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Cuspate forelands and tombolos were first described by
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Shoreline salients, cuspate forelands and tombolos on the Coast of Western Australia were examined photogrametr-
ically to determine the suite of landforms that comprised the structures and whether there were regional differences
in their geometries. Aerial photographs from three regions were examined, including the South Coast, from Cape Arid
to Esperance; the Central West Coast, between Guilderton and Dongara; and the Ningaloo Coast, from Point Cloates
to Exmouth.

The landforms were broadly classified according to morphological and genetic criteria, such as growth mechanism,
degree of mobility, contemporary activity/processes, main processes involved in the supply of material, sources of
supply, conditions of wave regime and stage of development. Second, morphometric information was taken directly
from the aerial photographs. Following work reported by SILVESTER and HSU (1993), this was analysed to determine
the constant and exponential values in the curvilinear relationship between the length of the offshore structure
relative to its distance offshore and the difference between offshore distance and the ratio of salient protrusion to
island length. Separate graphs have been compiled for all observations from Western Australia as well as for each
region to indicate geographic differences. An examination of the geometric differences between each coastal region
was undertaken using analysis of variance techniques. At the 5% significance level, the results indicated that, there
are significant differences between the coastal regions for most ratios when tombolos are excluded from the data sets.
Most of the South Coast forelands and tombolos are formed by the deposition of sediment resulting from the conver-
gence of swell behind an obstacle, whereas on the Central West and Ningaloo Coasts the submerged reef provide an
offshore barrier. Swell is complexly diffracted and refracted by the reefs and sediment is deposited in a less predictable
manner. Flushing of lagoonal waters behind the reef either by longshore currents or offshore movement of water
through breaks in the reefs appears to impede the formation of tombolos and provides an explanation for travelling
versus stationary forms in the respective environments.

It has been shown that the development of these forms cannot be attributable to the length of the offshore obstacle
or the distance of the obstacle offshore. Explanation of this requires further investigation of the combined oceano-
graphic processes occurring leeward of the reef chains on the Central West Coast and on the Ningaloo Coast.

ADDITIONAL INDEX WORDS: salient, cuspate foreland, tombolo, morphology, geometry, regional variation, Western
Australia.

of the three regions would highlight geographical differences
in the geometries of the forms and raise questions concerning
the nature and intensities of processes affecting their for-

GULLIVER (1896; 1899). Originally. the term foreland was ap-
plied to the Dungeness foreland in Britain. The term tombolo
which is of Italian origin (Jonnson, 1919), was applied to a
spit of sand or shingle which joins an island to the neigh-
bouring coast. It has since been recognised that low ampli-
tude shoreline salients, cuspate forelands and tombolos are
part of a hierarchy of coastal sedimentary landforms. Such
landforms occur on the West and South Coasts of Western
Australia and are common in three regions: on the Ningaloo
Coast in association with an active, fringing coral reef; along
the Central West Coast where semi-continuous Pleistocene
reef formations shelter the shoreline; and on the South Coast
in the vicinity of granitic islands (Figure 1). It was anticipat-
ed that a broad scale investigation of the shoreline features
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mation.

COASTAL LANDFORMS IN WESTERN AUSTRALIA

No systematic and comprehensive study of the occurrence
of salients, cuspate forelands and tombolos has been under-
taken for Western Australia, although individual landforms
have been described in detail. Further, there are few, if any
studies of depositional landforms from the South Coast. How-
ever, a number of studies have examined sediment distribu-
tion, reef morphology and the relationship of the reef to in-
shore depositional features on the Rottnest Shelf between
Busselton and Geraldton (SEMENIUK and JOHNSON, 1982;
SEARLE, 1984; SEARLE and SEMENIUK, 1985; SEMENIUK and
Jonnson, 1985; SEMENIUK and SEARLE, 1986; COLLINS,
1988; and SEMENIUK et al., 1988). They indicate that erosion
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Fygure 1. Regional Setting.

of reefs, particularly during the Holocene sea level rise, as
well as the bioproductivity of existing reefs and seagrass
banks, has substantially contributed, and continues to con-
tribute, calcareous sandy sediment to beach and nearshore
areas of the Central West Coast.

