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SCOFPE AWD CONT

The purpose of this thosis is to establish possible
changes in the C1/Br ratio of ancient oceans over the past
2x 109 years. Variations in the CL/Br ratio of carbonate
rocks ave used to indicate thesc changes.

A secondary objective of this thesis 1s to determine
the distribution patterns of F in linestones and dolomites.
Varilations in the F conbent of dolomites are showm to be
related to onvivoment of depoesition and can be used to
establish the genesis of dolomite.

The conmtents of the thesis include; 1) a comprehensive
review of poctinent literature, 2) a discussion of the evolus
tion of the /ul‘ atio of the oceazns, 3) application of F in

L

palecerviromentel reconstruction, amd &) suzgestions for

ITurther resecorche.
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ABSTRACT

The geochemistries of F, Cl, and Br in the sedimentary carbonate
systems from Recent to pre~Cambrian (2 x 109 years) age have been
investigated. The investigation has shown:

1. The CL/Br ratio in the water soluble and acid soluble (0.48N HAO,)
extracts éhow progressive increases from 15/1 in the pre~Cambrian to
approximately 90/1 in Recent carbonates. This is interpreted as indi-
cating an increase in the Cl/Br ratio of the ocean throughout geologic
time. A geochemical mass balance has shown that the fractionation has
occurred in the sedimentary cycle.

2. The Cl and Br occur largely in the waler soluble phase, vhereas, F
occurs as a water insoluble phase. The order of water solubility is
Cl>Br>F .

3. Absolute ClL and Br abundances in limestones and dolomites are not
significantly different; however, aragonites contain significantly nore
Cl and Br. Fluorine is enriched in aragonites and dolemites, but is

not concentrated in limestones.

4. Fluorine distributions in dolomite have been shown to be enviromment-
ally controlled. Refluxing brines and precipitation of Can'in specific
zones are suggested as the controlling mecharmisms. Interpretation of
depositional environnents and dolomite genesis on the basis of F content

aro possible if used in conjunction with other geological data.
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INTRODUCTTION

The Problca

Rubey (1951), Livingstone (1963a), and Horn and Adems (1966)
“have shown that the prineiple cations of sea water (Na, X, Ca, Mg, etc.)
and the major elements in gedimentary rocks (si, AL, Fe, Ca, Mz, etc.)
can be derived from the weathering of igneous rocks; while the water of
the oceans, the principle arions of sea water (C1, 504, Br, and F), and
a considerable part of the etmospheric gasses (Nz, COZ' 02) rust have
been derived from a different source. The "other source" has been
attributed to degassing of the earth's interior.

The duration and degassing rate of the volatiles from the depths
of the earth are still unresolved; however, it is generelly accepted
that the oceans have accumulated by slow degassing ard thalt the conp-
ogltion of the ocean has been reolatively uniform since the beginmming |
of pre~Caxbrian time. The inmplication is that the ocean is, and has
been, in dynamic ejullibrium for some time, with input balanced by
removal (Holland, 1965). However, in recent years, several linss of
evidence have indicabted that the chaunical composition of the ocean has
changed. Krasintseve (1964) reported CL/Br ratios of 50/1 for sedi-
mentary rocks of L. Cambrian age froa the Russian Flgtform and values
of 290/1 for the Fiiocene Rod Beds of Turkmeria, end inberprets this
as roprasenting a change in ths (L/Br ratio of sea water since Canbrian
tine. If the CL/Br ratic of sea water has increased from some unknoun
value to the prasent value of 292/1, hoir hes this change been brought
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ebout and what was the Cl/Br ratic of the pre~Canbrian ocean?

It is propesed in this study that the CL/Br ratio of the pre-
Cambrian ocean was egual to the CL/Br ratio of the degassing materials,
which is estimated to be approximately 60/1i. The value of 60/1 was
selected as this value is representative of the Cl/Br ratio of igneous
rocks. During crystallization of a magma, the volatile constituents
- accwnlate in the late stage fractionates and are expslled in this
gaseous and liquid residuc. Assuming thal magma is the onl& source of
materizl for the volatiles, the ratio of ClL/Br in the primitive ocean
would be egual to the CL/Br ratio of the late stage fractionstes. As
discussed in a leber section, geological evidence indicates that the
Cl/Br ratio of igneous rocks does not vary during crystallizeiion of a
magia. It is a reasonoble assumption that the ratio of 60/1 in ignecus
rocks is representative of the late stage fractionates, which preswuahly
represent, the degassing materisls. Other models using the Gl/Br ratio
of chondrite metcorites could assume a different initial C1/Br ratio in
the pre-Cambrian sea.

Several asswaptions must be made: 1) the CL/Br ratio of the
degassing naberiecls has renained constant, 2) the volume of the original
ocean was smell (Rubsy (1951) estimates the volume to be 107 of the
preserit ocean) and/or tho CL/Br ratio of the primitive ccean was similar
to that of the degassing matexiel, and 3) a wiiform rate of degassing,

The question now ariscs as to how ard when the fractionation
cceurred and how to demonstrate this fractionation in the geologic
record. If the C1/Br ratio of the ocean has increased over the past

9 > L]
2 ears or longer, would seam reasonable expoct tho Br
2x 10" ¥y or lonzg it would reagonable to expoct the Cl/B:



ratdo of inberstitial waber or fluvld inclusicns in authigenie sedlmenls

to have cheonged throvghoult geologic tlue. The carbonabe systen has
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Caxbonz are euthigevic sediwentary vocks wolch appoverntly do
not tend to frectionzte CL and Br, thus chanzes in the halogen conposd

tion of sea weler should be reflected in the halogen ratios of these

s J.

rocks. It is essumed thal, 1f diagenstic flierations have nolt besn teo
exchengive, the CL/Br ratio of anciewnt carbonates iz welsted to the
arclient seas fron which they were deposcited.

During depogition, sediments sre slightly onmriched in Br with

respect to the surrounding water because mony marins organlsis aceum-

ulate Br which is contwibuted Lo the sedimen: upon thelr death. How

[0}
[aa]

ever, only parb of the Br in organic mabtbter ig released inte solubion.
Host of the Br remsins bourd in the organic mabtter (Shishline, 1981).
The organic malier combent is further reduced by dilubion with sediment
ard oxidetion of the organie mgbier ob the time of deposiftion, wiich
will ternd Lo miriwmize the envichment of Br. The waber soluble exivect
should give a bebbtor eshimate of the C1L/Br ratio of the waters of
depozition than the acld soluble frection.

The cherigbries of CL and Br are similax azﬁ there i no mlnsrel-

ﬁ EN

ogical contyrol cver the distribulion of these two elements in carbonates.
Of the hslogens, CL is completely free of any bufferdng system, and Bo

is probably only shightly alfected by organigis.

AL cartonalos have boen subjected to varying degrees of alter
aticn and disgersgis. Tho effcets of dicgenesis on the CL/Br ratio of



carbonates must be known if the relationship of these ratios to sea
water is to bs correctly interpreted. This problem is considered in
the present study by examining carbonates which have been subjected to
various degrees of diagenesis.

A geochemical mass balance of CL and Br in the sedimentary
errvironﬁent is presented to evaluate the possibility of fractionation
within the noxmal sedimentary cycle.

Throughout the text, the subscripts T and W | refer to the acid

soluble and water soluble fractions respectively.

Source of BExcess ClL and Br

It has been implied that the CL and Br originated from the
earth!s interior (mantle and core). Is there a sufficiently large
reservolyr of Cl and Br in tho mantle and 601‘4 to supply the excess in
the lithosphere~hydrosphere system?

Urey (1952) proposed that the earth accummlated from planet-
esimals of silicates and iron objects with approximately the same
composition as present day meteorites. Urey's concept of planstesimal
accumulation is the basis for estimating primordial. earth halozen
abundances.,

Asswiing that iron meteorites and silice‘ous meteorites (partic-
ularly carbonaceous chondrites) are representative of the materisl
making up the earth's core and mantleb respectively, the avallability of
Cl and Br may be estimated. With these assumptions, average halogen
abundances in carbonaceous chondrites and iron meteorites presented in

Table 1, and masses of 4 x 1027 g anl L x 1027 g for the core



and mantle respectively, one arrives al the followlng halogen abundances:

Core Mantle *
@ 1600x10%0 g 2000 x 10%
Br 4 x1000; 62 x107 g

% Data of Reod and Allen (I966) and Goles et al.(1967).
The masses of CL and Br present in the lithosphere~hydrosphere

20 g and 170x 1020 g respectively (Table 21). The

system are 290 x 10
amounts of Cl and Br contributed to the lithosphere-hydrosphere system
by weathering of igneous rocksare 5 x 1020 g ClLand 8 x 1018 g Br,
resulting in an excess of 290 x 1070 g CL and 160 x 10%8 g Br. It
would take less than 3% of the mass of the mantle to supply all the
excess Cl and Br. The choice of carbonaceous chordrites or ordinary

chordrites as'representative of the mantle has no effect on the amounts

of Cl1 and Br available,

TABLE 1

Halogen Abundances in Heteorites

Type N Cl prmm  Br ppm  Cl/Br  Reference
Carbonaceous chondrites 2 285 65 Lk Reed and Allen

(1966)

Type 1 carbonaceous L 772 4,0 197 Goles et al.
(1967)

Type 2 carbonaceous 4 335 1.9 180 Goles et al.
: (1967)

Enstatite chondrites 20 131 0.9 152 %0125 et 2.
1967)

Iron meteorites L Lo 0.09 L26 Goles et al.
(1967)

H = number of samples.



TABLE 2

Bjuilibrium Reactions Controlling pH and Distribution of Br Species in Sea Water

1.

2.

Reaction 7 (°¢) muilibriun Constant * Reference
_ | B2 o, 100 g5 .
3Bry(g) + 3H0 =% 25 = L : 3 = 10 Latimer (1952)
- - + Bro, '
5Br + Br03 + 6H { 'j“'EH'"‘LWP |
L Br o “OZJ _ 9.9 . (
ZBrz(g) 2H,0 == 25 K= E’ > = 10 Latimer (1952)
4By + 4H+ + OZ(g) Br;
CaCOy == ca®t 4+ 0032" 5 K, = [ca”"] [0032'] = Kramer (1964)
| R0 5
coz(g) + H0 = coz(aq) + Hy0 5 K = —-—Z—(-af*—)}- 101'1 Kramer (1964)
tCOZ(@;)J
_ . it} lco -10.6
HCO3 — H+ + 0032 5 K, = [ ][ ; ] = 10 !  Kramer (1964)
‘ HCO,
rATr '
| _ | d ;co ~ )
co (ag) * H. O Z— HCO, + H+ 5 K, = —L-—*——-—-— 10 6.52 Kramer (1964)
Se) e T 100 )J
aq

* A1 concentrations in moles/litre except Oz(g), Brz(g), and COZ( 2) which

are given in atmospheres.,



Oxidation State of Br.in the Oceanic System

The cheumical. behavior of Br in the oceanic system is of consid-
erable importance in the discussion of the CL/Br ratio in the pre-
Cambrian seas. Because Br is present as a minor constituent, small
changes in its absolute abundance will have a significant effect on the
Cl/Br ratio, particularly if the conditions are favorable for the exist-
ance of Br,. The species present in the agueous rhase are dependent

2
upon reacﬁons of Br with H+, HZO’ and 02. It is critical to establish -
the limits of p and POZ in the system under consideration, and to
determine the relalive abundances of the various Br species.
_The reactions controlling the pH of sea walber and the oxidation

state of Br are swmarized in Table 2, The upper and lower liwits of

P, POz’ and PCOZ are sumarized in Table 3.
TABLE 3

PH, POZ, PCOZ’ and Predominant Br Species

Poo (atm) Py (atm) pi Predominant Br Reaction

2 2 Species (> 99%) (Table 2)
Recent, 16722 407%7 820 B~ 2
pre-Cambrian 1 7 #6,07 Br03- and Br 1
pre~Canbrian 1 10“68 6.07 | B 2

2 2
K, K, " (Pgo,)
# (0] = [ -2-L 20 (Reactions 3, ¥, 5, and 6 of Tabls 2).
ZKO Kc

This model assumeg no other ions present, therefore, [Ca2+] is
replaced by ([003 J[H+J/2) ..



The upper limit of 1 atmosphere PCO2 is the limit determined by
the gravitational constant and the limit at which 1life forms can exist.
The abundance of algae in the time interval considered indicates that
the PCO2 was probably lower than 1 atmosphere. The lower limilt of Ebz
has been taken as the sz necessary to oxidize magnetite to hematite

(10“68 atmospheres). The pre~Cambrian iron ores indicate a sz of at

68

least 107", The pHd of the pre-~Cambrian seas is calculated to be 6.07

at a PC02

The predominant species of Br present under varying conditions

of 1 atmosphere.

of P and sz are summarized in Table 3. The species of Brz is important
only below a pi of about 5.9. The Br in the present ocean is in the
form of Br , which is also the predominant form of Br in the pre-Casbirian

5088,



PREVIOUS GEOCHEMLCAL DATA FOR THE HALOGENS

The published data on halogen gedchendstry are bidelly reviewed.
Only the deta which are pertinent to the models and concepls developed
in the present study are discussed. This includes halogen data on the
following: 1) carbonate rocks, 2) igneous rocks, anl 3) biogeochemistry.
A review of the previous investigations of chenlcal changes in the
ancient oceans is also included as these are pertineat to the concept
of a steady state oceanic system since pre~Cambrian tine,

Investigations of the geochemistry of the halogens up to 1961
have been summerirzed by Correns (1961). I«Cl.eiécher and Robinson (1963)
reviewed the geocheiristry of F. The most recent swumaxy of the geochen-
istry of CL hes been preseuted by Johns and Huang (1967).

The percentage ehumdances of the halogens in the earth's crust,
in order of abundenue, are CL (0.20%), F(0.023), and Br(0.00i%) (Weltors,
1967). Abundances of the halogens in various materials of the earth's
crust are givon in Tahle /.

The geochamical cycle of F is essentiolly transportation to the
sea and deposition as CaFZ or COp-F-apatite (Rarkama and Sahama, 1950).
The bulk of the Cl carried to the sea remeins in solubtion as the CL™ den.
Br remains lavgely in solultion in sea wabter with partial re-incorporation
into sediments by means of organic rechamisns, The comexforationés of I,
CL, and Br in sca water ave 1.35 ppm, 19,000 ppm, and 65 ppa respsctively

(Hason, 1964).
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TABLE &

Halogen Abundances in Various Materials of the Earth's Crust

Rock Type ¥ (ppa) CL (pp1) Br (ppm) Reference
Deep~Sea Sedinents 693 Shepherd (1940)
Sandstones and 357 60 2.0 Hensen (1961)
Quartzites © Cowrens (1961)
Globigerina Ooze 387 Correns (1961)
Greywacke 211 63 6.2 Seraphim (1951)

Fleischer and
Robinson (1963)

Bentonite 5980 ' Fleischer ard
Robinson (1963)

Shale 732 255 Lb Corwens (1951)

Barth and Bruun
(1945)
Coal 80 Y4 4.7 Crossley (1944)
Phosphorites 20950 Kuroda and
Sandell (1953)
Bauxite 90 6836 2.3 Behne (1953)
Gypsun 658 300 Stewart (1963)

Correns (1961)

Anhydeite 500 10000 20 Stewart (1963)
' Correns (1961)

Soa VWaber 1o 19000 65 Hoerding amd
Parker (1961)
Hason (1964)
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Geochemlstry of the Halogens in Carbonate Rocks

The geochemistry of ClL in czlcareous sediments is largely that
of soluble chloride salts (Correns, 1961). Correns reports averages of
745 ppn and 152 ppm CL in dolomites and limestones respectively. Johns
and Huang (1967) report averages of 659 ppm and 131 ppm CL for dolomites
ard limestones respectively. Sample slzes in both cases arc less than
“ten, and both authors use essentially the same sources of data. Correns
(1961) suggested that the difference in Cl content may give an indicaticn
of the nature of the solutions active in bringing about dolomitization.
Johns and Huang (196?) point oul that it is still not known vhether the
Cl in carbonates ig present in flvid inclusions, within the carbonate
lattice, or in the clay mincral ilmpurities.

The mode of occurence of Br ard F in cérbonates is not knovm.
The average ofreported Br values in dolomites and limestores are 11.3 ppu
ard 4.8 ppm respectively (Correns, 1961).

The average of reported F values in dolemites ard linestones
are 24 ppm and 345 ppa respectively (averages from Table 5). Averazes
reported by various workers are swmeixdged in Table 5.

Considerable overlaep exists bebueen the limestones and dolcuites,.
The varlation is not surprising in view of the fact that little infor-
nation is given aboul the mineralogy of the samples. Averages given
are arithmetic means vhich may not represent the bast estinate of the
F content., The lorge varisltions are difficult to explain without more
details regarding the naturo of the samples analyzed. It is not knoim
if the samples labelled "limestone! contain appreclable emounts of clay

mineral, cr how much delomite is present in the carborate fraction.
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TABLE 5

F Content of Carbonate Rocks:
A Comparizon of Averages of Various Investigators

Reference Sample Size Average F (ppm)
Limestons Fleischer and Robinson (1963) 98 220
Danilova (1949) 9 227
Jeffries (1951) 28 340
Kokubu (1956) 30 | 98
Koritrig (1951) 12 . 240
Boerdus ard Kowalski (1952)
Michael and Blume (1952) 7 940
Seraphin (1951) 6 90
Dolomite Fleischer and Robinson (1963) 14 200
Danilova (1949) 10 250
Jeffrics (1951) z 390
Koxitvig (1951) 2 180

g_moochmistry of the Helogens in Igneous Rocks

The majority of the publighed data for the halogens in lgneous
rocks has been for F and Gl. Johns and Huang (1967) report an averaze
of 185 ppa CL in igneous rocks, based on 2 parts felegic ard 1 part
mafic, Kuroda and Sandell (1953) report aversgzes of 220 ppm, 210 ppi,
and 340 ppu CL in granitic rocks, gebbros, and basalts and diabases
respsctively. Iarley (1958) reports an average of 200 ppm CL in ignoous
rocks including gabbres, basalts, and disbases. The renge reported by
these authors is from 50 pma CL to greater than 3,000 pga Cl. The Br

contonl of igncous rocks roported by Correns (196i) is 3.0 pra. Xurcda
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and Sandell (1953) and Greenland and Lovering (1965) have shoun that
there is no marked trend for Cl in differentiation of common igncous
rocks. Baocauvse of the gimilarity of the chemical characteristics of ClL
and Br, it is roasonable to assume thal Br follows ClL in its bechavior
in igneous rockse. Although there is no apparent halogen fractionation
within the solid phases, thers must be a fractionation betueen the
solid and liquid phases resulting in increasing halogen concentration
in the residual flu_;.ds. It is assumed that there is no fractionation
of CL ard Br in the liquid phase, and that the Cl/Br ratio in the solid
phase is the same as the (U/Br ratio in the liquid phase.

Kogarko ard Gulyayeva (1965), in a study of the alkelic rocks
of the Lovozero massif, fourd the halogens to occur in the following
modes; 1) indepordent minerels (villiaumite, sodalite), 2) Lsomoyphous
substitution of T and CL for OH and 02~ in ‘silicate minorals, 3) Br
substitution for CL in sodalite and eudi alybe, and #) F substitution
for OH and 02" in amphiboles and apatite. The governing factor is lonie

radius, which ave (for six-fold coordination) (Pauling, 1960):

Ion Radius (%)
o= 1.40
od 1.40
jon 1.36
cL” 1.81
Br 1.95

Greerland ard Lovexing (1965) have also demonstrabed the iso-

norphous substitution of €L and ¥~ fox 00 ard 0" in a differentiated
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tholeiltic magna. No fractionation of Cl was found; however, F was
found to bs enriched in the more mafic differentiates.

The F concentration of ignsous rocks is variable, generally
being enriched in basalts and ultremafic rocks (Correns, 1961), reflect-
ing F enrichument in ferromagnesian silicates. Correns reports an

average I' content of 700 ppm for igneous rocks.,
(=] .&’ ™)

Biogeochemistry of the Halogens

Organisms are knoun to concentrate the halogens, the degree of
concentration being dependent on;l) species, 2) halogen content of soil,
and 3) halogen content of surrownding media (gaseous ard liquid). Data
of halogen sburdances in various organisms are swmarized in Table 6.

The mode of occurrence of F in the skeletal material ig thooght
to be CalF, or Caio('ﬂ)q’)él"z . The carbonate shells of marine organisms
are generally poor in phosphate. Shells of 17 species of lamellibranchs
from the Black Sea contained botwesen 0.004% and 0.02% P205 (Glazoleva,
1961). On the basis of those low P,0, contents, Ca, (PO, )¢F, may not
be the most iwmportant form of F in shells., Lowenstam and MeConnell

(1968) have identifiecd CaF, in statheliths of Recent marine mysid
crusteceans and tectibranch gastropods. Ce,’z?z nay be the predoinant
form of F in skelebal melterial for the major taxonomic groups.

Fluorine occurs as a salt of flvoroacetic acid or as fluc-ocleic

acid in Dichavobalum eyvmosun; howsver, the form of ¥ in plants is

otherice unknown (Fleischer ard Robinson, 1963).

Chlorine is present to soms extent in most plants and amimals,

being more concentrated in orgamisms {rom the marine enviroment. Only
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Halogen Abundances in Various Organisms

Organisn F (ppm) ¢l (ppn) Br (ppa) Referenco
Theacea 7583060 Rankama and
(tea plent) Sahama (1950)
*[ichapetomeymosum 150 Rankema and
Sahama (1950)
**Molluscs
Lingula 15200 Correns (1961)
Ostresa 30-120 Chatin and Muritz
(1895)
Mytilus 30-120 Chetin and Muntsz

Limnaea steglelis

**Hellx 30
(Land snail)

*ECorals

Sponges

Seavieed

M.eae

25.8
500-2000 2300-
(dry matter) 26000
(soft
parts)
L -~ 5%
(ash)
L80~1200
161300

(1895)
SeLlivonov (1939)

Chatin ard Munls
(1895)

Vinogradov (1953),
MeCance and Masters,
(193?) y Lo (1951 > N
Coxrens (1961)

Vinogradov (1953)

Vinogradov (1953)

Walters (1967)

% - a plant,

¢ = deta ave for skeletal material unless otherwise noted,
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limited data are available on the Cl cormtents of tho soft parts of
shelled organisms, and data. are non-«ezd.stanﬁ for CL in calcareous skele-
otal material. The soft parts of merine organisms contein 0.05% to
1.09 CL in the living matter (Vinogradov, 1953; McCance and Masters,
1937).

