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ABSTRACT: In westernTasmania cool temperate shelf carbonates predominate over siliciclastics and contain mainly bryozoan-mollusca
foraminifem assemblages with minor algae,echinoderms, worm tubes, sponge spiculesand 0SII8C0des. Skeletons are mainly in gravel to
sand fractions and minor in silt-clay fractions. Bryozoans are the main constituent in sand to gravel-size, foraminifera are the main
constituentin fine sand-size and molluscans are mainly in the gravel-size fraction. Echinoderms and algae are in sand fm.ction, whereas
sponge spicules occur in fine to very fine sand fractions.

X-my analysis of Tasmanian bulk: sediments indicate that cal.cite (high-Mg to low-Mg calcite; mean 69%) and quar1Z (mean
22%) are the major minerals with minor aragonitecontent (mean 9%). Mg, Sr. and Na contents inbulk sedimentsare positivelyrelated
to high-Mg calcite bryozoans. Sr and Na contents exceed abiotic calcite values due to biotic source of these elements. Compared to
tropical bryozoans, 1he higher Sr contents in Tasmanian bryozoans indicate a higher rate of bryozoan skeletal funnation in temperate
waters. Mn and Fe contents of bulk sediments are closely correlatedwith r'- value of 0.85. These elements are derived mainly from
terrigenous source and were incorporated into calcite in a dysaerobic marine envirorunent

Tasmanian temperate bryozoan faunal assemblages differ from tropical chlorozoan assemblages due to variation in seawater
temperatures. Bryozoans break down into fragments and are redistributed mainly as gravel to sand-size grains by currents. Normal
salinity of seawater (34-35%0) and nutrients in temperate waters allow abundant growth of fauna. Mixing of water masses maintain
sufficient saturation of Caco, and thus preserve temperate carbonates.

INTRODUCTION

Extensive modem temperate shelf carbonates are
now forming in a numberof areas (Lees 1975; Nelson 1988
andreferences therein), particularly along the southern Aus
tralia. InTasmanian seas, cooltemperate carbonatespredomi
nateoversiliciclastics (Fig. 1). Basedonuniformitarianprin
ciples, we should expect to find. similar widespreadtemper
ate carbonates in the rock record, but only a few examples
havesofarbeen documented (e.g.,Nelson 1978; Brookfield
1988;Draper 1988: Roo19883; JamesandBone1989, 1992).
Thepossible occurrence of extensive ancient temperate car
bonates is abundantly indicated by types of biota and non
skeletal grains, originalcalcite mineralogy, andelemental and
isotopic composition of carbonates (Rao and Jayawardane
1994).

Modem temperate shelf carbonates are composed
mainly of skeletal grains with variable amounts of
intragranularcements (Rao 1981a). Thefauna areeitherfora
minifera andmolluscan assemblages (Foramol assemblages:
Lees 1975) orbryozoan andmolluscan assemblages (Bryomol
assemblages: Nelson 1978, 1988). This discrepancy in the
predominant faunal assemblage mightbedueto lackofquan
titative determinations of fauna andtheirrelationshipto sedi
ment grain-size variation. Relationship of fauna to grain
sizeis necessary to determinedepositional environments and
palaeoecology. ManyPalaeozoic limestones contain abun
dantforaminifera, bryozoans andechinoderms (Wilson 1975)
similar to modem temperate carbonates. These canbebetter
understood bycomparingwithmodem temperate carbonates:
forexample Paleozoic limestones thatarenotassociated with
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warm-water indicators (such aschlorozoanassemblages, non
skeletal grains, amgonite and evaporites) couldbe of non
tropicalorigin. Carbonate mineralogy ofshallow marine :fauna
varieswithwatertemperatures: aragonite andhigh-Mgcal
cite dominate at temperatures >25"C and mainly high-Mg to
low-Mg calciteoccurs at <25 to 6"C (Morse and McKenzie
1990: Roo 1993a) andmainly low-Mg calciteoccurs at <SDC
(Rao 1981b). Major andminor elements (Rao 1986; 1990a;
Raoand Adabi 1992) and0 andC isotopes (Rao and Nelson
1992; Rao 1993a) of individual fauna and bulk. temperate
carbonates varywiththetype of faena, mineralogy and water
temperatures. The present study aims to delineatequantita
tively types offauna andtheirrelationship to sedimentgrain
sizeandbulk mineralogy andgeochemistryoftemperate car
bonatesfromwestern Tasmania, Australia (Fig. 1).

