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" ABSTRACT

A tank system containing sediments and brine chosen to simulate an
evaporative shallow-water organic-rich sedimentary basin was allowed to evolve
for 10 months. Early diagenetic reactions between nesquehonite and brine
resulted in a marked increase in alkalinity. The first major change was the
precipitation of honohydrocalcite spherules which formed a crust between
supernatént liquid and sediment. Cores of the nesquehonite layer showed
dissolution of the nesquehonite and the formation of huntite arnd protohydromage
nesite, followed by the formatioﬁ of magnesium=rich dolomite, and then dolomite
;f stoichiometric proportions. Calcite precipitated with dolomite within the
nesquehonite layer. A second crust, precipitated within a leyer of decaying

filamentous ulgae, between the nesquehonite and calcite layers was composed of

calcite, dolomite a&nd halite.

Precipitation within the nesquehonite layer was controlled by reactions
between brine and nesquehonitc, leading to dissolution of nesguehonite and
hydrolysis of carbonate. The formation of hunt;te and dolomite appears to have
been aided by a high 0032- concentration in solution, which was effected by

the high salinity, and maintained by the continued dissociation of nesquehonite.
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INTRODUCTION

Bubela and Ferguson (1973) deacribed a fibreglass tank of about 4 m3

capacity (Fig. 14, B) which facilitated the investigation under monitored
conditions of some chemical, mineralogical and biological processes which take
place in'sediment;. The tank serves to bridge the gap between natural and
laboratory (bench) systéms. It allows careful coring and monitoring of conditions,
with virtually "in situ" chemical'analysis of the system, thus safeguarding asgainst

changes which may occur in samples from field occurrences.

 As part of a vprogram to apply experimental sediméntary systems to
problems of the genesis of sedimentary Pb-Zn deposits, we used the apparatus
to simulate an eserobic, highly saline shalaow-water carbonate environment. As
many major Pb-Zn deposits are within dolomitized limestone sequences, we hoped
that the experiments would shed some light on the process of dolomitization,
as well as indicating the posaible extent of its influence on the mechanism
of base metal complexing and precipitation. In addition, it wes hered <o assesé
the importance of bioclogical processes on the complexing and precivitaticn of
base metals in a carbonate environment. Ferguson et al. (1975) and Bubela et al.
(1975) discussed the fixation of base metals and the role of biological
degradetion in these processes. The pfesent contribution is a report on the
major diagenetic changes which occurred in the brine and the various sediments
within the system. The mineral phases formed are described in detail and
inforéation is presented on the chemical variables amssociated with mineralogical
changes. The wide-ranging investigation of the variety of sedimentary processes
which were investigated placed constraints on the number and type of guantitative
measurements which could be carried¢ out. However, the results help to define the
chenmical interactions occurring within the sunernatant brine, and in the pore

waters leading to diagenetic alteration and precipitation of various carbonate

species, It is considered that they have important geological significance.



~ METHODS

The simulated sedimentary system is shown in Fig. 1A and B,

Layer A in Fig., 1B is the supernatant brine (25% g0lids) which was

initially collected from Port Alma, Queenslend (= Port Alma brine).

Layer B is nesguehonite (Mg CO

3
+ 2= ‘
a source of Mgz + 003 for diagenetic reactions within the systen.

3H20), which it was hoped would provide

Layer C is crushed calcite about 10 cr thick. The calcite layer lies
on a planar surface of crushed dolomite, which was included within the experiment
to see if metal complexes were preferentially sited within it. In eddition, a

thriving algal population (Chlorococcus sp.) and coccoidal and bacillus type

organisms became established within the suvernatant liquid. Part of this
population sedimented onto the top of the nesquehonite layer. Decaying file-
mentous elgae were placed between the nesquehonite and calcite layers, because
it was thought that these night form the locus of precipitated base metals.

Temperatures fluctuated between 10 and 28%¢ over the course of the experiment.

The experiment lasted for 10 months, during which losses of water by
evaporation were compensated for by periodic additions of the Pcrt Alma brine.
The sediments were cored on four occasions by the methods described by Bubela

and Ferguson (1973), which then give minimum disturbance. Pore water was monitorea

for chznges in pH, Eh, free HES’ and 02, by direct insertion of electrodes into

the sediments through one-way valves in the tank. Chemical changes within the
supernatant liquid were followed by atomic absorbtion spectroscopy, ges-liocuid
chromatography and chemical methods. The cores were analysed hy X-ray radio-

graphy, x-ray diffraction and S.E.M. with attached EDAX system. Details of

methodology are given in Bubels et al. (1975).

Data concerning the periodicity of sampling are given in Table 1. The
most comprehensive data refer to pH, Eh and the concentration of organic. carbon.

Cores were taken on four occasions, two in the early part of the experiment.



RESULTS | .

Chemical and mineralogical changes within the system are summarized

. below.

Supernatant liguid

Data summarizing the major trends observed during the experiments are
shown in Tables 2 and 3. The Port Alma brine was analysed before it wes put in
the tank, and a sample from a 200-litre storzge crum was analysed after the
experiment; the analyses showed no differences. The chemical changes in the
brine may be summarized as follows:

a) Evaporative increase in selinity. The closeness of experimentally
determined concentration factors (Table é) to that calculated from
volume changes suggests only limited mixing of supernatent and sediment
pore waters.

b) The pH of the supernatant liguid rose from 6,95 to 8.1 over 3 months,
and thereafter fell to 7.7 after 7.5 months (Fig. 24). Most of the
initiel rise in pH occﬁrred in the first 10 days (Table 3).

c) The alkalinity of the supernatant liguid increased from 150 ovpn (for
Port Alma brine) to 1500-1600 ppm, It is likely that most of this
alkalinity increase accompanied the pH rise in the first 10 days.
Hovever the analyses in Table 2 indicate a high level of alkalinity
by the end of 3 months.

a) The concentration of calcium decreased over the rveriod of the experiment
from 900 to 320 ppm, in spite of the fact that the concentration expected
from evaporation should have Eeen 1050 pom., Magnesium concentration in
the final supernatent liquid was marginally hizher than that calculated
for evavoration increases. The salinity and calcium variations caused

a change in the Hg/Ca ratio from 18.4 to 63 during the experiment.