The oecurrence of the hologens in the soft parts of verious
organisms is well esbablished; however, the mode of occurrence is nol,
Craigie and Gruenig (1967) identified 3,5~dibromo~p-hydroxyhenzyl
alcohol and 2,3~dibromo~i,5~dihydroxybenzyl alcohol in both Ordonthalisa

dentata and Rhodomela confervoides. Ashworth and Cormier (1967) isclated

2,6=~dibromophenol from the msrine hemichordate Balenoglassus biminiensis.

Dibrorophenols appear ©o be important oprganic coupounds in the soft
parts of merine organisms. Bromine occurs in the form of 6,6-dibromnc-

indigo in the sgkin of the Hediterranean gastropod urex brandaris, in

Purpura aperta from the west coast of Hexdico, and in widely distributed

species of Purpura lepillus (Friedlandew, 1909; 1922).

The mede of occurcence of Br in hard parts of shelled organisug
has not been definitely establishad, although its occurrvence as bromo-

gested by Vinogradov (1953). Ualtews

organic compounds has been sug
(1967) found that a large portion of the Br and lesser amounts of €l in
several marine organlsms are insoluble in dilute NHQ’I\IOB and distilled
water. The tyrosines and phenols of Br are very soluble in waler
which would suggest that the soluble organic compourds are not present
to auy large extent in the shells. Howsver, insolﬁ.blo Br compounds

may be iupoxbtzul.
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Evidence of Changes in the Chemical Composition of Sea Water

Several lines of evidence suggest small, but real, changes in
tho chenlcal. composition of the oceans throughout geologic tius.

Lane (1908) thought that connate waters of sediments would
represent the compogition of the original water in which the sedinents
were deposited. However, many physical and chemical processes have
been modifying sediments since depogition, modifying the connate waters,
ard tending to establish sediment-water eguilibrium. These processes
include base exchange, dolomitization, eveporation, sulphate reduction,
hydration and recrystalliration of clay minerals, adsorption, and mix-
ing of foreign wabters.

Chave (1960) investigated the cheuistry of connate brines of
ancient basins as indicators of the chemleal composition of ansclient
sea water. The dissolved solid content of suvbsurface brines ranges
from 0 ppn to more than 3 x 105 ppra. Chave investigated orly thoss
brines containing more than 19,000 prm dissolved solids, as these
brines would probably not have been diluted by meleorxdc waters. Chave
concluded that there is no evidence from subsurface wabers to susgest
changes in tha rclative proportions of the major dissolved ions in sea
weter sinco pre-~Cambrian time., Reactions of carbonate, sulfate, and
clay minersls with water can explain the observed differences from sea
wator. He also concluded that no evidence concerning the absolute
concentrations of lons in ancient sea wator could be obiteinad from
subsurface waters.

Clayton et 23.. (1966) studied the isotopic composition of oil-

field brines from TMlincis, Michigan, Alborte; and the Gulf Coast.
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They concluded that most of the brines were probably of local nmebteoric
origin and did not répresent true fossil sea water.

Sedimentary rocks of certain ages appoar to have distincﬁive
chemical and mineraloglcal characteristics over wids areas. The most
notable is the abundance of stratiform siliceous iron formaticns of
pre-Canbrian age and theq‘.r general absence in post pre-Cambrlian rocks.
Govelbt (1966) suggests that the pre-Cambrian banded irvon formabtions were
formed in a lacustrine or closed-basin enviromment. Weathering processes
and a change in the character of the earth's crust are suggested as being
responsible for the formation of the iron formations of pre-Cambrian age
and their absence in post pre-Combrian.

Vinogradov arnd Ronov (1956) investigated the changes in the
chenecial composition of clays from the Russian Flatform with geologlc
age. They roeport a two-fold decrease in K and a slight increase in ka
in younger rocks, an increase in the Cafilg ratio, anl a decrsase in Si
and Ti since pre-Carbrian time. Weaver (1967) found the same general
trend for K amd Na in clays, and suggested that a change from K to lia
fixation occurred at the end of the Paleozolc., Weaver atiributes this
change to an increase in Na and possibly Iig in sea water, caused by
the repid development of plant life ard an inerease in scil acidity.

Holser and Laplen (1946) have swumardzed previocus sulfur isotope
data and have shown that the isotople composition of cceanic sulfate
314'8 /325

has varied since late pre-Carbrien time. Thelr ve. time cuxve

3Lz’<‘

shows a general trerd toward increasing © S in the oceanic systenm with

younger rocke.

13 -~ 18

Keith and Vebor (1963) investigated the changes inSC™7 amd £0
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vs geologic age in marine limestones. They reported that “uo great
change has cccurred in the carbon isotopic composition of marine bicarb-
onate over geologic time , ard that oxygen isotopic compositions of

. . I e s . 18
marine linmestones exhibil a progressive increase in average &0

V74
content from the oldest to youngest age groups., Scatter in their data
is due nainly to post-depositional recrystellization and oxygen exchange
in the presence of waters different from those of the originel enviiron-

nment., Hean 6 018

varied from -9.7 per mil to =1.2 per mil for Cambrisn
and Qualernary respscbively.

Weber (1967) attempted to show, Ysmall but possibly real vari-
ations in the carbon isotople composition of the active exchange
reservoir throughout geologic time!'. The development and distribution
of lard plants are suggested as belng responsible for this fractionation.

Krasintseva (196%) proposed that the CL/Br ratio of oceanic
water has increased tkwoughou‘b geologic tine. Release of excess amounts
of CL during volcaric activity and CL/Br fractionation in soils are the
nechanisms proposed by Krasintseva to bring about the increased Cl/3r
ratio of the oceans. Krasintseva found the CL/Br ratio of Fliocens Red
Beds to be 270/1 (two anslyses) conpared to a ratic of 52/1 for Lower
Cambrian rocks. However, crly limited data zre available,

The investigations ciled above demonstrate thal changes in the
chemical c_:omposi'tion of the oceans over the past 2 x 109 years are
possible, and have probably occurred. The ccean may not be in dynsmic
equilibrdwn with respect to all its chemical coxzsi‘,:i’*11.elxbs. Each
chemtical component must be considered seperabely. Mineral-water react-

ions Wl have 1ittle effeat on the contents of ClL and Br in sca wabter.



SAMPLING AND SAMFLE PREPARATION

Sampling,;

Recent marine and fresh water shelled organisms were collected
from a varicty of widespread locations in the castern United States
ard along the Atlantic coast. All the fresh water organisus weve
collected alive; however, several of the marins shells were collected
after the organism had died. The Halimeda sp. was collected alive.
Sample descriptions are given in Appendix I.

The carbonate rocks were obtained from several sources and
include outcrop and core samples from widespread geographic locations.
About 704 of the samples analyzed were collected by the author. During
outcrop sampling, only fresh and visibly unweathered samples vere
taken., Sample size ranged from 500 g to 1000 g.

ALl the core samples, except those of the X-ssries, were chlp
samples. Chips were teken approximately every foot over the core
interval recoxrded for each sample. Samples were approximately 100 g
in size.

‘ Core sanples of the X-series were seampled by means of a specially
constructed grinding wieel uvidch cul a continuous groove over the cors
interval recorcded for each sample, The 5 - 10 g sample obtained vas
~300 mesh in grein size. Dach sample was blended in a Wige-L~Bug blender
for 10 minutes to ensuro homogenelty.

Seventy control. samples of dolawmites from the X-geries represent-

ing supratidal, irdertidal, turbulent sublidal, and qulet lagoonal

20
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environments have been selected to determine the environmental control
on F distribution in carbonates. The dolomites selected were dolomitized
by refluxing brinses, similar to processes forming recent dolomite (Geo-
logical staff, Gulf Oil Caneda, Calgary; personal communication).
Sources of samples, other than those collected by the author,

are as folious:

Recent - Plelstocene shell meterial - Dr. F. T. Mackenzle

Recent carbonates ~ Dr. A. D, Bailliec and E, A, Shinn

X~ceries core samples ard Halimeda sp. - Dr. A. D. Baillie

Midway core mgteria 1 - Dr., H. S. Ladd

Cambrian and Oxrdovician outcrop samples = Dr. M. L. Keith

pre~Cambrian D-zeries samples ~ Dr. H. P. Schwercz

pre-Cambyrian rnarvles -~ Dr. T. T. Quirke, Jr.

Cretaceous samples - Dre Gole K. Billings and Dr. C. Koore

Shell materdal - Dr. R. C. Harrliss.

Complete detalls of ell sanples ars presonted in Apperdix I.

Selection of Samples

The major criterion was to obbain a single phase (calcite ox
dolomite) so as to ¢hserve fractionation of CL ard Br in the ons phese
only. The carbonale samples investigeted were divided into two groups:
dolomites and limestones. Those samples classificed as dolomites contzin
grector than 904 dolowite, and the sauples classified as limestonss
contain greater than 904 calcite in their respective carbonate fractions.
No quantitative rminsralogy deternminations woere made. Minerel abundance

estinmates weore bascd on visuzl examinaticn of Xeray diffractogrens and
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are qualitative.

Sample Preparation

The samples were first crushed to approximately 66 mm size in
a Chipmunk grinder. Each shell and carbonate sample was then ground.
in a Specs Shatbter Box grinder and sieved to remove particles larger
than +200 mesh grain size; Core samples of the X-series were prepared
by a different method as discussed under the section on sampling. No
further treatment was made after grinding. The marine shells were
rinsed in distilled water before grinding to remove obvious sea salt

contamination.



ANALYTICAL METHODS

Halide Anslyses

Ingtrumentation

Bromitle and F activities wore detemwined by means of Orion
Specific Lon Electicdes coupled with a Fisher double Junstlion reference
calomel electrode, Chloride activity measurements were nado with a
Beckman Ag/AgCl electrode ard a Fisher dovble double junction calomel
reference electrode. A Carey vibrating reed electromeler was used to

detect EIF changes.

Electrode Theory

The halide electrcdes develop a potential defined by the Hernst
equation:

B= B, + 2.3 1?-‘ log A
where E = the mesasured potential of the systen

E = a constant alt constant tempsrature arnd includes the potential
of the reference electrode

2.3 Rg = the Hernst factor (59.16 nv at 2500)

R = the gas constant (1.98725 cal/deg mole)

F = the Fareday constant (23052 cal/volt ejuiv)
T = temporature in degrees Kelvin

A = the sctivity of the ion in the solultion being measured.
The poterntisl developed is proportional to the logarithn of the activity

of the halide icn for which the particular electrode is sensitive.

23



A comprehensive digcussion of the theory of anion electrodes
response is presented by Frant ard Ross (1966), Rechnitz and Kresz
(1966), Rechnitz ¢t al. (1966), Bisenman (1967), Pungor (1967), ard
Rechmitz (1967).

Halide Ion Concentration Determinations
Halide ion concentrations can be detemmined directly by compar-
ison of the RIF of an unkncwn solutlon to a calibration curve of EiF
vs concentration prepared from a series of standard solutions of known
concentrations.,
Halide ion activity is related to concontration by ths reletion-
ship:
Ax- = 3/:»:“ “ O
where A= activity of the halids ion
Y = activity coefficient
Cm = concenbration of halide ion
and a/x. is related to the total louic sirength of the solution. The
relationship of ectivity to loniec strength is shovm in Fig. 1. As
activity depends on ionlc strength in dilute soiutions, it is critical
that the ionic strength of the ‘unkno‘;-m solution be egusl to that of ths
standards to which it is being campared., Alternatively, if tho ionie
strength of the unincwn solution is determined, then thoe appropriate
corrvection factor a/ need only be epplied (ie. Ao = 2/ = Cx->'
The ionic strength of mest natural fresh waters is sufficiently

low (10 3 ) that activily corrections are not necessary. This has

been assumed to be the case for the water leach solullons analyzed in



ACTIVITY COEFFICIENT (Yx)

1.0 e
\
0.9}
08} !
0.7} .2
IONIC STRENGTH . acizi€
0.6} 2
= 2 468 .q2 %éé-zsé 4 68 5> 2 468
10° o % 10 | 6 10

IONIC STRENGTH(MOLES/LITER)

SINGLE ION ACTIVITY COEFFICIENTS OF CI” AND Br

(IN SODIUM HALIDE SOLUTIONS) AS A FUNCTION

OF THE TOTAL IONIC STRENGTH.

Figo i

25



26

this study. Maximum error introduced by this assumption is +3% (see

Figo 1)0

Shell material and carbonate rocks were analyzed for acid soluble

halogen content by using concentration vs EF curves. Ionic strength

of the sample solutions was calculated on the basis of two g CaCl, in

3

100 mL HNO3 (0.24 N for shell material and 0.48 N for carbonate rocks).

The ionic strength of the standards was adjusted by adding two g Cald

3

per 100 ml solution to equal the icnie strength of the sample sclutions,

thus enabling direct concentration detemtinations.

Electrode Selectivity, Sensitivity, and Interferences

The selectivitics of the particuwlar anlon electrode over other

anions are listed balow.

Selectivity ratios are used to gquantitatively

neasure the electiods!s profcerence for its common amion compared to

“other anions. For example, the bromide Spseoific Ion Eiectrede's

Table of Selectivity Ratios

Interfering Ion Br Electrode F Ilectrode Cl Electrode

Br _ 0.003

* OH 3% 10" | 107
L 500
g 2 x 107 5 x 1077
s rust be absent mist bz absent
e 8 x 1077 2 x 1077
HCO5™ - 3000
sol}z' 3000

s fF 10




27

Hote - Ratios are exprossed as molax concentration of interfleiing
ion / molar concentration of ¥ (halide).

o
™

* « O reacts with the F electrode in a manner analagous to T
(Fig. 2).

*% = H' reacts with F to form the HFZ- complex in acidic solu-
tions (Fig. 2).

selectivity ratio relative to chloride is 400/1, which means that the
bromide eleetrode is 400 tiues more selective to Br than to CL .
Electrode potentials are affoected by changes in temperature, as
illustrated by the factor 2.3 RL/F in the Nernst equstion. The absolute
potential of the clectrode changes with temperature because of the
change in solubility egullibria which are the basic mechanisus governing

the oparation of the electrodes.

fiffect of Temperature on lilectrode Potentisl

7 (°c) *AgCL *AgBr F Electrode
(2.3 &2/F)
-6 -7
0 4.5 x 10 1.8 x 10 54,20
25 Lo x 1070 7.0 x 1077 59.16
50 b5 x 10"5 2.8 x 10’6 611
75 7.9 x 10’“5 v 8.9 x 10"6 -
-4 -5
100 1.6 x 10 2.0 x 10 7L, 0l

* - Solubility in moles per liter.

Thus it is critical to mairntain a congtant temperature for standard ard
saniple solutions.

Detectability for the F, ClL, amd Br olectrodes ave 0,02 ppm,



2 *3u
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10 M F~
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0.1 ppm, and 0.04 ppm res_pectively. The olectrodes follow Hernstian
behavior up to concentrations in excess of 10,000 ppm. However, since
acﬁivity vs EF is a logarithmic function, small changes in halide
activity cannot be accurately detected al high activities. A precision

of +0.5 v can be expected with a high precision electromester.

Halogens in the Acid Leach
The technigue used to analyze acid soluble halogen contents in
the shells and carbonate rocks was developed by modifying the methods
of Hardozzi and Lewis (1961) and Shapiro (1960) for F analyses in rocks.
The apparatus used is illustrated in Fig. 3.
Reagents used are:
0.24 i HNO3 - dilute 100 ml of 70% reagemt grade HNO3 to a volume of
1000 ml.,
Standard Stock Solutions - solutions of 1000 ppn X (X = F, Cl, and Br)
are propared.
tandards - Prepare a scries cf gtandards from the stock solutions by
diluting with distilled, delonized water to cover the expected
range of concentration., Dilute 25 ml of each standexd to 50 ml
by adding 25 il of solulion A.
Solution A - dissolve 20 g reagent grade Ce,CO3 in 500 ml 0,24 ¥ IEFEOB.
The procedure is .as follows.
A 2.0 g portion of finely ground sample (-200 mesh) was placed
in the vacuum flask and 25 nl of distilled, delonized water were added.
Twenty-five vl of distilled, delonizcd water wore placed in the gradu-

ated ecylinder, Fifty nl of HHO, from the buretl were then released

3
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BURETT + 50 m! 0.48 N HNO 4

GRADUATED CYLINDER + 25 ml
WATER

AIRSTONE

SAMPLE + 25 ml WATER

POLYETHYLENE APPARATUS FOR ACID DISSOLUTION
OF CARBONATES

Figo 3
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into the flask. The acid strength was 0.2% N HNO_ for shell material

3
and 048 I HNO3 for carbonate rocks (standards and reagents are adjusted
accordingly). By having the system entirely closed, the released CO

2
could be bubbled through the water in the graduated cylirder, allowing

any halogen escaping with the CO2 to be collected in the water. An
airstonse was used to decrease bubble size. Blank runs indicated no
contamination from the airstone. When the reaction ceased;, the two
solutions were mixed and the finzl solution filtered through 0.lt5 Lt
filter paper. Samples were stored in polyethylene bottles for subso-

quent analyses.

Halogens in the later Leach

The water soluble lxélide fraction was determinaed by leaching a
0.5 g somple (=200 rech) in 25 il distilled, deionized water for 12 hownss.
A wrist-action shaker was used to gently agitate the slurry to eunsuve
thorough leaching. The solution was then filtered through 0.1%5/4 filter
paper. The sauples werc stored in polysthylens bottles for subscquent

analyses.

Phosphate Analyses

A nodification of the method of Shapiro and Brannock (1962)
was used for phosphate analyses of the ecid soluble fraction in the
carbonate rocks and calecareous maring shells. The P205 content was
deterimined by measuring the light absorbed at 420 m/ by a solution

containing the yellar molybdivanade~-phosphoric acid complex. A Bausch

and Lomb Spectronic 20 wes used ©o neasure transmitiance.



Reegents
Molybdivanadate solution - Digsolve 1.2 g of sodium metavanadate in

400 wl of 1 + 1 (volume) HiO.. Dissclve 75.0 g of sodium rmolyb-

30
date in 400 ml of distilled, delonized water. lMix the two solutions
and dilute to 2 liters.

Standard P,05 solution - Weigh 1.9290 g of KH,¥O, (potassium metaphos:-

phate) into a beaker. Add 40 wl 1 + 1 (volume) HHO., and 32 nl

3
1 4+ 1 (volue) HZSOL}_. Dilute to 1 liter. The concentration of

P205 is 0,10%. Standards may be made by appropriate dilutions of
this standard stock solution. Use a solution of 40 ml 1 + 1 (volume)
HNO3 and 32 1l 1 4 1 (volume) H,80;, dilu’lbed to a volume of 1 liter
with distilled, delonized water to prepare diluted standards.

H,80, solution - Mix 136 1 1 + 1 (volume) HuO, and 109 wml 1 + 1 (volune)
v

2 3

HyS0, and didute to 2 liters.

Procedure

Approzinately 2 g of carbonabe rock sanple (=200 mesh) were
welghed out into a tared beaker. The welghl was adjusted to 100 g by
adding 0.48 N EIEEOS and the mixture was allowed to stand _un‘bil the reaction
ceased, generally 30 mirutes, then filtered through 0.45 44 millipore
filter papor. The filter papsr was washed with dilute EE‘IOB before
filtering to minimize phosphate contamination from filter paper.  Solu-
tions were stored in polyethelene bottles for subseguent analyses.

Ten ml of each sample solution were transferred to a series of
beakers. Filteen ml of the H,y80, -~ HNO3 solution and 25 ml of molybdi-

vanadate solution were added to each sample. Fach somple was mixed
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and allowed to stand for 5 minubtes. This was repeated for 2 or 3 ali-
quols of water which were used as blanks. The percent transmittance

was determined st 420 n /a Tor each sample and for a serdes of standaxds,

Calculations

Percent transmittance was counverted to absorbance by the rela-
tionship:

absorbance = 2 - log (transmittance).

A graph of absorbance vs % P205 for the standards was constructed.
The absorbance of the sample was compared directly to the worling curve
to obtain & P205 in the sample solution. The P205 content of the rock
was obtained by midtiplying the PZO 5 content of the sample solution by

the appropriate dilution factor.

Precigion Bstimates

Precision for Br by the acid treatment is 6.6%. Recovery tests
irdicate that Br recovery is 105%, vhich is well within the analytical
error. Time tests indicated that 12 hours were sufficlient to thoroughly
water leach the samples. PFPreclsion estinates for the materduls anzlyzed
are given in Table 7.

A sample of phosphate rock proviously analyzed at 37.4% PO 5
(Kramer, personal comunication) was analyzed to estimate the accuracy
and precision of the method. A value of 37.8% }’205 was obtalned, in

good agreenent with the previous irdependent analysis.
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ADDENDUM

The possibility of CL~ interference with the bromide electrode
was checked by the following tests:
1) Standard chloride solutions containing up to 50 ppm Cl™ were
analyzed with the bromide electrode and compared to a set of standard
bromide solutions containing no detectable CL . No measursble interference
was detected,
2) A 50 ppm Cl™ solution was spiked with 0.40 ppm Br~ and analyzed for
Br~. The measured Br was 0,43 ppm, which is within the limits of
analytical error. The Cl/Br ratio of this solution was 125/1.

No further checks Wére nsde as the C1/Br ratios of 97% of the
solutions analyzed were less than 100/1. The limit of 50 ppm CL™ was
selected as the solutions énalyzed were dilutad to maintain €1~ below

50 ppm, generally in the range of 1 - 10 ppm.



