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various pore \-Ta ters \-lith increasing salinity. 

l!'IGURE 6. Graph to show the wide range of values for the Hg/Ce. 
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showing t he sympathetic behaviour of Mg and Ca in the concretion, and 
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FIGUP~ 8. X- r ay diffraction pat t erns of some Broad 'Sound dolomites, 
together '"lith a pat t ern of Coorong (lagoonal) dolomite for comparison 
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F'IGUHE 9. Plots to show t he correlation of 11gO content in Broad Sound 
dolomites, \,li th (A) F 203 content (n) JlInO content (C) P 205 content 
(D) H20 content. 



:-1 
-' , 

~I 

;,·1 

.: . '. 

,_I 

: ' 

SUtU4ARY 

Extensive supratidal muil.flats occur on the l~dward 'side of 
thick mangrove swamps around the margins of Brqad Sound~ central 
Queensland coast. During inundation by spring or storm tides, abundant 
algal growth takes place on the mudflats but for the rest of the time 
the flats are sub-aerially exposed and subject to dessication. As a 
result, a thin ve~eer of evaporites covers the surface of the flats 
and l'arge gypsum crystals form just belol'; the surface. Intel"stitial 
pore waters are hypersaline, with salinities in excess of 12 percent 
being recorded. The Mg/Ca and K/Ca ratios become particularly high 
in these brines, at t aining values of up to 9.9 and 2.2 respectively, 
primarily as a result of the removal of Ca from ~olution, in the form 
of gypsum. The supratidal muds are generally low in calcium carbonate 
but dolomitic concretions occur in the Charon Point area. Tl].ese 
concrr. tions are composed of low-magnesium calcites, and calcian dolomites 
with a compositional range of CaO SQ MgO. 4t CO~ to Cao 6~ M~o ~5 C03° 
Elec t ron microprobe, X-ray diffra~t1on, and whOle roci·iAalys~§ all 
suggest that the dolomites have formed by dolomitization of c~lcite. 
The dolomitization is associated with ferruginization, and possibly 
also phosphatization. Radiocarbon age determinations on associated 
1-TOod and shell material, and on the concretion., indicate that the 
dolomi tization has occurred within t he past 2500 years. 

., 
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INTRODUCTIon 

The Australian Bureau of Mineral Resources undertook a 
detailed sedimentological and geochemical s tudy of Broad Sowld on 
the central Queensland coast in 1970 and 1971, as part of a study 
of modern estuarine processes (Cook & Ha.yo, 1972). These 
investigations involved SampliD& of onshore and offshore sediments 
and oceanic, estuarine, and pore waters. Several depositional 
environments were delineated, characterized by their elevation 
above or below sea level, and by their sediments types. This 
paper discusses intertidal sediments and particularly the high 
intertidal (hereafter termed supratidal) zone and the Holocene 
diagenetic dolomitization which has occurred there. 

Broad Sound is a large coastal embayment lying bet\'leen 
latitudes 22 0 10'S and 22040'S (Fig. 1); it has a sub-t ropical, 
sub-humid climate. The average daily maxima at St Lmrrence in 
the north,.,rest of the study area range from 31

0
C in January to 23

0 C 
in July. The region has an average annual rainfall of about 100 cm 
with most rain falling in the 'period December to March. The 
average annual rate of evaporation at Rockhampton, 100 km south of 
Broad Sound is approximately 170 cm. Consequently, run-off from 
the rivers draining into Broad Sound (Fig. 1) is negligible for 
mos t of t he year. During the drier months, salinities may become 
sufficiently high at t he head of the Sound for it to be classed as 
an inverse ' estuary (Pritchard, 1967). There appears to be a total 
lack of vertical s tra tifica tion of the es tuarine \.,a t er at all times, 
dt!e to a combina tion of shallow "Tater, vigorotls ,wave activity, and 
a tidal range of up to 10 m. The large tidal r ange also produces 
extensive intertidal sediments. 

1~ell sorted medium-grained quartz sands and calcareous 
sands predominate in the lower intertidal environment. A narr.m"l 
belt of black intertidal muds generally no more than 100 m wide is 
landward of the sands; the mud is being derived mainly from the 
adjacent mangrove deposits. Tidal creeks meander through the 
mangrove swamps, their headwater commonly extending into the mud­
flats environment. ' The mudflats, uhich are up to 5 kIn ,vide, 'are 
flaru(ed by coastal grasslands extending for up to 10 km inland. 
Drilling of the coastal plains (Burgis, 1972) and ,dating of chenier 
sequences (Cook & Polack, 1972a) shoiied that the coastal plain has 
extended seawards by depositional progradation over the past 5000 
years. The spatial relationship of these environments, lying 
behreen low and high '"later springs, is shown schematically in 
Figure 2. 

SUPRA/fIDAL I'TUDFLATS 

Shinn et a1. (1965) define the supratidal zone as fo11o\,IS: 
'The supratidal zone , lies above normal high tide but can be flooded 
by s!,ring or storm tides. - This' zone is sub-aerially exposed for 
long periods between storms or excessively high spring tides'. 
'rhis usage is followed in this publication. 

, ) 
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Supratidal mudflats are \OTell developed around the margins 
of Broad Sound as small patches surrounded by mangrove, or narrow 
sl,1pratidal channels extending up to 10 km into the Torilla Plains 
but generally their form is that of featureless mudflats (Pig. 3A~ 
up to 4 km wide. In places old beach ridges (cheniers) form 
topographic highs (Fig. 2Y and support abundant vegetation, but. 
the mudflats are bare of vegetation except for the occasional 
occurrence of halophytes. The supratidal muds are 1 to 2 m thick 
and rest on old mangrove deposits. They are grey-green at the 
surface and generally grey-bro\om in the sub-surface, although mottled 
red, brmm, and orange muds are presenJ

.:; in the sub-surface in places. 

The mudflats slope gently sea"lards, but there are numerous 
shallow drainage channels and basins, where surface water may persist 
for some time. Because of the high rate of evaporation, much of 
the surface is salt-encrusted and mud-cracked, but ·during spring 
tides, when the flats are subject to marine inundation, there is 
abundant algal growth. Filamentous algal mats are important 
sediment binders in this environment and these impart a 'rubbery' 
texture to the grey-green surface sediments (Fig. 3B) and a rather 

. characteristic vesicular texture due to the development of gaB 
. bubbles. Overall, hO\'lever, there appears to be neither the variety 
of algal mor phology nor the abundance of algae that is evident in 
the intertidal-supratidal environment of Shark Bay, Uestern Australia 
(Logan, 1961; Davies, 1970). 

