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Unlike other estuaries Nationally in Australia, the Walpole-Nornalup Inlets is unique complex
twin-basin ria estuary in the most humid part of Western Australia. The estuary fronts the
oceanographically-dynamic Southern Ocean and, with the high annual rainfall, it provides a
range of estuarine landforms, estuarine peripheral wetlands, a dynamic sand barrier that records climate changes and, with its microtidal setting, it provides examples of complex riverine-to-marine dynamics such as intra-basinal gyring. A range of geological to estuarine
features that are of geoheritage signiﬁcance and available for exploration and explanation as
geotrails include: (1) the Precambrian geology, (2) the stratigraphy of the Cainozoic Werillup
Formation, (3) Cainozoic weathering, sedimentation, and climate history, with a very wet climate to produce erosionally-resistant quartz grain lags, (4) Cainozoic to Quaternary formation
of a rock tombolo, (5) the complex estuarine shorelines and history, and (6) complex estuarine
processes and history. As an ensemble of geological and other natural history features, Walpole-Nornalup Inlets system also provides a case study of a systematic approach, using the
Geoheritage Tool-kit, of identifying and evaluating different natural values. This forms the foundation for to baseline monitoring (for environmental management) and tourism to explore
through geological time the natural history of this geologically and biologically rich location.
© 2020 Beijing Normal University. Published by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Following on from the detailed study of the Walpole and Nornalup Inlets in 1996–1999 by the V & C Semeniuk Research
Group, and the wealth of information derived therein (later formally published in Semeniuk, Semeniuk, Tauss, Unno, & Brocx,
2011), on 8 May 2009 the Walpole and Nornalup Inlets Marine Park was created and vested in the Marine Parks and Reserves
Authority through a notice in the Government Gazette (Faragher, 2009).
For a relatively small area (15 km × 15 km), the Walpole-Nornalup area (Figs. 1, 2 & 3) contains a diversity of geology, from
Precambrian rocks, to Cainozoic sediments and soils to a wide range of Quaternary stratigraphic sequences. This is because of the
high relief of the Precambrian rock terrain, the high annual rainfall (1400 mm; Fig. 2), the variability of upland types, the range of
rivers and their deltas located in different hydrodynamic settings, the coastal dune and desert dune history of this region, and the
local sea-level history. The Quaternary stratigraphic sequences are variable depending on depositional setting, geomorphic setting,
and origin, viz., deltaic sequences of the Deep River Delta, the Frankland River Delta, and the Walpole River Delta, the estuarine
⁎ Corresponding author.
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2577-4441/© 2020 Beijing Normal University. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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Fig. 1. Location of the Walpole–Nornalup Inlet area, and its climate.

lowland sequences, the paluslopes bordering the estuary, the sands ﬁlling the valley tracts, the coastal dune sequences under the
barrier, sediments underlying the tidal delta, and the range of shoreline sediments derived from varying uplands bordering the
estuary. Three rivers drain into the estuary, the largest being the Frankland River (Fig. 2).
While the Walpole and Nornalup Inlets Marine Park area is renowned for its scenic beauty and water-based recreational activities, in this paper, we present the extent of information available on this globally to nationally signiﬁcant estuarine system
of the Walpole and Nornalup Inlets and highlight its high geoheritage values. Fig. 4 shows the numerous transects and traverses
across the estuary and its shores that provided information published in Semeniuk et al. (2011). This information is used as a case
study of an approach to present natural history information in a holistic and multi-scalar manner for Education, Research, and
Geotourism in an estuarine system.
The area, being the most complex of estuaries in Western Australia, and one of the best studied estuaries in Australia, provides
a plethora of research endeavours for natural history feature and for geotours and ecotours, as will be discussed later.

Regional and geological setting
The Walpole-Nornalup Inlet estuary in southern Western Australia is a relatively undisturbed estuary in southern Western
Australia (Figs. 1 & 2). It is set in a subtropical (near-temperate) humid climate, and in the most humid part of the State with
an annual rainfall of 1400 mm (Fig. 2).
In terms of classiﬁcation for comparative coastal geoheritage purposes, the Walpole-Nornalup Inlet estuary is assigned to the
geological region of Albany-Fraser Fold Belt/Bremer Basin/Yilgarn Craton - it is a coast constructed by sedimentation with
superimposed erosion, and is a coast recording Holocene history.
The Precambrian rock sequences surrounding the Walpole-Nornalup Inlet Estuary are Proterozoic gneissic rocks of the
Nornalup Complex (Fig. 5), occurring only in the Walpole/Nornalup area (Geological Survey of Western Australia, 1975; Wilde
& Low, 1978; Wilde, Middleton, & Evans, 1996; Wilde & Walker, 1984) which is an essential feature of the geology of this
area, with its distinctive lithology within the Albany-Fraser Fold Belt, its metamorphic grade, and its regional contextual relationship to batholiths (Semeniuk et al., 2011). Well-exposed inland outcrops within the Nornalup Complex generally are scattered, as
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Fig. 2. Drainage basins of the main rivers that empty into the Walpole–Nornalup Inlet Estuary, and their climate setting (isohyets are in mm/annum). Note the
study area is in the wettest part of this region.