Analytical Precislon Estimales

Precision for Shell Analyses

TABLE 7

Element Method x (ppom) Sy N ¢.V.(D) Sample
FT Electrode 15.7 0.43 & 0.3 22
Fw Electrode 3.8 0.17 L .5 22
Br,, Electrodo 55.4 3.69 6 6.6 13
Brw Flectrode 15.5 2.85 3 18.0 22
ClT Electrode 1i4.0 11.00 4 9.7 i3
C].u Hlectrode 23.0 1.40 3 5.0 22

' Precision for Carbonate Rock Analyses

Element Method % (ppm) Sy N C.V.(%) Samplo
FT H.ectrodo 55,8 L.73 6 8.3 9 "
FW Flectrode 2.3 0.02 6 0.7 15
BrT Electrode 1204 9.97 6 8.3 9

: Brw Electrcde 3.5 0.4 6 11.6 15
ClT Electrode 2875 199.4 6 6.9 9
ClW mectz*ode 101.7 2.37 6 2.3 15

X arithmetic mean

Sy standard deviation

N maber of sciavles

C.V. coofficient of variation (§) at one s, given by (s, /%) x 100



RESULTS AND INTERPRETATTONS

Introduction

The resulis of the analyses of water soluble and acid goluble
F, ClL, and Br in 21l samples analyzed are showm in Apperdix Il. The
- data are arranged in groups according to geologic age. lMineoralogy is
denoted by Ary C, D, and Ay for aragonite, calcite, dolomite, and anhy-
drite respactively.

Correlation coefficients and linear regression analyses were
uged to study the interrelaltions between the halogens. Simple lineor
regression wes used to establish relationships between pairs of vaviables.
Linear equations of 'best f£it" were calculated by the reduced major axis
me’ohod proposed by Imbrie (1956). Scatter diagrams of the data verified
the assumption of linearity.

Results of the regression anglysis are presented in Tables 8
and 9. The mumboer of samples (H), arithmetic mean (x), median (%), awnd
standard deviation (Sx) of each group are given in Table 8. The pertin-
ont corrclation cocfficients (r) end regression eguations are listed in
Table 9. The ratio of water soluble helide / acid soluble halide in the
various groups are shown in Table 10.

The complex interactions betwueen the variables were deterrined

by means of R-mcde factor anzlysis using a varimax rotation critexion

(Hiller ard Kahn, 1962).
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TABLE 8

Basgic Statistics

Variable N X X S, Varieble N X S,
Recent Fresh Vater Shells Recent lMarine Shells
FT 21 k6 b6 2.4 FT 18 L7k L2,0 495
Clyp 58.5 60.0  36.3 Lo 2062 2277
Brq 22.9 21.0 9.4 By L8k R
CL/Bry 2.5 2.3 L. 01/314,1, 35.0 18.4
FV 2.9 2.6 1.8 FW 17 13.1 10.9
Cly B9 42.0 21.5 CL, 1824 2150
Bry, 59 6.0 2.2 By, 26,1 21.8
Cl/Brw 10.0 6.8 174 cn./arw 49.6 25.2
Recent Aragomites Recent Dolomites
Py 2 1279 122 Fo 2 675 100
€L, 3681 2356 Cly 13750 1750
By 69.3 26.3 Bro 180 20,0
CL/Bryp 7.0 16.2 CL/Bry 76.3 1.3
Fw 23.5 L,0 Fiy 11.0 2.0
Cly 2675 1750 Cly, 12625 875
By 29 7.4 Bry 100 7.5
CL/Bry 96.9 3.2 C1/Be,, 126 0.8
Pleistocone Limestones Miccene Aragonrites
¥, 3 32 107 Frp 2 900 150
Clyp 105 52.6 Cly 3519 139%
Bz 20.5 26.2 BI‘T 57.1 10.1

4



TABLE 8 (contimed)
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Variagble N

X

~

X

«Q

¥X

Varisble N X

=4
X

Sx

Pleistocene Limestones (continued)

Cl]BrT 3
By
Clw

Brw

Cl/Brw

Miocene Lins

Fp

ClT

2

BrT
Cl/BrT

By

a

Brw

Cl/Br.W

Crataceous Limestones

Fr

iy
BrT
CL/8

/ T,

10

By

%

Brw

Cl/LrW |

26.5
11.6
8.6

k.2
21

stonos

138

L426
52
81.6
11.2

3788
38.4
938.6

2.5
61.3
5.9
13.5
2.7
22.4
0.8

36.7

35.0
50,9
5.1
9.5
2.6
14.0
0.6

20.0

18.3
3.0

3k.3

2.1
6.1

16.8
580

6.6

0.8

2.2

12.6
22,6
2.8
10.7
1.1
20,9
0.6

26,8

Cl/BrT 2 59.6
Ry 26.1
CL, 3213
Bry, 37.5
Cl/BrWA 83.4
Hiocene Dolomites
FT 2 426
ClT 5002
BrT 55.3
Cl/BrT 88.2
Fy 9.7
a, 14590
Bry, L8
Cl/Br.w 101

Croteceous Dolomites

T 2 392
CL, 2535
Bry 117
Cl/BrT 15.9
Fg 5.6
c, 1946
Bry -'18.?
Cl/Brw 205

liiocens Aragoniteos (continued)

144

10.3
1288

10.0

13.0

239

3546
38.1
3.5
2.4

3156
30.3
2.1

10.2
234
96.5
6.8
1.7
185
18.L

102



TARLE 8 (contimed)
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Variable N X £4 5, Variable N X £ g,
Triassic Limestones Triassic Dolorites
Fy 9 173 170 7.7 E 7 827 869 M43
L, 54 140 58 a 1733 1245 1546
Br, 84 b7 6.2 Br,, 24,9 16,2 18.2
(;1/131~T 51.7 50.0 18,7 Cl/BrT 69.9 78.6 22.3
Fw 8 e 2.5 2.9 L 6 107 58 5.9
cL, W 1h0 397 L, 1317 825 1153
Br, 6.9 W7 3.6 Bry 20,2 17.5 11.9
01,/331«W 53.1 45,0 23.2 c:L/B:ew 60.5 45,7 28,k
U. Devonian Limestones Mississlpplan Dolomites
FT 6 545 46,0 29.3 Fp 10 348 371 130
ClT 1535 1093 &2l Cl, 330 357 112
Br, S k9.5 21,3 39.8 .BrT | 13.6  13.5 4.0
Cl/BrT 374 32,7 11,0 01/;-31«T 2k.9 21,7 8.1
. 5.3 3.5 34 F. 10.0 8.4 4.3
Cl, 1255 830 731 ¢l 219 220 69.2
Brw 20,2 18.5 8.6 Brw 8.0 8.0 2.3
Cl/.‘Srw 59.0  59.3 9.9 Cl/Brw 30.0 28.2  11.7
M. Dovonian Limestores M. Devonian Dolomites
Fy, 11413 115 336 F, 3 263 167
CL, 1795 1750 488 a,, 385 219
Bry, 3.0 3.5 7.4 By, 15.5 3.9
CL/Bxy, 57.6  58.7 5.6 c:l/Bz»T 25.7 12.2
1 12.9 10,0 6.7 F, 2.7 0.9



TABLE 8 (continued)

) 2 hyd TR} : ol [Vl
Variable H X X s Veriable N x X s
pe ps

H. Devonian Limestones (contimed) M. Devonian Dolomites (contimed)

L, 11 1791 1700 307 Clw 3 215 120
Brw 23.2 23.5 1.9 Brw 6.7 §.5
Cl/Brw 76,9 76.3 9.6 Cl/Bz'w 35.5 7.6
¥. Ordovician Limestones L. Ordovician Dolomites
Fop 8 39.6 28.6 32.8 Fon L 30,9 7.0
Cl'.[‘ 23,0 18.2 13.1 ClT 107 31.4
BrT L, b3 1 BrT 7.8 2.0
C1/Bry, Ly k.5 1.1 Cl/BrT 13.7 1.5
R, 8,0 4.9 6.2 R, 6.3 2.7
cL, 26 23.8 8.1 CL, 66.3 14.8
Brw 2.1 2.0 0.3 Brw 2.6 0.7
Cl/BrW 11.9 10,8 k.2 <:1/Brw 26,3 5.4
Combrien Iimestones L.U. Ordovicien Dolorites
F 3 56.9 - bt Fn 7 318 335 116
CJ.T 264 63.6 c:lT 2640 1521 2808
BrT 23.9 6.5 BrT 35.0 23.3 28.5
Cl/BrT 11.1 - 0.6 Cl/3x T 67.4 65.2 11.4
pre~Cambrian (Waterton) Limestones  U. Silurian Dolomites
FT 8 36,8 28.1 15.5 F., 7 15 131 43.6
ClT 154 76.1 107 ClT 2966 2770 791
BrT 6.0 b5 2.5 BrT 43,8 4#1.8 10,9
Cl/BrT 21.3 20.1 10.5 cz./arT 70k 70.8 L.9
F 58 1.6 7.6

Cl]", 33 .6 y:' . 0 7 06



TARLE 8 (continued)

N X X s

o

Varxrdieble

pre~Cambrdan (Waterton) Limestones

et e L

(continued)
Brw 8 2v1 Oo?
C \ . ©
1/31w 17.1 561
pro-Caombrian (Bruce) Linestones
Ey 3 62.9 6.5
01T 33.8 3.8
B . 0.6
o 7.3
Cl/BI'm 406 Ool\"
T
F 2e1 0.
W &
Cl 0.9
W 133
Br 1.9 0.6
W
Cl/8x 6. 1.8
/ W /
pre-Carbrian (Waterton) Dolomites
Frp 5 61.8 145
ClT 168 63.8
B . L by
o 9.3
(:J./BrT 20.3 8.5
ClL L2 0y 20.0
W
Brw 2.7 1.2
Py 5ol .
c1/e " 150 2.3

Variable

H

840

2]

%

M. Silurian Dolomites

o

Cl P

BrT

-Cl/BrT

8

143

1480
40,6
42,8

151

1459
33.5
h2,0

I, Silurian Doloxites

170

420
18.5
26.7

hz.b
572

15.4

20.0

Ly
177
6.4
k.3
1.0
137
11.8
9.9
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raaLs 8 (cotimued) R N
pro-Cambrdan Maxbles  pre-Cambiian Dolomites - D series
FT 6 28.5 25.5 18.6 F’i‘ 7 120 112 61.0
ClT 833 695 659 ClT 184 133 110
Bry 37.5 24.3 26.5 Br,, 12,4 10.2 5.6
Cl/BrT 21.0 214 5.6 Cl/BrT 13.9 4.3 2.9
Aragonites Linestones
Fy 5 995 1050 282 F, 64 904 60.4 82,0
CL, 6096 4912 5285 c:LT 720 140 1035
BrT 86.5 67.2 50.2 BrT , 17.9 8.2 21.0
Cl/BrT 60.5 63.1 20.7 CL/3r 31.0 25,0 24,0
F, 22,5 19.5 8.k Fy 59 6.8 4.0 6.1
a W85 500 374y cL, | 6z 8,0 951
Br, 49.6 Ub.2  35.2 By, 9.6 3.0 10.8
01/311w 92.5 96.8 11.6 C1/Br., k1.7 32,5 29.5
Limestones and Aragonmites Dolomites
F,; 69 156 66.0 259 FT‘ 307 381 240 359
cLy 110 175 2227 CL, 75 1589 0 A9k 2656
Br,, 22.8 1»0.6 30.2 BrT 31.0 18.3 38.1
01/3rT 33.2 30.8 25.0 Cl/BrT 40.5 30.5 26.0
By 6+ 8.0 45 7.6 K, 46 87 7.2 5.3
Cl,, 971 105 1779 CL, 1492 250 2801
Br,, 12.7 3.5 17.9 Br 17.4 9.0 22.3
Q/Br,, k5.7  35.0  31.6 01/51«w 60.0  37.8 4.6
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TABLE 9

Linear Regression Analyses

Group Variables * N ILinear Regresgsion Ijuation®
Recent Fresh Waber C].T BrT 0.63 21 Br_ =1.31 + 0.10 ClT
Shells ] 1 /

FT ClT 0061 21 C.}.T = 7075 + 0.20 Fll\
Recent i{exins Clp Br, 0.87 18 Bry = 8.19 + 0,02 Cley
Shells
Cretaceous CL,, Br, 0.78 10 BrT = =1,69 + 0,12 Cly
Linestones 4 4
Triassic CL, Br 0.97 9 Br., = 2.25+ 0,01 Cl1

. T 7 T T

Linmestones

CL, Bry, 0.98 8 Brw = 2.88 + 0.01 Cly,
Triassic ClT BrT 0.76 7 Br, = 4.50 + 0,01 C]‘T
Dolomites +
Mississippian Cl’i‘ Bl‘T 0.57 10 Br,f = 1.78 + 0,04 C].T
Dolomites ' '
U. Devonian C'_LT Br,, 0.95 6 By = -20L.64 + 0,05 CL,
Linestones T +

CL,, Br, 098 6 Br;= 5K+ 0.01 Cly
M. Devonian Cl, Br, 0.91 11 Br, = 4.86 + 0.01 CL,
L.-, n - T T T 4
Jnestones

Clw B:c~H 0.7 11 Brw = 12,10 + 0,01 Clw
M. Ordovician ClT BrT 0.98 8 Bz‘T = 2.2 + 0.11 Cl"l‘
Linestones

il

i ,
CL,, Br, 074 8 Br,y=1.19 + 0.04 CL,

U. Silurian cL,. Bry 0.83 7 Brg= 2,91 + 0.01 C1,,

Dolomite + t

L.U. Ordcvician Cly Br, 0.% 7 Bm. =8.21 + 0.01 Clg

Dolomites + +

pre-Canbrd.an c1, Bi‘T 0.86 5 Br, = -2,25 + 0.07 Cly
(Vaterton)

Dolomites Cli"f Brw‘ 0.98 5 BIR‘.J = 0,16 + 0.06 Clw
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TARLE 9 (continued)

Group Vardables ¥ N Iinear Regressilon Fjualtioms*
pre-Canbrian F, €1, 0.60 8 Cl,=7.9 + 3.43 F.,
(Waterton) L T T *
Linestones Cl‘l‘ BrT 0.72 8 BrT = 2.87 + 0.02 ClT
pre~Canbrian Cl‘l‘ Bry, 0.98 7 Br, = 3.06 + 0,05 C1_
(D ~ series) : 1
Dolomites
pre-Cambidan 1, Br, 0,96 6 Bry = 5,01 + 0,0k Ly
Marbles 4 L
Aragorites Cl‘l‘ Bz."T 0.99 5 BrT = 28,59 + 0,01 Cly

e — .
C:Lrvf BI‘W O.)/ 5 BI‘L}. bl 4.65 + Oool C].‘”'
Limestones Cly Bry, 0.77 6k Bry, = 3.29 4 0.02 Cly
5 . Q = L X&) o
CL, By, 0.97 59 Br =8.27+0.01 CL,
Dolomites c:lT BrT 0.86 75 Br, = 2,25+ 0,01 Clp
1 : } 1 = 5 - 'R 2l
L, By, 097 4 Br =522+ 0.0,

% w goefficient of correlation.

w% - caleulated by the reduced major axis method (Imbrie, 19356).
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TASLE 10

Ratio of Water Soluble Halogen Content / Acid Soluble Halogen Content

(Bruce)

Ace Haterieal FW/FT (%) Clw/ClT (£) Brw_/BrT (%
Recent Fresh water 63,0 76,7 25.8
shells
Recent Harine shells 2.1 88.5 5.5
Recent Aragonite 1.1 72.1 42,0
Recent Dolomite 1.6 91.8 55.6
Pliocene Linestone 3.6 80.0 20.5
Miocene Aragonite 2.9 91.3 65.7
Miocens Limestone 8.1 85.6 70.8
Miocene Dolomite 2.3 91.8 81.0
Cretaceous Limestone 6.4 36.5 1.4
Cretaceous Dolonite 1.0 76.8 i6.0
Triassic Limestone 2.5 88.1 82.1
Triassic Doloaite 1.3 76.0 81.1
Mississippian Dolonite 3.2 66.3 59.0
U. Devonian Limsstone 9.7 81.8 40,8
M. Devonian Limestone 11.4 99.8 7.8
M. Dsvonian Delomite 1.0 55.9 L3.2
L. Silurien Dolanite L.y 75.2 78.8
M. Ordovician Limestone 2.0 100.0 L 6
L. Ordovician Dolomite 20,4 61.7 33.3
pre-Cambrian  Limesbone 15.8 25.0 35,0
(Waterton)
pre=Cenbrion Dolonite 5.0 25.3 29.3
(Waterton)
pre~Conbrian Limsstons 3.3 39.3 26.0
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Halogens in Carborate Focks

A total of 64 limestonss ard 7 5 dolomites from Recent to pre-
Cazr.zbrian age were analyzed for acid soluble (0.48 K HNOB) Cl and Br.

The water soluble F, ClL, and Br contents of L6 qolomites and 64 limese
tones were £lso determined. A total of 307 dolomites and 64 limoestones
were analyzed for total F. Data for the acid soluble F, ClL, and Br
have been recalculated to 10094 carborate. The acid soluble halide
content will be referred to throughout the thesis as total halide,

The F,r Cl, and Br contents, both water soluble and acid soluble,
were determined for six carbonates with aragonite contents ranging from
5% to 100%. The results are showm in Table 11. The samples included
inorgardcally preciritated coliths, arsgonite muds of probable inorganic
origin, and mixed organic~inorganically derived malerial, Samples uere
obtained from Reconl carbonate sediments, Flelistocene carbonate rocks,
and essentially unconsolidated Miocene sediments.

The aversge C:LT. CL

W
ardl dolosdtes of oll ages are:

’ BrT, and Brw contents of the limestones

ClT ppm Clw ppm BI'T jajpul Blw pEm
Limestone 1109 971 22.8 12.7
Dolomite 1589 1482 31.0 17.1

Histograns of the CZLT and C]W contents are shown in Fig. 4. The
digtributions of Cl, and Clw. in both the limestones and dolomites are
lognormal., with the mean and median values being higher in the dolomites

than in the limestoncs. The avegorito samples are included in the lime-

stone histogram. Tho median velue gives a betiter estinato of the nost
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TABLE 11

Halogen Distribulions During Dlagenesis
o
and I*ietam,orphi S

Increasing Diagenesis > HMetamorphism
Arggonliia Calcite | Dolomite Harblesg*

Fp X 995 90.4 381 28.5

Sx 282 82.0 359 18.6

N 5 64 307 6
F x 22.5 6.8 8.0

CH 8.4 6.1 7.6

N 5 59 46
1, % 6096 720 1589 833

S, 5284 1035 2656 659

N 5 6 75 6
Clw X 4785 647 970

s, 3T 951 1770

N 5 59 L6
BrT X 86.5 17.9 31.0 375

Sy 50.2 21.1 38.1 26,

N 5 64 75 6
Br, X 19 .6 9.6 12,7

Sy 35.2 10.8 17.9

N 5 59 L6

¥ = metamorphosed sedimentary carbonstos.
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probable Vaﬁlue of CZ!.T and CILw in limestones and dolomites. There is no
sig@ificant difference in the Cl’I‘ (or C.Lw,) content of the limestones
and dolomites at the 10% confidence lovel. However, the difference is
significant betueen aragonites and linmestenes, and between aragonites
and dolomites.

There is considerable varialion in the amount of Cl’I‘ wiich is
water soluble (25% - 1004). The pre=Cambiian carbonates contain less
C.Zl.w than the younger carbomates (Table 10). The CJ.T contents of the

pre-Cambrisn carbonates are also correspondingly lower.

The BrT ard Br]' distributions in limestones and dolomites of

d
all ages are shown in Fig. 5, the aragonites belng included with the
limestones. Dolamites, with a nean of 31.0 ppa BrT, are enxiched in

BrT relative to limestones which have an average B:eT contont of 22.2 pri.
The differonze is not significant at the 109 confidence level, but is
significant at the 20% confidence level. Both the BrT and Brw con‘tent;
of the aragonites are sigmificantly higher than in the dolomites or
Jinestones. There is considerable variation in the emount of Bry; in the
various age groups (1.4% - 82.1%); however, the Brw folious the sane
pattern as Clw and is less soluble in the pre-Cambrian carbonates
(Table 10). Acid soluble Br conbents are also lower in the pre~Carbrian
carbonates.

The lower percentazes of ClT and Bri.. which are water soluble may
be due to post-lithification leaching. The low CZLT and BrT contents in
the pre-Cambrian carbonates could indicabe that the pre~Caubrian sea

hed a lower salinity than modern ocean wabter ag proposed by Krawmor (1965).

The averege FT content of Limestones (ircluding avagorites) is
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Fig. 5
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155 pim compared to an average of 381 ppm for dolaumites. The difference
is sigmificant at the 1% confidence level. The FW content of linmestones
(including aragonites) is 8.0 ppm compared to an average of 8.7 ppm for
dolomites, the difference not being sigrificantly different. Histograms
of the F’l’ and, FW distributions in limestonss and dolomites ave shown in
Fig. 6.

The regression analysis indicates that there is a strong corrsl-
ation betyeon CL and Br in both the acid and water soluble phases, and
that the water soluble contents are dependent upon the acid soluble
contents. The Fw does not show a rolationship to FT in either the
limestones or dolowites.

Relationships between ClL and Br for all sanples are shoun in
Figs. 7 and 8. The linear relationship of Clw to B:vw is

Var e o 4 .
log Bry, = 0.85 + 0.70 log CL,

with a coofficient of correlation of 0,94 (i

1

108). The relationship
of CILT to B::-T is
with a coefficient of correlation of 0,88 (I

1l

150).

The resulls of an R-mode factor analysis of the limestones and
dolowites aro shown in Tables 12 and 13 respectively. The geocheristries
of Cl1 axd Br are strongly correlated, while F reacts independently. The
behavior of each elanent is essentially the same in both linestones and
delamites o

Factor 1, in both cases, asccounts for the major variance of CJW,

CJ,T, B:x?ws ard Br_. This factor is ettributed to a coubination of fluvid

g

inclusions ard water soluble intevgramilar salts. The }.«‘T digtribuiion
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in the carbonates is controlled by a single factor independent of Cl

T
and B:.'T. A factor indeperdent of ¥, controls Fi. e This suggests that
i .
the FW is controlled by a simple mineral-water ejguilibriuvm reaction.
TAZLE 12

F~Mode Factor Analysis of Limestones

Rotated Normalized Factor Loadings

1 2 3 4
-:,Q.—Q.'Z‘j. O'O7 0009 -0067
=0.92 0.32 0.17 ~0.13
:._Q_._?'}*L’ 0.05 0.22 "002"

- . 3 . 2 ~“Ve
cL, =0.96 0.12 0.2 0.13
F, -0.15 0.98 0.15 ~0,0%
Fq -0.2% 0.16 0,96 ~-0.05

Percent of variance cxplalned by factors
66.65 16.58 11.09 3.68
Cunl.ative percent of variance

65.65 83.23 - k.32 93.00

The extremely high water soluble content of CL in the limestones
and dolomites indicates that intergramilar salis and/or £luvid inclusions
are the major modes of ccourrence of Cl. The n:rbo* insoluble Cl is
probably conteined within the carbonate lattice. T1 :c',l is much less
wabter soluble than CZLm being only 544 and 55% water solu_blo in ths line-

stones arnd dolomites respectively (Table 10). The wabter insoluble Br

is either contzined within the carbvonzte labttice or in the form of wmier
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jnsoluble bromo- organic compounds.