Changes similar to b, ¢ and d could be induced experimentally in sanmples of
Port Alma brine by shaking with exceas golid nesquehonite; 2 calcium precinitate

forming, leading to a depletion in the calecium concentraticn.
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-e) A vigorous population of green (Chlorococcus) algae and a variety of

coccoidal and bacillus type organisms became established in the

supernatant within 3 months. The organic carben content of the

A
supernatant liquid increased copstantlf\over this period (Teble 3).

Some of the organic material sedimented onto the top surface of layer
B (nesquehonite).

) The particulate fraction of the supernatant licuid (brine) changed.
during the experiment. At the beginning, the centrifuged (162-105 x G)
particulate matter was composed of mucillage and lepido-crosite. A
sample centrifuged after 7.5 months showed aragonite, high-lg calcife,
unidentified Ca-Mg-carbonates, halite and mucillage. Chemical and X-ray
diffraction data of this material are shown in Table 4 and Fizure 3.

The morphology of the aragonite shown in Figure 4B is here named "lemona",

No mragonite was detected in or on the surface nesquehonite layers.

g) The supernatant brine remained oxidizing throusghcut the exnverizent.

"Crust" Precinitates

During the experiment two carbonate crusts precipifatedt
a) At the junction of the supernatant and nesquehonite leyers (Crust 1);
b) Within the orgenic layer between the nesquehonite and calcite layers

(Crust 2). .

Crust -1

During the first five months, a crust 3 mm thick formed at the junction
of the nesquehonite and supernatant brine. This is shown in Figure 54, B. This
crust waé sampled after 5 months and after 7.5 months. Cross-cectienal and plan
views of the cruét are shown in Figure 44, 5A, B: the outer surface is irreguler
and the under surface is generanlly smooth. The cross-sectional view shows an
upper zone of spherulitic, oolitic-like hodies (Fig. 44) apvroximately 0.1 am in ,

diameter, and a darker finer-grained portion beneath. The crust was physically

disaggregated and "panned™ in acetone into 3 fractions: a) svhere; b) matrix



-5

1 - brown and fine-grained;.and ¢) matriz 2 - light-coloured and fine~grained.

"X-ray analysis of the different fractions are shown in Figure 6.

The spheres fraction was totally monohydrocalcite (Fig. 6A)and chemical
analysis showed that very little magnesium occurred in this frection. Optical
examination of the crust showed that the monohydrocalcite spheres were approxi-
mately O.1 mm in diameter, of relatively uniform size, and many had an orgsnic
fragment as a nucleus (Fig. 40). A concentric structure was visible in most
(Fig. 4C), while all showed a uniaxial extinction cross (Fig. 4A, C, D, E), and

a radial orientation corresponding to the slow ray direction.

Optical examination of the fine-grained lower part of the crust showed
e division into two types of materiasl, minute crystuals approximately 1-%/{ in
size (Fig. 4C), and spherical bodies up. to Eg/a in diaweter, some of which aprear
to be zoned. Also, within the fine-grained material were scattered spheriodal
bodiesvidentical to the monohydrocalcite bodies of the upper vart of the crust.
The scattered bodies show various stases of corrosion (Fig. 4D, E), and therefore

aprear to have been partly dissolved within the lower part of the crust.

SEM photogrephs show monohydrocalcite spheres, and cornflake-like
ageregates of protohydromagrnesite (Fig. 5C-F) similar to those figured in Davies
& Bubela (1973). The aggregates (Fig. 5C, D, & F) are likely to be the 20/‘
spherdidal zoned objects seen in thin section. Al=so in the Sz picture are

abundant egg-shaped objects approximately S-IO/LL in size (Fig. 5F). Both make

up the fine-grained lower portion of the crust. Huntite and protohydromagnesite

were identified by X-ray within this fraction (Fig. 6B-C). Scanning electron
microscope and Edax examination of the hydromagnesite and huntite fractions are
shown in Fig. 7. The cornflake-like hydromagnesite and egg-shaped unidentified
bodies are shown in Fig. 7A, and the X-ray image showing calcium distributions
is shown in Fig. 7B. The correspondence of calcium with the egg-shaped bodies,

and the océurrence of calcium in only one mineral phase identify the egg-shaped

bodies as huntite.



-5

Crust 2 formed within the decaying filamentous organic material
between the calcite and nesquehonite layers (Fig. 8a, B, C). It was first
lnoticed after 5 months, but was not sampled un%il\gge end of the experiment.
Most of the crystals forming the crust show skeletal crystal development,’with
voids running through the middle of the crystals {Fig. 8C). Pigure 8D shows the
different nature of the crushed calcite forming layer C, below the crust. The
crust X-rayved as caleite, dolomite and halite (Fig. 9). Undoubtedly some of
the cubic forms in Figure 8B, C are halite. To determine the position of the
dolomite, the crust was examined by electron probe (Fig. 104, B). Figure 104
shows hexagonal crystels approximately € nm in size and exhibiting skeletal
growth. Figure 10B shows the electron diffraction picture for magnesium. The
association of magnesium and crystals with skeletal growth is apparent. 4
gualitative estimate of the Mg:Ca ratio from integrated counts suggests a 1:1
composition. This agrees with the X-ray data, and identifieé the skeletal
hexagoﬁal crystals ags dolomite of ideal composition. The 211 peak is very sharn

