occasional flooding is responsible for the deposition of an alowoginuous layer

of fine to medium grained red alluvium, upon stage la deposits.

The spatial distribution of alluvial related erosion and sedimentati this period has
played a significant role in the evolution of the modern Ningaloo Reefthe
morphology and constituents of substrate developed at this time irdtiidster coral
colonisation. In areas where large channels developed, a subsequeot faitable

substrate for recolonisation has led to an absence in reef growth.

4.4 Stage 3
A glacial maximum extended from 18 to 30 Ka BP, with an accompgrsga level of

-125 m (Van de Kaars and Dekker, 2003).

Similar alluvial processes continued into this period from precedies, with geologic

and geomorphologic responses correlative with those of stage 2.
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This phase has had a further distinct impact on the regional caastahland setting,
with the development of longitudinal dune fields in the northern and soutlyomgeof
Cape Range Peninsula, exposed to the east of the Cape Rangeknaficeto the north
and east of the Range in Areas G and H. These dunes have an apgroariato-
north east trend, suggesting prevailing winds parallel to thiteeatime of formation
(Figure 4.4a). Mechanisms for development are complex, and cunesmntels propose
vortices transporting sediment in swales and subsequent depositiondges r

(Livingstone and Warren, 1996) (Figure 4.4b).

a. North to northeast trending b. Pairs of thermally induced roll-vortices
Longitudinal dunes in area G sweep sand from inter-dunal swales
(from Livingston and Warren, 1996)

Figure 4.4 Typical dunes at the north of Cape Range and the proposed
mechanism of roll-vortices influencing their develo pment.
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4.5 Stage 4

Following the Last Glacial Maximum, sea level rose until 5.3 K& Beaching a
maximum of +1 to 2 m at this time, with a portion of this lew#itauted to continental
isostatic loading and minor coastal subsidence resulting fromableeimelting (Collins

et al, 1993; Bakeet al, 2001; Yokoyamat al,, 2001).

The earliest stage of this period was characterised byesiosiibn and shore face retreat
which resulted in Late Pleistocene and early Holocene sediments dteapped off the
shelf surface, remobilised and transported landward as the sedwoece for terrestrial
dune development. Persistence of alluvial activity restrictgopstg of sediments in the
vicinity of major channels, as sediment supply remained high ine tmegions.
Subsequently, Last Interglacial Reef deposits were not exposedudem@ suitable

substrate for coral recolinisation as Ningaloo Reef began development.

7.57 ka BP marks the initial growth of the modern offshore Ningalof Rees reef has
since grown to a maximum thickness of 18 m and continues to developetdRdbust
coral framestone, often bound by encrusting coralline algaedhasised the underlying
reef initially developed in the Last Interglacial period (std@) (Collins, 2002). The
reef has not developed in areas of relict channels and hererées of passes are a
distinct morphologic feature that play a role in lagoonal cirmraand related coastal

processes defining shoreline morphologic and lithologic development.

As sea level transgressed, intertidal bays developed in locadésdemis as coastal
barriers were breached and upon reaching a highstand, theseen@a® [permanently

inundated to form shallow marine embayments. The majority ofthneas drowned at
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this time and relicts of marine inlets, outlets and embayméntfine the primary
geological and geomorphologic expression of this area. Also, a peng®n of the

central region of area E was inundated during this period.

During this highstand, the marine embayments at Mangrove Bay anFAeand in small
patches in the east of Area H were populated by mangroveg.r@nhants of these
mangrove swamps are exposed in Area H, whereas 1.7 i&rmstill preserved at

Mangrove Bay (Kendrick and Morse, 1990) (Figure 4.5).

|| Mangrove Swamp" || Beach Ridges ||
¢ A

Figure 4.5 Mangrove intertidal flats and distal bea  ch ridges towards the modern
shoreline at Mangrove Bay.

The Holocene highstand palaeo-shoreline is represented in the modern environment as

the most landward dune unit in a series of relict foredunes that have since developed.
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4.6 Stage5

Sea level has fallen since the closing stages of the mid Holbégimgtand. During this
5.3 ka period, the majority of marine embayments have been drainedrantbw
expressed as supratidal saline flats and intertidal mangrove psvéfendrick and

Morse, 1990).

Morphology and spatial distribution of ephemeral channels and assodiatgdl dans

has remained similar to preceding times as evidenced bialgpatorrelative relict
offshore alluvial fans. However, as sea level has declined, progmades occurred
where alluvial sediment supply and erosional processes have be#icaig enough to

prevent barring from modern dune development.

As sea level regressed, foredunes prograded in response, rasultieglevelopment of
a series of beach ridges, typically extending to the modeeddoe. Ridge orientation is
defined by palaeo-shoreline morphology, and is typically approgisngarallel to the

modern coastline. Morphology is a complex function of spatial diffee in sediment

transport rates, vegetation cover, and erosional processes (Hesp, 2002).

Spatial variations in the seaward accretion and subsequent widttgef sequences
since 5.3 ka BP are dependant on ancestral reef morphology (s)agefsteore reef
characteristics and longshore currents. In areas where thabithtMember extends
further seaward, ridges have tended to prograde to the greatestt, forming
sedimentation nodes. As longshore currents typically flow to the nodbktlimes with a
southerly aspect act as a sediment trap and hence commonly fexteedseaward than

northerly facing areas.

54



Cuspate forelands and smaller salient spits have developed inareas adjacent to
passes in the Ningaloo Reef as wave refraction and assomiaisthlies from the usual
northerly sediment transport regime have led to sedimenttiaccre these areas.

(Sanderson, 2000) (Figure 4.6).

Where vegetation is sparse and strong oblique onshore winds have rdobiise
sediments in locations with a low sediment supply, blowouts have develbpese
features are expressed as saucer, trough and cup shapedialepressveen dunes
(Hesp, 2002). In contrast, large mobile dunes have formed in poorly vegetatel
with abundant sediment supply. These regions have primarily developede w

shorelines have a southerly aspect, trapping northerly longshore sediment drift

Calcareous modern foredunes and active beaches are the most ptdeahees of the
nearshore zone and are evolving to date. The Tantabiddi Member is eapmsgdhe
shoreline in areas with insufficient sediment supply to enable buagbonal currents
are primarily responsible for morphologic definition of the coastlaed channels
reaching the coastline sporadically breach the dunes, depositinggahtdleobbles in

this zone.
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a. Turquoise Bay Cuspate b. T-Bone Bay salient c. Sandy Bay salient
foreland (N:7553400, spit (N:7561400, spit (N:7538700,
E:797800) E:801300) E:792800)

Figure 4.6 Cuspate foreland and salient spits forme  d through wave refraction at
reef passes and anomalous sediment transport.

Modern Beach Ridge

/ Foredune \

Active Beacl

Tantabiddi Member
Last Interglacial Reef
Platform

Figure 4.7 Typical morphologic features of the coas tal zone. Last Interglacial
Reef, beach ridges, active beaches and modern fored  unes. 350 m to horizon.
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5 GEOLOGY AND MORPHOLOGY OF STUDY AREAS E-H

Geologic and geomorphologic expression is spatially variablegaldape Range
Peninsula. To achieve the greatest possible detail in delineationriafiorss, the

dominant features of each area have been characterised.

Areas E, F and G are situated adjacent to Cape Range Antlth@re subject to
influences of drainage from this structure, and hence the inland portithre @astal

plain is commonly characterised by similar alluvium deposits.

