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ABSTRACT: Shelf sediments around King Island range from siliciclastics to mixed carbonates and to pure carbonates. Carbonates
consist mainly reworked calcitic fauna, such as bryozoans, foraminifera, echinoderms and red algae with minor intragranular CaCO,
cements. Gastropods are the main aragonitic fauna and these are rare. Bulk sediments are analyzed by both X-ray diffraction, atomic
absorption spectrophotometry, X-ray fluorescence and mass spectrometry. Minerals detected by XRD are mainly high-Mg calite,
quarz and aragonite with minor low-Mg calcite, The Ca, Mg and SiO, contents confirm the occurrence of siliciclastics to mixed
carbonates and to pure carbonates. The concentrations of Sr and Na vary with carbonate mineralogy and skeletal content. The high Fe
and Mn contents in calcite are due to sedimentation in reducing marine environments.

The 50 and §C field of bulk sediments overlaps isotope fields of bryozoans, foraminifera and brachiopods. All these
isotope fields are dissected by both trendlines of seafloor diagenesis and upwelling water because sediments and fauna are in equilib-
rium with marine waters. The ambient water temperatures determined from 8'"0 values range from about 10 to 15°C, which are about
3°C lower than measured surface water temperatures.

Originally calcitic ancient carbonates are abundant in stratigraphic sequences and their geochemistry can be better under-
stood by comparison with baseline geochemical data of modern temperate cakeitic carbonates rather than with modean tropical

aragonitic carbonates. Many of these ancient originally calcitic bryozoan, foraminifera and echinoderm carbonates are of nontropical
origin as coeval tropical aragonitic carbonates occur elsewhere.

INTRODUCTION

Recognition of ancient non-tropical carbonates is

a problem, because modern nontropical carbonates occur
on many temperate (Lees, 1975; Nelson, 1988) and polar I | I .}
N

(Domack, 1988) shelves and yet, only a few ancient non-
tropical carbonates have been recognized (e.g. Nelson,
1978; Rao, 1981a, 1988a, b; Brookfield, 1988; Draper, 1988;
James and Bone, 1989, 1992). This paucity exists because

Australia
area of

SILICICLASTICS
King Is — — L

we need to know more on modern non-tropical carbonates

——em T — >
that aid in the interpretation of temperatures of formation TASMANI AB
of ancient carbonates. The present study deals with miner- /
alogy and elemental and isotopic composition of modern Y
temperate carbonates and associated siliciclastics from King ‘ /7
Island, Tasmania, Australia (Fig. 1). =
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Modern temperate carbonates differ from tropical
ones in types of skeletal (mainly bryozoans, foraminifera,
echinoderms and molluscs) and non-skeletal grains (mainly
intraclasts; Lees, 1975), mineralogy and diagenesis
(Alexandersson, 1978; Rao, 1981 b; Reeckmann, 1988; Rao
and Adabi, 1992; James and Bone, 1992), oxygen and car-
bon isotopes (Rao and Green, 1983; Rao and Nelson, 1992),
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and in major and minor elements (Rao, 1986, 1990a). These
data with those from western Tasmania (Rao, 1990a; Rao
and Adabi, 1992; Rao and Nelson, 1992), eastern Tasma-
nia (Rao, 1993; Rao and Stait, 1993) and from the present
study of samples from King Island should help in the rec-
ognition of ancient temperate carbonates and also serve as
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Fig. 1. Location of samples from King Island, Tasmania, Austra-
lia. Note that siliciclastics occur close to King Island and Hunter
Island, whereas carbonates occur away from coastal areas.

a data base for contrasting marine diagenesis with mete-
oric and burial diagenesis of originally predominantly cal-
citic limestones, which are abundant in ancient sequences
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Fig. 2. Petrographic estimates of relative percentages of skel-
etons, skeletal debris and quartz and lithic fragments. Note oc-
currence of pure carbonales 1o mixed carbonates (impure car-
bonates) to siliciclastics from King [sland.
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Fig. 3. Petrographic estimates of relative percentages of major
groups of biota in King Island sedimenis. Note bryozoans, fora-
minifera and echinoderms are the dominant faunal elements and
these are mainly high-Mg calcite skeletons. HMC=High-Mg cal-
cite; LMC=Low-Mg calcite.