but the ordering reflections are weak,

Nesguehonite Layer

X-ray analysis of cores of the nesquehonite layer are shown in Figure 1i.
The first core {Fig. 11B) showed that nesquehonite was still abundant elthough
hew peaks have appeared. The peaks were tentatively identified as protohydro-
magneéite {Davies & Bubela, 1973) or hydromagnesite. The 5,78 peal: may be the
11t hydromagnesite reflection. However, the 2.868 peak is larger than the 5.73
peak which should be the more intemse. This suggests that vrotohydroragnesite
is present, either to the exclusion of, or in addition to, hydromagnesite. The
"cornflake"~like structure of the protohydromagnesite is identical to that at tae
top of the nesgquehonite layer (Fig. 5F). A second core taken 10 days later showed
a sjwilar stege of develonmeni, but many of the nesquehonite peeks were missing

{Fig. 110).
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4 third core taken after the system had been functioning for 95 days
showed two major developments (Fig. 11D). Firstly, all the nesquehonite peaks
had become less intense and some had disappeared, e.g. 3.59 , 2.98 , 2.62 ,
2.34 , 2,028, Secondly, magnesium-rich dolomife\ﬂith a composition Cao_431-ig0.57
CO3 is clearly visible on the diffractogram. This can only have grown diageneti-
cally within the decomposing nesquehonite layer. There may also be calcite
present. A fourth core taken after 132 days shows two features (Fig. 11E): the
major carbonate phase is low~iig calcite; the dolomite is still present, and shows
a single strong peak at 2.89 (211) indicating a stoichiometric composition of
CaO.SMgo’s'(COB). A fifth sample of leyer B was collected immediately before the
end of the experiment. This X-rayed as nesquehonite and low-#g calcite. Kazakov

et al. (1959) showed a similar terminal phase, and concluded that the naragenesis

of calcite and nesquehonite were very similar.

Chemical changes within the nesquehonite layer include a large rise in
pH in the first 10 days, this remaining as a plateau for 140 days, followed by =
fall during the rest of the experiment down to pH6.6 (Fig. 2B). The layer
remained oxidizing throughout and showed its larpest increase in organic carbon

in the first 100-150 days (Fig. 124, B).

Calcite Layer (Layer C)

Four cores and a terminal sample were collected. Very little mineral-
ogical change was evidenced on X.R.D. The only additioral peeks in all the

diffractograms were halite peaks.

The pH curve shows 2 rise due to equilibration of the caleite and brine,
followed by a continuous fall for the nezt 150 days down to ph 7.0 after which rE
gradually rose to 8.2 (Fig. 2C). TFor the first 100 days H25 production increased
concomitant with a marked decline in oxygen; organic carbon also increased (Fig.
124, B).

Dolomite Laver (Layer D)

Although the dolomite layer (D in Fig. 1B) became thixotropic after two

months, detectable mineralogic changes were found only in samples collected after

146 days (Fig. 134, B).



DISCUSSION

The cause of the rise in alkalinity of the supernatant brine is
attribﬁted to the dissocietion of the nesquehonite with which it is in contact.
A similar increase (-20 meq/l) in alkalinity can be induced in Port Alma brine by
shaking it with excess nesquehonite, the aikalinity increase occurring in 10-16
days (Ferguson et al., 1975). The nesquehonite layer shows & drop in pH after
140 days (Fig. 2B), indicating precipitation as a dominant process. This serves
as a date after which little excess alkelinity was added to the supernatant
liguid. The alkelinity increase in the supernatant liguid therefore occurred
before 140 days. The principal effect of the alkalinity‘increase is the precip—
itation of the monohydrocalcite crust. Throughout the experiment, 616 prm calcium

was lost from solution. Fost of this probably formed monohydrocalcite, which

a—

3

honite occurred. It also dates the monohydrocalcite as having formed during the

would require 31 meq/l of HCO,, sugzesting that further dissolution of nesgque-
first 140 days, vhile araroniie was detected only in the later part of the experi-
ment, and then only in the brine. The question remains as to why monohydrocalcite
should precipitate before aragonite, a result duplicated during bench experiments.
Previous workers have also noted this, but stresse& that monohydroéalcite occurred:
only 8s an accessory to aragonite (Monaghan and Lytle, 1956; Simkiss, 1964).

Lipoman (1973) suggested that the Mg2+ ion inhibits the formation of calcite,

preferentially allowing monohydrocalcite and aragonite to orecipitate, a minimum

molar concentration of Q.01 HM M32+ being required. In the tenk experiment,

therefore, conditions favour the precipitation of monohydrocalcite and aragonite.
The vreponderance of mononydrocaleite may be due to nucleation factors end/or in-
hibiting factors. In previous bench exneriments, precipitation of aragonite was
delayed for long periods, after which sudden precipitation occurred. This is &
common supersaturafion phenonmenon and suggests that spontaneous nucleation of
arggonite is delayed. Our bench evreriments also indicate that humic acids delay
the onset of any precipitation zn¢ that whén it does occur the first precipitate
is monohydrocalcite, followed by aragonite. Furthermore, the ronohydrocalcite is

stained deeply brown by included organic material, while the aragonite is only
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ligh;ly stained or colourless. The organic materigl may therefore accentuate

the previously recorded delay in the spontaneogs nuéleation of aragonite. The
Mg2+ effectively stoﬁs the precipitation of calcite by "poisoning" likely calcium
sites.- Thus, a state of supersaturation with non-precipitation is achieved,
during which the most easily precipitated salt will crystallize. Under conditions
of reasonably hish calcium concantfation, high HCO;, and pH 8, monohydrozalcite
will precipitate. This is aided by the fact that total dehydration of each
calcium idn is not necessary. In our tank exveriment the later formation of
aragonite "lemons" may be the result of lower calcium concentration end the:
inhibition of precipitation. Aragonite precipitation probably occurred in the

period after 140 days, as suggested by the fall in pH of the sunernatant.

