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ABSTRACT N
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Research, 15(3), 607-615. Royal Palm Beach (Florida), ISSN 0749-0208.

Modern tidal sediments (subtidal, intertidal and supratidal) at Port Pirie, South Australia, were surveyed to tidal
datum (TD)and Australian Height Datum (AHD) and used to interpret the nature and elevation of preserved intertidal
sediment facies in the subsurface. Vibrocores and excavations along three shore-normal transects provided a wealth
of palaeo sea-level indicators that included in situ seagrass, mangrove and samphire (saltmarsh) vegetation remains
and articulated bivalves characteristic of these facies and now elevated by more than 2.0 m above their contemporary
positions.

Radiocarbon dates at or close to the boundaries between key sediment facies provide a rigorous chronological frame-
work for mid to late Holocene sea-level change. These reveal that, at Port Pirie, there has been a consistent relative
fall in sea-level from a mid-Holocene highstand of 2.2 m at 6,700 years BP. This long-term rate of sea-level fall of
0.33 mm yr ' is attributed to isostatic upwarp of the coast that accompanied and postdated the Holocene transgression.
The isostatic component of land level change is geographically variable, increasing systematically up the local gulf
waters with distance from the continental margin.

Isostatic and other neotectonic effects produce millennial-scale land level changes that significantly affect the sec-
ular trend of sea-level observed in decadal-scale tide gauge records. At Port Pirie, the historical sea-level trend derived
from 64 years of tidal records is —0.02 mm yr '. Neotectonics essentially masks a decadal secular sea-level rise of
0.31 mm yr .

Neotectonic effects are geographically highly variable. Consequently, their quantification at tide gauge sites is an
essential element in the detection of any secular or “greenhouse” sea-level signature from tide gauge data. Several
case studies are now documented in southern Australia of both positive and negative contributions to the gross secular
sea-level trend at tide gauge sites. Neotectonic corrections at these sites indicate that sea-level is rising but at a rate
much slower than present global estimates of greenhouse sea-level rise.

ADDITIONAL INDEX WORDS: Sea-level indicators, intertidal sedimentary sequence, hydro-isostasy, tidal record,
greenhouse.

INTRODUCTION

Present global sea-level is estimated to be rising between
1 and 2.5 mm yr ' (GorNITZ, 1995; IPCC, 1996) based on
long-term tide-gauge data from geographically dispersed
coastal localities. However, many of these sites are influenced
by vertical land movements and the reported range of rela-
tive sea-level change around the world varies by as much as
* 10 mm yr !, depending on whether regions are undergoing
subsidence or uplift (GOrRNITZ and SEEBER, 1990; PELTIER
and TusHINGHAM, 1991). Geodynamic models have been
used to filter regional vertical movements from tidal records.
However, their precision depends on whether detailed local
Holocene geological studies have been carried out. Geological
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processes affecting vertical movements at tide-gauge locali-
ties must be taken into account to obtain reliable estimates
of sea-level change from tidal records. It has been suggested
that tide-gauge data are often dominated by neotectonic and
anthropogenic effects resulting in an over-estimation of glob-
al sea-level rise by two to three times when these influences
are ignored (P1razzoL, 1989).

While there have been numerous geological studies of Ho-
locene sea-level change around Australia (eg. HOPLEY, 1983,;
PirazzoLl, 1991; BRYANT et al., 1992; COLLINS et al., 1993;
BEAMAN et al., 1994; WOODROFFE et al., 1995; WYRWOLL et
al., 1995; SEMENIUK, 1996), only a few, such as BELPERIO
(1993) and those reported by GOrRNITZ (1995), have been car-
ried out adjacent to long-term, reliable tide-gauge stations.
Conversely, few of the numerous reports of secular sea level
rise from historic tide gauge data have adequately addressed
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the problem of separating local land level changes at the tide
gauge sites. BELPERIO (1993) demonstrated the dramatic ef-
fect that anthropogenic and isostatic land level changes have
had on the tide-gauge signals at Port Adelaide and Outer
Harbor, data that has been used indiscriminately in the
greenhouse sea-level rise debate.