(James and Bone, 1989, 1992). King Island is situated (Fig.
1) northwest of Tasmania (39°5 to 40°38) in Tasmania and
thus occurs between cool temperate to warm temperate re-
gions. King Island samples are composed of both
siliciclastics and carbonates, unlike pure carbonates (<10%
insoluble residue) studied earlier from western Tasmania
from about 30 to 200m water depth range (Rao, 1990a;
Rao and Adabi, 1992).

METHODS OF STUDY

Surface sediment samples studied (Fig. I) are grab
samples, which were collected several years ago on a 10
nautical-mile grid (Davies and Marshall, 1973). Bulk sedi-
ment powders were analyzed by X-ray diffraction (XRD)
for quartz, calcite and aragonite. The peak area ratios of
quartz, calcite and aragonite were used in the calculation
of percentages of these minerals. The same powders used
for XRD analyses were dissolved in IN HCI and analyzed
by Atomic Absorption Spectrophotometry (AAS) for Ca,
Mg, Sr, Na, Fe and Mn concentrations. The detection lim
its are + 1 % for Ca and Mg and +5% for Sr, Na, Mn and Fe
(Robinson, 1980). Residues left after this acid dissolution
of carbonate were used in the calculation of insoluble resi-
due contents. These elements are reported here as raw val-
ues because numbers are found to be statistically simpler.
Selected samples are analyzed for SiO, by X-ray fluores-
cence, D-spacings of calcites from XRD are compared with
Mg contents from AAS to determine the spectrum of low-
to high-Ma calcites. Portions of the same carbonate pow-
ders used for XRD and AAS were allowed to react with
100r C phosphoric acid in reaction tubes and vacuum at
25° C for 24 hours. The CO, extracted from each sample
was analysed for &'%0 and 8“C by mass spectrometry
(Micromass, 602D), Precision of data is +0.1% for both
8"0 and &C and all data are reported as 1% values vs the
PDB standard using conventional delta ( 8) notation (Craig,
1957). The King Island insoluble residue%, carbonate%,
aragonite%, calcite% and quartz% and &'*0 and & C val-
ues and Ca, Mg, Sr, Na, Mn and Fe values are analyzed by
correlation and factor analysis using Statview programme
on MacIntosh computer.

Bryozoans %

Echinoderms %

Foraminifera % 50

Fig. 4. Petrographic estimates of relative percentages of bryozo-
ans, foraminifera and echinoderms. Note King Island fauna var-
ies mainly between bryozoans and foraminifera.
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Fig. 5. Plot of calcite D-spacing from X-ray diffraction (XRD)
and Mg% from AAS analysis. Nole high-Mg calcites (HMC) pre-
dominate over low-Mg calcites (LMC) and many samples con-
tain a spectrum of more than one calcite peak due 1o occurrence
of multiple calcites.
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Fig. 6. Plot of quartz % from XRD and Si0,% from XRF. Note
samples fall close to 1: 1 slope of Quartz % and Si0,% .

KING ISLAND SEDIMENTS

King Island shelf sediments range from pure ter-
rigenous clastics, to mixed clastics and carbonates, to pure
carbonates (Davies and Marshall, 1973). Their distribution
based on 50% quartz content, determined by XRD, shows

that terrigenous clastics occur in shallow settings around
King Island and these grade to carbonates further offshore
(Fig. 1). Volumetric petrographic estimates (Figs. 2, 3 and
4) indicate King Island sediments are composed mainly of
skeletons, skeletal debris and quartz and lithic fragments
(Fig. 2) and range from siliciclastics, to mixed clastics and
carbonates to pure carbonates . The amount of quartz ranges
from 0 to 88 % and it occurs in much higher concentrations
than lithic fragments (<10%). Skeletal debris ranges up to
40% and consists of unrecognizable skeletons. Skeletons
range from about 10 to 96% and they are abundant in pure
carbonates (Fig. 2). These skeletons are reworked and are
moderate to well sorted. Some fauna are encrusted by new
bryozoans and worm tubes due to slow rate of sedimenta-
tion. CaCO, cementation within chambers of fauna is mi-
nor relative to the large amount (up to 90%) of cements in
western Tasmanian carbonates (Rao, 1981b, 1990a; Rao
and Adabi, 1992).