Area H is located to the northeast of the anticline and alluvialgsises have not played
a major role in evolution of the modern coastal plain. The charstategeology of this

area is distinct from the three other study regions.

Lithologic descriptions of the major geological units in the regawa defined in

Appendix 6 and examples of typical characteristics are illustrated in Fglure
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Sample 25/7B1CH, Beach Sand. Open
Marine assemblage, mollusc in centre
(field of view = 6.5 mm, PPL)

Sample 27/7GCH. Bundera Limestone,
lagoonal deposit. Mixed skeletal grains
(field of view = 6.5 mm, XPL)

Sample 25/7E2CH. Modern dune sand.
Fragmented open marine assemblage
(field of view = 6.5 mm, PPL)

Sample 24/7ECH. Longitudinal Dune Sand
Micrite rims around skeletal and quartz
grains (field of view = 6.5 mm, XPL)

Sample 24/7JCH. Bundera Calcarenite
Aeolian Member. Micritised skeletal
Fragments, coralline algae central.
(field of view = 1.5 mm, XPL)

Sample 28/4ICH. Mowbowra
Conglomerate. Micritic clast adjacent to
Quartz and calcareous lithoclasts

(field of view = 6.5 mm, XPL)

Figure 5.1 Thin section images of samples from majo
coastal plain lithology. (PPL= Plain Polarised Ligh

r units characterising
t; XPL = Cross Polarised Light).
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5.1 Bundera Coastal Protection Area (Area E)
The coastal plain of Bundera Coastal Protection area extend8.tfokm from north to
south and ranges between 300 and 2600 m in width, bordered on the eastanrbgnargi

Cape Range Anticline.

The Jurabi Terrace Member of the Bundera Calcarenite formsagtern border of the
coastal plain. This unit formed in an environment analogous to thertasglacial and
the modern Ningaloo Reef, and is characterised by a simhatddgy but evidence of

recrystallisation.

Landward of this unit, Exmouth Sandstone and Tulki Limestone are thedommoénant
geological units to crop out, extending to the eastern margin @mtineine. Landward
of these units, extensive fields of Late Pleistocene longitudunaés, trending north to
northeast, are representative of the last glacial maximigheavironment. These dunes
are typically carbonate rich with a well developed profile @wbr sand overlying pale
sand with carbonate segregations and well developed calcrete hdkizgmeoll et al.,

1992).

The geology of the inland portion of the coastal plain is dominatetthéoy antabiddi
Terrace Member of the Bundera Calcarenite (Last Intdejldgeef) overlain by
alluvium. In the vicinity of ephemeral channels, alluvium is up to thitk, thinning

laterally and seaward.
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The Tantabiddi Aeolian Member of the Bundera Calcarenite spoligdwaps out
along the inland area of the coastal plain. This unit is typicgply calcretised and at

varying distances from the coastline dependant upon palaeo-coastal morphology.

A large supratidal saline flat characterises the centgabmeof the area. This unit is
representative of the mid-Holocene highstand, whereby a seaofevélto 2 m led to
coastal dunes being breached and marine inundation in topographmallaréas
(Figure 5.2). Subsequent regression has led to drainage of thisdfldteaformation of a
series of prograded linear beach ridges. These ridges éaémeen 15 and 460 m from

the modern coastline.

Modern foredunes lie parallel to the shoreline, landward of activehbsaoften
characterised by outcrops of Last Interglacial Reef insavehere sediment supply is not

great enough to inundate this unit.

Geological units in Area E are comprehensively defined on the gecoimg CD ROM
and Figure 5.3 is representative of the typical coastal plairadjatent hinterland of

Cape Range Anticline in the central portion of the area.
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Figure 5.2 Supratidal saline flat and Cape Range An

Figure 5.3 Coastal Plain geology and morphology in

ticline in the background.

the central portion of area E.
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5.2 Cape Range National Park (Area F)

Area F extends 50 km from north to south and is characteriseddastakplain ranging
between 700 to 2600 m in width. The national park boundary extends beyonddge st
region, up to 10 km inland, and only the coastal plain and adjacent ahtifitexland

have been analysed.

Coastal plain geology is similar for the majority of the oegwith the exception of a
large mangal area in the north at Mangrove Bay (Northing: 7568GG&@iNg: 804000).
Spatial variations in the morphology of individual units are the pymariable

controlling landscape differences.

Cape Range Anticline Terraces, defining the eastern boundary obdiseal plain, are
characterised by a higher relief in this area than the thileer study areas, with a

maximum height of 314 m at Mount Hollister (Hocking, 1990).

The Jurabi Member of the Bundera Calcarenite defines the bouoididngy coastal plain
and the lowest uplifted terrace member of the Cape Range iAatidlhe lithology of
this unit is analogous to that in Area E. A notched second bewdfeace in the lower
margins is evident in a number of locations, most extensively pegserear Mandu
Gorge (N:7547900, E:797600) and Yardie Creek (N:7528600;.E:789800). This possibly

formed in the littoral environment at the peak of the Last Interglacial, 128-1BP ka

The inland area of the coastal plain is primarily composed oviath overlying the
Tantabiddi Member and temporally corresponding alluvially derivedwhbwra

Conglomerate. Ephemeral channels and associated linear, artggidrmed alluvial
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fans are responsible for deposition of this calcareous, pebbly alluvhisuiiit ranges
in thickness from 2 m in the vicinity of major channels and isrdlisea small area at

the northern boundary of the region (N:7570800; E:806550).

Periodic outcrops of the Tantabiddi Aeolian Member of the Bundereafealite snake
along the extent of the inland region of the coastal plain. This unit has been iertdued

vicinity of channels and exhibits extensive calcretisation as in Area E.

Remnant mangrove swamps at Mangrove Bay represent reli¢te ahid-Holocene
highstand, 5.3 ka BP. The geology of this area is spatiallyallati with portions
bordered at the seaward margin by recent dune and beach facieshandegions
extending to the shoreline. Sediments are primarily calcauisjuartzose mudstones

derived from the marine environment and run-off from the adjacent Cape Range.

Seaward of alluvial plains and mangrove swamps, the coastlidefirseed by relict
foredunes that have prograded seaward as sea level has fallaheopaist 5.3 ka, to
form a series of beach ridges. These ridges are typichHyacterised by unlithified
grainstone and vary in morphology, individually ranging up to 6 m ighteand

forming dune fields up to 450 m inland.

Cuspate forelands, salient spits and ancestral Tantabiddi Menazbamds are the most
common areas in which ridge sequences are relatively wide, ses dheas have been
subjected to the greatest magnitude of sediment accretion. Adasgate foreland has
developed at Turquoise Bay and smaller salient spits at OspreySBady Bay and
Lakeside due to higher rates of sediment erosion in the southartymof the features

and deposition to the north.
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At the coastal margin, modern foredunes up to 6 m in height are botueractive
beaches with sporadic outcrops of Last Interglacial reef gomesand framestone along
the coast in areas where sediment supply is not great enoughetedsed burial of

this unit.

The geology of this area has been defined in a series of 8 nithps scale of 1:15000,
and represented as maps land 2, from north to south respectively. Forghermiigital

version of the geology of the area is on the accompanying CD ROM.

Figure 5.4 is a representative cross section of the coastal plain at Targagislefining

the typical morphology and geological units of Area F.