the hinterland terrain is deeply weathered, but these rocks are well-exposed along the wave-washed coast, where they provide
good outcrops for structural, lithological and textural analyses.
The gneissic rocks of the Nornalup Complex have a large-scale structure, lithologic layering, and grain that, through
weathering and erosion, have controlled the estuarine form (i.e., the morphology of the estuary; Semeniuk et al., 2011). The
east-west orientation of Walpole Inlet and the tapering extremities of Nornalup Inlet in part reﬂect this grain. By weathering
and erosion, the Precambrian rocks have developed into an array of high-relief hills and monadnocks, landforms that underpin
the form of Walpole–Nornalup Inlet and that have made Walpole–Nornalup Inlet different to the other estuaries of southern
Western Australia in form and shores.
The Walpole–Nornalup Inlet Estuary is a twin-basin ria estuary in a longitudinal sense (Fig. 3), and this is unusual for an estuary in Western Australia (Brocx & Semeniuk, 2009; Semeniuk et al., 2011). That is, it is a twin basin along the length of the
drainage line, and not a twin basin formed by internal segmentation (Isla, 1995) which commonly occurs in elongated (estuarine)
coastal lagoons. The twin-basin nature of the Estuary, with a narrow change channel between the Walpole Inlet basin and the
Nornalup Inlet basin, and a tidal channel between the Nornalup Inlet basin and the ocean provides a complex hydrodynamic setting. When this is compounded by the fresh-water input from the three rivers, it results in a hydrodynamically and
hydrochemically unusual estuary. Within the estuarine there is a unique geological and geomorphological feature, a “rock tombolo” composed of Tertiary rock (the Coalmine Beach Peninsula of Semeniuk et al., 2011; Fig. 3 herein).
The high rainfall setting in this region appears to have been in existence for a considerable time, at least since the Tertiary and
continuing into the Quaternary. Consequently, the Walpole–Nornalup area hosts the products of such a climate: thorough
weathering of bedrock (under very wet climate conditions) yielding a surﬁcial sheet of quartz breccia and quartz grit, coarse
quartz sand blankets, down-slope deposition of sediments derived from the intense bedrock weathering (the various grades of
sand, and clay), near in situ colluvial deposits, and lowland peat deposits. The Tertiary sedimentation, as valley ﬁlls, and as colluvial deposits, followed by erosion, has resulted in a multitude of sedimentary sequences occurring now as valley ﬁlls, hill-top residual occurrences of valley ﬁlls, cliff exposures, and as colluvial deposits.
The Coalmine Beach area, for instance, exhibits signiﬁcant Tertiary and Quaternary stratigraphy (Fig. 6). In contrast to other
areas of the exposures of sedimentary rocks of the Tertiary Werillup Formation and other units in the Tertiary Plantagenet
Group (Geological Survey of Western Australia, 1990), which are either more wave exposed, or occurring in weathered state inland, the cliffs occurring at Coalmine Beach are semi-protected and partly wave-washed. They provide good exposure of the most
western occurrence of the Werillup Formation (of lignite and overlying sandstone, sand, and clay), as well as contacts and relationships with overlying Tertiary and Quaternary sediments.
There are various Quaternary landforms within the Walpole–Nornalup Inlet Estuary area that reﬂect the nature of the parent
terrain, the climate, and the oceanographic setting. These landforms include the weathered/eroded high-relief terrain of
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Fig. 3. Aerial photograph showing the Walpole–Nornalup Inlet area and surrounding region, and diagram showing key locations in the region.

Precambrian rocks, the ﬂuvial valley tracts, the barrier dune (Bellanger Barrier), the parabolic dunes within the Bellanger Barrier,
the various estuarine coast types, and deltaic landforms. Figs. 7 & 8 show aerial views of the range of landforms in the estuarine
region.
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Fig. 4. The array of transects used for stratighic and hydrologic stidies in the Walpole–Nornalup Inlet Estuary.

Many of the rivers in coastal zones of Western Australia are deﬂected from orthogonally entering the sea by a Quaternary barrier
(Holocene or Pleistocene ridge). The Frankland River presents a different situation for such river deﬂections. This river, in descending
from the Yilgarn Plateau and Ravensthorpe Ramp (Semeniuk et al., 2011), crosses the southern part of the Western Australian continent in a north-to-south direction, but in the Walpole–Nornalup Inlet area it is deﬂected into an east-to-west direction (Fig. 3).
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Fig. 5. Geological setting of the Walpole–Nornalup Inlet region.
(After Wilde & Walker, 1984 and Geological Survey of Western Australia, 1990)
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Fig. 6. Cliff exposure at Coalmine Beach showing excellent exposure of stratigraphic relationships. The lower unit, the Werillup Formation, shows lithologic sequence of lignite, cross-laminated to laminated sand, clay, and
gradational intra-formational contacts. The markedly erosional and unconformable contact between Coalmine Beach Ferricrete and Walpole Sand is well exposed.
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Fig. 7. Annotated photographs of shore types in several sectors of Walpole–Nornalup Inlet. A: Frankland River Delta area in north-east of Nornalup Inlet; B: the
exchange channel between Walpole and Nornalup Inlets; C: Bellanger Barrier to the south of Nornalup Inlet; and D: the Deep River Delta and Sandy Beach Barrier
to the north-west of Nornalup Inlet.

The Walpole–Nornalup area presents an interesting assemblage of coastal dune landforms showing variable relationship of
wind to parabolic dune orientation. Fig. 9 shows that, for three of the southern coastal estuaries, the dune barriers sheltering
the estuaries from the Southern Ocean have parabolic dunes consistently oriented in a SW-NE direction aligned with the summer
sea breezes, whereas for the Bellanger Barrier in the Walpole–Nornalup area, the dunes vary from SW-NE to SE-NW, changing in
size and orientation in response to wind speed and wind direction (Semeniuk et al., 2011).
The Walpole–Nornalup Inlet Estuary residing in a complex geological system has a corresponding complex of estuary shore
landforms (Fig. 9). The estuary is bordered by Precambrian rocks that form the foundation to estuarine form; it has a headland
of Precambrian rock. The estuary has a barrier of Quaternary dunes whose northern shore contributes to the estuarine form
and to sedimentation. There is a “rock tombolo” of Tertiary sedimentary rock in the Coalmine Beach area (the Coalmine Beach
Peninsula; Fig. 3), and a similar buried “rock tombolo” underlying the Quaternary barrier. The estuary has three deltas, all different in form and sedimentary sequence because of their river sizes, volume of sediment being delivered, and hydrodynamic setting. It is locally bordered by Quaternary limestone shores. There is a widespread quartz sand sheet that blankets the whole
area. And it has had a variable sea-level history.
Sedimentation and sedimentary facies
With three main rivers delivering ﬂuvial sediment as sand and mud, with sheet wash from the adjoining highlands and dunes,
with aeolian transport of sand into the inlets, and with biogenic sediment production, the Walpole–Nornalup Inlet Estuary is ﬁlling with sediment. There is a distinct facies association in relation to estuarine environments: margins of the estuarine basins are
fringed with sand forming platforms and sheets of sand and shelly sand; the deltas are repositories of stratigraphically diagnostic
sand and mud (and some peat); rocky shore generate gravelly sediment; the tidal delta is dominated by sand and shelly sand;
and the basin interiors are ﬂoored by mud. The dynamics of the sedimentary ﬁll is shown in Fig. 10.
The Bellanger Barrier
The Bellanger Barrier is a large barrier dune system, separating Nornalup Inlet from the Southern Ocean, and composed of ﬁxed
and mobile parabolic dunes, and an ocean-fronting beach/dune ribbon (Figs. 7, 8 & 9). The barrier is 7 km long, 2 km wide at its
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Fig. 8. Annotated oblique aerial photographs of the tidal channel, showing the ﬂood-tidal delta, the ebb-tidal delta, and the current-parallel shoals along the channel. The ﬂood-tidal delta is spilling into deep water of the basin of Nornalup Inlet. The tidal-delta complex is set within the context of the Bellanger Barrier and a
Precambrian rocky headland.

