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GENERAL ABSTRACT | ‘
Theoretical consideration of diéﬁenetic stabilization by
meteoric waters suggests that it leads to a decrease in 5180,

£l3C, 5tr, Na and_possiblf Mg hnd_increase in Hn and Fe in
progressively altered carbbnapé§.

The combination of elemenﬁal'patterns and textuial trends
shows that the Burlington Limestone (Mississippian,'Iowa and
Missouri) was completely equilibrated with meteordc waters,

while the Read Bay Formation (Silurian, Arctic Canada) was less

affected.

As a consequence, in the Burlington Limestone the rock
matrix (ie. biosparite), the enclosed crinoids (composed
originally of high-magnesium calcite) and to some degree the

Tugose corals (composed originally of low-magnesium calcite)

are chemically identical. The crinoid ossicles have an average

St content of 160 ;B?, rugose corals 180 ppm and the enclosing

|
biosparite 120 ppm.

In contrast iz the Read Bay Formation all the above

v
g

mentioned internal components have specific chemistry, with
”

210 ppg-Sr for the crinoid;, 780 ppm for rugose corals and
360 ppm for their enclosing micrit%te matrix;

The rate a; which a particular internal component appr&a&
the open system equilibrium iﬁ'hictated by its respective
mineralogical stability. The path of this equilibration for

each fossil group can be traced across facies on Sr-Mn

covarlance dilagrams.
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Oxygen;and carbon;isotopic distributions in the separated

fossil and matrix components of the Burlington Limestone and the

Read Bay Formation can bhe reconciled with textural and trace

. . 8
element observations , only 1f it is accepted that the‘1 0

conteh; of ancient oceans differred from tgzbuoérthe present
day. VAccepting these secular variations, th ﬁostulated .5180
of ﬁissiséippian seawater was about 1 %? and of the Up;er
Silurian ;bout 5.$G& lighter than at présent.

’ The estimated average diagenetic shift‘in 5180 of the
Burlington Lfmesténe cénstituents i{s about -3 %o and for the Read

Bay Formation constituents. about -1%e (PDB). Correcting for the

magnitude of secular variation, the probable paleotemperafure

" for the Mississippian sea of lowa and Missouri was 31% 4°¢ and

for the Upper Silurian sea of Arctiec Canada 21 2%.
CalcuTations suggeé; that the Paleozole rTugose coﬁals and

l2C 160

crinoids were not enrtiched in , rather they are in

nd
ligé with expegted_results'for the studiea brachiopods. The
apparent "vital effect" of Recent.;cleracpiniag corals and
crinoids may not be ap-plj.cable to their Paleozoic‘unterparts.
The 513c'of the studied sampies is bimodally distributed,
with 0.5+ 0.4 and +#3.0% 0.7 %o as modes  of the groups. The
light—}3C group is characteristic of inorganically derived

aragonite mud matrix and/or cement precipitated in equilibrium

= ae "
with ambieéwrts seawater. The heavy—}3c group is associated with

samples from organic build-ups or from areas of high

concentrations of skeletal debris. The cement of this group
is organically derived high~Mg calcite and aragonite cement

precipitated in carbon lsotopic disequilibrium with ambient
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seawater.

-

Cementation of the Read Bay Formation sedimenis, which,
in general, fall into the light-l3c group, proceeded in the

‘submarine environment,. On the other hand, most of the
' /

Burlington Limestone samples fall into the heavy—13C group,

04

and were initially cemented in the submarine environment,

followed by subsequent cementation in the meteoric phreatic

+

environment,

While the results show that the carbonate asse;blage
may act as a3 cogpletely bpen diagenetic system (eg. Burlinéton
Limestone), available data for tﬁe majorit§ of studied sequences
suggest that diagenetic equilibration c:;ses while some internal
differences‘in chemical composition only are still preserved.
This supports the concept of éiagenetic stabilization in a
piétly closed reaction zone, which is not in equilibrium with
the bulk aquifer water (eg. Read Bay Formation). TIf so, such
chemical criteria could serve as & potential tool for evaluating
the degree of diagenesis and fo;réstimating the original
composition of the different staﬁilized carbonate phases.

Also diagenetic dolomites from_the Read Bay Formation
were examined in this study. These late diagenetic dolostones
form as a replacement of stabilized low-Mg calgﬁte limestones
with average Sr values of about 450 ppm. This replacement
takes place in the "Dorag" fresh-seawater mixing zone.

This transformation is selective for the matrix (30 to
300 microns), while the a2llochems are uéually replaced By larger

L

crystals, but only after the original matrix has been dolomitized.



M

Any possible origdnal isotopic or chemical differences

within or‘betwepn precursor'iimestones are-eradic@ted during
"Dorag" dolomitization, since{this'diagenétic transformation

proceeds In a more -or less open system with respect ﬁo the
bulk aquifer (pore) Jéter. —

This precludes the .use of trace g}ements and stable
isdtopes as facies, palecenvironmental or paleoflow indicators
for "Dorag" doleostones, while at the same time differentiating

this group of dolostones from the "early diagenetic'" varieties

described by other authors.

o

P
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GENERAL INTRODUCTION

The‘purpose of this study is to resolve geochemical
gradients which may lead to a better understanding.of
.diagenetic stabilization and "Derag" dolomitization of
carbonates, in other words, define the redistribution of trace
elements and stable isotopes of different carbonate components
and phases during limestone and dolostone diagenesis.

For this approach different fossil groups were selected
to represent by analeogy with their ﬁossible Recent ‘counter-
parts, the different carbonate phases (eg. aragonite, high-

Mg calcite and low-Mg calcite). Micrite represents the
originally aragonite phase, while crinoids represent the
originally high-Mg calcite phase and ;rticulate brachiopods
and ?ossibly rugose corals represent the originally llow-Mg
calcite phase.

The fossil components and their enclosing matrix were
collected from the Mississippian Burlington Limestone of
Iowa and Missouri and thg Silurian Read Bay Fofmation - of
Somerset and Cornwallis Islands, Arctic Canada.

The main objectives of the stﬁdy are (l)to define elemental
and isotopic behaviour in the course of Increasing diagenetic
equilibration of carbonate components with meteoric water. If
successful, such criteria, combined with textural studies,
ﬁay be utilized as diagenetic indicators, indicators of the
original mineralogy of carbonate components and means to

evaluate whether diagenetic stabilization of carbonate rocks
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AN
is an equilibrium or disequilibrium process in relation to
bulk aquifer (pore) water and (2) ascertain whether an
increasing degree of dolomitization leads to the evolution
of distinect redistribution patterms of trace, minor and
major elements and stable isotopes in doloston§s and-if so,

whether these changes are accompa

Secondary objectives of thjys study are (a) to evalute
whether doclomitization proceeds via a dissolution -
reprecipitation process either in equilibrium or disequilibrium
with bulk aquifer (pore) water apdr(b) to determine whether
diagenetic dolomite is formed by direct replacement of the
original metastable CaCO3 precursors or through an inter-
mediate gtable caleitic phase.

The dissertatiom is written 1in manuscript style to
facilitate the publication of the results,

Chapter one deals with trace element diagenesis of the
different carbonate components and phases. Chapter two is a
follgw—up of chapter one, in that it examines and attempts
to reconcile the stable isotope results during carbonate
diagenesis with those gleaned from trace elements. Chapter
three is a combined elemental and isotopic study of "Dorag"

dolomitigation.
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"ABSTRACT

Theoretical consideration of diagenetic stabilization b;
meteoric waters suggests that it leads to a decreas in Sr, Na
and possibly Mg and increase in Mn and Fe in prégressively
altered carbonates,

The combination of these elemental patterés and textural
trends shows that the Burlington Limestone (Mississippian,
Iowa and Missouri) was ‘completely equilibrated with meteoric
waters, while the Read Bay Formation (Siluria&, Arctic Canada)
was less affected.

As a consequence, in the Burlington Limestone the rock
matrix (eg. blosparite), the enclosed crinoids (composed
originaliy of metastable high-magnesium calcite) and tb some
degree the rugose corals (composed originally of stable low-
magnesium calcite) are chemically identical. The crinecid
ossicles have an average Sr content of 160 ppm, rugose corals
180 ppm and the enclosing bipgsparite 120 ppm.

In contrast in the Read Bay Formation all the above
mentioned internal components have specific chemistry, with
210 ppm Sr for crinoids, 7892 ppm for rugose corals' and 360 pPpm
for their enclosing miecritic matrix.

The rate at which a-particular intermnal component
approaches the open system equiligrium is dictated by its
respective mineralogical stability. The path of this
equilibration for each fossil group can be traced across facies
on Sr-Mn covariance diagrams. .

While the results show that the carbonate assemblage may

act as a completely open diagenetic system (eg. Burlington



Limestone)L available data for the majority of studied sequences

-

suggest that diagenetic equilibration ceases while some internal
*

-

differences in chemical composition are still preserved. This

supports. the concept of dia&;netic stabilization in a partly

-

closed reaction zone, which 1s not in equilibrium'with the
. - .

bulk aquifer water. If 50, such criteria’ could serve as a
potential tool for evaluating-the degree of diagenesis and
for estimating the original compos;tion of the different
stabilized carbonate phases. .
| REsumE
Une considdration théorique de la stabilisation diagénétique
par les eaux atmosphériques semble indiquer que celle-ci méne
3 une réduction de la teneur en Sr, en Na et peut-@tre en Mg,
et d'une augmentation de la temeur en Mn et en Fe dans les
roches carbdnées progressivement altérées.
ﬁa combinaison de ces modeles é€lémentaires et de ces
tendances texturales indique que le calcaire de Burlington
(Mississippien, Iowa et Missouri) était en équilibre complet
avec les eaux atmosphériques tandis que la formation de Read
Bay (Silurien, Canada arctique) était moins affecté.
Par conséquent, dans le calcaire du Burlingien, la matrice
(ex: biosparite), les Crinofdes qui y sont contenus
(composés primitivement de calcite métastable 3 haute teneur
en magnésium), et, jusqu'd un certain point, les Tétracoral-
liaires (3 l'origine, composés de calcite stable a faible
teneur en magnésium).sont identiques "au point de vue chimique.

En moyenne, la teneur en Sr des ossicules des Crinofdes est

de 160 ppm; des Tétracoralliaires, de 180 ppm et de la matrice
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{(biosparite), de 120 ppm: N . ‘ .

- s . .
- : b ) . & -
En contraste, dans la formation de Read Bay, les constituants
. - - [N s - . -

internes ci-haut mentjionnés gnt une chimie qpractéris;isue,

avec une teneur en Sr de 210 ppm pour les CrinoYdes’, de 780 ppm
. | 3 < .

des Tétracqralliaireé et de 366 ppm pour la matrice de'ﬁic§itg.‘

La Yitesse i laquelle une constituant interne distinct .

s 'approche de l'éqpilibfe d'un systéme ouvert-déﬁend‘de:lé‘
stabilité minétalogique particulidre 'du constituant. Le .
chemin suilvi par chaque groupement fossile pour atgeindfé cet
€quilibre peut &tre tracé d'un faciég i un autﬁe sur des
diagrammes'de covariance de Sr-Mn,. '

Quolque les résultats font veoir que l'assemblage des roches
carbonatées peut agir comme un systéme diagénétique complidtement
ouvert (ex: le calcaire de Burlingtoﬁ), les données disponibles
pour la majorité des séquences étudiées semblent indiquer
que l'équilibrage diagénétique cesse alors que certaines
différences internes de composition chimique sont encore
préservées. Cecl supporte le concepte de la stabilisation
diagénétique dans une zone de réaction en partie fermée, qui
n'est pas en &quilibre avec la masse d'eau souterraine. S$'il
en est bien ainsi, de tels critéres pourront &ventuellement
servir d'outil pour é&valuer le degré de diagénése et pour trouver

la composition -primitive des différentes phases stebilizées

des roches carbonées.

~
~

ZUSAMMENFASSUNG
Die theoretische Betrachtung der diagenetischen Grund-

"~ T
wasserstabilisierung deutet an, dass es zu einer Abnahme von

Sr, Na und mdglicherweise auch von Mg , und zu einer Zunahme



von Mn und Fe, in allm&hlich, ﬁehr und meh}, veranderten
Kalksteinen fﬁhrt.

Die Kombination von diesen elementaren Mustern und dep
strukturellen Tendenzeﬁ'zeiét{ dass in den Gesteinen des
Burlington Kalkséeins (unteres Karbon, Iowa und Missouri) durch
Umkristallisation ein geochemisches Gleichgewicht mit Grund-
wasser hergestellt wurde, wihrend die Gesteine der Read Bay
Formation (oberes Silur, kanadischen Arktis) weniger so beein-

-
trachtigt wurden.

Das Ergebnis ist, dass die Gesteinsmatrix (z.B. der Biosparit),
die.eingeschlossenen Krinoiden (die ursprunglich aus halbstabilen
Hoch-Mg Kalzit zusammengesetzt waren) und zum Teil die rugosen-
Korallen (die trsprunglich aus stabilen Tief-Mg Kalzit zusammen-
gesetzt waren) des Burling%on Kalksteins alle chemisch uUberein-
stimmen. Die Xrinoidenskelette haben einen Sr-Durchschnitts-
gehalt von 160 ppm, die rugosen Korallen haben 180 ppm, und der
einséhligssende Biosparit hat 120 ppm.

Im Gegensatz, zu den oben erwihnten, inneren Bestandteilen,
haben dieselbenr in der Read Bay Formation eilne aftéigene Chemie,
wie 210 ppm Sr in den Xrinoiden, 780 ppm in den rugosen Korallen,
und 360 ppm in der einschliessenden mikritischen ﬂatrix.

Das VerhZltnis, mit welcher Jeder individueller innerer
Bestﬁndteil sich dem offenen Diagenesesystem n3hert, wird von der
mineralogischen Stabilitl3t des betreffenden Bestandteils diktiert.
DeﬁJUmwandlungsweg der verschiedenen Fossilgruppen kann durch

Fazies, auf Sr-Mn Koveranderungsdiagrammen verfolgt werden.

Die Ergebnisse zeigen ausserdem, dass die .-Kalkstein-



s
zusammenflgung, sich wie ein vollstandiges offepes Diagenese-
system (z.B. Burlington Kalkstein) ﬁerhalten kann, jedoch
vorhandene Mehfheitswefte von étuéierten Karbogatschichten
deuten an, da;s die Diageneseumwandlung anﬁalt, wahrend noch
einige innere Erhgltungsuntersph;ede-in der cﬁgmischen
Zusammensetzung erhalten sind. o _" . )

Dies bestitigt die Auffassung, dass die diagenetische
Stabilisierung in einer teilweise, geschloséenen Reaktionzone
vor sich geht, welche zum Hauptteil nicht im Equilibrations=~
zustand mit dem Grundwasser steht.

In diesem Fall kdnnen solche Normen als latente
Instrumente benutzt werden, um den Diagenesegrad abzuschatzen,
und um die wrspringliche Beschaffenheit der verschiedenen,

stabilisierten Karbonatphasen zu berechnen.



INTRODUCTION

Carbonate diagenesis has intrigued and puzzied geologists

since Sorby in 1879 looked at carbgnate rocks in thin sectioms.

Up to the present diagenesis was usually defiﬁed as changes in

the chemical distribution ;fuelements, changes in the structure

of individual carbonate partiéles and changes: in texture of the
accumulated sediment (Pettijohn, 1957, »p. 3Q5). These changes take
place at or near earth-surface conditions and the transformation
involves cementation, E;mpaction and stabilization of the
unconsolidated material to form indurated rock.

Previous.studies of the above mentioned processes were.
usually confined to one or two major.or trace elements, or
isotopes, or were simply of a petrographic nature. In the last
twenty vears, fthese different approaches Lave been supplemented
by Scanning Electron Microscope studies of different carbonate
components. ¢

Caébonate rock or sediment is a composite of wvarious

€

constituents, which differ structurally, texturally and

. a .
chemically. 1In order to minimize sg£he heterogeneity in observed

diagenetic trends induced by the original components, the main
constituents_of the rocks were studied separately. These were
the crinoids, brachiépods, rugose corals and their enclosing
rock matrix and/or cement. This material came from the Pridolian
(Upper Silurian) Read Bay Formation of Somerset and Cormwallis
Islapds and fromithe Osagian (Mississippian) Burlington Limestone
of Iowa and Missouri (Uyeno, 1977; Harris & Parker, 1964).

The main objective of the present study is to define

elemental behaviour in the course of increasing diagenetic

*



‘equilibration of carbonate components with meteoric water. 1t
successful, such criteria, combined with textural and isotope
studies, may be utilized as (a) diagenetic indicators,

(b) indicators of the original mineralogy of carbonate

components, aud {(c) means to evaluate whether the diagenetic

stabilization of carbonate rocks is an equilibrium or

disequilibrium process in relation to bulk aquifer water.
- ‘/-\



.aﬁproximately 250 n (Jomnes, 197&§‘Jones & Dixon, 1977; Savelle,

_be correlated with Member A of the Read Bay on Cornwallis

. . 8
REGIOMAL GEOLOGY

b Arctic Canada

The'f1F§t systematic study of,A;ctic Geology was initiated
in 1950 by Y.0. Fortier and R. Thorsteinsson of the Geological
Survey of Canada. Thorsteinsson (1558) designated two type
séctions for the Read Bay -Formation.on the east coast of

Cornwallis Island, one at Goodsir Creek for Memhers A and B,

and one in an unnamed creek at Read Bay for Members C and D.
L
.The Read Bay Formation of Somerset Island according to

-

Gibling & Narbonne (1977, p. 1148)v"... is composed of nodular

and wavy-bedded, mottled and argilliaceous limestones with rare

Tt

'
oolitic and shelly calcarenites ... . Joned & Dixon (1977)
gave a detailed account of the boundaries and stratigraphic

desctiptions of the formation on northern Somerset Island.
\" <

The average thickness of the formation on Somerset Island™is

»
—_— h

~thesis, ;979). The Read Bay Formation of Somerset Island can

o«

Island (Gibling & Narbonme, 1977). ‘ J

.The materizl collected from the Read Bay Formation of

i
Cornwallis Island came from Member C, which according to

Thorsteinsson (1970, p.558-559) consists of 3775 feet (1151‘m)
of "... beds similar to Member A, but with biostromal and
biohermal developments that are thicker and commonly B

dolomitized ...". Inclement weather in 1958 prevented

Thorsteinsson from completing his work at Read . Bay and a

detailed account of Member € at its type section,is still not

.. X RN
-

-

oA
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completed. His graphic measurements indicated a thickness of

about 4725 feet (1440 m) for Member C (Thorsteinsson, 1958).

I; the summer of 1977 the author measured the thickness
of he?ber C ;t Réad Bay as 1510 m. This ;ompéres close{y to
graphic and bed-by-bed measurments (1290 m and 1272 m,
'respectivelyi obtained by J.J. Packard (1978, pers. comﬁ.).

Arctic samples came from the Read Bay Formafion at Garnier
Bay, %ury Beach, Crésweli Bay and‘Cape Garry of Somerset Island
and from Member C of "the Read Bay Formation at Goodsir Creek,
Depot Point Lake, Read Bay and\Cape Rescue on the eést coast of
Cornwallis Islan& (Fig. "I-1). TFor detailed lithologic aﬁd
stratigraphic descriptions of these localities see Jonmes (1974),
Jones & Dixon (1977), Mayr (1978) -and Gibling & Narbonmne (1977)
and Appendix I.
| !

Iowa and Missouri

-

The Burlington Limestone from which the remainder of the
samples were collected was named by James Hall (1857) to replace
‘the term "Encrinital Group of Burlington” of Owen (1852). The

type section of the Burlington Limestone is in Crape Park,

Burlingron, Iowa (Owen, 1852). . There the formation forms a

northeast— facing escarpment overlooking the Mississippi River.

According to Spremng (1961, p. 149) the formation generally

tt

has a "... coarse grained, crinoidal, light-colored, stylelitic
character ...". Harris & Parker (1964) studied the formatien .
in detail in Iowa and subdivided it into the Dolbee Creek, ’

Haight Creek and Cedar Fork Creek Members. These subdivisions
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X-SAMPLE AREA

: . - km
- CORNWALLIS «care rescue ..0 20
\x READ BAY
_ ISLAND { oeror poinT LakE
x]GOODSIR CREEK
N

. BARROW . STRAIT

GARNIER BAY

X

SOMERSET

Fig. I-1. Geographiec setting and loecations of sections
in the Read Bay Formation on Cornwallis and Somerset Islands,

Arctiec Canada.
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could be-followed into the subsurface of northwestern Iowa and
into adjacent counties in northeastern Missouri.4§

However, in other parts of Missouri ;heée §hbdivisions
cannot be recognized. For example, in southwestérn Missouri,
the ggrlington Limestone is difficult to distinguish
lithologically from the overlying Keokuk Formation. .Thus some
authors such as Tho;pson‘& Fellows (1969) combine the two
formations into one unit. However, they can be distinguished
by means of their distinct crinoid faunas (§. Fagerlin, 1978,
bers. comm. ) . In northeastern Missouri, the Burlington
Limestone is divided into Lower and Upper Members on the basis
of its crinoid fauna (Moore, 1928).

Samples from the Burlington Limestone were collected in
the Burlington ané Mediapolis areas of Iowa, and the éolumbia
and Springfield areas of Missourd (Fig. I-2). For detailed

locality and faunal descriptions see Moore (1928), Thompson &

Fellows (1969) and Harris & Parker (1964) and Appendix I..
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Fig. I-2. Geographic setting and locations of studied {

sample areas of the Burlington Limestone in Yowa and Missouri.
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PETROGRAPHY

Read Bay Formation

The Read Bay Formation of Somerset Island consists of
ﬁicrite/and biomicrite with br;chiopods and crinoids being the
most abundant allochems (T;ble I-1). The samples from Member C
of the Read Bay Formation of Cornwallis Island are
lithologically more complex. Variations from micrite to
microspar, biomicrite to biosparite (neomorphic spar)’and
various degrees of dolomitization are all represenged (Table 1I-1
and Appendix II). Extensive bioherm and reef developments are
commoﬁly dolomitized. The most abundant allochems of the
biocherms and biostromes are brachiopods, crinoids, corals and
gastropods.

In general the Read Bay Formation of Cormwallis and
Somerset Islands according to Mayr (1978, p. 21) "... consists
of light to medium brown-grey lime mudstone with interbeds of
skeletal or lump grainstone and light to medium brown limestone
interbedded with light grey-brown dolomite ...".

The rugose corals used (Mucophyllum and similar forms

Eith massive theca; W.G. Parkiné, 1979 pers. comm.) are well
preserved, even with fine.trabeéular structures recognizable
in some thin sections. Their systematics and paleocecology are
currently being studied by W.G. Parkins at the University of
Qttawa. Silicification of the corals is not extensive and
usﬁally restricted to their rootlets and/or a thin layer just

g
beneath their thecal walls.
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READ BAY FM. . )
J
Somerset Is. 2
W
Garnier Bay X XX X XX X %X x X X X x X
Fury Beach x XX XXX X X X X X X X x
Creswell Bay x X xx x =~ x
Cape Garry x X x X x x
Cornwallis Is.
Cape Rescue XX XX XXX X X x X X X X x
Read Bay X XX XXXX X x X X x x X X
Depot Pt Lake| x XX XX X X X X 2 X X X X
~ Goodsir Creek XX XX XX XX X x X 3 X X X X X
1
BURLINGTON LST. ;
Iowa
Burlington X X X X XX x 3 X X
Mediapolis x X X x X X X x ¢ X X x
Missouri
Columbia x X x x X X X Xe X x? x X X
Springfield x x X X x x x x

Table I-1. Summary of micro- and macroscopic petrographic

observations of the studied samples.

detailed account of

(Note x =present)

each locality see Appendix II.