The pH curve for both supernatant and the nesquehonite layer shows

three sections. These are best illustrated by the nesquehonite curve (Fig. 2B},

AB « dissociation period
BC - supersaturation period

CD - crystallization period.

During the dissociation period, nesquehonite dissolves in contact witn the brine.

This may be generally written as

2+

"MgCo .3H20 + 52049 Mg~ + HCO3 + OH

2

It is likely, however, that two intermediate stages occur within this reaction

vhich may be written generally as

3
B & B0 » HCO] + OF™ - rise in pH.

a)  MgCOL3HO + H,0 3 Mget+ 002~ + BY - £all in pH

co
b) €0,

If the second part (b) were compbleted quickly, then it would be possible to
form hydromagnesite or protohydromagnesite via 4Mg2+ + 500§f§- Eg4 (CO3)3 (OH)2

;HZO + ZHCOB.

Two factors affect events in the supersaturation stage: 1. The
precipitation of monohydrocalecitz, which would result in further disscecisztion
of nesquehonite; 2. Tre slow transformation of nesquehonite into hydromugnesite,

which suggests that hydrolysis of carbonate to bicarbonate and hydroxyl was
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occurring only with difficulty. Sufficient hydrolysis seems to have occurred

to induce a slow pH rise (after the initial dissociation), but on occasions the
production of H+ as a preceding ste? may have been faster (pH drop betwesen 20
and 55 days). The high salinity, by virtue'of'%hq\gffect of ionic strength on
the dissociation constants, will likely induce & higher overall concentration of
cog" in solution (Horne, 1969). During the supersaturation stage, therefore,
conditions of high M€2+ concentration, low célcium concentration and relatively
2~ concentration occur together with conditions under which CH is being

:
produced with difficulty, resulting in the precipitation of hunftite and dolomite.

high CO

If hydroxyl had been available, hydromagnesite should have formed. The time
relations between the precipitation of dolomite and huntite ars not known, but

the presence of huntite within the monohydrocalcite crust suggeste that it formed
early, perhaps by reactions between the early-formed monohydrocalcite cfystals

and the pore solutions in the top of the nesquehonite layer. Evidence suggesting
dissolution of monohydrocalcite has already been shown (Fig. 4D, E), However the
precipitation of both huntite and dolomite is significant. ¥insman (1967) suggeste
that huntile is a precursor irineral to dolomite, and Lippman (1973) indicuted that
huntite will grow before dolomite because its more open crystalline structure

will make magnesium dehydration somevhat easier. If Lippman's (op. cit.) contentis:
that high concentration of C0§- is important in the dehydration of the H52+ ion,
then maintaining such concentration over an cxtended period becomes criticsl to

the formation of dolomite. The importance of the supersaturation stage is thnerefor
the length of time over which it occurs (5 months). This is especially so, in view
of the conclusions of Illing et al. (1965) that the difficulties of precipitating
dolomite are compounded by the slowness of the reaction. This is borne out in

our experiments 5y the appearance of dolomite in the later part of the super~
saturation gstage. The maintenance of high 003- concentration throughout this
stage, by the slow decomvosition of nesquenonite, may therefoie be critical to

the dolonite formation.

Qur experimental results closely parallel Lippman's hypothesis thatl if

alkelinity production is rapid, then hydrous magnesium carbonates may precipitate '
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as precursors to dolomite (see also Kinsman, 1967). These may in turn react with
solutions, providing a reservoir of Hg2+ and Ca2+ for the formation of dolomite.

Similarly, the double carbonate huntite should be expected to form a precursor

to dolomite formation (Lippman, 1973, P.188). '\\\\\

The length of the supersaturation stage in our experiments is much
longer than previously reported (Kazakov et al., 1959)., In addition, other
major differences in our experiments are high salinity and high organic material.
The high salinity serves to increase the solubility of nesquehonite, and the
organic material delays the precipitation of carbonate phases (Kazakov et al.,
1959; Chave, 1970). Both factors contribute to maintaining a suitable environment

over a sufficiently long period for the formation of dolomite.

Despite'the almost universal acceptance that the K52+/Caz+ ratio is
eritical in the formation of dolomite (Von der Borech, 1965; Deffeyes et al., 1965;
Kinsman, 1965; Liebermann, 1967; Glover and Sippel, 1967; Bathurst, 1971), some
experimental work indicates that this is not necessarily so (Siegel, 1961; Fritz
and Smita, 1970; Erenberg, 1961; lfiller and Fishbeck, 1973; Chazen and Ehrlick,
1973). Sonnenfeld (1963) suggested.tnat the concentration of anions was more
important than the concentration of cations, and Bentor (1961) pointed out that
in many places a high Mg2+/Ca2+ ratio bore no relation to dolomitization. Lipynan
(1973) concluded that the ngﬁ/032+ ratio only became important after sufficient
CO§_ was available. In our own experiments the Hg2f/032+ retio in the brine
varied between 18.4 and 63. We cannot comment'about the ratio in the nesoue-

honite layer, especially if some dissolution of monohydrocalcite was occurring

as indicated by thin section examination,

There vere no mineralogic changes, recognized by X-ray diffraction,
within the calcite layer. However, the pH curve (Fié. 2C) indicates that changés
did occur, involving only solution and reprecipitation of calcite. The pH curve
shows an initial rise due to equilibration of calcite and brine; this is the
dissociation stage. The ensuing supersaturation stage is short (10~14 days),

and is followed by a precipitation stage (fall in pi). The duration of the
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supersaturation stage is only fractionally longer than the time required for the
precipitation of calcite in laboratory experiments {200 hours - J. James, personal
communication, 1975). The precipitation stage requires an influx of CO2 to