E. Roedder (personal communication) believes that, although
fluid inclusions vill contribute part of the CZLW and Brx q
salts will be more important. Lamar and Sarode (1953) studied the

» intergramilar

nature of water soluble salts in limesﬁones ard dolemites and concluded
that the soluble ions are contained largely in fluid inclusions. The
relative importance of these two mechanisms camnot be resolved in the

present study.

TABLE 13

R=Mode Factor Analysis of Dolomites

Rotated Normalized Factor Loadings

1 2 | 3 b
Br_ =0.71 0.22 ~0,2% 0.62
a, -0.87 0.24 ~0.32 0.30
cL, =0.91 0.2% -0.24 0.25
Br,, -0,97 0.17 ~0.15 0,04
F, ~0.23 0.95  -0.18 0.10
L ~0.25 0.19 - =0.9%4 0.11

Percent of variance explained by factors
72.25 12.87 9.68 3.35
Comulative percent of varlance

72.25 85.12 94,80 98.15

The occurrence of F as a water insoluble phase in the carbonates

suggests the posgsibllity of sepzrate phases of Can, COZ-F—a.patite,
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or solid solution of Cel, in tho CalO . If tho
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CO,-Feapalite, there should be a strong corre elation of F to PO, vub

. 25
a 1’205/ P molar vatio of 10/1 (Coxwens, 1961). Anolyses of the P205
content. of 20 of the Zama ddloxites indicated an average of 0. 005295
PO resuliing in a P.O_[F weight ratio of 0.16/i. The PO, contenls
205 o 5/ clgh 1 i / i 2V
of 48 other Zema dolorites wore on the seme order of magnitude bul
were not detewiined preciscly. Analysis of sauple B-5.2, a Recent
dolomnite, yielded a value of 0. 07755 P O wviilch agress very woll with
the values of 0,063 - 0.08% reported by Frie.dman (1968) for Recent

i

arl!aone.tes from the Trucial Coast, It is concluded thet F does not occur
primarily in the fora of COZ-~F-— apatite in the cexbenates analyzed.

X-ray analysés were unable to detect Can in the sauples, If
all the ¥ weve presecnl as Cal?z, less than 0.3 welght psrcont Can would
be present in the carbonzsles; wall below the delectabilily of the x-ray
_ 'bechxﬁ,qua;

Indirect cvidence on {;lle foun of the F may be obtalined from a
consideration of the Fw. There are several possible sources of the Fige
the following being the most importent: 1) F exchange from clay'm;'c..nerel
iwpurities, 2) fluid inclusions, and ’3) F dissolv cd Lfrom o fluoride
mineral such as Cel"z or COZ--F--a.pat:"_'te

A snall emount of the water soluble halogens may be contyibuted
by exchange reactions with clay winerels. The liwited date aveilable
in the literature and the pil dependence of the anion exchanze capacily

cley mincrels nakes any estinate of contomination from clay minoral

exchange reactions temwous. Wolss el al. (1955) determined the anion

exchangeo capacity of keolivite and mordmorillonite to ba 1 ~ 12 neg
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F / 100 g (approximately 200 - 2000 ppm) in concentrated ¥ solutions (up
to 1.5 molar). Bowsr ard Hatcher (1967) studied the reactions of soils
and minerals with diluto F solutions wbhich more closely resemble the F
concentrations of ses water. They report that two different kaolinites
adsorbed 70 and 100 ppm F from solutions cormtaining 2 pom F. A bentorite
adsorbed only traces of F from a 16 ppm F solution. Carpenter (1968)
hag shown that F exchenge belween sea waler and c¢lay minerals is neg-
ligible.

The average conbent of ingoluble residue in all the samples
anslyzed for FT s 6.4 welght percent. Samples analyzed for FW aversged
?.3 weight perceat insoluble residue. Scatlter diagrams indiceted that
there is no corri:lation between either FT or FW and insoluble residuc -
content.

Sexiples of AP illite, montmorilloniﬁé, and kaclinmte as well as
a sanple of mica from pegmatitic granite werse treated by the methods
outlined for the acid and water lcach treatments of carbonates to obtain
an estimate of tle I conmtemination from clay minerals. The resulls are
shovn in Table 1.

Kaolinite ard montmorillonite ave not present in sufficlent
quantity in any of the carbonates analyzed to make an significant
contribution to the FT or FW' T1lite would not be expected Lo be 2
source of F contzmination on the basis of the experimental. results. The
acid leach does rot appear to have removed much F from the clays. The
Fw.is not the result of exchange from clay mineral iumpurities in the

cairbonates.
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TABLE 14

Water and lcid Soluble F Contents of Fhyllosilicates

Sampile I, (pp)* F (i)
Kaolinite 25.0 25.0
Illi't [=] - nede n.d.
Montmozillomite 80,0 33.3
Mica 140,0 17,0

ote -~ 2 g of sample were treated seperately in 100 rl of
water and in 100 ml 0.48 N HI‘}OB.

* A 12 hour water leach.

% A 30 minute acld leach.

Descriplion of Samples:

s

1. Keaolirite Lamar pit, Bath, South Carolina.

2. Hontmorillonite #23 (benbonite) Chambers, Arizona.
3. Illite 35 Horris, Illincis.
Iy, Mica Preisscue~Lacorne Batholith, Abltibi Co., Quchec.

If the F’L’ were contributed by fluid inclusicns, there should

7
be a great deal of scatter in the data. The relatively small amount
of scatter in the dala suggests that fluid inclusions ave not an
important source of F"v!‘

The other possible source of FI ; is frowm the solution of fluorine

bearing minerals, of which Cal’y and CO,-F-apatite are the most probsble,

2
The solubility of Ca,F? ard COZ-Fnapa'b: te are given by the following

reactions:
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Carz——A Ca?t + 27 | (1)
SP = 4,0 x 10~ (Butler, 1964)
Cag (R0, ) 5 6(C05)G o F, e 9 9ca” + 5. 65P03+ 0. 35co3 + 2.16F (2)
Ksp = 1.0 X 10-1 o7 (Kramer, 1965).

The FW contents of the darbonate phases analyzed and the equil-

ibrium F1 p contents predicted by the above reactions are shown in Tahle
15. It can be seen that the water leach is saturated in F with respect

to OOZ-F—apatite in the limestones, dolomites, and aragonites. The

water leach of aragonites is saturated in F with respect to CaF,; how-

ever, the limestones and dolomites have FW contents predicted by equil-

ibrium reaction (1). A simple mineral equilibrium between water and

-

Can is suggested as the i‘ac‘bor. controlling the l*w

carbonates.

content in the



TABLE 15

Caleulated Solubilities of Fluoride Minerals
Compared to the Observed F . of Carbonates

60

W
n/l F
2+ -
Caf_ —= Ca + 2F
25— :
~11
= /) c
Ksp +.0 x 10 l
predicted F = h.3 x 107
Ca9'9(m4)5-55(003)0.35F2.16 —_
- -
9.9Ca”" + 5,650, + 0.3500, + 2.167
- ~107
Ksp = 1,0 x 10 )
predicted F = 0,19 x 10
iy
Liuestones - observed F 1) 3.6 x 10
2) 2. %107
wadl
Dolomites - obsorved ¥, 1) 4.6 x10 *
wl
2) 2.4 x 10 ¢
i
Arsgonites ~ observed F, 1) 11.8 x 10
"
2). 10.2 x 10

Y
i

1) - calculalion based on mean IW'

2) = caleulation based on median F

W



DISCUSSION

Incorporation of the Halogens in Carbonstes

The incorporation of F, Cl, and Br into carbonates can teks
place by inorganic mechanisus or indirectly through biogenic contri-

butions.

Inorganic Incorporation
The incorporation of CL -and Br in the carbona‘!:és is predordnantly
by flwid inclusions and intergramilar salts derived from pore watsrs.
The difference X‘I‘ - X&‘I (uhere X = (L or Br), is interpreted as an
estimate of the CL and Br contained in the carbonate lattice. Howaver,
it must be remembered that fluld inclusions in the =300 nesh fractlon
are possible. The amount of CL in the latlice amounts to about 70 ~
100 ppm in the limestones and dolomites and aboul 1200 ppm in the areg-
omites. Approximately & - 15 ppm.Br would ccenr in the lattices of
linestones and dolomites compared to 30 - 40 ppm Br in the lattice of
ard CaBr,

, S 2 2
rogponsible for high Cl and Br incorporation in the aragonite latlice

avagonite. A co-precipltation mechamism of CaCl is probabily
with partial loss upon subse:lue.nt alteration to caleite ardl/or dolomite.
There is an anomalously high FT contont in the arsgonites
(corals ard saﬂimantsA) compared o the liuwesiones and dolomites. The
high FT content of the aragonitic corals may be attributcd to co-precip-
itation of CaF, dintrecellularly, bul an inorgaric mecharism must be

responsible for the high I in the ooliths erd incrganic srvegonite muds,

61
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Ooliths are believed to form inorganically (Illing, 1954: Ginsberg et
al., 1963).°

In inorganic precipitation, neither orthorhombic aragonite nor
rhombohedral calcite should show a preference for incorporation of body
centered cubic fluorite as fluorite is not isomorphous with either of
these two minerals. If the solid phase were pure CaF,, the activity of
CaF, would be ejual to 1. If it were a solid solution of Can and CaCO

2 3?
the activity of CaF2 would be equel to its mole fraction (XCaF ) times
, 2
its activity coefficient ()/Capz). This is illustrated for aragonite
as follows: ‘

_where ACaFZ = the activity of CaF,

i

XCan the mole fraction of Can in the CaCO3
YCan = the activity coefficient off CaF,.

ACaFZ = jion product of (Ca2+)(F")2 in sea water/ Ksp

8.8 x 10712 1
.0 x 2071
XCan = 6,0 x 10-4 for 300 ppm F ard 3.0 x 10”2 for 1600 ppn F.

Activities of 75 and 370 for F concentrations of 1600 Ppu F and

300 ppm F respectively calculated from (1) above, are unrealistic (Garrels
and Christ, 1965). The F does not likely occur as CaF, in solid solution
in the CaCOB.

It is proposed that Can co-precipitates as a seperate phase
when the aragonite precipitates during the formation of ooliths. Ooliths

are typical of beach sands and form in areas subjected to strong tidal



currents. The warn waters in the intertidal. zone are supersatureted
with respect to CaCO3 which facilitates the precipitation of aragonile

on moving particles. It is in this gone that wide varietions in salinity
occur and conceutration of ses water would favor the co-precipitation of
Caﬂé with aragonite.

Carbonate - § mineral-water equilibrium reaclions carried out
over a period of one year have shown that ersgomite (-300 mesh) from
ground skeletal material removed K~ (an increase of 20 - 100 ppa F in
the aragonite) from solutions undersaturated with respect to CaFZ(Z ppa B ).
Reagent grade calcite (precipitated) in contact with F solutions of the
same concentration used for the aragonite had no effect on the F coutent
of the solution. In both cases Can should not have precipitated
suggesting that an adsorption reaction between the aragonite ard T nust
have taken pleco. The mechanlsm involved is not known; hovever, lhe

results indicate that F adsorption is possible. MHore expsrimsntal

work on the uplake of F by carbonates is needed,

Organic Incorporation

One of the factors controlling the distribution of the elements
in carbonate rocks is the geochemical activity of shollcd organiens, in
partlcular their selective capacilty to accumlete specific elements.
The role of various shelled organisms in the formation of sedimentary
rocks of biogenic origin is well established. Species ard environmental
variations in skeletal composition are well knowvm for the cation itra

" | . Q . . . /7

elenents (Glagoleva, 1961; Pilkey and Harriss, 1966); however, no such

studies have besn reporied for the halides.
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The geochemistry of F, CL, and Br in several species of Recent
narine and fresh water shelled organisms was investigated to determine:
1) the envirommental effects on the concentration of F; Cl, ard Br,

2) the mode of occurrence of the halides in the shells, 3) the role
of shelled organisms in fractionating the halogens, particularly with
respect to carbonate rocks, and 4) the role of shelled organisms in
incorporating halides in carbonates.

Twenty-one fresh water lamellibranchs collected from the Finger

Lakes, New York included five spescies; Nitoeris carinata, Andonta

cataraecta, Elliptio complanatus, Goriobasis liviscens, and Lampsilis

;3g;g§§. A1l the shells were composed of aragomite.

Seventeen Recent calcareous marine organisms analyzed included
6 species of corals, 5 species of pelecypods, 2 species of gastropods,
and 1 species of algaec.

Complete details of a1l samples,Aincluding mineralogy, are

given in Appendix I.

Shells of Fresh Water Organisms
Results of the analyses of the fresh water shells are presented
in Apperdix If., All three halogens are enriched in the shells relative
to their concentrations in fresh water(0.26 ppm ¥, 8.3 pmm Cl, and 0,006
ppm Br; Livingstone, 1963b). The water leach analyses indicate that
97.6% of the ClT’ 63.0% of the Fq, and 25.8% of the Br,, are in a water
soluble form. The average Cl/BrT ratio of the shells is 2.5/1 compared

to a value of 1200/1 for average fresh water. The Cl/Brw ratio of the

shells is 10/1, roflecting the higher solubility of ClL over Br.



A complete variable correlation matrix 1s shown in Table 16.

TABLE 16

¥ Corrolation Halrix - Fresh Water Shells

F, 1.00

Cl, 0,69 1.00

Br, 0z 075 1.00

F, 0.78 0.75 0.1 1.00

oL 0.65 0.86 0.76 0,65 1.00

Br,, ~0.39  ~0.1k 0,07 0.55  ~0.13 1,00

* Log10 transformation on raw data. Sample size is 21.
Several. points are slgnificant: 1) C].T and BrT are highly corrslaled;

however, thoy show no stronz rcletionship to F.,, 2) of the water soluble

Ti
extracts, only Clﬂ and FN are relatved to their corresvondiag total
element contents.

Resulls of an R-mode factor an2lysls are shown in Table 17. The
fivst four factors accoant for 95.55 of the total variance. The most
significant poluts are the general. coherence of Cl ard Br and the
indeperdence of F.

Both Cl and Br are essentizl for the metabolic functions of the
organisms and thelr concerntrations in the shells must be largely depend-
ent on an organic uptake. The high concentrations of CL and Br in the
shells relative to fresh walter demonstrates that organic functions ave
important in the iuncorporation ol the halogens in the skeletel material

SON -]

CL and Br appecr to cccur in different forms in the shells, CL
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TABLE 17

F. 5 Iactor Analysis of Fresh Waler Shells

wovated Hormalized Factor Loadings

1 2 3 L
CLy =0.66 0.04 ~0.33 ~0.67
oL, -0.76 0.05 ~0.320 -0.58
Br -0.98 ~0.05 ~0,16 ~0.14
Fy ~0.24 0.42 -0.47 -0.73
Br., -0.06 =0.98 0.16 0.12
Fon - =0.29 0.23 =0,87 ~0.33

Percent of varlance explained by factors
63.38 21.63 6.50 4,01
Cuml.ative percent of variance

63.38 85.01 91,50 95.51.

being more soluble than Br. The Br may be in the form of water insoluble
organic sompournds. Chlorine is probably comtained in suall fluid inclu-
slons or as soluble organic compounds such as chlorophenols. The con-
centration of CL in body fluids of shelled organisms is high (Vinogradov,
1953) and inclusions of such flulds in the shell could account for the
CL.

The acid soluble F is not as concentrabed in the shells relative

to its average content in fresh waler as are ClL_ and B The high yater
i)

1“T‘
solubility of F cannol be explained as a simple mineral solubility

quilibyivn and cannot be explainad on the basis of thz data obtained
Y
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in this study.
Shells of larine Organlsns

Results of the ahalyses of the marine organisms are given in
Appendix II. In contrast to the fresh waber shells, the halogens are
nét enriched in the shells of the marine organisms relative to sea water.
The ratios of Cl/BrT and Cl/Br_w are 35/1 and 49.6/1 respectively compared
to the ratio of 300/1 in sea water. The percentages of CLP' BrT, ard
F,, which ére water soluble are 88.5%; 54,55, and 2.1% respectively.
Chlorine is less water soluble than in the fresh water shells, vhereas,
Br is approximately 2 iimes more wabter soluble in the marine shells than
in the fresh water shells. The F in the marine shells is very insolube
in water compared to the fresh water shells.

Acid soluble halogen concentrations are higher in the marins
shelled organisms than in the fresh water shells, reflecting enviromnmental
influences. The absolute Br contents are not very different considering
the large salinity gradient between fresh water and sea water, indicating
the metabolic control of shelled organisims in incorporating Br in the
skeletal material. The higher percentage of water soluble Br in the
marine shells can be attributed to the higher Br concentration of 65 ppm

in sea water. A large portion of the Cl 'is preéent in an ingsoluble

T
form, possibly incorporated in the carbonate lattice as a result of
higher Cl contents in the body fluids of the marine organisms.

A correlation analysis indicates a strong coherence between CL
and Br and only a weak coherence of Br and Cl to F (Table 18);7 The

water soluble extracts of all three halogens are strongly correlated

to their respective total element contents, which is in sharp contrast



to the fresh uater shells,

TABLE 18

* Correlation Matrix -~ Marine Shells

Fon 1.00

c:l.T 0.65 1.00

Bry, 0,57 0,95 1.00

F, 0.90 0,39 0.34 1.00

CL, 0.62 0,97 0.96 0.33 1.00

Br, 0.55 0.95 0.95 0,24 0.97 1.00

® Lo&O transformation on raw data. Sample size is 17.
1

An R-mode facltor analysis indicaltes that 2 factors account for
97 4% of the total variance (Teble 19). Factor 1 is e (L and Br factor
and is attributed to the high salimity of sea water. In contrast to
the fresh water shells, only one factor controls the Cl and Br distrib-
utions. Factor 2 is essentially a F factor accounting for most of the
variance of FT ard F. TG 1is sigrificant that both FT and Fw are cont-
rolled by the came factor, which is not the case for the frash water
shells.

Factor 2 is believed teo indicate that the F in the nmarine shells
occurs as an insoluble fluordde mineral. The recent discovery of Can
in stathoiiths of Recent marine mysid crustaceans and tectibranc
gastropods substantiates the validity of the occurience of Can in the
skeletal portions of marine ovgamisus (Lowenstan and McConnell, 1968).

(2753

Six corals analyzed conbtalned an average of 0.0067:5 onr and 3
)
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TABLE 19

R=lode Factor Analysis of Harine Shells

Rotated Normaligzed Factor Loadings

1 2
Cl'_[_‘ "0.91‘:’ . 0930
BI‘T -'0996 0.23
cL, -0.97 0.24
or _O.(‘ Oo
Blw 98 15
FW -0.11 0.99
F’i‘ ‘ -0, 0.90

Percert of variance explained by factor

75.93 21,45
Cumilative pzrcent of variance

75.93 97.38

pelecypods contained an average of 0.008% PZO 5 If the FT were presont
in the form of COZ-aF—apatite, the PZO 5/ F molar ratio should be 10/4..
The ratios observed for the corals and pelecypods are 0.08/1 and L4.3/1
respectively., The PZO 5 contents of the corals and pelecypods analyzcd
in this study are within the range of 0.004% to 0,025 }PZO 5 reporved in
Lanellibranchs by Glagoleva (1961). COZ-»Fmapa'bite is not the predominant
form of ¥ in the marine shells investigated.

Since ecrly Cambrlan time, shelled organisms have beccms increas-

ingly move importart contribubcrs to carbonate deposition, These biogenic
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skelotal contribution_sv can have a definite influence on the relative
abundance of the halogens in carbomate rocks. The effect will he
relatively insignificant for Cl; however, Br and F distributions could
be altered significantly if the biogenic fraction is large. The Cl/Br
ratios in carbonates can be altered by the influence of skelstal
naterial.

The enviromment in which the organism lives will have a strong
influence on the uptake of halogens by the organism, and will be reflected
in the carbonate rock. Of the various taxonomic groups analyzed, corals
and algae concentrate F to a greater extent than the other organisms.
Bromine is concentrated to about the same extent by all taxonomic groups,

apparently not affected by enviromment as much as CL and F.

Diggenesls

Presumably all marine carbonates wers originally avagorites
and/or caleites which have undergone recrystallization and diagenesis
to the new phases, caleite and/or dolomite. The distribution of the
halogens will be affected to varying degrees as diagenesis proceeds.
This redistribution will be critical to an understanding of halogen
aburdances in carbonate rocks.

Five sauples of Recent to lfiocene carbonates containming variable
amounts of caleite and aragonite were analyzed and compared to limestones
and dolomites. Six samples of pre-Cambrian marbles derived from meta-
morphism of sedimentary carbonates were included for éompa.rison. The
results are shoun in Table 11.

A detalled discussion of the distribution of FT in dolomites
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will be presented in a later section. Tho C&T arsl BrT contents are the
same in the marbles, Limssbonss, and dolomites, irndicating that CL and
Br are nolt lost during mebamorphlism of sedimentary carbonstes., The
marbles ave extrcmely depleted in F, the F either being expelled during
diagenesis or inllially low in the origin2l carbonate.

The CL snd Br contents of the aragonitic samples show no relat-
- ilonship to the abundance of aragomite, although the absoluto abundances
are higher in aragonites than in Limostones or delomites. During
recrystallization of aragonits, a large portion of the ClL and Br are
removed. The gensrel patiern of distribulion of CL and Br during diagen-
esis is a reduction in the abundance of beoth water and acid soluble phases
during convergion of aragonite to calcite., FNo furxther effecls wore
observed. The CL/Br ratio is not significantly altered by diagernosis.

Fluordina shows a very strong relatlonship to the aragonite
content, as showm in Fig. 9, and is expressed by the ejuation:

F (ppn) = 523.16 + 9.93 Ar (4).
The coefficiont of correlation is 0.88 (N = 6). Carpenter (1958) analyzed
two Recent ocoliths (10053 avegonite) from fiawi ard Key VWest, Ilorida
and fourd F contents of 1507 and 1640 ppa, in agreement with the value
of 1500 ppa F fourd in pure aragonite (sample R-1) in this study.