METHODS

Swface-sediment samples (Fig. 1) werecollected
during 1973 ona lo-n milegrid (Davies and Marshall 1973).
Sample nwnbers refer to original numbers given by BMR
cruise members (Davies and Marshall 1973) and sediments
are stored at AGSO, Canberra and Department of Geology,
University of Tasmania Geographic location and sample
depths are listed in Daviesand Marshall (1973) publication.
Samples studiedhere are from30to 130m water depths.

Samples weresieved and weightpercentswerede
tennined 00 gravel (>2 mm), sand «2 mmto 250}l) andfine
sand «250 }l) fractions. In different sizefractions morethan
100 grains were counted separatelyfor all particles (fauna
and grains) and all fauna (fauna only) using a 2mm square
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RESULTS

Grain-size

Petrography

Mean, minimum and maximum petrographic val
ues of 44 bulk samplesof westernTasmanian biota, skeletal
debris,quartz and rock fragments (Table I) show that bulk
composition of temperatecarbonates contain mainly fauna
(78.9%) with minorflora (3.7%). Bryozoans(mean,33.8%)
are the predominantfauna with minor amountsof bivalves
(8.1%),foraminifera (7.6%),echinoderms (3.5%),gastropods
(2.7%), wonn tubes(2.4%),spongespicules(1.4%)withrare
amounts of ostrocodes (1%), monoplacophria (0.8%), bra
chiopods (0.5%),crustaceans (0.4%)and fish (0.5%). Thus,
the Tasmanian fauna are bryozoan-mollusca-foraminifera
assemblages. Mineralogy of main groups of biota is high
Mg to low-Mgcalcite for bryozoans, foraminifera and echi
nodenn assemblages (mean, 70.4%); aragonite and calcite
forgastropod andbivalveormolluscan assemblages (18.9%);
silicaand calciteforsponges, algaeandbrachiopods (10.8%).
The mainsiliciclastics are quartz (mean14.2%) androckfrag
ments (4.2%).

Factoranalysisof petrographic data indicatesthat6
factors accountfor 75%of the totalvariance(Table2). Fac
tor 1 ispositivelyrelatedto totalamountof"bryozoans,fora
minifera and echinoderms" (0.82),waterdepth (0.64),bryo
zoans%(0.57)and relativeper cent of bryozoans(0.56)and
it is inversely related to the total amountof "gastropods and
bivalves" (-0.88),relative per cent echinoderms (-0.65)and
bivalves(-0.60). Thus, the factor 1 is related mainly to fau
nalassemblages. Factor2 is positivelyrelated to relativeper
centofforaminifera% (0.74), sand% (0.69)andquartz% (0.56)
and it is inverselyrelated. to relativepercent of bryozoans(
0.74), gravel (-0.72) and bryozoans% (-0.56). Factor 3 is
positively related. to fmes% «63/4: 0.86), carbonatemud%
(0.86) and fme sand% (63 /4 to 250 /4; 0.80). Factor 4 is
positively relatedtobenthic foraminifera% (0.63), waterdepth
(0.56) and bivalves% (0.50) whereas factor 5 is positively
related to total amount of sponge spicules, rotaliids and
bivalves(0.63)and algae%(0.52). Factor 6 is positivelyre
latedonly to echinodenns% (0.86).

Stronginverserelationship withr valueof 0.93ex
ists between total amountsof "bryozoans, foraminifera and
echinoderms" and those of "gastropods and bivalves" (Fig.
2) because otherfaunaoccur inminoramountsinThsmanian
carbonates and bryozoans, foraminifera and echinodennsare
ofcalcitewhereasgastropods andbivalvesare mainlyof ara
gonite.

