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Chlorococcus sp. unterstiitzte, abgelagert. . ®

* Ruszug

- Anreicherungen von Pb bis zu 0.5% und Zn bis zu 1%

" wurden in Karbonatsedﬂnentén, welche organlsche Substanz sowle

Fe enthielten, in Sedimentationsversuchen expefimentell erzeugt.,

Die Metalle wurden zusammen mit wasserhaltigen Fe-Oxiden

(wahrscheinlich Lepidocrocit), organischer_Substanz und einer

Reihe von Ca-und Mg-Karbonaten aus einer hoch salinareh_Pb—

und Zn- rEichen_Lﬁsung;‘welche ein krﬁf;igeé Wachstum der Griinalge
o~ " 1'

Blel war iiberwiegend mit den Karbonaten sowohl der

~ Suspension als auch des Sediments assoziiert. Der Bleigehélt der

zwel wicﬁtigsten Karbonate nimmt von Aragonit Eﬁ Monohydrocalcit

ab. Der Zn-Gehalt war korrelierbar mit.dem Fe-Gehalt der aus

- Einzelheiten bestehenden Substanz in der Losung und in den Sedimenten.
. Die Komplexierung von Pb und Zn in L¥sung in Béziehung mit organischen

' Substanzen und die direkte Ausfdllung von Pb- und Zn—Karbohaten

und/odér Hydroxiden lieferte hdchstens einen zweitrangigen Beitrag =

zum Konzentrationsprozess der Metalle.
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Abstract

Concentrations of Pb up to 0.5%7 and Zn up to'i.O%
have been produced in qrganié-and Fe-béaring,carbonate sediments
formed in a simulated sedimentary system. The metals, together
with hydrated ferric oxides (probably lepidocresite), organic
matter, and a variety of calcium and magnesium carbonate phases
were deposited from a highly saline Pb and Zn-rich brine supporting

a vigorous growth of the green alga Chlorococeus sp..

Tb is associated mainly with carbonate phases suspended
l .
in the brine and incorporated in the sediments, the Pb content of

the two major' carbonate phases decreasing in the order aragonite >

monohydrocalcite. Zn is correlated with the Pe content of the

particulate matter of.the brine and the sediments. -Complexing of

Pb and Zn in solution with particﬁlate ofganic matter, and the
direct precipitation of Pb and Zn carbonates and/of hydroxides,
make, at ﬁOSt, a secondary‘contribution to the overall conceqtratigg

process.



Introductiqn

In a previous communication (BUBELA and FERGUSON, 1973)

we described the construction of a fibreglass tank of about 4 m3

capacity which facilitates the investigation, under monitored

" conditions, of some chemical, mineralogical, and biological processes

which take place in sediments.

~As part of a program to apply experimental sedimentary
systems to problems of the .genesis of sédimentary Pb-Zn deposits
we have used the apparatus to simulate an aerobic, highly saline,

shallow-water, carbonate enviromment supplied with appreciable

'quantities of 'hydrated ferric oxides and dissolved Pb and Zp. The

system was allowed to evolve for 8 monthé, and in this time:
(i) a thfiving algal'pépulation becamg established in brine overlying -
in&igenous sediments; (ii) calcium and magnesium carbonate phases
were précipitated from the brine; 'and (iii) é cargonate "cfuét"
enriched in Pb and Zn, and éontaining considerable qqantities of

organic matter and hydrated ferric oxides, was deposited.

The present paper describes results of chemical analysis

‘and supporting experiments on the supernatant brine and carbonate

crust. They have been used tu define the environment of deposition
and the major reactions leading to the concentration and distribution
of Pb and Zn in the system. Relevance to the formation of certain

types of Ph-Zn deposits in carbonate rocks is briefly considered.



- Methods

- of Port Alma brine containing Pb and Zn.

3.

)

. 'Experimental 'Sedimenfary ‘System |

The major features of the experimental sedimentary

system are presented schematically in,Fig. 1. It comprised
- several layers of sediment, the topmost of which was nesquehonite,

: _MgCO3.3H20, saturated with and overlain by a ccncentrated (25%

sol’ids) brine collected at Port Alma, Queensland (hereafter the

: "Pbrt'Alma" brine). This brine contained 51gm1f1cant amounts of

.‘,. !

organic matter and Fe, lesser amounts of Mn and: Zn, but little Pb
(Tahle 1). Immediately after introduction of the Port Alma brine

and sedments 1nto the system sufflcient Pb and Zn were added to

_the brine overlying the sediments (hereafter the ' sup‘ernatant

brine) to raise their concent_:rations to 15 PP¥ each. The system

~

was then allowed to stand for a total of 8 months, and during this

ﬁer'iod losses of brine by evaporation, and of ¥ and Zn to the .