Meteoric wabters are responsible for alierding aragorites to
caleite (Ladd et al., 1967). If the F is present in the eregonites as
Cal',, the acidic neteorlic wabers would tend to dissdlve the Ce&?z.

Tho reaction is: Can 2 Ca2+ 4 2K,

i

Y, e
An dincrease in HY resulis in the fomiation of HF and HF? complexes by

tha reactions:
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H + F —=0F

H + 25" —EF, .

| Complexing of the F results in greater solubility of the Ca.F2 with a
resulting decrease in the F content of the material as the aragonite
alters. No mineralogical control is necessary to explain the F content
of aragonite. The same process which alters the aragonite also favors
the soclution of Can.

The effects of diagenesis of skeletal material was investigated .
by analyzing two species of Recent marine pelecypods and their Fleistocene
anzlogs. The results are shown in Table 20,

The Pleistocene sanple of Spondylus sp. has been comple;cely

altered to calcite from aragonite, while Citltarium pica has only been

partially altered. There is an erratic but generzl trend to increassinrg

F‘l‘ in both species and considerable loss of water soluble Cl and Br

with increasing diagenesis. The BrT increases slightly in Spondylus sp.
and decreases slightly in Cittarium pica during diagenesis.

The most significant result of diagenesis of skeletal material
is the loss of Clw, ClT’ ard Br

W

Br. Loss of CL . results in low C1/Br,; ratios.
Vi

o The (H.w is more readily removed than

It is possible to lower the C1/Br ratios in sediﬁentary carbonates
by two fractionations: 1) an initisl fractionation by the shelled
orgarism, and 2) fractionation during diagenesis of the skeletal material
by preferential loss of CL. These effects will be important in carbonates
only if the biogenic fraction is relatively large. Diagenesis of ,‘the |

non-biogenic fraction has no apparent effect on the ClL/Br ratio.



TABLE 20

Halogen Contents of some Recent Marine Pelecypods and their Fleistocene Fessil Analogs

Racent¥ Pleistocene Recent Receni{¥* Zeistocens
Spondylus sp. Spordylus sp. Cittarium plica Citltarium pica Cittarium plca

-1 U-9k Pr-2 U133 U-48
T W iy W T W T W T W
- R T e o
cL 250 250 50,0 57.5 850 650 2500 2250 575 450

St Y L a1 AT s e e e,

21.5 .8 125 11.0 95.0 19.0

Br 2.5 2.0 L4, 0 1.4 25.5 10.8 39.0 30.0 20.0 7.3

¢l/Br 10.2 125 1.4 1.4 33.3 60.5 6.1 75.0 28.8 62,1

Mineralogy Aragonite Calcite Aragonite Aragonite Aragonite) Calcite

- e e £ o N WL A s KGNS L A A Stk AR AN A 7R WO

* = collected iiving

w% - > 200 years old

ot/
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iy

Veriations in the CL/Br Ratios of Corbonates Durding Geologic Tinme

The average CL/Br ratio of each age group vs geolozic time are
shown in Figs. 10 armd 11, Both water scluble and acid soluble ralios
aro shown. » both limestones and dolcmites, the ClL /L ard C1/ ""
ratios show a definite trend to increasing values in younger cwbonatos.
The CL/Br ratio remains relatively constant at about 15/1 throughoutl thé
pre~Cambrian, then increases to approximately 90/1 in the Recerd cavib-
onates.

Two fractionations of (1 ard Br have occurred in the carbonate
reeks: 1) a fractionation across the mineral-water "Lrtﬂrfaco, and 2) &

frectionation throughout geologic time.

Froctionation Across the Hineral-Water Intcrface

The most likely factors ‘contril buting to the fractionation of CL
and Br across tho minerel-water interface are contributions of organic
natter and skelelal malerial to the sediment. If organic mechanisus
are responsible for the fractionation, the relationship of the CL/Br
ratic of seca watcr to carbonate rocks nay well have changed throughout
geologic time because of the incressed activity of organisms. It hes
been previously shown thet skeletal material in cerbomate rocks can lower
the CL/Br ratio sigrificantly if the blogenic contribution is large.
The effects of orzanic matter are more difficult to evaluate; however,
as polnted out in the introeduction, these effects eve probably small,

If the role of orgariems is the major factor in the fractionation
wfe

of Cl ard Br escross the sedinment-water interfece, the amownt of Bn
W

2

should be higher in the pre-Caubrion carbonates. The data in Table 10
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indicates that his is not the case. It is possible that C%!may have
been removed from the pie—Cembrian carbonates by post-lithification
leaching with ground water. If secondary leaching were important, a
greal deal of scatter would be expected in the data. This is not obser-
ved in the data.

The protillem of Cl and Br fractionation across the mineral-water
interface cannot be satisfactorily explained by the data obtained in
this study§ however, the above evidence suggests that the relationship -
of the CL/Br ratio of sea water to the CL/Br ratio of carbonates has

remained constart. This is assumed throughout the remaining discussion.

Fractionation of ClL and Br Throughout Geologic Time

The Cl/Br ratio vs time curves showm in Figs. 10 and i1 have an
exponential form. Flots of the log, C1/Br ratio vs tine are linear,
verifying the exponential form of the curve (Fig. 12).

The variations in the CL/Br ratios of carboﬁates throughout
geologic time ara.in‘terpreted as refleeting changes in the Cl/Br ratio
of sea water over the past 2 x 109 years. The relationship of the ClL/Br
ratio of sea wator to the ClL/Br ratio of carbonate rocks is given by:

Roy = Ry /K -
where Rot = the (1/Br ratio of the ocean at time t (calculated).

R

ot = the (1/Br ratio of the carbonate rock at time t. This value

is the analytical value of the C1/Br ratio of the rock,
K = the distribution coefficient = 0.27.

The constant K is analogous to the distribution coefficient
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r, Cl/Br, (solid phase)
K= — =
ry C:]./B:c':L (Liguid phase)

For the Recent carbonates K = (80/1)/(292/1) = 0.27. For simplicity,

it is assumed that the value of K is constant throughout geoclogic time.
The validity of this assumption may be seen in Fig. 13 which shows the
relationship of the theoretical changes in the Cl/Br ratio of sea water
to the changes i.n the CL/Br ratio in the carbonate rocks. The slopes

of the CL/Br ralios in the carbonates lie within the limits of the slqpe
of the oceanic rniedel, indicating no significant change in the value of K.

The only nmajor deviation from the general trend of the CI]Br
ratio vs time curve occurs in the Lower Cretaceous; however, the samples
analyzed for this age group consist of biogonic reef material and would
be expscted to have low Cl/Br ratios. Other samples of the Lower Cret-
aceous should be investigated beforé any definité conclusibns are nade
regarding the CL/Br ratio of the Cretaceous seas.

The fractionation of Cl and Br may occur in several phases in
the Sedimentary syele (Fig. 14). The following chemical mass balance
is an attempt to account for the masses of ClL and Br in the lithosphere-
hydrosphere systom and to explain the processes responsible for the
fractiona‘bién of CL ard Br in the oceans from a value of 60/1 in the
pre~Cambrian to the present value of 292/1.

Weathering of igneous rocks has conbributed 5 x 1020 g CL and
80 x 1017 - g Br to the lithosphere-hydrosphers system (Rubey, 1951).
Table 21 shows that there is a total of 293 x 1020 g CL ard 170.,:{1(518 g
Br in the lithosphere~-hydrosphere system, most of which must have been

derived from sowrces other than weathering of igneous rocks. Table 22
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TABLE 21

Geochemiceal. Mass Balance for Cl ard Br

20 18
ClLx10 g Brx10 ¢ Reference Cl/Br

Lithosphere 27 * 75 Vinogradov (1959) 36/1
Atmosphere nese NeSe Poldervaart (1955)
Oceans 270 90 Correns (1961) 292/1
Fresh water 0.002 NeSe Livingstone (1963b)
Subsurface water - o s« Vhite ot al. (1963)
Biosphere NeS. Nes. Kalle (1943)

SUBTOTAL 290 170

Crustal 100 260

‘recycling :
TOTAL 400 h30° 93/1

% = caleoulations assumed a value of 1000 ppm Cl in shales
(Billings and Williams, 1967).

nes. - ot significant.

gives the Br in the various phases considered in the mass balance.
Asswining that the Cl and Br accumilated from degassing, and in

the proportion of 60/1 as discussed earlier, 490 x 1018 g Br should

have accumulated. The total mass of Br which can be accounted for in

‘the present hydcosphere-lithosphere system is 170 x 101 ¢ g, thus,

320 x 101 8 g B must have been removed from the system to give the

Cl/Br ratio of 292/1 in the present ccean. The mass balance of Table 21



TABLE 22

Br in 'the Lithosphere~Hydrosphere System

Hass Br Reference Mass Br (g )
(g:) (ppm) | '
22 . 19
Shale ks  x 10 45  poldervaart (1955) 2.x 10
: Billings and
| Williams (1967)
23 3_6.
Sandstone i x10 2  Poldervaart (1955) 20 x i
22 17
Carbonate 23 x 10 15  Poldervaart (1955) 35 x 10
18
Pelagic Sediments 11 x 1023 L5 Poldervaart (1955) 50 x 10
20 15
Subsurface Waters 5x10 36 White et al. (1963) 20 x 10
Organic Caxbon 250 x 1020 10  Kalle (1943) 25 x 14°
' 8
SUBTOTAL 75 % 10'1
Ocean | 90 x 10 18
8
TOTAL 170 x 1(}

is umble to account for the missing Br.

Possible sources of unaccounted Br are petroleum deposits and
sediments re-incorporated into the crust as igneous and netanorphic
rocks. Recycled sediments would be the most important factor.

The ratic of metamorphosed sediments / sediments is between 4/1
and 6/1 (Livingstone, 1963a). The total mass of sediments is 2600 x
1021 g. Using the ratio of 4/1, one arrives at a mass of 10600 x 1021 g
of metamorphic rocks. There are no data on the Br content of metasedi- '
ments; however, a lower limit of 3 ppm Br (average for igneous rocks)

8 : -
would account for 30 x 101 g Br, or about 1/10 of the total missing Br.
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Six pre-Cambrian marbles analyzed in this study, have an average
Br content of 37.5 ppm. Using this value for metasediments, 360 x 1018 g
of the 3 x 1020 g missing Br can be accounted for. This compares
favorably with ~he estimate of 3 x 10°° g Br arrived at by assuring
a crustal recyciing of four times the total volume of sediments which
contain 75 x 3.018 g Br; the assumption being that there is no loss of
Br during metamorphisn.

Approxinately 108 x 10%° g CL would also have besn recycled if
we assume no logss of Cl during metamorphism. As showm in Table 21, the
ra:tio of CL/Br 2dded to the lithosphere-hydrosphere system and re-incorp-
orated in hetamorphic rocks is 93/1, which agroes very well with the
CL/Br ratio of 60/1 proposed for the degassing materials.

If the ocean is a steady state system, Br should be removed as
fast as it is added. The yearly budget of Br in the oceans has been
calculated on ths basis of available data in the literature. In nany
cases data are iisufficilent or non-existant, necessitating approximations.
The results of the balance are shown in Table 23. The balance indicates

that the removal of Br from the oceans exceeds input by 16 X 1010 g

9 B 18
per year. Over a perdiod of 2 x 10 years, 320 x 10 g Br would be
removed from the ocean. The ocean is not a steady state system with
respect to Br.

Sedimentexry processes can account for the fractionation of Cl and

Br in the oceanic system over the past 2 x 109 years.



TABLE 23

Yearly Budget of Br in the Hodern Ocean

86

Reference

Mass Br (g )

INPUT

i.

2.

30

Continental Drainage Livingstone (1963b)

3.3 x 1019g water/year

Average of C.006 ppm Br

Sediment lozd (assumne 50%
shale). Assume 3 ppm Br
(average for igneous rock)

Mass of 1.7 x 1016g /2
Volcanic sources ~ Assume
excess 1s vgf]jcanic in origin
(59 x10g [/ 3 x 107years)

Iivingstone (1963h)

REFIOVAL

i.

2o

3.

;(:'

Shales (asswie 50 of the
sediment load forms shales)
Average Br content of shales
is L"QI“' ppﬂl. 16

Mass of 1.7 x107g /2

Carbonates
Average of 30 ppm Br. Mass

of 2.3 x 10"3g / 6 x 108 yr

This study

Organic Carbon Reservoir Kalle (1943)

Average of 10 ppm Br. lass

of 250 x 10V / 2 x 10° yre

Pelagic Sediments

Assune 45 ppi. Br. Mass of
11 x 102% 7 10® 5.

TOTAL RIOVAL

TOTAL INPUT

NET DIFFERENCE

~16 x ,10

Fleischer and Rcbinson
(1963), Correns (1961),
Barth and Bruun (1945)

20 x 1010

10

,10

b x 1010

1 x 10
8
1x10

50 % 1010

| 0
% x 100

3 x 10t°

16 x 1010
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Effect of lajor Periods of Lvaporite Deposition on the Cl/Br Ratio

A close examination of the C1/Br ratio vs time curves shows that
there is cyclic behavior of the curve throughout the Ordovician, Silurian,
and Devonian periods. A detailed CL/Br ratio vs time curve covering
this time interval is shown in Fig. 15. HMHajor periods of evaporite
deposition are also plotted on the curve and can bexseén to correspond
to C1/Br lows. Deposition of evaporites may possibly account for part
of this vardation. It is also interesting to note that the basal halite
in most salt dedosits have lower Br contents (30 - 50 ppm) than the value
of 75 ppm predicted on the basis of experimental work on the distribution
coefficient of Br in halite (Holser, 1965). Holser has suggested that
during certain periods more rock salt-may have been eroded than deposited,
resulting in an increase in the Cl/Br ratio of sea wabter and conseguently
a lower Br contont in the first halite crystals precipitated., Holser (1965)
looked for but was unable to find any cohclusive evidence in the Br content
of basal halites which would indicate an increase‘in the Cl/Br ratio of
sea water since the Cambrian.

The Zechstein evaporite seguence from continental Burope has besen
examined to determine the effect of evaporite deposition on lowering the
Cl/Br ratio of sea water. Considerable data are available on the extent
and composition of this deposit (Borchert and Muir, 1964).

The Zechstcin evaporites average 600 m in thickness over an area

8 b , 8
of 0.04 x 10 ka and contain a total volume of 0,024 x 10 km3 of salts,

0 g of salts (assuming an average density of 2.5

or a mass of 58 x 102
Stewart, 1963). Complete evaporation of the present oceans would produce

a layer of salts 60 m thick over an area of 3.6 x 108 km?, or a total
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volume of 0.22 x 108‘km3 of salts of which 80% would be halite. About
11% of the present oceaﬁ salts would have been removed by the Zechstein
evaporites in approximately 5 x 105 years (Richter-Bernburg, 1938).
Borchert amd Huir (1964) estimate that 807 of the Zechstein evaporites
consist of HaCl.

| If we assume that the Br content of 280 ppm, representative of
the kieserite-carnallite phase is an estimate of the Br content of
evaporites, and a composition of 80% NaCl, we can estimate the quantities
of Cl and Br removed from sea wabter during the Zechstein period. The

19 19

total NaCl in the evaporites is 460 x 107 g, or 300 x 10~ g ClL. The

nass og Br amounts to 130 x 1016 g. There will also be some input of Cl
and Br into the oceans from volcanic activity and continental drainage.
Using average Cl and Br contents of 8.3 pmm and 0.006 ppa respeétively
in river water and a volume of 3.3 x 101 liters runoff per year

9 g ClL and 100 x 1015 g Br would

(Livingstone, 1963b), a total of 130 x 10
be added to the ocean during the Zschstein period. An estimate of the
input from volcanic activity has been derived by assuming a uniform
input of CL and Br by degassing for the past 3 x 109 years. An estimate
of the yearly CL and Br input by volcanicAactivity is given in Table 4,
The total balance of input - removal is‘presented in Table 24, If a
volune of NaCl equal to the NaCl content of the Zechsteln depoéits were
renoved from tﬁe present oceans, the Cl/Br ratio of the ocean would
decrease from 292/1 to 264/1, or a decrease of 9.5%. It is possible for

large scale evaporite deposition to account for some fluctuation of the

Cl/Br ratio in ancient oceans.
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TABLE 24

Effect of the Permian Zechstein Evaporites
on the C1/Br Ratio of Sea Water

cl (g) Br (g)
Present Ocean 27 x 1071 9 x 1021
s 21 46
Removed by Zechsteln 3 x.10 130x 1
*Volcanic Input 5 x 1&7‘ 8 x 1016
2 v
Continental Dra.nege 130 x 10 40 x 10t
Net Removel 30 x 1020 1x 1018
2 i
New System 24 x 10 1 9x 10

v

Note = A1l calculations are based on a time intervel of
5 x 107 years.

* Volcaic CL - (290~ 5) x 1020 g/3 x 109 years =
96 x‘:(,O11 g/year for 5 x 105 years =
kg x 10 17 2.
* Volcaiic Br - see Table 23
© 16 x 1010 g/year for 5 x 105 years =

‘80 x 1015 g



GIOLOGLC APPLICATION OF FT LN ENVIRONMENTAL RECOLSTRUCIIONS

Dolomitigation end Bwirormental Inbervretations

The origin of dolomite is one of the most perplexing problems
in geology. It is now well established that dolomite is being formed
today in the surratidal flats of arid ard sewi-arid regions in associe~
tion with waters that have beon highly concentrated (Shinn et 2l., 1965;
Deffeyes et al., 1965). A meshanisgn of refluxing brines has been invoked
Adens and Rhodes (1960) explained the dolomitization of the Permian
Basin reef complox by refluxing of hypersaline biines.

The dist:xibution of a given trace element within a dolomite
sequence formed by a refluxing brine rist be dependent on the physical
and chemical characteristics of the system, If such a relationship
could be establiched fer F, the interpretation of the genesis of cthor
dolomites would be greatly facilitated., Dolomites analyzed in this study
contain an average of 381 ppm F with a standayxd deviation of 359 pou.
The distribution of F' in dolomites showm in Iﬁ.g, 6 appears to be rnilti-
modal with peaks ok.sﬁrring 2t 50 ppa, 200 ppm, 350 ppm, and 450 ppa.
The average F content of limestones is 90 pma with a stendard deviation
of 82 prm,

'l‘b.e varisole disgtribution of F in the doloaites and the concis-
tently low F contents in the limestones suggests that the chemistry of
the dolomitizing luids amd/or the physical mechanisms involved may be
the factoﬁs uich control the distzibution of F in the dolomites.
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A sulte of 70 samples of dolomites from cores of the Zanma nembor,
Middle Devonian HMuskeg formation, from four oil wells in Northern Albertsz
were analyzed for F, Petrologic irtorpretations of the cores had outlined
four depositiontl enviromments: 1) supratidal, 2) intertidal, 3) turbu~
lent subtidal, end &) quiet subtidal to legoonal, Envirvommental intor-
pretations and corrclations based on the pstrologic data are shown in
Fig. 16 (Interpretations by V. Jenik, Gulf Oil Canada, Calgary).

The Zana member is a 60 to 120 foot thick carbomate umit of the
Hiddle Devonian .fuskeg formation. The detailed stratigraphy of the
Devonian of Albecta is shoun in Fige 17. Detalls of the four well
locations and cored intervols are presented in Table 25. Locations of

all the X-serles wells are shown in Fig. 18.

Well Locetions and Cored Tntervals - Zama Membsr Dolonites

Well Location Cored Interval (Leot)
X-99 16~19-116-1.36 L761-4883
X-100 L-19-116-1156 LRILO-19 50
X-101 | 5.30-116-175 49705051
X-114 225117 51 149221950

The asswnption of dolanmitizalion of the Zama member by a reflux
mechamien is supported by several lines of evidence. The cyclic nature
1,

of the dolcomiles ls ramarkably similar to the sabkho~wadi complex of the

Trucial Coast and to the Recent carborates of the Bahamas wheve dolomites

are fomring today., Ordovician Stoney Mountzin and Silwsden Interlake
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LOCATION MAP — ZAMA LAKE AREA, ALBERTA
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carbonate analogs of the Bahamian carbonates, dolomitized by refluxing
brines, are similar to the Zama dolomites (Roehl, 1967). W. D. Shearman
(personal commrication, 1966) has confirmed the similarity of the Zama
dolomites to tne Recent sabkha-wadi complex of the Trucial Coast.

A typicel sabkha~wadi type cycle present in the Zama member is
shown in Fig. 1Y. These cycles are characteristically 2 to 3 feet in
thickness, but nay be up to 120 feet thick. The complete cycle is not
always presevvec. and numerous oscillations within a cycle are common.
The cycles represented in wells X-99, X~100, X-101, and X-114 do not
show complete cycles on the scale used. Minor variations on a seale of
soveral inches ¢re not showm because each sample covered an interval of
5 feet.,

The veritical F distribution in the four wells are shown in Fig. 20.
There is a defirite relationship of F to emviromment in all four wells.

The average F contents in the four environmments are:

Enviroment ' x (ppm) 5, (ppr) N
Supratidal 302 235 21
Intertidal hig ' 188 12
Turbulent Subtical 556 - 290 26
Quiet Subtidal to Lagoonal 124 36 11

A Student-t test indicates that the differences between the groups are
sigrﬁ.fiéant at the 97% confiderce level.

t is be»lievedb that the F.dis‘tribu'tions in the dolomites are not
a pﬁ.nw.ry featuwre of their limestons precursors. Two lines of evidence

support this view. 1) Of 58 limestones amlyzed for F, only 3 had F
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concents in excess of 100 ppmi. If the F distributions in the dolomites

-

are conbtrolled by primary ¥ contents of the ordginal Llimestonss, nore
of the Llimestonss should have high F conbents. 2) A suite of ten samples
of Lowor Creteceous limesbones, from environments anslogous to the Zaus

environnents, 211 had low F countents. Two tidal flat dolowites associa

3281
with these linmestono samples had high T contents, very similar to the ¥
- contents in the Zama intertidal dolomites.

If dolomitization of the Zama memwber is assumed to be the result
of refluxing brines, the F distributi.ons nust be a function of the
hydrologic syster aml the bidine chemistry., An idealiged model illustrat-
ing the hydvologic system is chown in Fig. 24. With each tidal pulse,
sea water is added to the system in the intertidal. mone. Bvaporation
in this gzone results in formation of a dense brine. The dense brine
sinking through the sediments into the intertidal amd sublidal zones is
forced dowm by esch tidel influx. Drine moves into the supratidal zone,
predominantly by capililary action, Further additions to the supratidal
gzone arve nade by stori action amd spring tides.

