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ABSTRACT

A
-

Dlagenetic stablllzatlon of marlne carbonate
.minerals, such as aragonlte (A), high- Mg Calcite (HMC) and
low-Mg caleite (LMC) into their successor dlagenetlc-low-Mg
calcite (dLMC) has_occurredhunder 2 wide spectrum of phreatic
and vadose meteoric realms. Sgch trénSformafion is ‘<
acqompanigd by textural, trace elemental and stable isotopic
quifications. The theﬁretically advocated diagenetic
repartitioning leaas ﬁo én increasebin somg elemental and
isotopic éoncentrations_in the stablgusuccessor phases (Fe,
"Cu, Mn, Zn, Ba, Mg, 160 and 12C),‘and degrease in oth%ys (Sr,
Na, U, 186 and_13c), wiph increasing degfee of dia:Lnefic
stabiiization.

Cre;ageous_rudists, having thieck multilayered
bimineralic (aragonite and low-Mg calcite) shells, have been

studied for the effects of phreatic/vadose meteoric diagenesis

1 o

dh their fextural, ultrastructural, and chemical attributes.
The original fine compact prismatic or cellular—
prlsmatlc ultrastructures of low- Mg calcitic layers haveu
frequently been preserved, desplte the vagaries of their
suﬁsequent diagenetic histories. The low-Mg calcitic layeés
usually suffered only partial recrygtallization, which caused

fusion of.crystal units, rounding of prism corners, and

partizal cementétion confined to intercrystalline and

!
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intraparticle pore spaces. In comtrast, the originally

4

aragonitic parts of the shell suffered either coqgléte
dissolution or, at best, retained some vestiges of their
crossed-lamellaf, éomplex.crossed—lameliar, or compﬁsite
prismatic ulﬁrastructures. Where total dissolution of the

eriginally aragonitic layers occurred, the cavity has been

f1lled by_fervoan calecite. In such instances, the original

mineralogy Jul only be inferred by the shape of micfitic

imickin

envélopes the originai‘arcg}zecture.

| Synsedfmentary submarine;diagenetic events, such as
borgngs by endolithic fauna, internal micritic and/or peloidal
sedimentation in primary voids, submarine radiaxial and
micritic aragonitz;and high—Mg calcite cements within the

primary inter- and™intraparticle pore -spaces, were coeval with-

¢

rudist aceretion. The subsequernt meteoric cementation has
been characterized by the formation of bladed and equant
ferroan calcites which ocecluded the available primary and -

.secondary porosities.

®

Diagenetic stabilizatién‘of A — dLMC and LMC -Sm
dLMC is believed to have been a twé-stage_procesé. Initially,
Sr and Na have been partially depleted.during'an early

meteoric diagenetic phase (calcitization of metastable
> k\bﬂéges). The ‘expulsion of Sr is thought to have occuréed at a

mdch slower rate than that of Na. This stage is followed by~

incorporation of more Mn; Fe and Mg due to precipitation of

late ferroan calcite. It must be noted that trace element

~
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diagenetic shifts caused b?‘EMé —» dLMC transition are of
lesser magnit;de than those of A —= dLMC type. This may
argue that diagenetic étability of-LMC, is only a relativé
phenomenoﬁ. "Alternatively, the observed diégenetic trends in
originally LMC phaseé may also reflect stabilizatioq of\
cements in primary and secondary pore voids, which have been
formed during early marine as well as subséquent meteoric
diaéenes{;. The m;gnitudes of -the "observed diagene£ic frends
depend not only on qinenalqu,'but also on the structural
buildup of a given shell layer. This suggests’:that factors
such as water/rock ratisd (surface kineiiés) are of -

considerable significance for the process of diagenetic

stabilization. ’ L

Rudist skeletal compbnentsﬂfith preserved original
mineralogy of‘éragonite and low-Mg calcite, and with preserved
texture, have chemical and isotopic signatures analogous to
Recent marine bivaives; This similarity argues for comparable
chemical and isotopic composition of the Cretaceous and Recent
ée@wate?, as well as for similar mode of ineorporation of
trace elements and stable isotopes into their shells. |

In analogy to trace glements, stable isotopes also

-

'reflect-the two-stage diageﬁeﬁic stabilization. This is
particualrly evident for A —>» dLMC, but to some extent also
_for LMC —» dLMC transformation. The A —» dLMC and (HMC -~
dLMC) transformation affects mostly the oxygen value,

resulting in ~%2% depletion in 180. The subsequent

r
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diagenetic precipitation of ferroan calcite spar causes

further depletion in 180 and .also in 13C, due taq the

introduction of organically derived CO2 into the diagenetic.

-

aquifer. In co@trast, originally LMC skeletal components show
both, 5180 and §13c, isotopic depletion to be related mostly
to this late, dlagenetlc preclpltatlon of ferroan sparpgy

calcite cements. The early calcitization dlageneklc stage,

typical of aragonitic skeletal components, has been only of

Jbordlnate importance for LMC skeletal parts.
Partlal preservation of aragonitic ultr§structures
as ghost relics, of textural féétures, and of trace element

and stable isotope -signatures in rudist shells, suggests that

diagenetic A (EMC) —>» dLMC transformation has_ been-

accomplished in micron-scale semi-closed environments.

The discrete shell layers have. specific chemical

(Sr, Mn, Fe, Na, Mg) and isotopic (8180, &13¢) composition,

which depends on mineralogy, physiological factors, and
perhaps on textuf@.

The results show that each of the four cement types,
occluding primary and secondary pore spaces within rudist
shells, has specific chemical and isotopic signatures. Their
cverall chemigstry is a reflection of both, ;riginal and

diagenetic attributes. Both marine and meteoric waters were

contributing to the formation ¢f these cements.

*
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_GENERAL INTRODUCTION -

2

Transformation of aragonite (A) into diagenetic low-
Mg caiE;te (dLMC) gin marine sediments is a wet dissdblution-
'beprecip;tation ghenoménbn which involves chemicai; isotopic
and textural modifications. This transformation could be best
udderstood and quantified through studies of internal
cdﬁsﬁituents of carbonate rocks and of their ‘associated
Ehemical and isotoﬁic trends. Each internal component is
characterized Ry its één trace elemental and isotopic shifts.
Fossils, Secauée of .the relatiﬁe ease o}_manual separation and
because of the reasonable control on their original
.mineralogical and chemical codpdsit;on, gfn be sampledifrom
'fécies of variable diagenetic alteration. The resulting
geochemical grid may be utiliied for quantification of

d;agenesis. Rudist bivalves of the Cretaceous age were

ed for this study because they have thick, multi-

1 yer%d, bPimineralic shells and because they have been
._abun nt in the shalloé warm Tethyan seas.
The main objectiveé of the study are:

1. To delineate minerdlogical and textural modification
relatéﬁ to advancing diagenetic alteration of originai
skeletal componénts. —

-2. Toquantify chemical and isotopie shifts fbr midebalogic

stabilizations of A —w dLMC and LMC — dLMC types.

3. To evaluate the degree to which original mineralogy.,



‘texture, and ultrastructure of discrete shell 1ajers
control trace elements and stable isotopie composition in

the process of progressive diagenetic stabilization in

meteoric waters, and
4., To estimate, based on well preserved skeletal components,

the trace element and stable isotopic composition of
-~

. Cretaceous seewater.

This thesis is composed of three cpapters. Chapter

-~

_One'déals with an introductoryToutline of rudist buildups in
. e

' the Cretaceous seas, classiffcation of shell ultrastructures

for differenf families, prése;vation an alteration of these

. h-. -
ultrastructures, and with general sequential diagenesis in

-

rqﬁist buiidups. Chapter Two .will evaluate trace element
répartioning during diég;hetic mineralogical s;abilization of
the originally aragonitic and low-Mg calcitic skeletal
components. The last chapter is de#oted to the behaviour of

stable isotopes, and their relationships to trace elements, as

indicators of diagenetic processes.



CHAPTER I

ULTRASTRUCTURES AND DIAGENETIC DEVELOPMENT
OF RUDIST SHELLS

o



INTRODUCTION

Rudists were a group of bivalves with calecitic and
aragonitic shells that lived in a;variety of §ﬁallow
water env1ronments and were capable of constructlng true
reef structures and other types of carbonate ,buildups.
They thrived during Cretaceous times characterized by
widespread development of carbonate platfofmé in
tropical to-temperage latitudes.(Kaqffman,f1973; Wilson,
1975). ' ) |

’Rudist shells, because of their moder#tely high
original'porosity and particularly because of thelir
pronounced secondary porosity‘(produced by success;:e
meteoric vadose and phreatic leaching of arag&nitic
laygrs during periods of regreskion or sea level
changgs), were suitable for hydrocarbon accumulation and
were prime targets for o0il exploration in the Middle
East, Texas and Mexico, where giant o0il reservoirs exis£
in rocks of Cretaceous age (Arthur and Schlanger, 1979).

The main objectives of this chapter afe the
following: (1) to study the mineralogy and petrography
of‘rudist shells of different families and of varied
geologic ageé and locations; (2) to document and
classify shell ultrastructungs for different rudist
families; (3) to delineate mineralogical . and textural
changes with advancing diagenetic alteration of original

shell components; and (4) to elucidate the general

S



1-2.

sequence of diagenesis in rudist carbonate buildups,
including both syndepositional and post-depositional

diagenetic events. >

-

EVOLUTION OF RUDISTS IN CRETACEOUS - TETEYS

Rudist bivalves of su;erfamily Hippuritacea
comprise a group of massive-shelled, sblitary and
gregarious, ingquiﬁaive, susﬁension-feeding, Sessile,
epifaunal molluscs (Dechaseaux, 1969; Heckel, 1974 ;
Wilson, 1975; Coogan, 1977; Dodd and Stanton, 1981).
Their first recorded history is marked ?y the appearance
of Diceras'during the late Jurassic (Decﬁaseaux,-1969).
They flourished in tHe Tethyan seas during the
Crefaceous, contributing much to varied”and_abuhdant
reefs and other carbonate. buildups, and replacing
@ermatypic corals as the main framework-building

organiSms. They became extinet at the end of the

Cretacecus and left no c%ose relatives in recent times-

(Dodd and Stanton, 1981). s

The presenée of-ruﬁisﬁs in the Tethyan tropical
realm was particularly pronounced within a belt confined
by the latitudes of southern Sweden in the north and
Madagascar in ‘the south {(40°N to 20°S, Fig. I-1). These
geographic limits encompassed the Caribbean, the west

eocast of America, south Asian margin, and the east and

“west African coasts (Chubb, 1971; Kauffman, 1973). The
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Tethys is regarded as the most matuge Mesoczoic
biogeographiec unit, with a long hisﬁory of environmental
stability. Bivalves"in this unit reached high divérsity
and strong provincialism. These features may reflect
eveqts.such as .continental separation (e.g. opehing of
the Atlantic ocean, or closing of the .Mediterranean
accompanied by a breakup of the Mediterranean platform
into microcontinents), which subséquently may have
caused genetic isolation (Kauffman, 1973; Coats, 1973).
Rudists evolved into crowded, bizarre forms on
shallow-photic shelves, platforms .and along shelf
margins (Xauffman, 1973; Wilson, 1975). Their
classification into different families and their

distribution through time are summarized in Fig. I-2.

GENERAL GEOLOGY AND SAMPLE LOCATIONS

Because of the wide geographic and stfétigraphic
distribution of the sampled material only a brief
geologic and geographié background will be presented in

this section.