eastern end, 1 km wide at its western end, and up to 30 m high. In plan it is curving, forming a broad J-shaped bay, with both ends
anchored on prominent coastal outcrops of Precambrian rock. The Bellanger Barrier is geomorphologically complex, with a range of
geomorphic units internal to the system. The entire southern shore of the barrier is bordered by the Southern Ocean. The northern
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Fig. 9. Focus on the more detailed geology of the southern coast of Western Australia (modiﬁed after Geological Survey of Western Australia, 1989), showing the four estuaries in a context of geological setting. Three of the
estuaries (Broke Inlet, Irwin Inlet and Wilson Inlet) are shore-parallel as a result of a shore-parallel barrier on-lapping a plain of Precambrian rock, or on-lapping Precambrian rocks and Cainozoic deposits. Walpole–Nornalup
Inlet, though it has a barrier, is nearly wholly nestled in a terrain of Precambrian rock. The attributes of the each of the estuaries are listed in summary form in this illustration.
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Fig. 10. Main sedimentary sources and pathways of sediment movement within the Walpole–Nornalup Inlet system.
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Fig. 11. Stratigraphic proﬁle through Transect T1 of Walpole Inlet western shore showing locations of piezometers, the winter and summer water table, and
hydrographs from the various piezometers. The site of the piezometer is annotated as to its hydrological functioning, and whether it is rain-inﬂuenced, or estuarine-inﬂuenced.
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margin to the west is bordered by Nornalup Inlet, and to the east by the Frankland River where it is ﬂowing in an east-to-west direction. The barrier is breached at its eastern end by a permanent tidal exchange channel that connects Nornalup Inlet with the
Southern Ocean. The barrier is stratigraphically complex (Semeniuk et al., 2011) and appears to have been in place at least since
the Pleistocene. The core of the barrier at depth is Tertiary sedimentary rock, similar to Coalmine Beach Peninsula, and Pleistocene
yellow sand with local lenses of Pleistocene limestone. The present high relief mound of Holocene dunes thus are founded on a
pre-existing barrier structure implying that the barrier has antiquity, and that it has been extant since at least two glacial stages
of the Pleistocene. Geohistorically, the barrier has diverted the Frankland River from a north-south direction.
In the region of the Walpole-Nornalup Inlet Estuary, there are only other three estuaries residing in the Albany-Fraser Fold Belt
along the southern coast of Western Australia (Semeniuk et al., 2011), viz., Broke Inlet, Irwin Inlet, and Wilson Inlet that have barriers but these have different geometry and shoreline types (Fig. 9).
Quartz lag sheets
The entire surface of the uplands of the Walpole-Nornalup area is blanketed by a terrain-conforming sheet of quartz coarse
sand and ﬁne gravel formed as a residual weathering product of the basement rocks under very wet (Tertiary age) climate.
Not only does that quartz sand/gravel sheet form a blanketing veneer, it also is incorporated into the shore stratigraphy and,
as such functions as an important aquifer delivering uplands water to the shore.
Shoreline stratigraphy
The Walpole–Nornalup Inlet Estuary also has a complex and unique stratigraphy along its shores. Given the complexity of
shore types described above, given the high rainfall setting of the region, with the highest rainfall in the State centred on the Walpole coastal area, and given that mean sea level has been higher in the recent past, there is a complex and unique stratigraphy to
this estuary. It ranges from sequences deriving from the three types of deltas, that of the estuarine lowlands, stratigraphic

Fig. 12. Annotated proﬁle of the stratigraphy and hydrology of Transect T1 of western Walpole Inlet, showing key hydrological and hydrochemical processes, the
location of fresh water and brackish water in relation to the winter and summer water table, the location of “mini ground-water mounds”, the location of freshwater discharge, the ﬂuctuating estuarine salinity, and the estuarine water intrusion in winter and in summer.

166

M. Brocx, V. Semeniuk / International Journal of Geoheritage and Parks 7 (2019) 153–181

sequences occurring on steep shores that border Precambrian rock terrain, stratigraphic sequences occurring on moderately sloping shores that border areas of quartz sand, those bordering the barrier dunes, those where estuarine mud has been delivered to
the shore to interact and mix with the primary stratigraphy of the shore, as well as limestone shores, rocky shores cut into Precambrian rock, and those cut into Tertiary sequences. Where there are speciﬁc hydrological processes operating because of the
stratigraphic sequence, peat may be accumulating. In fact, many of the stratigraphic sequences in the Walpole–Nornalup Inlet
area are peat-capped, including the deltaic sequences. Figs. 11 & 12, for instance, show complex peat-ﬂoored shoreline stratigraphy, its inter-annual hydrology, its hydrological variation in summer versus winter, and the hydrodynamic processes operating
that maintain the shore.
The complex stratigraphy of the shores of the Estuary is important for a second reason – the stratigraphy functions as a series
of small-scale aquifers, aquatards, and aquicludes to create a complex hydrological system along the shores (Semeniuk et al.,
2011). Stratigraphy underpins hydrology, and hence there is a strong relationship between stratigraphy and hydrology – this is
particularly ampliﬁed in the Walpole–Nornalup Inlet area because of the high rainfall setting which results in direct meteoric
input into the stratigraphy, and because of runoff and seepages. There is interaction along the estuarine shore of aquifers,
aquatards, and aquicludes with rainwater, discharge from uplands of freshwater, artesian upwelling of freshwater, and estuary-derived seawater or brackish water along the immediate shoreline (Figs. 11 & 12). The hydrology thus is extremely complicated. The
resulting hydrochemistry also is complex (Semeniuk et al., 2011).
As such, depending on hinterland geology, aspect, and hydrodynamic setting, the estuary has developed a wide range of shores
from cliffs, to steep shores, to low-gradient shores, underlain by rock, or boulders, gravels, sand, muddy sand and mud, and with
variable hydrologic and hydrochemical function. With contrasting stratigraphy along the estuarine shore there is concomitant
contrasting hydrochemical effect. With this complex geological setting, the estuary, in fact, has the most complex of estuarine
shores in the Western Australia. This is also reﬂected in the range of peripheral vegetation inhabiting the shore (cf. Pen,
Semeniuk, & Semeniuk, 2000; Semeniuk & Semeniuk, 1990). Given the range of geological settings along the shore of the Estuary,
it can be expected that there will be a larger range of smaller-scale shore types. In terms of estuaries along the southern coast of
Western Australia, Broke Inlet, Irwin Inlet, and Wilson Inlet have a much simpler assemblage of shore types compared to the Walpole–Nornalup Inlet Estuary (Semeniuk et al., 2011).
Moreover, with the range of geological materials from Precambrian to Tertiary to Quaternary in age, and with the range of environments from Precambrian bedrock outcrops, to shoreline deposits, to deltas, amongst many others, the stratigraphy of the
area (that will function differently hydrogeologically) is complex. The array of stratigraphic units and the hydrogeological units
are summarised in Fig. 13.