As the sea water concentrates in the intertidal zone, Can il
begin to precipifate. The highest concentrations of I' are cbserved in
the turbulent subbidal zone, becauss of two factors. 1) A kinetic effect.
The precigitation of CaFZ initiated in the intertidal zons may not have
had sufficient tize to go to completion bofore the brine noves into the
tuerbulent subitidal gone. The bulk of the precipitation would teke place
in the turbulent subtidal gone. 2) Tidal influx mey dilube the brins
sulficiently to votard the p:g'ecip:i.tation of CaF,; resulling in lower F

values in the intortidal zone than in the turebulent subtidel zona, The



AUVHBIT ALISYIAINN YILSYNOIN

T2 *31d

OPEN OCEAN REEF COMPLEX LAGOON - QUIET SUBTIDAL

HIGH TIDE

TURBULENT
SUBTIDAL

INTERTIDAL SUPRATIDAL

STORM INFLUX—~SPRING
—_—> TIDES

_LOow TIDE

———-

REE
FL

at
BARRIE Rzzr\/y

=5
/_’/fj %oveuzm oF

BRINE

\ — Cm— REFLUXING
< BRINE
| ]
INTEMEDIATE — HIGH F (200~ 1200 ppm ) LOW F (%:983 ppm) HIGH F INTERMEDIATE F (%=312ppm)
(x=487ppm) (X =41t ppm)

SCHEMATIC RELATIONSHIP BETWEEN REFLUXING BRINES , FLUORINE DISTRIBUTION , AND DEPOSITIONAL ENVIRONMENT

00T



104

low F contents in the supralidel zonz are the resull of two factors.

1) The F would be removed from the brine in the high intertidal - low
sﬁpra,tidal zone., This is verified by the high F in the high intertidal
sanples and a generally high F at tne transitional boundary of the inter-
tidal -~ supratilal zonss. 2) There would also be a smaller volume of
brine moved by capillary action throuvgh the supratidal zone.

The occurrence of significant quantities of anhydrite in the
supratidal carbonates ney result in a simple dilution effect. Three
supratidel anhydrites were anslyzed for F (Table 26). Hassive anhydrite
and anhydrité crystals contained 14.8 pps and 10.0 ppm F respectively
while the replacement arhydzite, containing 203 dolomite, contained
90 ppm F. If the anhydrite in the supratidal sediments is displacenent
in origin (added without removing any cavbonste), a dilution effect
would result. However, if the dolomite is replaced by anhydrite, no
dilution would result. Textural evidence suggests a replaciment ordgin
for mozt of the anhydrite in the Zama member (Geological staff, Gu.f
0il Canada, Research Lab., Calgary, personzl commurlcation). The Lack
of corrslation bstween the annydrite cortent and F content in the supra-
tidal dolomites Trom the Zama member further indicates that the foxumation
of anhydrite does; not aeffect the F distzibution.

Dolomitication of the lagoonal or quiel subtids). carbonates mwst
be the resvlt of brines undersaturated with respect to Can. The F
depleted brines refluxing through the supratidel and intertidal. zones
ave the zexoét Likely solutionse.

The distyibution of F witbin. the barrier roef complex was also

investigated. Dolomites from the reel complex are divided into the reof



TABLE 26

F in Supratidal Sulfates

Well Location Age Formation Sample Mineralogy  F (pmm)
B.A. Zama Nerth  A=23-147- 005 L. Dovendan  ioskey Fue Smimb755 Ay (20% D) 94,0
ama. memper
3~4-5005 Ay 14.8
SmA=5095 Ay 10,0

Descriptions of Samples -~

S-A-4795 LAnhydrite replacing dolomite. Large porphyroblastic masses + - 2 inches
in diameter.

S~4=-5005 Secondary anhydrite. Massive, occurring in 2 inch veins.

5~A~5095 Secondary anhydrite. Occurs in large crystals up to 3 cm long.
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framowork and reef flat (back reef debris). The rect flat debris has
an averege of OU2 ppm F compared to an average of 427 ppa F in the reef
framework dolowxites. The distribution of F in the reof nsy be the
esult of two meshanliens. 1) Brines refluxing throvgh the reel moy be
responsible for the distribution of F. HNewell et al.(1953) suggested
that the dolomiization of the Pemmlan Reof‘ Cemplex occurred by brinss
refluxing throuzh the reef., 2) Corals, uwhiech conbributo sigrificant
quantities of cuarbonate material to ths reef, concentrate F. The major
reef bullders and binding agents in reefl formablon are algae. An
anslysis of the calcareous portion of the Recent algae, Halineda sp.
from the Bzhanmas, yielded a value of 1500 ppn F. Concentrations of F
in the reef material could be the result of F concentraltion by shelled
organisms and algae.

A stratigraphic correlation belireen the four wolls was nade on
the basis of the F distributions in the cores. The interpretations
shown in Tige. 20 agree in all major aspects with the original correlations
based on petrolozic data (Fig. 16).

The distizibubion of F in the Zama membor dolomites is p*opo.)e\l
to be the result of precipitation of CaF2 durdng the refluxing of cone
centrated sea wal.er through marine carbonale sedimerts. Fluorite is
one of the least soluble fluorine compounds., ITts solubility in wabex
is repregented by the expression:

Calk, -—> Ca oF - ZF .

The ilonic solubility preduct of Can in a saturebed solution is:

Kep ™ YC,)?: ',_Cvz} %-»2 }jI 2 (Butlew, 1964



i.0%

The solubility prcducts of CaF2 in sea weler, concelntrated brines,
0 .

hydrothermal waters, and ground walers were calculated (25°¢) (Tanle 27).

The calculations have taken into account the dormic strength of the sol-

. b . ey s o o 2k - : . 2
utions and the common ilon effect for Ca™ . In the case of concentrabed
brinss, Ir*lf ontplexing has been considered. The following have not
been taken into account:

1) Reactions of . t.nous and anions with water to preduce hydoeoxide
complexes anl protonated spzscleg. As avien hydeolysls is more severc
in acid solutiions, it can be neglocted here becguse the pH of the
solutions is botwwen 7 and 9. Houever, cation hydrolysis is more

1

extensive in hasic solubtions., Both factors terd to increase the

solubility of CaF, (Butler, 196%).

Q

2) The activity of CaF, has been assumed to be 1. If tho CoF, is in solid

solution in Co CO3' the activity of Ca 1?2 would be egual to its nmole
fraction (XCal ) times its activity coefficient (2/(3 o ), or

Acar, = %car,

For simplicity, it has been assumed that thers is no solid solution

2/09 2 (Garrels and Chrdst, 1965).

of Ca.F2 in CaCOB.

Single dcn activity coefficients have been calculated using the

Davies equation of the foxm:
2 .[_f ]
~logy/, = A" | =~ 0.21
£ 1+ JT

'0,5085

i}

vhere A

z = the charge of the jon

| !
Y

the lonie strength of the solulion

The iomic strength of sea water (0.72) and the ecltivity coolficient
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of Ca”" in sca water (0.28) wewe taken fron Garrcls and Christ (1965).
The ionlc strength of the other solutions were determined from the
lincar relationshin ol conductance vs lomlc strength and from the
equation

I =-21;Z|ci z.iz

where ¢, = the consentration of tho ion in m/l
z; = the charge on the ion.

The results of the caleulztions apve shown in Table 27. Sca

water and ground waters are vindersaturated with respect to Can. The
undersaturation of sea water with respect to CaF2 is in agreenent with
Kramer!s caleulstions (1965) and explains the low F content of limestorss.
The calculations elso verifly the precipitation of CaF2 from soa
water concentrata=d twoc-fold. This is in accord with the sequence of

reactions presen-ed by Borchert and Muir (1964) for the concentration of

seg waber as shom below.

Concentration Factor Precipitates  Dissolves
2 - 3 fold g
3 fo Ca..’F2
- 5 fold 3 i
3~-51fa Mg, Ca.I‘Z
over 6 fold v 3 gl
ver « _ Cal 2 ¥ gfz

A, V. Kerakov (1950) investigated methods of precipitation of

excoss F in the systen Ca,O~P205-F-raI~IZO. His exporiments indicated that
after the F content in the lattice of phosvhate hed veached the content

of fluorvapatite, F contimues to precipitate as Cai*‘ze

Rhyzhenko (1965) hags shoun that Cal’, will precipitate ard replace



TABLE 27

Solubility Products of CaF, in Various fjueous liedia

Hedium Ca (m/1)* F (m/1)* >)/Caz+ YF- I Ksp
s -2 -2 ~11
Sea Water 1.0 x 10 0.71 x 10 0.28 0.79 0.72 2.16 x 10 (1)
-12
6.10 x 10 (2)
‘ -2 -2 -
Seo Water (2x) ** 2.0 x 10 0.4 x 1077 0.22 0.68 1. 6.80 x 10"
- -7 , -10
Brines 17.6 x 1070 0.k x 1070 0.5  0.82 0.3 o5 % 10
Hydrothermal Waters 3.3 % 1077 0.29 x 10'3 0.88 0.97 0.098 8.12 x 10‘*0
Ground Waters from 1.7 % 10"3 0.02 x 107 1,00 1.00 0,008 3,10 x 10"'4
limestone arnd dolomite
terraine

(1) - no correction for Hgl'.
(2) - MgF = 504,
* = data from White et 2al. (1963);

%k - ggsme 509 of the I is complexed as MgF (Sillen, 1961).

507
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CaaCO3 in weakly acid to alkaline solutions, the criticel feooctor bo
R o 27 Lo LN T o e :
the ratio of [F~) </ 033 « Increase in the vl of the refluxing

brines would result in a higher conbent of F and a lowsr conbent of
0032-, favoring the precipitation of Cal?z. Friedman (1968) reports pil
values in excess of 8,0 in the waters assoclated with Recent dolomites
in the Gulf of Agaba.

The geological evidence presented here and the experdimontal

resulis of other workers irdlcalte that the precipitation of CaF? from

<

refluxing brines is the mechanism responsible for the distribution of

F in dolomites.

Suggestions for Further Research

If we are to fully explain the halogen distributions fourd in
the geologic record in tewus of natural processes which have taken place,
and are still taking place, we must have a thorouzh krowledze of the
chextistry of the halogens and the effects to be expected f{rom various
natural processes. In order to predict the effects of natural processes
on halogen abundances and mobilities, we must first understand the pliysics
ard chemlstry of these processes.

The present study on the distributions of the halogens in sed-
imentary carbonates and the processes bringing about these distributions
has clearly demonstrated several B“knowledge gapsh which nsed to bs clarified.
Some of the more ohvious areas of weakness arve:

1) The chemistry of the “"reflwcing brines" is vague ard nesds to be
quantified in tems of chemical compositions and their chenges within

the franeworlt of the model, Mineral-wabler rcastlions contrdlling the



2)

3)

k)

108

)

digtuibutions of spccific rinerals and eleneunts can only bs guessed
at wntll we understand the dotalled changes in bidne cospcsilion in

the system wnder consldoretion. A detailed and thorough Luvesiligation

56

L3 Ue)

of the hologen compogithion of the brines in areas of Recent dolomite

[S- had
]

fomizhion necds Lo be carried out.

Dolosites forued by post-lithilficeltion processes should be analyzed
Tor I to comrlete our understonding of the distribution of ¥ in
a 2

dolomites. Thls would be an jnveluable 2id in worldng oub the genesls

of other ancilzunb doloxmites.
A more detall:d investigaltion of the relalionship of the F distribution

g

to penccontenorancous doloulte formation would strengthen the come
clusions reached in the present study. It would also be instructive

to determine the F distributions in undolomitized analogs of the Zana

(4]

dolortitos.

The use of trace elements as erviromuental indicators in limsstones
has been suggested by Chester (1985) and Cameron (1968). However, the
use of chezm':.cel eanviromental indicators in dolomitized carbonates has
not been suggested or previously attempted. The present study of F
and an investlgation of other selected trace clements by the author
has shoun that diagenetic processes can leave characteristic element
distributions wiich indirvectly raflect the oviginal envivorment of
deposition. Tiese chavacteristic element distributions aroe the rosuiltb
of secondary diorgenlc processes controlled by the geomorphology of

the systen, physic2l properiies of the sediments, pewneability

2
porosity, and whe presence of thin imporresble shale layers. These

L3 g

arve primarwy feplbures of the depositicnal busine



Just as usefvl in reflecting the depogitioncl envivomieut. Detailed
investigations of other trece elements in delowitized carbonales are
needed to detervine thelr use as indivect enviromenbal indicators,

Tt must be euphasized that a knouledge of the physical processes

Jo

involved is esson

PN

al. Unfortunately, these are very seldom knoimn.



CONCLUSIONS

- The CL/Br ratio of the water soluble and acid soluble phases of
mayrine carbonatss show a progressive increase from pre-Cambrian time
(2 x 109 years) to Recent. The relationship of the CL/Br ratioc of the
carbomates to tie CL/Br ratio of ocean water has remained constant for
the past 2 x 109 years. This relationship holds true for limestonses and
dolomites, and :iis of the form:

Rot = Rt /K
where Rot = the Cl/Br ratio of the ocean at time t
‘ R, = the C1/Br ratio of the carbonate at time t

K = 0.27,

From the above oxpression it is possible to estimate the Cl/Br ratio
of ancient oceans. A change in the CL/Br ratio of the oceans from
58/1 in the pre-Cambrian to 270/1 in the Recent oceans is calculated to
have‘occurred, vhich is close to the predicted change from 60/1 (pre- -
Cambrian) to the present value of 292/1.

The fractionation of CL and Br thfoughout geologic time can be
explained by Br removal within the sedimentary cycle if crustal recycling
is considered. The yearly Br budget in the ocean indicates that Br is
not, and could rot have been, in dynamic equilibrium with the ocean over
the past 2 x 109 years.

Marine shelled organisms fractionate Cl and Br,and corals and

algae concentrats F. Fresh water shelled organisms concentrate F, Cl,

and Br and fractionate ClL and Br relative to fresh water. The effects

110
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of shelled orgamisms on long term fraectionations of CL and Br are small

because of the small mass of skeletel material. The role of marine

organisms in fractionating CL and Br throughout geoclogic time is small,

but may be important in blogenic carbonalte deposits.

Diagenesis of carbonate rocks resulis in the following changes

in F, CL;, and Br contents:

1)
2)

3)

k)

1)

2)

Mteration from arsegonite to calcite:
The CJ‘VI and Br‘rf contents decreasec.
Aragozﬁ.teé contain approximately 1200 ppm CL ard 30 - 40 ppm Br in
lattice sites compared to 80 - 100 ppm Cl and 8 « 15 ppm Br.in
calcite and dolomite lattices.
During alteration of aragonite skeletal material to celcite, CL is
preferenticlly removed relative to Br due to the presence of CL in
the shell in a more soluble phase. The ox;iginal CL and Br contents
are retained until the sheil material alters. Thers are no signifi-
cant changes in the F content with alteration of the shells.
The F content of 1500 ppm in aragonite sediments decreases to 90 ppu
in calcites. 4

Alteration from limestone +to dolomite:
There is essentially no difference in the CL content in linmestones
and dolomites.- The same is true for Br. |

The averege F content of limestones is 90 ppm with a small varience;

 whereas, the average F comtent of dolomites is 370 ppm with a high

vVariance., The vardability of the F distribution in dolomites is
explained by the two inorganic mechanisms of refluxing brines and

precipitation of Calye The CaF, is preferentially precipitated in



certain enviromnents deperding on the chemistry of the refluxing
brine. The F distribubtions have been showm to be characteristic of
these enviromuents. It is possible to determine the environment of
deposition of the carbonate on the basis of the I' content in the
-dolomite.

Mteration to marbles:

1) There is an appareht loss of I’ during diagenesis of carbonates to
marbles.

2) The Cl and Br coutents of the marbles are not significantly different
from their respective ebundances in limestonss and dolomites. This
point is signl{icent in the chemical mess balance for the assumption
of no loss of C 3nd Br during metamorphism of sedinents.

The Fin t  asrkonates is believed to be in the fowm of CaF,,
as a separate phdse and not as a solid soluticn sﬁbs"'i'bu'l}ion of CaF, in
CaCOB. CaictiLati ens have shown that solid solution of CaF, in CaC04

uwld be very non-idesl. It has also been shoun that clay minsrals and

COZ~B—apaﬁted9 not control the F distribution in the carbonetes.

The CL and Br are present in the carbonales ia.rgely in the form
of intergranular se,l‘ts\ and fluid inclusions. However, the (1l is more

water soluble than the Br,
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Sample Species Locztion Dﬁneralogyr
CORALS
*5-l Acropora cervicornis British Hondurus Ar
S-3 Acropora palmata Florida Ar
¥M-1 Montastrea annularis Bexmuda~Florida Ar
*M-2 Porites (sp. 1) Bermuda-Florida Ara:C
*M~3 Siderastrea gidera Bermuda-Florida Ar
%H=5 Millepora alcicornis Bermuda~Florida c
HOLLUSCS
Pelecypods
¥% G5 Rangia cuneaba Gulf Coast Ar
*#5-8 Atrina serrata Gulf Coast c(10% Ar)
*EGm2 Crassostrea virgirica Atlantic Coast c
50 Crepldula fornscala Texas Ar
51 Crassostrea virginica Texas c
52 Arca incongrua Texas Ar
Gastropods
%%k Gmq Conus nmillipunctus Atlantic Coast Ar
s-6 Strombus gigas Atlantic Coast Ar
Cephalapods
%% 8- Nautilus pompilius Atlantic Coast Ar
ALGAE
*¥¥Halimeda Bahamas Ar

A1l spscies collected alive unless otherwise noted.

% = collected dead,

** « not knovn if living or dead when collected.
¥#% - this sample contined 13.9% insoluble residuec.
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Sample Species Location Mineralogy
MOLLUSCS~Pelecypods

1NC~2a IHitoeris carinata Chenango R., N.Y. Ar
9NC-3 Nitoeris carinata Chenango R., N.Y. Ar
10NC=2¢ Mitoerdis carinata Chenango R., N.Y. Ar
11NC~1 Mitocris carinata Chenango R., N.Y. Ar
NC-2b  Nitoeris carinata Chenango R., N.Y. Ar
2AC#1  Andonta cataraeta (9.0-—9.4) Seneca Lake, N.Y., Ar
3AC#3  Ardonta cataracta (8.0-8.5) Senecca Lake, N.Y., Ar
7AC#7  Andonta cataracta (6.0-6.5) Seneca Lake, N.Y. Ar
8ACH#  Andonta cataraeta (7.5-8.0) Seneca Lake, N.Y, Ar
AC#6 Andonta cataraeta Seneca Lake, N.Y. Ar
5EC~4  Elliptio complanatus (6.5-7.0) Seneca Leke, N.Y. Ar
61Cc-1  Elliptio complanatus (5.0-5.5) Seneca Lake, N.Y. Ar
128C-6 Elliptio complanatug (7.5-8.0) Sencca Lake, N.Y. Ar
138C-8 Elliptio complanatus (8.5-9.0) Seneca Lake, N.Y. Ar
-2 Elliptio comvlanatus Seneca Lake, N.Y. Ar
-3 Elliptio complanatus Seneca Lake, N.Y. Ar
EC-5 Eiptio complanatus Seneca Lake, N.f. Ar
EC~7 Elliptio complanatus Seneca lLake, N.Y. Ar
GL-2  Gomlobasis liviscens (med.) Green Lake, N.Y. e
#13GL~3 Goniobasis liviscens (small) Green Lake, N.Y.  Ar
AT-5 Lampgilis radiata Sencca Lake, N.Y. Ar
Numbers in brackets refer to length (cm.) of shell k==

ALl speclies collected alive.



Recent Carbonates

Description

Sample Location Age Mineralogy % Insoluble
Residue

A217.1 Western tip of Ardros Recent* C=D High intertidal 0.0

Island, Bahamas
B5.2 Insgua Island, Bahamas Recent =D Dolomite crust 0.0

: Ar (tr.)

R~1 Bahamas Recent Ar Oolite sard 0.2
R-2 Bahamas Recent C(30% Ar)  Foraminmiferal sand, 0.7

: skeletal
R=3 Behamas Recent  C(5% Ax) Carbonate mud. 6.8

Shallow subtidal

%20-60 years by C'¥ dating (Shinn et al., 1965).

9zt



Recent-Fleistocene Calcareous Marine Pelecypods

Sample Species Age ‘ Formation Location Mineralogy
U=94 Spcr@ylué SPe Fleistocene Belemont Bermuda Gov't. Quarry c

T=-1 Spondylus sp. Recent** Harrington Sound, Bermuda Ar

=48 Cittaxﬁ.im pica Pleistocens Devonsnire Fort Devonshire, Bermuda Ar>>C
*U=133 Cittarium pica Recent Bailey's Bay, Bermuda Ar

PR=2 Cittarium pica  Recents* Puerto Rico ArC
*=poor semple = secorndary calcite crust and leach pits.

**fcollecf.ed alive.

*xkad 200 years.

Cretaceous Pelecyped

Sample . Species Age Formatiocn Locatiéﬁ Mineralozy
* Cre'ba.c‘eous" Oyster Cretaceous Belly River Banff, Alberta C

*-this sample contained 1.7% insoluble residue.

2t



Pleistocene Carbonates

Mineralogy

Sample Location Formation Age % Insoluble Residue
PP-68 ? ? Fleisto-Fliocene D 1.0
P-1 Florida Miami Pleistocens G 0.7
p-2 Florida Miami Fleistocene C (minor Ar) 13.8
P-3 Florida Miami. Fleistocene D >C 0.2
Ifiocene Carbonates
‘Sample* Location Age Mineralogy Desériphion** % Insoluble
: Residue
”E-Bé-l!é Midway Atoll Post-miocene 55% Mg~C Unlithified sediment 0.2
L5% Ar
R-150  lidwey Atoll Post-miocene 50% C,45% Ar Unlithified sediment 3.3
5% Mg~-C
R=-219 Midway Atoll Post-miocene 1009 C Partially leached and recrystallized 1S
R-409 Midway Atoll Post-miocene 100% C Partially leached and recrystallized &%
R-425 Midway Atoll Upper Miocene 100% D Leached and recrystallized dolomite 3.5
R=-474 Midway Atoll Upper Miocene 10C% D Leached and recrystallized dolomite 3.9

*=numbers in sample code refer to core depths,

*¥-see Ladd et 21.(1967) for a detailed deseription.