For a more
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The crinoids sampled included Carpocrinus arcticus (Frest

& Stripple, 1977) and a new unidentified crinoid. Preservation
overall is good, with dolomite replacement most extensive in
the samples from Cape Rescue. This is discussed more fully in

chapter III. ®

Burlington Limestone

The Burlington Limestome of Iowa and Missouri 1s mainly
bioclastic limestome composed of crinoidal stem and plate fragments
(Table I-1).It ranges from calcarenite ;odcalcirudite (crinoidal
biosparrudite) (Harris & Parker, 1964). The formation contains
chert nodules which constitute up te 5 percent of the formation.
Hpwever, these were not sampled for the present study.

ﬁrachiopods in the Burlington Limestone are usually well
preserved and exhibit the distinctive single or two layered
shell structure (cf. Bathurst, 1971). The brachiopods used in

this study belong to the genus Dictyoclostus.

The crinoids collected from the Burlington Limestone

belong to the genus Platycrinites. The ones from Iowa are
-

extensively silicified (up to 30 percent), while the crinoid

ossicles from Missouri are less silicified.

The rugose corals used are the genera Triplophyllites

and Amplexus. Their overall ﬁoor preservation and fragmented
nature made more precise i1dentification impossible. The
specimens from Iowa are extensively replaced by chalcedony

(up to 50 percent}; the samples from Missouri are considerably

less silicified.
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ORIGIﬁAL COMPONENT MINERALOGY
Crinoilds

All authors agree that on the basis of mineralogical and

——

fine structural observations both Recent and fossil crinoids
secreted a high-Mg calecite (= HMC 6 8-16 mole % ﬁgCO3) eqdoskeletdn

(Table I-2). Therefore the crinoids were selected to serve as

the standard for the HMC phase.

Brachiopods

All auvthors, except one, agree that on the basis of
mineralogical and fine structural observations both Recent and
fossil articulate brachiopods Were, as already stated by Chave
(1554, p.279) "...composed of calcite containing less than 4
per cent magnesium carbonate...” (Table I-2). Therefore,
brachiopods were selected as the low-Mg calcite (=LMC) standard.

Rugose Corals

There is no general agreement as to the original
mineralogy of the rugose corals (Table I-2). This was seen as
an opportunity to utilize chemical techniques and textural
studies simultaneously to test whether they could shed some
light on the original mineralogy of this particular componment.
The reader is referred te Sandberg (1975) for a concise and
encompassing synopsis of the structures and mineralogy of the

rugose corals.

Micrite

About half of the fossil components for this study were
collected from the limestones of the Read Bay Formation,
which for the most part are mottled micrites and biomicrites.

These samples are mostly a uni-component assemblage, with
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Table I-2, Summary of the original mineralegy of the
different fossil groups (Note C* =caleite

N with unspecified Mg content).

CRINOIDS

AUTHORS

fos
=
o

LMC

Chave,1954
Lowenstam,1963
Weber,1969
Bathurst,1971
Richter,1872
McQueen et al.,1974
Milliman,l974
Neugebauer,1978

M Ad AN

W

BRACHIOPODS

Chave, 1954
Lowenstam,1961
Williams, 1968
Bathurst,1971
Veizer,1971
Richter,1972
Sandberg,1975

Jaanusson, 1966

E

MM K MU

RUGOSE CORALS

Sorauf,1971

Oekenterp,1972
Fenninger & Flajs,1974
Flugel,1975;1976

Richter,1972

Sorauf 1977

Richter & Fuchtbauer,
- 1978

Lowenstam, 1963
Veizer,1978

Stehli,1l956
Lowenstam,1961

.Kato,1963

Bathurst,1971
Sandberg, 1975
Zorn,1977

x(?)

E]

x{?)

(Note ?

uncertainty of author as to mineralogy).
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only minor amounts of other mineralogical components. 1In analogy
with their Holocene counterparts these micritic limestones are
believed to be diagenetically stabillized aragonitic mgds (Veizer
et al., 1978), since most shallow Qater muds and cemeqt%

(eg. Read Bay Formation) are aragonite (Milliman & Mliller, 1978).
Therefore, the micriti; bulk rock, excluding the extracﬁed fossil

allochems is believed and used here to represent an original

aragonitic (= A) mineralogical phase.
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ANALYTICAL TECHNIQUES

The crinoid ossicles, the coral coralla and the
brachiopod valves, were manually separated from their enclosing
rocks. The extracted fossils were treated with 15 3 V/v) HCl
to remove their outermost layer. This was done to minimize
possible contamination of the irregular outer layers of the
fossils by their enclosing rock.

A totdl of three hundred and seventeen fossil and rock
samples were . treated with 40 ml of 3 Z (8 7 v/_v) BCl for 5%
hours. Leaching experiments showed that the insoluble residue

(I.R.) stabilized after about 4-7 hours for limestones and

1
\

after about 5-8 hours for dolostones. After this time the I.R.
was extensively leached. Furthermore, to keep Na contamination
to a minimum gloves were worm during all preparatory stages.

Strontium, manganese, sodium, iron, aluminium, magnesium
and calcium were determined on a Varian-Techtron 6R Atomic
Absorption Spectrophotometer. Sr and Al were analysed in an
acetylene-nitrous oxide flame, while Mn, Na, Fe, Mg, and Ca
were determinedt;n an air-acetyleﬁe flame.

Ca was added only to Na calibratiom sclutions (Veizer et
al., 1977); Sr(N03)2 was added to Mg sample, calibration and

standard rock solutions (Abbey et al., 1974); KCl was added to

Al sample, calibration and standard rock solutions (Xretz,

~

1970); LaCl3 : 6H20'was added to Ca sample, calibration and
M T
standard rock solutions (4bbey et al., 1974); KCI (2000 ppm K)

was added to Sr sample, calibration and standard rock solutions.
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Kverage accufacy and reproducibility, as compared with
recommended values for N.B.S. (1b, Sgal 1914); Z.G.I. (TB, KH)
and U.S5.6.5. (G-2, BCR-1) standardé¥6cks (Flanagan, 1973; |
Abbey, 1975) were as follows: St (8.3, 2.1), Ma (8.1, 2.2),
Na (11.0, 6.2), Fe (8.4, 2.2), Al (5.4, 9.3), Mg (8.5, 2.5)
and Ca (6.3, 1.6) relative percent, respectively.

Insoluble residue was determined gravimetrically by
ashing the filter paper at 900°C for 2 hours. Average
reproducibility was 5.0 relative percent.

; Thesphemical data 1is pfesented in Appendix III.
@gﬁ For data reduction'and compilation, the SPSS package,
version 6 (Nie et al., 1975) was utilized. Factor analyses
were done using the PA 2 procedure with Varimax rotation.
Analyses were performeé on a IBM 360 computer. R

All discussion in the text is based on conce;trations
recalculated on the total carbonate {insoluble residue-free)

basis.
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TEEORETICAL CONCEPTS

The post-depositional stabilization of an original

metastable carbonate assemblage is achieved through complimentary

textural, mineralogical and chemical changes. The chemical
behaviour of a simplified carbonate system is. treated in detail

by Garrels & Christ (1963), and the ?verail reaction can be

wrltten as:

T LY SE

. ;
-+ b o "
Caco3 Ezo 002 == Fa(HCOB)z

4

(I-1)

"
The process as represented by gquation (I-1) is a wet

dissolution - reprecipitation reacti§n (Bathurst,1971,p.239).Trace

2+ w2t ug?t, Fett, pb2*, zn?* and Nat

v
]

will substitute, to varying degrees,ifor Gaz+ in the CaCoO

elements such as Sr

3
lattice. This substitution can be i@ the following forms:
1) diadochiec, 2) interstitial, 3) édsorption-for'unsacisfied

charges and 4) filling af unoccupiea lattice positions in

" lattice defects of the structure.

The original carbonate phase, precipitated in inorganic
or biogenic equilibrium with sehwatér'will incorporate 1its
trace elements and stable isotopes in equilibrium with the
ambient seawater. This phase, upon exposure to meteoric water,
will dissolve partially or fully, exchange and mix its trace
elements and stable isotopes with those in the interstitial
water, and réprgcipitate as diagenetic low-Mg calcite (dLMC) .
The dLMC will ﬁave trace element and isotopic compositionm,
which 1s shifted in the direction of equilibrium with the

jnterstitial meteoric water. Since such water, in general,
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. A
-\b

contains ‘less Sr,-Na and'Hg (and lighter 8180, 513

C) and more .

Mn, Fe and Zn (cf. Turekian, 19#2, Table 6-~3), the above
. ) . - - -

process- should'lead to a lowering of Sr .and Na and an increase

.
-

- ‘. ' .: in Mn, Fe and Zn in dLMC (Fig. 1;3),‘ It can iead-to either
depletion or enrichment of Mg depending on whether the original

. / phaSe was either HMC or LMC and A. The rate at which the

t/// compogition of the dLHC approaches equilibrium with meteoric

/ *
’H/,__;/?“:_;/*jjéé depends on the water/rock ratio involved. The higher

this ratio;(due to increasing openness of the diagenetic system
| and/or inoreasing number of dissolution - reprecipitation
events) the closer the equlllbiium with meteoric water will be.
The above Teasoning app%les to.the q:ansformatiop of .the
" original metgstable caquhate c&ﬁponents:ahd matrix into dLMC.
ThF concomitant oqclusfon of poré spégg in.ﬁhe matrix is
échieved b§ éompaction.dnd ceﬁentagion; If the latter procegdg
;‘ in the marine enviFonment,the.precipitatéd cement'gill be
gubject ;d'a'sequence ofvevents similar to tHat.affecting‘the
- ‘matrix and éomponentg dﬁfing subsequent meteoric séabilization.
In dont;agt, éement p;e;ipitatéd in the meteoric éﬁvironment
is LMC in equiiib;ium wigh ambiént meteoric water. Therefore,
\depepding or the bro?oftion'of eithe; cement,-the sémple would
beffurther from or closer to equilibrium with‘meteori; water,
Furthérmére, for fully or partly opég diagenetic systems
(the point to be'a;gued.latef in the text), single or multiple

solution - preci?itation events will lead, in general, to a

decrease of concentrations for the elements with K
‘ calcite-water

-
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Fig. I-3. Elemental and isotgﬁic changes during

.

diagenetic stabilization of 03003 with meteoric water. .CSW x
calcium carbonate in equilibrium with seawater; CMW = cp@lci

carbonate _{dLMC) §n,equiiibrium with meteoric water.n_TIHe

'
#

isotopij?compos}tions of CSw and CMw are from Gross ﬁl964),

Keith & Weber {(1964), Choquette (1968), Degens & Epsteip~(1964),

»

Murata Ei al. (1969), Veizer & Fritz (1976) and Hudson (1977).

The following are ranges for partition coefficienfts at earth

c

surface conditions for calcite: KSr = 0.055 to 0.27 (Holland
et al.,1964; Holland,1966; Kinsman,1969; Katz et al.,1972;
Ichikuni,1973): K;ad= 2.0. 10_S to 3.0 10_5 (Mdller et al.,

1976; White,1978); K:g = 0.02 to 0.06 (Winland,1969; Benson &

Matthews,1971; Alexandersson,l1972; Richter & Fﬁchtbauer,l9781;

K;eﬂ= 1 to 20 (Veizer,lé?&; Richter & Flchtbauer,1978);
K;n;: 5.2 to 5.5 (Crocket & Winchester,1966; Dardenne,1967);
c R ~ . -

KMn:= 5.4 to 1700 -(Bodine et al.,1965; Crocket & Winchester,

-

1966; Michard,1968; Ichikuni,1973). The large ranges for some
0of the paftition’coeffidients are possibly due to the different

nature of the experiments (ie. direet precipitation from

-
-

solutioen; disbkolution-precipitation; etc.; for further discussion

and detzails the reader 1is referred to the authors).

18,16

The following are the fractionation factors for o/""0,
R
c ' : 13,12

=c x = 1.0286 (0O'Neil & Epstein,l1966) and for c/ "¢,

- - W )

Rc :
e T = 1.00185 (Emrich et 3&.,1970). The increase and/or
HC03

decrease of (Hg) depends on the original carbonate phase
*
(A, HMC, LMC). The decrease of (513C) is discussed in chapter

!_ZVO.
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< 1 (Sr, Na, Mg) and to an increase for those with K>1 (Mn,
Fe, Zn) (cf. Fig. I-3). The greater the deviation of a
particular partition coeffigient from Uhit§ the stronger the
depletion or enrichment for a given degree of di;genetic

-

equilibration.

\

The partition coefficient is defined at low activities

by the follow®wg equation:

)

(m_ / m_) . (1-2)

In equation (I-2), t stands for the trace (minor) element,

¢ is the carrie:l(major) element, s 1§ the solid phase, 1. is
the liquid (Solution),'m is the moles of the trace and carrier
elements and K is “the partition coefficient (McIntire, 1963).
This partition coefficient defines inorganically precipitated

carbeonates (A, HMC, LMC and Dolomite). Usually this

relationship also applies to biologically precipitated carbonates.

c-biol. Kc—inbrg.

. this is referred teo
element element

However, yhen K
as biological fractionation (ie. vital effect), and the contrels
of this fractionation process are as yet not fully understood
(Lowenstam, 1961; Milliman, 197&4). For more details and a
comprehensive discussion of partitioq theory see McIntire (1963).
) The thermodynamic stability of a particular carbonate
phase in seawater and meteoric water will, to some degree,
control the rate atdwhich the above discussed équilibration

will take place. HEMC, A and LMC are stable. in the original

depositional marine environment (Kitano & Hood, 1962; Winland,
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1969; M8ller & Xubanek, 1976; LMC is stable because seawater
is supersatura£ed with respect to calcite). In the diagenetic
meteoric environment HMC and A are metastable, while LMC is the
stable phase (Jansen & Kitamo, 1963; Friedman, 1964; Taft &
Harbaugh, 1964; Lapd, 1967; Schroeder, 1969; 1972; 1973). The
two metastable p%ases (HMC and A) will undergo rapid alteration
to a more stable phase in meteoric water, while LMC should
resist alteration in this diagenetic environment. The latter
should retain its original chemical imprint, while the former
will this characteristi; with stabilization;

| Finally, solid - state diffusion could affect the

chemical make~up of the carbonate phase. However, diffusion

has been found to be slow, so that it only plays minor part in
-/f/elemental equilibration and redistribution (Urey et al., 1957;
Anderson, 1969; Billings & Ragland, 1968; Bathurst, 1971, p.464).
In summary, increasiang diagenetic alteration (équilibration
with meteoric water) should lead to an enrichment of‘Mn and TFe
and depletion of Sf, Na and possibiy Mg in the final producf
(dLMC). It should‘%e noted, that this diagenefic equilibration
is achieved by a combination of factors. As a consequence of
different compositions of sea and meteoric water and variable
f/_‘_‘-\'
partition coefficients as well as water/rock ratios, the.
progression in dissolution - reprecipi;ation events sheould lead
to a more pronounced displacement ig chemical composition as
well as tﬁ greater textural maturity. Tﬁus a textural

alteration trend (eg. micrite - microspar - pseudospar) should

be accompanied by Sr, Na and possibly Mg depletion and Mn and
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Fe enrichment. This covariance is solely a resu;t of post-
depositional ppenomena. In contrast, a biomicrite - biosparite
sequence may conform with the above predicted chemical trends
not‘only dve to metastable precursor to dLMC transformation,
but also because the oé&ginal porosity of the latter was
higher and thus it contains a higher prbportion of meteoric
cement in a given sample volume. Most natural-sitpations
involve a combination of thé above factors. However, as a
generalization, the high porosity facies are probably
characterized by more meteoric cement as well as greater
equilibration of the matrix .(due to higher water/rock ratio AN
of the stabilizing meteoric system).

"The above described approaéh has been previously
utilized by Veizerr(1974).and Veizer & Fritz (1976) in their
study of belemnites and by Pingitore (1976; 1978) evaluating

the diagenetic history of scleractinian corals and the reader

is referred to these papers for further details.

o
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EVALUATION OF RESULTS

. General considerations

Following the discugsion in the previous section, Sr, Na
and possibly Mg should decrease, whiie Fe and Mn should
increase with increasing diagenetic equilibration. Factor
analysils of the data shows that three factors account for all
variations in the measured variables (Table I-3). Factor 1,
which controls most of the variance -for I.R., Al and Fe,
fepresents leaching of the two elements during acid digestion
o% the samples from the I.R. (cf. chapter two for additioﬁal
discussion of Fe distribution). The second most important
factor 1is dolom;tization with an inverse relationship between
Mg and Ca, This will be discussed fﬁrther in chapter three.
Factor 3<depicts the changes with diagenetic equilibration.
As was predicted from theory; an excellent negative correlation
exists between ﬁn and Sr and to some ;egree with Mg. Since
Sr-Mn (Fig. I-~4) gives the best resolution for the diagenetic
trend, thfs-covariance will be utilized in the subsequent

discussion.

The above chemical trend is accompanied by an increase in

textural maturity (from micrite in Field 2 to micrite, microspar’

and minor pseudospar in Field 3), and by an 1increase in the
amount of cement (Fig. I-4). The trend of the dolomite field
(32) will be discussed in chapter three.

The biosparite samples of the Burdington Limestone also

conform to the predicted textural - chemical covariance pattern.

Field 4 represents crinoids and associated biosparite, while
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Factor 1 Factor 2 Factor 3
log I.R. 0163213 -0.06898 6.10141
log Mn 0717713 -0.22754 -0.95470
log Sr 0.2712? -0.27737 0,57112
log Fe 0.80661 0.28347 -0.10275
log Al 0.91194 0.23865 0.13602
log Na 0.23138 0.20617 -0.08390
log Mg 0.31302 0.80008 0.37986
Yog Ca -0.05703 - -0.71196 0.09544
Factor Pct. of Var, Diagnosis
E {\51.& laboratory leaching*
2 H28.l dolomitizatien

3 \2\0.5

diagenetic equilibration
Table I-3. Factor analysis (Varimax rotated factor matrix)
of all the studied samples (N=317).

(Note * additional interpretation in chapter II).
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Fig. I-4. General trend for the samples %rom the
different regional localities. Field 1 rtepresents the
theoretical possible ranges for A, HMC ard LMC in inorganic
and organic equilibrium with present day seawater (Chave,

1954; Lowenstam, 1961; Bathurst, 1971 and Milliman, 1974).
Field 2 represents samples from the Read Bay Formation of
Somerset Island. Field 3 represents the Read Bay Formation
samples from Cornwallis Island; field 3a represents dolomitic
Read Bay Formation samples from Cape Rescue, Cornwallis Island.
Field 4 and 6 represent samples from the Burlingten Limestone

of Missouri. Fileld 5 represents Burlington Limestone samples

from Iowa.
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Field 6 represents LMC-fossils from the Burlington Limestone
of Missouri. The biaosparite of Field 4 shows a marine stage
of cementation (lSE-generation non-ferroan calcite) followed
by a non-marine one (2hd-generat10n ferroan calcite I and II)
(Richter & Fuchtbauer, 1978) (Table I-1 and Aﬁpgndix II. In
Field 5 a similar sequenée is observed, except that the non-
marine cement is more pronounced and also silicification is
extensive (Table I-1). Therefore, the biomicrite (fields 2-3)
to blosparite (fields 4-5) chemical trend is a consequence of
increasing prOportioﬁs of meteoric cement as well as of tge
greater equilibration of the asscciated matrix and allochems
with meteoric water. "

In order to discount variations in this chemical trend
due to pooling of data for various mineralogical phases, the

results will be discussed separately for each mineralogy.

High-Mg calcite

Factor analysis of the presumed original HMC-crinoids
depicts a two stage diagenetic tremd (factors 1 and 3) (Table
I-4). Factor 1, thougﬁ can be divided into two parts, whére
the Ca and I.R. variation can be related to silicification
(evident in the crinoids from Iowa), while Mn and Na and,
possibly Mg, variation relates to diagenetic equilibration of
the Burlington crinoids. Laboratory leaching of Al and Fe from
aluminosilicates (I.R.) is represented by factor 2 (see chapter
two for additional discussion). The two diagenetic factors,

1 and 3, are evident on the Sr-Mn graph for HMC (Fig. I-5).

~
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Factor 1l- Factor Factor 3

log I.R. 0.45495 .0.67581 -0.,09477
log Mn 0.72525 0.24365 -0,30013
log St -0.00285 0.08781 0.46143
log Fe -0.08642 0.72470 -0.04338
log Al ~0.05807 0.82579 0.01290
log Na 0.23682 0.09227 —0.44958
log Mg -0.95275 0.22561 -0.15989
leg Ca 0.47170 -0.29726 0.69720
Factor Pct. of Var. Diagnosis

1 42,2 diagenetic equilibration I

and silicification

2 §0.2 laboratory leaching¥®

3 17.7 diagenetic’equilibratiop II
Table I-4. TFactor analysis (Varimax rotated factor matrix)

of BMC - crinoids (N =118).

(Note * additional interpretation in chapter I1).
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Fig. I-5. HMC alteratiom with diageﬁetic stabilization
by meteoric water. The HMC field defines the theoretical
possible range of this phase 'in inorganic and organic
equilibrium with present day seawater‘(Chave, 1954; Bathurst, ‘
1971; Milliman, 1974). The @ denotes the crinoid sampies from
the Read Bay Formation of Somerset and Coranwallis Islands.

The O represents the?crinoids from Towa and Missouri, while &
represents their enciosing crinoidal biosparite (Burlington
Limestone). The M 1is an average valué of 2 crinoidal |
biosparite from the Mesozoic of Czechoslovakia (Veizer & Demovicg,
15%4). Population I (=% 210 ppm Mn) is represented by the
material from the Read Bay Formation and from the Mesozoic of
Ezechoslovakia, while Population II (= 210 ppm Mn) is defined

by the material £from the Burlington Limestone.
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On.the left side of the diagram (2:2i0 ppm Mn)
representing the Read Bay Formation samples, theASr”depietiona’
is five times faster than the Mn enrichment (factor 3, Table
I-4). This 1is accompanied by Mg depletion (factor 1), which
perhaps is related to the inéreasing "purification" of.dLﬁC of
nicrodolomite inclusions (cf. Lohmann-& Meyvers, 1977, for
further discussion). Population two (3 210 ppm Mn; Burlinéton
Limestone samples) shows only small'Sr depletion with iﬁcreasing‘
Ma content {(factor 3, Table I-4) (Fig. I-5). Both populations

also display increasing silicification (I.R,ﬂQQ factor 1) with

LAY

increasing Mn content. The relatively st;ble Sg;éontent of
dLMC suggests that the measured concentrations are close to ité
equilibriumr value with the interstitial metééric water, while
Mn (being controlled by Eh) could have been végiable, and mostly
associated.with precipitated meteoric syntaxial cement (Table
I-1, Appendix II). .

The ¢rinoidal biosparites (this study and Veizer &
Demovié, 1974&) follow 2 pattern similar to that for the crinoids,
even though these are multi-component and ﬁulti~phase bulk
samples. This substantiates the assertion of Lohmann & Meyers

(1977) that the crinoidal syntaxial cement,(ISt—generation only,

Table I-1 and Appendix II) most likely was originally HMC.