1.3.1 Southeastern*?rance

. Rudist carbonate buildups are known from different
localities of southeastern France. Their distribution
and generic development were of limited extent during

the Early Cretaceous, but they expanded and diversified
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greatly in the Late Cretaceous (Dechaseaux and SOrnéy,
1960; Philip, 1981). These carbonate buildups havé been
extensive in warm intertidal-subtidal environments
characterized b} stable climate and tectonics (Masse and

Philip, 1981).

r . .
The Southeastern Basin spread from the Jura

mountains to the Provence. During the Early Cretaceous
times, this basin was characterized by a belt of shallbw
water carbonate sediments,‘thé ﬁrgoniaﬁ Facies, which
was developed on the western and southern fringes of the
Alpine geosyncline. Subsequently, during the Albian-
Lower Cenomanian tectonic movements, the Auétrian phase,
gave rise to an emergent area covering the main part of
the Provence-Languedoc region. This land, separating
the Alpine Basin from the Provence Baéin, remainéd as a
barrier also during the Late Cretaceous. During the
latter period, clasfiq deposition hindered the formation
of rudist buildups.which grew therefore only on offshore
" banks and platforms. Towards the end of the Cretaceous,
the whole Southeastern Basin emerged from the sea due to
Laramide orogeny (Masse and Philip, 1981).

Rudist formations in southeastern France afe
représented mainly by platform and bank deposits
7 (Philip, 1972, 1974, 1981), although formation of true
feefs has not been completely discounted. Other

organisms, such as g¢orals, algae and foraminifera played
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only a minor role (Freyetet, 1973; Philip, 1980).
Rudist'baﬁks, a few_feetothick, Qere formed in quiet
shallow subtidal or intertidal environments and were
particularly abﬁndant during Early and Late Creiaceous
times. In contrast, fudist platforms were ubiquituous
during the whole Cretac;ous. In general, rudists and
miliolidé were believed to have been abundant in the
innér parts of the ﬁlatforms, while corals dominated the
cuter parts of the platforms (Masse and Philip, ?981;
Philip, 1981).

Rudist samples collected from southeastern France
originated from a variety of carbonate formations of
.various ages (Fig. I-3). Requieniids were collected
mostly from the UrgonianvLimestone, radiolitids mostly‘
from the Cenomanian facies east'df Martiques, and a few
hippuritids were recovered from the Turonian facies of
the Bassin d'Eusuis la Radonne and Cossis. The majority
of nippuritids and radiolitids from the Santonian and
Coniacian platformal facies originate from the Chainon
de la Fare, St. Chamas, Martiques, and from St. Baumes
Massif. For details of sedimentology, palaeontology and
sample locations, see Philip (1972, 1974, 1978, 1980,

1981), Skelton (1974, 1976), and Appendices I and II.

1.3.2 Texas and Gulf Coast Aréas

Rudists were the major reef .Building organisms in

s : S
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Texas-and Gulf regions dufing the Cretaceous. Some
’ reefs were built exclusively by rudists, while others
were built by corals i?d'stromatoporoids in addition to
rudists (Perkins, 1969). -

Lower Cretaceous rocks in Texas were deposited on a
vast, generally submerged plain called the Comanche
shelf (Fig. I-U4Y. These rocks were divided into three
divisions. They aré, in ascending stratigraphic order,
the Trinit&, the Fredericksbﬁrg, and the Washita groups
(Perkins, 1961; Rose, 1972). The Edwards Formation,
mainly limestones and dolostones, was the dominant rock
unit deposited over the central Texas Platform (Fig. I-
4)., This platform was protected cn the southeast by the
Stuart City reef, which is a ridge-like belt of rudist,
coral and algal debris (Rose, 1970). In the southwest,‘
the platforg was protected by the Devils River bank; on
the northeast by low sand banks and mounds, and in the
northwest by a broad area of shallaw marine waters in
the interior of the Comanche shelf. The Edward
Formation encompasses patch reefs and small scale
"bioherms and bioétromes which were deposited in a
shallow subtropical sea along shelf edges and in the
inner shelf areas (Fisher and Rodda, 1969; Perkiné,
1969, 1970; Xerr, 1977; Longman and Mench, 1978). Five
rudist famifies (Requieniidae, Monopleuridae,

Caprotinidae, Radiolitidae,. and Caprinidae) flourished
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Fig. I-4. Paleogeographic map of Edwards Formation (A),
g@nd  stratigraphic succession of the Washita - Fredericksburg

saquence (B in northern Texas { reproduced from Rose, 1972,
and Kerr, 19771,
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in tpese regions (Coogan, 1977). THe reef core facies
of the above mentioned carbonate buildups were subjected
to repeatéd subaerial exposure during their subsequent
geologic history (Nelson, 1973).

In contrast, during Early and Late Creéaceous,
coastal regions of the Gulf were dominated by c¢lastice
sediments, although locally, chalk was deposited (Sohl,
1960b). At the same time, the Caribbean region and
Mexico were pharacterized by dominantly rudist cérbonate
sediments.

Rudist specimens, collected from the Lower
Cretaceous Edwards Formation, originated from the
central Iexas region of Lake Whitney Dam. Additional
Upper Cretaceous rudist samples, collected from the Coon
Creek tongue of the Ripley Formation, Tennessee, which
is composed f}om dark to bluish grey, micaceous,
glauconitiec, calcareous and féssiliferous silty sand
beds with remarkably preserved fossil contents (Sohl,
1960a). Some samples were also collected from the Upper
Cretaceous Prairie Bluff Chalk and San Vicente
Formations. For details of stratigraphy, paleontology,
and sample locations, see Lozo and Smith (1964), Sohl
(19602), Fisher and Rodda (1969), Rose (1372), Nelson

(1973), Coogan (1977), and Appendices I and II.

P
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1.3.3 Caribbean Islands (Greater Antilles)

The Cretaceous shelf sediments of the Caribbean
Is%ands reflgct a'history'of long éeriods/gf instability
ch&racterizéd by subharine volecanic activity and by
tectonism'tKauffman, 1973;_K§uffmén and Sohi, 1972;
Butterlig; 1983). The1Caribbean.negion-is considered to
have been a ﬁart of a Late Jurassic orthogeosyneline,
- consisting of a miogeosyncline in the north and
eugeosyncline in the south (ef. khudoley and Meye}hoff,
1971). During pe?iods of éelat;vé tectbnic stability,
rudist buildups dominat%d strongly'5éer corals and
formed patchy'fraﬁeworké,fn warm, clear shelf platform

-
environments.

-
~

The Albian and Cenomanian time span of Greater
Antillean geological history represents ﬁhe initial time
of widesﬁb;ad and extensivé development of carbonate
platform depbsits deminated by thin rudiét-bearing
limestoneé interbedded with thick,éhallow water

volcaniclastie rocks (Kauffman and Sohl, 1976).

1.3.3.1 Jamaica

The major Cretaceous organic bu;ldups in Jamaica,
at least in certain inliers (Fig. I-5), are dominated by
ru@ists. The Cretaceous sequence consists mainly of
volcaniclastics, tuffaceocouyg shales, and limestones.

(Chubb, 1971; Coat, 1977 a & b). These limestones are
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usually thin, tabular or lenticular in shépe, rioh in
rudists, corals, and other faunas. The olassification
;nd evolotion of Jamafcan rudist frameworks are
discussed in®Kauffman and Sohl (1974).

‘The studied specimens came mostly from the Upper
Cretaceous carbonate formations of diffepent inliers,
suoh as the Central, Benbow, Maldon, Marchmont,
Suooen%and, and Greenland.;wFor details of paleonﬁology,
sedimentology, and sample locations, see Chubb (1955,
1956, 1971); Kauffman and Sohl (1974, 1976), Sohl
(1976), Coats (1973, 1977a, 1977b), Butterlin (1983),

and Appendices I and II.

1.3.3.2 Puerto Rico

-

Poorto Rico is the easternmost and smallest of the
Greatofqﬂntilles.’ The general geology of the Cretaceoﬁs
of Puerto Rico is similar to that of the Greater
Antillos and is domfhated by submarine la;as, lava
breccias{’voicqniclastic rocks ond shallow'marine,
“ rudist-rich limesgonoo (Pease, 1968, Mattson, 1967).
Figure I-6 is a geologic map of the Cretaceocus outcrops
in Puerto Rico. All‘fudist specimens utilized in this
B study originated from var}oég localities of the Upper
Cretaceous carbonate_foomations and they are repfesenfed
byxifprinids,radiolitids, and monopleurids. ‘Eor

detailed geology, paleontology, and sample locations,
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see Mattson (1967), Pease (1968), Khudoley and Meyerhoff
(1971), Sohl (1976), Butterlin (1983), and Appendices I
and II.
1.3.3.3 Cuba ’
Numerous rudist faunas were.deSCribed and studied
from the Cretaceous carbonate rocks of Cuba (fér review,
see Chubb, 1956, 1961; Sohl, 1976). Figure I-7 shows
the area of Cretaceous outerops in Cuba. The studied
rudists originated from different Lowere and Uppér
Cretaceous formations from ﬁhe provinces of Havana,
Santa Rosa,.Santa Clara, Matazas, Canaguey, and Pinar

-del Rio. Appendix I gives sample locations.
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N TN

PETROGRAPHY AND SEM STUDY OF RUDIST SHELLS

AND® ASSOCIATED ROCKS
. The preceding four decades of studies of ﬁollusc
shells resulted in the following advances:

(a) classification of ultrastructures and a
progress in understanding of the processes of
calcification (Bgggild, 1930; Lowenstam, 1954b, 1963;
Hall and Xennedy, 1967; Kennedy et al., 1969; Carter and
Tavesz, 1978); ‘

(b} delineation of diagenetic evolution of
ultrastructures {(Bathurst, 1964, 1975; Weyl, 1964; Dodd,
1966; sSandberg et al., 1973; Scherer, 1977; Wardlow et
al., 1978; De Renz and Marquez-Aiiaya, 1980; Weiner and
Lowensﬁam, 1980), including the relationship of this
evolution to mineralogical transformation of-aragonite
(A) into diagenetic low-Mg calcite (dLMC) in the
phreatic/vadose meteoric realms (Pingitore, 1976;
Longman,. 1980); &hd . |

{e) evofution of chemical and isotopic signals due

to the above phenomena (Curtis and Krinsley, 1965;

" Veizer, 1974, 1983a; Ragland et al., 1979; Brand, 1981a,

b; Buchardt and Weiner, 1981; Crik and Ottensman, 1983;

Sandberg and Hudson, 1983). This subject will be

discussed in detail in Chapters II and III.

4
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1.4.1 Samples and Techniques

A total of 176 rudist specimens, representing five.
differént families, were utilized for this study. The
studieddamilies are: Hippuritidae, Radiolitidae,
Requieniidae, Momopleuridae, and Caprinidae. Plates 1
and 2 show different natural and polished sections of
some examples representing these families. In additioﬁ,
a total of 47 enclosing rocks were studied
petrographically for their textural components.

Thin sections were prepared and stained for Fe-
calcite following the method described by Lindholm and
Finkelman (1972). Forty rudist shells, in varying
degrees of preservation, were examined by NANOLAB 7 SEM
for ultrastructures, shell components, and their
diagenetic texture. Polished slabs and fresh fractured
surfaces were thoroughly washed with ultrasonic cleaner,
etched with 50% acetic acid for 3-5 minutes, éold plated
and examined. Mineralogy of fossil camponents was
determined by X;raf diffraction (XRD)'withVCu—i
radiation and Ni-filter. The percentages of aragonite
and.calcite in the shells were calculated following the,

method described in Milliman (197%, p. 23-24).

1.4.2 UOltrastructure and Minefalogy

-

of Rudist Shells

Petrographic and SEM studies of rudists revealed



Fig.

Fig.

Fig.

Fig.

Fig.

b.

- 23 -

PLATE 1
MORPHOLOGY OF RUDIST SHELLS

’

Transverse section of hippuritid Vacecinites giganteus
(sample no. 61, St. Baume, France). (a) is the outer
prismatic layer. (b) is a pillar. Bar scale: 2 cm.

Transverse section of a hippuritid Barrettia (sample
no. 208), showing the morphologic features of the
outer beaded layer. (a) is the internal body cavity
infilled by internal sediments. Bar scale: 5 cm.

Hippuritid Parastroma (sample no. 161, Santa Clara
Province, Cuba). Notice the folded structure of the
outer layer. Bar scale: 2 cm. ‘

Transverse section of a radiolitid shell (sample no.
35, Martique, Southeastern France). (a) is the thick
cellular-prismatic layer. (b) is a cement fill in
the body cavity. Bar scale: 1 cm.