As described by SEARLE (1984) and SEMENIUK el al. (1988),
the Central Southwestern Coast of Western Australia is pro-
tected by a broken chain of offshore reefs. The reefs dampen
the effects of swell and give rise to an intricate pattern of
wave refraction and diffraction in the lee of the obstacles.
SeARLE (1984) concluded that Holocene sand aceretion in the
southwest of Western Australia has been controlled by inter-
action of the shelf wave climate with the complex and eroding
ridge and depression bathymetry, abundant sources of sand
and evolving bank structures. SEMENIUK el al. (1988) pro-
posed that under the influence of prevailing southwesterly
swell and wind waves, a net northward sediment transport
has occurred along the exposed seaward (aces of the main-
land ridge and the first offshore ridge. Becher Point, a cus-
pate foreland on the Southwest Coast of Western Australia
is discussed as forming as waves pass through the breach and
ympe! sediment landwarg to form lobate submarine banks.
Disruption of the swell and longshore transport by these
structures caused progradation of a sandy cusp from the

mainland toward the advancing bank. The mechanics of this
are obscure and SILVESTER (1987) offered a counter expla-
nation for the formation of the structure. He stated that,
while some forelands may be formed by the above processes,
Becher Point itself is maintained by the balance 1n wave en-
ergy {rom the south and the diffracted wave energy through
the gap in the offshore reef.

Processes occurring in the Ningaloo reef system are similar
to those on the Central West Coast. However their intensities
are different as the oceanic and reef systems operate within
different environmental settings. Headlands and zones of
sediment accumulation in the Ningaloo lagoon are discussed
by HEARN et al, (1986). They are considered to form as a
resull of diffraction through breaks in the reef. Much of the
energy of waves incident on the seaward reef slope is dissi-
pated at the seaward face of the reef. However, overtopping
of the reef by surf beat, wave and wind set-up and tidal ac-
tivity drives water into the lagoon and establishes a lagoonal
cireulation. The resulting current contributes to longshore
transport of sediment and usually exits the Jagoon through
breaks in the reef. Hence, development of cuspate forelands
and salients in this region is controlled by a combination of
wave generated currents, refraction and diffraction of waves,
as well as by alongshore flow and large rip currents operating
through breaks in the reef.

SOUTHWESTERN AUSTRALIA
Climate

Southwestern Australia encompasses a range of climatic
conditions (GENTILLY, 1971) which establish a context for re-
gional differences in depositional processes around the coast.
Weather conditions in Western Australia are principally de-
termined by movement of a belt of anticyclonic high pressure
systems that move seasonally between latitudes 26°S and
45°S. Prevailing winds on the South Coast in summer are
southerly to southwesterly and easterly on the Central West
Coast. The Ningaloo Coast experiences quiescent weather
condjtions during summer bhut in winter the anticyclonic belt
brings strong easterly to southwesterly winds. During winter,
strong southerly winds on the South Coast and northwesterly
to westerly winds on the Central West Coast are associated
with winter storms. Strong sea breezes are experienced in
summer on the South and Central West Coasts and in winter
on the Ningaloo Coast.

Oceanographic Setting

Following tidal nomenclature described by Davirs (1980),
the Central West Coast and South Coast are in a microtidal
environment which experiences a mixed mainly diurnal tidal
regime (DEPARTMENT OF DEFENCE, 1993). Spring tidal rang-
es are generally less than 1.0m (Table 1). In contrast to this
the Ningaloo Coast experiences meso-scale tides, with a
spring tidal range at Exmouth of 1.8m (Table 1).

Incident wave energy is largely determined by the protec-
tion offered to the shore by affshore reef chains or islands.
The South Coast is dominated by a persistent southwesterly
swell which combines wave activity with more variable wind
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Table 1 Tidal ranges between Esperence and Exmouth

Predicted Tidal Ranges imelces!