Figure 5.4 Coastal Plain geology and morphology at Turquoise Bay, Area F.
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5.3 Jurabi Coastal Park (Area G)

The inland portion of the coastal plain, foredunes and beaches in areag€ologically
and morphologically analogous to that of area F. However, prograded systems
differ significantly and the northeastern area is charactebgelongitudinal dunes. A

comprehensive account of geology can be viewed on the accompanying CD ROM.

The northeastern margin of the area is characterised by 25fkiongitudinal dunes
consisting of red calcareous and siliceous sands, with little pedaladgvelopment.
Two thermoluminescence ages of 23.4+6.7 and 16%1.7 ka BP confirm depositional

correlative with the last glacial maximum (Wyrweli al, 1992).

Extensive dune fields have developed in areas where the Tantabiddi Mahdyently
extends most seaward, hence providing a substrate for beach ridgadptmn. Initial
ridge morphology is commonly absent as sediments have remolaisedormed a
series of mobile dunes and blowouts. Areas with low sediment suppliy@cally
characterised by inter-dunal depressions. Holocene calcareoushsaedseen variably

eroded and are occasionally absent.

The most extensive dune field is in the Jurabi Coastal Reservib{I8000; E: 809943)
(Figure 5.5). A schematic view of the typical geomorphologic andogenfeatures is

illustrated in Figure 5.6.
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Figure 5.5 Inter-dunal depression in Jurabi Coastal Reserve, Holocene sediments
have been eroded leading to exposure of the Tantabi  ddi Member.

Figure 5.6 Coastal landscape in Area G, illustratin g extensive Holocene dune
fields.
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5.4 Northern Cape (Area H)
Area H is located to the east of Cape Range Anticline amatisnorphologically or

lithologically influenced by this structure to the same degree as thesttiggrareas.

This area is characterised by longitudinal dunes, low relipfatidal saline flats and
fringing coastal dune sequences. The Tantabiddi Member forms the fionnadfathese
units and its ancestral morphology plays an important role in dgfihie profile of the

modern coastline.

The western margin of the area is characterised by thgefiof the longitudinal dune
field that dominates the inland region of Area G. Outcrops of duneam® within late
Holocene coastal dunes suggests that they were a characfegsire of this area prior

to this time and were eroded in low lying areas through marine inundation.

Topographic lows at the north west of the Cape and 6.8 km to the south &8s point
have been identified respectively as the entrance and exit channelsref embayment
formation at this time. Drainage of this area has subsequedttp line development of

supratidal saline flats (Figure 5.7).

Coastal fringing dune sequences vary in width from 50 m to 1700 mlaviger dune

fields typically characterising the eastern coastline of the area.

The typical geologic and geomorphologic expression of this aiéassated in Figure
5.8, and the specific geology can be viewed in more detail on thenpanging CD

ROM.
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Figure 5.7. Tantabiddi Member outcrop on the outer
flat, with Holocene dunes towards the coast.

Figure 5.8 Spatial layout of the typical geology an

margin of a supratidal saline

d morphology of area H.
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6 LAND UNITS

6.1 Land Unit Definition

Delineation of geological units beyond lithologic and morphologic descriptions enable
land managers to gain a more conclusive understanding of overall land chstresteri
For this reason, the term “land unit” has been developed to further define substrate

capacity and land use patterns, as defined in 1.3.3.

Land unit description enables natural resource managers to observe chacsabéris
specific areas using a multidisciplinary approach in definition of sustaiaabas for

land use.

6.2 Substrate Capacity In Land Unit Classification

Substrate capacity is defined by a unit’'s consolidation, thickness, vegetationstoper

and runoff potential, as outlined in 1.3.3. Predominant features of each unit have been
determined through qualitative field assessment and an overall substraitydagax

is defined based upon an overall combination of each variable. Comprehensive maps of
substrate capacity can be viewed on the accompanying CD ROM, as “subcap” on the

“geology” shapefile.

6.3 Land Units In the Study Region
Classification of land units is based upon lithologic characterisation of majagiEl
units, documentation of spatial variations in substrate capacity and land use akidefine

1.3.3. Table 6.1 outlines the units delineated in the study region.
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Table 6.1 Geological features, substrate capacity a
areas of the study region

nd land use features of the 18 land units present i  n the four mapped

DESCRIPTION SUBSTRATE CAPACITY  VEGETATION LAND USE COMMENTS

INDEX/DESCRIPTION

Active Beach | - Variable thickness (2—6 m) 1 Nil - Predominantly | -Present in all study zones
(Qsa) and width (2-25 m) Consolidation pedestrian use - Turtle nesting in the
- Composed of medium to — Unconsolidated - Minor vehicular | northern regions of area G
coarse, unconsolidated, poor| Slope — Gentle to moderate use for boat - Large regions of active
sorted calcareous sand Unit thickness — 2-5 m launching beach are fringed by the
- Sediments composed of Vegetation cover — Nil strongly lithified Tantabiddi
reworked marine deposits an( Runoff potential — High Member.
minor aeolian sands Primary erosion source - Periodic high level erosior
- Occasional boulders — Wind and wave erosion through storm activity
representing storm depositior|
Bundera - Outcrops predominantly 2 and 4 Nil Coastal outcrop | - Present in all study zones
Calcarenite - | between low and high tide, | SCI variable according to - No vehicular usg - Outcrop sequence from
Tantabiddi minor outcrops inland with outcrop location - Pedestrian reef deposition to sand shept
Member only surface characteristics | - Coastal outcrops: 2 (99%) access for fishing| deposits not always present.
(Qbtr) cropping out - Inland outcrops: 4 (1%) Inland outcrop Commonly only horizontal

- Thickness up to 30 m

- Composed of coral reef
assemblage in lower membel
- Composed of intertidal
calcareous sands in upper
member

Consolidation — Well
consolidated

Slope — Gentle to steep

Unit thickness — up to 30 m
Vegetation cover — nil

Runoff potential — Low to high
Primary erosion source — Coas
waves; Inland: wind

- Substrate for
access tracks in
few localities

upper surface outcrops
exposed inland.
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UNIT

DESCRIPTION

SUBSTRATE CAPACITY
INDEX/DESCRIPTION

VEGETATION

LAND USE

COMMENTS

Modern -Constituents vary from red claye 3 Acacias to low Dominantly in Areas F | - Subject to
Ephemeral | sand to pebbles and boulders. Consolidation — Poor grassland and and G flooding during
Channel -Typically unlithified Slope — Gentle to moderate medium scrubland | Area F: Campsites at | storm events and
(Czc) conglomerate, analogous in Unit thickness — 0.5-6 m North Mandu, tropical cyclones
composition and environment of | Vegetation cover — moderate tq Pilgramunna, Lakeside| - Mobile sediments
deposition to the Mowbowra high T-bone Bay, Tulki
Conglomerate Runoff Potential — High Beach
Primary erosion source — Car parks at Varanus,
Alluvial activity Trealla, South Mandu,
Yardie Creek
Area G: Tantabiddi
Boat Ramp
Alluvial -Alluvial Fans: Clayey red 3 Alluvial Fans: High land use for day | -Extensive
Fans and calcareous sands with pebbles ug Consolidation — Poor to Highly variable; use sites and access | coverage
associated | to 5 cm diameter. moderate Acacia coriolis tracks in all study throughout study
claypan -Constituents predominantly Slope — Gentle groves, open zones. Campsites region
terrain originate from Tertiary limestone | Unit thickness — 1-12 m grasslands, low to | located in Area F at -Susceptible to
(Cza) units of the Cape Range Group a| Vegetation cover — Moderate tqg medium scrublandg North Mandu, flooding due to

transported through fluvial activity
though the Late Pleistocene to th
present.