Transverse section of radiolitid Bournonia (sample
no. 205, Santa Clara Province, Cubay. (a) is the
outer thick cellular-prismatic layer. (b)_is the
inner thin layer of originally aragogitic
composition. (e¢) is the major body cavity i;%%;led
by micritic-silty internal sediments. Bar scale: 5

CI. -

;
P
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PLATE 2
MORPHOLOGY OF RUDIST SHELLS

Transverse section of a caprinid (sample no. 197,
Lake Whitney Dam, Texas). (a) is the outer pullial
canal layer. (b) is a cavity occupied by two
generations of cement fill. Bar scale:. 1 cm.

Caprinid Antillocaprina (sample no. 133, Jamaica).
The outer layer is composed of small canals at the

outer periphery and bigger canals underneath. Bar
scale: 3 cm.

Transverse section of Monopleura (sample no. 127,
Sunderland Inlier, Jamaica). Bar scale: 2 cm.

Requieniid shell (sample no. 82, Urgonian facies,
southeastern France). Bar scale: 2 cm.

-

LA
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the existence of more than one type of ultrastructure,
regardless of whéther the original shell was composed
solely of aragonite or of a mixture of aragonite and
calcite. The classification of ultrastructures outlined

below follows the basic términology proposed by Bgggild
| (1930) and modified by Kennedy et al. (1969), and Rhoads
and Lutz (1980).

1.8.2.1 Family Hippuritidae

The hippuritid shell is of conical, elongate to
cylindric;l shape with the right attached valve larger
than ‘the left free one. The latter is operculiform or
flat. The shell is composed, at least in well preéerved
forms, of three erystalline layers (Plate 1, Figs. 1 and
2),-each separate layer consisting of aragonite or low—

Mg calcite (see also Bgggild), 1930 Kennedy and Taylor,
1968; Skelton, 1976).

(a)} Outer Layers

The outer layer in many hippuritid right valves is
felatively thick and composed from a fine compact énd
simple prismatic ultrastructure with distinct growth
lines; the latter pafticularly visible in well preserved
ultréétructures (?late 3, Fig. 1). The prisms in the
outer layer lie at right or oblique angles to the

depositional surface of the shell. Théy are composed of
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low-Mg calcite, as shown by XRD and .confirmed by theifh
good original preservation, if compared to the often
replaced inner, originally aragonitic layérs. The
ultrastructure of the hippuritid pillar, which is an
extension of ‘the outer layé; and may serve for current
passage (Coogan, 1969), is similar. However, the outer
layer of é;me genera, such aéaBarrettia, is relatively
thick and composed of a simple and possibly non-
denticuiar compésbﬁe prismatic beaded structure (Plate
3, Figs. i*and 4). The beads, which are thought to be
an extensidﬁ of the .pillars towards the center of the
shell and serve the same function as the pillars
(Perkins, 1969), coﬁsist of very fine (approximately 5

R) prisms of low-Mg calcite.

In only cne specimen, Parastroma, the outer layer

was found to be composed of simple and composite prisms
of aragonite (Plate 3, Fiés. 5 and 6). Mineralogically,
the ultrastructure is 83% aragonite, "the remainder being
calcite, possibly as a result of polymorphic
transformation from aragonite. Frequently, the outer -
layer in many hippuritids is bored:by varied borers,

such as sponges, algae, and bivalves.

{(b) Middle and Inner Layers
These layers are usually thin (approximately 700 u)

and today often composed almost entirely of low-Mg
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: PLATE 3~
ULTRASTRUCTURES OF HIPPURITID SHELLS

[

Transverse section of-a hippuritid shell (sample no.
15, Santonian Facies, Chainon de 1la Fare,
southeastern France), showing the fine prismatic
compact outer layer. Bar scale: 0.5 mm. -

‘0

SEM micrograph of the hippuritid outer layer (sample
no. 41, Santonian Facies, Martiques, southedstern
France), showing the prismatic ultrastructure partly
affected by recrystallization. -

) ?
Transverse section of the hippuritid Barrettia
(sample No. 165, Santa Clara Province, Cuba), showing
part of the thick prismatic outer layer with beaded
rays. Bar scale: 1.0 mm. )

SEM micrograph of the same specimen as in Fié. 3,
showing recrystallizéd,paqts of the prismatic outer
layer with fused crystal corners and microporosity.

Transverse section of the hippuritid Parastroma
(sample no. 161, Middle ? Cretaceous, Santa Clara
Province, Cuba), with the outer layer qpmposed from
simple and composite aragonite prismS. The inner

part shows 2 lamellar ultrastructure. Bar scale: 1.0
mm.

SEM micrograph of the same specimen as in Fig. 5,
showing lamellar ultrastructune.
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calcite. The preservation of clear relic-crossed-

lamellar ultrastructure with pseudopleochroism (ef. also

Hudson, 1962) suggests that their original mineralogy

was aragonite (Plate 3, Figs. 5 and 6; Plate 7, Figs. 1,
3 and 4). This deduction was confirmed. by microsampling
of the inner layer of sample 43 (Plate 7, Fig. 3)." XRD

camera determinations showejjthat aragonite was the main

constituent of the well preserved relics, while the,iesﬁ

-pFéserved'adjacent areas were co@posed of a mixture of
aragonite and calcide. Similar ultrasﬁructures Wwere
described previously by Skelton (1976), who observed
that some hippuritids had érbssed-lamellar middle ldayers

and thin-complex crossed-lamellar inner layérs..

-
-

-

b

1.4.2.2 Family Radiolitidae ¢
The rédioli%id shell has a conical shape with an

attached right valve. This valve is ‘partly bored by

borers such as encrusting algae, clionid sponges, and-

bivalves and is infilled with internal-sediment. ‘The

left valve is operculiform (Plate 1, Figs. 4 and 5.)
. &
(a) OQuter-Layer
| In the majorit& of the studied specimens féom
southeastern France, Jamaica, Puerto Rico and Cuba, the

outer lé&er of the right valve (i.e. attached valve) is

characterized by a thick, cellular-prismatic
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ultrastructure. The cells are of recta&gular;
polygonal, or Qval shape'in transverse section, with
distinctive, brown-gfey, thin (approximately 70 m},
ghost-1ike, organic?, growth lines of fine micritic
diffused crystallites (Plate 4, Figs. 1, 2, 3, and 4).
The cell wall (approximately 50 u) formed by radial and
transverse funnel-shaped plates is composed of finely
erystalline fibres and prisms {(width approximatély 20 u)
of non-ferrous low-Mg calcite. In some species;fﬁhgg
fine prisms of’the wall grew in preferréd directions (at
normal and oblique angles to the depositional surface),
thus forming large masses of prisms (Plate 6, Fig. 1);
The interiors of the cells are occugiéd partly by-fine}y
ée;leted micritic sediments and partiy.by fine eq;ént?3

spar. e
p g , ,
(b) Middle and Inner Layers

Considering the preservation of brown,
pseudopleochfoic, crossed—lameliar ﬁltrastructure in
these two layers,-thgy probably were composea originally
of aragonite. This deduction has been confirmed for at
_least one'well-préservéd specimen of Bournoniza (samples
131b, 131c, Upper Cretaceous, éentral Inlier; Jamaica),
where the XRD analysis showed the presence of 9i4%-
‘aragoniﬁe in the middle and inner layers.

The middle layer is generally thin (less than TOOO
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PLATE &

ULTRASTRUCTURES OF RADIOLITID AND BIPPURITID SHELLS

%ig.

1Fig.

Fig.

Fig.

Fig.

Transverse section of the outer layer of a thick
radiolitid shell wall (sample no. 170, Upper
Cretaceous, Collin County, Texas) showing cellular
ultrastructure. The walls are formed by finely

¢rystalline fibres or prisms of calcite. Bar scale:
0.5 mm. '

LY
SEM, micrograph show1ng details of Fig. 1. Note the

'ceITular ultrastructure of horizontal and vertical

plates.

Transverse section of the outer cellular layer of
radiolitid Chiapasella (sample no. 164, Upper
Cretaceous, Pinar del Rio Province, Cuba). Bar
scale: 0.5 mm.

SEM micrograph of the same shell as in Fig. 3.
Notice that the erystal sizes of the cell wall appear
as ghosts or shadows of inclusions.

Transverse section of a hippuritid shell (sample no.
43, Santonian Facies, Martiques, southeastern
France), showing the outer compact fine prismatic
ultrastructure. The thin middle layer was replaced .
by mosaic spar bound by micritic envelopes. The
inner part shows an infill by large equant cement.
Bar scale: 0.5 mm.
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' p).and, in many cases, composed éf neomorphosed
microspar (Plate 8, Figs. 1 and 2). The inner layer is
somewhat thicker than the middle one, brown in c¢olour,
and sbmetimes exhibits clear'coﬁplex crossed-lamellar
ultrastructureé in accordance with the observations of
Skeltoﬁ.(197£, 1979) for radiolitid species from Austria

and sout@eastern France. -]

1.8.2.3. Family Caprinidae Vo~
The attached_valve of the caprinid shell is larger
than the free valve (Coogan, 1977). Well preserved

caprinid shells consist of three layers (Plate 2, Figs.

1 and, 2).

(a) Pallial Canal Layer

This layer is usually thick and contains abundgnt

e S

palliai canals. The latter may be absent in some )

specimens. Chubb (1971), in his study of Jamaican
rudists, considered that the pafiial canals existed in
the middle and inner layers, whereas the outer layer was
thin and lacked these caﬂaLs. However, in this study,
it has been observed that the pallial canals ekisted
only in the outer thick layer, whereas the middle and
inner layers were characterized by ‘their typiecal
‘lgpellar ultrastructures. |

I The canal walls (approximately 200 u thick) are

/

£ ’

]

:

~
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aragonitic, 'as suppoerted by XRD analysis of.three
exceptionally well-preserved specimens with chalky-white
luster, whicﬁ contain over 90% aragonite (samples 96a =
99%A, 167a = 98%4 and 104a = 90%A). This is in
agreement with SEM observations showing no evidence of
recrystallization or cementation. Pailial canals are
more complicated in more advanced species (Coqgan, 1969,
\Figure 'E241). In well-preserved specimens, they are
soft, and polygonal or oval in shape (Plate 5, Figs. 1,
2, 3, and H;{Plate 7, Figs. 1 and--2), with a well~--
developed crossed-lamellar ultrastructure (Plate 5;.Fig.
5).

The presence of pallial canals in the Caprinidae
results in their sponge-like -ultrastructure and high
priﬁa{z porosity. Such pores may be infilled
subseqsently by internal sediment,_spar cement of
variable generations, or both. This will be discussed
in detail in the subsequent sections. Such pallia;
canal% served for weight reduction, foed entrapment, and
respiration purposes (Perkins, 1969; Vogal, 1978).

» Ln some specimens (e.g. Plagioptychus, Upper

Cretaceous, Marchmont Inlier, Jamaica) a very thin
. P
calecite (99% LMC) outer layer has been observed. This-

lay&n is brown in colour, has nag pallial canals, and is

characterized by prismatic ultrastructure.

-

4
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PLATE 5 S
ULTRASTRUCTURES OF CAPRINID SHELLS

SEM micrograph of the well preserved aragonitice
canals (Antillocappisa, sample no. 96, Upper
Cretaceous, Ripley FQrmati Pennessee). Notice the
polygonal shape of the canals and the empty inner
spaces bounded by cross plates, which may later be
infilled by micritic internal sediment or cement.

Transverse section of the aragonitic outer canal
layer of Plagioptychus (sample no. 167, Upper
Cretaceous, Ripley Formation, Tennessee). Crossed-
polars. Bar scale: 0.5 mm. /%L

9 .
SEM micrograph of the same sample as in Fig. 2.
Notice the excellent preservation of the_canal walls
(longitudinal section). :

Transverse section of the originally aragonitic outer
layer of Antillocaprina (sample no. 97,
Maastrichtian, Prairie Shale Formation, Gulf Coast) .
Note the fine preservation of the oval canal walls,
with subsequent infilling by secondary calcite.
Crossed-polars. Bar scale: 0.5 mm.