Cretaceous Carbonates

Sample Location Age Formation  Mineralogy % Insoluble Residue
SE-IV-4-B Fredricksburg, Pa. L. Cretaceous BEdwards D 11.0
ER~IT~3=A Fredricksburg, Pa. L. Cretaceous Edvards D 9.0
LB=TI=4w~A Fredricksburg, Pa. L. Cretaceous Edwards c 2.1A
§-I~13-B Fredricksburg, Pa. L. Cretaceous  Hdwards - 1.5
BR-II~-1-E Fredricksburg, Pa. L. Cretaceous Edwards c 3.6
CR-I-18-4 Fredricksburg, Pa. L. Cretaceous ‘Edwards c 7
MR-ITI-19-A Fredwicksburg, Pa. L. Cretaceous BEdwards C 2.8
SE-V-12-A Fredricksburg, Pa. L. Cretaceous Edwards C (minor D) L2
AR=TI=2=A Fredricksburg, Pa. L. Cretaceous fdwards c 2.0
CR=I=2lm=A Fredricksburg, Pa. L. Cretaceous Edwaxrds C 1.1
MR~-TIT=-16~A F‘redxicksburg. Pa, L. Cretacecus Bdwards E 1.7
AR~I-5-B Fredricksburg, Pa. L. Cretaceous  Hdwards c 2.3

Note - g1l samples are from outcrop.

- see following page for description of deposzuonal enviromment of these samples.

62t
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Enviromental Interpretation of Cretaceous Carbonates

Sauple Description

SH-IV-4-B Tidal flat dolomite.

BR~-II-3-A Possibly replacement dolomite in tidal flat or shoal
ared.

1B-II-4-A Barrier trend. Good currents. Possible barrier flank,

S-I-13~B High energy - barrier, possibly beach or bar shoal area.

BR-I1I~1-E High energy, good currents,A possible channel or break

in shoal area. Nose of migrating bar,
CR-I-18-A Quiet water, muddy lime bottom. Lagoonal environment.
MR-ITI-19-A * Bedded dolomite? - replacement or diagenetic. Lagoonal
area.,
SH-V~12-A ‘Rudist "mound® - biohormal, - desper, quieter woter
relative o barrier. Lagoonal enviromment.,
AR-I=2~A Local shoal area in lagoonal ernviromment. Possible
tongue of barrier extending into lagoonsl arsa.
CR=I-24=A Moderate energy currents on seaward side of barrier.
MR-III-16~A  Shallow area around rudist mourd. Possible thin
tongue from barrier extending into lagoonal area.
AR-I-5-B Rudist, oyster, biostromé. Lagbonal area, possibly

intermediate area between '“mounds",

¥* X-ray analysis indicated only calcite in the sample analyzed.



Triassic Carbonates

lfineralogy

Well Location Core Interval Formation Ago % Insoluble
Residus
Imperial 16-15-85-13W5  4606-10 Helfway Triassic Ay>> D 31,9
Pan-Am :
Boundary 461115 D 26 .4
L621-25 D(K10% Ay) 13.9
14626-30 ¢(30% Ay) 7.2
4531-35 c 4,0
Pan-Ain IOE 6-27=-86=13uWH 4031-32 Baldonnel. - D 13.7
A=1 WAllow
4036-37 D 1231
4038-39 c(1% D) 3.0
40L0-L1 c{1% D) 3.4
Imperial 8~lmBl=1 31 Ly Charlie Lake c(5%D, 10%Ay) 53
Pan-in : 5
Bdylks 450 c(20%D, 25%Ay) o g
Imperial 10-20-82-12W5 4409 c ' 1.5
Pan=-Am : :
Bdylks * hhyy t(<10% D) 5.2
4437 C=D=Ay 6.9

*=fossiliferous.

€T



Mississippian Carbonates

Well Location Sample Core Inberval Formation Age Mineralogy % Insoluble
Residue
Sccony  1-25-11-26~4 AC-7  7070-7090 Rundle Mississippian D=C 1.5
Granum ;
AC-23  7091-7100 DM»C 6.0
AC-6  7101-7130 DM ¢ 3.1
AC-18  7650-7675 Banff DX C 33.7
Pan-Am  13-17-21=4=5 AC-24 11197-11202  Turner Valley D Tt
Tﬁ;}éskey Creek AC-17  11210-11215 D 8.0
AC-13  11230-11235 D 2
AC-14  11245-11250 D 4,0
AC-26  11275-11280 D .3
- AC-20 11290-11316 D 1.7

2€T



Dovonian Carbonates -

Jell Location Sample Core Interval Formation Age Mineralogy % Insoluble
: Residue
Imperial 2-16-56-22-l AC-16  3225-3230 Wabamum U. Devomian D 18.1
Gibbons :
Inperial 1-22-57-22-4 AC-1  3693-3708 Ireton c 0.4
Eastgate
AC-10  3709-3724 Ledue C 1.
AC-21 45261550 Cooking Lake c 30.6
AC-11  4551-4576 c 26.1
AC=15  L727-4735 Beaverhill Lake G 0.0
AC-2  Wp36-k7hs . Sl 12.7
Banff be15-109~8-6 AC-12 5791-5805 Keg River M. Devonian D 32.6
Mobil :
Bainbow West AC=4 5306-5820 D 10.0
AC-3  5821-5838 D 10.0

29}



Devonian Carbonates

Well Location ~ Core Interval Formation Age Mineralogy % Insoluble
Residue
BoA, Zama  12=21-117-4W% 4725 Muskeg Fm. M. Devonian D 3.5
North Zana menber
w726 D 3.8
X=92
L727 D 157
4728 D k.6
5729 D 2.5
4730 D 1.0
731 D VA
4732 D 23
L733 D 1.4
L3k D - T
4735 D b,5
4736 D 2.2
4737 D 2.6
k738 D 5.8
4732 D 2.6

T



Devormian Coroonates

Core Interval  Formatlon Ama Mirerslogy
4700 Muskeg e . Devounlan
Zome, mIToew

L B A

L7586 D (7% Ay)
L769 D
Ly D
L77L D (35 Ay)
L7ra )
b7 D
Ll D

b775 . D

I
5
~J
~J

(o)

¥iT3 D (3% Ay)




. Devord.an Carbonates

Well Loecation Core Interval Fomration Ago Mineralogy € Insoluble
Residue
=92 w773 inskeg Fui, M, Devonian D (3% Ay) 1.9

Zora, nenbor

(O,a f‘V

wl

D
D
D
D (7% Ay)
D (194 Ay)
D (37% 4y)
D (85 hy)
.

D

]
-]
On

G.2

NGOXY, = 58X Z KA

: f 2l - - o 3
Iz:&em—‘cis i.'~?33=~13-71~!' . }-5-? NSHL&? 59 card AFPh-LTR6 - Back reef dobris
- .
3 =,



Devordan Czrbonates

el Lozetion Core Intervel  Foxmalion Age Mineralogy % Insclvile

Resldus
B.le Zama  4=3=-11-118-L15 47852-4785 Uogan Keg M, Devonian D 6.5
Hozth mren
L786-1720 5.5
=91

LB27-4830
48314835

L825-4340

U o O o U g v o
[ aa)

43l ~kshs

L3is-L550 D g7
18511360 D (10% Ay) 1k.3
18614565 2y> D 179

L5794 -L820 D (103 Ay)
2R3 ~L805 D= Ay

LB8E=L390 D Ay 1.7

2ET



Devorian Carbonates

Weall Locgtion Core Intervel  Formaition Age Minerslogy % Inzolunle
Rogidus
L=51 L891-1395 Upper Keg ¥, Devonian D) Ay 2.8
River
L396=L900 D= Ay Mol
49014905 D2 Ay 1.2

42064910 D (10% Ay) 2.0

L4 1=1917 D (104 Ay) 1.2
1191 8-L920 D (104 Ay) 2.1

L925-1929 D 2.1

5950193 _ D 6.8

11935-L939 D 1.1
BoA. Zoma  2-U=148-Lu5 4801=4309 Upper Keg M. Devonmian D (10% Ay) 5.2
Nowth Rives

LR22-13265 D (tr, Ay) 10.3
=9k :

4827-h821 ’ D (tv. Ay) 2,0

4832=4336 D {tr. Ay) 1.3

18374801 D {tr. Ay) 1.2

B8 2=LBL6 D {tr. Ay) L1

gET




. Devonian Carbonates

Well Location Core Interval  Formation Age Mineralogy % Insoluble
fegidue
X=5k L2755 Uopzr Keg M, Devonien D {tr. Ay) 1.7
Hror
4552-1356 | D (5. A7) 1.9
b3 57-4851 D {tr. Ay) 3.2
LRAT=bST71 D (tr. Ay) 3ei

1)
Fg
]

i~
0
=7
ON
]
SN
(Y
2
G
T
<
s
N
1]
L)

™
@
[xS)

[N
LX)

D
£382-h886 D
D

L867-4391,

=5

o
S

ey

Bole Zama  12=22-117-45  4671-0575 Upper Xeg M. Dovenian D (109 Ay) 3.9
Horth River
~ RAPE=LESD D iy 3.2

el
A8 1
4481-5435 D (104 Ay) 3.7
o £ O ! 7 o .
LARE=1A20 D {165 ay) 1.5
LG9 1=L595 D o2
LASB=N 00 D 0.6

I
~J
()
5

8
g
~J
(]
wn
i
l<¢h

o
oN

GET



Dovonian Corbonates

eld Location Core Intervel  Formaiion Age Minoralogy % Insoluble
Pesidue
1=95 L7Ch=4710 Upper Keg 4, Devonian

River

0.k

D
D

L4 6=li720 D 0.2
L72i-4725 D
D

LE-?,Z'Sme?:-}O 0.5
L7231 -l4735 D (107 Ay) 1.2
L7 36=L710 0.7

Uk 7l 0.5

Lplhaliz 50

WPGQ-Lp 6L

D
D
D

137 B3l 55 D 0.9
D
176 5=14769 D
D

770t

|3 i ot 1Y o Fats o s L)
B.lo Zoma  I=5=114-810 LESo=1373 Jppar Keg 1M, Devenian G Je
Nozrth civer
3 4 form (3 !,
HRFLmIETE C L5

4G

S

Oy




Devonian Corvbonates

Tl Location Core In‘ﬁervsl Forrmabion Aze Mineralogy

%9 1854-11885 Uppor Keg M. Devonian D
4889-0593 D 2.5
1901 1S9S D (tr. @) 2.6
L359-1903 D (tr, C) 2.1
LS0L-kOCS D 2.3
13,90945,9::11 3 D .1
29110518 D 3.1

4S19-14923

192Lb925 D

o

5513=5516 D= Ay
5521~5525 D= Ay

5526-5521, . D= Ay
5532=5525 D= Ay
553?‘”55‘)"1 D= l‘gf

Y
i




Davorian Caxrbonabes

Well Location Core Interval  Formaiion Aze Mineralogy %

o

- Q - 3 -
*x=27 557-5551 Uppar Keg 1. Dovenian Ay> D
Hrer
5558=3006 Ay ™D

5557=5554 Ly =D
5562-5557 Ay>D

5568=5572 Ay D

Bole Zema  A3=27-147-U0W05 L318-L7320 Muskog M, Devonian C=D= Ay
Morth

3211325 C =4y
=83

1ot

k326-h33 ¢

b331-4335 ¢

L336-0210 C

bl =l3ks c

Lah8=11350 C

5551-01555 ¢ (107 )




Dewvordan Carbonstes

Well Lecation Core Interval  Fommaltion Age Minoralogy % Insoluble
Residue
=98 L4366-4371 Muskeg M, Devonian ¢ 0.9
L372-Lart DY C 105

L397=111101
LA02=L106

Lho=lilg g

Ll p=liling
A2 2-1126
Lh27-0432

W728=L7 37

W7l s- 7l

w
Upper Keg

River

¥, Devonian

D>C
D (<5% Ay)

D (<55 4y)

D (5% Ay)

U o o i

=t

o [ L
s o I
[0 o (o]

o]
o
0
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Devonian Carbonaies

Core Intorval Formatieon

Ligh3=ly752 Uprer Keg
River

1773-1777
Ler8-L782

L733=L737

L761=L766 iiskesg Fmo

Zoma nerber

L768=l771
77 2=i7776
Ly77=L781

L782-4785

Mo Devorian

M, Devomian

Mineralogy
D
D
D
D.
D

D (<5% Ay)
D

D (5% 4y)

D (10% Ay)

D

D=4y
Ay > D
Ay>D
Ay > D

D>ty

!
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Devordan Cazbonates

Core Intervel  Formalicn Age Mineralogy % Inzcoluble
Regiduve

Wp87-L721 Iskeg Fm. 1. Devonian D = Ay 6.1
Zoms, meriner

L5 2=Lig 0 D (EL Ar) 2.3

48 L5801 D 1.0

1502-L805 D (<54 Ay) 51

43074341 D 2.9

L8 7-11821 D 3.2

1832211826 D (<53 ay) 2,0
L827-1331,

(W]
©
=3

L322-4834 D 0.8
L337-4304 D 21
Lplyp-t865 D 1.2

5
;\3.
]
il
1%
LU
fo
lwr}
™

]
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Devonian Carbonates

el

Loecation

Bok. Zowma

Neoxtia

XQ_LUQ

Lt Ot 1611075

Core Interval. Foxmation Age
BESL0=-L8010 Musikez Fri. . Davonian

Zowe momber

L1365=11869
LB70-L27L

L37 5-13879

Av

L4

Ay)




Devontian Carbonates

Well Location Core Interval  Formation Age Mineralogy 4 Insoluble
Regidue
=100 LQ20-L22L Muskog P M. Devorian D (5% Ay) k.8
Zens mermbor
L925=011229 D 0.9
5920433 D 1.1
1935-L339 D 1.6
LS00 D (10% Ay) L,7
LQly 5-10LY Ay D 22,8
19 50=-03 51 Ay D 21,7
BoAo Zoma  5=30=1106=0% L7ty e Muskeg Fr. . Devonian Ay» D 29.7
Northn Loree, _ejzbcv
L7 5=-14972 by =D 11,1
L=101
EOB0-L2D0 D> Ay 2.5
BOS 56289 Ay>? D 16.9

L83 5-4992
5000=5G0

5005-5000

D (10% Ay)
D
D

T



Devonien Carbongtes

Well Lecation Core Interval  Formation bge Mineralogy
X=301 5010=-5044 Muskes Fri, ¥, Devonian D

7 sy o
LD2IL8 WOELSEeR

504 5-5019 D

5035=-5037 ~ Ay =D
5000- 500 ‘ Ay>» D
50l5- 5019 Ly D

5050-5051 Ay» D

Bolo Zoma  2-25=117=50 4922 Muckeg P, M, Devonian D
Horth Zama, newihar

lw}

L9223

X1l ,
h92h-4925 D
D

49264930

4931097

LN
v/
F
b
2
Q';.\v.
3
g
g

48 26=0240 D

™D

.
¥

A
e
[EEN

{=n

R 7
~ o




Dovonian Carbonates

Tell Location Core Interval  Formation Aze Hineralogy % Insolible
Residue
K=l LQua =115 Muskeg T, M. Devonian D 1.4
Zomn weminer
LRLsLQ 20 D= Ay 1.5
LOE1=4255 Ay>» D 3.1
4955=1960 D= Ay 22,7
50955099 Keg River M, Devonion o 0.4

5100-51.0% c 0.6

5105-5109 c 0.3
5140-5114 C 0.3
5115=5119 o 0.0
5120-51240 c 0.1
5i26-5129 c 240
5130=-543% c 1.4
51355139 C (DrAy=5% 1.5
5180-5100 o 0.0
51l5-5150 ¢ (tr, D) 0,0

&irt



Silurian Carbonstes

Woll Location Core Intervel Formaticn hea Minsvelogy % Insoluble
Pegidus
B.A. 1=8-2~5W2 87358739 Interioke U, Silwden D (br. Ay) 2.5
Teyiorton Groun
B7E=-37 59 D L2
TO6=0769 D 1ol
8801-830% D 6.2
8814~8815 D 5.9
8820-35825 D 7,2
3624-8329 D 3.5
Imrorial 6-13=-2-19W2 9121-8123 Intorleke ., Silurien D 2.2
Swrningoird Group
9129-9131 D 0.5
9135-9137 1.0
9139=9144 1.5

O o o o

tJ

1.5
0.7

2.2

05T



Minsvalogy

Insoluble

PN
Residue

Dundas, Onk,

8255-8257
82855289

B8297=5299

Culicrop

Lo B B o A B N

o

L. Slvrien

0.9

Ok

Yeerinoidal.,

t=to



Ordoviclan Carbonates

Woll Location Core Intervel Fommslion Age Mineralogy 4. Tnscluble
Residve
Bol. Can,  9=2Ua3-l102 85463-38545 Upner L.U.Crdovician D 0.9
Dav, Quinn Redwiver
8E69-8573 D=2¢C 1.4

8579-3553 D (tr, &y)

)
=

8593=-3597 Ay> C 9.2
£407-2510 D 0.3
CaDaRo S R R 10191-10195 Urpar L. U, C=D 3.2
Sovzry Redriver Ordoviclan
S Lalke Adma 10241-10213 D 1o
Sample
L=72 Marion, Pz Quierop Row Park (5% M. Ordovician C 2.1

A Panl. Group)
L=77 c 0.8

1-75 . C 1.9

L=272 Xaufman, Pa. rerop Newmasizet M. Oxdovician C L4
(5% Deld Croup)

L=276

[ anr=Y § C 9@2

1-272 ¢ 2.6

[a]
L°=2'.32, C 2 06

25T




Ordovician Carbonates

Sample Location Core Interval Formation Age Mineralogy 4 Insoluble
Residue
L-202 Williamsburg, Outcrop Nittany L. Ordovician D 8.0
Pa. Beckmantowm
59~337 Group D 7.2
59=343 D L5
Cambrian Carbonates
Sample Location Core Interval Formation Age Mineralogy % Insoluble
Residue
59-1709 Henrietta, Outerop Fleasent M. Cambrian c k.6
Blair Co. Pa. Bil
59-1728 c 3.8
59-1740 c 6.3

€471



Pro=Cambrian Carbonates

Sanple Lecation Core Interval. Fomnation Age Mineralogy

o=ClEEE Watertion Lakes Ouberor Woterton Pre=Canddrian D27 C
Aloerta (1000 m.y.)

=CliE2 D=¢C

P C» D
-, NaAl) ‘)\

(e ¢c>7D
'ID’GCI"-,T?:" 5 c ("&',I"a D)
P"‘C'Jf.l,é C ("L?I’o D)
?‘CE‘H"’iZ cC»”o
,Q‘“C'h“‘d"i 3 C (tl‘o D}
rzrpm(’,l-.' k1l . C

=0248 Woterton Lakes Ousercp L. Altyn Preo~Canbrian D
erba {1000 m.y.)

”)‘
1\)
-]

p=02251.0

Lw}

(w}

p=C2Bil1

*mgtronstolite.

o

1



Pre-Cambrian Carbonates

4 Insoluble

Sample Locgtion Core Interval | Formation Age Mineralogy
: Residue

B-1, Cataract Falls Outerop Bruce Fm. Pre~Cambrian c 51.1
Blird River, Espanola Group (1700 m.y.)

B=2 Ontario c 58.4

B"3 C 5008

E-3 Griffin Lake Outerop Espanole Fm, Pre-Carmbrian D 51.5
Espanola, Ont,. Espanole. Group (1700 n.y.)

B4 D 3.3

Pre-Cambrian Carbongtes = D Series
Sample Location Core Interval Formation Age  Mineralogy % Insoluble
Regidue

D~1 30 miles S.W. 100 Transvael Pre~Canbrian D 17.6
of Johannesburg, System (1960 m.y.)

D=3 S. Africa 520 D 2.2

D-5 970 D 2,0

D7 1480 D 2.1

D=9 1060 D 2.3

D-11 2500 D 2.1

D-13 3040 D 3.7

661



Pre=Cambrlan Marbles

Sampleo Localion * Aze Mneralogy % Insoluble Resicdue  Deserdption

T-65-0003 Thompson Mine FPre-Cambrian D 13.7 Crystelline marble

TEE=00MS  Pipe Mine D K55 ¢) 5.3 Vuggy mexble

TEB=0045  Kiippor Loke D K54 ) 16,2 Very fine-grained
nernle

TEE-0045 Thompson Mine avea D 19.2 Marblo

TOG=2802  Birchitree ovsa D 2.2 Maxkal

T62-2043 Birehtree Mine D b7 Moxble

liote - cors samrles, exeept samples T63-2802 and T65-2248 which are outerop samples.

F=Thonpson, Hanitoba

95T
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ARALYTTCAL RESULTE

Note:
AL velues in pn wnless othemidse lndicobed.

CL/Br ratios exprezsed as wolght ratios.
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Rezent, Celeareouns Havineg Ooganicns

SamplLe- Fo, Clz BrT Cl/BrT By Gl B Cl/Brw <P 05
M-1(a)* 725 8000  90.0 83.9 13.5 6250 68,8 90.6 0.008i3
M=1(b)= 725 20600 75,0 3%.7 47.0 3200 k3.8 73,1 0,00513
M=i(e)= 675 1600 32.0 Li.0 18,0 1300 21.0 61.2 0.00963
M2 825 3200 85.0 45,9 17.5 3000 38.8 77.3

M~3 725 5000 400 50,0 18.0 5000 55.0 90,9 0,00388
He5 950 6500 178  26.6 12.0 6750 75,0 89.3 0.00225
5=1 50 380  13.0 29.3 3.0 175 6.8 25.7

52 19.0 550 15.0 35,7 A3 550 15,0 36.7

8=3 1250 1250 26.5 k7.2 29.5 4y5 4.0 53,9 0.00615
Sl 1,000 300 8.5 35.3 46,3 100 3.3 30,3

8=5 50 23 28 84 5.5 23 2.2 10.5 0,01463
) 50 625 16,5 37.9 4.1 350 8.8 39.6

57 42.0 1800 60.0 30.0 6.2 1150 23.8 48.3 0,00513
5-8 12.5 485 43,0 37.3 3.1 250 12.5 20,0 0.009C0
Heljoneds 1511 135 0

50 1.9 LE0 36,0 12,8 7.4 290 10,0 29.0

51 215 820 38.0 21.6 6.5 820 19.5 k2.