The present study of the coastal zone at Port Pirie, South
Australia, was undertaken to compare and contrast the sea-
level change data from a tide gauge that has been operating
for over 60 years, with that derived from the Holocene geo-
logical record. Temperate mesotidal coastal environments
such as at Port Pirie, preserve an extensive stratigraphic re-
cord containing organic sea-level indicators from former sea-
grass, sandflat, mangrove, samphire (salt marsh) and supra-
tidal environments that can be used to determine sea-level
change over time (DE BOER et al., 1988; BARNETT et al., 1997).

Several earlier studies of Holocene sea-level change in
Spencer Gulf and Gulf St Vincent, South Australia, have doc-
umented a sea-level fall of several metres following a mid
Holocene highstand (BURNE, 1982; BELPERIO et al., 1984,
1988; GOSTIN et al., 1984; CANN and GOSTIN, 1985). Esti-
mates of the highstand have varied according to geographic
location up the Gulfs, as well as with the resolution afforded
by the palaeo sea-level indicators used. BURNE (1982) used
dates from beach ridges and the boundary between the top
of the subtidal seagrass facies and the base of the intertidal
sandflat facies to derive a relative highstand of some 3m at
approximately 6000 yrs BP. BELPERIO et al. (1984) used the
boundary between subtidal and intertidal facies to recon-
struct Holocene sea-level history from coastal cores at Red-
cliff in the northern Spencer Gulf. A Holocene highstand of
4.5 m at 6600 yrs BP preceded sea-level fall to present levels.
The method used by BELPERIO et al. (1984) to establish sea-
level change involved interpolating a contact between dated
seagrass facies and sandflat facies to derive the palaeo sea-
level curve. This technique relies on data from either side of
the curve rather than precisely defining the curve. Subse-
quently, BELPERIO (1993) refined the method, using sea-level
indicators at the sharp contact between intertidal sandflat
and mangrove facies, as a more rigorous way of representing
the palaeo sea-level curve.

Modelling of deglaciation and sea-level change around Aus-
tralia (LAMBECK and NAKADA, 1990) has revealed that re-
gional hydro-isostatic adjustment of the continental margin
in the far-field of a deglaciating Earth explains much of the
variability in the height and timing of the mid-Holocene high-
stand. Field studies at many sites around Australia essen-
tially confirm this regional isostatic adjustment model. Ex-
ceptions include areas of local tectonic activity such as the
southwestern Australian coast (SEMENIUK and SEARLE,
1986; SEMENIUK and SEMENIUK, 1991), as well as areas of
anthropogenic subsidence such as Port Adelaide (BELPERIO,
1993). Around the Australian coast, the magnitude of iso-
static rebound, or land uplift, depends primarily on the dis-
tance from the continental margin. Whilst a Holocene high-
stand of 4.5 m has been documented for Redcliff, one of the
furthest sites from the continental shelf in northern Spencer
Gulf, highstands of lesser magnitude have been documented
progressively to the south (BELPERIO, 1995). Port Pirie, lo-

cated mid-way up northern Spencer Gulf, (Figure 1), provides
an ideal site to investigate further the geographical variabil-
ity of the Holocene highstand, as well as to provide quanti-
tative and site-specific isostatic/neotectonic correction data
for the local tide-gauge record.

In this paper, we document the coastal sedimentary facies
developed in the vicinity of the Port Pirie tide gauge site,
identify appropriate palaeo sea-level indicators, quantify mid
to late Holocene relative sea-level change, and compare, con-
trast and correct the secular sea level trend obtained from
the local tide gauge record. The removal of the isostatically-
driven sea level signal from the tidal record provides a more
definitive estimate of secular sea-level change for the region.

METHODS

Subsurface geological samples and associated elevation
data were collected across the 6-8 km wide Port Pirie peri-
tidal zone along three transects and at 35 sampling sites (Fig-
ures 1, 2). A backhoe was used to excavate sites in the inter-
tidal to supratidal samphire (salt marsh) regions. In subtidal
to intertidal areas 22 vibrocores, 75 mm in diameter and up
to 4 m in length, were collected. Additional cores within the
mangrove woodland were taken using a peat auger. All cores
were corrected for sample compaction by recording penetra-
tion versus recovery in the field. Compaction varied from neg-
ligible for clay-rich cores, up to 40% for organic-rich man-
grove-dominated cores. The sediments intersected using the
back hoe required no corrections for sample compaction.