SEM micrograph of a canal wall of the same sample as

‘in Fig. 4. Note the well -preserved lamellar

ultrastructure of the wall (left) and the fine cement
crystals within the canal (right).

Cross section of the same specimen as in Fig. U

showing the crossed-lamellar. nature of the aragonitic
inner layer. Crossed-polars. Bar scale: 0.5 mm.

.
ht]
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(b) Mid&lg‘and Inner Layers

These‘two layers, which were presumably originally
composed of aragonite, are usually poorly preserved.
Traces of aragonite with crossed-lamellar
ultrastructures are retained only in some well preserved

specimens, such as Antillocaprina (Plate 5, Fig. 6;

Plate 8, Fig. 4) and Plagioptychus (Plate 9, Figs. 1 and

2). SEM study reveals the presence of sﬁall pockets of
cement and formatien of fine granular cfystals with
irregular intercrystalline boundaries (Plate 9, Fig. 2),
the latter due fo recrystallization of crysfallites (=
caléitization of Bathurst, 1975,'Chapter 12).
Iaiaddition to the above-discussed ultrastructural
elements of caprinid shells, accessory cavities may also
be'présént.' These are usually infilled by miecritie,

partly Yfossiliferous, internal sediment or by spar

\\cement.

1.43.2.4 Family Monopleuridae

Only the genus Monopleura from Jamaica and Puerto

Rico was avé}lable for this study and the shell
ultrastructure described below is based solely on this
single genus. The shell has a thin, brown outer layer
Qith modefately preservéd simple prismatic compact (LMC)
ultrastructure (Plate 2, Fig. 3; Plate 6, Fig. 3). The

inner layer is also thin, with partly preserved brown,p
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pseudopleochroic, inclusion-rich reliecs. This layer
contains possible remnants of lamellar ultrastructure,

-

presumably of original aragonitic mineralogy (Plate 7,

Figs. 5 and 6).

1.4.2.% Family Requieniidae
) Only eight specimens representing this family were
A recovereé from the Urgonian Limestone of southeastern
Franced The requieniid shell has a large coiled,
attached left valve and an operculiform-flat right free
Qalve'(Plate 2, Fig. 4). The outer layer is relatively
thin (<1 mm) and composed from simple comgzct prismatic
(LMC) ultrastructure, with longitudinal non-ferroan
prisms arranged at a right angle to the degositional
surface (Plate 6, Fig. M{. This layer, however, 'is
frequently, partially recrystalliized.

The middle and inner layeré have not been clearly
documented._ A thin (100 u) layer underlying thefsuter
iayer has.been-ob;erved in one requieniid shell and it
contained remnants of pséudospar. The rest of the
shell, including the body cavity, was infilled by
micritic pelletal interna;'sediments containing some
fossil fragments, such as rudists, foraminifera, and
Eriﬁbid plates. -

Summaries of the rudist- ultrastructures and of

their states of preservatiocn are given in Table I-1.
~
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: PLATE 6
ULTRASTRUCTURES OF RADIOLITID, REQUIENIID,
AND MONOPLEURID SHELLS

Fig. 1. Transverse section of a radiolitid prismatic ocuter .
layer (sample no. 173, Upper Cretaceous, Gulf Coast).
Notice the ehhanced growth of prisms. Crossed-
polars. Bar scale: 0.5 mm.

Fig. 2. Inner originally aragonitic layer of Bournonia
(sample no. 131, Upper Cretaceous, Jamaica). Notice
the well preserved reliecs of crossed-lamellar
ultrastructure. Crossed-polars. Bar scale: 0.5 nmm.

Fig. 3. Transverse section of the outer shell layer of
Monopleura (sample no. 127, Upper Cretaceous,
Sunderland Inlier, Jamaica). Note the prismatic
habit of the shell. Bar scale: 1.0 mm.

Fig. 4. Transverse section of the outer shell layer of a.
requieniid shell (sample no. 86, Urgonian Facies,
southeastern France). Notice the simple, partly

recrystallized, prisms. Crossed-polars. Bar scale:.
0.5 nmm.
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1.4.3 Differential Preservation of Original
| ,Ultrastructufes and Diagenetic Implications

The previous discussion of ultrastructures,and
mineralogy of rudist shells showed that, regardless of
thé family, tﬁey‘gan be assigned to three types Ef

s

~preservation: (1) shells with preserved original

mineralogy and ultrastructures; (2) shells with

aragonite’neomorphicélly ﬁransformed inte LMC, but with

well preserved relic ultrastructures; and (3) shells
with no visible relic ultrastructures, usually
containing only druéy calcite mosaic.
/
1.#:3.1 Shells with Original Minerﬁlogy and
Ultrastructures |

Low-Mg calcite (= LMC) ultrastructures are present
in most cases only in the ocuter layers, pillars and
beads of Hippuritidae, the outer layers of Radiolitidae,
the outer layers of Mngpleuridae and the oauter iayers
of Requieniidae. These cgmponents are,.in,éeneral, éell
preserved with fine Prismatic and’cellular~prismatic

. ® )
ultrastructures. LMC, despite its relative stability,

g

someligfes suffers differential recrystallization, ﬁhich

causes fusion of ulEbastructural units and rouﬁdiﬁg of

. . : - o . ' ~—
prism corners. This strucfural medification has been

~
accompanied by chemica} ;ﬁﬁ?isotopic signals (see

Chapters IT and ITI). & similar partial diagenetic

E
|

/
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'chemical and

1y

modification off LMC shells has been advocated previously

on chemical d structural grounds for LMC belmnites
(Veizer, 19743 and brachiopods (Al-Aasm and Veizer,
1982). This partial alteration of the shell matrix can
be-accompanied by incipient cementafibn between £he
planes of the bﬁiSms, and, in the case of the compéct
prismatic structure, by cementétion.in_the primary
iﬂ%ercfyspalline'pore spaces (Plate.3, Figs. 1, 2, 3,
and 4). In addition, radiolitids, because of their
cellular ultrastructure (intraparfiélé porosity;
Choqﬁette and Pra;, 1970) frequently confain early
micritie aﬁﬂJ%r peloidal intgrnal sediment in- their
cells. This sediment may be ;ecrystalliéed léter to
microspar. Alternatively, the célls méy be infilled by
one or more generaiions of cement (?1ate 4, Figs. 1, 2,

3, and 4). However, the cell wall péeserves_its
]

original identity and structure. ‘Outer "layers of sonme

hippurifid and radiolitid shells were bored by organisms

L

such

s sponges, algae and perhaps bivalves causing
iteration of their prismatic ultraétructures. These
early borings are 'of various sizes and shapes and later
ﬁhey may have been infilled by mieritic peloidal
internal sediments.

The differences in preservation of LMC layers of-

hippuritids and radiolitids may result in different

P
v

isotopic signals. Such variations,
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however, may ?éflect; principally, the types of prihary
porosity in the outer layers of both families as well- as
the structural architecture of their shells. This
matter will be discussed in Chapters II and III of this

thesis.

™

The preservation of the metastable aragonitic

ultrastructures in some rudists (e.g. the outer layer of

Parastroma (Plate 3, Figs. 5 and 6), the outer pallial

- canal layers of Antillocaprina (Plate 'S5, Fig. 1),

Plagioptychus -(Plate 5, Figs. 2 and 3), and the middle

and inn rgfé%%r :of Bournonia) could be attributed to
this embb@égj; in organic-rich sediments of low
permability (cf. Sohl, 1960a; Hudson, 1962; Kennedy and
Hall, 1967). ‘

=4

-

1.4.3.2 Shells with Partially
s
Preserved Ultrastructures

‘The ultrastructures of this, group are usually

T
preserved as brown, pseudopleochroic, inclusion-rich

neomorphic spar with discernible crossed-lamellar

-

featuress mimicing the original aragonite shapes (gross
fabric retention of Wilkinson, 1983). This preservation
is restricted to the middle and inner layers of

hippuritids, radiolitids, caprinids, possiblf
G .
requieniids and to some outer layers of pallial canal

v

walls of céprinids.



- 47 -

The retention of relic structures in mollusc shells
can be achieved only if the transformation of aragonite
to lbw-Mg calcite occurs essentially in situ, without a
cavity stage (Bathurst, 1964, 1975; Sandberg et al.,’
1973; Pingitore, 1976): Such polymorphic transformation
(Bathurst, 1964) or neomorphism (Folk, 1965) is believed
to have been a result of a wet dissolution-
reprecipitation pfoéess on a micron scale. The absence,
-on petrographic and SEM scales, of large gaps and void‘
spaces in the neomorphosed calcite mosaic and the
irregular contacts of these calcites (Plate 7, Figs. 3,
4,.5, and 6; Plate 8, Figs. 1, 2, 3, and 4; Plate 9,
Figs. 3 and §4§) argue-against the proposed porous
chaikification stage during mineralogical transformation
(e. B _ Pingltore, 1976). These observatLons can,
however, be réﬁonciled with the transfarmatlon models
based on a thin solutlon film principle (e.g. Pingitore,
1976;/Brand and Veizer, 1980; Veizer 1983). The
likelihood of solid state conversion of aragonite to
calcite is very low .because of_£he slow rates of the
process (Fyfe and Bischoff, 1965; Carlson, 1983). XRD
analysis of microsamples from_a ﬁreserved relié crossed-
lamellar ultrastructure in the inner la{er of the
nippuritid shell (Plate 7, Fig. 3) suggests, however,
that the pre;;rvation of -structural details may be at
least partially due to the retention of some aragonite.

The_brown, well preserved, parts of the
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DIAGENETIC ALTERATION OF RUDIST SHELL ULTRASTRUCTURES

Fig.

Fig. 2.

Fig. 3.

Fig.

EFig.

Fig.

1.

5.

6.

-8 -
PLATE 7

Transverse section of outer canal layer of
Antillocaprina (sample no. 157, Upper Cretaceous,
Matanzas Province, Cuba)}, showing differential
preservation of the rounded canal walls which app®ar
as brown ghost relics. The interior areas of the
shell are occupied by equant spar. Crossed-polars
and stained. Bar scale: 0.5 om. :

: ~

Transverse section of another type of canal in
Antillocaprina (sample no. 133, Upper Cretaceous,
Marchmont Inlier, Jamaica), where the polygonal
canals have been occupied by early micritic pelletal
internal sediment resulting in some preservation of
relic canal walls. Plane-polarized light. Bar
scale: 0.5 mm. *

Transverse section of the inner layer of a hippuritid
(sample no. 43, Santonian Facles, southeastern
France). Note the preserved relic crossed-lamellar

~ultrastructure of the inner layer, with large eguant

neomorphosed spar. A and B are microsampled areas
for XRD. Bar scale: 0.5 mm. _ s

~
SEM micrograph of the same shell as’'in Fig. 3 showing
the relic _lamellar ultrastructure of the middle
layer. _

" Transverse section of Monopleura (sample no. 127,

Upper Cretaceous, Sunderland Inlier, Jamaica)} showing
a relic, presumably originally aragonltlc,
ultrastructure appearing as dark inclusions withig’
the inner layer. Plane polarized light. Bar scale:
0.5 mm.

q

SEM micrograph of the ‘inner layer of the same
specimen, as in Fig.v 5, showing a relic of
recrystallized lamellar ultrastructure. :



&
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PLATE 8

DIAGENETIC ALTERATION OF RUDIST SHELL ULTRASTRUCTORES -

Fig. 1.

. Fig. 2.

Fig. 3.

Fig. 4.

%

Transverse section of a radiclitid Chiapasella
(sample no. 164, Upper Cretaceous, Pinar del Rio
Proince, Cuba), showing parts of the middle and inner
layers. The middle layer contains inclusion-rich
relic ultrastructure whereas the inner layer consists
of bladed, crystalline, inclusion-rich cement.
Crossed-polars. Bar scale: 0.5 mm.