3 ?

originated -in the nesquehonite or the dolomite layer. However, the dolomite layef

accomnodate H' released from the dissociation bf\gf?- to COE—. The co? may have

was requiring 002 to accommodete its own precipitation-induced fall in pH, and 002
may have been released slowly from the nesquehonite layer during its supersaturatio:
stage. A further possibility is the oxidative decomposition of organic material
between the nesquehonite and calcite layers, and also the organic material within
the calcite layer. The Eh curve for the calcite layer (Fig. 12) shows a drop
during the precipitation stage, indicating conswaption of oxygen. At the saue
time organic carbon increases, suggesting that additional organic msterial was
being cycled to restore any lost through oxidation. The most abundent source of
organic material was the layer of decayins filamentous algme between .the calcite
and nesquehenite layers. This layer should therefore provide a site necr which
precipitation should occur most readily because of the ready access of 802. it

is in this position that the'second crust was precinitated, Thne tinme of Tormation
of the crust cannot be pinpointed, but the occurrence of dolomite within the crust
is important. The delomite seemingly occurs as a precipitate. Its rposition within
organic material may be cruciel. The source of Ng2+ is undcoubtedly the brine
while the source of alkalinity is that induced by calcite and nesquehonite
dissociation. Fhe pH of the calcite precipitation stage extends from 8.2 to 7.1,
only a smzll part of which (0.1 pd wnit) compares with the veriod of cdolomite
formation in the nesquehonite layer. This suggests that the "organic dolomite"”
either precipitated very early, or formed under very different pli conditicns.
Extending our conclusion thet dolomite precipitates very‘slowly, it is unlikely
that the organic dolomite would have precipitated early during the 2-3 days when
the pH was similar to that in the nesquehonite supersaturation stage. It is mors
likely that the dolomite precipitated during the time of fnliing rH within the
calcite layer, and as such must therefore be different from the dolomite which
formed in the nesquehonite layer, all of which dissolved during the precipitation-

elly -induced pH drop.
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The inverse relations between the pH curves for the calcite and nesgue-
honite layers (Fig. 14) suggests a genetic relation, especially in the period
140 to 300 days. It is likely, therefore, that the 002 increacse accompanying
the pH drop in the nesquehonite layer was due to a slow leakage df CO2 from the
calcite layer. This would have been largely trapped in the nesquehonite layer
by the crust of monohydrocalcite. That this was not an effective trap is
indicated by the drop in pH of the supefnatant layer after 140 days. However,

the slight terminal rise in the supernatant pH indicates that losses were

greater than gains towards the end of the experiment.

In the dolomite layer, the magnitude of the pH changes in the first
100 days is less than in the other layers. Some dissolution of dolomite
probably occurred early, but this cannot be showm by X-ray data. lowever, X-ray
data show precipitation of calcite within this layer before 146 days, when the pH
was approximately 7.2-~7.3. In other words, calcitization of the dolomite layer

has occurred.

GEOLOGICAL RELZVAHCE

In our experiments we havé not tried to simulate any particuler
natural environment because insufficient is known about such environmeats. The
experiments were carried out under conditions which approximate to an aerobic
shallow-water evaporitic basin (Table 5). Its similarities to chemical and
physicgl conditions in the Coorong of South Australia have been indicated by
Ferguson et al. (1975). Although large quantities of nesquehonite have not been
reported in modern evaporitic environments, its use isjustified on various grounds.
Firstly, it was.used primarily as a source of alkalinity and not as a source of
magnesium, Ve did not use hydromagnesite because we did not want the pH 1o rise
much above 8 (see Glover and Sippel, 1967). The subsurface pH in the Persian
Gulf dolomitic province fluctuates between 6 and 7 (Illing et al., 1%65; Kinsnman,
1967), and Liebermann (1967) showed experimentally that dolomitic carbonates
precipitate around pH 8.1. Secondly, previous work (Davies and Bubela, 1973)

showed that nesquehonite altered relatively slowly to hydromagnesite via an
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unstable intermediate phase, protohydromagnesite. Tﬁirdly, our own work and that
of.Kazakov et al. (1959) indicate that the paragenssis of nesquehonite is similar
to that of calcite. The incorporation of megnesium into a calcite-type lattice
is most likely to produce dolomite. Evidence for this has been_feported from

the Coorong (Von der Borch, 1965) where dolomite and calcite underlie aragonite
and hydromagnesite. Fourthly, Lippman (1973) suggested that nesquehonite or
hydromagnesite may form orecursors fo dolomite formation; evidence for this is
the precipitation of dolomite in certain Crimean lakes where bicarbonate of river
water reacts with magnesium salts (Liebermann, 1967, p. 245). In addition, we

recently identified nesquehonite in dolomitic lakes in the Coorong.

Although the precipitation of a mineral species depends on two parts
of a solubility product, almost all workers have expleined ths origin of dolomite
by variations in the cationic ratio Hg2+/Ca2+. It is noteworthy that in all
areas where recent dolomites have been repo;ted, except Bonaire, no data are
given for alkalinity. Thermodynanic data suggrest that seswater is superszturzted
with respect to dolomite (Halla and Ritter, 1935; Garrels and Thomuson, 1960;
Hsu, 1969; Berner, 197%; Lippman, 1973). The cationic componenls ere therefore
present in sufficient quantities (Lippman, 1973) but thae co%‘ concentration is low,
and dolomite does not precipitate. Dolomite forms at Bonaire, where the alkelinity
varies froﬁ slightly below to well above that of seawater. IHore significant,

however, is that Deffeyes et al. (1965) showed that CO§ concentration increased

markedly over the HCO% (Deffeyes et al., 1965, Table 1, p. T6).