The biota in King Island sediments can be divided
into three major groups based on relative abundance and
mineralogy of biota (Fig. 3). Bryozoa, foraminifera and
echinoderms range from 60 to 96% in most samples and
this they are the dominant faunal elements. These fauna
are predominantly high-Mg calcites (Milliman, 1974; Rao,
1981b; Morse and MacKenzie, 1990). Gastropods and
bivalves (molluscs) are next in abundance (0-92%). They
comprise of either aragonite (gasopods) or calcite to ara-
gonite mixed mineralogies (bivalves). The third group com-
prises of 0-67% of fauna and it is dominated by siliceous
sponge spicules, moderate high-Mg calcite red algae and
minor low-Mg calcite brachiopods. Thus, King Island biota
is characterised by high-Mg calcite mineralogy with minor
amounts of low-Mg calcite and quartz.

Quartz %

_— - . ]

Calcite % 50%

Fig. 7. Variation of contents of calcite, aragonite and quartz. Note
that the King Island samples vary mainly between contents of
calcite and quartz and carbonate minerals are mainly mixtures
of calcite (high-Mg calcite) and aragonite.

Aragonite %

172



RAO AND JAYAWARDANE

4000
BRYOZOAN
3000 |-
<
= .3
Pt
g e
& 2000 (~ . ‘50
wn A\ .
S
1000}
1 1 1 1
0 20 40 60 [ 100
Calcite %

Fig. 8. Plot of calcite% against Sr ppm, solid line is the regres-
sion line. Note Sr content increases with increasing bryzoan and
aragonite conient.

Relative per cent estimates of bryozoans, foramin-
ifera and echinoderms in King Island sediments (Fig. 4)
reveal that bryozoans are the dominant fauna (~50-100%)
in most samples with variable amounts of foraminifera (0-
80%) and minor amounts of echinoderms (0-33%). Mod-
emn temperate carbonate fauna are considered to be either
Joramol assemblages (foraminifera and mollusca; Lees,
1977) or bryomol assemblages (bryozoans and mollusca;
Nelson, 1988). In contrast to these, King Island fauna are
mainly composed of bryozoan and foraminifera assemblages
(Fig. 4) probably due to carbonate sedimentation in off-
shore regions (Fig. 1).

4000 [

Na ppm

1 - L Il

Calcite %

Fig. 9. Plot of calcite% against Na ppm; note Na content in-
creases with increasing bryozoan content and aragonite conlent.

The King Island bulk sediments data on mineral-
ogy, major and minor elements and oxygen and carbon iso-
topes are listed in Table 1. Dala on individual fauna are not
yet made for lack of funds.

MINERALOGY

The plot of values of D-spacing of major calcite
peaks obtained from XRD analysis against Mg% determined
from AAS analysis (Fig.5) shows that the major carbonate
minerals in the King Island bulk samples are mainly a spec-
trum of high-Mg calcites (38-98%) and aragonite (0-41%)
with minor amounts of low-Mg calcite (0-84%; mostly
<10%). This carbonate mineralogy is different from west-
ern Tasmanian one, which is mainly a mixture of high- to
low-Mg calcites and minor aragonite (Rao and Adabi, 1992).
Lack of appreciable amounts of low-Mg calcite in the King
Island samples is due to warmer water temperatures >5°C
because experimental studies (Kinsman and Holland, 1969;
Burton and Walter, 1987) indicate that low-Mg calcite pre-
dominates at water temperatures <5°C. Mg concent in cal-
citic fauna, such as bryozoa, foraminifera, echinoderms and
red algae, also decreases with decreasing water tempera-
ures (Morse and McKenzie, 1990; Rao and Adabi, 1992).