Aragonite
'Fac:or analysis of the presumed original A—Qicrite samples
shows that laboratory leaching is the domimant controlling factor
of trace element variations, particularly those of Al and Fe

(Table I-5) (see chapter two feor further discussion).

e ) - -

4

-
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<
Factor 1 - Factor 2 Factor 3
log I.R. 0.93359 -0.20271 ©0.14690
log Mo -0.01477 0.0512% -0.41447
log Sr 0.47455 -0.60146 : 0.31866
log Fe 0.84654 0.194?9 . —0.15442
" log Al 0.87848 . —0.05364 0.15633
1/@3\1«:; 0.42800 0.64622 0.40915
log Mg | -0.05644 0.92032 -0.05366
log Ca © 0.01539 ~0.91076 0.13440
Factor Pet. of Varx. ) Diagnosis
1 50.6 laboratory leaching*
2 42.2 dolomitization
ﬂa 3 ' 7.2 &iageuetic equilibration

Table I-5. Factor analysis (Varimax rotated factor matrix)

A

of A - micrite (N=96).

~ (Note * additional interpretation in chapter II).
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.Fig. I-6. “Equilibration trend of A - micrite with
meteoriﬁ ;ater., The' A field outlines the thecretical Possible
range)of iqugénic‘aragonite inheéuilibfium with pregznt day
'seawgter (Kinsman, 1969;.Bathurst, 1971 Milliman, 1974). The
¢ and © represeﬁt micri&e and doibgitic samples from kthe
Read Ba§ Formation of Soméréet and Cornwallis Islands; they
confain“z 30,000 ppm Mg and > 36,000 pbmng, respectively.
Thé A ané Ja Eefresent,éverage concentrations of similar

facies from the Mesozoic of the Carpathians (Czechoslovakia)
i

(Veizer & Demovil, 1974). "All the studied A - quFite;samﬁx;s

.fall into Population I (< 210 ppm Mn).

oy



37

-

.Dolomitization, factor 2, causes an increase in Mg and Na
.and a simultaneous decrgépe in Ca and Sr (see chapter three for
further discussion). Factor 3 is diagenetic equilibratiof
léading.to repartition of Sr, Nz and Mn. |
DBlomifigaciqn and diagenetic equilibration account for
Ythe rgpid loss of Sr (A~ 1-2 orders of magnitude; Fig. I-6) and
Na as well as the slight }ncrease in Mn (factors 2 and 3, Table
I-5). This tfend is similar to that for population one (% 210
‘ppm Mn; Fig. I-5). Unfo;tunately, the majority of the material
is mic;ite-mic:ospa; with minor amounts of pseudospa¥ and

B

sparite. Further research is needed to investigate the complete

transition of micrite to pseudospar.

Low=-Mg calcite

"LMC fossils should-behaié;differenzly from the two previous
phases sinée LMC is stable botﬁ-in the maripe (ﬁué to supér—
séturation; Garrels & Christ, ﬁéSS, p. 375; Krauskopf, i967,
.chapter three; Bathurst, lé?l, chapter six) and ghe diagenetic
meteofic environments (cf. the section, "Theoretical Concepts).
Factor analysis of the présumed LMC phases shows that
diagenetic equilibration (inverse relationship between Sr and

Mn and to some degree Mg) is the dominant factor (Table 1I-6).

Laboratory leaching of Al and Fe from the I.R. and biological
fractionation account for the remainder of the total themical.

variéﬁion (factors 2 and 3, respectively). - ~ ' g

The rugose coral data fall close to the predicted

1

thédretical LMC field and with increasing dilagenetic equilibrétion
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Factor Factor 2 Factor
i;g I.R. 0.19502 0.92112 0.02931
log Mn . =-0.98645 0.14506 0.03826
log Srx 9.96076 -0.06305 0.16065
log Fe ~0.36937 . 0.75090 ~0.09816
log Al 0.01284 0.86960 -0.04927
log N; 0.03941 0.00897 0.93259
loé Mg 0.66734 0.25214 -0.51585
.log Ca 0.39412 . 0.32615 -0.24540
~

Factor Pct. of Var. Diagnosis

1 43.4 diagenetic equilibration

2 38.6 laboratory leaching*

3 | ‘ ‘18;0 bioclogical fractionation
Table I-6. Factor analysis (Variﬁax rotated factor matrix)

of LMC -~ fossils (brachiopods and rugose corals).
(Note * additional interpretation in chapter II).

(N =40)
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. LMC - -
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Fig. I-7. Diagenetic equilibration of LMC-fossil groups
with meteoric water. The LMC field delineates the theoretical
possible range of LMC in inorganic (?) and organic equilibrium

with present day seawater (Lowenstam, 1961, 1963; Bathurst,

1971; Milliman, 1974). The ® and O represent rugose corals

from Arctic Canada and Iowa azi%gggsouri, respectively., The
A represents brachiopods from the Burlington Limestone

(Iowa and Missouri). The & and + represent average values

for Paleozoic brachiopods and Mesozeoilic belemnites, respectively'

(Veizer, 1971, 1974).
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follow mostly the trend of the brachiopods and belemnites
(Fig. I-7).

i

In the Read B%y Formation, the rugosans and‘HMC crinoids
are closely spatially associated and enclosed in the same
micritic matrix. Therefore, during diagenetic stabilization
both groups were subjected to similar hydrologic conditions,

-~

vet their trace element diagenetic trends diverge (Figs. I-5

and I-7). This discrepancy combined with the above-noted

conformity gf the rugosan, brachiopod and belemnite trends,
suggests that the herein studied Paleozoic rugose corals
secreted a corallum that was originally LMC instead of either
A or HMC. However additional data are required to confirm the
validity of this assertion for the whole group of Rugosa.

Overall, LMC is a "stable" phase in diagenetit me%;oric

- water, yet it, too, will eventually reequilibrate to some degree.

Although the bulk of the samples fall close to the original

LMC field, a few show extreme alteration. These samples are
from the Burlington Limestone and their extreme alteration can

perhaps be explained by their extreme silicification. An
A
additional possibility is that not all interseptal spar cement

was removed during the -laboratory preparation of the samples.

—_—
-

LMC - Biological fractignation

Despite the relative stability of LMC, both groups
(rugose corals and brachiopods) lose some of their Mé and Na
during diagenetic stabilization, as exemplified by the weak
negative correlation of Mg and Na with Mn (Fig. I1I-8).

Extrapolation of these trends to the "least altered" values

-

¢
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Fig. I-8. Sodium and magnesium biological fractionation

SW

in corals and brachiopods. C Na concentration for calecite

in inorganic equilibrium with present day seawater; C;; - Na
concentration for calclite in inorganic equilibrium with

average mdteoric watefkéyﬁ;é;,‘l978; Turekian, 1972, Table 6-3).
LMCSW - delineates the Mg lrange (2 to é‘mol Z Mgcoé) for LMC

in inorganic equilibrium with present day seawater (Chave,

1954). The ® and O represent Mg and Na values of the rugose

corals, respectively. The, and réprehent Mg and Na values

z
e

of the brachilopods, respectively. The s80lid lines represent the
Mg linear regression trends of the rugose corals and brachilopods,
while the dashed lines represent the Na linear regression trends

of the rugosans and brachiopods.
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for both rugose corals and brachioﬁods, suggests that
diagenetic equilibration with meteoric water depleted tﬁeir Mg
and Na content by a factor of less than 2.

As predicted by factor analysis, Mg and Na are subject to
biological fractio;ation (factor 3, Table I-6). Tge TUugose
corals.incorporated'Mg into their corallum in appavrent
equilibrium with their ambient seawater -(upper field, Fig. I-8).
However, the rugose corals appear to ha#e discriminated.against
Na, which is in contrast to their température and salinity
tolerance (Milliman, 1974, p. 88). _fhis Na discrimination. in
the Paleozoic rugose corals couldﬁge a mechanism or driving
force for the precipitation.pf'LMC. The loss of the complexing
power of Ng for cog‘ _wodié allow the LMC precipitation to
proceed (Garrels & Chfist, 1965, p; 107; Garrels et al., 1961).
The Na content of the rugosan coralla 1is approximately (~80
ppm) half of that expected for calcite in equilibrium with
present day seawater (~200 ppm) (lower field, Fig. I-8).

On the other hand, the brachiopods appear to have
discriminated against Mg (middle field, Fig. I-8). Siﬁilar -

observations (MgCO, as low as 0.21 mol Z) have alsc been noted

3
for Recent and fossil brachiopods by Lowenstam (1961) and Jopé
(1965). Both authors suggest that the incorporation of Mg 1s
temperature dependent. However, their advocated Mg-temperature
relationships are of opposing signs. 1In any case, the exclusion
of Mg from cell fluids in the brachiopods would cause the

H

precipitation of CaC03, due to the loss of the complexing power

of Mg (Garrels & Christ, 1965, p. 107).
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In contrast to the corals, the brachiopods, which in
general, are intolerant of low and high salinities
(Rudwick, 1965, p. H21l) have Na concentrations about 3 times

higher than that expected for calcite in equilibrium with the

present day seawater (middle field, Fig. I-8).

Summary of trends

The previously discussed trends for particular components

are summarized in Fig. I-9. From this figure it is evident
that progressive equilibration with meteoric water will lead

to an asseﬁblage where all internal components are in

chemical equilibrium. However, a review of published data as
well as the present results suggest that most of the stabilized
carbonates do not exceed the range of Mn values (and thus the
degree of open system diagenetic' alteration) defined by T+ s
(Fig. I-9). Within this range the original Sr gradients of
mineralogical phases are still to some degree preserved,
although the absolute concentrations are lowered. This
preservation of chemical gradients imposes constraints on the
diagenetic system involved in mineralogical stabilization and
at the same time promises to provide a tool for evaluation of
the original mineralogy of a given component as well as thg

degree of ﬁfs diagenetic alteration.

Consequences and diagenetic model

. The studied fossils (mineralogical fomponents) were
separated from the same enclosing host rock, commonly in

immediate proximity. The dispersed fossils were, therefore,
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Fig. I-9. Summary of diagenetic trends for A, HMC and

LMC with stabilization by meteoric water (Figé. I-5 to I-7).
JThe X * s (geometric mean and standard deviation) represents
literature review of app. 2100 samples from various carbonate
facies, localities and ages (Wangersky & Joensuu, 1964; Dittmar
& Vogel, 1968; Friedman, 1969; Honjo & Tabuchi, 1970; Veizer &
Demovié&, 1974 [unpuhlished Mn results for samples included in
this study] ; Veizer & Wendt, 1976; Veizer, 1977; Pingitore,
1976, 1978; Veizer-EE al., 1978; this study). "Cpen system"
designates the-field where no chemical differences between

fossil and matrix/cement are evident.
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subjected to comparable external conditions (eg. permeability,
porosity, mineralogy and chemistry of the host rock as well as
to a similar volume and chemistry of the interstitial diagenetic
water). Yet for the typical Mn range (X *s) they shBw clear
chemical differences, with LMC coﬁbonents consistently, enriched
while the HMC components are depleted in Sr with respect to
their enclosing rock matrix (Fig. I-10). It is evident in
this figure that these gradients diminish as the openness of
the diagenetic system (water/rock ratio) increases. However,
in the presently studied crincidal biosparite, represented b;
the right side of Fig. I-10, the absence of chemical gradients
may be due to the possibility that the crinoid ossicles and
some of the syntaxial cement were of similar HMC mineralogy
(see Theoretical Concepts for discussioni. Since the
external conditions were comparable for all components, the
preserved chémicél gradients of the sampled dLMC
representatives suggest that the components themselves
controlled the chemical composition of the final phase. Thus
the original chemical compositions of diéferent carbonate
phases and their thermodynamic stability are reflectea in their
stabilized counterparts. 'With increasingly Opeg’diagenetic
conditions the role of the original phase diminishes. .
It is generally believed that diagenetic stabilization :?_
caEbonate sequences YPproceeds after exposure of the metastable
assemblage to meteoric water (Bathurst, 1971, chapter 8).

Dissolution of the metastable phases supersaturates the aquifer

water with respect to calcite and induces tﬂe precipitation of
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-Fig. 1I-10. Enrichment - dgpletion graph (fossil-matrix).
The & represents the LMC-fossils (rugose corals and brachiopods) .
from the Read Bay Formation and the Burlington Limestone. The
® represents crinoids from the Canadian Arctic and from Iowa
and Missouri. The material from the Reaé Bay Formation
(Canadian Arctié) falls into Pdpulation I, while the material
from the Burlingtoﬁ Limestone falls into Population II (= open
system). The X * s and "open system" as in Fig. I-9.
Populaﬁions I and II as in Figs. I-5 te I-7. Upper field of
inset represents area of fossil-matrix enrichment, whereas the
lower field designates the area of fossil-matrix depletion,

all with respect to the matrix.
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dLMC. Furthermore, this dLMC is believed to precipitate in

P

-equilibrium with the bulk aquifer (pore) water. Consequently,
the composition of the stabiliz liﬁzétone i1s controlled to

a large extent by the interstitial meteoric water. Sﬁéh a
model is applicable to the‘"open system'" part of Figs. I-9
and I-10 (cf. Pingitore, 1976, 1978 for further discussion).
However, this system appears to be the exception rather than
the rule as shown by the Mn values usually encountered in

ancient carbonate facies. -

It 1is evident that the components on the left side of
Figs. I-9 and I-10 could not have been in equilibrium wifh the
same bulk aquifer water. Furthermore, Ehéir close proximity
in the s#me m%trix precludes the existence of separate
hydrologic sy;%b;s f;r'fhelcoralg, brachiopods, crinoids and

I Y

their matrix. ‘This ieadéato- he conclusion tha% diagenetid-‘

™

minerala@itd& stabilizatioﬁﬁ%focreds iﬁ_discrefé self-
7~".-"~-""‘lﬂ ‘

4

contained "reacFion zones" established on solid-liquid
interfaces (Fig. I-11). These reaction zones perhaps similar
to those postulated by Katz and Matthews'(l977), Pingitore
(1976) and Veizer (1977, 1978), are termed here "Partly

Closed Réaction Zones" (Fig. I-12). Such reaction zones '\
derive their dissolved ions from both the dissolving meta-
stable phase and the surrounding bulk aquifer kpore) vater,
The proportion of ions from each scurce in tHe reaction zone
water fi1ilm (= Messenger Film) will depend on the rate of"
dissclution - reprecipitation [A, EMC, (LMC)«—dLnC] versus the

rate of  diffusion and flow transport between the water in the
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Fig. I-11. Functional aﬁa“sﬁafial relationship between
the yeaction zone, cafb;nate gréins and bulk pore water. ihe
carbonate grains could Be =2 multitude of phéses (ie. A, BHMC
and LMC). The bulk aquifer system (pore water) comprises the

meteoric vadose and phreatic zomes:

[

.
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- Fig. I-12. Partly Closed Reaction Zone (modi}iéﬂ from
Pingitore, 1976). Transfer of chemical and textural
information takes pla’ce via the "Messenger Film'! The
Meséenger Film (reaction zone) ﬁater.is in diseguiiibrium with
that of the bulk aquifer (pore water). Su?stitutiné EMC
(or LMC (?)) for A would alter the chemical information of the
donor (dissolving) and receptor (precipitéting) phase
acéordingly. The stabilization process through boundary
migration will Procéed until all'of the original metastable

phase is transformed into dLMC.

g
17
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reacfion'zéne and the surrounding porgAwatef. Sinée the rate
limiting step of the dissolution-4?reprecipitation process is
the précipitatioh of @LMC.(Baﬁhurst, 1971, p. 451), the -
céemistr; of the reéctfsn zong  water will b;'"buffereA" by the

Y, dissdlving_metastabie phase. If diffusion and f}ow tran;port
is relatively slowr; concentration gradient (s?lke) may
persist in the vicinityoof the dissolving phasg..'On the otherx
hand with fast transport these gradients wgll dissipate into

;}he pore water and an open system is approached.~uThis could.

explain the cons,i_stent elemental gradient@erved in the

a

Present svwly ‘as well as the fact that the diagenetic

rgd{stribution'of trace elements appears to have been
gongrolled by the chemical?omposition and stability of the
original miﬁeralogical phases.

A similar mineralogical clntrol was advocated already by
‘Veizé% & Demovié (1974) and Veizer (l977%/f their stuafes
of the Mesoczoic and Palebzoic carbonate oflC‘echqsadvakia
and Mustralia, respectively. They reco%nized a bimodal
distribution, with 1;§; and high-Sr groups (iower portiop-of

¢ .
Fig. I®*13). They concluded that the low-Sr group contained
hqstly originally HMC samples as well as rockslwhich uﬁgerwenf
multistage %olutson-precipitation altér;tion (= open s;stem in
tﬁe'present study). The high-Sr group, they classified as
composed of oriéiqglly A and LMC ﬁ!FiesL ,Ihis bimédal model
- can ‘be exggnded to a triJodal one, with distinct popplations
for thé EMC, A and lMC phases (top iq.fig. I-13).

~

Ve

.~
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Fig. I-13. Strontium distribution in the studied
- LON .

components. For detailed faciestanalyses of the "low-Sr" and
"high-Sr" groups see Veizer & Demovi?é (1974, p. 104). The

3

" modes of the carbonate phases of the 'present study are:

_ EMC (0.4 Sr/Ca), A (0.9 Sr/Ca) and LMC (1.8 Sr/Ca).
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CONCLUSIONS

Petrographic and elemental studies of different fossil
' -

'groups and host rocks and comparison with puElished data lead

to the following conclusions:

(1) Increasing diagenetic equilibration in meteoric water
(due t$ textural alteration, precipitation of interparticle
cement, and Fheir combination) is.reflecéed by concomitant
changes in trace element composition, particularly Sr and Mn;

(2) Althoégh diagenetic-equiiibratidn leads to a decrease
in Sr content, the original differenﬁhemical éradients of A

“ ause-of its stability _

in meteoric water, retains Sr concentrations which are only

slightly altered; -

&

(3) The above trace element relétionship can be utilized
to identify the ariginal mineralogy of the dLMC phases. Such
criteria suggest that the herein studied Paleozoic rugose
corals secreted originally a LMC corallum;

(4) Since all intermal- -components in the Burlington
Lime;ton; have idenéical-chemi;try it is suggested that dits
diagenetic stabilization proceeded in an open diagenetic
system controlled by the chemistry of the bulk aquifer water]

(5) In contrast, stabilization of most carbomate systems
éﬁpearg to p?oceed in d%screte reaction zones on solid-liquid

intexfaces. The chemistry of a reaction zone is controlled by

the d%ssolving phases and by disequilibrium exchange with the

,surfé;nding bulk aquifer water. Thus all internal components
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. t
can retain measureable chemical differences, which mark the
gradients. This stabilfzing process is applicable to the

Read Bay Formation.



CHAPTER II

SBABLE ISOTOPE DIAGENESIS OF A MULTICOMPONENT PALEQZOIC CARBONATE

SYSTEMyy
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ABSTRACT

The present study dealg with oxygen and carbon isétopic
dfstriﬁafzons ir the separated fossil and matrix components
of the Mississippian Burlington Limestone.(lowa and Missouri)
and the Upper Silurian Read Bay Formation (Arctic Canada).
The results can be reconciled with textural and trace element.
observations only 1f it is accepted that the 18O content of
ancient oceans differred froq that of the p{esent day.
Accepting ghese secular variatiomns, the‘postulated 5180 of

~

Mississipiian'seawater was about.l %o and of the Upper Silurian

T

about SZ-iighter than at present.

The estimated‘average diagenetic shift in & 180 of the
Read Bay Formatipn constituents (stabilized in a partly closed
diagenetic system) 1Is about -1 % and for the Burlington
Limestone ;oustituents (stabilized in an open diagentic system)
is about -3 %o (PDB). Correcting for the magnitude of secular
variation, the probable paleoteﬁperature for the Mississippian
sea of Iowa and Missouri was 31= 4°C and for the Upper Silurian
sea of Arctic Canada 21 % 2°c.

Calculations suggest that the Paleozoic rugose corals and
crinoids were not enriched in 12C and 16O, rather they are in
'line with expectec} results for the studied brachia’ds. The
apparént "vital effect" of Recent corals and c¢rinoids may not
be applicable to their Paleozolc counterparts.

The 513C of the studied samples is bimodally distributed,

with+0.5 0.4 and+3.1% 0.7 % as the modes of the groups. The
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1135:—13c group is characteristic of inorganically dérived
aragonite mud matrix and/or cement precipitated in equilibrium
with ambient seawater. The heavy-lsc group 1is associated-with
samples from organic build-ups or from areas of high Eoncentrétions
of skeletal debris. The-cement of this group is organicall§
derived high-Mg calcite and aragonite precipitated in -
carbon isotopic disequilibrium with ambient seawater.
Cementation of thé Read Bay Formation sediments, which,
in general, fall into the light—lBC group, proceeded in the
submarine environment. On the other hand, most of the
Burlington Limestone samples fall into the heavy—lBC group,
and were initially cemented in the submarine environment,
followed by subsequent cementation in the meteoric phreatic

environment.

RESUME

Ces recherches traitent de la distribution des isotopes
d'oxygéne et de carbone dans la matrice et 1e§ fossiles séparés,
_constitutifs du calcaire de Burlington (Mississipien, Iowa et
Missouri) et de la formation de Read Bay d'&ge Silurien
supérieur (Canada arctique).. Les résultats peuvent se concilié
avec les données obtenues—sur’ia-texture et les oligo—-&léments
seulement si l'on admet que la_teneur des océans anciens en
18O était différente de celle des ocdans actuels. Si 1l'on
accepte ées variations séculaires, le 8180 postulé pour l'eaﬁ
de mer du Mississippien aurait é&té environ’l %oeé‘pour 1'eaw de
mer du Silurien supérieur environ 5% moins que leSlao des

- &
océans actuels.
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La modification diagénétique moyenne en §185 calculse
pour les &léments constitutifs de la formation de Read Bay
(en &quilibre dans un %ysteme diagénétique partiellement isolé@)
est d'environ 1% et pour les &léments constitutifs du calcaire
de Burlington, d'envirorl\B%o (PDB). La paléotempérature
probable calculée pour 15 mer d'3ge Mississippién en Iowa et
au Missouri était de 31 * 4°C et pour la mer dans le Canada

arctique, d'8ge Silurien superieur, de 21 2 ZOC, compte tenu
v

des corrections apportées pour l'ampleur des variations
sédculaires.

D'apres les calculs la teneur des Tetracoralliaires et
des Crinoides Paléozoiques en 12C et en lGO-n'était pas élevée,-
mals etait plutof conforme aux résultats prévus pour lef
Brachiopodes examinés. Le "vital effect" appafent des Coraux
et des Crinoldes Récents pourrait domnc ne pas €tre applicable
aux Coraux et aux Crinoldes Paléozoiques. '

Le 313C des échantillons examinés a une distribution
bimodale, dont+0.5 0.4 et +3.1%*0.7 % sont les modes des
groupes. Le groype du 13C-léger est caractéristique d'une
matrice de boue.aragonite d'origin; inorganiqueret/ou d'un
ciment précipité‘en équili}re avec l'eau de mer ambrante,

Le groupe du 13C—pesant est associé aux échantillons
venant d'accgmulations organiques ou de ré&gions ol 1l y a en
concentéation €levée de debris squelettiques. Ce groupe a un
ciment d'aragonite et de calcite de haute teneur en Mg, de

4
nature organique et quil a2 &té& précipité dams un milieu dans

“‘lequel les isotopes de carbone é&taient en diséquilibre avec.



l'eau de mer ambrante.