The elevation of all core and sample sites, as well as the
modern sedimentary zone boundaries, were surveyed to both
Australian Height Datum (AHD) and to local Tidal Datum
(TD). Tidal Datum at Port Pirie, regularly re-surveyed by the
Port Authority, is related to Australian Height Datum by a
correction of —1.933 m (South Australian Ports Authority,
17/3/1983). Elevations of core tops, from which facies bound-
aries were determined, were levelled to an accuracy of
+ 0.0l m.

Samples from cores and excavations selected for radiocar-
bon dating included in situ articulated bivalves, other mol-
luscs and mangrove and seagrass remains. Each sample was
sieved, washed and submitted for pretreatment and radio-
carbon dating at the Quaternary Dating Research Centre,
Australian National University. 8d"'C reservoir-corrected
ages are used throughout the paper unless otherwise stated.

The present sea-level trend at Port Pirie was determined
from tidal levels recorded on a continuous drum, float-oper-
ated tide gauge during the past 64 years. The mean annual
sea-level trend is based on readings taken at hourly intervals
GMT as entered into the National Tidal Facility data base,
Flinders University of South Australia. The sea-level trend
was computed by the least squares method over hourly sea-
levels from 1930 to 1994.

RESULTS
The Coastal Succession

Modern Facies Zones

The Port Pirie coastal environment (Figure 1) comprises
broad low-lying intertidal flats with a well-developed shore-
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Figure 1.

Map of Port Pirie region showing coastal zonation, location of tide gauge and transects.

normal zonation of sediment and biota that reflects the
extent of tidal inundation (see BARNETT et al., 1997 for a
more comprehensive description and discussion). Below mean
low water spring (MLWS) tide, the subtidal zone comprises
dense meadows of Posidonia australis seagrass with a prolific
epibenthic and encrusting carbonate biota. Posidonia sp. are
replaced by Zostera sp. at and above the MLWS tide level,
with an accompanying transition to coarser grained sandflats
that define a lower intertidal boundary. The sandflats host a
characteristic molluscan infauna including the bivalves
Anapella cycladae, Katelysia scalarina, K. rhytiphora and
Tellina deltoidalis, and the gastropod Battilaria
(Zeacumantus) diemenensis. Higher in the intertidal zone, the
bare sandy and shelly low intertidal sandflats change sharply
to a dense mangrove woodland (Avicennia marina var.
resinifera) with associated organic-rich sedimentary
substrate. The mangrove canopy and dense root and
pneumatophore network provide a micro-environment that is
rich in organic detritus and associated sulphate-reducing

organisms. Sediments are correspondingly fine grained,
organic rich and mud dominated. Cyanobacterial mats also
grow within the mangrove zone and extend landward into the
intertidal samphire zone. The intertidal samphire (salt
marsh) community comprises salt-tolerant vegetation
including Sarcocornia quinqueflora, Sclerostegia arbuscula,
Halosarcia halocnemoides and Suaeda australis. The
supratidal zone, above mean high water spring (MHWS) tide,
is inundated only when either high or king tides combine
with storm surges. A limited amount of samphire and
saltbush vegetation manages to survive in this zone between
bare saline or gypsiferous flats, salt lakes and lunettes.
Landward of the most saline supratidal flats are isolated,
preserved foredune ridges and continental alluvial
sediments.

The striking shore-parallel vegetation, biotic and
sedimentary zonation developed across the peritidal zone
reflects elevation of the substrate and hence degree of tidal
inundation. Distinct and consistent elevational differences
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Figure 2a to c. Geologic cross sections of Transects 1 to 3 relative to TD. Numbers on cores correlate with radiocarbon dates listed in Table 1. Transects

1 and 2 are at 1:80 scale and Transect 3 is at 1:250 scale.

correspond to the boundaries between the modern
sedimentary facies. The boundary between subtidal
Posidonia seagrass and overlying intertidal sandflats occurs
at an elevation of 0.25 * 0.25 m TD (approximately mean
low water springs level). The sandflat environment passes
laterally into mangrove woodlands at an elevation of 1.32 *
0.2 m TD. On more exposed sections of coast, where
mangroves are not present, the upper sandflat rises higher,
passing into samphire habitats at an elevation of 2.2 * 0.5
m TD {see BARNETT et al. (1997) for a detailed discussion of
tidal facies zone elevations}. Higher in the coastal succession,
the transition from mangrove woodland to samphire occurs
at 26 * 04 m TD. The samphire marsh, with its own
internal zonation of vegetation at the species level, continues
to 3.0 = 0.4 m TD, at which point marine inundation becomes
irregular, the substrate hypersaline, and the landscape
dominated by bare supratidal flats. Supratidal flats continue
up to 5.0 m TD but also undergo significant deflation because
of the lack of vegetation.