-Claypan Terrain: In the vicinity o
alluvial fan terminus (including
relict alluvial fans), typically fine
grained sandy clays.

high

Runoff potential — Alluvial fans:
moderate; Claypans: Low
Primary erosion source —
Alluvial activity and minor wind

Claypan Terrain:
Low grasslands

Pilgramunna, Lakeside
T-bone Bay and Tulki
Beach

storm events and
tropical cyclones
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UNIT

Longitudinal

DESCRIPTION

-Variable lithology,

SUBSTRATE CAPACITY
INDEX/DESCRIPTION

3

VEGETATION

- Open shrubland

LAND USE

Units present only in

COMMENTS

Extensive coverage

Dunes predominantly quartz and Consolidation — Poor to and grassland areas E, G and H in the south of the
(Qe) carbonate sediments. moderate including spinifex | - Low level land use, | study region inland o
Areas proximal to coast have a| Slope — Moderate to steep and heath access tracks and anticlinal dome
higher percentage of carbonate Unit thickness — 5-30 m minor quarrying in
grains than further inland Vegetation cover — Sparse to area H
high
Runoff potential — Moderate to
high
Primary erosion source- Wind
Bundera - 0.1-5 m thick alluvium cover 4 Heath, spinifex, Very high land use in| Most extensive unit
Calcarenite composed of red clayey Consolidation — Moderate low scrublands and all study zones. in the study area
- Tantabiddi calcareous sands originating | Slope — Gentle to moderate Acacia groves - Land use includes
Member with | from Tertiary limestone’s of Unit thickness - Alluvium: 0.1-5 access tracks, day us

alluvium cover

(Qbt)

Cape Range Group

Below alluvium cover, Last
Interglacial Limestone palaeo-
reef/lagoon system, composed
coralgal reef deposits and coar
calcareous sands

m; Limestone: 1-7 m
Vegetation cover — Sparse to
high

Runoff potential - moderate
Primary erosion source —
Alluvial activity and wind

sites and camping
grounds

Bundera
Calcarenite
- Aeolian
Member

(Qbe)

-Heavily calcretised quartzose
grainstone.

-Medium to large scale cross
bedding in minor outcrops wher
fabric is preserved
-Palaeo-shoreline to Aeolian
deposits

-Snaking morphology along
coastal plain in Areas E, F and

4
Consolidation — Well
consolidated

Slope — Moderate to steep
Unit thickness — 1-8 m
Vegetation cover — Sparse
Runoff potential — Moderate to
high

Primary erosion source —
Alluvial activity, wind

Spinifex and low
grassland dominan

Minor use, access
tracks occasionally
Cross unit

Thermoluminescent
dating in progress,
age? 118 -50 Ka BP
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UNIT DESCRIPTION SUBSTRATE CAPACITY = VEGETATION LAND USE COMMENTS
INDEX/DESCRIPTION
Bundera -Constituents vary from red 4 Nil Minor outcrop Diachronous,
Calcarenite clayey sand to pebbles and Consolidation — Well - Walk trails at interfingering with
- Mowbowra | boulders. consolidated Mandu Gorge Tantabiddi Member—
Conglomerate | -Strongly lithified conglomerate| Slope — Moderate to very steep Relict alluvial
Member analogous in composition and | Unit thickness — 1-15 m deposits
(Qm) environment of deposition to Vegetation cover — Sparse -Outcrop more
modern ephemeral channel Runoff Potential — Moderate to frequent on Eastern
deposits high Coastal Plain
Primary erosion source — (Wywroll, 1993)
Alluvial activity
Bundera -Coralgal reef deposits, minor 5 Sparse grassland, | Walk trails and minor| -First terrace membef
Calcarenite - | calcarenite. High proportion of | Consolidation — Well spinifex and access track above coastal plain

Jurabi Member

(Qbj)

coralline algae, coral,
foraminifera and molluscs
(bivalves and gastropods)
-Predominantly formed in
shallow marine environment
-Typically recrystallised

consolidated

Slope — Gentle to cliff

Unit thickness — 8-12 m
Vegetation cover — Low to
moderate

Runoff potential — Moderate to
high

Primary erosion source —
Alluvial activity

sporadic scrubland
coverage

development in zone
E,Fand G

-Extensive,
discontinuous
outcrop

Tulki
Limestone
(TY

-Typically recrystallised red to
yellow nodular bedded
foraminiferal packstone

-Local low angle cross bedding

5
Consolidation — Well
consolidated
Slope — Gentle to cliff
Unit thickness — 95 m
Vegetation cover — Sparse
Runoff potential — High
Primary erosion source —

Alluvial activity

Minor acacia and
low shrublands
typically in shallow
sloping areas
where soil has
developed

Minor access through
range, 4WD access
tracks only

Crops out extensively
where terraces are not
well preserved in
Area G, source rock
of coastal plain
alluvial deposits
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UNIT

DESCRIPTION

SUBSTRATE CAPACITY
INDEX/DESCRIPTION

VEGETATION

LAND USE

COMMENTS

Exmouth -Well sorted, fine to medium 5 Minor acacia and | As for Tt -Common lithology
Sandstone grained, quartzose calcarenite | Consolidation — Well low shrublands of upper Terrace
(Qx) with large scale cross bedding | consolidated typically in shallow Members, source
and occasional calcrete soil Slope — Gentle to cliff sloping areas rock of coastal plain
intercalations Unit thickness — 8.5 m where soil has alluvial deposits
Vegetation cover — Sparse developed
Runoff potential — High
Primary erosion source —
Alluvial activity
Vlaming -Well-sorted medium grained 5 As for Qx Access only in Area | -Moderate level of
Sandstone guartzose calcarenite. Consolidation — Well G, Lighthouse outcrop, in ranges, -
(Tv) -Calcreted soil units common | consolidated lookout and caravan | source rock of coastal

-Large scale, steep cross beds
common

Slope — Gentle to cliff

Unit thickness — 38-65 m
Vegetation cover — Sparse
Runoff potential — High
Primary erosion source —

Alluvial activity

park region

plain alluvial deposits

Pilgramunna
Formation

(Tp)

-Well-sorted, well-rounded, fing
to very coarse-grained quarzos
calcarenite (grainstone) to
calcareous quartz arenite with
interbedded lenses of muddy
calcarenite (packstone and
coralgal boundstone.

-Channel fill sequences and rar
low angle cross bedding

5
Consolidation — Well
consolidated
Slope — Steep to cliff

Unit thickness — 20-30 m
Vegetation cover — Sparse,

minor soil cover

Runoff potential — High
Primary erosion source —

Alluvial activity

As for Qx and Tv

Access only in Area
G for walking in the
vicinity of
Lighthouse lookout

-Crops out primarily
in Area G
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7 NATURAL HAZARD RISK AND ACTIVITY NODES

The concept of risk combines an understanding of the likelihood otardaus event
occurring, with an assessment of its impacts on the natunlbuilt environment.
Estimation of risk is an uncertain science because it involvesasting future events
whose temporal and spatial occurrence is commonly largely unknowweugr,
analysis of past records of hazardous events enables a broad andiegsof which

events pose the most risk and when and where they have the greatest impacts.