Fig. 13. Schematic cross-section showing generalised stratigraphy and stratigraphic relationships in relation to geomorphic setting in the Walpole–Nornalup Inlet
area: from north to south there are hills underlain by Precambrian rock and saprolite, overlain by sediments in wetlands, or in valley ﬁlls, or as a desert-dune
blanket; estuarine sediments, and the complex of stratigraphic materials that underlie the dune barrier.
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Shoreline wetlands
In Western Australia, the unique combination of humid climate and shoreline landforms and stratigraphy have developed wetlands along the estuary shore. This refers not to the estuarine peripheral vegetation developed in the tidal zone and ﬂood zone of
the estuarine shore, but to the slopes bordering the estuary. Here, a unique series of wetlands are developed in the Walpole–
Nornalup Inlet Estuary. The wetlands are paluslopes and slopemires (C.A. Semeniuk & V. Semeniuk, 2011a) which are underlain
by mud, muddy sand, peat, and peaty sand (Semeniuk et al., 2011). The cross-section shown in Figs. 11 & 12, for instance, illustrates a peat-ﬂoored wetland bordering the estuary shore. In terms of ecology, the geodiversity (of stratigraphy, hydrology, and
hydrochemistry) along the shorelines provides excellent sites for illustrating that geodiversity unpins biodiversity.
There is an interesting lake within the Circus Beach Barrier in the Walpole-Nornalup Inlet Estuary system. In the global literature, it is considered to be a slack or a dune lake (Grootjans, Ernst, & Stuyfzand, 1998; C.A. Semeniuk & V. Semeniuk, 2011b), i.e.,
a wetland formed by the wind excavation of a parabolic dune bowl. Most of the parabolic dunes in the barriers fronting the estuaries of the southern Western Australian coast are high-relief forms with little opportunity for parabolic bowls to be excavated
to the water table (e.g., the Bellanger Barrier). In this context, regionally, the Lake is a unique and unusual wetland and, further,
provides a signiﬁcant opportunity for stratigraphy and palynological studies.

Intra-estuarine deltas
The deltas within the Walpole–Nornalup Inlet Estuary have been termed by Semeniuk et al. (2011) intra-estuarine deltas. The
Walpole–Nornalup Inlet Estuary provides the best example of occurrence, variation, size of development and stratigraphy of intraestuarine deltas in Western Australia. Semeniuk et al. (2011) show that for the four estuaries along the southern coast of Western
Australia, it is the Walpole–Nornalup Inlet Estuary that has the largest numbers of rivers and creeks that enter an estuarine water
body (Fig. 9). Fig. 14 shows the features of the three deltas in the estuarine complex, with information on the ﬂuvial, meteorological, and hydrodynamic setting and their inﬂuence on their deltaic form. Figs. 15 & 16 illustrate the features of one of the largest deltas in the area, viz., the Deep River Delta.

Fig. 14. Summary of the hydrodynamic settings of the deltas, their development, and their internal features. The relationship of the deltas to fetch, and the extent
of sediment delivery (dependent on river size) determines the forms of the deltas.
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Fig. 15. Aerial view of the Deep River Delta showing distributary channels, emergent deltaic shoals, a mouth spit partially barring a lagoon, and stranded older barand-lagoon complexes.