Holocene Sediment Facies

Vertical facies changes equivalent to the modern lateral
transition from the subtidal through supratidal zones are
present in the cores and subsurface excavations. The subsur-
face data are presented as interpreted geologic cross-sections
in Figure 2. Supporting radiocarbon data are given in Table
1. The vertical succession includes the pre-Holocene alluvial
sediments (Pooraka Formation; BOURMAN et al., 1997), basal
Holocene shell lag, subtidal Posidonia facies, intertidal sand-
flat facies, mangrove facies and intertidal to supratidal sam-

phire facies. The thickness of each sediment facies corre-
sponds to the difference in modern elevational ranges, but
the subsurface units are at higher elevations than their mod-
ern counterparts, indicating deposition during a period of
higher relative sea-level

Transect 1 (Figure 2a) contains some of the most landward
Holocene coastal sediments that unconformably overlie allu-
vial sediments of the late Pleistocene Pooraka Formation.
Shell lag at the base of the sequence is overlain by a 2 to 3
m succession of Posidonia, sandflat and samphire facies de-
posited in response to the mid to late Holocene transgressive-
regressive sea-level cycle. Gypseous supratidal dune facies
occur above the intertidal sequences.

The landward limits of the Posidonia and sandflat facies
are well illustrated in Transect 2 (Figure 2b). The strata here
consist predominantly of intertidal to supratidal samphire fa-
cies forming a classic transgressive-regressive sequence, with
a contained wedge of Posidonia facies marking the landward
extent and maximum elevation of the Holocene sea. The max-
imum elevation of the Posidonia and sandflat facies afe 2.5m
TD and 4.0m TD compared to their contemporary maximum
elevations of 0.25m and 2.2m respectively.

Transect 3a illustrates a more conventional prograding
coastal wedge comprising gently seawards-inclined subtidal,
intertidal and supratidal layers (Figure 2c). Cores intersect-
ing the terrestrial Pooraka Formation reveal an erosional,
undulating Pleistocene/Holocene boundary. In contrast, the
contact of the Posidonia facies with the sandflat facies ap-
pears to be relatively smooth and drops about 1 m in eleva-
tion from southeast to northwest over a distance of 5 km.

Journal of Coastal Research, Vol. 15, No. 3, 1999
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Table 1. Radiocarbon dates from Port Pirie, South Australia.