Based upon data from the Bureau of Meteorology (1999), tropical @l the most
frequent natural hazard in the study region, passing every 2 to 8. y&aoscience
Australia (2004) has defined the coastline as being a moderatentsusta zone, with
occurrence up to every 5 years (Colletsal, 1999). Furthermore, the relatively low
relief of many coastal areas may be influenced by potemwizalevel rise. Projections of

the IPCC (1996) for the next century have been used in risk analysis.

As discussed in 1.3.6, the impact of the defined hazards depends dit gpecess
characteristics, the elements exposed and the associated mlilgesheach element to
damage or change as a result of the event (Geosciencealfis?2004). The entire
region is potentially exposed to tropical cyclones, tsunamis and j@wjsea level rise.
However, in analysis of the related impacts, it is those affpchajor activity nodes to
the highest degree and potentially causing the most financial rourdeerms of
infrastructure repair that are of primary interest to lamthagers and hence the focus of

risk assessment.
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7.1 Tsunami Risk Analysis
In risk analysis, the magnitude of the wave at the shorelinehendotighness of the
surface are the major factors controlling inland inundation, withtalotmpography also

being an influencing factor.

Nott and Bryant (2003), Bryant (2002) and Kelletat and Scheffers (2008)amalysed
boulder and lag deposits in various localities along the coastal giigtape Range
Peninsula, indicating maximum palaeo-tsunami heights, otherwisea@fto as run-up
(H), have reached 6 m. Furthermore, Gregsoal. (1978) report a maximum run-up of

6 m related to a major earthquake in Indonesia on AuglisuBg7.

For the purpose of modelling the potential inland extent of tsunami ssvéns
maximum height variable enables characterisation of the opitnpacts to ensure land
managers can account for the worst-case scenario in sustapiabl@ng strategy

development.

A vast degree of spatial variability in regard to the inlancerxof inundation is

possible, and primarily a function of coastal morphology and wave characteristi

Initial wave magnitude is greatest in coastal areas adjdaguasses in Ningaloo Reef,
where wave attenuation is minimal and refraction concentratesckereergy. Alluvial
processes have historically been responsible for development espagte Ningaloo
Reef. As the largest systems have tended to retain their ap@atexspatial distribution
throughout the Quaternary, modern channels commonly lie adjacenteéadle¢ passes.

The combination of minor wave attenuation, refraction related contenteand the low
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topography associated with channel incision through areas otherhasacterised by

dunes is responsible for these zones being defined as optimal risk localities.

Upon analysis of current tourism nodes, it is evident that martheoimost popular
camping destinations along the coastal margin are high-risk .z0hese areas are
defined as; Tantabiddi Boat Ramp (N: 7573800; E: 807790), Pilgonaman Creek (N
7542950, E: 794500), Yardie Creek (N: 7528600; E: 789800), Mandu Mandu Creek (N:
7547900, E: 797600), T-Bone Bay (N: 7561700, E: 801600) and Lakeside (N: 7560650,

E: 800800).

Risk calculation methodology is outlined in 1.3.6. Considering Manning'sacirf
roughness coefficient (n) is between 0.035 and 0.060 for ephemeral sstvaaphains
with brush to low tree coverage, these values are classifieddasnembers of this

variable.

Also, considering H (run-up) ~d-along low relief coastline, it is assumed thgtHs m.

Therefore X = 0.06 (6)*? and X =0.06 (6)**
(0.035) (0.060)
=534 m =182'm

Pilgonaman Creek hosts one of the areas most popular campsites wsatl ias an
example in Figure 7.1 to represent the risk envelope definingntaadi extent of
inundation associated with the maximum projected tsunami capableadiing the

region.
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Figure 7.1 Potential tsunami run-in extents at Pilg
Range Peninsula.

onaman creek, western Cape
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7.2 Tropical Cyclone Risk Variables

There are three components of a tropical cyclone that combineke op the total
hazard; storm surge, rainfall and associated flooding and intensks @arperet al,
2003). Each of these controls is capable of having diverse impaaitsthe natural and
built environment and, although interrelated, are best dealt with indilidoaassess

the specific potential impacts.

The focus of this study is to assess the potential impacts oh starge as this
phenomenon has a major influence on coastal morphology and lithologyinaffileet

lying areas in the vicinity of the coastline commonly used for camping.

Although flooding events have significant impacts on landscape, fidenthrough
analysis of pebble layers in alluvial fan deposits, the tempdagiaship between these
layers and the spatial extent of specific depositional episeded known. Furthermore,
past impacts of flooding events related to tropical cyclones haveeeot documented
sufficiently to enable the analysis of risk posed due to this phemmmeé&or this reason,
the influence of this element is not delineated and it is recaytineg further research
into flooding and the overall combination of this process and storge seffects is
required to aid in risk mitigation. Data currently available réigag flooding is

summarized in Appendix 4.

Records of damage to the natural and built environment from strong assdsiated
with tropical cyclones has been documented and accounted for in mamagetrategy
development and will not be addressed in this study as mitigatateges are already

in place and primarily involve sustainable engineering strateifiesstern Australian
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Planning Commission (2003). Wind related impacts and associated tiigjation

strategies are outlined in Appendix 5.

7.2.1 Storm Surge Risk Analysis

The many controls defining storm surge characteristicaraifall make it difficult to
fully understand the possible risk of damage at any one location. Houtegepossible
to resolve the variables into two categories; cyclone anddidahcteristics and natural

and built environment characteristics, as outlined in Table 7.1.

Table 7.1 Variables to consider in delineation of s  torm surge risk (adapted from
Coch, 1994).

Coastal topography and configuration - Central pressure of cyclone

Offshore reef morphology - Path of cyclone

Substrate capacity - Wind velocity in various zones of
Infrastructure (eg. Toilets, waste cyclone system and related spatial
disposal units, shade houses, variability in surge height
information boards, solar power units) - Velocity of total cyclone migration
Infrastructure physical characteristics - Tidal stage

(eg. Strength to withstand impacts,
substrate built upon)

In development of a model to ascertain the maximum landward eoftstdrm surge it
is necessary to consider the optimal potential surge height ebéisé This is related to
cyclone and tidal characteristics and offshore reef morphologly,cmastal areas in the
lee of reef passes prone to the greatest magnitude surgies asnd produced wave
component is greatest in this region due to less attenuatiorelbgehtract (Collingt

al., 1999).

To establish this height variable, characteristics and impactl dfopical cyclones

recorded by the Bureau of Meteorology since 1916 were analyse largest recorded
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surge event in the region is that of Tropical Cyclone Vance,hypassed the area in
1999. The maximum surge height was recorded at 4 m for this ev@nh @ccurred at
mid-tide (Collinset al, 1999; Barrett, 2000). Upon consideration of spring tide height
being 1.8 m, 0.9 m must be added to this figure for the purpose pindefhe potential

surge height and therefore, an optimal height of 4.9 m is defined.

Upon establishment of maximum storm surge characteristics,saally coastal and
offshore Ningaloo Reef morphology enables determination of speaiiit lise areas

susceptible to inundation.

As reef passes often lie adjacent to modern low elevation allkystéms, the combined
impact of optimal surge height and low topography places these ardse most risk to
inundation. Furthermore, alluvial systems are subject to the addedctingba
precipitation related flooding and although there are no quantitbguees for the

impacts of this phenomenon, it must also be recognised in risk assessment.