La cimentation des sédiments de la formation Read séy qui
font partie generalement du groupe 13C-ieger c'est passé dans
un milieu sous-marine. Par cout;e la plupart des 8chantillons
de calc;ire Burlington font partie du groupe 13C—pesanf; lquy
cimentation a &té d'abord'dans un milieu sous-marine, et -

ensuite par une cimentation dans un milieu météorique

phréatique,

ZUSAMMENFASSUNG

Die vorliegende Mitteilung befasst sich mit der
Sauerstoff- undlder Kohlenstoffisotopenverteilung in den
getrennten Fossilien w#d denm Matrixbestandteilen des
Burlington Kalksteins des unteren Karboms (Iewa und Missouri),
und der,Read.Bay Formation des oberen Silurs (kanadischen
Arktis).

Die Isotopenergebnisse, kdnnen mit den Struktur- und
den Spurenelementbeobachtungen in Einklang gebracht werden,
aber nur dann, wenn man akzeptiert, dass der 180 Inhalt der
vormaligen Ozeane anders als der de’r heutigen war. Nigmt man
diese S3dkularveranderungen an, dann waf def vorausgesetzte
5180 Wert far d;s Meerwasger des unteren Karbons, ungefdhr
1 %@l und der 5180 Wert fur das Meerwasser des oberen Silurs,
ungefahr 5% niedriger,als der £{ir heutige Ozeane.

Die geschdtzte, durchschnittliche Diageneséverschiebung
der & 180 Werte, fir die Bestandteile d;r Read Bay Formation

(die” in einem zum Teil geschlossenen Diagenesesystem sta-—

bilisierten) ist ungefahr ~1%e , und der, flir die Bestandteile

€
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des Burlington Kalkstein (die in einem o%fenen Dlagenesesystem
stabilisierten) ist ungefdhr -3 %o (PDB).

W;nn das Sakularverianderungsausmass richtig gestellt ist,
dann war die Paldomeertemperatur des unteren Karbons von Iowa
und Missouri, 3l:‘4°C, und die Paldomeertemperatur de; obefen
Silurs der kanadischen Arktis, 21% 2°c:

Berechnungen deuten an, dass die pali@ozoischen rugosen

Korallen und Krinoiden nicht mit l?C und 16O angereichert waren,

vielmehr stimmen deren Ergebnisse mit denen von den Brachiaboden
tberein. - Der sogenannte "vital effekt™ der rezenten Korallen
upd Krinoiden, ist wahrscheinlich fﬁr deren palaozoischen
Gegenstiucke nicht angingig.

Der 513C Wert der studierten Gesteinsproben ist bimedal
verteilt, mit Gruppenmodalititen von+0,5::g,4 und+3,120,7 % .
Die'leichte—IBC Gruppe ist charakteristisch fdr anorganisch
herleitbare Aragénitschlammmatrix, und/oder Aragonitzement,
welche 1im Equilibrium mit dem umgebenden Meerwagser aus-
fielen. | -

Die schwere-lBC Gfuppe ist mit Gesteinsproben von
organischen "Aufbauten", oder mit Gesteinsproben von Gegenden
mit hoher Skeletttrﬁmmerkonzenﬁration verbunden. Der Zement
dieser Gruppe ist organisch herleitbarer Eoch-Mg Kalzit und
Aragonit, der in Kohlenstoffisotope Nichtequilibrium mit dem
umgebenden Meerwasser ausfiel.
| Die iementierung der Sedimente der Read Bay Formation, die

meistens in die leichte-l3c Gruppe gehoren, nahm in der unter-

steischen Umgebung statt. Spratt dessen, die meisten

g4

-
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Gesteinsproben des Burlington Kalksteins, deren Werte in die
schwere—lBC Gruppe fallen, wurden Zuerst in der unterseeischen
Umgebung zémentiert, und spdter, anschliessend in der

phreat?@chen Grundwass%fumgebung Zementiert.
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INTRODUCTION
- . . \\_/

Changes in the isotopic raties of.diaggnetically
stabilized limestones indicate that most of their alteration,
involving mineralogical transformation of the original marine.
metgstable assemblage into stable low-Mg calcite SdLMC),
occurred in the phreatic fresh water zone (Gross, 1964; Land, -
1970; Allan & IMatthew.s, 1977; Hudson, 1977). 1In addition, the
presence of secondary calcite in the pores of the rock causes
a similar shift in the isotopic composition of the rock,

160 a 13,12

because the 180/ nd c/

C ratios of secondary éalcites
are markedly different from those of the constituent grains
{Gross, 1964).

In the previous chapter it was shown qﬁéﬁ,;ﬁé abowe
4

-

diagenetic stabilization process is reflect%d'ﬂy the dégreé‘
of textgral preser%ation as well as the trace element
composition of the carbonate components. This is particular
evident from Sr versus Mn scatter diagrams, with Sr decreasing
and Mn increasing in the process of equilibr;tion with meteoric
water. Furthermore, it wﬁs documented that the rate of this
wqudlibration was controlled by the stability of the original
mineralogical phases.

The preservation of primary textures in the rugose corals
keg. trabecular structure) and brachiopods (eg. two layer shell
structure) from the Burlington Limestone and Read Bay Formation
suggest that diagenetic sgabilization (transformation of HMC, A

and possibly LMC into dLMC) took place probably at rather

shallow depths under near earth surface conditions (ie. pressure

-
e
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-and temperature). This aséertiqn is also éubstantfated by ‘the

61 . =

compaction experiment of .Shinn et al. (1977), which showed that
neitherAgreat depths nor large volumes of water are required

to compact and cemenc’carbonate sediments. This applies in

- particular to the biomicrites of the Read Bay Formation which

show few signs of extensive compaction, even though depth of
burial has been calculated in excess of 3 km (Kerr, 1977).

However, the biosparites of the Burlington Limestone were never

buried to great depth (Harris & Pafker, 1964) . *
The above points are important in evaluating the

diagenetic redistribution of LSO in carbonates, since the
. [ ]

fractionation (thus 180 content) of oxygen isotopes is tempera-
ture dependent (0'Neil & Epstein, 1966). Therefors the

- . -
temperature factor for oxygen fractionation during c¢carbonate

5
diagenesis will be only of second order importance. Thus

-

changes in ‘5180 will be of a "p;imary“ nature, which will be
S :
discussed later on in this papex.

Since mineralogical stabilization is a dis utidn-
répéecipitation process (Bathurst, 1971, chapf;rjgf eacﬂ
‘'solution-precipitation step invelves equilibration with
meteoric water not only éf the trace elements but also of
oxygen and carbon isotopes. The degree of stabilization of
~each sample with meteoric water has been determiﬁed by
consideration of its textural features and trace element
composition.

The aim‘of this chapter is to evaluate the behaviour. of

carbon and oxygen 1lsotopes during diagenetic equilibration of
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edch mineralogical component and phase undex shallow earth

surface conditions.
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-tan be répresented_simoly as:
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' THEORETICAL ‘CONCEPTS ~ . .

vl

The, original fgofopic compoéition of-maripe CaGO3
- (. N * . . .

depen&s on.a) the isotopic content‘of ambient seswacer, b) -

the vital effect of biogenic carbonates and c¢) the temperature
5 e _ ! . ;

* and salinity of the séawater., eli of these are discussed in

detail by Faure (1977).. and Hudson (1977)

The diagenetic isotope exchange betgien. an oniginal
: s N ‘

* ) .-
marine carbenate phase and dissolved HCO3 of meteoric waters
. ﬂ. '

13 .18 2- c .16 . 12 = 12.16 2- 18 13
cToy & HyTR0 o TTco, T ¢o3 4+ B,700 + TTco, (IIZ1)

-7 } . LT ' - R
- 18 13, foio v yoa . ¥ ' <N
The deplet&on_in': 0 and ¢ (Fig. I-3, chapter one) is due .7 . |

e 2 U C
to the fact that meteoric water is enriched'iq,lﬁo (Grossd,

1964; Faure, 1977) ar;;é‘the' dissolved CO,, 1fg@gil-derived, is
enriched fa *2c (ciaig, 1953; Vogel, 1959; Gr 's's, 1964) he :
deéree of" this 1sotopic exchang£ w;?i depend in generdl on the
p:oportions of-the isotopes in rhe stabilizeehph;s§ derived

fromxthe car nate precursor-andlghe lnFﬁtQtitl&% meteorlcq.h,\3

N

o

‘. ’ . . : \
_water. ' The higher.the‘influenoe of €Bhe latter 'is - the more . \\\,

fsa) L T L P

-.In this equation A éﬁd B'areﬁmi@erimeﬁtﬁl Eonstants, T is- the . =

ra
T

open the Jiagenetio éystem will be,'%nd the closef;to“ p

‘ -eq@brium ‘}:i; such water ‘the precipitated dLMC will be. :

) qfhe tempetatgie dependence of oxygen and carbon can be
w ..

represented by equation II-2" (from Faure, 1977,'pf 352 auo .

- ¥

s ) . :

1000 laoc = A 10818 +s . (f1-2)°

’

L

L = = . I Y
-
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"

absolute temperature and & is the isotope fractionation

- *. +

factor. The oxygen and carbon- isotope fractionation fgetors

are given in Fig ‘1-3 (chapter one). However, to calculate
rd

paleotemperatures of carbonates the equation of Epstein et al. -

-~ - -

(1953)fis generally,used, which was mpdified by Craig (1965)

.and Shackleton.& Kennett (1975). The modified equation can

-
¥

be represénted by:

~

2

\ s

in which ,gc is the measured 5180 of,the carbonate, Sw is the

18

. i . , P
.measured or assumed S 0 of the ‘water and T- is the temperature

-

in degree Celsins: If the 5180 of seawater is comstant «

relative to present day ocean water, then ‘Sw would be gero,

whereas if this is not the case then § v will be some value

e
-

ay ' .' '
other than zerd¢. TFor additional discussion of isotope

fractiqnation see Faure (1977, dhapters .18, 19 and 20).

- The' composition of surface meteoric Vater"is,temperature
. : . v 4

Fependent which varies with latitude, altitude,_season , ete.’

- -~

'(Dansgaard, 1964) with 5380 ranging. from* about ‘-2 at  the

equator to about -30T%GD(SHQW) atk&hsﬁpo%ﬁs: Hoyever, ’sﬂgce‘

‘most of the stabilization occurs relativeély rapidly %fgct

2, .. ‘
‘deposition of the carbonate sequence, .these -latitudinal <

5.

-variations are probably of small significance. The Silurian'

< .

'Read Bay Formatfbn of Somerset and Cornwallis Islands was.

deposited at approxima?oly 20 *. 5°N 1acitude (Irvin% 1923,

-

.

’ ; M : .g-f- o g ~J “+ ) ..
~at . approx®mately 18-5"S 1latitude - (Keppile, 1977, f£fig. 3).
g ° . . e . '- ) : -,
N : e |
P ¢ N . *, ‘
. -t . . ’ .

TOC = 16.5 - 4.3 (§ - &) - 0.14 € § =87 (II-3)

f

jfig. . The Mississippian Burlington Limestong wasﬁgtposited.Q

Ya
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The Quate?nary glaciation is believed to-have’;aused
about’ l.SopoflucﬁuatiQn ;n 5j£0 of seawater and thés its
dertved meteoric water (Shackleton, 1968; Emiiiani'&
.Shackleton; 1974). At this stage it is not possible to
‘estimate the influence pf such a fact;r for the Paleozolc

i

hydrosphere, but any suEQ‘EprTences will probadbly be of,

second order importance onlfT/

-
«
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. :
REGTONAL GEOLOGY - PETROGRAPHY - ORIGINAL COMPONENT

-

MINERALOGY .. 4

- The detailed discussion of. regional geology, location
of samples, petrography and mineralogy of-carbongte_components
has been.preéented in chapter one (this thesis) and in
- [} .

Appendices I and IT.

[

! - ANALYTICAL "TECHNIQUES

- The initial preparation of samples (separation %nd

-

c powdering) was described in ch’ptér one of thfﬁ thesis.

.”'\

Approximately 10 mg of 156 samples were reacted with
L .

100 % phosphoric acid (McCrea, 1950). P205 was added to the

acid to ensure absence of free water.

L3

Oxygen and carbon were measured onm a V, G. Micromass

602 B Twin mas § spectrometeX. Their isotopic ratios are
» ’ }

expressed in the usual notation (&) and given relative to

PDB
, ) .18 16 18 16
18 : (o [ 077y, — (O /07 7)
. . 0 (7o) T x 1000-
“ : 18 16 ’
fﬁ (0 /0 )St N

b
.
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T 13 0 12 13, .12
13 o (C / ¢y, - (C [ ¢y
C (%) = s ° s
§ ( %0) : °f 1 x 1000
.(c13 / c%z)

St

Furthermorg? the 17O correction of Craig (1957) was employed.

Average accuraéy and reproducibility, as compared to
. B ~ :

recoﬁmended values for. N. B. S. (20, Solnhofen Limestone)

standard rock (cf._Craig, 1957; Hoefs, 1973), were as follows:
S 85 (0.12, 0.05) and & 3¢ (0.05,.0.05) permille,

respectivelj.

N
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BIOLOGICAL FRACTIONATION

Brachiopods

Recent articulate brachiopods have been shown not to

display any "vital effect". Lowenstam (1961, p. 243), from

extensive studies of this phylum in —various physical

-

environments, concluded "...that brachiopods lay down shell

carborfate ig 1isotopiec equilibrium with the surrounding

n

waters... . Thus this group should be well suited to serve

as the low-Mg calcite (LMC¥§:tandard.

-

Rugose corals

-
r

Recent aragonitic scleractinian corals display ‘a %ital
effect (Lowenstam & Epstein, 1957; Keith & Weber, 1964; Weber
& Raup, 1966; Weber & Woodhead, 1969, 1970, 1972a). Weber &
Woodhead (1970) suggested that the 5180 of reef-building
corals will be temperature and metabolic process dependent,
which explains the apparent isotopic disequilibrium or wvital
effect between skeletal carbonate and ambient seawater. ng;
proposed these criteria to explain the variability of & 180
in their sampled corals.from Heron Island, Australia.

In additioﬁgfeber & Woodhead (1972b) showed that some
coelent?rates of the class Hydr;zoa (skeletal carbonate is A;
Milliman, 1974, table 26, p. 92-93) and Octocorallia (skeletal
carbonate is A and EMC; Milliman, 1974, table 26, p. 92-93)

secrete CaCOsfin oxygen isotopic equilibrium with ambient

seawater. They (Weber & Woodhead, 1972b, p. 296) suggested

- -

’
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that "...with faster excretion of CO, to seawater, little oé
no metabolic carbon dioxide-is incorporated in the skeleton."
This proposed process is, at present, speculation, which
deserves more research to delineate the mon-vital effect iIn
these corals.

At this stage it is not known if the Paleozoic rugose
corals analogous to the Recent hydrocorals and octacorals,
precipitated their skeletons in isotopic equilibrium with
ambient seawater. Also, possibly due to the different
presumed LMC mineralogy (p. 40, chapter one) of the rugose
corals the apparent vital effect for Recent scleractinian
corals may not be applicable teo Paleozoilc rugosans. Latér in
the text ghe brachi&pod and coral samples will be compared to

test whether any isotopic vital effect can be detected.

-

~

Crinocids

Recent crinoids display a vital effect and are as a
12 16

group enriched in C and 0 (Lowenstam & Epstein, 1957;
Weber & Raup, 1966; Webexr, 1968). The same inconsistencies
as already noted £for the corals (eg. discrepancies in the
procedures for temperature calculations, such as not mentioning
the water correction; comparison of Recent rTepresentatives
with Paleozoic ones) apply also to the crinocids. Consequently,

more definitive studies are required to confirm the vital -

effect in the Recent (and by analogy in the. Paleozoic crinolds).

roo a
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EVALUATION OF RESULTS

The role of secular variations s

Previous extensive studies of the 8'180 of sedimentary

carbonates, cherts and phosphates shog"lso depletion with
increasing geologic age (Degens & Epstein; 1964; Keith &
Weber, 1964; Perry, 1967; Fritz, 1971; Perry & Tam, 1972;
Velzer & Hoefs, 1976). This trend is believed to be either

(a) secondary, caused by continuous post-depositional

equilibration of the carbonate sediment with percolating
meteoric water, or (b)'primar&. In the latter case, it is
ascribed either (1) to higher temperatures of the ancient
oceans (Knauth & Epstein, 1976), or (2) to the depleted 180
nature of ancient seawater (Perry, 1967; Fritz, 1971; Perry
& Tan, 1972; Veizer, 1977). .

As shown in the previous chapter, the manganese

concentration of a carbonate component will increase with

increasing equilibration with meteoric water. The plot of -all

S 18O data vs. Mn content (Fig. II-1) shows that, regardless

of whether it is in the same or more "equilibrated" Mn range,
the Mississippian Burlington Limestone contains heavier 5"180
than therUpper Silurian Read Bay Formation. Thus the equally
or more altered (on the basis of textures and trace element
data) Mississippian cofals, crinoids and brachiopods <contain
heavier (less"altered") oxygen isotopes than their Silurian
counterparts (cf. also Veizer, 1977, p. 572-573). If this
18 )

Y 0 is not primarily a post-deposinional feature, then the

A can be linked to a higher Silurian ocean temperature.
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18, vs. Mn for all

T—PFigi-II-l.--Scdtter diagram of. &
studied samples. Thé R-Recent field defines the observed range
af‘organic and inorganic carbomate in equilibrium with present
day seawater (Gross, 1964; Keith & Weber, 1964, Milliman, 1974).
Field 1 represents micrites and associated fossils from the Read
Bay Formation of Scwmerset Island. Tield 2 represents micrites-
microspar and fossils from the Read Bay Formation at Read Bay

and Depot Point Lake. Field 3 represents dolomitic micrites and
fossils from the Read Bay Formation at Cape Rescue. Fileld 4
represenﬁs dolomitic micrites, minor sparites and fossils from
the Read Bay Formation at Goodsir Creek. Field 5 represents
bilosparites and fossils from the Bu;lington Limestone of Missouri.
Field 6 represents -blosparites and partly siliceous fossils from

& .
“the Burlington Limestone of Iowa. .
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However, this would demand ~ 25%¢ higher temperature
(~ 21 vs..ﬁﬁoc) for the Silurian habitats. Such a difference
and temperature variation does not appear to be realistic.
Therefore, the alternative least contradictory‘to the present
data is related to an increase of 180 content of the oceans
with decreasing geologic age (b-2). Extrapolation of the
S 180 - Mn trends (Fig. II-1) into the range of the 'least
altered” Mn values suggests that on average, the Mississippian
skeletal components are ~ 1 %o and the Silurian OnES-N’S‘%a
lighter than their Holocene counterparts. Since the variations
in the degree of diagenetic equilibration were corrected for by
this extrapolation, the mgximal diagenetic component in the
least altered specimens is % 1 %o and the A lSO.Mississippian—
Silurian is therefore real.

Based on the above discussion it canjg; concluded that

the oceans became progressively eariched in 180 during

geologic history and, therefore, each respective carbonate
component age group must be considered separately.
*

Phanerozoic carbonate rocks (ecf. Veizer & Hoefs, 1976,

13C

for summary) have /12C,ratios mostly within the ranée

0X 2 %, PDB. Recently, Veizer et al. (in prep.) advocated

that within this overall scatter, there may exist real secular

13,129 -
C/7"C of seawater bicarbonate. However the

variations of
. -

13

mean & c of the Silurian, Carboniferous and
carbonate

Quaternary are all about 0 %o PDB. Thus possible secular

Iy 13

variations in C will be only of secondary importance.

\
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Oxygen isotopes

In this chapter only those factors will be discussed
which have a direct beaf?ng on the isotope variables. TFor
discussion of the other factors the reader is referred to

chapter one.

High=-Mg calcite

The variation in oxygeﬁ lsotopilic composition of fhe ggc
components of the Burlington Limestone can be explained
almost entirely by factor 2 (Table II-1). This factor,
identified as diagenetic equilibratioq with reteoric water,
causes the loss of Sr and Mg and simultaneous enrichment in
180, this enrichment cannot be explained at this time.

In contrast, the oxygen isotopic composition of the HMC
components in the Read Bay Formation is controlled' primarily
by the frequently observed dolomitization (factor I, Table
II-2), which causes ;80 enrichment. This process will be
discussed in detail in chapter three.

ﬁo systematic trend in 8180 is apparent for the pooled
Burlington Limestone and Read Bay Formation populations-if one
accepts that the 180 composition of ocean water has remained
constant during geologic history (Fig. II-1). However, in
the previous section it was concluded that average ;cean water

was depleted by about 1 %o and 5 %o gfor the Mississippian and

"Silurian, respectively. Accepting this secular variation‘the
‘agreement between conclusions basaé’;n textural and trace element

“data (chapter one) and oxygen isotope distribution patterns becomes

”
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) -.‘Table II-1.

L
R

hd

Mn

Sr

Fe

Al

Na

Factor 1 Factor 2
0.76034 0.55073
0.85666 0.13770

~0.16233 -0.74623
0.85831 -0.08148;
0.83389 0.32218‘
0.05271 -0.02330
0.08467 ~0.65491

-0.17670 0.09531
0.13574 0.93173

—0;51818 » 0.05639

Pet. of Var.

- 46.4

26.1
17.2
10.3

74°

Factor Factor 4
0.17943 10.21773
0.20905 0.44570
0.13753 0.11200
0.01370 ~0.23044

~0.28327 0.04034
0.08777 -0.6217%
0.66101 -0.09021

_0.72564 0.30448

©0.01573 0.23781
0.74947 0.32828

Diagnosis

laboratory leaching and
silicification

diagenetic equilibration

dolomitization

?

Factor analysis (Varimax rotated factor matrix)
f .

-

of the HMC - phases of the Burlington LimeStone

L 4

samples (N =16 crinoids; 31 crinoidal ©biosparite).
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Lfl Factor 1 - Factor 2 Factor 3
152 I.R. -0.03231 0.57700 0.28676
log Ma 0.10052 -0.01552 0.31868 -
log /;r _ ~0.26843 0.94851 ~0.15407
log Fe ' 0.48413 0.45200  0.50759
log Al ‘ 0.28125  0.46335 0:6&A33-
log XNa © 0.55068  -0.40458 . -0.16%53
log Mg  0.94264 ~0.02500 . 0.10213
log Ca ~0.87553 ~ 0.27314 -0.21569
5 18, 0.77945. © 0.11121 0.38899
& L3¢ 0.01804 ~0.08982 : ~-0.80463
1'.
Factor Pct. of Var. Diagnosis
1 o 52.8 dolomitization
2 35.9 ) ~ diagenetic equilibrétion
’ and laboratory leaching
3 ' 11.3 silicification (?)

Table II-2. Factor analysis (Varimax rotated factor matrix)
of the HMC - phase of the .Read Bay Formation samples

(N =35).
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Fig. II-2. Scatter diagram of 580 vs. Mn for the presumed
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defines the observed range of Recent HMC in organié ;nd inorganic
Lequilibrium with seawater (Gross, 1964; Keith & Weber, 1964;
. ‘Ei}ziman, 1974). The solid fields are the postulated ranges
' ‘for the equivalent HMC components of the Mississippian {(HMC
and tﬁe Upper Silurian (HMCS) (Perry, 1967; Fritz, 1971; Milliman,
1974; Veizer & Hoefs, 1976). The ® represents c¢rinoids frdm the
Read Bay Formation. The O and O represent géinoids and

biosparites, respectively frqm the Burlington Limestone.
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s&tisfactory.