Reservoir
Date Sample Conventional Corrected Sample Level Palaeo Sea
No. Core Code Sea-Level Indicator Age BP Age BP TD (m) Level (m)
Port Pirie Transect 1
1 PP47 ANU-10443 Anapella cycladae, top of sandflat 1600 = 60 1170 ='70 2.23-2.13 0.86
2 PP41 ANU-10433 Anapella and Katelysia sp., top of sandflat 2140 * 60 1710 = 70 2.80-2.78 1.47
3 PP41 ANU-10434 Anapella and Katelysia sp., shell lag 1760 = 70 1330 = 80 1.38-1.30 N/A
4  PP48 ANU-10444 Anapella cycladae, top of sandflat 2230 = 70 1800 + 80 2.56-2.44 i
5  PP48 ANU-10445 Posidonia fibres within seagrass 4220 + 90 3945 *+ 100 1.94-1.84 >1.59
6  PP49 ANU-10446 Anapella cycladae, top of sandflat 2330 = 70 1900 = 80 3.25-3.20 1.90
7 PP49 ANU-10447 shells, top of basal shell lag 37,170 = 1050 36,740 = 1050 2.95-2.75 N/A
Port Pirie Transect 2
8  PP43 ANU-10437 Tellina deltoidalis, top of sandflat 4510 = 90 4080 = 100 2.67-2.61 1.32
9  PP43 ANU-10438 Posidonia fibres, top of seagrass 6110 = 70 5835 = 75 2.39-2.29 2.09
10 PP44 ANU-10439 Anapella and Katelysia sp., top of sandflat 5850 *= 90 5420 * 100 2.95-2.85 1.58
11 PP44 ANU-10440 samphire rootlet, lower samphire facies 6710 = 230 6695 + 235 2.43-2.33 >1.06
12 PP45 ANU-10441 Anapella cycladae, top of sandflat 6580 + 120 6150 = 125 3.46-3.36 2.08
13 PP46 ANU-10442 Anapella cycladae, top of sandflat 5160 = 150 4730 = 155 3.94-3.77 2.54
Port Pirie Transect 3
14 PP16 AA-17946  Batillaria diemenesis, top of seagrass 1450 = 80 1020 = 90 0.76-0.75 0.51
15 PP16 AA-17947  Dosina victoriae within seagrass 4035 = 50 3605 * 60 —0.43 to —0.45 >0.65
16  PP16 AA-17948  small gastropods near base of seagrass 6770 = 50 6340 = 60 —1.16 to —1.14 —2.45
17 PP36 ANU-10142 shell hash in deflated chenier 1750 = 170 1320 £ 175 3.04-2.56 N/A
18 PP36 ANU-10143 mangrove remains in samphire 163 = 90 1615 = 100 2.26-2.12 >0.06
19  PP3  AA-17938  Veneridae sp., top of sandflat 2645 *+ 60 2215 = 70 2.47-2.46 1.15
20  PP3 ANU-9733  Brachiodontes rostratus, base of sandflat/top of seagrass 4270 = 80 3840 * 90 1.55-1.54 1.30
21 PP2  AA-17936 small molluscs, top of sandflat 3325 * 50 2895 + 60 2.51-2.49 1.18
22 PP2  AA-17937  Phasianella australis sandflat base/top of seagrass 3990 * 55 3560 *+ 65 1.61-1.59 >1.34
23 PP7  AA-17939  Katelysia scallarina in samphire facies 890 + 45 460 * 55 2.38-2.37 >0.17
24  PP7  AA-17940  Batillaria and Tellina sp., top of sandflat 4435 = 50 4005 + 60 2.20-2.19 0.88
25 PP8 AA-17941  Tellina deltoidalis, top of sandflat 4355 + 55 3925 *+ 65 2.73-2.72 1.41
26  PP9  AA-17942  Dosinia victoriae within seagrass 6415 = 60 5985 + 70 0.19-0.17 >-0.08
27 PP10 AA-17943 Batillaria diemenensis, base of samphire 3470 + 50 3060 + 60 2.52-2.51 1.25
28  PP10 AA-17944  Batillaria diemenensis, top of sandflat 3705 * 50 3275 *+ 60 2.44-2.42 1.11
29  PP10 ANU-9734  Posidonia fibres near top of seagrass 5920 + 60 5645 + 65 1.38-1.31 1.10
30 PP12 AA-17945  Mactra and Batillaria sp., top of sandflat 2540 = 45 2110 * 55 2.20-2.18 0.87
31 BS25 ANU-9735 mangrove organics 430 = 50 394 * 60 1.92 0.60
32  BS26 ANU-9736 Katelysia and Tellina sp., top of sandflat 1610 = 40 1180 *+ 50 1.62 0.30
33  PP29 AMS-1032 Tellina and Batillaria sp., top of sandflat 3775 + 50 3345 + 60 2.89-2.87 1.56
34  PP40 ANU-10147 Mangrove remains, top of sandflat 2650 = 70 2635 + 80 2.08-2.03 0.76
35 PP38 ANU-10144 Detrital Posidonia fibres, top of seagrass 5090 * 90 4815 *+ 100 2.51-2.46 2.24
36  PP39 ANU-10145 Anapella cycladae, top of sandflat 2760 + 100 2330 + 105 2.48-2.39 1.12
37 PP39 ANU-10146 Organic fragments, top of sandflat 2340 *+ 70 2305 *+ 80 2.48-2.39 112

Samphire facies mask much of the subsurface, with man-
grove development being spatially and temporally restricted.
Rare supratidal storm ridges (cheniers) are locally developed
and supratidal pans are now largely covered by the urban
development of Port Pirie.

Radiocarbon dating of shells and other organic remains
(Table 1) provides a consistent Holocene chronological frame-
work. Ages decrease up-core and in a seaward direction from
the inception of near-present coastal sedimentation. The old-
est Holocene date of 6695 * 235 Yrs BP is very similar to
other dates around southern Australia that record the time
that present sea level was reached (BELPERIO, 1995). Only
one sample (ANU-10447) was of reworked origin, whereas the
remaining data record the progressive development, deposi-
tion and progradation of tidal facies.