The supratidal sediments at Broad Sound are composed 
predominantly of silt and clay; the average texture of ten randomly 
selected samples was 2 percent sand and 98 percent silt plus clay. 
This contrasts "lith mangrove sediments which contain an average of 
88 percent silt and clay, and intertidal sands which contain an 
~verage of only 9 percent silt and clay. The sand-silt-size fraction 
is invariably composed of poorly rounded and poorly sorted grains of 
quartz, feldspar, and shell fragments. The dominant clay minerals 
are illite, kaolinite, and montmorillonite. There is probably some 
conversion of montmorillonite into illite due to the hypersaline 
conditions prevalent on the supratidal mudflats (Gibson, 1972). 
The CaCO content of the supratidal muds ranges from 37 percent to 
o percent ,\-lith a mean of 4.3 percent. Thus these mudflats contrast 
markedly Hi th the better knO\ffi highly calcareous supra tidal mudflats 
of the 13ahalll£l.s (Deffeyes et a1., 1965) or the sabhkas of the Persian 
Gulf (Illings et al., 1965; Kinsman, 1969a). Th~ small amount of 
carbonate also contrasts \Oli th the other Broad Sound environments 
lihich have a mean CaC0

3 
content ranging from 12 to 67 percent. Nost 

of the carbonate is in the form of coarse bio~enic material and only 
material fine enough to remain in suspension (predominantly quartz 
and clay minerals) is able to reach the supratidal environment and 
settle there. . 

The organic carbon content of the supratidal muds is 10"', 
ranging from 0.45 percent to 0.9 percent, and averaging 0.56 percent 
carbon (mangrove muds average 1.08 percent). Some of the organic 
carbon comes from leaves blo~m onto the mudflats and plant material 
"Tashed from the mangrove environment by spring tides or storms, but 
mostly is probably derived from the incorporation of algal material 
in the sediment. 
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Fig I Distribution of intertidal and supratidal depositional environments, 
, 'Brood Sound, Queensland . 
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Fig 2 Schematic representation of depositional environments in the Charon ·Poin! area of Broad Sound. 
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Fig. 3A. Supra tidal J:1udfh! ts in the Chlll'Ol1 Poiilt area; 
~ole is 2 m long. 

( FiL, E11 01, )!"ce; . 4). 

1'1 • "Zl) 
.1.1 1g. )1) . Supratidal mud.s Hi th a sun-crac}::ed surfa ce covered by 

a thin vei1ee r of filamentous alga e. Clinome ter is 
12 cm long . 



Fig. 3C. 

Fig. 3D. 

Exposed dolmni te concretions in suura ti<la l muds; 
Charon Point area, Broad :3 ound. The penc il is 
10 cm long. 

(Film K1101, Neg . 9). 

Dolomite concre tions from the Cha r on Poi nt ar ea. 

(Heg . GA. 5774) . 
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A thin veneer of evaporites covers the mudflats in many " 
areas; gypsum is abundant, particularly in the sub-surface, where it 
occurs as flat discoid crystals up to 1 cm in diameter. Halite is 
present as an ephemeral surface encrustation which is rapidly removed · 
ei ther by '<lind action or solution. X-ray diffraction analysis ShOl-Ied 
that small amounts of bischoffite and bassinite are also present in 
the surface salts. Calcite, aragonite, or dolomite were not iden~ified 
in the superficial evaporites. 

X-ray diffraction analysis of the carbonate fraction of the 
sediments showed that aragonite, calcite, and ,high-magnesian calcite 
nre present in approximat ely equal proportions. Usine the Goldsmith 
&: Oraf (1950) relationship, the high-magnesian calcite ranges from 
about Ca87f>lg1 ~C03 to Ca8~Mg17C0"'i' the upper limit being somewhat hig,her 
in the supratidal sedime~ts tha~ in the intertidal sediments. The 
carbonate fraction appears to be overwh'3lmingly of biogenic origin. 
Trace amounts of calcian dolomite ",ere detected in a number of muds 
but it could not be isolated in order to ascertain whether it was 
forming in situ or was of detrital origin. Some dolomitic concretions, 
... rere, however, found in the Charon Point area (Locality 4, Fig. 1). 
These occur close to t he contact between the supratidal muds and the 
underlying mangrove deposits. They will be discussed in more ·detail 
later. 

Total sediment analysis was undertaken on six randomly selected 
sampl es from various depositional environment. The mean values are 
given in Table 1. The abundance of quartz, felds par, and clay mineral s 
in the supratidal ruuds is reflected in the high SiO" .A.120~, K20, and 
H20 concentrations. The abundance of Fe20

3 
is pronably dne to the 

proximity of the environment to lateritized uplands. The low concentration 
of CaO and CO is to be expected in view of the paucity of calcite and 
aragoni te in ~he environment. The environment is, hOI·lever, noticeably 
more magnesium-rich than any other, particularly if the MgO/CaO ratio 
is consi llered (Table 1). The location of the MgO is uncertain; it is 
unlikely that any magnesium chlorides ~ere present in the sediments 
analysed, as all ~Iere washed ~'1i th distilled water before analy~is. 
Some of it is likely to be present as interlayer cations in the clay 
minerals; the remainder is probably associated .. lith carbonates, 
particularly magnesian calcites, and to a lesser extent, dolomites. 