The Walpole–Nornalup Inlet Estuary also provides examples of internal variation of intra-estuarine deltas in terms of their
asymmetry, heterogeneity, and polygeneity (Semeniuk et al., 2011). The rivers and creeks within Walpole–Nornalup Inlet enter
the estuary in different parts of the basin (Fig. 14), with different amounts of sediment delivered, and different degrees of protection from wave energy. The deltas have responded to the hydrodynamic setting by constructing different types of deltas and different landforms within the delta. Wind direction, fetch, exposure to waves, and the style of sedimentary accumulation have
resulted in varying degrees of asymmetry, heterogeneity, and polygeneity in the deltas in Walpole–Nornalup Inlet. Globally, deltas
would be classiﬁed as ﬂuvial-dominated, wave-dominated, or tide-dominated, according to shape developed in their setting, as
the hydrodynamic environment determines the form of the delta itself (Coleman, 1976; Galloway, 1975; Reineck & Singh,
1980). This global classiﬁcation of deltas and the gradations between the three end-members is quite workable in open coastal
situations, as the receiving basin for the deltaic sediments is the ocean and, for a given sector of coast where the delta might
be located, there is a spatially and temporally prevailing oceanic hydrodynamic setting. As a result, deltas in open coastal settings
tend to be one of the three types, or gradations between the three end-members. Deltas developed within closed estuarine basins
present complications to the delta classiﬁcation because, unlike open oceanic environments, closed estuaries do not have a consistent hydrodynamic environment across the length and breadth of the basin, particularly if they are irregularly shaped such as
the Walpole–Nornalup Inlet Estuary.
In the Walpole-Nornalup Inlet Estuary, different intra-estuarine deltas are located in different energy regimes, and exhibit geomorphic and stratigraphic asymmetry, geomorphic and stratigraphic heterogeneity, and polygeneity, i.e., different parts of the
delta have different origins (Semeniuk et al., 2011). The Walpole River Delta is asymmetrical in that it has a greater extent of accretion on its northern deltaic plain. The Deep River Delta is markedly asymmetrical in sedimentation style and in development of
deltaic landforms, with bar-and-lagoon sedimentation to the south, shoal development, point bar development, and switching of
channels in central zones, and beach-ridge progradation to the north. The Frankland River Delta also is markedly asymmetrical in
sedimentation style and in development of deltaic landforms, with beach-ridge progradation on its wave-exposed northern side,
shoaling, channel switching, and digitate delta development in its central zone, and delta plain and platform development on its
southern side. For these deltas, in terms of ecology, their geodiversity (of stratigraphy, hydrology, and hydrochemistry) also provides excellent sites for illustrating that geodiversity unpins biodiversity.
Tidal delta
The Walpole–Nornalup Inlet Estuary has a well-developed and pristine tidal delta (Fig. 8). While it is a paired system with a
large fan-shaped ﬂood-tidal delta, and a smaller lobate ebb-tidal delta, overall, deposition is dominated by ﬂooding tides. To provide access for ﬁshing boats and to manage ﬂooding, many tidal deltas in Western Australia have been modiﬁed to some extent or
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Fig. 16. Aerial view of the Deep River Delta and map of its geomorphology.
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are maintained in an open-channel state by dredging (e.g., that in the Peel-Harvey Estuary is maintained by dredging; that in Wilson Inlet was dredged in the past; Hodgkin & Clark, 1988a, 1988b; Semeniuk & Semeniuk, 1990).
Sea level history
The Holocene stratigraphy in the Walpole–Nornalup Inlet Estuary shows that mean sea level was 1 m higher than present
some 2900–1200 years BP (Semeniuk et al., 2011). There is a dearth of sea-level history data in this region, and the sea-level history of the Walpole–Nornalup Inlet Estuary may be distinct for this region and not represented in the other estuaries (that may
have their own relative sea-level history).
Stratigraphic type sections
There are ten stratigraphic formations deﬁned in the Walpole–Nornalup Inlet area and their type sections provide a yardstick
for what constitutes a formally deﬁned formation (Semeniuk et al., 2011). They are invaluable sites for future researchers to visit,
research, teach, and compare lithologically with other sections and proﬁles.
Estuarine hydrodynamics and hydrochemistry
Though relatively small (compared to Broke Inlet, Wilson Inlet and Peel-Harvey Estuary; see Fig. 9), the Walpole–Nornalup
Inlet Estuary is one of the most complexly-shaped estuaries in Western Australia. Its closest companion is Hardy Inlet that has
similar size and complexity of basin shape, but the Walpole–Nornalup Inlet Estuary differs from the former in that it is a twinbasin estuary, there are two major rivers and one medium river entering the estuary, and the connection between the two basins
is a narrow exchange channel. In comparison, Hardy Inlet is the receiving basin for the Blackwood and Scott Rivers, and there is
conﬂuence of the two in the north-eastern re-entrant of Hardy Inlet. Essentially, Walpole–Nornalup Inlet is a complex-shaped estuary with three river inlets, one ocean exchange channel, and a narrow intra-estuarine exchange channel that communicates estuarine water between the two basins. The various inﬂuxes and efﬂuxes of fresh water, seawater, and brackish water, variably
stained with tannin, or nutrient-enriched, or derived from clean seawater, operate at different times of the year, week, and
day, and at various ﬂow rates, mixing within basins that are, overall, shallow (Walpole Inlet), or relatively deep with shallow
water margins (Nornalup Inlet), and interact with various wind conditions. Hydrodynamic processes within the basins, between
the basins, and along the exchange channels in such an estuary are complex. Some of this complexity is exempliﬁed by the
hydrochemical studies of the estuary that show fresh water and seawater gyres, and riverine plumes.

Fig. 17. Contoured salinity map for Walpole–Nornalup Inlet for surface and basal waters mid-winter 1997, based on 22 sampling sites, but with contour intervals in
1 ppt, showing horizontal salinity structure, with annotated major or key processes.
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Fig. 18. Summary of circulation and mixing patterns, based on salinity, for Walpole- Nornalup Inlet, for winter and for summer, with annotated major or key
processes.

The Walpole–Nornalup Inlet Estuary provides a unique “classroom” and research area for studies in complexity of estuarine hydrodynamics because of the variety of water sources of different ﬂow magnitudes, the variety of depth in the basins,
and the complex estuarine twin-basin shape. Overall, the major dynamics of the estuary are driven by seasonal riverine
ﬂuxes compounded by daily tidal ﬂuxes: in winter the rivers deliver voluminous amounts of fresh water, overwhelming
the effect of daily tidal inﬂux of seawater through the tidal channel; in summer the tidal exchange channel delivers seawater
on a daily basis and, with the cessation of river ﬂow, overwhelms the effects of the fresh-water inﬂux. In terms of salinity
stratiﬁcation and the patterns of salinity changes down-proﬁle and across the main body of the estuary, over the year the
Walpole-Nornalup Inlet System conforms to other estuaries in Western Australia (see Semeniuk, Semeniuk, & Unno,
2000). During winter there is fresh water injected as a plume into or dispersed as a layer in the upper surface of the estuary,
and wedge-like or plumelike intrusions of seawater or layers of seawater at depth (Figs. 17, 18 & 19). The estuary is clearly
stratiﬁed in winter reﬂecting the interplay of inﬂuxes of fresh water from the rivers and the daily inﬂux of seawater from
the tidal exchange channel. With cessation and/or reduction of river ﬂow, and ﬂushing out of the fresh water and inﬂux
of seawater in summer, the water becomes more saline and is weakly stratiﬁed, with seawater at depth and slightly diluted
seawater at the surface (Fig. 19). Over time, the rivers show similar proﬁles to the main body of the estuary, but with more
intensely developed freshwater plumes and wedges, with interacting fresh water and seawater over the year: in winter
there is a wedge of buoyant fresh water ﬂowing over an upstream-invading wedge of brackish water, and in summer
there is a contracted wedge of buoyant fresh water ﬂowing over upstream-invading wedge of seawater. During the times
of major fresh-water inﬂux in winter, the rivers and seepages from the shores deliver tannin to the estuary, and the estuarine waters are generally tannin stained. The tannin-stained waters are exported out to sea through the tidal exchange
channel.
Sites of geoheritage signiﬁcance
Sites of geoheritage signiﬁcance can be identiﬁed using the Geoheritage Tool-kit of Brocx and Semeniuk (2015). The
Geoheritage Tool-kit is deﬁned as follows: a procedure, or series of ﬁve steps, that enables a geoheritage practitioner to identify
areas, geosites and/or features of igneous, metamorphic, sedimentary, stratigraphic, structural, geochemical, mineralogic,
palaeontologic, geomorphic, pedologic, hydrologic, and other aspects of geoheritage signiﬁcance within a given natural region
or terrane, allocate them to a conceptual category of geoheritage and to a scale of reference, and assess their level of signiﬁcance.
The next, and sixth step in the geoheritage/geoconservation procedure, is to determine what type and what level of
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Fig. 19. Annotated salinity proﬁles along the Walpole River into Walpole Inlet, through the exchange channel, and into northern Nornalup Inlet, based on 11 sampling sites for the top and bottom of the water column, with sampling in winter 1996, spring 1996, summer 1997, and winter 1997. The proﬁles show the salinity
structure of the river-to-estuary transition over the year.
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geoconservation or management the area, geosite, or geological feature requires. As not all aspects of the geology of the Earth
would be present in one region, and not all aspects of the geology of a region may be of geoheritage signiﬁcance, so the steps
in the Geoheritage Tool-kit, after identifying geological regions, seek to compile an inventory of the geological essentials comprising or characterising that region, and assess their signiﬁcance.
Using the Geoheritage Tool-kit of Brocx and Semeniuk (2015), numerous sites of geoheritage signiﬁcance in this estuarine area
have been recognised. These include (Semeniuk et al., 2011) peat capping the deltaic sequences in all three deltas; peat along the
estuarine shores, particularly along the eastern shore of Walpole Inlet; peat formed in response to subartesian upwelling as manifest along the north shore of the Coalmine Beach Peninsula; the occurrence of in situ polychaete and mollusc assemblages
stranded 1 m above their current depositional environment; saprolitic gneiss in the cliffs near The Depot, weathered and softened
in situ by salt water during a high sea-level stand (the proﬁle shows relict gneissic layering and bioturbation of sand into the softened saprolite); palaeosols within the Conspicuous Cliff Sand (Semeniuk et al., 2011); and palaeosols within the Nornalup Sand.
In total, there are 23 geological features that characterise the “geoheritage features of signiﬁcance” in and adjoining the Walpole–Nornalup Inlet Estuary; these are:
1. Precambrian rock sequences and landforms
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