Overall, the Holocene sedimentary sequences in Transects
1 to 3, together with the chronological framework provided
by the radiocarbon data, reveal that deposition of coastal was
sediments accompanied by a slight marine regression follow-

ing a sea-level highstand at 6,700 years BP. With sea- level
adjustment to present level, sediments continue to accumu-
late in their respective modern tidal zones.

Palaeo Sea-Level Indicators

The cores and sediment samples collected from the Port
Pirie coastal environment contain a diverse assemblage of pa-
laeo sea-level indicators including Posidonia fibre remains,
mangrove remains, samphire rootlets and tide-level specific
molluscs. For a particular coastal sector of given wave expo-
sure, the growth limits of shells, seagrass and mangroves are
limited to certain elevation intervals. Furthermore, palaeo
sea-level indicators may be either ‘fixed or relational’ (CHAP-
PELL, 1987) depending on whether they are in their growth
position or have undergone transportation. In this study, age
and elevation errors were minimised by the selection for dat-
ing, where possible, of in situ remains, together with judi-
cious sampling close to the boundaries of tidal facies. Fixed
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Table 2. Principal features of palaeo sea-level indicators utilised at Port Pirie.

Facies Dating Medium Palaeo Sea-Level Features

Storm ridge shell hash and selected shells e.g. Anapel- 1) Storm ridge elevations depend on tidal surge and storm intensity.

la cycladae ii) Both bottom and top of the storm ridge can be subject to erosion.
iii) Not a good palaeo sea-level indicator.

samphire rootlets, organics, various bi- i) Sampbhire species grow from the intertidal to supratidal zone. While certain spe-
valves cies occur in each tidal zone, any remains in the subsurface are difficult to identi-
fy to species level.

ii) Organic remains provide an overall elevation estimate for this facies.

i) Penetration of younger rootlets into facies can resull in younger ages than the
sediment.

ii) Mangroves not extensively developed; maximum age 1700 yrs.

iii) Sharp basal contract provides best material for palaeo sea-level calculations.

Sandflat infauna: Anapella cycladae, Kate- 1) The top of sandflat zone is sharp and clear and can be easily surveyed.
lysia scalarina, Katelysia rhytiphora, ii) Sharp contact between sandflat and mangrove or samphire facies in the subsur-
Batillaria diemenensis face.

iii) The modern transition between sandflat and samphire zones is not well repre-
sented locally.

iv) In situ, articulated bivalves such as Anapella cycladae or Katelysia scalarina
provide high quality palaeo sea-level indicators.

v) Disarticulated shells may have undergone significant transportation and rework-
ing.

1) The top of Posidonia seagrass represents MLWS tide level (+0.25 m) that can be

Samphire
Mangrove

mangrove remains within mud facies

Sandflat

Posidonia seagrass Dosinia victoriae, Batillaria diemenensis

and other small gastropods; Posidonia
australis fibres

correlated with AHD.
ii) The contact between the top of seagrass and sandflat facies in the subsurface

may be gradational rather than sharp.

iii) Compaction within the facies can lead to inaccurate measurements of eleva-
tions/depths.

iv) Dated material varies from articulated shells to penetrative (post-sedimenta-
tion) root and rhizome remains.

indicators used to establish palaeo sea-levels at Port Pirie
include in situ, articulated Anapella cycladae and Katelysia
scalarina or K. rhytiphora characteristic of the intertidal
sandflat facies, in situ root and rhizome remains of Posidonia
seagrass, and in situ remains of mangrove and samphire veg-
etation.

Within the cores, the sharp change from one tidal facies to
another (tidal boundary) provides the best data (elevation
and age) for assessing the relative change in palaeo sea-level.
Elevation of the corresponding modern tidal boundaries pro-
vides the benchmark against which palaeo-tidal boundaries,
and palaeo sea-levels, are calculated. Palaeo sea-level eleva-
tion calculations and radiocarbon ages are given in Table 1.
Particularly useful at Port Pirie are the contacts between
Posidonia seagrass and intertidal sandflat facies, and the up-
per contact of the intertidal sandflat with mangrove or sam-
phire facies. Useful features of the various sediment facies
are summarised in Table 2.