COMPOSITION OF INTEl1STITIAL l<lATERS 

In June-July 1971, interstitial pore .. -{aters were extracted 
from intertidal and supratidal sediments (including the buried mangrove 
deposi ts \'Thich underlie the supratidal muds) at several localities in 
the Broad Sound area (Fig. 1). A modified Baroid filter press .. las 2 
employed for the extraction, using nitrogen at a pressure of 9 kg/em 
(1 30 p. s. i. ) • Salini ty l'laS measured conductometrically. Eh and pH 
were measure~ on the extracted pore .. ,aters in the" field~ and in situ, 
by placing the glass electrodes directly' into the mud or · sand; . there 
"jere found to be marked differences in the results obtained by . the 
two methods. Values obtained in situ were . up to 2 pH units lower than 
those obtained on the pore \-laters, the results of the 'suspension' or 
Pallmann effect (Bates, 1964), caused by abno.rmal junction potentials 
in colloidal systems. Similarly, Eh values obtained by the bro methods 
varied 1"Tidely, \"lith the in situ value being es much as 200 mV less than 
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the reaul t obtained on the pore rlaters. Consequently, any attempt 
t o evaluate the Eh and pH data must be vie,\-led in the light of the 
uncertainty of 1'1hich value is closest to the true value. All other 
analyses on the pore waters uere undertaken by C. \'1. Claxton in the 
Laboratories of the Bureau of fliineral Resources or by the Australian 
TUneral Development Laboratories. I1g, Ca, and K '\-rere determined by 
atomic absorption spectroscopy (Table 2). P20S' Cu, Zn, Fe, Ni, Pb, 
and fm flere also determined, but are not considered here. Although 
this paper is primarily concerned vii th the supratidal pore "raters 
environment, other environments will also be briefly considered. 

Salinity, Eh. and pH 

Seawater in Broad Sound has a salinity of 35.5 to 36.5 
parts per thousand, a pH of 7.9 to 8.0, and an Eh of about +210 mV. 
Surface waters deviate markedly from these values only in the narrow 
tidal creeks where run-off from the adjacent mangrove environment 
can result in an increase in salinity to as high as 45 parts per 
thousand, and a decrease in pH to as low as 6.5. In addition, the 
ephemeral surface waters of the supratidal zone ra,idly attain high 
salinities as a result of evaporation, and during periods of algal 
gro\,lth the pH will rise as high as 9 due to extraction of CO

2 
from 

the seawater by algal photosynthesis. 

The composition of the pore "laters (Table 2) is in part a 
function of the frequency of tidal inundations; consequently, the 
interstitial waters of the intertidal sediments are somewhat similar 
in salinity to normal seat,/a ter, although surprisingly there does appear 
to be some dilution of sea,vater, perhaps by fresh or brackish grolmd­
t·ra ters. Hm1ever, a sa tisfac tory explanation for this dilution a'lrlai ts 
further \·Tork. 

The supratidal pore fluids (including those of the buried 
mangrove deposits which directly underlie the mudflats) generally 
have salinities of about 3 times that of normal seawater. pH and 
Eh Gonditions are varied (Pig. 4) and in part are dependant on how 
soon after a marine inundation the determinations \iere made; 'algal 
growth can induce a pH as high as 8.5 in the interstitial waters, 

' but the value can also drop as low as 6.7, possibly due to the 
release of CO

2 
and the formation of organic acids in the sediments. 

It i3 evident both from Table 2 and F'igure 4 that physico-chemical 
conditions in the supratidal environment and the buried mangrove 
deposits are rather different to those prevailing in any of the 
intertidal environments. 

r'lg. Ca. and K 

Al though environments \vi th more saline pore ,vaters also 
have higher interstitial cation concentrations, the cations do not 
shOt·; the same degree of concentration ui th increasing salinity. 
Thus, interstitial "raters from the supratidal muds show' a mean 
concentration factor for Ca of about x 2.3 compared "lith normal 
sem'ater, whereas 11g and K sho,\-T mean concentration factors of x.4. 7 
and x 4.2 respectively; the l1g/Ca and K/Ca ratios increase as the 
salini ty increases (Pig. 5). If r·1g and Ca retained a constant 
rela tionship vii th increasing salinity then all points in Figure 5 
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would plot along the 'line representing the cationic concentra tion 
factor of x 1. This appears to be the case up to a salinity of 
tl'rice that of normal sea'tiater but at greater concentrations, the 
curve deviates markedly from the x 1 l actor line. - Increasing 
Hg/Ca "ri th salinity is a phenomenon Hhich has been described from 
experimental "lork (Wiedemann, 1969) and supratidal environments, 
) articularly those of the Caribbean and Persian Gulf areas (e.g~· 
I l ling & Wells, 1964). It would be reasonable to assume that the 
increased ~'ig/Ca ratio results from preferential removal of Ca from 
the l:?YBtem, perhaps to a limited extent as calcite, but mainly as 
gypswn as postulated by Kinsman (1969) for the Sabkhas. 'l'he 
abundance of gypsum in the supratidal muds of Broad Sound undoubtedly 
supports this suggestion. The possibility should, however, be 
considered of l-{hether additional Hg is being added to the system 
by SOIDe outside source such as magnesium-rich groundwaters or from 
magnesium-rich sediment (we have already noted from Table 1 that 
the supratidal muds have a high MgO content compared ~nth other 
Broad Sound sediments). 'l'his alternative hypothesis of a source 
of additional Hg is tested by a modif ied plot of Ng/K against Hg/Ca 
(Fig. 6). It is apparent from this graph that the Mg/K cationic 
concentration factor remains at x 1 whereas the cationic concentration 
factor for Mg/Ca ranges from about x1 to x 3. If groundwaters were 
responsible for bringing in additional cations t hey would have to 
carry Mg and K in the same proportion that they are present in sea­
"Jater. This is unlikely and therefore it can reasonably be assumed 
t hat t he high Hg and K concentrations in the interstitial supratidal 
Haters are prima:dly the result of evaporation of seal'TD.ter and the 
attendant '1ithdrawal of Ca in the form of gypsum and that there is 
l ittle or no contribution from t he groundwaters. It is probable 
t hat this Hg- and K-rich brine is in part responsible for the higher 
EgO and K20 content of .supratidal sediments compared uith other 
sediments (Table 1). 

DOLOI1 ITIZATION IN THE SUPRATIDAL ZONE 

Bulk X-ray diffraction of the sediments indicates that the 
high-magnesian calcite is more magnesian-rich in the supratidal 
environment than in intertidal sediments but free dolomite was in 
general detected in no more than trace amounts. HO"lever, dolomitic 
concretions occur in supratidal muds of the Charon Point area (Locality 
4, Fig . 1). Because the mode of occurrence of the dolomite is rather 
diff erent to other previously described Recent dolomites in that the 
dolomite occurs in predominantly non-calcareous muds, these concretions 
"Till be discussed in some detail. 