SEM;mlcrograﬁé of the same sample as in Fig. 1
showing the middle layer with a relic lamellar

"ultrastructure which has undergone severe

recrystallization.
Transverse section through a part of the pillar of
hippuritid Vaccinites giganteus (sample no. 58, Upper
Cretaceous, southeastern France). It shows fine
prismatic compact ultrastructure (rarely bored)} of

the outer part (A), and a part of the middle layer of

a pseudo-pleochroic neomorphosed calcite (B). Note
also some micritic envelopes beneath thlS layer (C).
Crossexi- polars Bar 5%ale: 0.5 om.

SEM mlcrograph of Antillocaprina (sample. no. 176,

Upper Cretacepus; San German Formation, Puerto Rico), S~

showing erossed-lamellar ultrastructure.



9
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PLATE 9

DIAGENETIC ALTERATION OF RUDIST SEELL ULTRASTRUCTURES

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Transverse section of the multilayered Plagioptychus

(AV) (sample no. 153, Upper Cretaceous, Marchmont
Inlier, Jamaica). Notice the thin prismatic, partly
preserved, outer layer and the middle and inner
layers with preserved crossed-lamellar relic
ultrastructure. Crossed-polars. Bar scale: 0.5 mm.

SEM micrograph of the outer layer of the same
specimen as in Fig. 1. Recrystallization of the
preserved original prismatic layer into granular
crystallites and partial cemeatation.

Transverse section of another part of the inner layer
as in Fig. 1 and 2, showing well preserved crossed-
lamellar ultrastructure (A). and the micritiec body
cavity fill (B). Crossed-polars. Bar scale: 0.5 mm.

SEM micrograph of Antillocaprina (sample no. 137,
Upper Cretaceocus, Marchmont Inlier, Jamaica), showing
the crystalline nature of the middle layer.

]

M
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of-the'stfucture (4) are composed primarily of
aragonite, whereas the adjacent, nmore abundant and more
altered parts with frequent clear irregular neomorphic
mosaic (B) are principally calcite. In addition, it, has
Beeﬂ observed, that ultrastructures with relic
aragonitic traces have retained some original chemiggl_
and isoﬁopic.signals, if comparéd to those sheﬁl
components which lack visible relic structures (see

Chapters <II and III for details).

1.4.3.3 Shells with No Visible
Relic¢ Ultrastructures

These shells underwent almost total leaching and
S .

subsequent replacement by calcite éement (wholesale_
fabrie obiiteration of Wilkinson, 1983é§L Such
transformation is typical of many outef layers of
caprinids, ahich were orlglnafly composed of aragonite.
In add_ltro\éthe hlgh original porosity of this outer
pallial canal layer rqgulted in internal peloidal and/or
micritic sed ntation during early diagenetic hisﬁory.
Furthermore, Eﬁ%s porosity enabied active flushiné of
the systenm by meteoric‘waters, leading to complete
leaching of the walls and to preservation of only
micritic enveiopes which were formed during an earlier

stage. A combination of all these phenomena resulted in

a complete loss of the original ultrastructures. Plate
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7 (Figs. ﬂ‘andi2) shows the progressive stages in
_,diagéhesis of pallial canals. . .

_The middle and inner layers of hipphritids,
radiolitids, caprinids, monoplquidé and possibly
requieniids also suffered complete dissolution.and
subsequent infiliing by clear equén£ ferroan spar
caleite (Plate &4, Fig. . 5). |

In analogy to caprinids, the highly open'hetwbrk of
the ou;er cellular radiclitid ultrastructures also
resulted in the infill of the cells either by parine{‘
micritic sediment or by early to late equant spar cement

(see subsequent sections for details).

1.4.4% General Sequential Diagenesis
in Rudist Buildups

Since most rudists thrived in warm, shallow, well
circulafed, clear waters; associated primarily with
carbonate pla?form and'shelf facies, they eventually
were subjected to a variety of diagenetic processes.
The emphasis in the subsequent text will be on the
geleral diagenetic evolution.of rudist carbonate
buildups in Cretaceous deposits. This approach, because
of the wide geographic distribution of the studied
rudist communities, does not ‘explain all local vagaries
of their varied diagenetic histories, but it will enable
the erection of a suitable sequence of events for later

geochemlcal 1nterpretatlons.
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1.4. 4.1 Diagenetic Ernvironments in Carbonate Rocks
ﬁiagenesis, as .defined here, is the sum of all

processes (physical, chemical and biological) that bring

about changes in a Sediment or sedimentary rock

deposited in water (Berner, 1980). Twoumajor diagenetic

environments, with their subdivisions, can. be held

responsible for lithification and alteration of

carbonate components (Fllgel, 1982). These are: (1)

submarine phreatic environments; and (2) meteoriec
environments. Bricker (1972), Folk (1974), Bathurst
(1975), Mdore (1979}, Longman (1980, 1981), Fliigel

(1982), Heckel (1983), and Lohmann (1983) summarized the

characteristics of each diagenetic realm and this

summary is presented below.

3

1. Submarine phreatic environment

This environment is related to shallow depth, with

the pore'system filled by marine waters (e.g. seaward
N ;

side of platform margins, reef cavities, ete.). It has

been subdivided into two zones (Longman 1980):

(a) Active Zone. In this zone tides, waves and

T

cﬁfrepts, in combination with other processes such as
photosynthesis, respiratéon of organisms and CO>
degassing, are responsible for moving the water into
sediments. The result is cementation by aragonite and

high-Mg calcite (Shinn, 1969; Alexanderson, 1972; James



J

et ai., 1576). Turbulence is.required, since tens to
hundreds of thousands of pore volumes-of sea water afe
needed to fill the pore spaces with cement (Bathursﬁ,
i980). Some of the characteristic products of'this Zone
are the formation of 1sopachous flbrous and mlcrltlc
aragonitice cements, botry01dal aragonlte (Ginsburg and
James, 1976), micritic high-Mg ealcite'rims, borings in
cement, and interbedded cements and sedimenfs_(see.
Longman, 1980 for a‘summe;y). .

(b) Stagnant marine zone. In this zone, water

movement through the sediment is relatively slow, with
some micritization (Xobluk and Risk, 1977) and no
cementation. Lohmann (1983) proposed a third zone,

namely the burial marine‘phreatic zone, which is -

characterized by.burial of marine sediments w1th their
entrapped water under the condltlons of elevated

temperature and compactional load.

2. Meteoric environment

-

. This environment is subdivided into:

(a) Meteoric vadose zone. This zone lies below the

.land surface and above the water table, whefe both air
and fluids may occupy the po%ee. The pore wqters,
mainly eein waters, are highly;undersaturated with
respect to calcite or efagonite, ceqsing_extensive
leaching of these minerals. Longman (1980) divided |



\v/— this zone into two parts; the soil zone, typified by
]

k- d&ssolutlon of metastable carbonate components, and the-

éone of precipitation, typlfled by - minor cementation
(e.g. meniscus cements onDunha&,'1971; gravitative or
pendant cements of Muller, 1971; and Jacka and Brand,

1977).

2 (b) Meteoric phreaéic zone. This zone is
'consiﬂered_to be the most importenf diagenetic realm for
sﬁallow marine sediments (Longman, 1981). All pores are
fizzed entirely with mpteotic waters undersaturated with
respect to eragon;te and high-Mg calcite. 'The zoné lies
between the vadose and the mixed marine-meteoric water
zpnes. Cementation in thlS realm is generally in the
formnof a fine to coarse granular eguant calcite spar in
-iﬁtefgranular or moldic pore epacesrﬁ\ipis-zone-has been
subdivided further (Lorgman, 1980) ihtolﬂ

i) undersaturated subzone, where the phreatic
water 15 undersaturated with respect to CaCO3 (such as
. 1n caves or fractures), causing dissolution of sediments

-

- and formlng moldic and/or’ vuggy porosity;

- ii) active saturated subzone, with a p0331b111t1

.of extensive cemeﬁtation.' This is due to active water
\"-' -

diagenetic featurgs-of this stage are equafit calcite
spars #ﬁ}eﬁ-eparsen tqwards the center of the pore;

syntax1a1 overgrowths on echlnode”ms, isopachous bladed

<

, s

eircuI%tion bhrbugh‘the sediments. The common .
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calcites, and completé leaching of metastable carbonate
components (for additional details, see Bricker (1971));
and h . | |

iii) stagnant bhfeatfc subzone, characterized by
minor or no cementat;on; Metastable carﬁonate
components‘may be neomorphically alfered to low-=Mg
calcite with preservation of some relic ultrastructures.
These products are due to slow movement of phreatic

waters.

(¢) Mixing zone. . This zone is present where the

meteoric phreatic lens is mi;ed with the underlying
marine phreatic”watprs. The zone 1is characterized by

'unﬁéﬁsaturation with respect to CaC03, and
Qvérsaturation with respect to dolomite (Badiozamani,
1973). ¢ “

(d) Burial subsurface phreatic zone (Lohmann,

1983). This. zone represents,a'system isolated from- the

shallow phreatic environment .and wheré-b?th, 1iphoétatic

[N -

pressure and compaction are active. Cementation

products here are fine to coarse graﬁﬁlarjsparry

calecites. P . /'{ C

1.4.3.2 Diagenetic Stages.of
< . . .

& Rudist Carbonate Buildups

L] Q i
Previous studies'of rudist tuaildu

westerﬁn,

N

nonreefal facieé),‘fof both eastern a
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hemispheres, produced evidence for early, as well as
late, diagenetic phenomena (Rose, 1970; Bein} 1976 .
‘Achouer,, 1977;. Jacka and Brand, 1977; Kerr, 197T; Petta, - -
1977; Longman and Mench, 19%8; Béy and Bebout, 1983).
These phenomena encompass both marine and‘meteéric
diagenetic'realms.- |

Several diaéenetic events or stages (with one or
more events absent inAsome sampless, have been
recognizeé in ﬁhe studied rudists and their enclosing
rpcké._ Table I-2 shows a summapf/;;—;hese-diagenetic
stages (for discﬁssion of geochemical 'and isotopic data.

see Chapters II and III).

1.4.4.2.1° Stage I: Deposition and Calcification
‘ of Rudist Communities . |

The warm, shallow, clear, well circulated,
oxygenated'shelf and platform waters were ideal for tq§
dgAQtion and biological explosion of the benthic rudist
" communities. As mentioned earlier (Sectioﬁ‘112), the
rudists were dominantly cemented or attached to the
muddy or sandy substrate by one of their valves and they
- grew in a crowded %izarre form (Kauffman, 1974).

The primary porosity of rudists was‘variaﬁle,
depending primarily on shell architecture. It was '’

moderately high in caprinids and radiolitids and

relatively low in hippuritids, monoplﬁizids and
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requieniids. This. was due (cf. Section 1.4.2) to the

presence of open network ultrastructures in- the former%%

group while the lattép groQip was characterized by
compact ultrastructures. This high‘primary porosiﬁy was
a result (Choquette and Pray, 1970)'of intraparticié
porosity in the cellular open ultfastrqctures and of

intercrystalline porosity in the prismatic lﬁyers (Plate

4,.Figs. 1, 2, and 3; Plate 3, Figs. 1, 2, and 4). In

addition, living body chambers or cavities could be
considered as being priméry vold spaces.fngjthis stage,
original mineralogy of carbonate components s still

preserved.
=

1.4.,5.2.2 Stage II: Ry
Syndepositional Diagenetic Events:
Constructive and Destructive Processes

*;~ , These events include rudist framework borings,

oo

“formation of micritic envelopes; internal sedimentation,
Lo tee e - . .