Quartz is a major non-carbonate mineral detected
in X-ray diffractograms. Other non-carbonate minerals are
minor and they are mostly feldspars and clays. The quartz%
determined by XRD is plotted against Si0, (Fig.6) obtained
from X-ray Fluorescence (XRF). As most samples plot near
1:1 slope between quartz% and SiO,, the percentage deter-
minations of quartz from XRD are reasonable ones, Many
samples contain >50% quartz (Fig. 1) as there is appre-
ciable amounts of terrigenous clastics in samples shore-
ward from King Island.
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Fig. 10. Plot of Sr ppm versus Na ppm; solid line is the regres-
sion line. Note the ratio of Na:Sr range mostly from 1.3: l 1o I: I.

The triangular diagram (Fig. 7) depicting miner-
alogicat variations indicates that King Island bulk samples
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are mainly a mixture of calcite (16-97%) and quartz (0-
72%) with variable amounts of aragonite (0-41%). The ara-
gonite% observed in King Island samples is higher than
that found in western Tasmanian bulk samples (Rao and
Adabi, 1992), which is due to minor molluscs content and
some cementation in bryozoans (Rao, 1993). Aragonite
content increases with increasing water temperature because
it is low in temperate carbonates but it is high in tropical
carbonates (Milliman, 1974; Morse and MacKenzie, 1990).

Mn ppm
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Fig. 11. Plot of Mn against Fe concentrations; solid line is the
regression line. Note Fe concentrations are mainly 20 to 60 times
the Mn concenirations.

CORRELATION AND FACTOR ANALYSIS

To understand the statistical relationship between
major minerals with major (Ca, Mg) and minor (Sr, Na,
Mn and Fe) elements and 8'*0 and §**C values, correlation
and factor analysis of King Island data are made. The cor-
relation matrix of King Island data (Table 2) indicates strong
positive correlation (0.96) between quartz% and insoluble
residue% (IR%) because the dominant non-carbonate min-
eral is quartz. The soluble fraction from the carbonate con-
tent in the sample is indicated by strong positive correla-
tion (0.96) between soluble fraction (carbonate%) and Ca%
and with that of calcite% (0.91). Positive correlations be-
tween carbonate% and contents of Mg, Sr and Na also con-
firm the presence of these elements in the carbonate and
these are not leached from siliciclastics. Strong positive
correlation (0.84) between Mg% and caicite% indicates that
Mg is in high-Mg calcite, which is the dominant mineral in
the King Island samples. The contents of Na and Sr are
strongly correlated (0.71). The contents of Mn and Fe are
strongly positively correlated (0.83) and both these elements
are related 1o Mg indicating that Fe and Mn concentrations
are in high Mg-calcite and that they have not been appre-
ciably leached from terrigenous clastics.

The factor analysis of King Island data (Table 3)
indicates that 3 factors account for 95% of total variance.
Factor 1 is a carbonate factor in that it is positively corre-
lated with contents of carbonate, calcite, Ca, Mg, Na and
Sr and inversely with IR and quartz. Factor 2 is a Mn-Fe
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Table 1. King Island sample localities, mineralogy, isotopes and major and minor elements of bulk samples.
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factor because of positive correlation with Mn and Fe; and
inversely with 80 and water depth, Factor 3 is an arago-
nite factor as it is strongly positively related to aragonite
content, and inversely to Mg%.
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Fig. 12. Plot of "0 and 5C values of bulk sedimenis from King
Island. Note the isotopic field of King Island bulk sediments over-
laps isotope fields of bryozoa, benthic forfaminifera and brachio-
pods from eastern Tasmania (Rao, 1993; Rao and Stait, 1993).
All these isotope fields are dissected by trendlines of both up-
welling water and seafloor diagenesis.

MAJOR AND MINOR ELEMENTS
Calcium and Magnesium

The Ca content varies from 14.2% to 36.6% (Table
2) due to about 35 to 97% carbonate content in the King
Island sediments chemically analyzed. Carbonate in rela-
tively pure siliciclastics is not chemically analyzed. The
Mg content strongly correlates with contents of calcite,
carbonate, Ca, Fe and water depth (Table 2) because these
elements are in calcite. The Mg content increases with in-
creasing calcite content. Pure calcites (100% calcite) con-
tain about 2% Mg in them.