No alkalinity data have been published for Coorong lakes. The data in
Table 5 for Lake ¥Fellmongery are thererore intormative; the alkalinity varies
from 680 ppm (February) to 564 pom (November); this is roughly five times the
concentration of seawater. Groundwater near lckes in the zrea has a HCO%‘ con=-
centration of about 435 ppm (Taylor, in press). The same author revorted that
high=lFg calcite witih 33 mole 2 Me CO3 i precivpitating within Lake Fellzongery,
but dolomite sensu stricto is not. The Mg2+/0a2+ ratio varies between 10 and 20

which is within the range srown by Von der Borch (1965) for the dolomite~
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precipitating lakes. The non-precipitatioh of dolomite et Lake Fellmongery appears
to contradict our hypothesis. However, Von der Borch (op. éit.) also stipulsted
a pH up to 10 as & requirement in the dolomiteriakes, vhereas at lake Fellmongery
the pH never rises above 8.5. Thus in spite o}xthg\high alkalinities, in any

; will greatly exceed Cog-.

According to Von der Borch's data, the Coorong is exceptional because of its high

alkalinity partition the concentration of iiCO

pH and relatively low salinity (see also Bathurst, 1971). In the Fersian Gulf,
dolomite is forming under conditions of low pH (6 to 7} and very high salinity

(6 x 5.5.W.). The combination of these two factors results in: a) the precipita-
tion of calcium sulvhate, which leads to an incresse in the solubiiity of pre-
viously precipitated metastable calcium carbonate phases; b) dissolution of the
calcium carbonate phases} resulting in an increase in alkalinity; and ¢) the

high salinity ensures a high proportion of cog‘ to HCOE. rThe formation of

dolomite may therefore occur under two differeni chemical conditions, both of

which lead to the same reguirement of an increase in the CO%‘ concentretion.

In our experiments we have vrecipitatea three innortant pheses

(monohodryocalcite, huntite and dolomite) under conditions of high alkelinity.

Monohydrocalcite has only previously been reported three times from
recent environments (Sapozhnikov and Tsvetkov, 195G: Fishbeck and Mdller, 1971
Taylor, in press). It has been synthesized in the laboratory by numerous workers,
usually by the addition of organic or inorganic additives (Brooks et al., 1950;
Kinsmén and Heolland, 1969: lalone and Towe, 1970; Duedall and Buckley, 19%1).
Taylor (in press) has described mounohydrocalcite forming a beach rock around Lake
Fellmongery. He has concluded that although monchydrocaleite was not rerorted in
the carbonate lake sediments of the Coorong, X-ray diffraction data have consis-
tently revealed small cuantities. In addition, rield studies el Leke I'ellmongery
show that the monohvdrocalcite alter: to high-Mg coleite contuining 33 méle % L

003; it therefore anuears that mononydrocalcite is a precurser to a mineral P

approaching dolomitic compositione

It has been sugrested that monohydrocalcite forms either from airhorne

water droplets (Harschmer, 1900; Fishbeck and lllller, 1971), or is due to organic
- ¥ —

\
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activity (Broqghton. 1972; Malone and Towe, 1970). In our work, and in that of
Taylor (op. eit,), the nucleii of the monohydrocalcite spherules are organic
fragments. lHore important, however, is the role of soluble organic material and
mucus. These and high magnesium concentration ensure that arégonite is inhibited,
and that calcite does not precipitate. lionohydrocalcite precipitate; in the
meantime. Dissolution of monchydrccalcite occurred in our tank belcw the tor of
the crust, where it is surrounded by unstable magnesium phases. It.is therefore
possible tﬁat this is the source of celcium for the precipitation of huntite within

the crust.

Kinsman (1967) reviewed the occurrence of huntite, and described its
occurrence in Recent sediments of the Trucial Coast; he postuleted that huntite
grows as a metastable phase occupying the stability field of dolomite. The
physical conditions in our tank experinent are similar té those postuleted bLy
Kinsman (op. cit.). However,.huntite was not precipitated in bench erxperirments
inducing rapid precipitation, the metastable vhases aragoniie and hydrcmacnesite
occupying the stability fields of more stable counterparts. This sugzests that

huntite, like dolomite, is much slower to precipitate. The higher percentage of

organic material in Crust 1 (4.4% organic carbon) may therefore have aided in

suppressing other carbonate phases,

In our tank experiments, dolomite formed both within the nesguehonite

layer and within an organic-rich crust between the nesquehonite end calcite layers.

In the nesquehonite layer, dolomite and calcite precipitate as dia-
genetic phases. In the Coorong, Von der Borch (1965) deserived a "hvdromeznesite
lake" in which the surfece sediments are hydromagnesite and aragonite, out in
which the subsurface sediments are dolomite and calecite. If the ground-water
near the "hydrorwagnesite lake" ig similar to that around iake Fellmongery, then
the alkalinity will likely exceed 435 pom (Taylor, in oress). The vH of such
grouﬁdwater is approximately 7.9. If this comes into contuet with hydromsgnesite
and aragonite, dissolution of these phases will occur under cenditions of high

bicarbonate alkalinity. At the end of the wet season or early in the dry season, .
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marked salinity increase will result in a high CO%‘ concentration which will

promote dolomite and calcite precipitation,

In contrast to "dolomite-precipitatin: lakes", the "hydromagnesite

_ lake" supports very little plant life (Von der Borch, op. ¢it., mentioned the

absence of Rupnia sp.). In this leke, therefore, it is likely that the organic
content of the water is low, and that quick precipitation of metastable phases

may occur.