Petrology of the dolomite concretions 

The dolomite concretions are found 10 to 20 cm beloH the 
surface of the mudflats but are exposed in -a shall01" drainage channel 
(Fig. 3C). They are vaX-ied -in shape ·and siz·e --although -mo-at are - . 
elongate (Fig. 3D). S-ome are platey, a few are spherical -or sub­
spherl.cal, and several"have a characteristic cylindrical form. They 
range in l e'ngth from 1 to 20 em and in width from 0.5 to 10 em. 
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Thin sections show that the concretions consist predominantly 
of a calcareous micritic groundmass shmling irregular dark and light 
patches; poorly developed dark and light concentric banding may also 
be present. No dolomite rhombs are apparent in any of the concretio~s. 
Polished, etched, and broken surfaces \'Iere examined by scanning electron 
microscopy; these shol~ed that the C'roundmass is compose.d of poorly 
developed subround granules but again no dolomite rhombs were apparent. 

Angular detrital silt-size grains of qUartz and feldsp~r are 
sparsely scattered throughout the concretions. The micrite adjacent 
to these grains tends to be slightly coarser and there appears to be 
some rim rep1ac·ement of the grains by micri teo This is supported 
by electron microscopy, l'ihich showed that many of the faces of the 
quartz grains have sharp, re-entrant, triangular holes etched in them, 
due possibly to marginal replacement of the quartz. Staining by 
bro\'m organic material and/or iron oxides is present in places. Vugs 
are common throughout the concretions and are generally lined ~y 
gypsum crystals. Fragments of gastropods were also observed in two 
concretions. 

Two electron probe traverses were undertaken across a 
concretion. Although the results are not quantitative and values are 
expressed only in counts per second, it is nevertheless evident from 
Figure 7 that both magnesium and calcium increase to\';ards the margin. 
The 11g/Ca ratio is not constant, and increases markedly at the margin. 
Elec t ron probe analysis also indic~ted that the darker micritic areas 
have higher Ug/Ca ratios than the lighter-coloured areas. 

rhneralogy 

X-ray diffraction analysis ShOl-IS that the concretions are 
composed predominantly of dolomite and calcite in the proportion (based 
on their relative peak areas) of 0.30 to 1.66. rUnor quanti ties of 
quartz, feldspar, halite, and gypsum. are also present. Some typical 
X-ray diffraction patterns for these concretions (Fig. 8) show that 
the 211 peak for dolomite ranges from a low diffuse peak (Fi~. 8, 
analysis 4) to a sharp well defined peak (Fig. 8, anal~sis 8). In 
some patterns such as that shown in analysis 3 (Fig. 8) more than one 
211 peruc is eVident, sugeesting dolomites of varying molar proportions 
may be present in the same concretion. Material from the outer and 
inner portions of the concretion represented by analysiS 3 was sub­
sequently X-rayed. This shOl'led (a.nalyses 1 and 2, Table 3) that 
the more magnesium-rich phase (Co. Mg CO) is located in the 
outer part of the concretion wher~Aa9th~·i~e~ part is made up pre-
dominantly of Ca Mgo CO. No ordered dolomite peaks (100, 221, 
111) were eviden~·~rl any36f ~he diffraction patterns. It is clear 
from Figure 9 that all 211 peaks of Broad Sowld dolomite are located 
at a lower 26 value than the Coorong dolomite (Fig. 8, analysis 11). 
'They range from 30.47°2 (2.934 K) to 30.700 2 (2.912 i) which corresponds 
to a composi tional range of CaO 6~lIgO 3500, to CaO 5911~ 41 CO, 
(Goldsmi th & Graf, 1958). •• •• 

The calcite in the dolomite concretions is low-magnesian 
calci te, \'1i th a narrOl'1 compositional range of Cao q.)lg0 07 to 
CO.O 21'1g OS" .No high-magnesian calcite was detbeted frOm the 
X-ra1 di~rraction charts. T~is \-Tas somelfha.t unexpected, as high­
magnesian calcite (ranging from Ca Hg 0 to Casllg 8) is common in 
all other Broad Sound sediments. 9Rrakonite was also absent from the 
concretions. 
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Fig 8 X-roy diffraction potterns of some Brood Sound dolomites, 
together with a potte-rn of Coorong (Iogoonol) dolomite for 
comparison purposes. 
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Fig 9 Plots to show the correlation of MgO cont,nt in Brood Sound 
do.lomites, with (M F203 content (8) MnO content (e) P20 5 

. content (0) H20 content. 
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Geochemistry 

thneralogical and chemical analyses of several dolomi 1;e 
concretions from the Charon Point area are given in Table :3 (analyses_ 
1 - 3). For cornp~rison, analyses of other carbonates are also supplied 
including a typical marine carbonate (non-dolomitic) nodule dredged 
from the northern end of Broad Sound (analysis 9),e :.pedogenic n·odule . 
from th~ Droad Sound area (analysis 10) and a sample· of Recent dolomite 
from the -saline lagoons of the Coorong region of South Australia . 
(analysis 11). All analyses 1-lere carried _out at the Australia·n 
Mineral Development Laboratories under the supervision of A.B • . Timms: 
oxides Si02 to Ti02 were determined by direct reading optical spectro­
graphy; CI and S04 were determined by classical wet chemical methods. 
CO2 was determined by ~leight loss on ignition less .H

2
0, Sr . by X-ray 

fluorescence and Cu, Pb, Zn, Co" and Ni by atomic ab~orption spectro­
scopy. 

It is evident that the degree of dolomitization in the 
concretions is highly variable, \-lith the HgO/CaO ·ratio ranging from 
.19 to .37: The earlier findings that the outer margin is the most 
dolomitic part of a nodule are confirmed, with the outer part of the 
nodule (analysis 1) containing 9.5% MgO whereas the cinner portion of 
the same nodule (analysis 2) contains only 8.0% 1I1gO. 