The less altered (equilibrated) Read Bay Formation HMC

- . . « -
" components fall into or close to the postulated Silurian

.compositional fiela;-witb average depletion in 180 of aoout

. X
1 %o (Filg.. II-2). In contrast, the more altered Burlington

Limégtone HMC components show an average depletion of about .

3 %o (Fig. 1I-2).) . 2 )
Aragonite .

-

The total variation of trace elements and isotopes in

the micrite Yo doiomite variation in rock tvpe of the Read

Bay- Formation is controlled by three .factors (Table II-3).
Factor '1, diagnosed-as_laboratory leaching and salinisy, can

be separated into I.R. and Fe and Al for the former diagnosis
5‘180 and . 5'130 for ‘the latter one, where - an

. ' : . 1
increase in Na is accompanied by an increase in . 80 but

(decreeee'in‘l§c. Factor 2, diagnosed as dolomitization and

and Na and

controliing most of the «5180 variation, will be discussed
in ohapter three. ‘Faotor 3, which accounts for 12.7 X% of_the
. totel elemental aod isotopic variatioo, io diagdosed AS
representing diageneticlequilibration with meteoric waterﬁ
Mn end 130 ere ioaded.positively and 180 negatively on this
factor. ' -

The scatter diagram 3180 vs Mn shows that tée‘results:
for the Read Bay Formation cluster cloee to the postulated

field for A in equilibrium with Silurian seawater (Fig. II-3).

The few samples that are enriched in 180 are dolomitized
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Factor 1 Factor 2 Factor
log I.R. 0.91516 -0'17976. -0.15084
133 Mn 0.03304 0.04525 . 0.55667
log Sr 0.40221 ~0.71276 ~0.08493
log Fe 0.86715 0;17113 -0.38751
log Al.- 4 0.93135 0.04871 -0.17695
log Na 0.43210 0.65642 -0.07374
log ﬁg ~0.01458 0.93793 0.22752
log Ca- -.00131 -0.95996 - 0.05040
Siso' 0.51494 0.64940 ~0.41905

8 L3¢ " -0.53250 ~0.03355 0.59670
Fécéor ] Pet. of Var. Diagnosis
| 1 48.6 ‘ laboratory leaching and )

: salinity i
2 . 38.7l deoelomitization
3 - | 12.7 N diagenetic equilibration (?)

Table II-3. PFactor analysis (Varimax rotatéd factor matrix)»ﬂ
of the A (aragonite) ~phase of the Read Bay Formation

samples (N =47).
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Fig. II-3. Scatter diagram of 5180 vs. Mn for presumed

originaliy aragonite (A) carbomate components. The daghed A
field defines fhe observed range of Recent A in organic and
inorganic equilibrium with seawater (cf. Fig. II-1). The solid
fields are the postulated ranges for the equivalent A carbonate
compdnents of the Mississippian (AM) and Upper Silurian (AS)
(cf. Fig. II-2). The ® represent micrites ( < 30,000 ppm Mg)
and A repre'..sents dolomitic micrites (> 30,000 ppm Mg) from the

Read Bay Formation.
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(samples from Cape Rescue, Fig. I-1, chapter one), in
accordance with the conclusions based on factor analyses.
'Tﬁe trend of increasing diagenetic equilibration with

meteoric water (approximated by the increase in Mn) -is-

accompanied by depletion in- 180

. The more—Fltefed samples
are those from Cornwailis‘%sland. This is in general
agreement with conclusions based on trace element and
textural observations (Fig.'I-B).- If the average 5‘180
composition of A in equilibrium with éilurian seawater is-

about fs %o (PDB), the observed average isotopic alteration

for A:is ghen\?bout 1.5 %o .

Lov@ calcite

Factor amalysis of the presumed original LMC Burlington

‘Limestohe samples shows that oxygen isotopic composition varies
antithegically with E;\(Factor 3, Table II-4), but the
meaning of thié factor is not clear. Perhaps-dilution of
‘CaCO3 by combined we;ght of other components in the rock

(eg. Mg,*Si,...) leads to-a depletion of 180. In the LMC

‘samples of the Read Bay Formation, Slﬁo, together with Na is

positively loaded on factor 4 (Table II-5), which again is
not clearly understood. Perhaps salinity, during either
deposition or early diagenesis, could influence Na and 180
distribution (cf. Craig & Gordon, 1965; White, 1978). More
work is required for qualification of this relationship.

The data from the Burlington Limestone occupy most of

the horizontal part of the diagenetic pathway as defined by
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Factor 1 Factor 2 Factor 3

log' I.R. 0.94484 0.15950 0.11387
log Mn .0.80038 ~0.57792 -0.04558
log st _ ~0.57799 0.75223 © 0.25387
log Fe 0.84011 ~0.20993 0.00052
log Al  0.84446 0.18685 ~0.18979
log Na 0.04867 0.87711 0.37510
log Mg ~0.06809 ~0.56172 " 0.24660
log Ca " 0.26648 - 0.15925 -0.76132

5 18, 0.16368 0.24831 0.63375

& 13, -0.74836 . 0.1100% 0.57934
Factor Pet. of Var. Diagnosis

1 ' 57.4 ) laboratory leaching and

silicification
2 25.9 . diagenetic equilibration

3 . 16.6 total calcite (?)

w

Table II-4. Factor anaiysis (Varimax rotated factor matrix)
of the LMC - phases of the Burlington Limestone

_samples (N=13).
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Factor 1 Factor 2 . Faector &
log I.R. 0.89130 0.07315 -0.67.922_“ 0.23633" -
log Mn 0.21517 -0.59216 ~0.03171°  -0.04126
log Sr 0.20894 0.75063 0515035 3105678
log Fe 0.81385 -0.05151 0.4735.5 0.01297
log Al 0.93241 -0.00010 0.18531 - 0.03832
log Na 0.59888 -0.24100 0.05038 0.70568
log Mg 0.33483 0.19002 0.86066 0.01577
log Ca 0.13782 0.69192 -0.68559 -0.09812

S 180 0.03693 0.22702 0.02243 0.68623

813, -0.01981 0.80703 ~0.06802 0.11577
Factor Pct. of Var. Diagﬁosis

1 44,7 laboratory leaching

2 | 29.8 diagenetic equilibration

3 15.1 dolomitizaticen |

4 10.4 salinity (7?)

Table  I1I-5. Factor analysis (varimax rotated factor matrix)

of the LMC - phase of the Read Bay Formation samples

(N =14).
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Fig. II-4. Scattér diagram.of 8186 vs. Mn for presumed
originally LMC carbonate components. The dashed field defines
the observed range of‘Recent LMC in organic and inorganic (?)
equilibrium with seawater (Lowenstam, i961; Gross, 1964:
Millima;, 1974). The soiid‘fiélds are the postulated ranges
for equivalent LMC carbonate components of ;he‘Mississippian
(LMC#) and Upper Silurian (LMCS) (cf. Fig. II-2). The .e®
represents rugose corals from the Read Bay Formation. The ©O

*

and & represent rugose corals and brachiopods, respectively

from the Burlington Limestone.
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the & 18

0 vs Mn covarianée diagram (Fig. II-4). All the
Burlingtoﬁ Limestone LMC 5’180 values fall below and well
beyond the realm of the postulated original LMC field in
equilibrium with Mississippian seawater. The average E 180
depletion appears to be about 3 %o (PDB).

The Read Bay Formatioq results for the presumed LMC
components aré almost exclusively clustered within or near the
postulated original LMC field in equilibrium with Silurian

seawater (Fig. II-4). Even though most of the samples fall

within the postulated origina® field, they are depleted in
180

[

, on average, by about 1 %o. This depletion is about a

third of that for the Burlington samples.

Summary

The Burlington Limestone is, on average, depletéd in
180 b& about 3.0 with respect'to CaC03 precipitated in
equilibrium with the postulated Mississippian seawater (Fig.
II-5). The presumed HMC and LMC components are limited mostly
to the horizontal part of the diagenetic pathway. The higher
scatter of the HMC measurements could be related to their
stronger diagenetic alteration due to lower stability of HMC
as well as to ;he higher original porositj of the crinoid
ossicles vs. the Lﬁc coral skeletons and brachiopod shells.

On the other hand, all the Read Bay Formation results
tell within or near the CaCO3 field iIn equilibrium with the

postulated Silurian seawater (Fig. II-5). The samples appear

to be, on avérage, depleted by about 1 % in $180. The data
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Fig. II-5. Sunmary of 5180 diagenetic stabilization
trends for HMC, LMC and A. The Recent (dashed field),
Mississippian (CM) and Upper Silurian (CS) fields are the
postulated ranges for carbonates (HMC, A, LMC) in equilibrium
with contemporaneous seawater (cf. Figs. I11-2, 3, 4). The
X = s distribution and "open system" as in fig. I-9 (chapter
one). The ® represents all the samples from the Read Bay
Formation. The & represents all the‘samples from the

Burlington Limestone.
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are.all restricted to the declining part of the diagenetic
pé:hway.

These results show éhat the Mississ&ﬁpian Burlington
Limestone cdﬁponents show stronger 180 depletion (by a factor
of ~ 3) than the Silurian Read Bay Formation equivalents. In
other words, the former were subjected to stronger diagenetic
equilibration with meteoric water. This is in accord with
conclusions based ondsrace element data that the Mississippian
assemblage was mineralogically stabilized in an open meteoric‘
diagenetic system, whereas the Silurian one was stabilized 1in
a partly closed "reaction zone" system. The absence of clear
relative mineralogical (LMC, HMC, A) gradients in ‘Sjjo at
similar alteration levels (Mn concentrations) is due to the
fact, that, contrary to their Sr content, the original
mineralogical phases were not typified by large & 180
differences,

If the secular variations of seawater 180 with geologic
age are correct, then the extension of the oxygen paleo-
thermometer beyond the Mississippian depends not only on
elimination of altered samples (in the way discussed by Veizer
& Fritz, 1976; and in chapter one), but alsc on the knowledge
of the correction factors for secular variations in the
isotopic composition of seawater.

If the Missiésippian seawater was: about 1 %o and the
Silurian seawater was about’ 5%, lighter than present day

seawater, the average calculated Temperature would be about @
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31 % 4°C for the Mississippian brachiopods and corals

¢ 5%, %' 23,0, $D=0.8 %) and about 21 £ 2°C for the

Upﬁer Silurian corals ( & 180, X = -1.0, SD=0.35 %;):
Similar temperature values are obtained for the Upper

Silurian using the Read Bay Formatign crinedids (22 % SOC)

instead of the corals. This kind of similarity can also be

shown for the Mississippian using the different c¢omponents

of the Burlington Limestone such as brachiopeds (29.5 * 5.5°C)

b}

Q

rugose corals (32 * 37 C) and crinoids (31 % 6°C).

These results suggest that biological fractionmation did
not play a major part in the l80 incorporatiqn into the
skeletons of the Paleozoie rugose corals, possibly due'in part
to their different original mineralogy (LMC, chapter one) or
the Paleczoic crinoids. Mére research is needed to clarify

the "vital effect" of Recent scleractinian aragonitic corals

and crinoids and Paleozoic rugose corals and crinoids.
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Carbon.- isotopes

— .

A-Fonsiderable portion of ;ﬂé.%bserved vardation in
carbon isotopic composition of the HMC components can be

explainéd by factors, which suggest déﬂietion of .130 with

inc¢reasing Fe (Factor 1, Table ;l:k”{ Burlington Limestone;
Factor 3, Table II-2 -.Read Bay Formatian). This may -suggest
that the increasing proportion of phreatic, 13C depleted,
ferroan calcite cement .is the cause of this felationship (cf.
Richter & Fiichtbauer, 1978). Replacement of (or £illing of
pores in) the original skeletal HMC by dLMC (by ferroan calcite)
may a;count for simultameous Mg and 130 depletion and Ca
enrichment in thelBurlington L}mestong components (Factor 3,
Table II-1). rTherefore, the variation of Fe in the studied
limestone samples 1s mot only controlled b§ laboratory leaching
- $

from aluminosilicates in the I.R. (Tables I-4,5 and 6, chapter

one), but also by pore filling and replacement ferroan calcite.

Factor analysis of the A component with respect to 13C
has already been discussegd under oxygen isotopes.
The total isotopic variation of 13C of the LMC components

of the Burlington Limestone i1s explained by factors 1 and 3
(Table I1I-4). Factor 1 is analysed'as laboratory leaching and
silicification, hitE the latter compomnent of this factor
controll#ug the-variation of Mn, Sr and 8130. Factor 3,
diagnosed as total calcite, is not well understood at this time.
Factor 2 (Table II-5) of éhe LMC com?onents of the Read Bay

Formation is diagnosed as diagenetic equilibration and has been

)
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extensively discussedin chapter one and in the oxygen isotope
section (this chapter). ' -

8'1 3

Consideration of C shows thHat the samples fall into

R groups (Fig. II-6). This bimodal distribution is

inde;endent of age (both Silurian And'Mississippian samples’
contribute‘t; each group) and of the degree of zlteration as
approximated partly by & 18O values. TFurthermore, this
distribution is independent of-the diagenetic system (both
partly closed ;nd open system stabilized samples contribute to

each group, chapter one). The two 8130 groups show a slight

decrease in 13C with diagenetic equilibration (dpp. 1 Y0} .
. ™
Howevgrﬁ any secular variation of 130 is not taken .into

“comsideratiom in deriving the walue (Fig. II-6). This decrease

is probabl& a result of partial diagenetié equilibration with
isotopically lizgk meteoric water. 'The trends do not converge
and this suggests that we are dealing with two differen;
fundamental p{gﬁésses controlling the & ;3C of the gifferent
components.

Since diagenetic processes and secular variatioms in 130

are only of sec;ndary importance; the other possibility is tpatf
this bimodal distribution is of a "primary" nature. The
following’ are possible factors. involved in this primary contrglf
(1) the textural nature of the limestone matrix, (2) tﬁe
role of decomposing organic matter in the environment of CaCO3

precipitation, (3) the type and source of cement (eg. methane

derived; marine; meteoric; or a combination of these), (4} the

s
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Fig. II-6. 'Sumﬁary scatter diagram of si3c vs. .S}SO
for all studied samples. The Recent (| ), Mississippian ( (] )
and Upper Silurian (B ) fields are ;ossible rénges for
éarbbnates (BEMC, A, LMC) ip.équilibrium with the postulated
contemgoraneous seawaéer (Gross, 1964; Keith.& Weber, 1964).
The' 0 rep;esents fossil and matrix sampleg from the Read Bay
Fprmation at Goodsir Creek, Cornwallis Island. Thee® represents
the.rest of the fossil and matrix samples from the Read Bay
Fo;mation of Cormwallis and Somerset Islands. Thed represents
fossil and matrix samples from the Haight Creek Member of the

Buriington Limestone. The & represents the rest of the fossil

and matrix samples from the Burlington Limestone.
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mode of deposition (eg. skeletal - organic build ups, reefs or
inorganic - "chemical precipitation") or perhaps (S)’L combination
of the above factors or at this time yet unspecified factors.

Possibility (1) on superficiali-examination seems a

plausible explanation for the bimodal digffibution'sfnce the
heavy group..is represented mostly by sparitic samples, whereas

the light group is represented by micritiec sampples. However,
this textural classification has a few flaws sGch as a) the

r
1

association of micritic and sparitic samples also with the
heavy- and light-lBC groups, respectively, and b) the fact that

fossil components (brachiopods, crinoids, rugose corals) have

Pl

3‘130 values similar to their .enclosing matrix and as ‘such are
incorporated into both groups.  This argues against a possible
textural control over the bimodil 13C distribution.

Alternative (2), the decomposition of organic matter will

cause the precipitation of CaCO, in carbon isoto?ic disequilibrium

3
with ambient seawater (Shinn, 1969; Land & Goreau, 1970;°

MacIntyre & Milliman, 1970). At this stage it is not known

whether this process could cause a bimodal distribution of ;?C

»#

in CaCOB.

Alternative (3) lately has received widespread attention.

Methane - derived CO2 in cement formation can be discounted
because.such a source results in either a heavy carbon group

( .8136 ~+5 to +21 Y%o) formed in isotopic equilibrium between
carbonate ion and methane, -or a light carbon group ( 5'13C
-2 to -25 %o ) formed by disequilibrium between carbonate ion

and methane (Murata et al., 1969, p. Bl; Hathaway & Degens,
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1969; Allen et al., 1969).. This is clearly outside the range

of & 13C values observed in the present study. -

. On the other hand, meteoric dement would be characterized
by low Mg and light & 13C values and higﬁ Fe content (ferroan
calcite cement) (Oldershaw & Scoffin, 1967; Hem, 1970; Scherer,
1977; Richter & Fﬁchtbauer,31978). The highest degree of Fe-
staining and increase in sparite cement (2nd-generation cement)
is observed in the samples with lowest Mg content, as predicted
above, but contrary to predictions are low in Fe and.heavy in
& 13C values {Table II-6 and Appendices IY and III)}. This is
unexpected since an increase in sparite cement will cause a
depletion in 13C (Magaritz, 1975). Those samples with high Fe
content show no histinct staining and, in general, fall into
the light“lsc group. Therefore, it seems highly unmlikely that
meteoric cement could cause the observed bimédaL 313C
distributioen. K\ |
Marine cement has to be considered in conjunction with

élfernative (4), since its mineralogy and isotopic composition are
closely linked to its mode of "depositions Aragonite and HMC
cement studied in Recent skeletal environments of deposition

(areas of organic build ups, reefs, fareas of high concentration

P

of skeletal debris) fall into the he vy é‘l3C range of +2 to )

L

+4 %o (Shinn, 1969; Land & Goreau, 1970; Land, 1973; Deuser &
Degens, 1969; Lowenstam & Epstein, 1957; Moore, ;973; Milliman
& Baretto, 1975; Gross & Tracy, 1966; Buddemeiler et al., 1975;
Milliman & Mﬁller, 1978), whereas -A cement formed as a direct

chemical precipitate from shallow seawater is light in 13C
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LoD |eN @ [ 2 moR D Fe Mg C
BURLINGTON s
Towa
: *
Burlington a ¢ p a 1 2-F3 450 1300. -2.1
Mediapolis a P c a 1 V 420 9800 -1.0
Missouri
Columbia a- c a 1 2F F 600 1400 -2.8
Springfield a c a 1 2 190 1300 -3.7
READ BAY
Scmerset Is.
Garnier Bay a a p M 1500 10500 -0.4
/Creswell Bay a a M 1300 12600 -0.1
Fury Beach a a p M F 1400 8300 -0.2
Cape Garry a a M 1100 3400 -
Cornwallils Is.
Goodsir Cr. aa a P MPF 600 23000 -2.6
Depot Pt. Lake|2a ¢ a c MF 800 6400 -0.3 f
Read Bay c a a c M. ¥ D 1500 24000 -0.8
Cape Rescue a a p MF F F 900 69000 -0.2

Table II-6. Fe-staining of cement/matrix and average Fe and
Mg concentrations and 813C coantent of the samples
from the localities studdied.

(Note:a = abundant, ¢ = common, p= present;

= 1st G-syntaxial cement, 2= 2nd G-syntaxial cement,
3=3rd G-syntaxial cement; M= matrix, D= dolomite
V=vug filling spar, F= fracture f1illing spar).
* contains samples from the light~13C (ave. 0.9 %)

and the heavy-lBC (ave. 3.2%,) groups.
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(-1 to +2 %) (Katz et al., 1977). Ancient analogues of the
Recent heavy and light %3C groués have been described by Davies
(1974; 1977), Davies & Krouse (1975) and Keith & Weber (1964).
A submarine origin foé these cements has been postulated by
Davies (1977), Schroeder (1972), Ginsburg & Schroeder (1973),
Ginsburg & James (1976), James et al.,(1975), Gofe;u & Land
(1974).

Milliman & Miller (1975, p. 663) suggested that A and
HMC cements of the heavy—l3C group, precipitated 1in apparent
disequilibrium with ambient seawéter.‘lThis would agree with
alternative {(2) discussedearlier.However, this is questioned
since tﬁe enclosed fossils (brachiopods, crinoids, rugose
corals) are also enriched in 130 (Fig. II-6). This alsc holds
true for the material of the light—lsc group. It is possible
that seawater, due to some biological control » in lthese
envifonments of skeletal deposition was in disequilibrium
with open ocean- -~ water, and this disequilibrium would be
reflected by the éements, matrix and.biological foséli ”
components. I?fany case more studies are needed to define this
disequilibrium phenomencon, the effect 1; has on organic and
inorganic components and how it relates to th;se components
forming in other environment§ of deposition.

In analegy with the above discussion the light413c group
isminterpretated as containing amounts of originally inorganically
derived A muds (chapter one , Veizer et al., 1978) and cements

and fossil components precipitated in carbon isotopic

equilibrium with their ambient shallow seawater and submarine
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e;vironmEnt (Fig.'II-?).‘ This group comprises predominantly
the micritic samples from the Read Bay Formation and samples
from the Haight Creek Member of the Burlington Limestone.
The heavy—lBC group is interpreted as containing
appreciable amounts of organically-derived originally HMC and
A cements precipitated in carbon isotopic disequilibrium
with ambient seawater and their submarine environment (Fig.
II-6). All the remaining samples from the Burlington Limestone
fall into this group. In addition samplés from the Read Bay
Formation at Goodsir Creek (repigsenting reef-flank and reef-core
samples, J.J. Packard, 1978, pers. comm.) make up the rest of
this group
c‘“’/ Iﬁ summary, the Burlington Limestone (except for the
BEaight Creek Member samples) and{the Read Bay Formation samplés
from Goodsir Creek were cemented by EMC and A cement in the
submarine environment, and are typified by heavy—lBC values
(Fig. II-6; Davies, 1977; Davies & Krouse, 19753). Iﬁ addition,
the marine-derived, lSt—generétion, non-ferroan, syntaxial,
calcite cement, in the Burlington Limestone samples, was
)
followed by subsequent 2nd-gene£ation ferroan-calcite cementation
in the diagenetic meteoric phreatic enviro;ment (Table II-6,
Fig. II-§&; Richter & Fiichtbauer, 1978)
The Haight Creek Member samples and the rémainder of the
Read Bay Formation samples were cemented by inorganically-
derived originally A cément in the submarine environment or in
the presence of mariﬁe-derived pore solutions and are light in

13C (Fig. 11-6; Katz et al., 1977). ~
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CONCLUSIONS

The oxygen and carbon isotopic study of the Mississipplan

Burlingtoh Limestone (Iowa and Missouri) and Upper Silurian

-

Read Bay Formation (Arctic Canada) produced the following

conclusions:

(1) Trace element and textural criteria (chapter one)

A !
e 1

show that the Burlington Limestone was subjected to stronger
diagenetic equilibration with meteoric water than was the Rea$
Bay Formation. The stable isotope data conform with this

18

interpretation 1f the secular increase in 0 of progressively

younger seawater I1s accepted. In contrast, assumption of
5.18

constant 0 of ancient oceans leads to the opposite
interpreéation. Such a conclusion is, however, at variance
with all trace element and textural cbservations;

(2) Projection of isotope data iqto the "least" altered
range indicates that ocean waters of the Mississippian and the
Upper Silurian were about 1%s and 5 %. lighter, respectively,
than present day seawater;

(3) If the above estimates for Paleczolic seawater are
correct, the average diééenetic shift in ‘8180 of the Read Bay
Formation (stabilized in a "partly closed" diagenetic system)
was about -1%ec, and of the Burlington Limestone (stabilized in
an open diagenetic system) was about -3 %o PDB. Due to small
18O fraﬁfionatiog_between the original CaCO3 components, the
diagenetic path of all components (A, HMC, LMC) is similar,
although LMC, due to its greate£ stability, shows a slightly

smaller § 180 shift than either HMC or A;
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(4) If Mississipplan seawater was.abo#t 1 %o, and Upper
Silurian seawater about 5 %.lighter in 180 than present day
ocean water, then calculated average temperatures (from LMC
components)} for the Mississippian of Iowa and Missouri and the
Upper Silurian of Arctic Canada would bé about 31% 4°c  and
21‘2 2°C, respectively;

(5) Oxygen paleothermometer temperature calculation and
comparison with resglts obtained from the brachiopods suggests
that Paleozolec rugose corals, partly due to their dikferent
original mineralogy (LMC), and Paleozoic crinoids show no signs
of biological fractionmatien such as has been observed iﬁ
their Recent countérparts;

(6) The 3'13C of the studied samples is distributed
bimodally with+0.5 and +3.1 %o as the modes of the two groups.
The heavy-l3c group is aésociéted with samples from organic
build-ups or from areas of high concentrations of skeletal debris.
They are cemented mostly by spar and pseudospar. The light—lac
group is typical for environments with subordinate skeletal
contribution and high proportions of micritic matrix and/or
cement;

(7) Comparison with Recent analogues indicates that the
above bimodality is due to the type of cement involved. The
heavy-l3c group 1s characteristic of organically derived
originally HMC and A cement precipitated in carbon isotopic
diseq?ilibrium with ambient seéwater, while the light—lac

group 1s characteristic of inorganically derived originally A

mud matrix and/or cement precipitated in carbon isotopic



99

equilibrium wit@ ambient seawater; -

(8) Texturﬁl-and isotopic criteria suggest that the Read
Bay Formation limestones were ceéénted in the submarine .
environment, or cementation and lithification was achieved in
the presence of marine-derived pore solutions. Iq contrast,
the Burlington Limestone samples show two generations of cement;
an initial stage of HMC and A submarine cementation followed
by Mn-rich — LMC -cementation in the diagenetic, méteoric,

phreatic environment.