Strontium and Sodium

The plot of Sr versus calcite contents (Fig. 8) in-
dicates that Sr content increases with increasing amount of
calcite and 100% calcite has Sr contents of about 3,200ppm,
which is identical to the average Sr content in bryozoans
(Land and Hoops, 1972; Rao, 1981b; Rao and Adabi, 1992).
Samples that lie above HMC regression line contain more
Sr than that can be attributable for by HMC. These samples
contain aragonite in them because aragonite contains be-
tween 8,000 to 10,000ppm Sr (Kinsman, 1969: Milliman,

1974), which is much higher concentration of Sr than that
in bryozoans. Samples that lie below HMC-regression line
contain lower Sr concentrations than bryozoans because
the samples contain low-Mg calcite (LMC), which con-
tains about 1300ppm Sr in it (Rao, 1981b and Rao and
Adabi, 1992).

The plot of Na versus calcite contents (Fig. 9) il-
lustrates that Na content increases with increasing amount
of HMC, with 100% calcite having around 4,000ppm Na,
which is similar to the amount of Na in bryozoans (Land
and Hoops, 1972; Rao, 1981b; Rao and Adabi, 1992).
Samples that lie above the HMC-regression line contain
aragonite, whereas those that lie below this line contain
low-Mg calcite because aragonite contains about 2,700ppm
Na whereas low-Mg calcite contains only 270ppm Na (Rao,
1981b; Veizer, 1983).

The plot of Na and Sr contents (Fig. 10) shows
that these two elements are positively correlated with a cor-
relation coefficient of 0.7 (Table 2), The slopes of Na:Sr
that pass through the data mostly range from 1.3: 110 1: 1
(Fig. 9). The Na:Sr slope of 1.3: 1 corresponds to values of
25 to 100% bryozoans with 100% bryozoa consisting of
4,000 ppm Na and 3,200ppm Sr. The samples that lic above
1.3: 1 slope contain more Na and samples below 1.3:1 line
contain more Sr than can be attributable to bryozoans alone,
Samples that fall away from this bryzoan-line may be due
to occurrence of different faunal elements, biochemical frac-
tionation and cementation of aragonite, calcite or vaterite.
All these need o be later investigated.

Manganese and Iron

Manganese and Fe concentrations are positively
correlated (0.8) and the concentrations of Fe are 20 to 60
times higher than Mn contents (Fig. 11). Both Fe and Mn
values are positively correlated with Mg (0.6 and 0.5 re-
spectively; Table 2). Earlier studies (Rao, 1981b; Rao,
1990a; Rao and Adabi, 1992) also indicated that Fe and
Mn contents are positively correlated with Mg due to their
incorporation in calcite in a reducing marine environment.
During meteoric diagenesis, in a reducing environment, Fe
and Mn values increase with decreasing Mg contents in
calcite (Lohmann, 1988), which is not the case in King
Island samples because these sediments are unaffected by
meiteoric diagenesis.

STABLE ISOTOPES

The 8"0 and §°C field of King Island of bulk sedi-
ments overlaps isotope fields of bryozoa, benthic foramin-
ifera and brachiopods of eastern Tasmania (Rao, 1993; Rao
and Stait. 1993). All these fields are dissected by both
trendlines of seafloor diagenesis and upwelling water
(Fig.12) because the bulk sediments and fauna are in equi-
librium with marine waters. The seafloor diagenesis
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IR% Carb.% 13C%0 180%0 Ca% Mg% Na ppm I'e ppm
IR% _ 1
Carbonate% -1 1
13C%0 -.249 .249 1
18070 -.156 .156 .2 1
Ca% -.955 955 242 171 |
Mg% -.634 634 305 039 .533 1
Na ppin -.678 .678 050 -.10 .583 405 1
e ppm -.094 094 -0/2 -.295 -.077 .564 .288 ]
Mn ppin -24] 241 -.162 -.107 095 486 278 .834
Sr ppm -.066 660 040 -312 .0 445 .71 156
Aragonite% -070 070 -095 -.15 148 -.408 321 -.165
Calcite % -.905 905 275 02 309 .843 .589 33
Quanz% 956 -.956 -.255 .023 -.877 -.732 -7 -.295
Depth, m, -.502 502 .518 .23 527 579 000 -.053
Mn ppim | St ppm ToArag ToCalc ToQuir Dxepth
Mn ppin 1
| St ppm 205 1
Alm‘gonilc% - 115 .186 1
Calcite% .394 637 -.240 ]
Quartz% -.372 - 71 -.039 -.959 1
Depth, m, -.089 198 -239 .5535 -.502 1