Computer plots vIi th an XY output together with sumruary 
statistics were obtained for all po ;~ sible variables. Some examples 
of these are illustrated in Figure 9. In many cases the relationships 
\-lere completely random. Oiides which are tied to ·detri tal minerals 
tend to vary sym]1[1.thetically and Al?03' for instance, correlates 
positively wi th :riO. An inverse relationship holds betl'reeil the 
detri tal _oxides suc~ as TiO and the 'carbonate oxides t such as JlgO. 
As a conseq~ence of the repfacement of calcite by dolomite, CaO varies 
inversely ,'lith r:; gO. A positive correlation (.at ,a -99";b .confidence 
level) is evident between MgO and total iron expressed as Fe20; 
(Fig. 9A). Both HnO (Fig. 9B) and total H ° (Fig. 9D) have a 
positive correlation \"1i th r.'igO but the confi~ence level is only 9Oj~ . 
p 20t) may correlate positively \'lith MgO, (Fig. 9C) but. the confidence 
level is low (80%); this is primarily the result of the ma~ked -
deviation sho\>m by t'-10 samples (analyses 7 and 8, Table 3); the 
remainder of the points fallon a regrension line showing a positive 
~o:;relation of r;~gO an~ P205 ",ith a confide?c~ le~el of greater, t~n . 
J5>~ . Consequently, ~t appears that dolom~t~zat1on · and ferrug1n~zat10n, 

and possibly also manganization and phosphatization, may be related 
processes in the Broad Sound supratidal envirorunent. The reason for 
b e HgO-H20 correlation is uncertain; a hydrated carbonate phase may 
be present, but it is possible that the H20 is accompanying the Fe203 
rather than the I~gO. . . 

It is evident from Table 3 that no real· similkrities exist 
betvleen :tl:w Broad Sound dolomites (analyses 1 - 8) and any of ·the · 
other carbonates (analyses 9 - 11"). Both the marine and the pedogenic 
nodules from Broad Sound are 10'-1 in magnesium and no dolomi te is evident 
from their X-ray diffraction p~tterns. The Coorong dolomites are 
equally dissimilar, but for the opposite reason - the abundance of 
magnesium. . The va~iation in strontium content in the various ,types 
of carbonates (Table 3) is marked. The- pedogeniC and the marine · 
nodules contain only .035 percent and .040 percent strontium respectively; 
the supratidal dolomite nodules on the other hand -haye a strontium 
content ranging from .060 percent to .080 percent and the strontium 



- 8 -

content of the Coorong dolomite is as high as .74 percent. The 
strontium level may oe in part controlled by a depositional factor 
such as the water temperature (Dodd, 1965; Hallam & Price, -1968), 
but the diagenetic history of the carbonate is likely to be of far 
greater importance (Kinsman, 1969b; Davies, 1972). Consequently, 
the fact that the Broad Sound dolomites are probably secondary, 
whereas the Coorong dolomites may be primary (von der Bqrch, 1965) 
is likely to have influenced the strontium -concentration. In 
additioB, much of the strontium in the Coorong material is present 
not in the carbonate lattice, but as the 3eparate mineral phase 
celestite (Alderman & Skinner, 1957; Skinner, 1963). Copper, 
lead, and zinc are rather more abundant in the supratidal dolomites 
from Broad Sound than in any of the other carbonates given in Table 
3, but the data are insufficient to show \'lhether the base metal 
enrichment is related in any way to ,the dolomitization or to \'leathering, 
or both. 

Age of dolomite concretions 

The concretions occur 10 to 20 cm below the surface of the 
supratidal mudflats. Approximately 300 In seaward from the concretion 
locality, the muds interfinger with shells derived from the flanks of 
a chenier, which has been dated as 4520 + 125 years B.P. (Cook & Polach, 
1972a). In addition, a sample of wood (ANU-900) from the buried 
m~lgrove deposits underlying the supratidal mudflats, at a locality 
about 250 m from the concretion locality, gave an age of 2980 + 95 years 
B.P. Thus deposits associated with the concretions are undoubtedly 
of Holocene age. An age of 2500 + 200 years B.P. was also ob,tained 
on a composite sample (ANU-1037) made up of a number of carbonates 
fragments from various dolomite concretions (Cook and Polach, 1972b). 
There can be little doubt that the concretions formed approximately 
2500 years ago and that they have probably been dolomitized at sometime 
wi thin the past 2500 years tUlder condi tiona closely similar to those 
preva.iling in the present-day supratidal environment. It is possible 
that dolomitization is continuing at the present time. 

DISCUSSION AND SUNMARY 

As a consequence of the high tidal range and the warm climate, 
hypersaline conditions prevail in the e~tensive supratidal mudflats of 
the Broad Sound area. The sediments are generally low in CaCO , l'ri th 
quartz, feldspar, and clays being the dominant minerals. Despite thiS, 
the composition of the interstitial waters is similar to ·the interstitial 
waters of the sabkhas of the Persian Gulf (Kinsman, 1969a), Andros Island 
(Shinn, Ginsburg, & Lloyd, 1965) and Bonaire (Deffreyes, Lucia, & Heyl, 
1965). As a consequence of the high Mg/Ca ratio in the Broad Sound 
intersti tial ,·/aters, ~ondi tions are ideal for dolomitization of CaCO~ 
hut the mudflats are in general poorly calcareous-. The only volumetrically 
important dolomites so far discovered are the concretionary dolomites of 
the C~~ron Point area. 

The mineralogy of the dolomites is some'vha t unusual as 
application of the Goldsmith & Graf (1958) relations~ip shows that 
they range in composition from CaO•5gNgo A.1C?~ to Cao 6SNgO ~I)?O~, 
a range not commonly encountered ~n the ca c~te - dolomite ~~~1e~. 
Schroeder et al. (1969) state that 'No natural calcium-magnesium­
carbona tes .... ,i th compositions behTeen CaO fiSNgO ~2CO~ and CaO S7NgO 43 
C0

3 
have been reported'. The Broad Sound concteti~ns are compose a 

of dolomite and calcite, and minor quartz, clay minerals, gypsum and 
felds par; consequently, chemical analyses can neither confirm nor 
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deny the dolomite compositional range. It is possible that the 
Broad Sound dolomites have undergone lattice substitution, py f or 
instance Fe, Mn, or Sr, to produce a non-ideal d spacing-composition 
relationship (i.e. the Goldsmith & Graf curve does not hold for 
these dolomites) or alternatively there is nogup in the calcit~ -
dolomi te series. No ordering peaks are evident but de'spi te this, 
the 211 peak is sharp and well defined in most of the concretions. 
Consequently the term 'protodolomite' is not applicable. The 
Broad Sound dolomites should be regarded as magnesium-:deficient or 
calcian dolomites. 