. Neap Tides Spring Tides Highest Astron
Standard
Part MHLW  MLHW MLLW  MHHW LAT HAT
Fxmouth 1.1 17 0.5 2.4 8] 28
Geraldton 04 09 0.3 L 0 13
Fremantle 07 07 0.5 09 01 13
Bunbury 07 07 04 09 01 13
Albany 07 08 0.5 L1 01 15
Esperance 06 08 05 L1 0.2 15

Source Department of Defence €1993)

(STREDPMAN, 1977, HEGGE. 1994). [ts beaches are protected
from the ocean swel} by 1slands and the configuration of the
coastline. In contrast to the South Coast, the West Coast is
protected by a semi-continuous offshore reef barrier, includ-
ing reefs of the Southern Rottnest Shelf, Houtman Abrolhos,
the Dirk Hartog Shelf and the Ningaloo Reef System (Hargs
et al, 1991). Wave energies incident on the shorelines of both
the Central West Coast and the Ningaloo Coast are low due
to the attenuation of incident swell wave energy by the off-
shore reef system (SteebMAN and Craic, 1979; Hearn ef
al.. 1986).

Ceo‘logy and Sediments

The South Coast of Western Australia [rom Cape Leeuwin
to Cape Arid consists of extensive areas of Pre-Cambrian and
Cambrian crystalline cliffs and islands interspersed with
sandy heaches (HarRIS et al., 1991). The shoreline 1s char-
acterised by rocky headlands, mainland coastal sand barriers
and transgressive onshorc dune systems. Occasional rack
platforms and nearshare reefs occur along the exposed sec-
tions of the embayments (Woons ¢f al., 1985). The massive
headlands control much of the foreland and tombolo devel-
opment while offering protection to the southeasterly facing
bays. Beaches of the region are largely composead of quartzose
sandy sediment, which tends to become increasingly fine
grained 1n an easterly direction along the coast (Hobcran
and CLARK, 1990).

The Central West Coast. part of the Rottnest Shelf between
Fremantle and Geraldton (Figure 2), supports onshore and
offshore ridges of Pleistocene limestone running subparallel
to the present coastline. The hmestone outcrops as lithified
dunes, chains of reels and offshore islands (PLAYFORD ¢! al.,
1976). Structural control is provided by the islands and bro-
ken reef chains (HarriS e al , 1991), contributing to the Ho-
locene development cf salients, cuspate forelands and tom-
bolos along the coast. Sediments are mixed quartzose and
calcareous sands, the latter derived from reworked hme-
stones and bloproduction from extensive seagrass meadows
{SEARLE and SEMENIUK, 1985, SANDERSON, 1992).

Further north, the fringing Ningaloo Reef tract runs par-
allel to the coastline from Gnarraloo Bay to Point Murat
{280km) (Figure 3). The coral reef encloses a shallow sedi-
mentary lagoon containing accastonal patch and nearshore
reefl platforms. The shoreline is characterised by Pleistocene
limestone outerops interspersed with areas of Holocene sed-

iment accumulation. mainly as deposits of calcareous sands
and gravels (WyYrRwoLL, 1990).
The objectives of the project are to:

1. describe the distribution and form ol salients, cuspate
forclands and tombolos in the three coastal regions of
Western Australia;

2. morphometnecally examine the geometric relationships of
the landforms with their associated structures; and

3. determine if morphometric variation between the three
regions is greater than within each region.

PREVIOUS RESEARCH

The formation of coastal sedimentary accumulation forms
have been reviewed by JOHNSON (1919}, ESCOFFIER (1954),
GUILCHER (1958), ZrENKOVICH (1967), KING (1972), SuNa-
MURA and Misuzo (1987) and Horikawa (1988), and broad-
scale classification of the forms have been reported by ZinN-
ROVICH t1967) and KING (1972). The earlier authors distin-
guish between forelands and tombolos. More recent research
including that by Sunamura and Misuzo (1987) and Hori-
KAWA (1988) recognise low amplitude accretionary features,
shoreline salients, as part of a hierarchy of depositional land-
forms.

Much of the work on coastal accumulation forms has been
geomorphological (Jouwsow, 1919; ESCOFFIER, 1934;
GUILCHER, 1958; ZENKOVICH, 1967; KING, 1972; and SNEAD,
19821 dealing with the shape and genesis of the subaerial
portion of the accretionary body. JoHNsoON (1919) began a
genetic study of coastal environments, and hjs work was fol-
lowed by ESCOFFIER (1954) who examined “travelling” fore-
lands, and by GUILCHER 11958)1n a study of landforms which
develop following erosion of coastal headlands or nearshore
1slands. ZENKOVICH (1967), DALLY and Pope (1986) and SiL.-
VESTER and Hsu 11993) have examined contemporary pro-
cesses maintaining sediment supply to the coastal area, and
processes affecting erosion. Why some forms travel and oth-
ers are stationary remains open to conjecture.