L . : ,
cand early submarine cementation. X

--Rudist Framework Borings
- /

Activities of organisms play an importa t role in

*dérbonate buildup, espebially reef dynamics. Orgahigms

which penetrate hard carbonzééﬁsubstratgs_by chemical vdr-

mechanical means, are called borers -and the resulting
]

excavations are termed borings (Milliman, 1974; Golubic

et'al-, 1975;‘Warhe; 19495). Boring organisms, their
‘ - A

LN
ot

‘ | - ‘ ok ; o -‘ ;,}

®

~
—



o

. (Kauffman and Sohl, 1974),

_ghndant in-shallow Creta-
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types and morphologies, have been_studied previously in
the- Comanche Cretaceoue of Texas (Perkins, 1971; Petta,
1977), in the Greater_AntiLles rudist-bearing rocks

and in southeastern France

ilip, 1980; Ma?rin et al/, 1981). quse borers were

ous. seas and centributed

va iébiy as impertant bioerodery and sediment producers.

)

Some of these borers are bacteria, fungi, algae,

gpSages, bivalves, barnacles, and worms (Perkins, 1971).
Rudist shells in the studied localities have

experienced various degrees of boring activities, having

‘bores of various shaped and sizes. Most of the observed

- o
borings were restricted to the outer layers of the

shells. However, in seme.specimens, middle and inner
layers hdave also suffered some’ borlng act1v1t1es : The
borings are ovel, elliptiecal, 1ongltud1nal, tube-1like, -
or irregular in outlines (?iate 10). Their sizes range
from <§0 M to few mm in diameter. The presént borings

are remnants of borings produced by algae (blue-green

'and red), sponges (probably clionid sponges), bivalves,. ..

-

and_some other unidentified.organisms. The borings, in

most cases, are prlmary features formed durlng acecretion

‘of carbonabe bulldups. In some examples, thé/’bost date

"xneomorphie inversion of*aragonltlc parts, as evidenced

by ¢ross cutting or superposition of borlngecbn the

already transformed



PLATE

_Eb_

10. Photomic*ogﬁamh of a portion .of a bored radiolitid

shell "Biradiolites (sample no. 99, Middle Cretace-
ous, Santa Clara Province, Jamaica} showing part of
the outer cellular layer {(A), middle-layer (B) and

inner layer«with brown rellc ultrastructure (C). )

-Note that the borings are- sunerimoosed on the alre-

ady neéomorphosed, originally aragonitic, middle
and inner layers. Plane polarized light and stained.
Bar scale: 1.0mm.

¢/ /
. Y ,
Collapsed micritic envelope {4y 'in the inner part of
a radiolitid shell (sample no. 47, Santonlan facles,
southeastern France). Criginal aragonitic shell lay-
er was totally dilissolved and replaced by late disg-

enetic equant sparite (B). Crossed-pclars and stained.

Bar scale: 0.5mm.
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aragonitic components of the shells (Platg 10).
Mineralogical'ihbersion céuld have been achieved duriﬁg
short time periods during which rudists were subaerially
exposed to vadose environment. Subsequenily, they have
been again submerged -and bbred. Borings in rudists are
offéh infilled by'marine internal sediﬁents. These

sediments are sometimes comparable, compositicnally and

~texturally, to internal sediments in major body cavities

or to enclosing rock. They are usually micritic, silty
and peloidal, with some fossil'fragments. In the later
stages, they could have been partially cemented by
equant spar.

Bathurst (1966) and Kobluk and Risk (1977)
attribute the presence of micritic eﬁvelopes, or
micritiq rims in mollusc shells, to vague prodesses of
organic bofing and“skeletal degradation by endolithic
algae and fungil. Such micr;tic;rims are common in
modern carbonaté sediments (Winland, 1969). Micritiec
envel&peé may have been composed originally of aragonite
and high-Mg calcite and later transformed inﬁo low-Mg
calecite, but their textural'identity remains intact
(Friedman,‘TQTS). They have been observeg'as the

internal qompbnents-of rudists (see Section 1.4.3),

particularly in the middle and inner skeletal layers as-

.well as in body cavities (Plate 11). 1In addition,

- mieritic rims have been observed surrounding and

* -
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lining some caprinid canals (Plate i2). Such envelopes
may have originéted in submarine envi?onments{;hrough
the activity of algal boring which have been infilled by
lime mud (Bathurst, 1975, Chapter 9).

Internal Sedimentation

Inpernal marine sediment, which sometimes may be
mistaken for vadose silt of Dunham (1969), is defined in
this thesis as all micritic to silty, peloidal - with or
without fossil fragments - sediment (wackestone) .that
fills primary pore spaces within rudist_shells. It
usu;iiy fills: (a) some cdprinid canals and radiolitid
cell chambers, sometimes;formihg geopetal fabrics (Plate
12); (b} many borings; and (c) major-éﬁa accessory
vacated body caviti;;. The allochems in the internal
sediments are micrites of <4 u in crystal sizes (Plates
12; 13; Plag; 22, Figsr 1 and 2) rouﬁdéd fo oval peloids
of structufélgss micrite with diameters <200 u, and
fossil fragﬁénts mostly of rudist shells, foraﬁinifera
(e.g. éilidliqu erinoidal plates, Bryozoans and corals.
The latter were in some instances leached.away? leaving
behind an empty mold which was later filled with ‘equant
spar. 'Rarely, detrital quartz also contr;butes as an
allocﬁem. Interhal sedfments in- many rﬁdist shellé
resemble, bompositionally and texfurally, their,
enclosing rocks.

_Inteénal marine sediments have beén’described from

/

a

| R y
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PLATE 12. Geopetal fabric in caprinid canals (sample no.199,
Edwards Limestcnes, Texas) 1nfilled by micritic
pelletal internal sediments. Notice the partial
preservation of czanal walls as inclusion-rich
areas (A). Crossed-polars and stained. Bar scale:
1.0mm.

PLATE 13. Internal marine sediments infilling major body
cavity of a requieniid shell (sample no. 80,
Urgonlan facles; southeastern Frarice). The
sediments are mieritic, pelld=tal with some
miliollids. Miliolid chambers are accupied by
‘equant spar. Plane polarized light. Bar scale:
0.5mm. -

-
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modern reefs (fine to coarse-grained, peloidal to
fossilfierous algae cup reefs of Bermuda (Ginsburg et
al., 1971); Jamaican coral reefs (Land and Goreau,

1970)), as well as from ancient deposits (Kendall, 1975;

Petta, 1977; Frost et al., 1983). Mineralogically, the

recent interéal sediments are a mixture of aragonite aﬁd
high-Mg calcite (Shinn, 1971; James et al., 1976;
Marshall, 1983). The mud size sediment is believed to
have originated by the breakdown of worm‘tubeg,
foraminiferal tests, and coralline algae. In contrast,
the silt size particles are thought to have been formed“
by boring organisms, especially in the reef.environment
(Flugel, 1982, Chapter Y4; James, 1983). 1In the present
cont®xt, because of the mud and éilt sizes of bioclastiec
constituents, the internal sediments- in rudists _are .

LY

believed "to have originated by mechaﬁical movement and

- .
"breakdown of organisms, as well as by boring activities.

Submarine Cementation

-

Submarine cementation is mostly achieved in

environments where‘bothtwater turbulence and stabilized
sediments play a majpr role. Such énmironments are, for
e#ﬁmple, reefs, particulérly in the v&éinity of platform
margins (James‘and Choquette, 1984). Bof%' high Mg-
calcité and aragonite were reported as submarine céments

filling primary voids in modern carbonate reefs.

~

-‘.,.‘
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* Examples are the Belize reefs (Gihsburg and James, 1976;"

James et-al., 1976), the Galeta poinf reef of Panama

(MacIntyre, 1977), the Jamaican reefs (Land and Goreau,.’

1970), the Red Sea reefs (Frledman and . Schneiderman,

19?&); and the Arabian Gulf réefs (Shinn, 1969)-

/uere repof;ed also from

Submarine cement precursors
ancient examples as ol& as the Early Paleozoic (Rose,
197@; Achauﬁr, 1977; Davies, 197T; Petta, 19T7;'Bathurst;
1982). o 5 \

Some prg_gry pore spaFes,‘such as the cell chambers

in radiclitids, orlglnally\vacant ¢anals in caprlnlds,
and other beody cavities in rudlsts have been occluded
partly b; precipitation of non-ferroan radiaxial fabrlc
and isopachous rlm cements®. Radlaxlal fabric cement is
charactérized by c¢loudy, inclusion-rich, 1ong fibrous

crystals, with_divergent subcrystais and convergent

optical axes, and wavy extinction under cross

'polarization (Plate 14). This type of éarly cement has

been descrlbed in detall by Bathurs@ (1975) The

isopachous rim cement cbn51sts of[Ehln (<2pO p) rinds of

fine equant to bladed, 1ncluslpq-r1ch crystals lining .

some primary pores (Plate 15). -~ - .~

—
.

The -evidence utilized to interpret -the subﬁa;ine

origin for these cements is: (1. they'are always the

- first generatlon of cements- (2) their® inclusion-rich

‘character suggests a marine phreat;c water,\(S) their

erystal morphology is mostly.lsopachous “or radlaxlal; {(4)

~

et
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PLATE 14.

Early radiaxial, inélusion—rich, fibrous cement

of submarine origin fllling a void in the capr- -

inid "Titanosarcotites’ (sample no. 1504 Upper
Cretaceous, Marchmoent inlier, Jamaica). Notice

. the cloudy nature of thils cement with curved.

twin crystals. Crossed-pclars and stained. Bar .
scale:.1l,.0mm.

-

J
Early inclusion-rich micrite rim’ (A) cementation,
lining 2 primary vold in radiolitid shell (sample
no. 77, Coniaclan facies, southeastern France)..
This cement 1s followed by precipitation of
meteoric ferroan equant spar (B). Plane polarized
light and stained. Bar scale: 0.5mm.

&
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Tog .
thex'are interbedded with ;nternal marine sediments
containing marine faunas (cf: James and Klappa, 1983);
(5) they have boq;pgs that trénsect or are superimposed
over the cements. Thesq‘borings may represent periods
of slow or absent cementation (Plate 10); and (6) they
have specific chemical and isotopic signals. (This
topic will be discussed in detai;ﬁin,Chabfers IT and
III, respectively.) |
£
1.3.58.2.3 Stage III: Eérlj Subaerial and/or
Shallow Burial Diagenesis 7

Dp;ing this stage, aragonitic shell parts of
~rudists %ave been inverted néomorphically into low;Mg'
calcité, witp preservation of théir ﬁltrastructures'as
clear relids in micro-sized domains. This was likely
achieved during short periods of exposure to
undersaturated metecric vadose waters or to é‘stagnant'
zone of meteoric phreatic waters. These physical
environments permitted inversion of original metastable
carbonate phases without destruction o¢f the bulk of
their. primary ﬁorosity (cf. Lonéman, 1980; and Heckel,
1983, for further details). Such diagenetic
stabilizaton of carbonate minerals has been éiscussed in
.detail in Section 1.4.3. -

Partial compaction and fractﬁring within rudist
shells resulted in breakaég/;; outer and inner layers,

s
-

\
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collapse of micritic envelopes, and formation of small”

. velns. This partial compaction is believed toﬁheve been

N

caused either by an early local compaction caused Dy the

stress imposed by the weight of crowded - living rudists

or by pressure during shallow burial. hBoth of these
processes appear to have been eonfined to the'early
diagenetic history of rudists, because the breakage of
shell componeets and the collaﬁse of mieritic envelopes
pre-date late equant fer;oan eement but post-date early
marine cementation kPlete 11).

Mlcrostylolltes, noticed in few samples (Plate 16},

represent zones of discontinuity generated from pressure

solution arognd points of contacts (ef. Wanless, 1983,_

‘for details).

1.5.5.2.4 Stage IV: Diagenesis in Meteor;e Waters
Exposure to meteoric phreatic waters has affected

rudist shells and thelr enclosing rocks 1n a variety of

ways. Primary interparticleVangfintrapartlcle

porosities were reduced further by brecipitation of one

T or more generationé of bladed and egquant calecite

cements. Secondary moldiec and vuggy porosities have

been créatéd by the wholesale dissolution (cf.