The positive correlation that is evident beb1een rllgO and 
Fe20

3
, and to a lesser extent behTeen IllgO and P 2°'1 and HnO, suggests 

that the processes of ferruginization, and perhapS also manganization 
, and phosphatization, may be closely related to dolomitization at 
Broad Sound. In addition, concentrations of copper, lead, and zinc 
in the dolomitic concretions are higher than those normally found in 
Broad Sound sediments, lending support to the suggestion by Sonnenfeld 
(1962) that 'dolomiti~ation and metalli ?ation seem to be relate~'. 

It appears probable, from the more magnesium-rich nature 
of the outer margin, that the concretions were origi~~lly predominantly 
calcitic and have been progressively dolomHized, presumably by' 
magnesium-rich pore waters. \Jhat is rather more uncertain is how the 
original concretions formed. Some are sub-spherical nodules which 
give no indication of their origin; a number are cylindrical (Fig. 3D) 
and appear to have formed around ",ood' or, root material; the abundance 
of small organic inclusions in the concretions supports this. Also, 
many of the elongate concretions have external ornamentation similar 
in appearance to that of wood fragments. Wood and root material is 
comparatively sparse in the supratidal muds although it occasionally 
floats into the zone. during spring tides. The concr~tions are exposed 
in a shallow dz:ainage channel, but a detrital origin is incompatible 
with the unabraded nature of the concretions, their d'istribution, and 
their size (the current veloci t ies likely to be ' encountered in ,these 
supratidal channels would be incapable of moving concretions up to 
1 5 em in diameter). Coastal grasslands may have _covered the supra- -
tidal mudflats and been recently eroded (in the past 10.00-2000 years), 
as soil remnants are present in places, sur~ounded by supratidal mud­
flats. Therefore, the concretions could perhaps be of pedogenic origin. 
In morpholo~J and petrology they are, however, different from nodules 
located in the ~resent-day soil profile. Sparry calcite is, for 
instance, abundant in pedogenic nodules from the Broad Sound area but 
absent from the supratidal concretions. 

The most likely way in \'lhich the concretions have formed is 
believed to be as a calcitic precipitate around mangrove roots and stems 
but no concretion has as yet been found ivith woody material in· the core. 

\'lright ,et a1. (1972) , have described calcareous concretions ­
around mangrove rootlets from the Ord River reb on' 6-f -1:1estern Australia 
which may be comparable to .those of Broad Sound. ' _An ancient ~nalog 
may be the so-called I coal balls' or I peat dolomi tea I '\'lhich commonly 
~ncorporate plant stems and are believed to be a product of the metabolism 
of the plants they enclose (Sonnenfeld, 1962) . There is no immediately 
apparent chemical mechanism for the precipitation of _calcite (or dolomite) 
around mangrove roots although Kitano & Hood (1965) have shown that 
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organic matter has a marked eff ect on the cr,ystallization of CaCO • 
Sonnenfeld (1962, p. 126) makes the important point of that- 'recerlt 
dolomi tes appear restri cted to areas of plant gro\,Tth and plant decay'. 
Rotting woody material will produce CO

2 
and humic acids, thus lowering 

the pH of the surrounding water to pronuce the s lightly acid condition 
, .. hich prevails in the buried mane-rove deposits (Table 2), but the net 
effect of all this would be to dissolve rather tl~n precipitate CaCO~. 
If, as commonly is the case, the rotting woody material projects fro~ 
the mangrove deposits into the overlying more alkaline supratidal 
deposi ts then a I channel" of acid carbonate-rich waters will project 
into the more alkaline supra tidal muds, and calcite -,wuld perhaps 
be precipitated at the contact of the acid and alkaline waters. 
Bacterial activity around the plant material may also have been equally 
important in producing conditions suitable for the precipitation of 
carbonate. vThatever the method by which the calcite was originally 
precipi tated, the increasing ~1g/Ca rat io tal-lards the margin of the 
concretions strongly supports a secondary o~gin fo~the dolomite 
by the progressive inward replacement of Ca by Mg. It is 
uncertain '-lhether t he dolomitization occurred almost immediately after, 
or many years (perhaps hundreds of years) after, precipitation of the 
calcite. Dolomiti zation may be continuing at the present day as the 
modern pore waters undoubtedly constitute a rich source of magnesium. 
There can, however, be little doubt that dolomitization has taken 
place within the past 2500 years, an age comparable with that obtained 
f or most other 'modern' dolomites. 

ACKNOWLEDGEl'!ENTS 

The ,following colleagues in the Bureau of Nineral Resources 
assisted the "TTi t er in a variet~ of "ifays and the i r help is greatly 
appreciated: 'd.Hayo (computing), K.J.Armstrong and D.A. Hunter 
(fieldi'lOrk), G. R. Berryman (X-ray diffraction), and R.N. England 
(electron microprobe -and scanning electron microscopy). R.A. Polach 
of the Austr~lian National Univer sity, Canberra, was of considerable 
help in dating \tood and carbonate material from Broad Sound. G.E. I'Iilford, 
H.A. Jones , and P.J. Davies offered editorial comments . 

I 
I 
I 
I 
I 
I 
I 
I 
I 
. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
1--



I 
··.·1 

I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
11 

I 
I 
I 
I 

- 11 -

REY8REHC8S 

ALDEHHAN, A • .il., & SKINNER, H. C. \J., 1957 - Dolomite sedimentation in . 

the southeast of South Australia. Aruer.J.Sci., 255, 561-7. 

BATES, R.G., 1964 - Determination of pH~ N.Y., \1iley. 

BURGIS, \LA., 1972 - CainoZOic. history of trie peninsula east of Broad 

Sound, Queensland. Bur.IUner.Reso.ur.Aust.Rec. 1972/7,8 

(unpubl. ) 

COLEj\:IAN, J. fL , GAGLIANO, S.M., &SNITH, '1.G., 1966- Chemical and 

physical vTeathering on saline high tidal flats, northern 

Queensland. -Bull.geol.Soc.Amer., 77, 205-6. 

COOK , P.J., l': nAYO, :''f ., 1972 (in prep.) - Sedimentation in ' a tropical 

estuary (Broad Sound, Queensland). Bur.Niner.Resour.Aust.Bull. 

COO~" P.J., & POLAeR, H.A., 1972a - A chenier sequence at Broad Sound 

and evidence against a Holocene high sea level. l1arine Geol. 

(in press). 

COOI( , P • .T., & POLACH, H.A., 1972b - Discovery of Recent supratidal 

dolomi t e at Broad So~~d, Queensland. Search, 3, 493-4. 