ZENKOVICH (1967) provided criteria by which cuspate
forelands and tombolos may be classified. The criteria in-
clude: growth mechanism, degree of mobility, contemporary
activity/processes, main processes involved in the supply of
material, sources of supply, conditions of wave regime and
stage of development. From field studies, DALLY and POPE
(1986) describe cormbined refraction and diffraction process-
es These give rise to an alongshore difference in wave
height 1n the lee of an island. The difference \nduces con-
verging longshore currents, leading to the formation of sa-
lients. including cuspate forelands, and tombolos in the lee
ol the offshore struciure.

In contrast to the geomorphic classifications and broad
descriptions of formation some studies, particularly those
from wave tanks (RoseN and Vaapa, 1982; SuH and DAL-
RYMPLE, 1987; and Una ef al, 1988) have concentrated on
the relationship between the dimensions of the offshore ob-
stacle (island or reef and the size and type of accumulation
feature (ormed in its lee. For example, SUNAMURA and M-
sSuzo (1987) examined the geometrical relationships of de-
positional forms on the shoreline i the lee of islands. In
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Figure 4, I is the 1sland length. A is the length at the root
of a tombolo or salient, n 1s the projecting length, J is the
offshare distance to an 1sland and both v and J are mea-
sured perpendicular to the a-a’ line. SuNnaMURra and M-
suzo (1987) found that a tombolo forms f J/I < 1.5. a sa-
lient develops if 1.5 < J/I - 3.5 and no island influence
appears if J/I - 3.5. This is demonstrated when n/\ or MI
is plotted against J/1. These studies have been reviewed by
SiLvesTER and Hsu (19931,

It was shown by Hsu and SiLvesTer (19901 that variables
other than the 1sland length (1) and 1ts offshore distance (J}

have little relevance to the accumulation feature forming he-
hind a breakwater. SHVESTER and Hsu 11993) showed that
the distance of the salient from the obstacle (J-n) divided by
I plotled against I divided by the onginal shoreline distance
J provides a significant empirical relationship between the
variables. They also extended previous studies by examinming
the planform of salients to determine tts velationship to the
formation of zeta-form embayments (Hsu et al. 1993). The
observations of SUNAMURA and Misuzo (1987) and SiLves-
TeR and Hsu 11993) provide a basis to compare observations
from the different coastal regions of Southwestern Australia.
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Figure 4. Geometry of salients and tombolos behind an offshore obstacle
(after HORIKAWA, 1988: 155).

METHODS AND TECHNIQUES

Several steps were used to assess geographic difference in
the occurrence of salient, foreland and tombolo forms of West-
ern Australia. First, aerial photographs (Table 2) were inter-
preted to locate the sedimentary forms. Stereo-pairs were
used to identify and describe the suite of landforms of each
accretionary structure, and the overall dimensions of the
structure were measured with a graticule overlay. The over-
lay gave an accuracy of +/— 0.25mm on the photographs,
which converts to +/— 3.96m on the ground for the South
Coast region, and +/— 5m in the Central Coast and Ningaloo
areas. '

The description encompassed morphological and genetic
criteria, established by ZENKOVICH (1967) and KiNG (1972).
They included:

1) type of protection offered to the shore (none, reef, perfo-
rate reef);

2) shape of the feature (simple, double, triple);

3) type of connection with the coast (attached, looped, free,
barrier, detached);

4) orientation of the landform (symmetrical, asymmetrical);

5) its position (open ocean, behind islands, in bays, on capes,
paired);

6) size (ratio of length to width);

7) the possible causes of accumulation (estimated from the
aerial photographs); and

8) stage of development (rudimentary, developed, decaying,
relict, regenerated);

Each accumulation form was then classified according to
both ZENKOVICH (1967) and KiNG (1972). Forelands are
classed as attached forms and tombolos as looped by ZEN-

Table 2. Aerial photographs used in the analysis.

KOVICH (1967), while KiNG (1972) affords both forelands and
tombolos individual categories.

The dimensions of the cuspate forelands and tombolos in-
cluded attributes such as alongshore length of the island or
obstacle; width of the root of the foreland or tombolo; pro-
jecting length of the foreland or tombolo; and the offshore
distance to the island or reef.