Table 2. Correlation matrix of King Island data.

trendline corresponds to secawater with 0% of both §%0
and &“C; whereas upwelling water trendline corresponds
to water with -1% &0 and 1% 8"“C (Rao, 1993). The ‘in-
verted J-trend’ characteristic of meteoric diagenesis
(Lohmann, 1988) is absent because of lack of meteoric di-
agenesis of King Island sediments.

The ambient water temperatures calculated from
5'%0 values (Fig. 12) using the equation of Shackleton and
Kennett (1977) indicate a range of temperatures of about
10to 15°C considering dw=0, which is the narrowest range
in Tasmanian whole sediments and also warmer than whole
samples from other Tasmanian localities (Rao and Green,
1983; Rao and Nelson, 1992). These temperatures decrease
by —4°C if %0 = -1 of upwelling water is considered. Mea-
sured surface sea water temperatures around King Island
range from 13 to 14°C in winter to 16 to 18°C in summer
(Edwards, 1979). About 3°C cooler sea water temperatures
obtained from oxygen isotope thermometry than measured
surface temperatures may be due to strong seasonal effects
and a slight enrichment of &0 values up to 1% due to ara-
gonite and high-Mg calcite mineralogy (Rao and Green,
1983; Rao and Adabi, 1992).

GEOLOGIC SIGNIFICANCE

The type of carbonate minerals in modern sedi-
ments is related to water temperature. Aragonite and high-
Mg calcite are the main minerals in skeleta! fragments from
tropical carbonates (Milliman, 1974; Morse and MacKenzie,
1990). Predominantly high-Mg calcites with some arago-
nite occur in modern warm temperate carbonates (Collins,
1988), whereas a complete spectrum of high-Mg to low-

Mg calcites with minor aragonite occur in modern cool tem-
perate carbonates (Rao and Adabi, 1992). Entirely low-Mg
calcite sediments occur in subpolar carbonates (Rao, 1981a;
1991). The King Island mineralogical data are mainly high-
Mg calcite with aragonite and minor low-Mg calcite, and
thus, provide a mineralogical data base for areas between
cool-temperate to warm temperate regions.

Factor | Factor 2 Factor 3

(R% -953 162 -1a2
arbonate% 958 -.162 .142
13C%e 299 -.43 -.301
180%o0 037 -338 =295
Ca% 383 -.303 212
Mz% 793 164 =315
Na ppm 707 26 458
Fe ppm 301 316 -.363
Mn ppm 376 747 =277
St ppm 7258 176 399
Aragonite% -,033 -.005 329
Calcite® 964 026 -.163
Quartz% -.984 -.026 -.063
Depth. m. 549 305 -.4()9

Table 3. Factor matrix of King Island data.

Originally calcitic carbonates are abundant in the
geological record, particularly during the Early and Middle
Paleozoic and Jurassic (Wilkinson, 1982; Sandberg, 1975;
Tucker, 1984), During the Permian, aragonite dominated
in the tropics (Given and Lohmann, 1985), high-Mg cal-
cite in temperate carbonates (Rao, 1988a) and low-Mg cal-
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cite carbonates in cold, polar settings (Rao, 1981a). The
marine, meteoric and burial diagenesis of originally cal-
citic carbonates can be better understood by using baseline
data of modern calcitic temperate carbonates rather than
with modern tropical aragonitic carbonates (James and
Bone, 1989, 1992), Many Paleozoic limestones contain
abundant bryozoans, foraminifera and echinoderms (Wil-
son, 1975). These limestones are not associated with warm-
water indicators, such as chlorozoan assemblages, arago-
nitic nonskeletal grains, aragonite cements and evaporites,
and could be of non-tropical origin. This possibility of non-
tropical origin is also indicated by the occurrence elsewhere
of originally aragonitic coeval Ordovician (Rao, 1990b,
1991) and Jurassic (Adabi and Rao, 1991) carbonates.