. underlying sediments, were compensated for by periodic additions -

>

‘Samples

Sampies of the 51|perr1ataxit b B e coll Lol GE
intervals of about 1 month during the experimest, and their i:H and
Ca, Mg, Pb, and Zn contents determined. HCO{ was also determined
on a sample collected after 3 months. Towards the end of the
experinrent ‘two l—litre samples were ‘collected for a comprehensive - .

analysis of theilr particulate and solution cosgonents. As a



" matter from the supernatant brine were made using differential

control, samples of the Port Alma brine were collected and analysed

- before and after the experiment.  To test the homogenity of the

. brine two samples were collected from the large (deziitre) storage

container, and their Fe and Mn contents determined. One sample

zwas also analysed in detail. A sample collected before the experiment

was analysed for Ca and Mg and its pH determined.

Total particulate matter in the brine samples was
sedimented by centrifugation at 100,000 x g for 60 minutesAin a
Beckman Model L2 Preparative Ulttacentrifuge. The particulate

fractions of the Port Alma and supernatant brines were not homogeneous,

~and comprised two and three layers; respectively. The particulate

matter from tﬁe.sqpernatant brine consisted of a white solid
overlain by a red-brown, fine—grained méterial‘which was in furn _
overlain Ey a semi¥li§uid mucilaginous layer coloured bright green
bfhsuspended algal cellé. In the case of the Port Alma brine the

white solid was absent, and the mucilaginous layer was light brown.

Two attempts to isolate pure phases from the particulate

" centrifugation at the speeds shown in Table 2. This resulted in

the isolation of five (Al, A2, A3, A4, AS) and four (B1l, B2, B3, B4)

fractions respectively. All of these fractions contained at least

‘some algal mucilage, and, because of the small quantities available

and their complex mineralogy, further fractionation was not attempted.

Samples of the carbonate crust were collected after 5

and 7 months, and their mineralogy determined, The later sample

-t il A
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was sorted into three fractions of differing grain;size by'"pahning"
‘in acetone. The coéfsest material ("spheres") comprised mainly
’ small (0.15 mm in diameter), concentrically zoned spheres, most
-of which appeafed to have an organic nucleus (DAVIES et al., in
preparation). The-;wo finer fractions‘("matrix-l" and "matrix

2") were fine-grained and amorphous.-

Mineralogical determinations

Minefals wvere identifiéd from XRD &iagrams_obtéined with -
a PhillipsiP.W. lO/lO'Diffractometer. An Fe-rich fraction of ﬁhe--
Port Aima'brine used for identificatidn of the Fé mineralg w;s
'washed with d%stilled water and dfiedrqver silica gel; - Other
.Hpafticulate fractions from the Port Aiﬁ#'and supernatant_ﬁfihes/

were air or freeze dried and identified directly. Carbonate crust

samples were washed with acetone and air<dried.

]

'Chemical‘analyses.

- Analytical procedures will bé'desciibed'iﬁ’ﬂgtail

_‘élsewheré.(BURELA etidl., in prep.).

Crust samples were washed with acetone, others were pressed

between sorbent papers and air or freeze-dried overnight.

Pb, Zn, Fe, and Mn analyses of the brines are estimated

‘to be precise to * 5%, and Ca, Mg, and Sr are probabiyAto + 3%.

- Analyses of other inoxganic components weré carried out by Australian

Mineral Deveiopment Laboratories (Adelaide), and precision is

pfobably better than * 5%.
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Resul ts |

Thg_Na conténts-of.thelsediment samples were assumed
fo be'derived'from brine.salts, and were used to recalculéte
analytical fesults té a salt-free basis. Sediment samples éontaining
largé:amounts_of ﬁuci;age_(A4, A5, B4) had high ;élt contents (pp

to 70% of the total weightj, and analytical precision may be as

low as'i 15% for these.

'1.- Formation of Calcium and Magnesium Carbonates

':'Chemical'changes-in‘the superantant brine (Table 3)

"Data summarising the major trends observed during the

. experiment are given in Table 3.

The Port Alma brine changed little in pH or Ca and Mg

contents while stored for'the duration‘of the experiment (Table 3),

but in this period a number of major changes cccurred in the

supernatant brine in the sedimentary systen.

(1) Evaporation of the superantant brine and its replacement

- by fresh Port Alma brine resulted in a gradual increase in salinity.
The theoretical concentration factor of 1.21 calculated by volume

_changes_is closely approached by experimental factors of 1.17 and

+ = . ,
1.16 based on measurements of Na and Cl concentrations, which
suggests that only limited interchange of the concentrated supernatant

brine with interstitial water in the sediments had occurred.

2) In the inltial stages of the experiment (< 3 months)

the pH of the brine rxose relatively sharply from its initial value
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3 The HCO

of 6.9 to 8.1, and then declined slowly, uﬁtil after 7.5 months

v -

it had reached a value of 7.65.

3 concentration, compared to that of the Port

. Alma brine stored for 8 months, increasea 10-fold in less than 3
months, and remained néar thisllevel till the end of.;he experiment.
-(4) . . The cénceﬁtration of Caz_+ declined go alméét one-third
of its Qriginal value, whereas the_Mg?+'concentratioﬁ was marginally-

highef than that calculated from volume chénges due to evaporation.