gneissic control of estuarine form (morphology of the estuary)
twin-basin ria estuary
the Coalmine Beach Peninsula
the Coalmine Beach stratigraphy
Tertiary sediment sequences
Frankland River to barrier landform relationships
Quaternary stratigraphic sequences
Quaternary landforms
open coastal dune zone landforms
estuary shore landforms
complex and unique stratigraphy of the estuary shores
complex stratigraphy of the barrier dunes
stratigraphy and hydrology of the estuary shores
intra-estuarine deltas
asymmetric, heterogeneous, and polygenetic nature of the intra-estuarine deltas
the tidal delta
wetlands along the estuary margin
lake within the Circus Beach Barrier
mean sea level history
stratigraphic type sections
isolated features of special interest

These features are described in terms of scale, geoheritage category, level of signiﬁcance, and rationale for determining level of
signiﬁcance in Table 1 using the system of classiﬁcation of Brocx and Semeniuk (2007) to categorise sites of geoheritage signiﬁcance (Fig. 20) and the evaluation system of Brocx and Semeniuk (2007, 2015) (Fig. 21). A summary of the geoheritage features
of the Walpole-Nornalup Inlet Estuary, showing the categories of geoheritage sites in the area, a representative range of geological
features at decreasing scale, and the assessment of signiﬁcance of each of the geological essentials of the area are presented in
Table 1. Application of the classiﬁcation and the evaluation leads to assessing the features of geoheritage signiﬁcance as illustrated
in Fig. 22.

Geosites of geoheritage signiﬁcance and thematic geotours (geotrails)
The Walpole-Nornalup Inlets system is unique in Australia with its geological/landscape setting and provides opportunity to
explore bedrock Precambrian geology, the inﬂuence of Precambrian geology on estuarine form, Cainozoic stratigraphy and climate
history, and complex Holocene estuarine processes and history in an outdoor “classroom” setting. The broad areas of interest that
are of geoheritage signiﬁcance and available for exploration and explanation as geosites and tours (geotrails) include: (1) the Precambrian geology, (2) the stratigraphy of the Cainozoic Werillup Formation, (3). Cainozoic weathering, sedimentation, and climate
history, (4) Cainozoic to Quaternary formation of a rock tombolo, (5) the complex estuarine shorelines and history, and (6) complex estuarine processes and history.
Examples of geosites are shown in Fig. 23.
However, we suggest that the numerous features of geological interest noted above can be grouped into thematic tours. Many
of the features are readily accessible by roads or tracks, but others require access by boat (available in the area for rent or charter).
The tours can be grouped in 13 themes focused on geotours as follows:
Thematic tour 1: Precambrian rock sequences and landforms – this focuses on the bedrock geology of the Albany-Fraser Fold
belt (metamorphic and igneous rocks and their relationships, structural attributes, and history);
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Table 1
Features of geoheritage signiﬁcance in Walpole-Nornalup Inlet estuary, and the rationale for the assessment (Semeniuk et al., 2011).
Geological feature

Type of site, and its scale (category of site,
Fig. 1)

Signiﬁcance

Rationale for assigning the level of signiﬁcance

Precambrian rock sequences
and landforms

Geohistorical, and modern landscapes and
setting (active processes); large scale
feature
Modern landscapes and setting (active
processes); large scale feature