Assuming maximum surge height can reach 4.9 m above mean low tide, areas below this
elevation are subject to inundation if not protected to seaward by etexated land.
Determination of coastal topography in the vicinity of land use naiteated in
alluvially dominated areas has enabled classification of the kmdvextent of
inundation from the optimal storm surge currently theorized to be @pébeveloping
in the region. Topographic maps of these areas and the asso@atedroof surge

influence are illustrated in Figure 7.2 and 7.3.
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Figure 7.2 Storm surge and projected sea level rise

risk zones a, b and ¢c. Maximum inland extent of sto

rm surge (red contour) and maximum inland extent of

sea level rise (black contour)
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Figure 7.3 Storm surge and projected sea level rise

risk zones a, b and ¢c. Maximum inland extent of sto

rm surge (red contour) and maximum inland extent of

sea level rise (black contour)
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7.3  Projected Sea Level Rise Risk Analysis
Sea level rise is currently an issue being addressed in land managenmees gl
knowledge of the optimal extent of terrestrial inundation due to this phenomenon is

required to ensure sustainable development of tourism access nodes.

Although there is no conclusive evidence to confirm predicted sea level changes, the

IPCC (1996) have outlined possible scenarios for the next century, as outlined in 3.1.4

The impacts of the highest scenario, defined as sea level reaching +0.93 m by 2100,
have been assessed as this ensures infrastructure degradation risk tedndigze

greatest possible degree.

Coastal areas with the lowest elevation are subject to the most inundationsé\aries
are typically in the vicinity of alluvial systems, contours of potential inundatkbent

have been defined for these regions as illustrated in Figures 7.2 and 7.3.

Models of sea level rise impacts were based upon modern shoreline morphologg and it i
essential to recognize coastal change due natural variations incaceret erosion may

lead to spatial variations of impacts in the future from that predicted in thdsmode

defined in this assessment. In view of this fact, it is important that continueconmamit

in the area be undertaken to minimize the future impacts of sea level rise.
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8 Potential Land Degradation and Tourism Nodes

8.1 Land Use Classification and Factors controlling Risk
All current public land use nodes in the study region have been ahalysaerive

potential anthropogenic related degradation risks, where risk is defined as;
Risk = Hazard + Exposure + Vulnerability

The land use type as outlined in Appendix 1 defines hazard. Exposuregsisec as
the potential magnitude of the area affected by land use, whidbelbasdetermined by
analysis of over 400 sites and classified as reaching an avarhgs of 15 m from site
boundaries. Furthermore, vulnerability is defined as the charac®idta land unit to

withstand impacts, which is further delineated in classification as subshfzdeity.

8.2 Risk Analysis

Spatial assessment of the potential degradation risk posed by aggmap related
activities is based upon field observations and subsequent mapping ekg@3ure and
land use types. Arcview Spatial Analyst 1.1 was used to definexdmt combination of
each variable for every 25mrea over the entire study region. Each of these’2®lts

has been classified independently according to the scheme outlined in 1.3.5, Table 1.2.

Risk assessments for tourism nodes defined as current and projegteduse areas by
the Western Australian Planning Commission (2004) are of moskeshtéor land

managers and have therefore been chosen as sites for hard copygnaspiplustrated
on maps 3 and 4. Specific geological characteristics of eacharsk are defined on

these maps to further define typical lithology with low substcafeacity. Furthermore,
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the primary land use purposes have been detailed in order to acknewhedgurrent

potential magnitude of land use and related degradation.

Camping grounds and day use sites are primarily located in Holatereesequences
and alluvial systems in the vicinity of the coastline. Theseasarare commonly
characterised by poorly vegetated, unconsolidated mobile dunes with aat®ubst
capacity index of 1 (SCI-1). Thus, these areas have been edsasivery high to
extreme risk zones depending upon the magnitude of potential land usepl&xaf

these areas are illustrated in Figure 8.1.

Coastal beach ridges with a high percentage of vegetationagevere at less risk to
land use related degradation assuming removal does not occur. Tihesenits are

classified as possessing an SCI of 2, and are classified as high-risk zones.

Landward of coastal dune sequences, land units typically havedaum to high
substrate capacity (SCI 3-5), consisting of a consolidated meg$bundation overlain
by a thin to non-existent layer of alluvium and commonly high vegetatbverage. The
level of potential degradation to these units is reduced due ton¢heased erosion
resistance afforded by the vegetation cover and consolidated undgeslystrate, and

hence these regions have typically been classified as moderate to loonesk z
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a. Tulki Beach, situated adjacent to an b. North Mandu, located in channel
Ephemeral channel and beach ridges surrounded by Holocene dunes

a=N a&a=N
c. Turquoise Bay. Dune degradation resulting  e. Yardie Creek. An inter-dunal swale hosts
from vehicular use in unlithified dunes a popular day use site

=N N
e. Lakeside. Located between Holocene f. T-Bone Bay. Situated in an inter-dunal
dunes and an ephemeral channel swale subject to flooding (Horizon = 200m)

Figure 8.1 Tourism activity nodes located in region s with a high potential
degradation risk
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9 DISCUSSION

The geology, geomorphology and physical processes in the north amdnaregfions of
Cape Range Peninsula have been delineated in this research. The suit@patial
analysis of these features have enabled assessment of afiegradsks due to

anthropogenic impacts and natural hazards.

The regional geology is characterised by Tertiary upliftedclams and low-lying
coastal plains. Cape Range Anticline reaches an elevation of 3@ending along the
inland area of the peninsula, and is the source of widespread alluvdgpasition upon

the adjacent coastal plains (Hocking, 1990).

Subsequent to cessation of tectonic activity in the late Tertiary, edkiati@ations have
played the primary role in coastal evolution. The Late Pleistob#agylacial, 121-128

ka BP, was characterised by +3 to 4 m sea level and climatic conditionstabéesfor

reef colonisation upon Tertiary limestones. These reef depositsbeavepreserved as
the Tantabiddi and Mowbowra Members of the Bundera Calcarenite amd ther
foundation of the modern coastal plain. The initial morphology of these Pleistocene unit
dictates modern coastal accretion by controlling Holocene psttef accumulation,

leading to formation of localised nodes and anti-nodes of sedimentation.

Subsequent climate changes and associated complex interactioreerbetaastal
processes are responsible for the evolution of the unique landscagecofgtal plain

and development of Ningaloo Reef, Australia’s longest fringing reef.
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6 stages of Late Pleistocene and Holocene climate chamgesissociated eustatic
fluctuations have been recognised as primary influences on Quatewestal plain
evolution; 1) The Last Interglacial 2) a possible second phase ofntbglacial
highstand (?118 ka BP); 3) an overall regressive phase lasting Irbfn to
approximately 30 ka BP; 4) a glacial peak between 20 and 30 k&)BRnsgression
until approximately 5.3 ka BP, upon which a highstand was reached; ante@essive

phase extending to the present.

Specific geological characteristics of each area have been dthappee resolution of
1:500 to 1:2000 using GIS to define the spatial layout of units. Upon coomptetthis
process it was evident that geological and geomophological responsasht of these

phases are variable along the extent of the coastline.

The coastal plain in Areas E, F and G is bordered by Cape Rartgdine and is
subject to similar alluvial processes sourced from this regionergetal channels and
associated alluvial fans are the dominant features of the inlgnohref the plain.
Sporadic outcrops of the Tantabiddi Aeolian Member, representatitheotecond
stage, are surrounded by alluvium and are the primary eleveatard of the inland

plain.