';:(5)_ Changes (1) and (4) caused an increése in-the.Mg + Ca

molar ratio from its initial value of 18.4 to 63 after 7.5 months.

: Cﬁanges generally similar to (2), (3), and (4) could be

' f_ induced expérimentally in samplés of the Port Alma brine by shaking

._.them with excess solid nesquehonite (Table -3), although if the

nesquehonite was centrifuged off after a short time (< % hour) the

pH remained higher and the calcium content became lower than the
. corresponding values for the supernatant brine in the sedimentary

. system.

"Mineralogy'and'chemical'compbsition'of precipifated'Carbonates

"(Tables 2 and 4).

' The chemical changes outlined above resulted in the slow
precipitation of a complex assemblage of carbonate and other phases,
whose mineralogy and chemical composition varied considerably

during the course of the experiment (DAVIES et al., in preparation).

After 7 months the sediment crust, whose composition was

probably an average of the yarious sediments deposited up to that



time, contained monohydroéalcite as its major ealcium carhonate
mineral (Table 4). -I.t was the only carbonate mineral detected

in the "spheres" fraction of the crust, and chemical analyses
éonfirme_d that Mg-rich phases'were present in this fraction in,
ét most, trace amounts. The finer fractions (satrix 1 and matrix
2) cont_ain the.calcium magnesium carbona{:es hwmtite and (?)
protohydromagnesite (DAVIES and BUBELA,'1973), but in the earlier
_.(5 monfhs) sample nesquehonite was also detected, which suggests
th;t diagenesis of some of the _Mg—ricﬁ components of the crust

occurred during the experiment.

The analytical data given in Table 3 indicate that v

particulate matter séparated from the supernatsat brine 7.5 months

-after the start of the experiment probably contained both carbonate

.and non-carbonate calcium and magnesium—rich cemponents. Like

the crust, the coarsest fractions were the most calcium—rich, but
in this case-ar_agonitek-:as the dominant mineral, and Mg-rich phases.
probably including high-magnesium calcite, were also present.

Fractions Al, A2, and A3 also contained unidentified phases which,

" from the anlytical data in Table 3 and the position of a characteristic

XRD peak in the region 31 to 31.5° 268, werc predably calecium magnesium
carbonates. Thelr concentratioﬁs, relative to those of aragonite,
differed in the ordexr Al < A2 < A3.  XRD diagrams of fraction A4

showed only halite peaks.

2. ‘Concentratilons of Organic Matter (Tables, 1, 2 and 4).

Soluble organic matter, the major srganic component of



the Port Alma brine (Table 1), was present in ean'céntrations

some 2 to 3 orders of magnitude above those in seawater (ca 0.5 PPM

dissolved organic carbon; MENZEL and RYTHER, }970). Particulate
organic matter in the Port Alma brine was maimly algal mucilage
which sedimented as a viscous brown syrup contsining little

recognizable organic debris.

'AWithin 1 to 2 months of the. start cf; the experiment a
thriviné populatvion.of the_motilé green uniceﬁa\lar alga Chlqr’ococeus
sp. had developed in ﬁhe supernatant briné resstting, after 7 months,’
in a 10-fold increase in its particulat_é bf'gan-is carbo-n content

(Table 1).  This particulate matter consisted mzxinly of whole algal

~cells, the remains of such cells, and an uniderzified organism.

- The carbonate "crust" contained 4.4% oxganic carbon

-overall, a significant proportion of which was présent as easily

. recognizable whole cells and cell fragments witidm the crust.

3. 'Distrxibution of Fe anci 'ﬁn

Fe occurred in the supernatant and Po-rt_: Alma brines
predéminantly in the particulate fom (Table 1}. Nb crystalline
Fe minerals could be detected'by.XRD in éamples of the sediment
“"crust" or particuléte matter from the supernatsat brine. However,
poorly crystallized lepidocrosite (Es'—FeQOH) was detected in a
comparatively Fe-rich sample of particulate matter from the Port
Alma brine, and it seems likely that this was the major Fe-containing

mineral in the sedimentary system.
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The Fe contents of two'sampies of the Port Alma Brine,

collected after the experiment, differed significantly (19.4 and

80.0 PPM; Table 1). This was probably due to the accumulation

of particulate Fe in the lower parts of the storage container.

Calculations, based on the total amount of Ca deposited from ‘the brine,

the average Ca and Fe contents of the crust, and the amount of Fe rema1n1ng

in the supernatant brine at the end- of the experlment, indicate that

the stock Port Alma brine had an average Fe content of 30 to 40 PPM.

5.