DAVIES, G.R., 1970 - . Algal-laminated sediments, Gladstone Inlet~ Shark 

Ba~' , Uestern AustrCllia. I·iem.Amer.Ass. petrol.Geol., 13, 169-85. 

DAVIES, P.J., 1972 - Trace element distributio~ in reef and subreef 

rocks of Jurassic age in Bri tain and Sld tzerland. 

J.sediment.Petrol., 42, 183-194. 

DEFFEYES, K.S., LUCIA, F.J •• and l'lEYL, P.K., 1965 - Dolomitization of 

Recent Plio-Pleistocene sediments by marine evapor~te waters 

on Bonaire, Netherlands Antilles. 1.!l. Pray, L.C., and 

Hurray, R.C., (Eds) '- Dolomitiiiltion and limestone ' diAgenesis. 

Soc.econ.Paleont.f1ineral. snec.Publ., 13, 71-88. 

DODD, J.R., 1965 - Bnvironmental control of strontium and magnesium in 

Mytilus, Geochim.cosmochim.Acta, 29, 385-98. 

GIBSON , D.L., 1972 - Clay mineralogy of Recent sediments of the Broad SOtilld 

area, Queensland. Bur. rUner.Resour.Aust. Rec.: i 972/65 (unpubl.). 



- 12 -

GOL~)SrUTH, J .R., &. GRAP, D.L., 1958 - Relntion between +attice conntants 

and composition of the Ca~Hg carbonates. ADler.Nineral., 43, 

84-101. 

HALLAM, A., & PRICE, N" . f·l ., '1968 - Environmental and biochemical control 

of strontium in. shells. Geochim.cosmochi;.Acta, 32, 319-28. 

ILLING, L.V., & VlELLS, A.J., 1964 - Penecontempor .. ry dolomite in the 

Persian Gulf. Bull.geol.Soc,Amer., 48, 532-33. 

ILLING, L. V., HELLS, A.J., & TAYLOR, J. C .M., 1965 · - Penecontemporary 

dolomite in the Persian Gulf. 1.!l ~ray, L.C., and r·iurray, R.C., 

(Eds) - Dolomitization and limestone diagenesis. 

Soc.econ.Paleont.Mineral.Spec.Publ., 13,89-111. 

KlnsrlLA..IIf, D. J • J ., 1969a - Hodes of formation sedimentary associations, and 

diagenetic features of shallow water and supratidal evaporites. 

Bull.Amer.Ass. petrol.Geol., 53, 830-40. 

KI NE;".-IAN, D.J.J., 1969b - Interpretation of Sr2+ concentrations in 

c.:lrbonate minerals and rocks .. J.sediment.Petrol., 39, 

486-508. 

KITANO , YUSUSHI, ~ HOOD, D. W., 1965 - 'rhe influenc8 of organic Ina terial 

on the polymorphic crystallization of calcium carbonate. 

Geochim.cosDlochim.Acta, 29, 29-41. 

LOGAN, B.W., 1961 - Crytozoon and associated stromatolites from the 

Recent, Shark Bay, Western Australia. J.Geol., 69, 517-533. 

LUCIA, F.J., 1972 - Recognition of evaporite - carbonate shoreline 

sedimentation. l!l Rigby, K.J., and R8Llblyn, 1if .K. (Eds) 

- Recognition of ancient sedimentary environments. 

Soc. econ. Paleont.Hinera!.spec. Pub!., 16, 160-191. 

PRITCHARD, D. 1'1., 1967 - ~'Ihat is an estuary: physical viewpoint In 

Lauff, G.H., (Ed.) Estuaries. Amer,4sf,!dv,Sc~.Pub., 83, 

~5. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



,I 
,I ' 

I 
.,1 

--'I 
:1 
'I 
,·1 
:, :1 
' , ' 

;'1 

,I 
I 
I 
I 
':'1 
',-

:,'!I 
,,'f 
." .. 

:/:~~:~: 

. ~ ~ " ... 

:~:I· :''' ! '' ' ~ 
• L. • • 

~ . -.t ." •. 

' r " , 

' . ~ 

- 13 -

SHnm, E. A., GIHSBURG, R.N . , & LLOYD, R.M.., 1965 - Recent , supratidal 

dolomite from Andros Island, Bahamas. 

r·1urray, R,C. (Eds.) - Dolomitization 

• 
In Pray, L.C., and - " . 

and limestone 'diagenesis. 

Soc. econ.Paleont. I';ineral.spec. PubL , 13, 112-30 ' 

SKINHIm, H.C.H., 1963 PreCipitation of calcian dolomites and magnesian 

calcites in the southeast of South Austr~lia. Amer.J.Sci., 

261, 449-72. 

SONUENFEI.,D, P., 1'962 - Dolomites and dolomitization: a revi(iilw. 

Canad.petrol.Geol.Bull., 12, 101-132. 

THOHPS ON, R.H., 1968 - Tidal flat sedimentation on ,the Colorado River 

Del ta, north'l'Test Gulf of California. Geol. Soc .AeergMew., 107. 

VON DER DORCH; C.C., 1965 - The distribution and preliminary geochemistry 

of modern carbonate sedime,nts of the Coorong area, South 

Australia. Geochim.cosmochim.Acta, 29, l81-799. 

',vn:DEnANN, H. V., 1969 - Solutions in intertidal ~nd supratidal 

environments of modern carbonate sedimentation: their 

implication on diagenesis. Chem. Geol., 4, 393-409. 

\ffiIGET , L.V., COLE!!:.Alf, J.M., &THOH, B.G . , 1972 -Emerged tidal flats 

in the Ord River Estuary, vTestern Australia. Search, 3, 

339-341. 