Insufficient data are available regarding the "dolomite lakes" to
explain the formation of the dolomite. However, compared with our tank experiment,
four features of this environment are significant: 1. +the alkalinity of the
groundwateris likely to be high; 2. the salinity of the lake water is generally
low; 3. plants (Rugpia) are especially abundant in areas where dolomite occurs;
and 4, ©pH is generally high. The low salinity indicates that the mechanism
required for increasing CO§- concentration is the very high, photosynthetically
induced pi acting on water which is already high in bicarbonate alkalinity. The
high organic activity alsoc means a high organic content in the water, inhibiting
other carbonate phases forming. Thus, apart from the mlinity, thg Coorong

dolomite is forming in an environment similar to our tank experiment except that

the high CO3

concentration is being caused by a photosynthetic coupled pH rise.

Gebelein gnd Hoffman {1973) described a secondary mode of formation of
dolomite in stromateolitic sequences, which depends on a selective up-take of
magneéium relative to calcium by the organic material; precipitation of dolomite
presumably occurs when the magnesium is released during organic decay. These
authors produced a high-Mg calcite with 17-20 mole % Mg C03' Thus, the dolonmite
which formed within the organic material in our ezperiment may be important.
Oxidation of the organic material leads to carbonate precipitatioﬁ nezrest the
source of the oxidate. Figures 8, 9 endl10 show that dolomite has precipitated
within the organic material, the vosition of which between the calcium and

magnesium layers suggests & Mg2+/Ca2+ ratio unlikely to be high.
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FIG. 1.

Diagrammatic (A) and photographic (B) illustrations of the
gimulated sedimentary system. In the photographic illustration,
the supernatant layer (A), nesquehonite layer (B), crushed
calcite layer (c), aolomite layer (D)! sedimented unicellular

algge,-and decaying filamentous algae are shown.






“¥IG 2 pH: Time curves for the supernatant (A). nesquehonite (B),
calcite (C) and dolomite (D). C1-C4 represent cores taken

at specific intervals.
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FIG. 3 X-ray diffraction of.particulate matter fractionated from the
supernatant brine 7.5 months after establishing the sedimentary
syatem.

Aq
A2 = Separation with 500 x g
A3 = Separation with 3000 x g
A4 = Separation with 14000 x g

Separation with 100 x ¢

The peaks identified are aragonite (A), Halite (H), high magnesium
calcites (HMC) and calcium-magnesium carbonates (Ca-Hg Carbs).
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FIG. 4. A.
B.

c.

D, E.

Cross-section of the monohydrocalcite crust showing the

spheres and fine-grained carbonate beneath. Crossed polarizers.

Scanning electron micrograph of aragonite "lemon" from the

supernatant brine.

Monohydrocalcite spherule showing concentric banding and an
algul fragment acting as a nucleus. Fine-grained carbonsate

gurrounds the spherules. Plane polarized light.

Partial solution of monohydrocalcite svherules. Crossed

polarizers.






FIC. 5,

4, B.

¢, D.

E,

Plan views of the monohydrocalcite crust.

Scanning electron micrographs of the crust showing mono-
hydrocalcife spheres, and a cornflake-like aggregate of

hydromagnesite/prctohydromagnesite.

Scanning electron micrograph of the surface of one of the
monohydrocalcite spherules showing the radial orientation

of crystals.

Scanning electron micrograph of the cornflake-like aggregate
of hydro/proto-hydromagnesite and the small egg-shaped

huntite crystals.
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FIG. 6.

X-ray diffraction curves for the spheres (&), cornflakes (B),

and egg-shaped portions of the crust.

M = monohycdrocalcite
HU = Huntite
PROTOHIDROM = Protohydromagnesites
HYDROM = Ilvxdromagnesites
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FIG. 7.

A.

Scanning electron micrograph of the hydromagnesite/
protohydromagnesite (cornflakes) aggregates and the

much smaller egg-shaped aggregates.
X-ray diegram showing the co-occurrence of calecium
with the egg-shaped objects, confirming their

identification as huntite.
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ric. 8,

Scanning electron micrographs of the cruust which formed between

the nesquehonite and calcite layers. An intimete relation of
organic material and precipitated crust (8&, b) end the skeletal
growth of crystals (8¢c) are apparent. The nature of the calcite

in the calcite layer is shown in B8d.

In 8a scale bar = 500 nm
8b scale bar = 200 nm
8ec scale bar = 100 nm
8d acale bar = 200 nm
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FIG. 9 X-ray diffraction of the crust between the calcite and

nesquehonite layers.
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FIG. 10 a.

Scanning electron micrograph showing skeletal growth

of two hexagonal shaped crystals from Crust 2.

X-ray distribution of magnesium. High quantities of
magnesium are noticeadbly associated with the hexagonal
crystals showing skeletal growth. These are likely to
be dolomite,

Scale Bar = 3 nm.
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BIG 11.

X-ray diffractograms of samples from the nesquehonite layer.

A

2 o aQ w

-\

Before the experiment
Core after 10 days
Core after 23 days
Core after 93 days

Core after 130 days

nesquehonite; C = calcite, D = dolomite
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FIGC 12 The variation of Eh and organic carbon in the nesquehonite (B)
caleite (C) and dolomite (D) layers.
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FIG. 13 X-ray diffractograms of dolomite layer taken before (A) and
* 146 days after (B) the start of the experiment.

D = dolomite
Q = quartz

F = fluorite
C = calcite
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FIG. 14.

Plot of pH calcite against pH nesquehonite shows an inter-

dependent relation over most of the range piotted.
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TABLE 1.