The bulk of 'the Fe in the supernatant brine sedimented

with the finer fractions of the particulate matter (Table 5), and

-one of the fractions (B3; Table-2).contained almost - 5% Fe. 'Most»'

- of the Fe in the carbonate “"crust" was also contained in the finer

fractions (Table 5), but the concentrations (ca. 1% Fe; Table 4)

were lower. h

The Mn contents of the two samples of the Port Alma brine,

~ _collected after the experiment, did not differ greatly, possibly because

they contained a hlgh proportion of soluble Mn (Table 1§ Comparison

.of the data for the supernatant and Port Alma brlnes (Table 1)

indicates that this soluble fraction was significantly depleted
during the experiment, which suggests that it was probably the
source of most of the Mn in the carbonate crust.

No strong correlation between Fe or Mn and the major

elements (Ca, Mg, organic C) of the "crust" or the particulate matter

of the brine is evident_fron the data in Tables 2 and 4.



~ Pb in the cafbonate

contents of the particulate brine and sediment "crust" fractionms

'of the calcium and magnesium phases. - - !

4. Distribution of Pb

About one quarter of the Pb in the supernatant brine was

in the particulate form (Table 1),,-This particulate, Pb, and the

"crust", were present in marginally higher

concentrations in the coarser fractions (up to 1.5 and 0.4%, réspectively;
Tables 2 and 4), but the total amounts of Pb in each of the fractions
Al to A4 were similar (Table 5).

Graphs of data in Tables 2 and 3 indicate .that the Pb-

G

correlate with their Ca + Mg contents (Eig. 2), but not with-their

Fe; Mn or organic C contents. The correlations with_[Ca] + [Mg] is

noh-linear, aﬁd-may therefore reflect differences in the mineraiogy

*

Data in TAble 2 show that points at the upper and lower

extremes of the curves in Fig. 2 correspond to samples containing

predominantly Ca or Mg, respectively;_ By using the slopes of the
tangents of the curve for the particulate matter for the brine, and

a process of iteration, the relative dependence of. the concentrations

‘of Ca and Mg on the conéenttations of Pb: (Fig. 3) has been estimated

as 9 x 10-‘3 moles PbAper mole of Ca, and 4 x 10_3 moles Pb per
mole Mg. Dafa on the sediment "crust" are less ‘complete, but because

of the existence of ;n_almost completely Mg-free fraction ("spheresf)

it could be calculated that the dependence of [Pb] on [Ca] and [Mg]

vié,approximately equal to 2 x 10“3 moles Pb per mole of Ca or Mg.

It is probable that aragonite and monohydrocalcite are the major Ca-
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" containing minerals in the brine and crust, respectively, and,
- on this basis, their relative ability to remove Pb from solution

. 1s aragonite > monohydrocalcite.

5. Distribution of Zn.

Slightly more than 50% of the Zn in the supernatant brine

_ is in the particulate form (Table 4), and boﬁh this particulate Zn

and the Zn in the sediment "crust" correlate with the respective

Fe contents'(Eig.-4); The two sets of Zn/Fe ratios lie on the

- same curve, which suggests that the ability of the ferric hydroxides

to react with Zn did not vary greatly during the experiment.

Discussion

" Compaxison with Natural Environments

. Indicates that the artificial system is, in many respects, a

The sedimentary system used in théée.experiments_was
designed to simulate a highly saliné, shallow-water environment
éuppoxting {igorous algai growth,vand depositing a vériety Of
carbonate phases. Compariéon of the major'bhysical énd chemical
parameters of the'expefimeﬁtal sysfem with those of analogqué

present-day environments — e.g., the Coorong in South Australia -

realistic model of such environments.

Thus the rate of carbonate precipitation in the sedimentary
system (60 cm per 100 years) is similar to that in one of the

"ephemeral™ lakes of the Coorong (50 ci per 100 years; SKINNER
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et aZ.,'1963), and the Qfganic cafbon_and Fe contents of the

sediment ‘crust -are cbmparable to those féun& in various Coorong
lakes (0.19 to 2.427% C, and 0.13 to 1.36% Fe; €.F. TAYLOR, pers.

comm,.). Furthermore, the high éalinities.énd}ﬁ;: Ca molar

ratios developed in the supernatant brine are well within the

ranges found in the Coorqng_lakeé (up to 38% total dissolved
solids, and 1.1 tor362 Mg : Ca ﬁolar ratios; &.F. TAYLOR, pers.
comm.). The particulate Qrgaﬁic carbon conéen;ration developed
in the supefnatant brine is; however, éome 4 te 5 orders of
magnitude above thaf in the open ocean (0.005 PRM particulate

qrganic C; MENZEL and RYTHER, 1970). Few data appear to be

available on the Qrgahic carbon contents of naturally occurring

brines, but in view of observations 6f dense algal "blooms" in
salt-fields (e.g., HANSGIRG, 1887; HOF and FRZY, 1933), the
organic carbon concentrations in thevéimﬁlated system do noflseem-
abhorm;lly high. Tﬁe absence of sulphidg, f;om thé upper sediments

and supernatant brine, of the sedimentary system, despite the .