52 26k 2680 75.0 35.7 9.4 4380 31,0 43.2

* = g1l three sanples Tron different segnsobs of

Honasstren amalaris,.

the skeleton of



:.\
1
O

Regent. Caleavaecus Fresh Woter Quganloms

Semplo Fqp Cly B Gl/BrT‘ Fy CL, Bzw - Cl/Bz.vt I
14C=22 7.6 52,0 22k 2.3 5.6 49,0 4.0 12.3
QHC=3 9.8 76,0 27,0 2.8 7.8 85,0 1.0 85.0
1.05C=-2¢ 4.8 72.0 20,0 3.6 2.2 60,0 8.8 6.8
115C=1 o7 69,0 30.0 2.3 2.7 42,0 L.l 9.6
HC=2h 1.3 17.5 1.0 1.3 1.3 17.5 k.8 1.3
24040, 8.3 140 20,0 7.0 6.3 5,0 3.5 12.9
34CH3 6.1, 92.0 25.0 3.7 4.1 39.0 4l 89
740y 501 60,0 25.0 24 3.1 575 5.5 10,5
BAC L6 92,0 39.4 2.3 2.6 .0 7.0 6.7
JARES 3.0 18.0 14.5 1.2 1.6 20,0 T
STl 5ol 76,0 21,0 3.6 3.1 75,0 6.0 12.5
65Ce1, 5.6 1.07 25.0 k.3 36 70.0 7.5 9.3
12506 .2 76.0 220 3.4 2.2 57.5  H.C o oalh
13508 b6 114 55.3 2.4 2.6 90,0 12,0 7.5
=2 3.9 25,0 20,0 1.2 1.1 37.0 6.8 1.9
-3 2.0 25,0 17.5  1.Jb 1.7 28,0 7.8 1.6
HG-5 13 25,0  21.5 1.2 1.1 30,0 6.5 1.k
EC=7 6.9 16,5 15,0 1.1 1.6 20,0 6.3 1.3
GL~2 2.3 23,0  15.0 1.5 1.3 18.7 k.5 1.3
C 363 2.7 38,0 16,0 2.4 3.0 3.7 7.5 1.9

AT“‘5 106 l}*.l'og 11105 ioo 106 - 2205 698 106

o




Bocent Cerbonstoes

160

Souple Fon CL, By c1/3;r EN Clw Be, CL/Bry
R={ 1400 1325 3.0 30.8 27.5 4125 12,0  93.7
R=2 1157 6035 95,6 63.1 19.5 lLb2s 46,2 100
B3 616 16080  179.6  89.5 43.3 14750 115  102.2
B=5,2 % 575 15500 200 77.5 9.0 43500  107.5 125.5
A=2171 775 12000 160 F5.0 13.0 11750 92.5 127.1

#* o This sauplo contained 0.0775% PO ..

R=36-46

R-150
R=219

R=1:09

340

48,0

215
125

9500

453
191
320

25

Racent = Fleisbccens Caleareous

25.0 24,5 0.2
50,0 440 1.2
850 255 333
2500 39,0 Cho1

575 20.0 23.8

Flelstocens Caxbon

80.8 6.6 12.3
149 3.0 46,9
3.3 41 >30
k5 57.5 205

Haiine
9.2 250
6.0 57.5

12’08 650
13.0 2250

19.0 150

S
") [xd
2508

15.8 105

903 360'

9.8 113

IHocene Carbongtes

N

2125 47,0 b5,
4912 67,2  73.9
3846 7.6 80.8

2005 60.7  82.4

15.8 1925
36.3 L4500
13.3 3325
9.0 4250

Pelecypeds

2,0 125

100 Bied
10.8  60.5
30,0 75.0

7.3  62.3

3.5 30,0

2.0 18,2
7.0 1614
27.5 70,0

1’.”705 9608
33.5 98,7

3,2 931




(Ificcene continued)

Saiple | Fra Ly By, cl/Bz,, Fy €Ly Bz Gl/BEw

R-425 186 85y 93.3 91.6 7.3 7750 75.0 103

Re=Li7lt 665 1456 17.2 84,7 12.0 4438 b5 99.2
Cretaceous Carboncotes

AR=T=2=A 26.5 b2.3 L9 8.7 2.2 14,0 1ol 12,7

S=1=13-B 264 112 12.9 8.7 3.2 1.5 0.9 15.8

CR"I.:’18§A 0“'!‘06 530)‘2’ 503 1000 an 1305 002 9030

MR=-TIT=19=4  35.0 50.9 5.1 9.9 2.2 k5 0.8 18.1
MR-TII=16-4 331 45,8 1.0 5.0 2.5 12.0 0.6 20.0

3

SH~V=12-A 5805 96.6 6.0 16.1 2.9 84.0 2.3 30.5
AR-I~5-B 60 65.5 6.9 9.5 43 20,0 0.3 66,7
SH-IV-l-B 332 4883 214 22,6 3.9 38500 37.0 103
BR-II=3-A 403 183 20,7 9.1 7.2 2,0 0.3 307
LB=Tl=lw= i 5246 L5 4.6 9.7 3.6 13.0 O 232.5
BR=II=i-5 I o5 55 7.0 7.8 3.2 25.0 1ot 17,9

C.R”’I‘:“ZI‘J‘QA 5‘/01 11’706 500 905 2:6 1300 003 5’6e5

Cretacecus Pelesypod

Creto Oystor 73.6 53.3 1.6 33.9 2.5 32.5 1.5 21.7

Triassic Corbonnies
460510 730 8kl 12.5 67.5 5.8 525 11.5 L5.7
L1115 1356 2583 35.3 845 13.8 1800 19.5 92.5
163620 1165 1Qlyy 5001 98.7 18.0 3625 .2 1056
L621-25 725 1305 i6.2 80.6 L.8 825 17.5  U7.4




162

(Trinssic contirmed)

Senple Fop CLy Bry  CLl/Bey Ry Cl,  Bxy, Cl/By,
h626-30 iz1 1372 18.8  73.0 1.7 937 1.5 815
L631-35 93.6 1404 17.2 81.6 1.7 12i3 13.2  91.9
L031=32 869 1245 9.2  25.3 17.5 1025 36,0 28,5
L036=37 1250 625 7.9  78.6

L038-39 170 129 3.6 35.8 9.0 140 L,y 294
LolO-d 171 109 bo7  23.4 9.0 135 3.0 45,0
LOhR=l7 330 126 3.8  33.1

Lk, 111 507 10,6  47.8 2.4 k25 7.0 60.1
50 231 6hs 12,9  50.1 2.5 500 8.4 59.7
L0 11k 140 2.8 50,0 3.9 §5.,0 L.3 22,1
Lhgg 216 100 1. 70k B9 105 3.0 35.0
hhsy 35 183 Fob B0 &3 103 2.5 k3.0

Misgissipplon Carbonsles

A= 263 384 17.7 21.7 16,8 260 7.6 34.2
£6-23 374 318 15.4 20,7 17.5 220 7.6  28.2
2C=6 hal 391 10.3 38,0 11.0 260 5. 48.4
£C-18 378 166 6.3 26.2 13.5 120 8,0  15.0
2C=21 335 280 16.8 16,9 5.6  1k0 3.1 45.2
AC=17 180 1.0% 9.4  11.5 8.4 115 11.0  10.5
AC=13 © b9 108 6.8 2F.2 7.8 220 11.0 20,0
AC=3L 510 Loty 13.5 36,5 6.4 340 2.0 37.8
£C=20 820 394 19.1  20.5 4.9 270 8.0 33.8

AC=20 - L39 357 11.0 32,4 8.8 280 8.8 27.3




U. Devowian Corbonahog

Sanple Eyp Clyp Brg  CL/Brg Fig Ciy Bry  C/Bry
£C-16 168 hEy 29.2 50,0 8.8 1070 18,5  57.8
AC=1 15.0 475 1.5 32,7 1.7 kLo 9.0 48,9
AC=10 27.86 859 20.7 Wi.5 2.3 830 14.0 59,3
AC=21 101 2232 86,y 25,0 10.0 1550 25,0  62.0
AC=11 80.L 1675 33,5 50,0 8.4 1180 18.5 63.8
hC=15 56.8 2875 1200 23.9 3.5 2700 3.0 75.0
AC=2 h6.0 1093 21.3 5Lk 6.0 830 18.5 44,9
M. Devonian Carbonatss
AC=12 137 314 10,0 31.4 2.2 135 by 3007
AC=1t 500 683 i8.3 37.3 3.9 385 13.0 29.6
£C=3 i53 161 18.3 8.8 2.0 125 2.7 453
i1k
509599 115 1225 20,0 61.3 21.8 1250 19.3 64.8
5100-0% 115 900 17.0  53.0
5105-09 115 1550 26.5 56,7 15.3 1500 24,8 60.5
51310-1t 87.0 1850 3.5 58.7 12.8 1875 23.5 79.8
5115-19 140 1750 31.5 55.5 17.5 1700 23.5 72.3
5120-2% 150 1550 27.5 564 10,0 1540 22.5 68.5
5125-29 9 1632 36.7 b5 4.0 1625 21.3  76.3
5130=3% 81.0 2732 40,0  68.4 10,0 2250 25,0 90,0
5135=3¢9 68.9 2225 364 6l.1 3.5 1925 22.5 85.6
5140=1y 87,0 2125 36.0 52,0 8.8 2075 21,8 83,7
5141550 188 2200 37.5  58.8 25,0 2175 25,0 87,0
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M. Davorrien Carbonatos

Semple E 4 Ahydrite Sanple F % by

7 o arite
X=92 hy25 145 0 X=92 lp7, 340 3
L7265 213 0 L772 Q0% 0
L2y 209 0 b773 659 0
lyg2B 231 0 Ll 840 0
by 29 Ly 6 w775 1100 0
4730 369 0 L6 73 0
L34, 5hly 0 s 207 0
732 332 0 w778 736 L
L733 689 0 L9 306 8
Lysl 100 0 L780 1105 8
4735 129 0 78, o8l 0
L7365 L0l 0 b782 1255 0
L737 Z93 0 gy 86C 0
735 255 0 Lpgh 242 7
hy32 221, 0 L7785 182 19
L0 220 0 b791 711 37
Lipliy 168 0 792 373 b
h765 807 0 793 1130 0
L766 1250 0 poh 1055 0
bp68 1100 7 795 790 0
e 5 0 w96 670 0
L0 704 0




(Ji. Devomian Corbonstes continued)

165

Sanple

FT Sarple FT Sanple FT
X=91 #782-85 214 ¥=8i L930=3% 53.7 X-95 I1706-10 890
Wp26-90 286 1935-39 35.4 h7ii-15 970
W796-05 868 X=98 450109 237 bi716-20 1200
L805-16 581 4822-26 2788 lipei~-25  1i00
4817-26 873 4827-31 908 L726-30 780
4827-30 650 483236 720 b7351-35 577
4831=35 425 h3zp=lii 698 L736-40 600
U836-10 324 L8hols 490 W7liehs 2100
4h-lks 22k Lslyp-51 702 pli6=50  14i
484550  4h3 L852-55 673 75359 75.7
185160 228 4857-61 599 Lp60-6h 284
486165 171 L867=71 Lo Lip6 -6 190
4866-70 133 4872-76 673 bg70=7h 335
187180 203 L877-81 b0 X=97 186973 30,0
4881--85 98 ot 4822-86 118 L874=78 22.5
L856=90 157 4887-91, 436 L884=68 3501
L891=95 283 %95 L67i-75 603 L889-93 9.3
489600 136 L675-80 196 4891198 5.2
b903-05  87.0 4681-85 343 4899-03  5i.l
H905-10  46.9 B686-00 Ly BOOL-05 45,0
b9i1-17 5346 4691-95 100 1909-13  39.b
191824 19,0 h696-00 780 L91h-18 38.2
492529 7405 L0305 1372 191923 395




(. Devowian Carbonshes conbinued)

166

Semple Ty, Seaunpl Fo Sample F’l‘

X=97 492128 50,8  X=98 L372-76 234 X=98 499398 132
5513-18 770 437781 k7 %-101 h970-7k 145
552125 743 h382-86 237 4975-72 292
5526=31 72,9 L387-94 L34 Lho80-8 302
5532-36 6841 4392.96 343 4985-89 181
553741 96.6 L397-01 43k 4920-94 220
554246 103 L02-06 635 h995-99 470
5547-51 128 hho7-11 by 5000-0% 127
5552-56 A9l bl2-16 355 5005-02 12k
555761, 3507 hhag-2i 57 5010=34 539
566267 66.9 blip2-26 158 501519 977
556872 91 oL Mi27=32 278 502024 43

X=98 4318-20 30,4, W7 28-37 284 5025-29 665
h321-25 27 48 Lo 3=-lig 550 5030-3% 337
14326--30 19.3 bphS-52 100 5035-39  9%¢
k331-35 20,2 b753-57 689 50001k 129
133610 25,2 h753-62 859 504549 343
L35 21,0 bpé3-67 761 5050-51 126
L346-50 19.7 Lp68-72 976
4351~55 64,9 h7es-77 803
b356-60 220 lyy78-82 890
136165 75,0 4pe3-87 107
4366-71 50.5 hpsd-9z  bR0




(M. Devordan Cerbonstos contimed)

167

Sanpile Fo s 0g Saple Fon Semple Fo,
%99 4p61-66 569 00300 4=100 4855-59 1073 =11k 4926-30 604
13,768?'}1 193 01440 L860=64% 250 4931-35 757
L;r/‘?"'g;?,{) 19% 03105 L365-69 550 4936-40 329
Wypp=8i 653 00502 KE70-7L 852 hohi-hes 32k
lip82-86 539 00520 Lg75-72 738 h946-50 1020
Lyg87-91 383 00565 L880-84 242 b951-55 393
L792-96 955 01495 L855-89 124 U956-60 133
k797-01 520 00922 . 4820-9L 165
4802-05 225 0015 4895-92 102
4807-11 160 .00648 4900-0%  §0.3
4817-21 109 00450 4905-09. 165
L822-26 174 00471 L910-14 163
L827-31 400 .00838 49i5-19 527
4832-36 k23 00415 4920-24 10650
b837=l1. 218 ,00766 492529 L4
halp.bG 55 00724 4930-34% 324
L8hp-51 121 00784 4935-39 102
b852-56 75h 00550 LOLO-Ll 600
U857-61 8256 00420 Lohs-Li9 189
L862-66 183 00455 1950-51 128
X=100 4840-44 48, 1922 232
Bahs-lo 120 1923 196
L8505 179 L2255 328
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-

M. Devoertan Carbonoitces Grouped Aecording to Depositicnal Environment

Supretidel Tnbevtidel Turbulent Subtidal
Samplo FT Saxiple E% Sariple Fo,
299 6871 193 %99 L76i-66 569 %-100 k920-2 1050
x99 77276 19k =99 L782-86 589 ¥=100 4930-3% 324
X909 Ly77-81 653 ¥=99 h&z2-26 17k =100 4935-39 102
X=99 L787-91 383 X=99 h827-31 400 T=101 4990-94 220
¥-99 u4857-61 836 ¥=99 1383235 L23 X=101 L595-99 470
X-99 h862-66 153 =99 h83p-hy 218 ¥=101 5010-1% 539
X-100 L8459 124 ¥-99 Lolz-ls  Lss =101 5015-19 977
X100 4850-5L 179 ¥=99 48751 121 X=101 5020-2% 43k
X=100 L860-64 250 ¥=99 UB52-56 5L X-101 5025-29 665
X=100 bOU5-49 189 %99 1302-06 225 YX=101 5050-3% 337
X=100 4950-51 123 %-100 4940-4L 600 =148 kS22 232
X101 4970-74 145 =100 4925-29 404 Tt 44 0923 196
%101 497579 292 | Y=l 49225 328
=101 4980~84 302 Turbulent Sublbidal Ye11h 292630 694
X101 4985-89 181 ¥=99 Lp92=96 956 A=11h BO931-35 757
X101 5135-39 990 X=99 hy9p-01 520 X=11l 893510 329
A-101 5140-40 129 ¥=100 4855-59 1073 X=gile 1OLNs 22k
X101 514549 33 ¥=100. 4865-69 550 X=11lt 494650 1020
X101 5150-51 126 %100 AG70-7h 852
Quiet Subtidol to

H-11lr 195155 393 X=100 2375-79 738 Lagoonal
X-11k 8956-60 133 %100 483i-84  2k2 X-99 AhCO7-11 160

X100 491519 527 X=99 ABip-21 109




Quiet Sut
Quiet Subltidel t
Lﬁﬁ‘ AL e L'C’
agoonal

Seaple
r

X100 484011 480'{
X-100 1885-89 124 “
X=100 4890-9L 165
X=100 459599 102
X=100 4900--04 80.3
¥~100 4905-09 165
X=~100 4910-14 163
¥=101 5000-04 127
X-101 5000-09 424

16



U, Silurion Corbonates

Seample i 1. g /pe. B 4] i 455
Sewple Fq Clp Brg Cl/Be, Iy c,w, By CL/E .
8?3M=39 164 2770 35,9 772

8750=59 131 2923 b1.,8 69,9
8766-69 125 1802 63.7 7504

8801=04 91.5 2636 53.8 62.8
88i1-15 239 2975 6.2 Ol
8820-25 143 2479 35.0 70.8
8626-29 119 2180 30,1 72,3

M, 8ilurign Caxbongtss

9121-23 118 1891 35.3 536
912931 165 875 29,0 30.2
9135=37 172 1869 29.3 63.8
9139=li4 193 1930 33.5 57.6
9147=49 109 213% 50.8 42,0

9152-53 151 1459 59,4 246

9157‘“59 56&7 350 6700 502
9163‘:’65 179 1329 20 oL:‘ 65 02

L. Silurian Carbonstes

825557 190 1470 16,8 23.0
826765 193 3oL 20.3  19.h
8277-78 152 710 23.3 305
827879 162 7h2 27,3  27.2
8258-59 193 105 15.2° 26.7

829395 170 1120 12.0 35,0




(L. Sluwdan continued)

e,

Sanple ¥ CLep Brg  CL/Bry ¥y Cl B C1/B,
8297-99 162 105 172  23.5

GB-5 25.5 663 224 29.5 2.3 635 19.0  33.4
GB=6 5i.5 k2 18.5° 22,2 6.9 350 9.0 38,9
GST=6 235 883 .2 258 L,9 G2k 32.5 49.2

L.J. Ocdovician Carbonates

8563-68 152 9343 101 92.5

8559=73 335 1521 23.3  65.3

857983 542 1226 18.9 - 6.9

859397 220 551 8.0 65.2

860710 230 2250 .5 65,2

10193=95 392 1060 20.7  51.2

1021913 385 2530 38.5 65,7

H. Oxdovieian Carbonates

1=72 28,6 5.0 8.2 6.9 5.5 37.5 1.9 19.7
L=77 10.1 25.5 b9 5.3 k.0 5.0 2.2 15.9
L-78 13.8 20 bl b7 3.6 25.2 2.2 il.k
179 13.8 P N L9 b.5 27.5 1.9  ibh
L=272 48,8 15.2 4 3.7 5.1 18.5 2.0 9.2
L=276 118 18.2 k.3 k.2 21.5 15,0 2.8 6.3
1-279 43,3 15.5 3.+ b5 45,0 23.8 2.2 10.8
1252 ho.z 118 3.9 3.1 4.9 i3 1.9 7.5




L, Ovdovielan Carbopates
Scniple FT ¢l . ErT Gl/ BrT FW CLy; B:ew c1/ B
L-202 28.3 125 10,1 124 6.3 90.0 3.8 24,0
59=337 b2.1 756 5.4 14,0 3.0 52.5 2.2 23.6
59=339 30.0 150 9olt 16,0 10,5 55,0 2.5 22,0
59-343 2301 78.8 6.3  12.5 5.5 67.5 1.9 35.5
Cabrian Carbonzises
59=4709 5204 475 .8 11.8
59=1728 62,3  3i8 28.2 1i.1
591740 56.0 299 28.8 10.%4
pre=Cambrion Carxbonates

p=ClitL 69.0 145 39 374 3.2 19.0 1.5 12,7
p-Cujt2 63.86 359 1.1 32.3 8.5 27.0 3.7 7.3
p=Cu3 3%.5 205 5.2 34,9 25.0 21,5 1.9 11.3
p-CigiHe 36.0 217 6.6 32.9 2.6 b5.0 2.8 16.1
p=CVi5 28.1 761 3.5 21.7 1.6 Lo.0 2,0 20,0
p=CUE: 23.2 76.3 3.8 20.1 1.6 35.0 2.0 17.5
p=C2/48 5.6 256 148 17.3 1.7 36,0 2.0 19.0
p=C219 52,0 223 12,2 17.3 3.5 58.0 3.5 16,6
p=C2B:1.0 b4 .6 78:.5 b7 16.7 1.7 25,0 1.9  13.2
p-C2B41 86.7 136 10,3 13.2 5.5 72,0 L.6 15,7
p-Cliti2 591 b0 8.5 5.4 5.0 50,0 1.7 23.5
p-Ci13 22.9 b7.5 3.7 12.8 1. 3.0 1.6 21,3

247 48,9 k.5 10.8 1.0 26,0 1.3 20,0

p=Cittil -




(pre-Canbidian contiymed)

Sanple Fp cL,  Br, Gfeg F QL By Ol
D=1 112 243 17.0  14.3

D=3 148 Q7 9.2 10,8

D=5 240 265 15.3 17.3

D-7 o5 133 10,2 13.0

D=9 169 389 22,5  17.3

D=11 61.3 99:.7 6.4 15.6

D-13 48.3 574 6.2 9.2

Be1, 68.8 37.0 7. 5.2 2.4 13.0  1.b 7.1
B=2 66,0 36,0 8.2 kA 2.2 i2.5 1.5 8.7
B=3 53.8 28 M 6.7 L2 1.8 14o5 2.7 o3
E-3 2.7 0.0 1.0 0.0 k46  18.0 k6 5.0
E=l4 10,9 0.0 11.9 0.0 3.3 26,0 2.3 113

pre=Canbidan Harbles

T68-0043 25.5 695 320 240

T68=0041 36.4 565 283 23.3

P63-0045 62.7 699 2.3 28.7

T65-0046 1763 50,8 Loy  12.4

166-2802 2.0 783 52:2 15,0

T63-2848 27.3 2205 87.6 25,0