Holocene Sea-Level Curves

A variety of palaeo sea-level indicators from different tidal
zones can be plotted to derive a time/elevation sea-level his-
tory of the region (Figure 3). Ideally, if a sequence of dates
from a single facies or tidal boundary is used, the data more
accurately define the sea-level curve, particularly where the
indicators used have narrow growth ranges. For Port Pirie,
the top of Posidonia facies and the top of the sandflat facies,
provide a consistent sampling focus from the cores and have
been utilised to interpret sea-level change.

A time/depth plot of all radiocarbon data, uncorrected for

present tidal elevations (Figure 3a) shows the overall ele-
ments of the Holocene sea level trend, though with a wide
scatter due to the mix of data from different sediment facies.
In general, subtidal indicators are lower than intertidal in-
dicators and they increase in height with age. Posidonia aus-
tralis grows to 0.25 m above TD, and the elevation of the
upper boundary of this facies provides the best estimate of
the trend of sea level over time. In Figure 3b, the sea-level
indicators from the top of the Posidonia facies boundary are
plotted separately and corrected by —0.25 m to adjust them
relative to present TD. The data highlight an overall sea-level
fall from a mid-Holocene peak of 2.2 m at 6700 yrs BP. The
transgressive portion of the curve is derived from deeper re-
gions in the Gulfs (BELPERIO, 1995).

Data from the top of sandflat facies, are plotted in Figure
3c. Sea-level indicators at the upper sandflat facies boundary
are related to present TD by a correction of —1.32 m, which
is the present elevation of the boundary between the top of
the modern sandflat facies with the base of the modern man-
grove facies. Regression analysis of the top of sandflat indi-
cators corroborates a sea-level fall from 2.2 m at 6,700 years
BP to the present. The consistent calculation of 2.2 m for the
mid-Holocene peak compares favourably with the geophysi-
cally modelled height of 2.5 m (LAMBECK and NAKADA, 1990)
and with higher and lower maxima recorded in the upper and
lower reaches respectively of Spencer Gulf (BELPERIO, 1995).

Contemporary Sea-Level Change from Tide Gauge
Data

The tidal record at Port Pirie is one of the longest in Aus-
tralia, with the gauge operating since 1930. It contains over
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3 lunar cycles of 18.6 years and is therefore considered to be
more reliable than shorter term trends that generally reflect
variable oceanic-atmospheric processes. Based on data to
1994 (including 58.3 years of continuous monthly data), the
secular sea-level trend is —0.02 mm yr~! = 0.04 mm at the
95% confidence limit (Figure 4). This negative trend in mean
sea-level contrasts with positive sea-level trends derived from
long-term tide-gauge data at other South Australian locali-
ties.

DISCUSSION

Extensively developed peritidal sediment facies at Port Pi-
rie in central Spencer Gulf have provided an ideal environ-
ment in which to investigate Holocene sedimentation and
sea-level change. The sharp boundaries, identified in the
cores, between the Posidonia/sandflat facies, and sandflat/
samphire facies have proved particularly useful for quanti-
fying sea-level change over the millennial time scale to con-
trast, compare and correct decadal scale data from the local
tide gauge. An important assumption of the technique used
in this study, as well as that employed by BELPERIO (1993)
at Port Adelaide, is that past and present tidal facies tran-
sitions occur at consistent relative elevations (ie. there has
been no significant change in tidal range or wave climate).
Elevation corrections applied to palaeo sea-level indicators at

subsurface boundaries allow the data to be presented relative
to modern sea-level.

In investigating Holocene sea-level change in the Port Pirie
region, a variety of sea-level indicators from facies boundaries
has been utilised to provide an overall interpretation of sea-
level change. Radiocarbon dates of specific indicators from
the different boundaries provide consistent results indicating
a mid-Holocene highstand at Port Pirie of 2.2 m at 6,700 Yrs
BP. This is less than the 4.5 m highstand at Redcliff, 60 km
to the north, and greater than the 1.0 m highstand at Port
Lincoln, 200 km to the south (BELPERIO, 1995). The signifi-
cant spatial variability in the height of the mid-Holocene
peak is consistent with that which has been geophysically
predicted from rheological modelling (LAMBECK and NAKA-
DA, 1990).