.development of Sulphide concentrations up to 239 PP in sediments
‘below the nesquehoﬁiﬁe layer, also reflects conditions in certain

. Coorong lakes where HZS—rich sediments are overlain by aerobic

sediments and brine (TAYLOR, 1972).

. In most natural enviromments carbomate precilpitation
is probably induced by changes in the 002 flux caused by metabolic
processes (CLOUD, 1965). Inorganically induced precipitation - e.g.,

by the influx of high'bicarbbnate groundvaters (VON DER BORCH,; 1965) -
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is comparatively less common. In the experimental sedimentary

system, carbonate precipitation, at least in the initial'stages,

2t
3

concentration in the supernatant brine induced by equilibration

probably resulted mainly from an Increase in the CO

with the nesduehonite forming the ﬁop layer of the indigenous

sediments. Thus the pH and total alkalinity (mainly HCO3 )
increases by the reaction:
- MgCOo, + HY = _Mg2+' + Hco3" L (L

3

producing, initially; a solution of pH'8.5 supersaturated with

Yrespect to calcium and magnesium carbonate phases. As the -experiment

progressed, and the algal population in the supernatant brine

became firmly established, the inorganically produced carbonate

" may have been supplemented by the phdtosynthetic activities of

the algae. Compared to laborator& invéstigations of carbonate
precipitation (e.g., KITANO and HOOD, 1965)'thé rates of pre-
cipitation of cqrboﬁates from the supernatant brine are 1ow.- Both
this slow rate of precipitation and the formation of monohydrocalcite;
rather than the more commonly preéipitated éragonite, may be related
to the high concentrations of organic matter in the system (e.g.,
KITANO and HQOD, 1965; DUEDALL and'BUCKLEY,_l971; 'CHAVE, 1970).
LIPPMAN (1973) has suggested that high CO 2= concentrations in

3

solution also favour calcite formation.

As the experiment proceeded'the precipitation of

carbonate phases was accompanied by a gradual decrease in the pH
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. of the solution, which suggests that reaction 1) was strongly

inhibited.by the formation-of the sediment “crest" and possib.ly
by diagenetic changes within the nesqﬁehonite layer. The final
pH of. 7.65 is 0.25 units below that at which carbonate precipitation
in oceans ceases (CLOUD, 1965). This may have been a result of
the much higher alkalinity and ionic sfre_ngth fvhich will reduce

the value of the dissociation constant for the reaction
. + -

HCO,. —— H + CO,°; HARNED and SCHOLES, 1941) of the

supernatant brine in the system.

The formation of aragonite rather than monohydrocalcite
@ - | L4
in the latter stages of the experiment may have been induced by

the high Mg : Ca molar ratios in the solution at that stége (e.g.,

KITANO, 1964).

" 'Mechanisms of metal deposition

Mechanisms by which Pb and Zn could be removed from the

- supernatant brine and incorporated in the sediments include: 1) Direct

precipitation of the metals from solution as metal carbonates and/or
hydroxides, 2) sofption or complexi_ng of the metals to particulate
organic matter or hyﬂrated ferric _oxides, 3) serption (coprecipit_—ation)
of the metals with carbonate phases, and, in the eérly stages of

the experiment, 4) sorption of the metals by nesguehonite in the

- topmost layers of the ind_igenoué sediments.

Mechanism (4) was shown to be feasible by shaking excess

nesquehonite with a sample of Pb or Zn-spiked Pert Alma brine. The
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Pb and Zn were rapidly sorbed, and after 16 days, the initial

. concentrations in the brine of 15 PPM each had been reduced to

< 3 PPM. However, the relative rapidity of this process, together

‘with data on the decrease in the Pb and Zn comecentrations in

" the supernatant brine 0.5 months after the start of the experiment

(4 and 6 PPM, respectively) allqws an upper limit. of 307 of the
total to b.e placed on the ambunts of Pb ‘e:md Zn removed from-
éolugion by this mechanism. |

] " The solubilit.y product of lead carbonate isA about
1071%"? (SILLEN and MARTELL, 1964). Assuning that the activity
coefficient of Pb in the supernatant brine ié @atefmined mainl)' by

complexing with €1 ions in solution, and therefore lies in the

range 0.01 to 0.001 (C.J. DOWNES, pers. comm. 1974), it can be

. calculated that during the experiment the superantant brine was

probably supersaturated with reépect to lead carbonate. The strong

correlation of [Ph] with [Cal4+[Mg] indicates, bowever, that most

of the Pb co-precipitated with the calcium and magnesium carbonates;

rather than precipitating directvly from solutiocs as lead carbonate.

The apparently greater ability of Pb to. coprecipitate with aragonite

- rather than with monohydrocalcite, is consistent with the observation

that leéad carbonate and aragonite are isostructural (DANA, 1932).