Regional

Variety of metamorphic and igneous rock types distinct to
this part of the Albany-Fraser Fold Belt of southern Western
Australia (Semeniuk et al., 2011; Wilde & Walker, 1984)
The geological strike of the mega lithologic units control the
shape of the estuary, the only such example in coastal
Western Australia
Coalmine Beach Peninsula shows excellent exposures of
Tertiary stratigraphy, which are unusual in southern
Western Australia (see Geological Survey of WA, 1990;
Semeniuk et al., 2011; Wilde & Walker, 1984); the exposure
is well preserved because the rocks are protected from
Southern Ocean swell by the estuarine setting
The stratigraphy along the Coalmine Beach Peninsula is well
exposed, and provides good examples of the Tertiary
sequences, unlike in other coastal locations that are more
exposed to Southern Ocean swell; the Tertiary sediments
and stratigraphy illustrate very humid conditions when
Australia was further south latitudinally and the very wet
climate resulted in deep weathering and surface lags of
erosionally-resistant quartz
The Bellanger Barrier has in a major way deﬂected the major
river of the Frankland, producing river to barrier landform
relationships that is unique in Western Australia
The barrier, estuary and hinterland has produced a complex
array of stratigraphic sequences that are well developed and
unique to estuary/barrier situations in Western Australia
The barrier, estuary and hinterland in this Southern Ocean
setting have produced a complex array of Quaternary
landforms that are well developed and unique to
estuary/barrier situations in Western Australia
The barrier, barring the estuary, and facing the Southern
Ocean setting has produced open coastal dune landforms
that are well developed and unique to estuary/barrier
situations in Western Australia
The estuary, because of its shape and its relationship to the
barrier has produced estuary shore landforms that are well
developed and unique to estuaries in Western Australia
Because of its geological setting and Quaternary history, the
area contains a distinctive stratigraphy along the estuarine
shores unique to estuaries in Western Australia
Because of its coastal and oceanographic setting, the barrier
is complex in its history, and contains a number of
distinctive stratigraphic type sections unique to estuaries in
Western Australia
The stratigraphy and hydrology of the estuarine shore are
closely inter-related, and the varied and complex
stratigraphy of the estuarine shores has resulted in a varied
and complex coastal hydrology unique to estuarine Western
Australia
Three rivers drain into the estuary creating intra-estuarine
deltas that are distinct to Western Australia; the deltas are in
different hydrodynamic settings; the deltas are variably
exposed to wave actions, or tides or are dominated by ﬂuvial
processes and this has resulted in variable delta forms that
are dependent on the estuarine setting of a given delta
Each of the three deltas in their different hydrodynamic
settings have produced distinctively different forms in terms
of their asymmetry, heterogeneity, and polygenetic nature;
the deltas reﬂect their asymmetric formation depending on
whether their components are wave-dominated,
tide-dominated, or ﬂuvially dominated
The entrance inlet of the estuary has produced a large and
distinctive ﬂood-tidal delta unique in form and size in
Western Australia
In this most humid part of Western Australia, this estuarine
system is bordered by wetlands (mainly paluslopes) that are
variable in form and dynamics dependent on estuarine
setting; in the humid climate, the wetlands are underlain by

Gneissic control of estuarine
form (morphology of the
estuary)
Coalmine Beach stratigraphy

State-wide

Geohistorical site; medium scale feature

Regional

Tertiary sediment sequences

Geohistorical site; small scale feature

Regional to
State-wide

Frankland River to barrier
landform relationships

Modern landscapes and setting (active
processes); large scale feature

State-wide

Quaternary stratigraphic
sequences

Geohistorical site; medium scale to small
scale feature

Regional to
State-wide

Quaternary landforms

Modern landscapes and setting (active
processes); medium scale feature

Regional

Open coastal dune zone
landforms

Modern landscapes and setting (active
processes); large scale feature

State-wide

Estuary shore landforms

Modern landscapes and setting (active
processes); large scale feature

State-wide

Complex and unique
stratigraphy of the estuary
shores
Complex stratigraphy of the
barrier dunes

Geohistorical sites; reference sites; medium State-wide
scale to small scale feature
Geohistorical sites; reference sites; large
scale feature

Regional

Stratigraphy and hydrology of
the estuary shores

Geohistorical sites and modern landscapes
and setting (active processes); reference
sites; large to small scale feature

State-wide

Intra-estuarine deltas

Geohistorical sites and modern landscapes
and setting (active processes); reference
sites; large scale feature

National

Asymmetric, heterogeneous,
and polygenetic nature of the
intra-estuarine deltas

Geohistorical sites and modern landscapes
and setting (active processes); reference
sites; large scale feature

International

The tidal delta

Modern landscapes and setting (active
processes); reference sites; medium scale
feature
Modern landscapes and setting (active
processes); reference sites; Medium scale
feature

State-wide

Wetlands along the estuary
margin

National
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Table 1 (continued)
Geological feature

Lake within the Circus Beach
Barrier

Type of site, and its scale (category of site,
Fig. 1)

Signiﬁcance

State-wide

Mean sea level history

Modern landscapes and setting (active
processes); reference sites; medium scale
feature
Geohistorical site; small scale feature

Stratigraphic type sections
Features of special interest

Geohistorical site; small scale feature
Geohistorical site; small scale feature

State-wide
Regional, to
State-wide
signiﬁcance

State-wide

Rationale for assigning the level of signiﬁcance
peat; the ensemble of wetlands bordering this estuary and
their peat deposits are unique to this part of Western
Australia
The dune lake in the Circus Beach Barrier, formed by wind
deﬂation and water table rise, is a unique landform to
coastal Western Australia
There is a unique local Holocene sea level history recorded
in the shallow marine deposits in this area that is different to
the rest of coastal Western Australia
The area contains a number of stratigraphic type sections
There are a number of signiﬁcant geological features of
special interest in this estuarine area; these are: peat
capping the deltaic sequences in all three deltas; peat
formed in response to subartesian upwelling; the
occurrence of in situ polychaete and mollusc assemblages
stranded 1 m above their current environment; saprolitic
gneiss in the cliffs; and local palaeosols (see Semeniuk et al.,
2011 for more details)

Thematic tour 2: gneissic control of estuarine form (morphology of the estuary), and twin-basin ria estuary - this focuses on
how the structure and lithologies of the bedrock geology control the megascale to small-scale morphology of the estuary;
Thematic tour 3: the Coalmine Beach Peninsula, the Coalmine Beach stratigraphy, and Tertiary sediment sequences – this explores both the regionally distinct and well exposed Tertiary stratigraphy of the Coalmine Beach area, and the development of
the rock tombolo;