Wilkinson, 1983) of the mineralogically metastable shell

components. In addition, s}ilicificat'ion-and

dolomitization played a minor role at this stage. The

-

[
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PLATE 16. Microstylolite in a hippuritid shell (sample no.
56, southeastern France). It represents a solution
zone in the inner part of the shell and is caused

by partlal compaction. Plane polarized light and
stalned. Bar scale: 0.5mm.

A
\

PLATE 17. Two episodes of meteoric water cenmentation; bladed
(A) and large equant spar (B) infilling a vacant
body cavity of the radiolitid shell 'Bournonia"

(sample no. 121, Upper Cretaceous, Marchmont inlier,

-
.

Jamalca). Crossed-polars and stalned. Bar scale: 1. Omm.
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| 8
priﬁary and secondéry pore syst;ms have been odziuded,
to various degrees, during single or multiple episodes
bylnonferroan to slightly ferroan equant and bladed low-
Mg caléité.cement, followed by the late large equant
ferrcan cement with straight crystal.boundaries and
abundant enfacial junctions (cf. Bathurst, 1975, Chapter
10). Congruent and“indongruent dissolutions of
aragonitic *(both éhell layérs and sub;arine cements) and
high-Mg caleitic (early submarine fibrous cement) parts
have been accomplished during shallow and burial
meteoriE stages of diagenesis. Continuous dissolution
pf tﬁese ﬁetastablé carbonape phases evéntually resulted
in the supersaturation of the pore water with respect to
the least soluble phase (low=-Mg calcite), which then
precipitated as sparry calcite (cf.‘Gavish and Friedman,
1969; Bathurst, 1980, 1983). The morphology,
composition and mig;;a%?gy of the precipitatéd calecium
carbonate are béﬁleved to have been governed by such
factors as klnegTbs of surface nucleation and the amount
of reactants (Given and Wilkinson, 1984). The response
of rudist shells to meteoric phreatic diagensié has been-
discussed earlier (Section 1.4.3.3).
Bladed low-Mg calcite cements are elongated
crystals of nonferroan to slightly ferroan calcite,
projecting inward normal to the pore walls (Plate 17;

Plate 22, Figure 3). The early equant calci;e'cement



. PLATE 18.

. Province, Cubaj.

s ° PLATE 19.

stained. Ber scale:

~79-

Two stages of cementation occluding a rad*olit*dw
cell chamber (Sauvagesia; sample no. 162, Eavana
The relatively early nonferroan
equant cement (A) is followed by late ferrcan
quant calcite (B). Notice the cell wall which
exlsts -as brown preserved boundary (C). Plane pol-
arlzed light and stained. Bar scale: 0.5mm.

A

Late large equant spar filling a major body cavity
of the hippuritilid shell (sample no. 16, Santonian
facies, southeastern France). Crossed-polars and

1.0mm.
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is composed of fine (220 u) nonferroan to slightly

Wy

ferrcan crystals, which';omefimes occlude primary pore
spaces, such as-rad;olitid cells and caprinid canals.
They usually form a thin rim with some inclusions‘(Plate
18). Both of these types pf cements post-date early

submarine cements and Iinternal sediments and pre-date

late coarse, clear, "equant, ferroan, inclusion-free

Other diagenetiec features, such as authigenic

silicification and dolomitization, have been noticed 'in
few samples and they were.confined to primary

intraskeletal Pomse spaces (Plates 20 and 21).

RS

1.4.432.5 Stage V: Final Recrystallization of
VRudist Comnponents
The éulmination of \diagenesis of rudists was the
recrystallization of th;\stable low-Mg shell parts é¥m
of the already stabilizgd, originally metastable,

~

mieritic and other componeéts. Recrystallization,

- however, may have started earlier, but it reached its

peak during this stage.
Recrystallization has affected different parts of
the shell, such as the 5uter layers and pillars of

hippuritids and thelouter layers of radiolitids,

-
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PLATE 20.

PLATE 21.

82—

A

. LI .
™ -

Authigenic silics&fication 1rifilling cell chamber
of the radiolitid outer shell layer-(sample no.

173, Gulf Coast area). Crossed-polars. Bar scale:

-1, Omm.

Dilagenetic dolomitization (A) of the internal

sediment infilling a radiolitid cell chamber in
the outer layer (Duraniz; sample no. 150, Upper
Cretaceous, Puerto Rico). Notice the well prese-

rved cell wall (B) and the early equant cement-

atlon (C) lining the cell chamber, Crossed-polars
and stained. Bar scale: 0.5mm. .
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INTERNAL SEDIMENTATION AND METEORIC CEMENTATION

Fig. 1.

Fig. 2.

_Fig.‘?f

Fig. ~4.

Fig. 5.

Fig. 6.
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PLATE 22 ' 7

Ty

- IN RUDIST SEELLS

SEM micrograph of a canal wall f(a) of a caprinid

. shell (sample no. 199, Edwards-Limestone, Texas).

Internal micritic sediment infilled the primary pore
space of the canal (left).. : :

no. 88, Coniacian facies, southeastern France).

SEM Hicrograph §f'bladed cement infiiling of moldic
pore of Antillocaprina. (sample no. 176, San German
Formation, Puerto Rico). .

CEN i ."‘ . -\‘ . .

SEM micrograph of late equant spar cement occupying a
body cavity of the radiolitid shell (samplé no. 41,
Santonian facies, southeastern France). Notice that

“the crystals irncrease in size towards the center of

the pore (to the right).

-inner cavity of radiolitid Chiapasella (sample n

SEM micrograph of late equant spar ihfillingtgij
111, Upper Cretaceous; Jamaica). '

SEM mierograph of a large equant spar cement
infilling a. void in hippuritid Barrettia (sample no. -
168, Jamaica). ' ' .

r

Sy

SEM mi ’ph of internal micritiec sediment™
‘occupying body cavity of a radiolitid ‘shell (sample
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PLATE 23

RECRYSTALLIZATION OF LMC SKELETAL COMPONENTS

Fig. 1.

Fig. 2.

Fig. 3.

e

SEM micrograph of a portion of .the outer beaded .
prismatic ultrastructure of the hippuritid Barrettia™
(sample no. 165, Middle Cretaceous ?, Santa Clara
Province, Cuba) showing the effect of
L%Frystallization of this part of the shell. The
prisms have rounded crystal corners and fused
boundaries.

SEM micrograph of an enlarged portion of the
hippuritidgouter prismatic shell layer (sample no.
95, Santonian facies, southeastern France). Notice
the granular texture produced by recrystallization.

Micritic internal sediments recrystallized int
microspar (sample no. 127, Upper Cretaceous,
Sunderland Inlier, Jamaica).
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PLATE 24, Bloclastic wackestone (sample no. 17, Santonlan
facies, southeastern France). Note the micritic
- pelletal matrix with miliolids (A), and rudist

shell frazgments (B). Plane polarized light. Bar
scale: 1.0mm. .
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monopleurids, and requieniids, to variable degrees. It
was more pronounced in requieniid_outer layers, causing
the obliteration of the existing prisms by pseudospars
(Plate 23, Fig. 1). 1In general, recrystallization is
;esponsible for the rounding of prism corners for
destruction of rad;olitid fibres or prisms (Plate 23,
Fig. 2). The already.gﬁabilized aragonitic components
were also modified by this late récrystallization (see
SectionAJ.M.B). Lithification and stabilization of
carbonate mud into mierite (subrounded crystals of ~3;p
size) could have been achieved earlier, but the late

recrystallization probably caused size enlargement to

) microspar (Plate 23, Fig. 3).

1.4.4.3 Petrography of the Enclosing Rock

The lithotypes of the avallable enclosing rocks are
variable due to the multitude of sampled localities. 1In
terms of their lithofacies, they fall generally within
the open platform (shelf lagoon), sea shelf with open
water circulation (ef. Fliigel, 1982, ;p. 406, SMF9), or
the flank facies (SMF5); the latter characterized by
bioclastic debris derived from reef builders. However,
these fag}es, being mostly bioclastic wackestones,
bioclastic floatstones, and sometimes bioeclastic
grainstones (Dunham, 1962) have some common

characteristics. They contain abundant micritie,
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clotted, som;times pelletal matrix (up to 60% of'the
total components), and many large (52 mm) and small (<2
mm) broken rudist fragments. Other biota and its
-fragments, such as sponges (calcisphere), red algae,
crinoidal plates, few corals, various foraminifera
(mostly miliolids, nummulitids, and rotalids (Plate 24))
are also present. The rocks alsc .contain evidence of
bioturbation.

Mineralogically, the enclosing¢rocks were composed
originally of a mixture of low-Mg éalcite tfragments of
hippuritids, radiolitid outer layers, some
foraminifera), high-Mg calecite (ecrinoids, algae, sponge,
some foraminiferé (Milliman, 197Y4)), and aragonite

(rudists and corals). . -
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SUMMARY AND CONCLUSIONS

Petrographic, SEM, and mineralogical investigation
of rudist shells and of thei; enclosing carbonate rocks
leads to the fcllowing conclusions:

1. The shkell érchitecture of rJEists is multi-
layered and theseilajers were originally composed of
either araganite (e.g. caprih&ds, hippuritids

(Parastoma)), or from aragonite plus low-Mg calecite

‘(e.g. hippuritids, radiolitids, requieniids and

{a

monopleurids).

2. The low-Mg calcitic ultrastructures (prismatic
and cellular-prismatic) in the shells spffereﬁ
differential recrystallization, and sometimeg.partial
cementation, despi%euﬁhe relative diagenetic stability
of low-Mg calcite. The localized partial cementation is
usually confined to intercrystalline pore spaces.

3. The originally aragonitiec ultrastructures are
usually preserved as brown, crossed-lamellar,
pseudopleochroic relics; particularly within the middle
and inner layers of the shells. The neomorphic

mineralogical transformation of the original

ultrastruc%gres suggests that the inversion of aragonite

N
to calcite has been achieved via a micron scale solution

film in undersaturated vadose or stagnant phreatic
realms. Alternatively, the aragonitic parts may have

suffered total dissolution, with subsequent

{i
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precipitation of ferroan phreatic cement in'the form of
¢clear equant sﬁar. In this case, the identity of the
original material is discernible only through micritic
envelopes. In contrast, the stable low-Mg calcite
portions of the same shells still retain their original
ultrastructures and mineralogy. *

L, S}nsedimentary marine diagenetic events (e.g.
bor%ngs by endolithie fauna, internal micritic and/or
géfgidal marine sedimentation in primary voids,
" submarine high-Mg calcite and aragonite cementation
(radiaxial fabric and miecrite) within the pfimary inter-~
énd intraparticle pore spaces) were coeval wi;h rudist
accretion. | | |

5. Meteoric cementation ié characterized by the
presence of bladed, and inclusion-rich, equant spar in
the primary and secondary pore spaces.

6. Late, coarsé equant'ferrqan, phreatic

cementation posﬁ-dates the bladed-equant cements and.

occludes the remainder of the available porosity.
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CHAPTER II

TRACE ELEMENTS IN RUDIST SHELLS
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INTRODUSEION AND THEORETICAL CONCEPTS

Marine carbonate sediments, of organic and
inorganie origin,'undergo vérious diagenetic
modifications with time. The bulk composition of these
sediments is principally a mixture of aragonite (4),
lew-Mg calecite with <4 mole %, MgCO3 (LMC), dolomite
(D), and high—ﬁg calcite with 4-30 mole % MgCO3 (HMC).
The latter 1s divided &Milliman, 1974, p. 267) into
intermediate-Mg calcite (4-12 mole % MgC03), and high-Mg
calcite (12-28 mole % MgCO3). Abagopite'and high-Mg

calcite are dominant in Recent, shallow marine

,spdiﬁents, while low-Mg calcitg pfedominates in deep

marine environments (K;nsmga, 1969, MacKenzie et al.,
1983)71‘Ho§evér,'ancient carbonate sediments are
composed almost exclusively from the stable low-Mg
calcite. The post—depositional stabilization of
carbonate phases_involves textural, mineralogical and
chemical changes (Bathurst, 1975; Brand and Veizer;
1980; Veizer, 198§a). fﬂ?gxétabilization proceeds
within a2 short time space (Gaviéh and Friedman, 1969),
through dissolution-reprecipitation mechanisms, in
waters of marine and/or meteoric derivation (Bathurst,

1975, Chapters 6, 8, 9; Pingitore, 1§76; Veizer, 1985 a,

b).