Zinc carbonate is 2 to 3 orders of magnituée more soluble

(KSP = 10-‘10'8; SILLEN and AARTELL, 1964) than lead carbonate, but

the activity coefficient of Zn in high Cl™ solurions is 1 to 2 orders

of magnitude higher than that of Pb (C.J. DOWNES, pers. comm. 1974).
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On this basis it is open to question if ‘the supernatant brine

_in the sedimentary system was supersaturated with respect to zinc

carbonate. The coprecipitation of Zn with calcite and aragonite

from saline solutions containing organic matter (KITANO et al.;

1970), and the sorption of Zn from solution onto prleormed dolomite

(BEEVERS, 1966), have been‘demonstrated experimentally, but there -

is no evidence that such processes made a significant contribution

to the concentration of Zn in the carbonate crust. The Zn appears

to have sedimented mainly in association with hydrated ferric

oxldes.~ This has resulted in tne abnormally hiéh Zn :"Fé ratios-(ca-'
1: 2) butathe nature of the association is not cleaf. BEEVERS (1966)

has noted that the sorption of metals by ferrlc hydroxides is

~ greatly enhanced by high salt concentrations in solution.

~

: The relative importance of the organic and inorganic

-components-of sedimentary basins in the concentration and accumulation

-of metals in sediments is largely unknown. For a wide variety of

~

sediments their trace metal contents can be most readily correlated
witn their organic carbon contents. This has been taken as indicative
that the metals were concentrated malnly by so-called organic -
processes" (KRAUSKOPF 1955) in whlch the metals are sorbed onto
organic matter or organic-inorganic complexes (e.g., organo—clays).

Experimental studies where sorption of metals by organic and

inorganic materials were measured under comparable conditions are

few, but the results tend to confirm that organic matter, especially

‘that rich in humic and fulvie components,-is considerably more

efficient in sorbing metals than are clays, silts, carbonates, and
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hydrated ferric oxides (BEEVERS, 1966). On the a.ther hand,

JENNE (1968) has suggested that the distributisn -and concentration
of trace metals in soils is controiled mainly 15}'»'-their' sorption
onto ferric hydroxides, énd ROBERTS (1973) has postulatéd that,
alth.o‘ugh' the depositional ;anvironment “of Woodestters Pb-Zn Prospect,
N.T., Australia,'was probably rich in Qrgéﬁ.icé ma-ti:e'r, Pb and Zn
were removed from soiution by cc;—precip'itation with calcite,

magnesium-calcite, and aragonite.

- In the present experiments, Pb and Zn were removed from

solution mainly in association with the carbonztes and hydrated

ferric oxidés, rather than the particulate orgamic matter. For Pb,

~ the dominance of co-precipitation with carbonates as the mechanism
C - N . L 4

by which the metal is fixed in the sediments agpears to be a

_function of the moderately high concentrations ¢f Pb in the carbonate

phases (up-to 1.5%) as well as their much higher rates of
precipitation compared to the organic matter. For Zn, the high
concentrations of the metal associated with the ferric hydroxides,

together with the likely inhibition of zinc—d_rganic complexi_ng

by the high salt'con.centrations in solution (FERGIEON and BUBELA,

"1974), may be the méjor factors controlling its precipitation

behaviour.

It seems feasible that thie differisg mechanisms of
precipitation of Pb and Zn could have led to amore rapid rate of
precipitation of one or other of the metals, a2l the consequent

formation of Pb- or Zn enriched "bands" within the crust. However,



. .and organic matter.

the ratio of Pb to Zn deposited during the experiment (0.7)
is near unity, and no evidence for spatial sepatation of Pb and

Zn in the sediment "crust'" was obtained.

Implications for Ore Genesis '

The experimental sedimentary system used in this
investigation has simulated a number of features characteristic
of an evaporitic, aerobic, shallow-water marine environment of

‘restricted .circulation and containing abundant Pb and Zn but no

- sulphide in the overlying water. Environments of this type may

have been sites for the deposition of certain sedimentary\Pb-Zn
ores whose predominantly carbonate host rocks usually include

algal reefs and contain abundant iron sulphides, stromatolites,

\ Consi&erablé gxperiméntallévidehce demonstrates that
a'wide variety.of inorganic and orgaﬁic sedimentary materials con
remove metal ions from solotion, énd further, there ore indicétions
that at least some types of materlal have the capacity to concentrate
suff1c1ent quantities of metals to form an ore dep051t (e.g.,
FERGUSON and BUBELA, 1974; RASHID and LEONARD, 1973). It is far
1iom certaiﬁ, however, that these-copacitieo will be realized_under

normal sedimentary conditions, and metal-concentrating processes

of this type may be important only in environments already enriched

~ in metals, or 1n prov1d1ng a metal— nriched sediment from which ore-

fOrming solutions may be derived (e.g., ROBERTS, 1973).