The more dense a time/depth data set, the greater is the
potential to discriminate minor sea level fluctuations over
and above a broad trend. In general, minor oscillations have
not been detected in southern Australian palaeo sea-level
data, and are not discernible in the present data set. If Ho-
locene sea-level fall has been relatively constant, the rate of
fall can be compared with the contemporary sea-level trend
from the local tide gauge to generate a corrected secular sea-
level interpretation. It has been suggested that, at least in
the Northern Hemisphere, Holocene sea-level change has
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Figure 4. Raw sea-level trend for Port Pirie (—0.02 mm yr ' + 0.04 mm at the 95% confidence limit} based on hourly sea levels from 1930 to 1994,

Source: National Tidal Facility.

been oscillatory with fluctuations on the scale of decimetres
to metres over hundreds of years (ALLEN, 1995). Problems
may arise in removing the isostatically derived rate of sea-
level fall from the present sea-level trend in that averaged
geological trends can superimpose or induce underestimates
of the effects of shorter term, nonlinear vertical movements
(ZERBINI et al., 1996). In a study of sea-level change on the
relatively quiescent United States east coast, GORNITZ and
LEBEDEFF (1987) tested the validity of subtracting long-term
trends from individual tide gauges. They discovered that only
three out of 36 stations had residual errors outside the 95%
confidence limit of the combined geologic/historic sea-level
trends, and plots of these data showed similar spatial varia-
tions. A study of late Holocene and twentieth-century sea-
level trends from the United Kingdom (SHENNAN and WooD-
WORTH, 1992) also found that the two data sets were closely
correlated.

In the present study, a simple linear correction of the tide
gauge trend (-0.02 mm yr ') for isostatic land uplift (0.33 mm
yr ') implies a secular sea level rise at Port Pirie of 0.31 mm
yr . Clearly, the contemporary secular rise of sea level at
Port Pirie is being largely masked by isostatic uplift of the
land. This is in marked contrast with the situation at Port
Adelaide, were land subsidence has greatly increased the ap-
parent rate of sea rise recorded by that tide gauge (BELPERIO,
1993). While some caution is necessary in comparing long and
short-term rates of sea-level change, this study highlights the
importance of removing the land change signal from tide-
gauge data to obtain a more reliable estimate of present sea-
level change. To do so necessarily requires the collection of
data at the specific tide gauge site. The remaining signals in
the tidal data then give an indication of eustatic (or steric)
sea-level change and the effects of gulf currents and oceano-
graphic-atmospheric forcing mechanisms such as the El Nino
Southern Oscillation (ENSO) at this location. Similar local
studies of vertical movements that include isostatic, tectonic
and residual glacio-eustatic processes, where appropriate at
other tide-gauge localities, would significantly contribute to
refining global sea-level rise estimates.

CONCLUSIONS

At Port Pirie, radiocarbon dated palaeo sea-level indicators
in association with preserved sediment facies boundaries
have been used to delineate and quantify Holocene sea-level
change over millennial time scales. Seagrass, intertidal shell,

mangrove and samphire remnants and specific boundaries
between such facies provide reliable palaeo sea-level indica-
tors from which time/depth plots of relative sea level change
can be constructed.

Holocene sea-level fall in the Port Pirie region, in response
to isostatic uplift of the land has been relatively constant over
the past 6,700 years BP from a highstand of 2.2 m.

By undertaking this investigation in close proximity to the
Port Pirie tide gauge, it has been possible to separate Holo-
cene land level rise (0.33 mm yr ') and secular sea level rise
(0.31 mm yr ') from a tide gauge record that, by itself, sug-
gested minimal long term change (-0.02 mm yr '). The sec-
ular sea-level rise of 0.31 mm yr ! is substantially less than
the most recent range of IPCC best estimates for global sea-
level rise of between 1 and 2.5 mm yr '. However, as more
historic tide gauge sites are critically examined, it is becom-
ing increasingly evident that land level changes, whether
positive or negative, are significantly affecting the tidal re-
cords. As suggested by PirAzzoLI (1989), the dominance of
neotectonic and anthropogenic signals in tide-gauge data may
be resulting in an over-estimation of global sea-level rise by
two to three times when these influences are ignored. Clear-
ly, all tide gauge sites should be investigated for subtle land
level changes and their secular sea level signals corrected
accordingly.
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