Grain-size analysisof44bulkTasmanian sediments
(Fig.3) indicates that sand«2 mm to 250/4)is thedominant
fraction (64%)with subordinate amountsof finesand (<250
p.; 20%) andgravel (>2mm; 16%); silt and clay fractions are
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Figure 1. Location ofsamples alongwestern Tasmania. Aus~
tralia. Coastal sediments are siliciclastics and carbonates
occur at depths >30m. Numbers refer to sample numbers
and theirgeographic location and waterdepth aregivenby
Daviesand Marshall (1973). Note these samples occurbe
tween 30 to 130m waterdepths andthusformed above last
glacial maximum sea leveldrop.

gridanda binocularmicroscope. All intersection lineson the
grid corresponding to each grain were counted. to determine
percents. Since area occupied by each grain on thegrid. is
consideredin the calculations, thesedeterminations approxi
mate volumetric per cent estimatesand thus are suitable to
compare grain types with bulk sediment major and minor
elements. Major (Ca and Mg) and minor (Sr, Na, Mo, and
Fe) elementsof bulk sedimentsweredeterminedby Atomic
Absorption Spectrometry on overnight acid digested (IN
HCL) carbonatesolutions. Percentestimates of calcite, ara
gonite and quartz were determined from X~JaY diffraction
analysisusingthe procedureofRao andJayaward.ane (1993).
Factor analysis was performed on data using the Statview
programme on a Macintoshcomputer. Data are stored at
Departmentof Geology, University ofThsmaniaand will be
available uponrequest



minor. The Tasmanian sediments are mixturesof skeletons
and skeletal debris with variable amounts of siliciclastics,
mainlyquartz and rock fragments. Skeletons are mainly in
fractionsof sand (>180)4) and fme sand (>125)4 to 180)4)
with minor in very fine sand «125 Jl) fractions. Skeletal
debriscomprises ofbroken skeletalfragments whoseorigins
arenotalwaysrecognizable. Quartzandrockfragments range
fromgravel to very fine sandfractions.

FAUNALIN RECENT TEMPERATE SHELFCARBONATES, TASMANIA, AUSlRALIA

Table 1. Percentmean, minimwnand maximumvaluesof biota, skeletaldebris,quartz,rock fragments and elemental
composition in 44 modernTasmanian bulk temperatecarbonates.

Component (%) Mean Minimum Maximum

BIOTA
Bryozoans 33.8 3 74
Skeletal debris 15.5 2 42
Bivalves 8.1 0 80
Forams 7.6 0 29

Rotaliids 4.7 0 15
Miliolinids 1.8 0 6
Planktonics 1.1 0 8

Algae 3.7 0 16
Echinoderms 3.5 0 11
Gastropods 2.7 0 19
Worm tubes 2.4 0 7
Sponge specules 1.4 0 9
Ostrocodes 1.0 0 5
Monoplacopharia 0.8 0 8
Brachiopods 0.5 0 3
Crustaceans 0.4 0 5
Fish 0.5 0 2
Bryozoa + foraminifera
+ echinoderms 70.4 8 90
Gastropods + bivalves 18.9 0 22
Sponges + algae + brachs 10.8 0 26

SIT.JCICLASTTCS
Quartz% 14.2 0 85
Rock fragments% 4.2 0 30

ELEMENTAL COMPOSITION
Ca% 29.3 18.4 36.7
Mg% 1.2 0.4 2.2
Na ppm 2586 1072 4238
Srppm 2155 968 3142
Fe ppm 2175 556 7692
Mn ppm 62 22 200
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o molluscain all particlecounts(Fig.4) showsthatbryozoans
-10 are the predominant fauna in 74% of the samples studied.

o 10 20 30 40 50 60 70 80 90 100 Bryozoans mainlyoccur in the sand to gravel-size fraction,
Bryozoans + Forams + Echinoderms % foraminifera in the fme sand-size fraction, whereasmollus-

Figure 2. Plotof totalcontents bryozoans.foraminifera and cansmainly in the gravel-size fraction. The bryozoan-mol
echinoderms versus totalcontentsofgastropods andbivalves. luscan assemblage is mainly in gravel-size, whereas bryo-
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Table 2. Unrotatedfactor matrix of petrographic data from westernTasmanian samples. R.P. refers to relative per cent
betweenbryozoans, foraminiferaand echinoderms. Factormatrixpositiveor negativevaluesgreater than 0.5, shownin bold,
indicate statisticallysignificantvariablesextratedby factoranalysis.