T ) -' . 20. ;e

" In fﬁe high1§ metal—enrichédrsedimentéry envir;nment
used in these.experiments, Pb and Zn concentrafions of about 0.5%

- developed in the sediments, which is equivalent to a concentration
factor of about 200 to 300. : The direct formation of aﬁ ore deposit
under thes; conditions would require Pb and Zn concen;rations in
solution of aboﬁt 50 PPM,'which,.amqngst-known present—dayimetal-
rich b;ines are ekcéedéd only'by the hog, highly saline bfines
ofithe Salton Sea (540 PPM_Zn,YIOZ'PPM Pb; WHITE, 1968), and are
significantly higher than those of the Red Sea (up to 11,03.PPM
Zn, 0.56 PPM Pb; _ﬁRdOKé et al., 1969). The concentration faétors

. are, however, less than an ofder of magnitude ﬁelow tﬁe v;1ue of.

© 1000 postulatgd by ROBERTS (1973) as sufficient for the prelimiﬁgry _',
lconcentration of 1 PPM Pb and Zn from solution;into the ca;bonate

host rocks of Woodcutters Prospect.

N

The cdncgntration factors from solution to ;ediment
obtained in the sedimentary system (200 to 300) are, in generai,
considerably.sméllef than those obtained in experimental investigations
of metal-sediment interactions. They do not, however,.preglude the
 primary formation of metal concentrafions of ore grade in this
‘way, and-appear more than adequate for the preliminary céncentration

of metals in sediments.

The Pb and Zn in the -experimental sedimentary system
have been deposited, apparently without spatial diffefentiatidn,

in an organic and Fe-bearing carbonate layer overlying the indigenous

T . - o s . TEL ey



sediments, but it is conceivable that a'wide<variety of

distributions and textures of metal sulphides could form from -

7 this deposit during diagenesis and metamorphism. The metals may

‘be converted to sulphides in situ as the sediments become

anaerobic, and bacterial sulpuate reduction commences, giving

. rise to a stratiform deposit. Alternatively; during early diagenesis

the metals may-be expelled from unstable carbonate phases, and
concentrated in veins and interstices where metal sulphides would

subsequently form as veinlets and '"cement' between the carbonate

. grains. If massive mobilization of the metals-e.g., as metal-organic

complexes-takes place, a vein-type deposit may result.
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Table 1. Soluble and total particulate trace metal and organic carbon:
concentrations in the Port Alma and supernatant brines.

Concentrations in PPM. Total particulate matter is that
sedimented by centrifugation at 100,000 x g for 1 hour.
n.d. = not determined. '

Brine : Time' _ ' " 'Fe - " Mn Pb Zn C

e ——— ) " ) —— — — . ) ‘—org
Port Alma 7.5 - Soluble 1.2 2.5 <0.2 2.0 170
Total particulate . 18.2 1.0 <0.2 - .<0.2 50

. Total '19.4 3.5 <0.4 2i0 220

>8 Totak 80.0 . 4.1 n.d.  n.d. n.d.

Supernatant . 7.5 Soluble 2.0 0.6  12.6 8.8 120
Total particulate  16.4 % S 4.1 1.3 ° 480

Total-- ~  18.4 1.3 16.7 19.9 . 600

lTime in months afcer establishment of the sedimentary system.
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Table 2. Chemical composition and mineralogy of particulate matter fractionated from the
supernatant brine 7.5 months after establishment of the sedimentary system.

Results are in percent, and have been adjusted to -a salt-free basis.
n.d. = not determined.

Separation Al h Mineralogzz Ca St Mg .EE.-. Mn Pb §2 . gorg
AL (<100 x g)  Aragonite, Mg - caleites, . 25.5° 1.83 5,02 0.31 0.030 _ 1.25  0.34 1.6
"Calcium magnesium carbonates"® \ o
A2 (500 x g) - - Aragonites; Mg — calcites; 27.5 1.81 6.14 0.73 0.13 1.54 1.30 5.3
. “Calcium magnesium carbonates"
A3 (3,000 x g) - . ?Aragonite, Mg - calcites; 3 9.14 0.27 10.01 3.24 0.21 0.73 2.38 5.1.
_ v "Calcium magnesium carbonates' - : :
. A4 (14,400 x g) ) Only halite peaks in XRD 1.81 . 0.050 5.47 3.07 0.072  0.29  1.36  10.3
' ) r{iagrams : : ' -
A5 (100,000 x g) ) 0.2 -0.12 - 0.2 0.29 - 0.0079 0.021 0.077 10.8
? Separation B , .
Bl (<100 x g) n.d. ' ' : - 15.3 n.d. 5.5 0.20 0.029 0.75 ~ 0.32 n.d.
B2 (3,000 x g)  n.d. ' LR 2.78 n.d. 5.06 2.35 0.18  0.29 1.78  n.d.
B3 (14,400 x g) . mn.d. = . 1.52 n.d. 9.10 4.73 0.16 0.41 2.24 n.d. -

B4 (100,000 x g) n.d. . ' : 0.2 n.d. 0.2  0.42 0.005 0.03 0.16  n.d.