The geomorphologic and geologic setting of Area H is somewHatetit to Areas E, F
and G. This area is situated to the northeast of the anticlinaltwodigh the Tantabiddi
Member defines the foundation of the region, flooding at the mid-Holokghstand

has resulted in erosion and burial of earlier Pleistocene sayaitig and supratidal saline

flat development.
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Fringing beach ridges and modern foredunes, formed in stage 6, dertieatoastal
geology and geomorphology in all study areas. The width of beagh fidlds is a
function of initial geomorphology of the underlying Tantabiddi Memberh wdaward

accretion greatest in areas of sedimentation nodes.

Further delineation of substrate characteristics, accountingefyggtation coverage and
geomorphologic features in addition to lithology, has revealed theaicoastal dune
fringe is most susceptible to impacts from natural and anthropogenices, as this
region is typically composed of unlithified calcareous sands, withoderate to low

vegetation cover and high erosion potential.

All tourism based activity nodes have been mapped to determineklod degradation
posed in the vicinity of each site. In classifying spatial wamna by risk, the substrate
capacity upon which each site is situated and the potential goeated are the primary

controls.

Areas of land use characterised by a moderate to high substfzdeity have been
classified as low to moderate risk zones, whereas regions cubstrate capacity are

deemed to be at high to very high risk.

The degradation risks associated with all land use sites avetgsed and calculated
using Arcview Spatial Analyst. For the purpose of providing useful datdand

managers, hard copy risk maps for all major activity nodes haea produced. It is
evident that the majority of land use sites are at high tohighyrisk of degradation as

they are situated within the low substrate capacity, high-risk coastal ritugpe f
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In addition to an assessment of the risk of degradation posed by lartieipetential
impacts to activity nodes of natural hazards have been deeetmit is evident that
areas with the lowest relief are at most risk of inundationtaliepical cyclone related
storm surge, tsunami run-in and projected sea level rise. Upon ianalyshe
topography in the vicinity of all major tourism nodes, it has begpaled that areas in
ephemeral channels typically have the lowest elevation arttkace at the greatest risk
of inundation. The potential inland extent of impacts related to storge &ind sea level
rise have been documented for the 6 highest risk zones; Ned's Cakgside, Tulki
Beach, North Mandu, Pilgramunna and Boat Harbour. Furthermore, it basdwealed
that tsunami run-in can potentially reach 534 m inland along themesbastal plain of
Cape Range Peninsula. This has been ascertained through productomadel
delineating surface roughness coefficients and optimal wave ctbiastics in the

western coastal region landward of Ningaloo Reef.

Risk analysis of the potential impacts on activity nodes due to lamdang natural
hazards has provided useful information regarding the sustainaffiltyrrent tourism
activity node positioning, which is a vital consideration in the dgwekent of future

land management strategies.
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10 CONCLUSIONS

This study has served to provide evidence regarding physical peecdsat are
responsible for coastal geomorphologic and geological evolution. USEdhas served
to provide information about the spatial distribution of units and thespective
substrate characteristics, enabling analysis of the potentyghdigion risk posed by
tourism related activities in the area. Furthermore, an undenstprdi the natural
hazards that may influence the coastal plain has been gained aisk tbEimpacts in

the vicinity of activity nodes delineated.

The primary outcomes are as follows;

The inland region of Cape Range Peninsula is characterisetdebgotth to
northeast trending Tertiary Cape Range Anticline. Surroundisgsthiicture, a
low relief coastal plain extends to the modern coastline.

Eustatic fluctuations in response to climate change have been itharypr
influence on Quaternary coastal plain evolution. 6 distinct phasescgnised
to have formed a discontinuous calcareous ridge close to the inland boahdar
the plain, extensive alluvium deposition along the extent of the inbdand,
longitudinal dunes, supratidal flats and intertidal mangrove swampg:aplex

beach ridges, modern foredunes and beaches.

Substrate capacity (based upon geomorphologic features and vegetation

coverage) is typically high along the hinterland of Cape RangeclAuatj
moderate in areas characterised by a thin alluvium cover andlédolocene

coastal dune sequences.
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Activity nodes are typically situated in coastal dune fields.s€h@odes are at
high risk of degradation, as the substrate in this region is hgdgeptible
change.

Tropical cyclones and projected sea level rise present theegfréapact risk in
the vicinity of coastal tourism nodes in the lowest relief araggically
ephemeral channels.

Tsunami run-in is capable of reaching 534 m inland along the westestal

plain in areas characterised by ephemeral channels or with low foredunes

Geological, substrate capacity and risk maps delineating deigragsttential in the
vicinity of coastal activity nodes provide a valuable data sowrcéahd managers to

consider in the development of sustainable natural resource management strategie
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11 RECOMMENDATIONS

A detailed study of the specific impacts related to the risk zones detinrate

this study should be undertaken, with the aim of improving management of these
fragile areas in close proximity to the Ningaloo Reef.

Detailed documentation of plant communities prevalent along the coastal plain,
to gain a better understanding of vegetation variations and the role played in
coastal dune stability.

Acknowledgement of the interactivity of oceanic, lagoonal and coastalssexe

in an overall assessment of coastal characterization in managemegiesrat
Further Research regarding Tropical Cyclone related flooding to enable a
combined assessment with storm surge and hence delineate the full impact of
surges and flooding in the coastal zone.

Further research of tsunami amplitude maxima and the variety of effects thi
hazard poses to the coastal zone.

Development of tourism activity nodes in zones characterised by a higher

substrate capacity and at less risk of natural hazard impacts.
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APPENDIX 1
Reasoning For The 15 m Envelope Around Activity Nod  es In Delineation Of
Degradation Exposure.
Determination of degradation risk associated with land useresgaifirm knowledge of

areas potentially exposed to impacts.

To delineate this, classification of the various types of lanchaeties is required and
defined as follows;
Access Tracks - Sealed road
- 2WD accessible unsealed track
- 4WD accessible unsealed track
- Walk trail
Campsites — Accessible for overnight use

Car parks — Accessible for day use

Definition of potential degradation is further required. As land ugafgantly varies
spatially on a seasonal and inter-annual basis, the maximum lanchpacts currently
evident have been used to determine potential risk, allowing for fandeuse changes.
It is recognized that areas with low substrate capacitguygct to the greatest extent of
degradation. However, to account for future substrate shifts dueui@lnatocesses, it

was deemed the most conservative approach to treat exposure in all alledyg.sim

Field observations in the vicinity of all campsites, car parks andsa tracks coupled
with photo interpretation of evident vegetation anomalies and siger®@sibn have been

used to determine actual degradation extents.
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Analysis at 2 km intervals along sealed roads and at 250 randoreltesel2WD
unsealed tracks, 4WD access tracks and walk trails revealedi¢gmddation extents
range in radius from sites between 3 m in currently low usdidmsaand 15 m in high

use areas. Hence, the optimal exposure to degradation has been defined as 15 m.

Assessment of all designated car parks and campsites reveatatbgradation varies
primarily due to land use magnitude, with low use sites showing sigdsgradation
reaching only 1 m from site boundaries to 15 m in higher use localioreccount for

land use shifts, the exposure envelope was therefore chosen as 15 m.