Fig. 20. Classiﬁcation of sites of geoheritage signiﬁcance in categories.
(From Brocx & Semeniuk, 2007.)
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Fig. 21. Assessment of geoheritage signiﬁcance (based on the approach described by Brocx & Semeniuk, 2007, 2015 but modiﬁed to focus on estuaries and deltas).
Examples used to illustrate nationally signiﬁcant geoheritage features are ria coasts of Tasmania, New South Wales, and Northern Territory (from Australia) and
shown in their global context. The examples used to illustrate Statewide/Regional signiﬁcance are barred estuaries (N5 km in size), drawn from Australia and
shown in a comparative global and national context. The examples used to illustrate local signiﬁcance are ﬂood-tidal deltas from barred estuaries of south-eastern
Australia shown in a context of barred estuaries in Australia.
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Fig. 22. Application of the geoheritage tool kit to the Walpole-Nornalup Inlet area (modiﬁed from Semeniuk et al., 2011). Most of the estuarine geoheritage features rank as regional to State-wide signiﬁcance, while some are national signiﬁcance, and one feature of international signiﬁcance (from Semeniuk et al., 2011).
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Fig. 23. Geosites of geoheritage signiﬁcance in the Walpole-Nornalup Inlets area.
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Thematic tour 4: Frankland River to barrier landform relationships – this explores the regional scale history and development
of the Frankland River and its diversion by the Bellanger Barrier;
Thematic tour 5: Quaternary stratigraphic sequences – this focuses on the variable Quaternary stratigraphic sequences and
what they mean geohistorically and palaeo-environmentally;
Thematic tour 6: Quaternary landforms, and open coastal dune zone landforms – this focuses on the inland and coastal landforms and the geomorphic structure of the barrier dune;
Thematic tour 7: estuary shore landforms, and complex, unique stratigraphy of the estuary shores, and stratigraphy and hydrology of the estuary shores – this focuses on the variety of landforms developed along the estuarine shore in response to the variable estuarine-coastal setting, the stratigraphy developed along the shore, and how it hydrogeologically controls hydrological
patterns, and examining of the hydrology of the shores via piezometers;
Thematic tour 8: complex stratigraphy of the barrier dunes – this investigates the stratigraphy of the due barrier exploring the
pre-Holocene stratigraphy and the variety of Holocene stratigraphic units underlying the barrier;
Thematic tour 9: intra-estuarine deltas, and asymmetric, heterogeneous, and polygenetic nature of the intra-estuarine deltas –
this focuses on the variety of intra-estuarine deltas, with emphasis on their variable morphology and stratigraphy as determined
by their sources of sediments, and hydrodynamic setting;
Thematic tour 10: the tidal delta - this focuses on the large-scale coastal landforms and sedimentary structures developed in
the tidal delta in response to ebb-and-ﬂow of the tide, and the annual river efﬂux;
Thematic tour 11: wetlands along the estuary margin, lake within the Circus Beach Barrier – this focuses on the wetlands along
the estuarine shore with emphasis on their hydrogeology, soils that are developed and the biological response;
Thematic tour 12: hydrodynamics of the estuarine waters, tracing efﬂux and inﬂux of marine and river waters from the river
mouth to interior estuarine basins to the exit tidal channel; this would involve supervised boat work;
Thematic tour 13: stratigraphic type sections – this will illustrate the rich geological history of the Walpole-Nornalup Inlets
area.
In addition, tours may also be undertaken to explore the general variety of geological features of the Walpole-Nornalup Inlets.
An example of a (non-thematic) geotour that can be undertaken by boat is shown in Fig. 23.
The isolated features of special interest mentioned above can function as isolated geosites – they include, amongst others: (1)
peat capping the deltaic sequences in all three deltas; (2) peat along the estuarine shores, particularly along the eastern shore of
Walpole Inlet; (3) peat formed in response to subartesian upwelling on the north shore of the Coalmine Beach Peninsula (see
Semeniuk et al., 2011); and (4) the occurrence of in situ polychaete and mollusc assemblages stranded 1 m above their current
depositional environment. (See Fig. 24)
Of course, many individual aspects or sites within the thematic tours can also function as isolated geosites. The point of
the grouping sites into thematic tours is that this approach provides an integrated spatial and temporal context to the
geosites that can form a coherent story of the geological history and the geological functioning of the Walpole-Nornalup Inlets area.

Discussion and conclusions
Set amid an already existing National Park, and more recently inscribed as a Marine Park, the Walpole-Nornalup Inlets Marine
Park and its surrounds already is preserved for its natural features but, to date, it has not been developed to exploit these features
for Education, Science, and Tourism. This paper endeavoured to show the extent to which the area can be utilised in this manner.
As an ensemble of geological and other natural history features, Walpole-Nornalup Inlets system provides a case study of a
systematic approach, using the Geoheritage Tool-kit, of identifying and evaluating different natural values and then utilising
them in an integrated manner for Science, Education, and Geotourism. The description of the natural history features forms the
foundation for information-based tourism to explore through geological time (from Precambrian to Tertiary to Quaternary), the
natural history of this geologically, and biologically rich location. It also forms the basis for baseline monitoring (for environmental
management). The matter of ecotours is outside the scope of this paper.
An important aspect of the delivering information on the environment is the use of signage and accompanying brochures (obtained from the local tourist bureau). This would present information to tourists where there is no tour guide. Signage needs to be
well-designed and carefully placed to be effective.
This paper thus provides a template for how to manage and present a geopark, or at the least the geosites therein for Science,
Education, and Geotours. Once established, these tours can be expanded to involve school students and university students. The
approach involves basic description of the natural history features (ideally integrating them into themes) and then presenting
them so that the story of the Earth can be appreciated. Consequently, the area, properly managed, can form a signiﬁcant classroom for natural history science that explores and explains its signiﬁcant features.
Application of the geoheritage evaluation methods of Brocx and Semeniuk (2007, 2015) shows most of the geological
features described in the Walpole-Nornalup Inlets to be of State-wide signiﬁcance, and some to be nationally to globally signiﬁcant. However, many of the geological features are signiﬁcant in that they do not occur elsewhere as an integrated natural history ensemble with the same range of diversity. This aspect of the environment should be emphasised and
celebrated.
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Fig. 24. Geosites of geoheritage signiﬁcance in the Walpole-Nornalup Inlets area that can form part of a boat-accessed geotour, or a land-accessed geotrail.
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As mentioned in the Introduction, the Walpole-Nornalup inlets system is the most complex of estuaries in Western Australia,
and one of the best studied estuaries in Australia, and provides a plethora of research endeavours for natural history features and
for geotours and ecotours.
In terms of research into natural history, this estuarine system offers several avenues for further work, namely, (1) reﬁning the
details of the Quaternary climate history as recorded in the estuarine and shore stratigraphy in this the most stratigraphically
complex and most southern part of Western Australia, (2) as the stratigraphy has been ﬁrmly established, it forms the template
for investigating the micro-palaeontological record (e.g., foraminifera, and diatoms), (3) reﬁning the benthic fauna dynamics of
the estuarine habitats (similar to that developed in Semeniuk et al., 2000), (4) investigate the dynamics of estuarine
hydrochemistry against a background of intra-decadal climate variation in rainfall and evaporation, (5) investigate the microbiota
(plankton) responses to variable intra-annual and inter-decadal hydrochemistry changes in the estuary, (6) investigate pollen biostratigraphy along the shores, and (7) investigate the short-term history of the hydrochemistry and biochemistry and their interchanges of tannin-rich waters and muddy waters discharging from the rivers into an estuary and marine environment in this
climate setting.
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