1Centrifugation speeds in brackets.
2Based on analytical and XRD data. Halite was detected in all fractioms.

°Unidentified carbonate phases characterized by a broad peak in the region 31 to 31.5° 28, which is co-incident
"with the region where the calcium magnesium carbonates, dolomite and huntite, have diffraction peaks.
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Table 3. Changes in the pH and major constituents of the Port Alma andlsupernatant brines

Results are in PPM and include contribtions from suspended particulate matter.
n.d. = not determined. ' '

Brine | Time pH Ca Mg st Na® ©af HCO,
SR 3 3 - | '

Port Alma 0 6.9 800 10,600 n.d. a.d, e n.d.
' ‘ gls? - 6.95 . 900 10,020 . 4. 7.70 14.34 - 150
Port Alma 4 hrs® . 8.4 n.d.  n.d. - . Dl neds o .
Nesquehonite 1 de n.d. nd. - mde o+ pede: © mede med. - 1500
16 days®  7.95 1000 10,060 n.d. n.d. n.d. n.d.

Supernatant 31 . 8.1 ‘n.d. neids - n.d. n.d.. n.d. 1500
7.51:255 7.65 32078 12,20072°8 32% 8.925 16.76 1600

Irine in months after establishment of the sedimentary system.

; ZLaboratory bench experiment in which a sample of the Port Alma brine was sha%ken for 15 minutes with selid
nesquehonite and the excess rzmoved by centrlfugation. Time after removal of the nesquehonite. :
3 N .

4
5

By titration; other Ca and Mg analyses by atomic absorption spectroscopy.
K, 0.14%; Ba, 1 PPM; SOA’ 1.397%; NOB’ 0.4 PPM; .POA’ 0.3 PPM; I, 0.5 PPM; Bf, 350 PPM.
K, 0.17%; Ba, 1 PPM; SOA’ 1.59%; NO3, 0.7 PPM; PO4, 0.4 PPM; 1, 0.75 PPM; Br, 400 PPM.

6Na supernatant/Na Port Alma = 1.16; C1l supernatant/Cl Port Alma = 1.17. Concentration factor calculated
from volume changes = 1.21.

,7Concentrations expected from experimental concentration factor of 1.165: Ca, 1070 PPM; Mg, 11,660 PPM.

8Contributiohs from particulate matter as determined by centrifugation: Ca, 36 PPM; Mg < 100 PPM; d
Sr < 5 PPM, - ' ' ' _ j
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Table 4. Chemical composition of fractions of carbonate "erust" collected
7 months cfter establishment of the sedimentary system.

Results are in percent, and have been adjusted to a salt-free basis.

Fraction Mineralogy Ca = Mg Fe Ma '%22 Zn

"Spheres" | Monohydrocalcite 38.8 0.2, 0.35 0.074 0.43 0.37
C"Matrix 1Y) Huntite and © .. 13,9, 134 0.43 . 0.14 0.34 0.56

"Matrix 2" . ) (?)protohydroﬁagnesitez 13.7 14.1 " 0.91 0.23 . 0.36 0.94

Overall C = 4.4
org

IDAVIES and BUBELA, 1973.
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.Table 5. Relative contributions of fractions from separation A to
the total particulate matter in supernatant brine.

- Concentrations in PPM. n.d. = not determined.

Concentration % of total particulate :

fraction in biidne matter in brine ‘ca Mg Fe Mn Bb. Zn
Al 82 3.2 21 & . 0.3.  0.02  1.03  0.30
A2 c 55 2.1 ./ 15 3 0.4 0.07 0.85 - 0.72
A3 7 S 8 9 3.0 0.20 0.69 2.24
e - 337 134 6 18 10.3 0.24  0.98 = 4.58
A5 . - 1,950 - - 77.4 - . 1 1 - 5.6 0.6 0.41 1.50
Total a)’ 2,520 o 100 S s1 3% 19.6 0.69  3.96 9.3

2 = . . . : ° -

b)". n.d. ' M , 36 <100 16.4 0.7 4.1 il.1

lsum of concentrations in each of the fractions Al to A5

2Tota1 concentrations obtained experimentally by difference in concentrations before and after centrifugation
at 100,000 x g.



Legends for Figures

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

 [§ Suspended in briﬁe; separation B

O and Suspended in brine; separation A

Major features of part of the simulated sedimentary system.
By the end of the experiment the neéquehonite in the

layer below the crust had been converted to other

. carbonate phases (DAVIES et al., in ﬁreparation).

Relationship of [Pb] to [Ca] + [Mg] -

[0 Suspended in brine; separation A

O :Sediment ‘crust-

Relationship of [Pb] to [Ca] and [Mg] calculated by

“iteration of data in table 3.

A and £ Suspended in brine; separation B
Relationship of [Zn] to [Fe] .

] Suspended in brine; separation A

A Suspénded in brine; separation B

QO Sediment crust
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