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

Depth.m .638 .036 -.209 .562 -.147 .189
Bryozoa% .572 -.557 -.102 .050 -.252 -.167
Bryozoans+ .822 -.094 .039 -.385 -.248 .039
Foraminifera
+
echinoderms
%
Sponges+ .436 .530 .054 .011 .631 -.115
Rotaliids +
Bivalves%
Gastropods -.878 -.071 -.051 .348 .039 -.001
+ Bivalves%
RP .564 -.74 -.119 -.12 .226 , .028
Bryozoans%
RP -.408 .737 .105 .305 -.256 -.236
Foraminifera
%
RP - .647 .374 .09 -.377 -.043 .4 75
Echinoderms
%
Gravel % -.45 -.72 -.249 .07 -.168 .002
Sand% .418 .688 -.435 -.146 -.013 .041
Fine sandt% .059 .08 .801 .086 .171 -.051
Fines .066 -.091 .860 -.142 -.09 -.071
«631l) %
Algae% .46 .143 -.271 .107 .518 .083
Bivalves% -.603 -.311 .030 .502 .133 .187
Echinoderm .116 .048 .097 -.398 -.075 .86
%
Benthic .271 .428 .067 .630 -.155 .204
Foraminifera
%
Planktonic .378 .140 .270 .568 -.179 .302
Foraminifera
%
Gastropods -.462 -.466 -.269 -.062 .265 .150
%
Sponges% -.103 -.103 .359 .146 .562 .099
Quartz% -.376 .563 -.211 -.506 -.035 -.184
Carbonate .081 -.157 .860 -.196 -.074 -.073
Mud%

Mineralogy

most samples. Echinodermsand algae are in sand fraction,
whereasspongespiculesoccur in fine to very fine sand frac
tions.

wan-foraminifera assemblage is in sand to very fine sand
fractions. The foraminifera andmolluscan assemblage is rare
in these Tasmanian sediments. Thus, the dominance of a
faunal type isrelatedtograin-sizeof thesediment The varia
tion of relative per cent of bryozoans, foraminifera and
mollusca in all fauna counts is similar to that in all particle
counts. X-ray diffraction analysis of bulk. sediments (Rae

and Adabi 1992; Rao and Jayawardane 1993) indicate that
Relativepercent ofechinoderms, algaeandsponges the Tasmanian sedimentsstudied here mainly consistof cal-

in all particles (Fig. 5) and in all fauna counts indicate that cite(high-Mg1O low-Mg calcite; mean69%;range161097%),
these faunae occur together in most Tasmanian samples. quartz(mean22%;range0 to84%)and aragonite(mean9%;
Sponge spiculespredominateover echinoderms and algae in range 0 to 41%). Calcite and quartz contents are inversely
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related with a significant r2 value of 0.92 due to relatively
uniform aragonitecontent

Factor analysis of data comprising of contents of
calcite,aragoniteand calcite and majorand minorelements
in bulk sediments along with major fauna indicatefour fac
tors (Table3) account for 75% of total variance. Factor 1is
positively relatedto valuesof calcite(0.91), Sr (0.9),bryozoa
(0.82),Mg (0.75), Ca (0.73),relativepercentbryozoa(0.67)
and waterdepth(0.52)and inversely relatedto quartz (-0.94)
relative per cent echinoderms (-0.72) and relative per cent

Gravel %
(>2mm)

Sand % 50 Fine Sand %
( <2mm to 250).1 ) ( <250).1 )

Figure 3. Relative weightper cents oj gravel, sandandfine
sandfractions in western Tasmanian samples studied.

foraminifera (-0.6)contents. Factor2 is positively related to
the total amount of gastropods and bivalves (0.97) and in
verselyto total amountof bryozoans., foraminifera and echi
nodenns (-0.92). Factor 3 is positively related to Fe (0.84)
and Mn (0.79). Factor4 is positively related to water depth
(0.66)and relativeper cent foraminifera (0.54).