Third, geometrical attributes of the accumulation forms
were analysed, using measured dimensions and graphing
techniques similar to those described by SUNAMURA and Mi1-
suzo (1987) and SILVESTER and Hsu (1993). Graphs of n/A
vs J/I which compare the projecting length to foreland width
ratio with the offshore distance to obstacle width, and M1 vs
J/1 (width of the tombolo to length of the island against off-
shore distance to length of obstacle) for each of the three
regions were compared with results from other authors. The
geometric ratios for each of the three regions describing the
relationship of the coastal accumulation form with the obsta-
cle offshore, were then compared using analysis of variance
techniques (SokAL and RoHLF, 1981). This was done to de-
termine if the differences between the three areas was great-
er than the variation within each region.

RESULTS
The Accretionary Structures.

The South Coast of Western Australia is characterised by
attached forelands and looped tombolos (after ZENKOVICH,
1967) apparently formed by the interaction of nearshore is-
lands with prevailing swell waves. The islands are located
less than 100m from the shoreline. Measurements of these
South Coast accumulation features are shown in Table 3.
Some double tombolos are found, for example Vancouver Pen-
insula near Albany. However these are not common. Where
they do form, their dimensions broadly fit categories defined
by SuNAMURA and Misuzo (1987).

The reef chain protecting the Central West Coast is located
up to 15km from the shore. Close to the shoreline however,
some reef is emergent or only partially submerged and these
structures influence deposition of sedimentary material. The
reefs are often discontinuous, and allow complex interference
currents and wave patterns to form. Tombolos do not often
form in this area, due to the broken nature of the offshore
obstacles and the broad space between the reefs and the
shore. Almost all forms in this region are classified as at-
tached forelands (See Table 4). The accumulation forms gen-
erally project up to 150m from the shoreline, but there are
significantly larger features such as the Cervantes foreland,
Jurien Headland and Wedge Island (Figure 2). The dimen-
sional relationships between the length of the projection and

Photograph Description South Coast

Central West Coast Ningaloo Coast

Job number WA 944, Proj. E51

Run/photo numbers 5,148-5,156
Scale 1:15,840
Date 1965

WA 2881(C), 900459 WA 2764, 890233

Runs 1-7 Runs 1-5
1:20,000 1:20,000
217/6/90 12/8/89

Journal of Coastal Research, Vol. 12, No. 3, 1996
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sions of saltents, forelands and tombolos on the Central West Coast.
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the width of the obstacle do not fit the general model put
forward by Sunamura and Misuzo (1987).

The Ningaloo Coast consists of a fringing reef barrier at
varying distances [rom the shore. The reef1s more continuous
than that of the Central Coast, but closer to shore and broken
by deep channels that aid in flushing of the shallow lagoon.
The exchange of water between the ocean and the lagoon aids
formation of a distinctly different suite of accumulation
forms. They project from 100m to over 1.7km from the shore,
and consist of attached forelands and travelling forelands
(Table 5). The travelling forelands are sirhilar to those de-
scribed by Escorrier (1954) from the USA. Again the di-
mensional relationships of the forelands do not fall into the
categories described by SUNAMURA and Misuzo (1987).

Geometrical Attributes

Sediment accumulation occurs in the lee of an island or reef
structure primarily as a result of wave refraction processes,
and secondarily in response to movement of sediment by
nearshore currents. Many people have examined this phe-
nomenon; lor example see NosLE (1978), DaLLy and Pore
(1986} and the review by SILVESTER and Hsu (1993). Most
authors acknowledge the importance of the length of the off-
shore structure parallel to the shore and its distance offshore
as primary variables affecting the basal size and distance the
landform protrudes from the original shoreline.

SunaMURA and Mi1suzo (1987) have suggested thal their
results indicated that tombolos and salients could be distin-
guished on the basis of the ratio between the length of the
offshore structure (island or reef) and 1ts distance offshore.
Measurements from the three coastal regions of Western
Australia (Figure 5a-5f), do not significantly support these
findings. However, 1n abservations from the South Coast,
tombolas all have J/T ratios of less than 1.83, which is close
to the 1.5 ratio indicated by SunaMmura and Misuzo (1987).