" 

, ; 

! . -' ; • 



TAPLN 1 , MEA1i SEPIMJPf'C COMPOSITIONS TAKEN moa elX M4kwa 
OF NEARSHORE ENVIRONMENTS. BROAD SQyKR 

SUPRATIDAL MANGROVE IITERTIDA.L 
MUDS MUDS SAlfDS 

S102 6,.0 54.4 54.5 

A12O, ".9 10.8 4.0 

Total Fe (aa F820,) 5.6 '.1 1., 

CaO 0.96 10., 18.4 

MgO 2.76 1.85 . 1.50 

Na20 0.9' 1.'9 ·1.08 

K20 1.76 1.« 0.5' 

MnO 0.12 0.06 0.10 

P2-°5 0.1' 0.1' 0.10 

TiO . 
2 0.91 0.80 0." 

cr2O, 0.10 0.10 0.10 

V205 0.05 0.05 0.05 

CO
2 0." 7.66 15.2' 

H 0 ... 2 
2 2.8, 1.97 0.42 

11 0+ 2- 6.18 ,.69 1.7' 

99.49 97.59 99.25 

MgO/CaO 2.88 0.18 0.08 
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PARA"fImTER 

TABLE 2 s SOME CHEMICA& CHARACTERISIICS OF INTERSTITIAL 

WATERS mOl{ BTIOAP SOUlfD DEPOSITIONAL ElNIROmtENTS 

. ENVIRONr1ENT 

Intert1.dal Intertidal Mangrove Supratidal Buried Broad 
sand mud. mud mud mangrove Sound 

Mud seawuter 

gh - in situ (mV) 

+130 -150 -120 -20 .... 3CO ~ lo .. /(~r 
ra.nge upper +210 +200 +270 +290 +220 

1!l8fln +160 +40 +140 +170 +80 

pH - in :;:1. tu 

(lower 7.2 6.9 6.6 6.5 3.5 
range(upper 7.9 7.3 7.3 7.8 6.1 

mean 7.6 7.1 6.8 7.0 4.9 

Eh - pOl'e waters 
(mV) 

~lm-rer +130 -20 +60 -90 -120 +190 
rn.nge upper +190 +210 +210 +160 +1PO +250 

mean +150 +110 +140 +40 +7C +210 

pH-pore ,-raters 

(lower 7.4 7.0 7.1 6.7 5.7 7.9 
range (upper 7.9 7.8 8.3 8.5 7.2 8.0 

mean 7.6 7.5 7.8 7.6 6.7 7.9 

Salinity (p.p.m.) 

~lo",er 24800 28900 34300 96300 69800 34600 
range upper 35500 37900 70300 128600 123001.' 36600 

mean 30000 32600 45800 110700 103100 35800 

Mg(p.p.m.) 

( 1m-Tel' 1080 1140 2130 5260 5360 1300 
range (uuper 1410 1620 2520 7000 7160 1400 

mean 1250 1450 2350 6220 6240 1340 

Ca(pop.m.) 

~ 101'1er 300 350 310 800 500 t'1') 
range upper 420 435 1110 1290 1360 1150 

mean 360 395 610 970 731 430 

K (p.p.m.) 

~lower 280 320 455 1320 1380 400 
ranee upper 365 420 660 1840 1640 460 

mean 320 370 570 1510 1540 430 
---



TABLE :3 • CHEMICAL AND MINERALOGICAL COMPOSITION OF DOLOMITIC 
QONCRETIONS fROM BROAD som AND SOME OtHER CAR§QNATE CONCMT,ONS. 

1 2 , 4 5 6 7 8 9 

Si02 14.5 14.8 13.' 14.0 13.9 14.4 11.2 14.5 8.4 

A12O, 5.15 5.; 4.1 4.4 4.9 4.95 4.1 '.8 2.; 
Fe20, 2.; 1.9 2.0 1.2 1.8 1.8 1.95 2.; 6.1 

CaO ,2.0 ;2,0 ;2.5 ;0.0 ;5.0 '5.0 '5.0 ;0.0 4;.0 

MgO 9.5 8.0 9.7 5.65 6.8 6.6 8.6 11.2 2.0 

Na20 0.39 0.54 0.96 2.4 0.25 0.32 0.18 0.39 0.15 
K20 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

MnO 0.21 0.14 0.16 0.11 0.15 0.12 0.10 0.16 0.49 

P20
5 0.68 0.60 0.73 0.41 0.54 0.49 0.48 0.50 0.21 

Tl0
2 

0.28 0.22 0.19 0.26 0.26 00 28 0.23 0.21 0.13 

CO2 28.6 ".4 ;0.6 28., 30.8 30.7 ,2.8 ".0 '3.1 
H2O 6.90 5.'5 5.60 8.20 5.15 4.40 4.40 5.10 '.40 

S04 0.56 0.4; 0.43 0.47 0.29 
Sr 0.06 0.08 0.065 - 0.065 0.065 0.070 0.065 0.04 
91 0.07 0.15 - 0.09 0 0 06 0.04 0.04 0.11 

cu .0025 .0015 .0010 .0010 .0010 .0010 .0015 .0010 

Pb .0020 .0015 .0005 .0005 .0025 .0005 .0005 .0005 
Zn .0110 .0045 .0020 .0040 .0070 .0020 .0055 .0015 
Co .0010 .0010 .0010 .0010 .0010 .0020 .0010 .0020 

Ni .0015 .0015 .0015 .0015 .0015 .0010 .0015 .0020 

Rll~io 

PeW!; ar~~!i! 

oaloite/ 
dolomite 54.46 5;147 64t36 71.29 71129 671;; 46=54 ;8162 100tO 

,ComEosi tiQn 
of galQi~e 

10-

7.9 

2.4 

0.95 
48.0 

1.5 

0.2 
0.5 

0.0; 

0.08 

0.14 

34.5 
2.;0 

.0;5 

.01 
.0010 

.0005 

.0020 

.0020 

.0010 

100tO 

Ca-Mg 9;-7 92-8 92-8 9;-7 9;-7 9;-7 92-8 9'-7 89-11 97-3 

ComEositioQ 
Qf dolom;!te 
Ca-Mg 59-41 63-37 60-40 6;-37 65-35 63-;7 64-36 6;-;7 

Analysesl 
1 - outer part of dolomite oonoretion, Broad Sound 

2 - inner part of same dolomite concretion 
3 to 8 - dolomite concretions, Broad Sound 

9 - marine oaloareoU8 nodule Broad Sound 

10 - pedogenio nodule, Broad Sound area 

11 - Coorong dolomite (sample supplied b;r C.J. Downes) 

11 

6.8 

0.11 

0.53 

6.5 

19.5 

0.16 
0.5 

0.03 

0.12 
0.0; 

'9.2 
5.25 

0.46 

0.74 

.07 

.0015 

.0005 

.0015 

.0010 

.0005 

0.,00 

84-16 
to 

77-2; 

56-41 
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