Periodicity of sampling



TABLE 4
Periodicity of sampling

Time ( Days)

0 50 100 150 200 250 300
Parameter
Cores 5SS S S 5
pH Sss5 S 5SS 5 S 5 S S
Eh SS 8 58 S 8§88 S S S
'ORGC' SS S SS S 5SSs S S S
Ca S S
Mg S S
Sr S S
Na S S S
01 s 5 s
HCO3 8 S S S




TABLE 2 Changes in the pH and major constituents of the Port Alma

and supernatant brines



TABLE 2

Changes in the pH and major constituents of the Port Alma and

supernatant brines

PR Ca Mg Sr  Na% €% HCO. Fs/Ca
ppm  ppm  ppm meq (m)

Port Alma
e 6.95 900 10,020 42 T7.70 14.34 150 18.4

Supernatant
brine 8.1 n.d. n.d. n.d. n.d. n.d, 1500

(3 months)

(7.5 months) 7.7 320 12,200 32  B.93 16,76 1600 63

In solution
il . 284 12,100 27

Na Supernatant brine/Na - Port Alme brine = 1,16
Cl1 Supernatant brine/Cl - Port Alma brine = 1.17
Concentration factor calculated from volume changes = 1.21

Concentrations expected from experimental concentration fac-
tor of 1.165

Ca = 1050 ppm
Mg = 11,673 pom
Sr = 49 ppm



TABLE 3 pH, Eh and organic carhon data for the supernatant,
nesquehonite, cslcite and dolomite layers. The initieal

pH of the Port Alma brine was 6.95



TABLE %

P, Eh and organic carbon data for the supernzatant, nesauehonite, calcite and dolomite
layers. ‘The initial pH of the Yort Alma brine was 6.95

BATR ER - NEnggﬁ”“IT“ C = CALCIIH LaYsR D = DOLONT? LAYER

Date - ol cggi o . Eh cgii A Eh cggg B Eh cgig
21.11.72 7.5 280 8.0  +250 40 8.2  +240 20 7.5 +240 5
01.12.72 7.6 310 8.0  +250 120 8.2 4220 50 7.4  +220 10
02.01.73 7.7 525 7.9  +260 340 7.4  +180 125 7.2 +70 60
13.02.73 7.9 540 8.0  +267 360 7.2 HT5 140 7.2 #1865 65
22.02.73 8.1 625 8. 4270 370 7.0 +70 150 7.3 4150 115
30.03.73 8.2 640 B.2  +285 450 7.0  +145 165 7.4 +125 130
08.05.73 7.9 650 7.2 4305 500 7.3  +135 175 7.8  +120 130
10.05.73 7.9 652 7.2 +315 505 7.4  +135 175 7.5 4115 150
12.06.73 7.8 670 6.8 +315 560 7.9 +25 180 7.7  +115 160
20.07.73 7.7 700 6.7 4320 640 8.4  #20 190 8.0  H16 160

30.08,73 747 710 6.6 +320 650 8.2 +120 190 8.2 +119 160
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TABLE 4 - Chemical composition and mineralogy of particulate matter
fractionated from the supernatant brine 7.5 months after

establishment of the sedimentary system. Results are in

%, calculated to a salt free basis.

1. Based on enalvtical and X.R.D. data. Halite was detected

in all fractions.



TABLE & .
Cheatcal composition and einaralogy of particulate patter
fractionated from the supsrnatant brineafter 7.5 months
Separation Centrifugation Hinaralogy1 Cal Srf Hof 0RGE
spoad o Carbon
(calculated to a salt-free basis)
1 400 x 6 Aragonite 1,83 25,5 5,02 1.0
Hg=calcites,
Cadlg=carbonates
2 500 x G Aragonite 1,81 2.5 6u1% 5,3
Hg=calclite
Casig=carbonates
3 3000 x G Aragonite (7) 9.1 0,27 10,01 5.1
Hg=calcites
Cadigocarbonates
4 14,400 x G Hallite 1.81 0,05 5.47 10,3
5 100,000 x G Ho X.R.D, traces 0.2 0,12 0.2 10,8

1 Based on analytical and X.R.0. data, Halite was detectsd 1n all fractions,



PABLE 5 - Comparison of Chemical Data from recent Dolomite Forming
Environments with that in the Tank Bxperiment.

1.
2,
3.
4.

Data from Von der Borch (1965)

Data from Taylor { In press)

Data from Deffeyes et al (1965)

Data from Illing et al (1965) & Kinsman (1965)



TABLE 5
Comparison of chemical data from recent dolomite-forming environments
with the ftank equipment %
Parameter . GIRRANG .
Dolomite Dolomite) Disord. Lake Fell~ Bonaire3 Persian Tank
Lake1 Magnet;ts) Dolﬁm. ;opg?r§ Gu1f4 Experiment
Lake Lake §9‘¢ e
igures
Salinity %o  25-20 25-100 25-90 25-18 35-236 210-257 250
A 3.5.¥. 007"’2.5 0-7-208 007_205 0-7_005 2—6-8 up to B 7
¥g/Ca 5-13  9.3-73 2.75=6.1 2150 5-50 54,20 18-63
(Mainly
9.3-25.6)
g ppm T50-2790 598-2500 825-2880 1660-340 1401—9647 1300-5760 10,000-12,000
Ca ppm 104-390 21-450 352-1000 80-94 352-1120 50-3200 300-300
HCO3 pom ? ? ? - BBO-564 121-192 ? 150-1500
pH 8.4-7.9 7.9-7.95 8.3-8.9 8,6-8,83 ? 6=T.2 6.9-8.2
Pemp °C up to 60°C 10-28°C

1. Von der Borch (1965)

2. Taylor (in press)

3. Deffeyes et al. (1965)

4. Illing et al. {(1965); Kinsman (1965)
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