SILVESTER and Hsu (1993; 350) have demonstrated that
three geametric variables, namely [, J and 1, best define the
apex position of a salient. Their reanalysis of published in-
formation describes a curvilinear relationship between length
of the offshare structure relative to its distance offshore (1/J)
and the difference between offshore distance and the ratio of
sahient protrusion to island length (J-n/D). such that:

/1] = 0.6784(J — n/[)'luz”

In this relationship, J — /1 = 0 for tombolo landforms that,
by definition, reach the structure and tie it to the shoreline.
Their approach offers a basis for regional comparison since
the constant and exponential function may be reasonably ex-
pected to vary for landforms in different phases of develop-
ment or which have been developed under different environ-
mental conditions.

Accordingly, morphometric data from the three coastal
regions of Western Australia have been plotted according to
the methods of S1LVESTER and Hsu (1993) (Figure 6) to de-
termine whether the attributes of the salients:

a) conform with SILVESTER and HSU'S (1993) findings; and
b) provide a basis to distinguish hetween the landforms of
each regon.
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Table 6. Results from analysis of variance.
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Figure 7 Relationship between 1/J and J - o/l for salients in each coast-
al region.

from I/J = 0.5 to 4.0; whereas those lrom the Ningaloo Coast
range from [/J = 1.0 to 4.0. The empirical formula are I/J =
0.7362(J — w/1) "¢ and I/J = 0.984(J ~ w/[)"""* from the
Central West Coast and Ningaloo Coast respectively

Results presented here are more consistent with those from
observations presented by S1L.VESTER and Hsu (1993) than
those from SuNAMURA and Misuzo (1987). However, in con-
trast to SILVESTER and HSU’s (1993) results there is a scat-
ter of observations when J v/l is plotted against I/] for all
three coastal regions in Western Australia (Figure 6) and this
remains true when tombolo forms are excluded from the clas-
sification. The scatter of data on the graphs is apparently
wider than that reported by SILVESTER and Hsu (1993: 350).
However, this may be due to errors involved in taking mea-
surements directly {rom aerial photographs, inclusion of a
range of forms that are not necessarily in static equilibrium
with local wave and nearshore current conditions and sedi-
ment supply, or some combination of these two. Nevertheless,
the results generally agree with those reported by SILVESTER
and Hsu (1993).

An examination of the geometric differences between each
coastal region was undertaken using analysis of variance
techniques. Each of the geometric ratios, J/I, v, M, I/J and
J — 7/l were tested by non-parametric one-way analysis of
variance using the Kruskal-Wallis test (SoKaL and ROHLF,
1981) to determine which ratios showed significantly greater
differences between than within coastal regions. A 5% level
was adopted for determination of significance. The analysis
of variance for each ratio was conducted twice. First for the
complete data sets, including tombolos and salients, and sec-
ond for data sets excluding tombolos.

Results (Table 6) showed that at the 5% significance level
there are significant differences between the coastal regions
for most ratios when tombolos are excluded from the data
sets. Only M, the ratio of the length of the root of the salient
to the length of the obstacle showed significant differences
between the coastal regions when tombolos were included in
the data sets. The ratio of v\, the projecting length to the
length of the root of the salient, was not significantly differ-

Geometric Tombolos Tomboles

Variable Included Excluded

J/ P =0.098 F =241 P =0.001, F = 8175
WA P=10199 F =165 P = 0451, F = 0813
M P =002, F = 4.11 P = 0.000, F = 20.86
1) P = 0.095 F = 2,436 P=0002F = 7102
J-n/l P = 0955, F = 0.046 P = 0.010, F = 5.184

Differences are significant when P < 0.05

ent between the coastal regions. In all instances, I (length of
the offshore obstacle), J (distance to the offshore obstacle) and
J — m (distance between the offshore obstacle and the apex
of the salient) remain significantly different between coastal
regions when tombolos are excluded from the data sets.