\ ' CHAPTER III
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THE REDISTRJ\BUTION OF TRACE-ELEMENTS AND STABLE ISOTOPES DURING

A}

\ "DORAG" DOLOMITIZATION
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ABSTRACT

Late diagenetic dolostdneg form as a replacement of
stabilized low-Mg calclite 1i£Estones with average Sr values of
about 450 ppm. This replacement takes place in the "Dorag"

T De—

This transformation {5 selective ﬁcr the matrix A30 ¢t

fresh-seawater mixing zomne.

300 microns), while the allochems are usually replaced by
larger crystals, but only after the original matrix has been
dolomitized.

Any possiblﬁ ofiginal isotopic or chémical differences
within or between pTrecursor limestones are eradicated during
"porag" dolomitization, since this diagenetic transformation
proceeds in a moTe or less open system with respect to the
bulk aquifer (pore) water.

This precludes the_use-of trace elements and isotopes
as fécies, ;aleoenvironmental or paleoflow indicators for
"pDorag" dolostones, while at ‘the same time differentiating this
group of dolostones from the "eatly diagenetic" varieties

described by other authors.

RESUME
Les dolomies diagénétiques tardives ont remplacé les
calcaires stabilisés, 3 faible teneur en Mg, et dont la temneur
en Sr est d'environ 450 ppm. Ce_remplacement a lieu dans 1la
zone "Doragf:oﬁ 11 y a mélange d'eau douce et d'eau de mer.
Cette transformation est galective pour la matrice (30 2
300 microns) tandis que les allochémes sont habituellement

-remplacés par des cristaux plus grands et cela seulement apres
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dolomitisation de la matrice originelle.

Les différences chimiques ou isotopiques originelle
possibles a 1'intérieu£ des ou entre les calcaires_précur;eurs
dntlété détruites au cours de la dolomitisation ﬁDorag",_
puisque cette transformation a lieu dans un systeme plus ou

T

moins ouvert par rapport 2 la masse d'eau météorique.

/ .
i Cela met donc dans 1' impossibilité 1'emploi des oligo-
{ -

&léments et des isotopes pour indiquer les facies, les paléo-
milieux ou les paléocourantes des dolomies "Dorag", tout en
permettant de distinguer ce groupe de dolomies des variétés .

"diagénétiques précoces™ décrites par des autre auteurs.
4

ZUSAMMENFASSUNG

Sp&tdiagenetische-Dolom;te werde;wals eigelVérdrﬁngung
der stabilisierten Tief-Mg Kalzitkalksteine mit Sr Mittelwerten
von ﬁngef%hr 450 ppm gebildet. Diese Verdringung findet in der
"Dorag" Frisch-Meerwasser Mischungszone statt. ' /7"-—

Diese Umwandlung ist fur die Matrix (30 bis 300 mikrons)
‘auswihlend, wihrénd die Allochems meistens von grosseren

. Dolomitkristallen verdrdngt Qerden, aber nur nachdem die
ursprﬁnglicﬁe Matrix dolomitisiert ist.

Irgendwelche urspringliche Isotopén oder Spurenelement
Erhaltungsunterschiede innerhalb und zwischen Kalkstein-
vorgdnger wurden wihrend der "Dorag" Dolomitisierung aﬁsgelascht,
weil diese diagenétische Umwandlung in einenm m;hr oder wenigerT,

offenern System mit dem Hauptteil des Grundwassers vor sich

geht.
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’

+ Dies schliesst dgn‘%ebrauch, von Isotopen und Spuren-—

" elemente als Fazlies-, Palaoumwelt- oder Palaostrommesser’ fur

"Dorag" Dolomiten aus, wahrend es -zur gleichen Zeit . Adiese

Dolomitgruppe von der "frihdiagenetischen" Art, d von anderen
: -2 :

Verfassern beschrieben ist.unte{gzﬁ?f&b&r//

4 -~

Ve

w/ é
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INTRODUCTION

The origins of "Primary" ( Penecontemporaneous) and
tSecondary" (= Dorag) dolostones héve.puizleq carbonate
petrologi;ts for a long time. Igis is due 'to the fact that
‘dolomite is the most sFable carbonate phase thermodynamicg}ly,
and is prominent in the geologic record. Yet experimentafi%ts
xave persistently.failed to synthesize dolomite in the
laborator}.under earth surfuce or shailow,subsu;face conditions
(Garrels, 1960; Eanshaw et al., 1971).

However, dolomite formation aﬁd doiomitization of other
carbonatguphases has been achieved under hyérothermal

conditions (Graf & Goldsmith, 1956; Rosenberg & Holland, 1964;

Rosenberg et al., 1§67; Sureau, 1974; Katz & Matthews, 1977).

In the past twenty ygars.several doloﬁitizgt;pn models
have been proposed (eg. S;epage.reflux - Adams & Rhode;, 1960;
Evaporative pumping - Friedman & Sanéers,'1967; Hst - & °
Siegenthaler, 1969; Sabkha,model-F Illiqg et al., 1965;
~Kinsman, 1964;_B;thurst, 1971; Schizohaline model -~ Folk &
Siedleéka, 1374). These models - can explain the formation of

penecontemporaneous dolostone, but are. incapable of explaining

the textural character and volumetric occurrence of "Dorag"

dolostoﬁes. -

The erigma of the "secondary" (= 1late diagenetic; here
termed "Dorag" dolostones, = Dd) persisted until the eariy .
1970's. Thé "Dorag" model (Hanshaw Ei 2l., 1971; Land, 1973)

may provide the answer for the formation of secondary



104 . -
. .
dolostones. According to Badiozamani (1973, p. 979, p. 965)

it "...has the advantage of being. independent of extensive

evaboratibn and high_Mé/Ca ratios in solutiomn..." and acts by

"...mixing meteoric groundwaters with up to 30 I sea water

-

which causes undersaturatioﬁ with respect to calcite, éhereas
dolomite saturation increases continuously...",

However, the degree of dolomite saturation and calcite
undersaturation is not just a factor of mixing seawater with
meteoric water. TFor example, Plummer (19%5) and Wigley &

Plummer, (1976) have shown that the saturation index 1is

influenced by PCO in” an open and closed diagenetic svstem.
" .

-

This model is further complicated by observations of Veizer

t al. (&9?8, p. 1457) that T,.. direct mixtures of seaz and
meteoric‘;aters cannot p£ecipifate dolomites with the whole
“;ange of the observed St concentrations,‘regaidless of whether
the high or low partitiom coefficients ;re accepted"l This
'suggesps that.penecontempbraneous dolomite formation is
péssibly related to some diagenetic microenvironment, whereas
"Dorag" - dolomitization.is an equilibrium‘process'(Katz et al.,
1972; Katz & Matthews, 1977; Veizer, 1977; Veizer et al.;
i978; chapter one, this thesis; for further discussion see page
120, this chapter).

This type of mixing is attained in the fresh - marine
pgreatic zone and if‘this zone is highly mobile, it possibly

can account for the regional and substantial volumes of

ancient dolostones (Hanshaw et al., 1971; Badiozamani, 1973;

Land, 1973; Land et al., 1975; Veizer et al., 1978). The ~
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mobility of the "Dorag" zone can be achieved by numerous

cycles of marine transgression-regression, .

v Limestone stabilization; which is believed to precede

"Dorag" dolomitization (Veizer et al., 19785, was investigated

in chapter one, with the following mdjor qonclusioﬁs:
l.,Diagenegic mineralogical stabilization of limestones

is generally accomplished in partly closed diagenetic ‘

environments termed "reaction zones". The "Messenger Film" of

these zones is not in chemical equilibrium with the bulk aquifer

(pore) water.

2. The progressive textural coarseniﬁg (maturicty) of the
rocks is, accompanied by distinect tremnds in chemic;l
composition, Sr decrease and Mn increa§e being the clearest
examﬁles.

3. The rate of this chemical and textural egquilibration

process is coatrolled by tHe stability and chemistry of the

original carbonate phase. -%xcept in the case 0of complete » s

diagenetic equilibration, stabilization through the "reaction
zoneJmicroenvironment results in preservation of chemical
gradients. These gradients, proportioﬁal to original chemical
differences gnd thus to mineralogy, can be utilized to
determine the criginal composition (mineralogy) of a phaée.
The principal objectives of this study are (1) to
ascertain whether an increasing degree of dolomitization leads
to the evolution of distinct redistribution patterns of trace,

minor and major elements and of stable isotopes, and 1f so,

whether these changes are accompanied by textural evolution.
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(2) To exami;e ﬁhethér "Dorag" dolomitization proceeds
via a dissolution - reprecipifation process in equilibrium
~with the bulk aquifer (pore) water or whether, in analogy to
limestones, it 1is controlled by microequilibration in discrete
"reaction zones".

(3) To evaluate whether the formation of "Dorag" dolomite
(bd) is 3ccompli§hed by direct replacement of the original
metastable CaCO3.precursors or through an intermediate stable

caleitic (dLMC, chapter one) phase.
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PETROGRAPHY

The observed dolomitization can be subdivided into two

easily distinguishable types, namely macrodolomitization,-

which is characterized by its crystal shape and size and non-
staining by alizarin - red (Evamy, 1969; Lindholm & Finkelman,
1972) (Plate 6). These samples are classified as groups II and III
diagenetic dolomites ("early to iate") (Fritz & Jackso;, 1972).
Among the allochems only crinoids are partially to
completely dolomitized, with partial retention of their unit
extinction characteristics. In contrast, brachiopods and

rugose corals show no signs of dolomite replacement.

The other type is micreodolomitizatiocn ,, distinguishable
by its anhedral to subhedral delomite crystals and size; which are
restricted to crinoid ossicles and syntaxial overgrowth cemeng
(cf. Lohmann & Mevers, 1%77; Meyers & Lohmann, 1978).

In addition to the above noted features, the alizarin -
red and potassium £erricyanide stained thin sections commonly
have a spotted appearance. Under high magnification distinct
dolomite crystals could seldom be resolved to account for this
lack of stain. It is suggested that these spots (noticed'in
all thin sections from the Burlington Limestone and the Read
Bay Formation) could possibly be centres of dolomite nucleation.
This inferred incipient dolomite nucleation affects matrix

and allochems equally, but the mechanism needs further study

(Plates 3 and &4).
Macrodolomitization and silicification seem not to have

occurred at the same time in particular samples. The timing.
L4
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and exact nature of this relatioﬁship are not resolved. However,
dolomite greferentially replaces the matrix (dLMC) while
silicificatién mostly affects the allochems (Marcher, 1964;
Wilson, 1966; J. J. Packard,-1978, pers. comm.). On the other
hénd, dolomitization of the allochems proceeds only after the
replacement of the matrix 1s more or less complete (Murray,
1960; Lucia, 1962; Carozzi & So&erman, 1962; Hanshaw et al.,
1971; Renard, 1972; Feitz & Jackson, 1972) (Plates 1 and 6).

In general, the Burlington Limestone does not show any
signs of macrodolomitization, except for two samples from the
Haight Creek Member; otherwise only micro- (crinoid ossicles
and syntaxial overgrowth cement) and incipient dolomitization
were observed (Table III-1). Silicification (of the fossil
allochems) is the dominant replacement process in these samples
from the Burlington of Iowa (cf. chapter one) (Plate 1).

Only incipient- and some minor macrodolomitization and
discrete silicification of the allochems‘were noted Iin the
Read Bay Formation samples from Somerset Island ( Plate 4).

The whole spectrum-of dolomitization was observed in the Read
Bay Formation samples from Cornwallis Island (Table ITI1-1). In
this case the dolomitization process proceeds in the sequence:
matrix/cement, impingment of fossil allochems and complete
replacement of allochems (Murray, 1960; Carozzi & Soderman,
1962; Lucia, 1962; Hanshaw et al., 1971). A coumplete transition
from biomicrite to dolomitic biomicrite to biodolosparite

(ie., fossiliferous .dolostone) 1is present in these samples

(Plates 5 to B8).
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Missouri ' -
Columbia a a a P
Springfield a a a
READ BAY

Somerset Is.

Garnier Bay a am c
Creswell Bay a . m

Fury Beach a a m

Cape Garry a

Cornwallis Is.

Goodsir Cr. P Cc a p a' M M N
Depot Pt. Lake| z D a M M N
Read Bay a ¢ a M M D
Cape Rescue a a M M A N

Table ITII-1. Petrégraphic description of the studied sampfzs
from the Read Bay Formation and Burlington Limestone.
{ Note: a= abundant, c = common, p= present; M=major
part of matrix, m=minor part of matrix, A= fossil
allochems; N= non-staining of dolomite matrix, D= dolomite
Fe II-I1I).
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THEORETICAL CONCEPTS

From studles of aquifer systems in_Tertiary carbonates
of Florida and the Yucatan Peninsula, Hdnshaw—gg.gl. (1971)
postulaéed that "late - diagenetic” dolomitization occurs in
the brackish water, ie. phreatic fresh - seawater mixing zone,
and is caused by circulation of groundwater with Mg/Ca ratio
> 1 (Land, 19;3). Badioczamani (1973) proposed the term
"Dorag" for this ﬁixing zone. Lately this-model has been
used to explain the extensive dolomite sequences in the
Canadian Arctic on Devon Island (Land et al., 1975; Morrow &
Kerr, 1977) and on Somerset and Frince of Wales Islands (Veizer

t al., 1978).

The simplified reaction of limestone dolomitization:

2 CaCoy + Mg2t —= Ca,Mg(C0;), + ca’®  (III-1)

shows that, during this wet transformation process, Mg will
extensively substitute for Ca in the calcium carbonate lattice
(Bathurst, 1971, p. 528). According to Hanshaw et al., (1971,
p. 721) this process "...given enough time and a sufficient
magnesium ion supply..." (the latter coming from seawater,
which acts as an external reservoir), will proceed until
"ordered" stoichiometric dolomite is formed.

Trace elements with fomic radii similar to that of Mg
(eg. Fe, Mn) will preferentially substitute in ordered

dolomite, whereas those with larger radii {eg. Sr) will be

incorporated to a lesser degree. TFor example, the partition
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coefficient of Sr in dolomite is eitherx Kger‘0.0S (Behrens &

Land, 1972; Jacobson & Usdowski, 1976) or ~ 0.025 (Katz &

-

Matthews, 1977); both considerably lower than the partition
\coefficient accepted for calcite (K§r= 0.14, Kinsman, 1969)
(see fig. I-3 for alternative partition coefficients).
Furthermore, the Sr/Ca ratio of the deoelomitizing water
and the water/rock ratio of the wet transformétion process
will be of considerable importance, but these parameters are’
as vet not well defined for the "Dorag" system. Veizer et al.
(1978) postulated that "Dorag" dolomite (Dd) must have been
formed in environments in which CaCO3 phases with 3 1500 ppm
St (eg. high-Sr aragonite) were absent, either due te their.
diagenetic transformatiJE intoe dLMC, or - less-likely - due to
their primary absence. Therefore, dolomite formation must
either be preceded by dLMC with low- - Sr values and/or by
other low - Sr "intermediate"” carbonate phases. .
In an expe:imental study of dolomites at 252 - 295°C,
Katz & Matthews (1977) were able to show the existance of
"intermediate" carbonate phases, confirming earlier work by
Rosenberg et al. (1967) and Sureau (1974). Katz & Matthews
(1977, p. 309) found that replacement of LMC bf dolomite
M, ..involves dissolution of the teactants' {and) precipitation,
from the solution of an intermediate product phase', a EMC with
approximately 35 mole %7 Mg. This intermediate phase is later

dissolved and finally dolomite is precipitated (Katz & Matthews,

1977).
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On the other hand, dolomitization of A according to
Katz & Matthews (1977, p-. 307)"...involv?s the growth and.
subsequent dissolution of two magnesian calecites, the first
being a low magnesian (5.6 mole %) and the second a high
magnesian (39.6 mole %) calcite ...". This mineralog;cal
sequence of intermediate carbonate phases 1is complemented by
their oxygen ‘and chemical data (Xatz §& Matthews, 1977;
Matthews & Katz, 1977Y).

According to Matthews & Katz (1977, p. 1431) ghere is
a "... marked én{ichment of 180 in delomite relative to calcite
with which ig is in equilibrium..." in 2 diaggnetic environment
at earth surface and shallow subsurface conditions. This
enrichment ranges from +0.3 to +10 oo 5180 (Epstein et al.,
1964; Weber, 1964; Gross & Traceyv, 1966; Fritz, 1967; Clayton
et al., 1968; Pandey & Sharma, 1970; Sheppard & Schwarcz, 1970).
The 180 enrichment is abou+5 to+7 Yoo for penecontemporaneous
dolomites cvompared to syngenetic calcite (Q0'Neil & Epstein,
1966).

Isotopic fractiomation of oxygen in the system dolomite-
water and dolomite-bicarbdnate is not well‘known at low
‘temperatures, due O the already mentioned failure to
synthesize dolomite ét normal earth surface conditions (Fritz
& Smith, 1970).

Small or nearly zeroc oxygen fractionations have been
observed between synthetic hydrothermal dolomite and itg

precursor calecite (Matthews & Katz, 1977). In other words

hydrothermal dolomites atre not enriched in 180 compared to
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syngenetic calcite.

In "Dorag" dolostones an 180 enrichment between+0.5 to+
3.0. %o has been observed (Fritz & Smith, 1970). Fritz &
Smith (1970, p. 1170—1172) discuss the discrepancy between the

lS0 values of "Dorag'" dolostones and those values

observed §
predicted from extrapolations of high temperature experiments
(0'Neil & Epstein, 1966). They offer several reasons that
may be the cﬁuse for the discrepincy, such as 1) changes in
the temperature of the oceans, 2) changes in the isotopic
composition of seawater with geologic time or 3) differences
in the dolomite-water and protodolomite =-water fractionation
factors. The authors favour the latter alternative. Tor

further discussion the reader is referred to Fritz & Smith

(1970).

13 . : "
The exact nature of C fractionation in "Dorag"

dolomitization is not elear (Fritz & Smith, 1970; Fritz,

1967; Veizer et al., in prep.).
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REGIONAL GEOLOGY
ORIGINAL COMPONENT MINERALOGY R
The regional geology, description of localities and ;he
petrological and mineralogical properties of the studied

. components were describeéd in chapter one (this thesis). For

additional information concerning localities see Appendix I.

ANALYTICAL TECENIQUES

The analytical techniques and their accuracy and precisioen
were reported in ;hapters one and two (this thesis), which
also contain the statistical evaluation of the results; Note
that all discussion of the chemical data is based on
concéntrations recalculated on a total (100 Z) carbonate
(insoluble residue-free) basis. 1In preparation of samples fér
isotopic analyses the reaction rates were varied according to
their mineralogy (Walters et al., 1972%. The list of chemical

and isotopic data is given in Appendix III. The correction
Y

for the dolomite acid fractionation has been applied.

v
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EVALUATION OF TRACE ELEMENT DISTRIBUTION

General

In the péevious chaptershthe distribution of trace
elements and stable %sotopes in CaCO3 phases was discussed.
This chapter will deal exclusively with "Dorag" dolomitization
and the rolé it plays in trace element and stable lsotope
redistribution,

In all the stﬁdied samples, dolomitization is Ehe second
most important factor, with 28.1 percent of the total trace
element variation (Table I-3, chapter omne). The 1inverse
relationship between Ca znd Mg, and to a minor degree also
Eetweeq.Sr; Mn and Fe is as predicted from theory. 'Since Sr-Mg
gives the best resolution of the dolomitization trend, these
parameters will be utilized in the subsequeng-discussion.

It is generally believed th;t dolomitization is texturally
destructive (Bathurst, 1971). This can be confirmed, to some
degree, since the preferential dolomitization of the matrix
obliterates any depositional structures ana textures. In
crinoids, however, dolomitization follows the c-axis alignment
of the precursor single and polyc;ystalline calcite crystals
(Towe,. 1967):

This textural and chemical trend is depicted by Figure
III-1. Field i delineates the composition of the originally
metastable precursors (upper part of field - A, niiddle part of
field - HMC, lower part of field - LMC). Field 2 delineates -

non-dolomitized micrite matrix (and associated fossils) samples
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Fig. III-l.V Textural and chemical variation of the
different carbonate.phases with increasing dolomitization.
Field 1 represents the composition of the origimally metastable
precursors (cf. f£ig. I-4, chapter omne). Tield 2 represents
Read Bay Formation samples from‘Somerset Island and field 3
represents Read Bay Formation samples from Depot Point Lake
and Read Bay. Field 4 represents .Burlington Limestone
samples from Iowa and Missouri;‘-Field 5 represents Read Bay
Formation samples from Goodsir Creek and Cape Rescue. Field 6

represents the theoretical possiblé'range of delomite {(Garrels

& Christ, 1965; Katz & Matthews, 1977; Veizer & Demovi&, 1974).
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from the Read Bay Formation of Somerset Island, while field 3‘

- comprises mostly micrite - microspaf, allochems and some minor

pseudospar and dolomite from the Read Bay Formation of
Cornwallis Island. Field 4 depiets matrix and fossil samples
from the'Burliﬁgton Limestone which contain microdolomite
(cf, Lohmann & Meyers, 1977),'incipient dolomite and some
miner macrodolomite in the Dolbee Creek Member samples. Field
5 cpmprises the whole range from limestone to dolostone, with.
sameles in the left part having only part of their micritic'
¢mstrix delomitized. The dolomite ecrystals fall into group II‘
of{Fri;z & Jackson- (1972) with average‘size‘of % 30 microns.