The occurrence of originally calcitic mineralogy
in the Early and Middle Paleozoic and Jurassic is attrib-
uted to differences in atmospheric CO, levels and resulting
differences in seawater chemistry (MacKenzie and Pigott,
1981; Wilkinson, 1982; Sandberg, 1983). The evaluation
of atmospheric CO, concentrations based on marine §*C

values indicate that during the Ordovician (Rao and Wang,’

1990) and Jurassic (Adabi and Rao, 1991) atmospheric CO?
levels were similar to present day values. Therefore, origi-
nally calcitic mineralogy in carbonates formed during these
periods may be due to cooler water temperatures. Carbon-
ate minerals ar¢ now forming at different pCO, levels as
evidenced by the occurrence of mainly aragonite in shal-
low marine tropics, which are in equilibrium with atmo-
spheric CO,, whereas mainly calcite occurs in shallow
marine temperate carbonates and in deep marine carbon-
ates both of which are now in equilibrium with low pCO,
bottom waters (Rao and Green, 1983; Rao and Nelson,
1992). Similar pCO, differences in surface and bottom wa-
ters may have also caused formation of different carbonate
minerals in the past.

Low Mg contents in ancient limestones might be
either due to originally low Mg levels due to aragonite or
calcite contents. The Mg in high-Mg calcite decreases dur-
ing meteoric and burial diagenesis. The variations of Sr,
Na, Mn and Fe with Mg provide means of assessing diage-
netic changes from high-Mg to low-Mg calcite. Decrease
of Sr, Na values and increase of Mn and Fe values with
decreasing Mg concentrations are due to meteoric diagen-
esis (Brand and Veizer, 1980; Rao, 1990b). Uniform Sr and
Na contents and increase of Fe and Mn values with increas-
ing Mg concentrations are due to marine diagenesis (Rao,
1990a). The Sr concentrations are lower and Na concentra-
tions are higher in temperate biogenic carbonates. The ra-
tio of Sr/Na is ~1 in temperate carbonates which is much
lower than the Sr/Na ratios of 34 in tropical aragonitic
carbonates. These ratios are preserved in ancient tropical
to polar carbonates (Rao, 1991) despite prolonged diagen-
esis and thus are significant in the recognition of non-tropi-
cal carbonates. Geochemical differences exist between
tropical, temperate and polar carbonates (Rao, 1981c; 1991)

and combined with petrographic features they can be used
to differentiate non-tropical carbonates from their tropical
counterparts.

CONCLUSIONS

The present study illustrates mineralogy and
geochemistry of temperate carbonates occuring in a region
between cool and warm temperate settings. These carbon-
ates have the following characteristics:

1. Carbonates consist mainly of bryozoan sand grains with
minor intragranular CaCO, cement,

2. Carbonate minerals in particles are mainly high-Mg cal-
cite and aragonite with minor amounts of low-Mg calcite.

3. Ca, Mg, Sr, Na, Fe and Mn are in carbonate fractions
and these are inversely related to quartz and insoluble resi-
due contents and to particle type.

4. Sr and Na are positively correlated and increase with
increasing high-Mg calcite and aragonite content, The ra-
tio of Sr/Na is 1, unlike ratios >3 in shallow tropical arago-
nitic carbonates.

5. Fe and Mn contents are positively correlated with Mg
contents in calcite.

6. The 8'%0 and 8™*C isotope field of bulk sediments over-
laps with other temperate fauna and all these fields are
disected by trendlines of both seafloor diagenesis and up-
welling as temperate carbonates are in equilibrium with
bottom waters.

7. The "0 determined ambient water temperatures range
from 10 to 15°C and these are 3°C lower than measured
surface water temperatures due to seasonal effects and car-
bonate mineralogy.

Originally calcitic bryozoan, foraminifera and
echinoderm ancient carbonates are abundant in the strati-
graphic sequences and their diagenesis and geochemistry
can be better understood by comparing them with modern
calcitic temperate carbonates. The possibility exists that
most of these originally calcitic ancient carbonates are of
temperate origin due to the occurrence of coeval originally
aragonitic carbonates elsewhere. As the present is the key
to the past, we can expect to find extensive occurrences of
ancient nontropical carbonates.
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