It follows that the forms of salients, cuspate forelands and
tombolos on the Rottnest Shelf and Ningaloo Coasts are
markedly different. Although much work has been conducted
on the cuspate forelands of the Central and Southern West-
ern Australian Coast, the models of their formation remain
localised and cannot be applied to the Ningaloo Coast where
the reef structure and nearshore processes differ greatly. The
relative simplicity of the formation of the South Coast cus-
pate forelands and tombolos can be accounted for by the lack
of reef control and the direct relationship between offshore
island and sedimentary accumulation. With the complex, bro-
ken reef chains that exist on the West Coast it is anticipated
that a combination of processes including swell diffraction
and refraction, sediment distribution, nearshore circulation,
current flow and local weather conditions will each have an
effect on the resulting development of the coastal sedimen-
tary features. These processes require further investigation
in the field.

DISCUSSION
General Morphology

Initial analysis of the aerial photographs of the three areas
indicated that there are distinct differences between the
South Coast and the reef protected West Coast. The devel-
opment of accumulation forms on the South Coast is directly
attributable to the offshore granitic islands, and changes in
bathymetry. Offshore reef protection is very limited, and thus
the sediment accumulates directly behind nearshore obsta-
cles. Cuspate forelands and tombolos which are characteristic
of the South Coast are illustrated in Figure 8. Type A forms
are tombolos which link a rocky outcrop with the mainiand.
The coastline typically changes orientation at this point and
the headland is flanked by long sandy beaches. Type B tom-
bolos occur where a large granitic outcrop is found close to a
sandy beach. A small amount of material is then needed to
link the island with the mainland. These forms are usually
large (800—1000m width) and are situated within a sandy
beach environment. Type C tombolos are very similar to type
B but smaller in scale. They are quite common due to the
frequent occurrence of small islands close to the shore and
occur on average with a frequency of approximately 5 every
100km. Type D sedimentary forms are cuspate forelands that

Journal of Coastal Research, Vol 12. No. 3. 1996
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form behind islands that outcrop a greater distance offshore
than those of type C. The foreland is often symmetrical, of
slightly asymmetrical, and apparently is formed by diffrac-
tion of waves around the island. The geometry of each of the
types found on the South Coast generally fits the models de-
scribed by Sunamura and Misuzo (1987). Type E coastal
accumulation forms are complex double or triple forms. The
sediments accumulate between offshore islands linking one
to another and to the mainland. The areas are characterised
by granitic outcrops with few sandy beaches or onshore ac-
cumulations of sediments.

In contrast. the protection offered by the broken reefs to
both the Central and Ningaloo Coasts allows complex inter-
action of swell waves, wind waves and longshore currents,
causing sediments to accumulate in areas which are not di-
rectly landward of the offshore reef but skewed to the direc-
tion of longshore transport. Closer examination of the Central
Coast and Ningaloo reef systems shows that these two
regions are different to those of the South Coast and from
each other. The reef of the Central Coast is discontinuous and
the nearshore bathymetry is irregular, leading to complex cir-
culation patterns. Sedimentary accumulation forms typical of
the Central West Coast are illustrated in Figure 9. Type A
are the large cuspate forelands which form behind offshore
islands and reef chains. The island is usually quite large
(100-200m long) and part of a longer reef. Although 2-3km
offshore, it still exerts a considerable influence on the local
sediment transport. These cuspate forelands are found at

Journal of Coastal Research, Vol. 12, No. 3. 1996
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such areas as Junien, Cervantes and Wedge Island. Type B
forms are smaller scale cuspate forelands occurring behind
1slands or extensive areas of parlially submerged reel. Type
C forms are low-amplitude salients which form when sedi-
ments accumulate behind broken reef chamns. Type D fore-
lands develop behind broken and partially submerged reef
outcrops. The perforate nature of the reef allows wave energy
to cross the reef and impede development of the foreland. A
lagoon is often enclosed by the foreland as the flanks have
accumulated. Type E forms are tombolos which are formed
by accumulation of sediments behind limestone headlands.
Longshore transport appears Lo significantly contribute to de-
velopment of these forms. Very few of these coastal accu-
mulation forms have dimensions which are comparable to
those of the South Coast,

Ningaloo Coast accumulation forms are significantly dif-
ferent to those of the South Coast and to those of the Central