The samples on fhe‘right side of field 5 are compsrable to
group III dolostones of Fritz & Jackson (1972). Usually" two

‘dolomite generations. are present. In the matrix the average

.

grain size i{s ~ 100 microns, while in the fossil allochems it

L3

.

is ‘3‘200 microns. . The'samples conform to the predicted

chemical and textural covariance trend (micrite to microspar -

-ag& possibly spsr - to dolomite) with increasing dolomitizaticon.
o . a -~

High-Mg calcite

'Factos analysis does not-depict any variation due to
dolomitization (iable I-4, -chapter one), for only a few samgles
are partially oT completely dolomftized (Fig. III- 2) The
majority of the rock samples in the process of diagenetic

equilibration,rapidly lose their Sr as well as Mg (purification)

.

(Lowenstam, 1961' previous section). These samples, Iin general,

‘'show micrndolpmite.inclusions in the crinoids and syntaxial

-
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HMC components in relation tojstabilization and‘dolomitizgtion

ianetéo:i; aﬁd~“ﬁorag“‘waters. The HMC field is the observed
possible rénge of BEMC in equilibrium with present day seawater

(Chave, 1954&; Milliman; 1574). The D field as iﬁ fig. ITII-1 -
(fieldlé). Thg ® deiotes crinoids from the Read Baf Fo;;ation
of SOmer;et and Cornwallis Islands. The + represents a crinoid
from the.Read Bay Formation at Goodsir Creek, Cornwallils Island
(A. Legun, 1979, pers-co%y.). The © and & represent c;inoids_

and, crinoidal biosparite, respectively, from the Burlington

Linestone of Iowa and Missourl. The & represents a crinoidal

) -

dolomitic biosparite from the ReadiBay Formation at Goodsir

Creek.



119

cement- in the biosparite. A few samples from the Dolbee Creek
Member of the Burlington Limestone show minorlamoungs of
dolomite (group II, Table III-1). Otherwise, the few
dolomitized.crinoids are from the Read Bay Formation at Cape*
Rescue and one from Goodsir Creek (tﬁe latter was analysed by
A. Legun, see Appendix 1I11).

After the initial concomitant loss of Sr and Mg during
the HMC —» dLMC transition, the subsequent dolomitization oqu
lowers the Sr content by another factor of 3-5. Non-

stoichiometric Mg values are not indicative of disordered

dolomite, but rather of coexisting calcite.
- .

Aragonite

Factor analysis of the presumed originally A hicrite
(Table I-5, chapter one) ;hows-that dolomitizat (Factor 2)
accounts for 42.2 percent of the total chemical variation.

As predicted by theory (previous section) dolomitization is
dccompanied by decreases  in 63 and Sr and increasés in Mg and -
Na.

The samples with < 30000 ppm Mg have already been
discussed in chapter one (Fig. I-6). After the initial
decrease ip the Sr‘content, d¥e to diagenetic transformation of
the metastable Precursor, the subsequent dolomitization results
in 1its further decrease by a factor of 3 (Fig ITI-3), The
latter degrease is similar in magnitude to t@e one observed
for the HMC phase (Fig. 1I11-2). However, this trend is not

accompanied by a further increase in Mn (Fig. I-6, chapter one).
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Fig. ITII-3. Sr distribution in the presumed originally
aragonite (AS components in relation to ;tabllizatiOn and
dolomitization in meteorjic and "Dorag" waters. The A field is
the observed possible range pf A in inorganic equilibrium with
present day seawater (Kipsman, 1299; Bathurst, 1971; Milliman,
1974). The D field as in fig. IiI-l (field 6). The @ represent
samples from the Read Bay Formation of Somerset and Cornwallis
Islands. The O represents averages of analogous micritice
facies from the Mesozoiec of Czechoslovakia (Veizer & DemoviE,
1974). The A represent averages for dolomite samples of the
Allen Bay and Lang River Formations éf Arctic Canada (Veizer

t al., 1978).
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The transition from limestone to dolomitic limestone to
dolostone is accompanied by an increase in crystal size (Table
. ITII-1). The mostly non-stoichiometric nature of these "Dorag"

dolostones has been discussed previously by Veizer et al.

(1978).

Low=-Mg calcite

None of the sampled LMC compeonents show any signs of

H”

either micro- or magrodelomitization.
Summary

The previously discussed trends for particular components
are summarized in Fig. III-4. From this it is evident thaé
"early" diagenetic stabilization (transformation into dLMC)
will preserve some chemical differences of the initigl
compo&ent;, while subsequent (dLMC - Dd) dolomitizatiqn{ by
"Dorag" waters, will lead to an assemblage where all internal
components.are in éhemical equilibrium.

Renard (1;72, fig. 2)'pr0posed a2 similar model for "late
diagenetic" (Dorag) dolomitization. However, examination of
the chemical data shows that all his "dolomie" contain > 200
ppm Sr, whicﬁ is clearly outside the postulated and observed
Sr range for "Dorag" dolostones (Veizer & Demovil, 1974; Veizer
et al., 1978; Land et al., 1975; this study, Fig. III-4).
Furthermore, half of his samples are‘either poorly- or non-
lithified marl, dolomite or 1lime mud, which is Egglcommon in

"Dorag” dolostones. Also, if the samples are lithified, then

the dolomite is usually <« 20 microns in size. (Renard, 1972,

T

. k8
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picture 1; table 1). - _ -

Based on the above observations, Renard's (1972) "late
diagenetic" dolomitization model is rejected. 1Instead his
material could (2nd should) be re-interpreted as a scheme for
penecontemporaneous dolostone formation., This wouid bring the
chemical and petrographic (Renard, 1972) gpd isotopic observations
(Fontes et al., 1970) of the material into line with .
observations of other authors (cf. section, Theoretical Concepts).

The model proposed herein coéfirms the general belief
that dolomiti;ation is both texturallx (Rathurst, 197}) and
chemically destructive.

This open system behaviour (with respect to trace
elements) of the "Dorag“ - dolomitizatio; process is probably
a consequence of the slo% rate of dLMC dissolution, as well
as slow precipitation of the Dd. The latter process, being
exceptionally slow (eg. Peterson et al., 1963; 1966; Berner,
1971) is probably the rate-limiting step. Due to this‘€§§gw
reaction rate the water in a given "reaction zome" (cf.
chapter one) microenvironment equilibrates to a counsiderable
degree with the surrounding bulk aquifer (pore) water. This is

in contrast to the A+ dLMC, HMC »dLMC (and possibly A+ D; as in

early diagenetic dolomites; Veilzer E; 1., 1978) transformations,

which are relatively fast, thus enabling development of chemjcal

gradients between "reaction zones" and bulk solutions.
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EVALUATION OF STABLE ISOTOFE DISTRIBUTION

Carbon isotopes

Statistical evaluation of § 13¢ variations shows that
this parameter is not affected by dolomitization of the dLMC
precursors (Tables II-1,2,3 and 4, chapter two). The observed

//Fimodal & 13C distribution has been fully discussed in chapter

\ two (cf. carbon isotopes, Figs. II-6 and 7).

Oxygen isotopes

As discussed in the previous section, the distribution
of 5‘180 in the studied samples 1is controlled primarily by their
age (Mississippian versus Silurian). Within a given age gro&p
the 5‘180 becomes heavier with an increase in the degree of
dolomitization. This 180 enrichment will be discussed in

detail in the subsequent sections.

High-Mg calcite

Factor analysis of the presumed origin§lly HMC. components
of the Read Bay Formation shows that Fe, Na, Mg, & 180 and Ca
are all loaded on the dolomitization factor (Table II-2). On
the other hand , the HMC components of the Burlington Limestone
are controlled by the variation of Mg, Ca and‘ & 13C , which
is possibly dolomitization or Mg purification of the HMC phase
(Table II-1, factor 3). These relationships are well depicted
in Fig. II-6. However, the trend for the Burlingt;n Limestone
i1s incomplete, with the 18O eqrichment clear only 1in the

Y
material from the Arctic (Fig. III-S5). Dolomitization appears
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Fig. ITII-5. Sc;tter diagraﬁ of“SlSO vs. Mg for the
presumed qriginally HMC components. The HMC fie}ds are the
postulated theoretical ranges of HMC in equilibrium with
Mississippian (HMCH) and Upper Silurian (HMCS) seaw{;e# {(Chave,
1954; Gross, 1964; Keith & Weber, 1964; Fritz, 1971; Veizer &
Hoefs, 1976; chapter two, this thesis). The D field is the
postulated range for Upper Silurian "Dorag" -dolomite (cf.
"Theoretica% Concepts”). The ® represent crinoids from the
Read Bay Formation (Arctic Canada). The O énd D represent
crinoids and biosparite, respectively, from the Burlington

-

Limestone (Iowa and Missouri).
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to be preceded by initial HMC —v-dLMC"transfarmation, thch
lowers the - & 180 and Mg values,. 'The two data filields of the
Read Bay Formation samples could have dgveloped by (L) two
unrelated trends or (2) by one sequence. Veizer et al. (1978,

p. 1458) pointed out that "_..late diagenetic dolostones

»

cannot be produced by dissolution of CaCO3 phases with 5 1500
ppm Sr...". They,concluded that metastable A and HMC undergo

a wet transformatdon into dLMC prior to dolomitization
(aragonite —w Mg-kalcite -» calcite -u-dblomite; Veizer et al.,

1978, p. 1458-2%459). Therefore, alternative two is accepted
as the process represented here. Dolomitization of this
stabilized phase {(dLMC), 1is accompanied by 180 enrichment.

18 18
This is due to & ODol-HZO > A 0CaC03-H20 , which

ranges from+0.5 to+ 10 %, (see Theoretical Concepts for

discu!on) .

Aragonite
Factor analysis of the presumed originally A - micrite
from the Read Bay Formation shows that dolomitization (Factor

22 Table II-3) accounts for 38.7 percent of the total chemical

and 1isotopic wvariation.

The overall A trend is similar to the one for BMC
(Figs. IITI-5 and T1i-¢) However, in contrast to HMC, the initial
diagenetic stabilization of A —» dLMC step leads to 180
depletion and slight Mg enrichment. This is due to the low

Mg concentration in the original aragonite. By analogy with

HMC, subsequent dolomitization of the dLMC phase (Veilzer et al.,



127

1 hd 1 1 L L

0 30 60 . 20
1000 Mg (ppm)

120

Fig. III-6. Scatter diagram of SISO vs. Mg for the
presumed originally A (aragonite) cqomponents. The A fields
represent the postulated theoretical ranges of A in equilibrium
with Mississippian (AM) and Upper Silurian (As) seawater
(Kinsman, 1969; Milliman, 1974; Fritz, 1971; Veizer & Hoefs,
1976; chapter two, this thesis). The D”field is the postulated
range for Upper Silurian "Dorag" -dolomite (cf. "Theoretical
Concepts”). The O’represents micrites and dolomitized micrites

from the Read Bay Formation (Arctic Canada).
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1978) results in heavier & 1%0. Furthermore, the 8§18,
data fall on the path (one sequence) regardless of the nature

of the original metastable precursor.

-

Summary

The herein observed enrichment in -(5180 during "Dorag"-
dolomitization is irrespective of secular variations and is as
predicted by observations of other authors (cf. "Theoretical
Concepts"). Furthermore, this enrichment 1s at variance with
the trend predicted and observed for "hydrothermal" -
dolomitization, which continually lowers the 35180 values and
proceeds via short-lived intermediate phases (Matthews & Katz,
1977). On the other hand, "Dorag" - dolomitization proceeds

via dLMC instead of these "intermediate™ phaseé.
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,CONCLUSIONS

h)
. : 0

Trace element, stable isotopg and pétrographic .
observations of dolomite samples interpretéd as producty of
"Dorag" —Idolomitizatipn lead to the following conélqgfbns:

(1) The textural variations of the precur;or of gLMb'
limestdnés (micr;te to sparite) are not reflected in the
successor dolomiées, which texturally belong to groups II
( ¥ 30 microms) and III (100 - 300 micronsj of Fritz & Jackson
(1972). AN

(2) Dolomitization is a selective process with
preferential replacement of the matrix over‘allochems; the
dolomite c¢rystals of the allochems being usually larger
( ~ 200 microms) than those replécing-tﬂe matrix (-~ 100 microns).

(3) The formation of ("late—diagénetic") "Dorag".-
dolostones proceeds through replacement of the-diagenetically
stabilized dLMC limestones containing,o?.average,«f450 ppm Sr..

(4) Any (elemental and isotopic) gradients (with the
possible exception of «8130), inherited'by_the stabilized dLMC

phases from the original precursors are eradicated during the

subsequent "Dorag" - dolomitization process.

(5) "Dorag" - dolomitization proceeds in an opeﬁ diagenetic
g

system in or 'near equilibrium with the bulk aquifer (pore) water.
This may be a consequence of the slow dissoIution rate of dLMC |

and in particular of slow Dd precigitation.

.4““. -

\\
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4.

APPENDIX I - LOCATIONS

The U.S. Standard Land Survey System is used fbr the
16cations in Iowa and Missouri. ?or the Arctic Canada locations
the conventional latitude-longitude systep 1is used. Samples

are indicated by the numbers in brackets.
. o -
Burlington Limestone, Osagean (Mississippian)

Section 1: crinoidal biosparite (14 ; Dolbee Creek Menber;
" Burlington Limestone type section, Crapo Park, Burlington,

Iowa; Des Moines County, Sec. 16, T 6% N, R 2 W,

Section 2: Platverinites sp. and crinoidal bidsparite (69-74);

. TriplophylIites sp. and-Amplexus sp. and crineidal biosparite
(1070~-1072); Haight Cregkﬂgember; Wever Quarry; north of
Burlington, Iowa; Des Moines County, Sec. 25, T 72 N, R 2 W.

Section 3: Pla;ycrinitzg sp. and crinoidal biesparite (1);

Dictyvoclostus sp. and crinoidal biosparite (1066); Haight
Creek Mepber; Nelson Quarry, 10 km east of Mediapolis, .
Iowa; Des Moines County, Sec. 23, T 72 N, R 2 W.

Section 4: Platvcrinites sp. and dolomitic erinoidal blosparite

(3,4); Dolbee Creek Member; Dolbee Creek Quarry, 10 km east
of Médiapolis, Iowa; Des Moines Count:?\Sec. 23, T 72 §,
R 2 W.

Section 5: Platyecriniteés sp. and ¢rinoidal biosparite (61-66);

Triplophyllites sp., Amplexus sp. and crinoidal biosparite
(1068,1069); Dolbee Creek Member; Barb Creek, 2 km west of

v Augusta, Iowa; Des Moines County, Sec. 23, T 69 N, R 4 W,

ection 6: Platycrinites sp. and crinoidal biosparite (55-59);

Columbia Quarry, Columbia, Missodri; Boone County, Sec. 18,
T 48 N, R 12 W.

Section 7: Platycrinites sp.'and crinoidal bioéparite (50-52);

~ U.s. Highway 63, 20 km north of Columbia, Missouri:; Boone
County, Sec. 24, T 51 N, R 13 W.

.
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Section 8: Platycrinites sp. and crinoidal biliosparite (1015,
1016); Dictyoclostus sp. and crinoidal biosparite (1067);

Interstate 70, west,of Stadium Blvd., Colugbia, Missouri;
Boone County, Sec. 12, T 48 N, R 13 W.

Section 9: Platycrinites sp. and crinoidal biosparite (76-80);
Interstate 70, 1.6 km west of section 8; Boone County,
Sec. 2, T 48 N, R 13 W.

Section 10: .Platvcrinites sp. and crinoidal biosparite (82—8%);

Interstate 70, 1.7 km west of section 8; Boone County,
Sec. 11H‘T 48 N, R 13 Ww. s

Sec:ian 11: Platvcrinites sp. and crinoidal biosparite (10107

1014); Interstate 70, 1 km west of section 10; Boone
County, Sec. 10, T 48 N, R-13 W.

Section 12: Platycrinites sp. and crincidal biosparite (1001-

1005); Interstate 70, exit to Blackwater, Missouri; Cooper
County, Sec. 10, T 48 N, R 19 W.

Section 13: Platycrinites sp. and crinoidal biosparite (1017-

1023); Interstate 70, 3.2 km east of section'lz; Cooper
County, Sec. 12, T 48 N, R 19 W.- nl

Section 14: Platycrinites sp. and crinoidal biosparite (1006-

10085; Interstate 70, 4 km east of section 12; Cooper
County, Sec. 12, T 48 XN, R 19 W.

Read Bay Formation, Ludlovian (Upper Silurian)

Section 15: Mucophyllum and biomicrite (101-105), new
unidentified ¢rinoid and biomicrite (106-110), Carpocrinus
arcticus Frest & Strimple and biomicritg’lll—llS); Fury
Beach, Somerset Island, 72° 53' N. lat., 92°04' W. long.

Section 16: Mucophyllum and biomicrite (1050,1053,1058-1061,
1063-1065); Garnier Bay, Somerset Island, 73° 56" N
92° 10" W.-long.

. lat.,

Section 17: Mucophyvllum and biomicrite (1052, 1054-1057,1062):
10 km north of Creswell Bay, Somerset Island, 72 ° 52' N.
lat,, 93° 5i' w. long. :
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Section 18: Mucophyllum sﬁ. an¢‘516micrite (1051); 20 km north-

west of Cape Garry, Sbmefseﬁ Island, 722 36' 30" N. lat.,
93° 50' W. long. ‘ ' '

Read Bay Formation.-Mémber C, Ludlovian-Pridolian (Upper
Silurian) E ~

Section 19: New unide&tified crinoid and dolomitic crinoidal
biomicrite (917-961); Read Bay Formation, Member C type
section; Read Bay, Cornwallis Island, 75° 5' N. lat.,
93° 37' W. long.

Section 20: Mucophyllum sp. and biomicrite (1084, 1085); new

unidentified crinoid, Carpocrinus arcticus frest & Strimple
and dolomitic, biomicrite, crinocidal dolosparite (152-237);
Cape Rescue, Cornwallis Island, 75° 17' N, lat., 93° 32'

W. long.

Section 21:-New unidentified crinoid and dolomitic crinoidal
biosparite—micrite.(712-776), and dolomitie crinoeoidal
biomicrite (i30, 734, 782); Goeodsir Creek, Cornwallis
"Island, 74° 50' 5" XN. lat.; 93 °30' W. long.

Section 22: Carpocrinus arcticus Frest & Strimple and biomicrite
(569-686); Depot Point Lake, Cormnwallis Izland, 74° 55" N,
lat., 93° 26" W. Jdong. ~

Burlington Limestone, Osagian (MIi¥sissippian)

Section 23: Triplophyllites sp., Amplexus sp. and ¢rinoidal
biosparite (1073,10%&,1076,1078,107?,1081,1082), Dictyo-
clostus sp. and crinoidal biesparite (1075,1077,1080);
Missouri Highway 13, 3.8 km north of Interstate 44,

Springfield, Missouri; Greene County, Seec. 35, T 30 N,
R 22 W. '

Section 24: Dictvoclostus sp. and eri oidalkhiosparite (1083);
" Missouri Highway 13, 5.2 km north.of Interstate 44,
Springfield, Missouri; Greene County, Sec. 35, T 30 N,
R 22 W.
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APPENDIX II - PETROGRAPHIC DESCRIPTIONS

Petrographic descriptions of thin sections and hand

specimens examined in this study. These are listed according

to locality and identified by sample numbers (Appendix I),
Category headin¥s and -those that need additional
explanations are listed below. (Note x denotes present,

except where indicated otherwise).®

1) TFolk's classification (1959)
2) dolomitized

biomicrite
biosparite } 10 - 50 % diagenetic (dorag) dolomite
dolosparite > 3507 diagenetic (dorag) dolomite

3)' allochems (in percent)
4) bedding types
5) diagenetic fabrics (Orme & Brown, 1963; Bathursts 1971)

6) diagenetic processes (Folk, 1965)
dissolution - precipitation

. replacement
neomorphism
7) constituents (in pércent)
8) staining techniques {(Lindholm & Finkelmap; 1972)
" 1-1 st. generation calcite
2-2 nd. generation calcite
3- 3 rd. generation calcite
F - fracture-filled <calcite -
V-—vﬁg-—filleé calcite -
C - channel - £filled <calcite
D-dolomite crystal
M- minor staining of Patrix 4
.- ) PB -~ patchy gagtropod—filled calcite
thin sections stained with alizarin red and potassium
ferricyanide
9) porosity classification (Choquette E'Pray, 1970)

(in percent)



10)

11)

12)

13)
14)
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’
reﬁlacemen: - dolomitization
incipient dolomite as—defined in chapter III
Fritz & Jackson's dolomite classification (1972)

group average crystal process—-texture
size (microns) v .
r . <« 20 "penecontemporaneous"”
' uniform crystal size
II 20 - 50 "diagenetic"

selective dolomitization
{ of matrix

ITI 50 - 100 "diagenetic”
) dolomitization of fossils
and matrix

iv > 200 "hydrothermal"
very -coarse grained

compactiong features

stylolites
' - macro . visible in hand specimen

- micro V;Sible in thin section (Pseudostylolites,
Shinn et al., 1977)

pseudomorphs

silicification

fracturing
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APPENDIX 111

- PLATES -
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of sample # 3 (piain light).
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Plate 3. Photqmicrograph‘of sample # 1020 {(plain lightﬁ. .
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A\ crinoid fragment — °,/”////’

\\\j "grey spots" incipilent do{ﬁptézf

bryozoan

doloiiii///

sparite

brachiopod~

micrite

P —

¢ _dolomite

1 mm ' ‘
|

<

Plate 4. Photomicrograph of sample ¥ 107 (plain light).

Brachiopod- crinoidal Blomicrite.
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micrite

brqozoan

2-gen. sparite

dolomitized matrix

brachiopod
fragment

crgﬁzid
ssicle ()

. syntaxial
"pseudospar”

1lmr
P |

Plate 5. Photomicrograph of sample ~# 949 (plain light).

Dolomitice bryozdan biosparite.”
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1 om

macros;ylolite

dolomite rhomb

"red" calcite

"elear spots”
-incipient dolomite

kY

3

Plate 6. Photomicrograph of sampfe # 152 (plain light).

Crinecidal dolosparite.
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dologite

crinoid plate

syntaxial
cvergrowth

"clear spots"
incipient dolomite 7

1l om

Plate 7. Photomicrograph of sample # 712 (plain light).

Dolomitic crinoidal biosparite.
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micrite
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Plate 8. Photomicrograph of sample # 684 {(plain light).

Dolomitic crinoidal-coral biomicrite.
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APPENDIX IV - CHEMICAL DATA

-

Chemical data are concentrations re-calculated on total

carbonate (I.R.-free) basis. Ca and I.R. are in %3 Sr, Mn,

Na, Fe, Al and Mg are in ppm; 5180 and 5130 are in 7o (PDB). Sample

numbers are fossil specimens, those with "a" suffixed are their

corresponding enclosing matrix.

Sample I.R. Sr Mn Na Fe Al Mg ca £38 513

0 c

Brachiopods, corals and crinoids from Iowa:

69 71.3 140 _540 440 430 62Q 1180 39.4 T

71 62.2 140 440 2207 470 550 1380 39.9 -4.4 +1.7

73 41.7 130 400 70 290 100 1080 32.7

74 41.0 230 440 340 350 50 2850 31.4 =5.0 +4.1
1070 46.1 110 560 70 5B0 140 1940 38.0 =4.1 +0.
1071 9.6 90 450 40 440 50 830 38.5 -4.4 +0.
1072 18.7 110 490 70 520 50 740 38.2 -5.1 +1.