Geochemistry

In the Tasmanian bulk sedimentsstudiedhere, the
mean and minimum and maximum values for Ca (29.3%;
18.4to36.7%),Mg(1.2%; 0.4 to2.2%),Na (2586ppm; 1072
to 4238 ppm), Sr (2155ppm; 968 to 3142 ppm), Fe (2175
ppm; 556 to 7692 ppm),Mn (62 ppm; 22 to 200 ppm) and
insoluble residue ( 16.5%; 1.7 to 49.8%) are due to occur
rence of pure to mixed carbonates with siliciclastics. The
mean Mg value of 1.2% indicates bulk sediments contain
mostly high-Mg calcite. Since modem biotic and abiotic
marinecalciteshavesimilarrangeof Mg contents(CaJpenter
and Lohmann 1992), it may not bepossible to differentiate
between biotic and abioticsourcefor Mg inTasmanian bulk
carbonates. Sr andNacontentsare positively correlatedwith
a r2 valueof 0.55 (Fig.6). Sr contents(968 to 3142ppm) in
mostofthesesamplesexceedabiotic calciteSrvalueof-1,200
ppm (Carpenter and Lohmann 1992) due to mineralogical
and biotic sourceof Sr in Tasmanian carbonates. Similarly
Na contents (1072 to 4238 ppm) are much higher than abi
otic calciteNa valueof -230 ppm(Veizer 1983)due to biotic
sourceof Na in Tasmanian carbonates. SinceCa,Mg,Sr,Na
and calciteare positively related in factor 1 (Table3), these
elements increasewith increasing bryozoancalcite content
Seawateris the sourcefor these elements. Mn and Fe con-
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Figure 5. Relative per cent counts of echinoderms. algae
andsponges in allparticle (Fig. 5) and allfauna in western
Tasmanian samples studied.
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Figure 4. Relative per centsojbryozoans.foraminifera and
molluscans in all particle (Fig. 4) and allfauna in western
Tasmanian samples studied.
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Table 3. Unrotatedfactormatrixofpetrographic, mineralogical andgeochemical dataof westernTasmania sample R.P. refers
torelative percentbetween bryozoans, foraminifera andechinoderms. Factormatrix positive or negative values greaterthan
0.5, shown in bold,indicate statistically significant variable extrated by factoranalysis.

Factor 1 Factor 2 Factor 3 Factor 4

Depth/m .516 -.255 -.226 .664
%Quartz -.943 -.196 .084 -.166
%Calcite .913 .065 .022 .324
%Ca .728 .406 -.348 .364
%M.g .748 -.148 .464 .368
Na pprn .733 .236 -.054 -.463
Fe ppm .449 -.077 .835 -.182
Mnppm .472 -.14 .789 -.229
Srppm .896 .245 -.126 -.108
Bryozoa% .819 -.069 .104 .151
Bryozoans+ .125 -.919 .079 .06
Foraminifera
+
Echinoderms
Sponges+ -.316 -.557 -.269 .192
Rotaliids +
Algae
Gastropods -.024 .967 .004 -.106
+ Bivalves
RP .674 -.322 -.373 -.497
Bryozoa%
RPForam% -.599 .358 .369 .544
RP -.722 .191 .306 .168
Echinoderms

tents are positively correlated with a significant rvalue of
0.85(Fig. 7). Mn andFe contents are moreclosely relatedto
factor 3 thanfactor 1(fable 3) inTasmanian carbonates. Thus
Mn andFe contents are, in part, from terrigenous sourceand
were later incorporated into calcite in a dysaerobic marine
environment Mg contents (Fig. 8) andSr contents (Fig.9)
arepositively related tobryozoans% because ofpredominance
of high-Mg calcitebryozoans inTasmanian carbonates (Rao
andAdabi 1992).