West Coast. Wave diffraction and refraction through breaks
in the reef is important, water driven across the reef by tides
and waves significantly contributes to circulation within the
flat lagoon. In particular the wave driven water appears to
be associated with the longshore transport of sediment, and
with the movement of waler in and out of the breaks in the
reef. It comabines to form distinct coastal accumulation forms
(HeEarN et al, 19863 The characteristic salients and fore-
lands of the Ningaloo Coast are shown in Figure 10. The type
A foreland is similar in scale to the typc A forelands of the
Central Coast. It is formed, however, hehind reef with no is-
land influence and consists of extensive barrier development
including development of relic foredune plains. Type B sali-
ents are 200-300m in width and are found behind broken
offshore reef. Further contributing factors are not easily iden-
tified from the aerial photograph analysis. Type C accumu-
lations are small scale forms occurning on the shoreline in
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areas where the reef is a considerable distance from the
shore. Travelling forelands are classified here as type D fore-
lands. They form behind broken reef chains close to the shore
and are influenced by longshore currents operating within
the lagoon. Type E forms are large forelands (2-3km length)
which project out to the close inshore reef. The foreland does
not form a tombolo, and spit development is observed at the
offshore extremity. In some instances, a lagoon has been en-
closed by the development of the foreland at some time dur-
ing the Holocene.

From the broad classification of coastal accumulation forms
described it is evident that different coastal environments
give rise to different types of salients, forelands and tombolos.
Due to the irregular nature of the West Coast reefs and com-
plex interaction of oceanographic processes, full classification
and description of processes forming the forelands and tom-
bolos can only be undertaken following a wider examination
of associated wave and current processes and sediment char-
acteristics. The locations of the landform types described
above is shown in Figure 11.

Regional Variation

It is apparent from analysis of the aerial photographs that
there is significant disparity between the landforms of the
South, Central Western and Ningaloo Coasts of Western Aus-
tralia. Most of the South Coast forelands and tombolos are
formed by the deposition of sediment resulting from the con-
vergence of swell behind an obstacle, nearly always a granite
headland or island, whercas on the Central West and Nin-
galoo Coasts the submerged reefs provide an oftshore barrier
to incoming swell waves which would normally transport sed-
iments onghore. The swell is then complexly diffracted and
refracted by the reefs and sediment i1s deposited in a less
predictable manner. The distance of the reef offshore, the de-
gree of continuity of the reefs, and the bathymetric variations
are the most prominent differences between the two regions,

and these then lead to the different types and dimensions of
the forelands and tombolos forming behind them. Flushing of

the lagoonal waters behind the reefs either by longshore cur-
rents or offshore movement of water through breaks in the
reefs appears to impede the formation of tombolos and pro-
vides an explanation for travelling versus stationary forms in
the respective environments.

CONCLUSIONS

Shoreline salients, cuspate forelands and tombolos of the
South and West Coasts of Western Australia have been iden-
tified, described and broadly grouped in terms of their simi-
larity of form. Characteristic types of forelands and tombolos
are identified for each area which highlight differences be-
tween the regions. The accumulation forms of the South
Coast are formed behind granitic outcrops due to the diffrac-
tion of approaching swell waves around islands and the sub-
sequent deposition of sediment. The reef chain which flanks
the Central West Coast and Ningaloo Coast of Western Aus-
tralia provides protection to the shoreline and leads to com-
plex diffraction and refraction patterns inside the lagoon re-
gion. Measurements of the forms from the three coastal

regions of Western Australia do not significantly support the
findings of SUNAMURA and Misuzo (1987) however in obser-
vations from the South Coast tombolos all have J/I ratios of
less than 1.83 which is close to the 1.5 ratio indicated by
SUNAMURA and Misuvzo (1987). Empirical equations derived
for each of the three regions demonstrate a curvilinear rela-
tionship that is similar to that reported by SILVESTER and
Hsu 11993) but which have different constants and exponen-
tial values. Significant differences have been shown to exist
between the three coastal regions for the geometric variables
I, J and J

sets.

1 when tombolos are excluded from the data

It has been shown that the development of these forms can-
not be directly attributable 1o the size of the offshore obstacle
or the distance ol the obstacle offshore. This leads to the need
for further immvestigation of the combined oceanographic pro-
cesses oceurring leeward of the reef chains. Onshore geo-
chronologic work combined with an examination of nearshore
currents, circulation, sediment distribution and type would
lead to a more complete understanding of the geomorphic de-
velopment of these Holocene features. This is currently being
conducted for landforms on the Central West and Ningaloo
Coasts as part of an ongoing rescarch program.
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