By placement of envelopes with a radius of 15 m around all acdess gptimal
potential exposure has been defined, taking into account future landharsges and

hence ensuring sustainable development to the highest possible degree.
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APPENDIX 2

Reasoning for the 25 m ?grid cell size selection in spatial analysis.
5x5 m grid cells have been deemed the most conservative size to use in order to retain
accuracy upon conversion of vector substrate capacity and access node nm&ps to ra

(grid) format whilst efficiently processing data.

Conversion of substrate capacity maps and access node maps was conducted
independently. For each conversion, Spatial Analyst has classified individsal cell
according to the component of the original map taking up 50% or more of the cell. As
cells are 25 i) the maximum error in the case of two or more components in one cell is
half of this, 12.5 rfy causing the maximum shift of original boundaries to be 3.34 m. As
the ortho-rectified aerial photo used in initial mapping is accurate to 1.7 m and boundary
interpretation to within 2-5 m depending upon clarity, conversion of maps to a grid

format has maintained mapping accuracy to within the original error margi

104



APPENDIX 3

Natural Hazard Risk Zone Delineation And Limitation s

In defining areas at risk of exposure from natural hazards, all land useesigemitially
acknowledged as potential risk zones. However, the magnitude of financial burden
related to degradation was further considered in definition as this is of primengsint
to land managers. Sites accessible for overnight use, serviced with a miofmaste
disposal units and toilets were considered the most important zones at risk of
degradation as not only infrastructure destruction poses a cost but also diminished
accessibility to suitable camp grounds subsequent to these events have langer ter

tourism impacts than destruction of infrastructure at day use sites.

Limitations in definition of topography are primarily based upon Digital Elexati

Model errors. Topography was defined by following lines representing thee sam
elevation. However, elevation figures showed evidence of a slight skew fraauttiz

and had to be corrected manually. This may be responsible for contours being mapped

with an error up t&5 m.
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APPENDIX 4

Tropical Cyclone Related Precipitation and Impacts

Three heavy rainfall bands are commonly associated with a tropical cy¢iGhafter
landfall. The first is associated with the eye wall core, which extendsifsaim 50 km
from the centre. Next, spiral rain bands may extend for several hundred kiloaretres
can produce torrential rains. An “inverted trough” may also form towards thie gbut
the system causing heavy rains around the periphery of the storm (Eliaah003).
These rainfall bands are responsible for coastal flooding along allustehsy that

extend along the coastal plain.

Magnitude of precipitation associated with TC’s has not been accuratelgledcorthe

past due to a lack of measurement facilities and horizontal to sub-horizontal downpours
not being recorded (J. Courtney, pers. comm., 2004). Therefore, the risk to the natural
and built environment due to flooding in most areas of the Cape Range Peninsula is

poorly understood.

Qualitative analysis suggests alluvial systems and low-lying areas the greatest risk

of inundation and associated degradation, but the magnitude of impacts in these regions
is not well defined. Creek and alluvial fans formed by flooding events (due to the
combined impact of rainfall and storm surge) give indications of the influence of
precipitation on the natural environment, illustrating the erosion and transport of

cobbles, sands and silts that takes place during these events (Barrett, 2000).

As the places most likely to suffer impacts due to flooding are those with thesgreat

capacity to accommodate water, it is assumed that such locations as fisteatswill
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be amongst the highest risk areas. The largest fluvial systems alongstieenicoastal
plain of the peninsula are Tantabiddi Creek, Mangrove Creek, Mandu Mandu Creek,
Pilgonaman and Yardie Creek. These areas are subject to the greatest laard du
flooding and as they are all popular tourist sites, present risk for future lamdtasas

of sustainability of infrastructure.
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APPENDIX 5

Wind Velocity and Impact Associated With Tropical C  yclones

Tropical cyclones are accompanied by strong northerly winds, with potgntiall
destructive gusts within 100 km of the centre of the storm (Hatpsdr 2003). The

strong winds can persist for many hours, or even days, depending on the track of the
storm, and can cause widespread building and infrastructure damage. Most of the
structural damage caused by tropical cyclones is inflicted by these Whidslamage

can be caused directly by the wind or by the debris that it propels (Coch, 1994).

It is the peak gust wind speed (3 second average maximum velocity) which lgeneral
causes building damage, whereas the somewhat lower mean, or sustainetidwind (
minute average maximum velocity) is in part responsible for the generatidliedf

coastal threats such as storm surge (Haepal, 2003).

Extensive research regarding the characteristics and impacts of thidevaas been
carried out for the northeast coast of Australia. However, little is known about the

potential risks to the northwestern regions.

A sustained land wind velocity record of 267km/hr for the Australian continent was
experienced across the Cape in 1999, when Tropical Cyclone Vance passed the region

(Bureau of Meteorology, 1999).

Extensive structural damage and widespread erosion of coastal dunes prompted concerns

regarding the actual risk posed by cyclone related winds.
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However, assessment of risk due to this process is difficult to model as it is both

spatially and temporally an extremely variable control (Hagpei 2003).

The best mitigation techniques therefore involve development of infrastruc#re t

accounts for maximum winds, aiming to minimize all potential effects.

Variables to be considered in mitigation of wind risk to infrastructure havedugiemed
by Harperet al, 2003, as summarized below:

Roof shape and pitch

Building age and structural integrity

Terrain ‘roughness’

Shielding or interference from adjacent objects (other buildings)

Topographic effects on slopes and near the top of hills

Although structural development can account for maximum winds, limitations to risk
minimization still exist as buildings can only be developed based upon models of

possible ‘best design’, which is fraught with limitations itself.

In general, risk mitigation requires maximum development of structuresatat c

withstand the severest potential wind impacts.
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APPENDIX 7

Instructions To View GIS Data
The accompanying CD ROM to this dissertation is designed to allow interaatiwing

of the GIS maps created and supply a resource for further study in the region.

How to open Arc Explorer software and view GIS data

<

1. To open Arc Explorer, double click on the icon in the file list.

2. To Add data to the view, press the add theme button

ITEM
LIST

3. A window titled “Add Theme(s)” will appear.
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a. Under “Selected folder”, double click on the CD.
b. In the top left corner, data type is defined. Click on the arrow ongheside of the
box to choose data type, “Shapefiles” to view mapping files.

To view aerial photographs of each area, choose “Supported Images”.

4. To make a theme active check the box in the item list. Eg.

To add a unique colour scheme to delineate different units in gedlagidasubstrate
capacity maps, double click on the theme in the item list. The fiolpwindow will

appear.

Use “unique value” classification and choose “unit_name” as thé fal geology,
“subcap” for substrate capacity maps and “access type” for unsealed taackss

All other themes are already unique and do not need further classification.

The programme has a very substantial help system should problems be encountered
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APPENDIX 8

Contents Of Accompanying CD Rom

Geology and Substrate Capacity;

Geology.shp (this file contains a geological “unit_name” and substrate capacity
“subcap” map of the entire study region, to view boundaries of specific areasfiksape
within similarly named folders are accompanying as follows;

Areae.shp

Arearf.shp

Areag.shp and

Areah.shp

Geomorphologic features;

Drainage.shp

Trends.shp

Access Nodes;

2wdsealed.shp

unsealed.shp

carpark.shp

campsite.shp

Digital maps of geology in pdf format for each study area can be viewetiassf
AREAEGEOLOGYPDF.pdf

AREAFGEOLOGYPDF.pdf

AREAGGEOLOGYPDF.pdf

AREAHGEOLOGYPDF.pdf
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