DISCUSSION

Faunaand theirrelationship to grain-size, mineral
ogyandgeochemistry aremainly relatedto: 1)seawatertem
peratures,2) skeletal formation, 3) sedimentation, 4) water
depthand 5) seawater composition

Seawater Temperatures

The Tasmanian temperate faunae are bryozoa
mollusca-foraminifera assemblages and these differ from
tropical chlorozoan assemblages (Lees 1975) due to varia
tionin seawater temperatures. Around Australia summer sur-

faceseawater temperatures in tropics «30"S) are >25°C and
incooltemperateTasmania (40to44°S) are<1~ (Edwards
1979). In wintersurface seawater temperatures aroundTas
maniaare <l3°C (Newell 1961) and thus there is a strong
seasonal temperature effect(RaoandAdabi1992). Seawater
temperatures drop to -3°C in deep water~ 500 m) around
Tasmania (Harris et al1987; Rao and Huston 1994). The
meanMgcontentof 1.2% inbulkTasmanian sediments stud
iedherecorresponds tothe15°C ofexperimental dataonvaria
tionofMg withwatertemperature (Mucci 1987; Burton and
Walter 1991). This mean temperature of 15°C is close to
Tasmanian seawinter temperatures of <l3°Cinstead of sum
mer temperatures of <19°C. Kolesar (1978) observed Mg
content incoralline algacalcite isrelated togrowth rate, which
appears to be a function of temperature. During winterthe
growth rateofcoralline algawasrapidandtheMgcontent in
calcite was positively correlated with temperature. During
summer the growth rate was slow and Mg in calcite was
uncorrelated with temperature. Therefore, the positive cor
relation between Mgandbryozoa andcorrespondence ofMg
content to maximum wintertemperatures in Tasmanian car
bonates mightbedue to rapidgrowth of bryozoa in winter.
Tasmanian BI80 andBI3C values indicate western Tasmanian
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bulksediments from western Tasmania.
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bulkcarbonates are influenced bycoldupwelling deepwater bryozoans because therate of formation of temperate bryo
(Rao and Green 1983; Rao andAdabi 1992). zoanskeletal calciteis higherthanthatof tropical bryozoans.

Skeletal Formation Sedimentation

Temperate carbonates from Tasmania and along
southern Australia are mostly bioclastic with high propor
tionsof bryozoans (Connolly and van der Borch1967; Wass
et al. 1970). Bryozoans break down into fragments upon
theirdeath. Initialfragment sizedepends ongrowth forms of
bryozoans (Bone and James 1993). These grains are subse
quently redistributed from theshelftodeepenvironments and
rangein size from boulder to mud In Tasmania bryozoans
are mostabundant as gravelto sand-size grains(Fig. 4) and
are similar to widespread bryozoan sand accumulations in
southern Australia (Connolly and van derBorch 1967; Wass
et al. 1970). Sincetheseaalong the westernTasmania is one
of the roughest in the world, rarity of silt-clay fractions in
Tasmanian sediments (Fig.3) indicates thatcurrentson Tas
manian shelfare powerful enoughto sortgrainsandpossibly
winnow the finerfractions to greaterdepths.

Petrographic measurements (Table 1) indicate that
bryozoans are the most important sediment producers, fol
lowedby bivalvesand foraminifera. Since molluscans are
thedominant faunain only 12% ofTasmanian samples stud
ied (Fig. 4), the main fauna in these bulk samples are mix
turesof bryozoans and foraminifera. Therelativeabundance
of bryozoans and foraminifera is relatedto grain size varia
tion of sediment with foraminifera dominating in fine sand
and bryozoans in sand and gravel fractions (Fig. 4). Sr val
uesinbioticandabioticcalcitesincrease withincreasing rate
of precipitation (Carpenter and Lohmann 1992). The varia
tionofSrwithbryozoan content inwestern Tasmanian samples
(Fig.9) illustrates that thesepure (100%) calcitebryozoans
have Sr values~3,OOO ppm higher than tropical bryozoans
(2,400to2,900ppm; Carpenter andLohmann 1992). East
ern Tasmanian purehigh-Mg calcitebryozoans alsohaveSr
values (2,600 to 3,500 ppm) higher than those of tropical
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Water Depth CONCLUSIONS
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