L  38.6 | 80 340 350 300 80 990 37.0 =3.4 +2.
1066 -49.8 530 160 760 250 110 600 38.2 -2.3 +2.

(D\‘l{i—'l—‘m

3 45.9 70 400 130 220 130 1130 39
47 51.1 70 410 150 290 240 1700 35.5

61 53.4 100 600 S0 430 250 1200 31.2

62 53.3 130 450 120 430 220 1640 36.0

63 58.8 100 610 110 490 1s5G 1310 38.4 =2.7 +3.5

64 40.9 100 490 70 200 80 1290 39.6 =-2.5 +3.7

66 38.5 110 460 320 230 120 1530 37.5 =-2.2 +3.8
1068 7.3 80 690 80 680 60 1290 34.7 ~4.1 +2.9
1069 35.7 90 690 80 600 100 1510 " 33.8 =-3.2 '+2.6

Crinoidal biospé?ite from Iowa:

-

69a 4.5 110 460 70 370 70 1170 38.3 -

7la 4.4 140 410 70 290 50 1050 38.8 =4.4 +1.1

73a 9.2 120 410 70 470 60 1010 31.8

74a 3.6 220 400 90 370 50 2920 37.9 ~4.3 +0.8
1070a 6.8 110 560 120 430 170 1280 39.1 -3.6 +0.8
1071a 4.1 %0 480 50 360 70 860 34.2 -4.9 +1.0
10722 3.6 100 470 50 380 60 850 32.9 -4.6 +0.9

la 4.9 100 430 80 210 20. -1100 39.7 -3.9 +1.2
1066a 7.5 170 540 80 440 90 1700 35.0 -3.4 +0.7

.P
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Sample I.R. Sr "Mn Na Fe Al Mg Ca
’ -

3a 15.4 60 480 310 510 90 18440 37.7

4a 16.6 76~ 480 160 500 80 17810 34.2

6la 10.9 90 530 90 . 360 50 1050 35.9

62a 3.8 100 480 70 400 60 1150 37.8

63a 6.3 g0 750 110 470 110 1090 38.8 «~3.9 +1.2

64a 9.2 100 520 50 420 . 50 1120 38.0 -3.3 +3.3

66a 12.1 90 600 130 680 50 1650 38.1 =4.1 +3.0
1068a 9.0 90 700 80 670 70 1400 35.7 -3.4 +3.1
1069a 9.4 80 730 80 600 70 1240 38.0 =-3.2 +3.2

Brachiopods, corals and crinoilids from Missouri:

R ]

55 2.9 60 130 150 140 30 1240 34.5

56 3.1 80 280 140 200 30 1580 39.5

59 4.1 90 200 160 130 30, 1300 38.6 -=3.2 +3.9

50 4.4 180 510 80 310 60 1830 39.2 -4.6 +3.4

52 5.2 140 470 120 420 30 2080 40.9
1015 3.9 140 230 180 170 30 1380 38.6
1016 2.8 130 240 70 140 20 1410 39.2
1067 11.4 480 160 640 560 20 840 33.2 -4.2 +#3.7

76 3.5 180 240 90 150 30 2130 40.8

77 3.7 170 290 340 200 40 1430 39.8 =-4.8 +3.6

78 3.4 210 340 180 160 30 1300 34.1

79 3.4 170 270 230 230 40 -7 1520 40.1 ~4.8 +3.4

80 3.1 190 250 220 260 40 1840 36.2

82 4.1 160 .350 300 340 70 1800 35.5

83 3.0 140 400 140 330 30 2690 36.0

85 5.2 210 350 140 280 30 1890 -37.8

86 3.2 210 270 70 140 40 1420 37.2 _

87 2.7 210 290 60 140 30 1450 36.8 =4.6 +3.6
1010 3.3 120 330 210 290 30 2110 36.3 =5.5 +3.5
1011 3.5 190 300 230 270 40 1880 38.8
1014 3.4 160 320 220 310. 40 1640 39.2
1001 3.1 210 ~ 320 210 220 40 1540 39.6 -4.5 +3.3
1003 3.9 200 350 110 200 40 1660 39.3 =-4.6 +3.7
1004 3.0 230 320 120 2;9~a 30 1830 38.7
1005 3.4 170 360 160 380 50 2470 40.2
1017 2.4 230 330 210 190 30 1470 39.1 =4.2 +3.6
1018 3.6 180 420 120 210 20 1320 37.1
1019 3.6 180 360 1200 390 30 1540 38.4 »
1020 2.7 140 250 100 310 20 1930 40.3
1022 2.5 200 280 130 . 230 30 1920 40.1
1023 3.0 220 270- 110 200 ° 20 1600 37.2
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Sample XI.R.

1006
1007
1008

WoN
. -

[V IRYe)

1074
1075
1076
1077
1078
1079
1080
1081
1082

. 8 . . »

W Wm0~y

HHRHRPDHRRMBHW

1083

[
.
o

Sr

140
190
180

250
660
240
590
250
220
620
290
190

320

Mn

320
220
220

140
70
230
60
170
180
70
130
210

150

Na

130
230
140

70

600
60
560
60
40
550
30
30

300

170

Fe

170
250
160

100
60
100
80
19,0
160

80.

110
140

80

Al

30
20
20

20
20
10
10
40
40
.20
20
20

50

Crinoidal biosparite from Missouri:

gi; 2,7
2.1
59a 3.4
502 5.3
52a 4.8
1015a 2.9
1016z 4.2
1067a 3.4
76a 2.3
77a 3.4
78a 3.3
79a 2.2
80a 2.9
82a 4.7
83a 3.6
85a 3.1
86a 3.9
87a 2.9
1010a 3.1
1011a 3.1
1014a 3.0
1001a 3.8
1003a - 3.0
1004a 3.7
10052 2.9

%

90
90
90

180
120

190
120
g0

200
190
170
180
170

160
170
180
190
210

150
190
180

160

170

150

180

!

240
290
270

590
700

280
280
350

300
340
350
330
340

320
420
310
420
460

400
340
330

380
410
400
440

130
60
80

180

40

140
90
130

150
110
350
210
210

230
100
100

90
160

130
130
130

160
210
300

80

500
750

270°

610
1180

340
460
650

270
400
440
470
520

460
380
410
520
400

520
580
560

760
680

780

830

20
30
40

220
160

40
30
40

40
60
20
50
100

150
50
50

100

70

60
70
60

110

60 -

60
50

Mg

1450
1860
1360

2100
1040
1900

710
1710
1620

320
1360
1080

450

3570
5080

1070

1270

"1050

1380

1280

1430

1260
1240
1320
1340
1350

1430
1340
1140
1330
1370

1470
1260
1310

1190
1310
1220
1000

Ca

38.0
39.1
38.1

37.3
34,0
32.4
31.9
35.3
32.7
36.8
37.7
34.9

36.2

39.1
38.1
37.4

-4.4
-3.4
-2.9

-5.3

813

+3.4

+3.7
+3.9
+4.3

+3.6

+2.9

+3{s

+3.1

+2.8
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«  Sample I.R. Sr  Mn . XNa Fe Al Mg Ca ~5180 513C
101733t33.5 150 360 60 810 120 880 39.4 =-5.5 +2,0
1018a * 3.2 140 520" .60 990 90 980 38.1 :
1019a 3.6 200 360 150 =590 90 1090 38.6
1020a. 2.9 180 380 100 680 70 1100 39.2 )
1022a 3.0 230 360 200 520 60 1300 40.0
1023a 3.1 180, 390 70 730 60 1070 38.6
10064 3.7 160 400 210 670 90 1070 - 38.3 :
1007a 3.4 150 440 70 780 120 950 38.6 ~5a0 +1.9
1008a 4.2 180 340 240 680 110 1140 37.5

L

1073a 1.7 200 280 100 190 20 1620 34.1. ,

1074a 2.0 200, 230 110 220 ,30 1690 31.9 -6.1 +3.4
10752 2.1 260 200 120 190 40 1830 34.2 =5.2 +3.8
1076a 1.6 240 200 120 180 30 1360 34.3 <-5.2 +3.8
1077a 1.8 230 190 120 '190-" 40 1170 34.2

1078a  2.1° 240 190 130 210 50 1500 34.2

1079a 1.9 210 190 120 -160 30 . 1500 34.0

1080a 2.0 210 190 80 170 40 880 36.1

1081la 1,7 270 190 110 990 30 870 32.1 -5.2 +3.8
1082a 1.8 140 240 40 200 30 870 36.2 =-5.7 +3.3
1083a 2.9 110 180 130 70 40 780 34.4 =-3.5 +3.8

Corals and crinoids from Somerset Island:

101 27.0 1360 30 100 210 60 5180 39.1 -5.3 +0.9-
(102 10.7 920 40 60 170 60 4150 38.8

103 25.2 B840 50 60 250 50 4060 38.6

i

104 14.3 840 50 70 320 60 4360 38.4 -5.9 +0.5
105 2.6 550 40 40 200 30 3290 38.0
106 - 4.4 260 60 130 400 90 5620 37.8
- 107 3.4 290 50 60 220 60 4410 37.8 -5.9 +0.5
108 4.4 270 80 60 370 80 6110 36.9 -5.9 +0.4
109 7.5 290 100 70 450 130 5560 36.7 o
110 30.8 410 100 110 380 120" 6330 36.8 =-5.7 +0.0
111 5.7 350 80 50 330 40 4790 38.2 -5.8- +0.3
112 7.4 330 80 70 420 130 5170 36.7, -6.1 0.1
113 6.6 340 80 80 630 -210 6310 37.0 -5.8 +0.5
114 6.9 500 70 70 330 50 4370+ 37.8
115 6.4 500 *80 70 400 100 4980 37.7 =5.5 +0.4
1050 18.4 580 30 80- 150 60 5740 37.5
1053 >S.4 960 40 40 80 20 3700 37.7 -6.1 +0.6
1058 25.2 1400 30 110 240 @ 40 6200 38.0 ~5.8 +1.3
1059 2.5 760 40. 70 120 20 4800 37.6 -5.8 40.8
1060 2.4 820 20 40 120 20 4930 38.0 _-6.4 +0.7

1061  38.9 1190 30 100 390 160 5540 38.3 ~-6.3 +0.6~
1063  14.5 650 40 80 170 50 5590 38.1 -5.8 +1.4

1g64 6.0 580 50 60 210  40. . 5080 38.2 ¢

1065 10.0 830 S0 50 120 30 5080 37.9 -6.6 +o.?,
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Sample I.R.

1052
1054
1055

1056 -

1057
1062

1051

29.0
47.1

16.6

17.7
9.1
22,2

3.4

Sr.

760

T 670

640
‘540
670
630

470

Mn

30
60
50
50

40

40

60

)

Na
110
100
12¢
100

100
100

80

Al

Biomicrite from Somerset Island:

101z
102a
103a
104a
105=a
- 106=s

107a -

"108a
1092
110a

11la.

112a
11l3a
1l4a

115a

1050a
1053a
1058a
1059a
1060a
106la

1Q63a -

10%4a
1065a

1052a
1054a
1055a
1056a
1057a
10622

Eaﬁia,

8.2

10.9
13.7
14.2

7.7

15.5

13.9
11.3
17.1
13.5
14.2

10.0

14,2
15.0
13.6

15.5
14.5
12,5
13.7
12.5
13.4
15.7

8.8
1.3

15.1
i5.2
21.5

‘16.4

8.7

13.2

12.%

320
320
640
620
340

- 330

350
440
430
460
580
630
590
550
600
g
290
500
580
240
380
460

400
310 .

440

390
370
320
240
500

320

270

120
120

90
100
100
110
120
120
120
120
110
100
110
120
120

130
190
140
170
120
150
130
120

190

100

140
110
120
80
90

I20

150
140 .
130
140
130
120
160
130
120
130
120
130
140
160
170

140
110
170
150

150

180
120
180
160

160
150
130
140
150
260

90

Fe Mg
150 80 - -5170
300 160 4230
140 . 30  3930°
130 30 2920

90 30 3780
230 90 4730
160 40 . 3450
1750 460 15260
1370 330 12490
1020 470 8130
1210 650 8450
1290 330 11850
1540 670 7740
1760 - 760 10840
1070 460 6250
1890 780 12490
1510 930 6640
1180 590 . 6270
900 250 8100
1350 760 5520
1730 700 11430

‘1540 910 7520
1460 290 9760
850 220 - 6750
1550 600 14130
3480 1270 24800
1050 650 5350
1450 800 9740
800 250 6620
1150 540 9310
11380 770. 8230
1960.2070 11160
1730 980° 19190
1060 $36— 6020
1550 (740 21800
500 350 6368,
1080 490 11310
1090 1200 3420

Ca

36.9
38.7
38.0
38.1
38.7
38.3

37.%

36.5
36.6
37.6
37.6
36.8
37.7

37.0

36.9

"35.5

35.7
37.3
35.4
37.3
37.3
37.0

37.3
37.9
36.2
34.8
37.9
37.3
37.8
38.1
37.5

36.2
35.9

37.6 .

35.5
38.2
37.2

37.2

18

-6.2

-6.0
-5.9

-5.9
-5.6
~-5.4

=5.7

-6.4
-5.4
-5.9

513

+0.2

+0-A

+0.5

+0.4 -

+0.4

+0.1

+0.1
+0.3
+0.6
+0.3

~+0.3

+0.1
-0.1
+0.9
+0.8
+0.5
+0.5

+0.2

-0.2
+0.4
+0.0

<,

l’ R



Sample I.R.

Sr

-Mn

R
( 173

Na

Fe .

Al Mg

.;Corals and crfnoids from_Cornwﬁllis‘Island:

917
920

979
30
5

940
942
945
949
953
561

dolomitic biomirrite and—dolosparite

917a
920a
929a
930a
939a -
940a
942a
945a
949a
953a
961la

Corals

152
160
164
170
180
200
203
212
223.
224
235
237
1084
1085

3.3 170
3.1 170
4.0 210
4.3 150
4.1 240
3.1 400
3.8 410
3.2 70
3.6

3.4

4,1

8.4 -320
14.2 300
18.5 460

6.9 €190
16.1 530
15.2° 770
21.1 450
11.2 220

6.4 220

9.4 450
12.1 760

3.0 100
3.5 100
3.3 140
2.5 70
5.4 90
4.1 90
3.3 130
2.8 90
2.6 30
3.6 380
3.3 60
3.8 70
12.8 590
5.2 640

40

40
*40
40
50
50
40
40

70
70
80
130
70
130
100
60
110
100
120
60
60

30

150

70
. 90
-~ 100
80
60
100
130
100
120

~—
70 200

- 80 210
90 230
60 130
90 230
90 230
100 220
80 220
70 150
.70 200
80

190

130
100
150
190
120
200
130
120
210
- 80
260
110
110
80

310
320
590
620
430
430
290
480
350
400
390

1350
1710
2030
1290
1580
1670
2380
1300
1220
990
1330

160
150
200
140
110

1180
280
150
480
190
670
140
460

80

70 6630
90 6290
120 12290
160 13590
100 10380
80 8840
70 7440
50 6490
£ 50 7050
60 8070
90 5970

460 23960
600 29030
1100 32140
290 24180
770 25910
960 23790
1160 30590
640 17780
280 20620
500 16090
690 18000

and crinecilds from Cornwallis Igland:

80 5370
100 4870
100. 12080

50 7420

90 3860
220- 105740
110 15530

60 4930

90 123760

60 12600

©100 104300

60 9400

70 7730

20

4010

Ca

37.0
37.9
37.3
36.7

37.2°

37.9
38.1
37.4
37.3
35.7
37.8

35.6
35.1
34.1

35.6

34.9
34.9
33.1

35.6°

35.4
35.8
35.1

36.9
37.1
35.8
367
38.0
24.5
36.5
37.5
21.1
37.3
23,7
36.8
32.1
35.1

570 §77¢
-5.5 +0.9
-6.0 €+1.0
-601 +0.5
-5.3

+0.5

from Cornwallis Island:

-5.3 +0.8
-5:2 +1.0
-5.8 +0.6
-5.9 +40.9
-6.5 =0.2
-6.3 +0.0
-5.8 +0.2
-3.8 4+0.3
-6.1 -0.3
-4.8 +0.2
-6.5 -0.2
-6.1 =0.3
15,7 +0.3
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-

Sample QQSL St Man  Na Fe Al Mg ca 18 g13¢

Dolosparite and dolomitic biomicrite from Cornwallis Island:

152a 6.8 80 120 190 1220 460 70370 27.4 <-4.3 4+0.5

160a 8.8 190 120 150 570 560 13090 36.3 ,
"l64a 4,5 40 120 240 930 250 119510 21.6 : -
170a 5.1 190 130 110 490 320 18900 35.7 -6.1 +0.4

180a 3.4 170 100 120 440 250 21310 35.0

200a 7.4 100 130 210 1430 520 101790 24.8

203a 6.1 80 140 270 1010 340. 87630 26.3 =4.4 +0.0

212a 7.2 130 90 150 810 310 34650 33.3

223a 8.3 60 120 320 1120 560 124350 23.1 =3.3 +0.4

224a S.3° 480 80 160 440 190 22820 36.1 -=5.3 +0.1

235a 9.3 70 120 230 1040 500 114060 22.6 =-4.0 +0.0

237a 9.1 90 120 310 1020 S80 101540 27.8 -3.9 +0.2
1084a 8.0 320 190 190 1010 190 12310 31.6 =5.3 -0.1
1085a 5.8

370 120 180 410 140 10280 33.1 -3.3 +0.3

Crinoids from Cornwallis Island:

160 150 160 230 50 5 36.0 =7.2 +2.7

730 3.1 _

734 2:9 190 100 110 470 50 8 37.6 ~6.7 +3.2
782 3.6 230 240 120 280 50, 7800 38.4 —-6.4 +2.3
712 3.1 100 60 130 160 30 7990 37.0 -6.8 +2.4
714 2.5 110 SO 80 150 20 6240 37.0

7160 2.2 130 S0 70 120 20 5350 37.1 -7.0 +2.8
717 3.1 140 60 50 150 30 8230 36.4

729 2.5 120 50 100 120 40 "’ 5370 37.3

737 2.6 110 SO 110 160 40 5600 36.0 -6.9 42.9
740 2.3 200 50 140 120 40 5340 37.6

741 2.5 160 60 200 90 40 4250 38.4

7456 2.7 120 50 110 100 40 4070 37.4

749 2.8 120 40 170 130 50 5580 37.5

750 3.5 120 40 90 100 50 4650 37.2

755 2.6 120 50 90 100 40 3830 37.4

772 5.0 120 50 130 .80 20 3250 37.8 =6.9 +2.8
773 3.3 120 50 120 120 50 5630 36.9

775 3.0 140 50 160 140 20 5490 37.3 -6.1 +2.7
776 2.9 140 50 90 110 20" 5480 37.5 -6.8 +2.7
731 2.5 300 40 160 90 30 5710 36.7 -6.9 +2.8
735 2.6

140 50 120 120 20 3480 35.8

-
Biomicrite and dolomitic biomicrite from Cornwallis Island:

730a 7.5 250 18Q 140 1460 360 23140 35.3 -6.6 +3,2
734a°  5,777230 260 120 1660 160 17520 36.7 -7.3 +3.1
782a 7.4 590 160 210 750 350 12670 37.3 -6.0 +3.3

~—

. ¢



Sample I.R.
712a 3.
71l4a 3.
716a 5,
717a 4,
7292 3.
737a. &4,
740a 4.
741la 3.
7T46a 3.
7492 3.
750a 3.
755a 2.
772a 3.
773a 3.
775a 3.
776a 3.
731a 3.
735a . 3.

Crinoids from Cornwallid Island:

569
573
574
579
583
589
592
601
609
611
613
615
628

630
631
672
678
684
686

MWLWWWWLWWWLWLWLWLWLRWLWRR WD W W

- .« .

ORPAPHEAPAPOOHOEREOWOOWWO WD~

. . 13 . . . . . 2

N OPRP SAFOUMWDWRNOEPRNSNNO W

Sr

90
130
190
100
110
150
280
220
200
190
170
170
190
170
150
170
260
170

100
90
90

100
100
90
110
130
120
110
110
100
180
130
180
110
130
160
190

Mn

140
120
130
130
120
130
120

50
130

90
140
140
110
100
110
100
110
140

90
90
80
200
70
60
70
80
80
140
110
160
100
100
140
90
90
70
110

Na

140

90
160
150
100
110
130
140
100
130

50

80

90
140
120

90
100
130

160
70
60
60
30
80
70

160
70
8aQ

100
g0
80
80
70
70
80
60

160

175

Fe

1040
560
380
930
740
900
390
370
410

270 -

600
680
240
440
560
230
430
1000

130
170
180
230
170
140
180
130
160
240
240
210
220
160
250
150
240

170

140

Al

90
80
50
60
50
100
110
110
50
60
50
60
50
80
60

50

60"

60

10
50
70
40
50
50
70
50
40
60
60
80
70
80
~ 90
40

90 .

60
30

Crinoidal Jbiomicrite from Cornwallis

569a
573a
574a
579a
583a
589a
592a

-
O~

[

LI S ]

NP O W

160
160
210
240
230
280
270

120
120
110
120
130
100
100

120
70
90

110

140

110

110

760
1100
400
890
610
590
950

100
210
290
480
310
390

630

Mg

55210
20910
12970
51560
32350
32080
16080
18330
11040

8080
209900
24830

6280
28820
23400

7530
14420
36710

1800
1840
1330
2480
2290
1150
2670
2070
1960
2580
3130
2540
3000
2660
3370
2290
3600
3060
3050

Island:

14860
15410
4130
5670
6200
4110
6360

Ca

30.4
35.4
35.8
31.3
33.5
35.3
36.7
37.3
36.6
37.2
36.0
34..6
36..6
34,2
35.3

136.9

35.7
32.8

38.0
37.7
37.8
37.8
38.2
37.9
37.5
37.8
37.8
37.9
37.7
38.0

38.7

38.0
36.4
38.1
37.8
38.1
37.7

36.3
35.6
36.6
35.5
39.7
37.7
36.9

. g18

-7.1

-8.5

-7.3

-7.6
-8.8
-8.3

513
+2.5

+2.2

+2.9

+2.0
+2.4

+2.1
+2.5

+0.4

+0.3

+0.2

+0.4

+0.73

+0.3

+0.3

+0.4

+0.3

+0.2
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Sample I.R. Srr Mn Na Fe Al Mg Ca $180 513C
601la 8.2 230 _110 110 810 400 6060 37.2

609a 5.6 -220 120 80 580 210 7600 37.1

6lla 7.9 220 120 110 680 500 3560 38.2 _
-613a 8.7 250 90 100 840 590 5360 37.7 -6.0 +0.4
6152 9.6 270 130 90 € 840 600 6310 36.7

628a 7.2 270 120 . 100 . 540 340 3410 38.0 -6.3 +0.3
630a 10.9 230 90 110 900 520 . 5630" 37.4 <=6.6 +0.3
631la 11.1 240 90 130 750 450 4490 37.6

672a_ 9.2 260 100 110 650 390 4710 37.0 -6.3 +0.3
678a 9.8 250 100 120 890 770 5370 36.5

684a 11.6 270 100 100 840 540 6580 37.3

686a 9.8 240 130 100 770 440 6070 37.1

‘

Crinoid *‘from the Read Bay Fermation at Goodsir Creek (analysis
by A. Legun, Dept. of Geology, Univ.,of Ottawa):

12s 2.3 40 90 - 490 - . 78500 -

-~