A carbonate phase may incorporate certain minor

(Mg, Sr) and trace elements (Na, Mn, Fe, Zn) into its
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A

structure by a variety of ways (Mcf;tire, 1963 ;#Zemann,
1969; Ishikawa and Ichikuni, 1984), such-as substitution
for Ca in calcium carbonape, occuﬁation of lattice
position; which are free du% to defects in,the
structure, adsorption directly onto-the sﬁrface of the
crystals, or be present interstitially between lattice
planes. The distribution and repartitioning of these
- elements is governed bj a cumulative effect of both
’depositional and diagenetic facto;s.

‘"The incorporation of trace elements into'CaCO3
lattice is best understood éhrouéh'the partitioning
ﬁheéry.(McIntire, f963;lKinsman, 1969; Pingitore, 1§%8),
which enables quantitative-modelling of trace element

distribution between a solid (in this case CaCO3) and @

liquid (water) by the following equation:

(m_M_)D (mi) B (1),

-where "mn répresents molar.concentration; "™g" stands
for trace element, "s" for solid phage, and "wﬂ for the
liquid pha§e. The magnitude of the positive or negative
deviation of a partition coefficient (D) from unity
deﬁérmines the degree of énriéhment or depletion of é
pafticular trace elemént in the so0lid with respect to

its parent liguid phase. Veizer_(1983a, Table 3-1)

summarized the approximate values of D's for carbonate
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.
minerals. Although some uncertainties in these vaiues
exist (Lorens, 1981), their existing crude estimates
help to pinpoint chemical trends and the relatfve
magnitu&es.of chemical displacements (Veizer, 1983%).
Upon exposure to metecdrice Vwaters, which_éée.
undersaturated with respect to metastable carbopate
¢ Rinerals (A, HMC) -but saturated with respect to low-Mg
calcite, redistribution or repartitioning of trace
elements commences. This diagenetic repartitioning of
liq " trace elements between marine A& and HMC and their
. successor dLMC is controlled by a complex interplay‘Bf
. the fdllowing factors (Kinsman, 1969; Veizer, 197%,
1983a, b; Pingitore, 1978, 1982; Veizer et al., 1975;
Brand and Veizer, 1980):
(1) precursor mineralogy (A, HMC, LMC), which
determines the original trace element concentrations and
subsequently co?tributes to diagenetic solu@ioné;
. (2) the deviation of the partition coefficient (D) from
unitys; .
(3) molar difference in. trace element concentration 3t
- the @iagenetic solution relative fto the water of the
sedimentary envirénment; ‘ | .
(4) ?pennéss of the system, also commeonly known as the
water/rock ratio. Veilzer (1983a, b) proposed the term
solute index (SI) for trace elements and carbon

isotopes. As SI approaches 100, it means that a

- specific cation or isotope was derived completely from

-
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the intervening water (= open system), ﬁhegeas SI of

.. Zero signifies that the cation or isotope was derived

entirely from the dlSSOlVlng solid phase (= closed’

system), and - . . S B v

x

- N " /-

(5) biologic fractlonatlonﬁ w%gch may Llead, to

T

,enhancement or supr3351on of some - elemente in the CaCO3
pﬁ%se ThlS fact&% has been documented to be’ of
1m&grtance, partlcularly for- Na, Sr, Mg (Lowenstam,
198?% Dodd, 1965 Brand and Veizer, 1980; Al Aasm and

-Velzer, 1983, Crlcﬁ'and Ottensmar, 1983). Flgure.(II-1)

jshogs-EPe pr1n01pa1ﬂtrends of diagenetic repartitioning
for traee elements and isotop@g in carbonate mineials,
with some elements and isatopeef(Fe,-Cﬁ, Mn, Zn, Ba and
MG(?)) inereasing and others dSr, Na, U, O, C)i

' decreasing in concentration w1th 1ncrea51ng degree of
diagenetic stabilization. ;?;

The wet diagenetic stabilizsfron of?aEagonite (1),
high-Mg calcite.(HMC), and low-Mg calcite (LMC), whether

"in a closed, partly closed, or- gpen system, is thought
to proceed through an intébpf%y of two processes.
Firstly, there is a séquential;é%ébilization, with the
chemistry of the bulk aquifer wateg_being controlled by
sequential dissolutioh—reprecipitation of the
progressively less soluble mineral phase. This is whag
determines the overall chemlstry and gradlents in an

aquifer. Secondly, at any glven poxnt in the aquifer
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the dissolution-reprecipitation proceeds via micron

.8cale reaction zones (Pingitore, 1978, 1982; Veizer,

1978b, 1983a; Brand and Veizer, 1980), with the
chemistry of waters in-these rgaction zones not
necessarily in equilibrium with the bulk pore water (=
bulk waﬂer disequilibrium system of Veizer, 1978b). The
latter process may explain the partial preservation of
textural and chemical signatures in carbonate
components. Carlson (1983) and Morse (1983) presented a
comprehensive rev1ew of the kinetics of dlssolutlon-
reprecmpltatlon process in aqueous solutlons and the
reader is refered to these two references for further
details. ‘ .
The transformations of A —» dLMC, HMC —» dLMC,
and LMC —» dLMC types could best'be studied chemically
through consideration .of the chemistry of the internal
constituéhts of carbonate rocks. .This enables

quantlflcatlon of chemical trends with advancing stages

of dlagenetlc stablllzatlon As shown, for example, by

14

‘Brand and Veizer (1980), Al-Aasm and Veizer (1982), and

Veizer (1983a), each ™ internal component will be

“ A

characterized by its own tracer shifts. The original
mineralqu and chemisﬁry of these components can be
assumed with some certainty and thHis reduces the
difficulties caused by the uncertainties concerning the

original composition of the heterogenous and

-
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multicomponent systems. In order to quantify diagenetic
phenomena, it is therefore necessary to trace their
chemical shifts for as many iypes of internal

components, and across as many varlable diagenetic
environments, as possible. As an absolute hminimum, at'
least the major;internal components reﬁresenting
aragonite (A), high-Mg calcite (HMC),and low-Mg calcite
(LMC), and their transfo}mation to diagenetic low-Mg
calcite (dLMC) have to be deciphered. This can be
achieved by the study-of fossils, because of their.
relative ease of manual separation, reasonable confyol
of their original ﬁineralogical and chemical
composition, and their preseﬁce in facies of variable
diagenetic alteration. Such thdies were previously
reported, for example by Dodd (1G67), Pingitore (1976),
Veizer (1974, 1977), Wardlaw et =zl., (19?8), Brand and
Veizer‘(1980), Brand (1981, 1983), Buchardt and Weiner
(198152 Ragland et al., (1979), Weiner and Lowenstam
(1980) and others. The development of a diagenetic
(chemical and isotopie) grid that will emerge from such
studies will eventually lead to quantitativé treatment
of diagenesis, somewhat akin in methodology to that of
the oxygen isotope thermometry - the latter based on the
& 180 of mineral pairs (compare Hoefs, 1980, Chapter 2).
However, in the case of diagenesis, the "mineral pairs"

may be represented by internal constitfuents (e.g.

M)
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fossils, cements, internal sediments, etc.) and the A's
can be those of trace elements and of 0 and C isotopes
(see Fig. II-2). As the &egree of posﬁfdepositional
modification (= stabilization) increases, the elemental
"and isofobic A's ambng internal constituents decrease.
Because, particularly in zase of thgbfossils, the
original composition can be assumed with somelcertainty,
the intercompdnéni A's will thus give a qﬁantitative
measure of the absolute shifts in concentration as well
as of the relative decrease in the intércomponent

differences in chemistry (Fig. II-2) (see also Veizer,

1983a for a detailed explanation of this approach).

I
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OPEN SYSTEM —>
Agz=0

V

Mn
DIAGENETIC EQUILIBRATION ~

-

Thecertical decrezse in Sr and increase in Mn contents
in dILMC due to increasing degree of diagenetic
stabllization with meteoric waters. Note that the
total concentrations vary ahd the &'s decrezse as the
open system of dlzgenesis/1s approached. The three
components can be for eyfmple, A) corals (originally
hilgh Sr A), B) molluses (originally low Sr A4), and

C) crinoids (originally HMC). Other fossils, cements,
and matrix constituents can serve as alternative
components. Furthermcre, other elements and isotopes
can be considered in 2 similar grid. A,E,C represent
-envelopes rather than lines, (reproduced from Al-fasm
and Veizer, 1G82). y

-1



2.2

- 104 -

PURPOSE OF THE STUDY

The emphasis in this thesis is on the studf of the
thick, multilayered rudist shells, because each single
layer and comﬁ%@ent can be mechanically separated and
studied chemically. This can be achieved by taking into
consideration mineralogical complexities and generiq
classification of rudists. The main objectives of this

ghapter are the following; (1) quantification of

~diagenetic chemical shifts during mineralégic

stabilization of A — dLMC;- (2) evaluation of the
degree to which the original mineralogy, texture and
ultrastructure 6f discrete shell layers controlled trace
element chemgstry a$ the sediment underwent diagenetic

stabilization with meteoric waters; (3) testing of the

relative post-depositional stability of LMC phases'

within the‘rudist shells; and't4) testing physiological
and biochemical factors as a control of elemental
distribution within discrete shell layers of various

families.
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SAMPLING AND ANALYTICAL METEHODS

A total of &1H?budist shells and their enclosing
rocks-%ere selected and separated for chemical analysls
(Appéndices III 1, 2, 3). i h

The shell layers (and other components, such as

internal sediments and cements) of each individual

rudist were separated manuaily under binocular and
petrographic m;croscopes. They were cut by dental drill
and by a small diamond saw. The separated components,
as shall chips, were then washed with deionized water
and 5% (V/V) HCl for few seconds, followed by cleaning
in ultrasonic cleaner, and finally rinsed in deionized
wate; to remove any outer contamination.

The powdered components of rudisﬁ shells were
digested in 40 ml of 7% (V/V) HCl for four hours. This -
timing followed the leachigg experiments of Brand and
Veizer (1980), which showed that leacﬂ;ng of the
insolﬁple residue was eXteﬁsive at lbnger t}me
intervals. ‘ T

Calecium, magnesium, strontium, manganese, iron, -
sodium, zinc and aluminum were determined on a Varian
Techtron AA-175. Ca, Mg, Mn, Fe, ﬁﬁ and Zn were
anaéyzed in air-acetylene flame, whi;e Sr and Al were
analyzed in acetylene-nitrous oxide flame. Sr(NO3)2 was
added to Ca and Mg samples, calibration, and standard

rock solutions. KC1 (2000 ppm K) was added to Al and Sr
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Jsamples, calibration, and standard rock solutions.

-
-

. The average accuracies, as compared to recommended
values (Thompson et al., 1970; Flanagan, 1973, Gladney
and Burns, 1983) for the U.S.G.S. (G-1, GSP-1, 88a, 1b)
and the Z.G.I. (KH and TB) standard rocks, and
instrumental as well as analytical precisions were ae
follows; Ca (9.9, 8.5, 4.8); Mg (5.8, 5.3, 4.5); Sr
(6.4, 7.6, 1.0); Mn (4.7, 10.3, 3.2); Fe (3.9, 6.3,
4.6); Na (10.0, 6.0, 3.7); Zn (25.7, 24.6, 6.2); and Al
(4.0, 6.1, 7.2) relative percent, respectiveiy.
Insoluble residue was determined gravimetrically with
average reproducibility of 5.6 relative perceﬁt.

The evaluation of chemical data and the forthcoming
discussions are based entirely on data recalculated on
‘the insoluble residue free basis (100% soiuble
carbonate).

For data‘handling_and processing, the SPSS package
version 6 (Nie et al., 1975) was utiligei;{ Factor
analysis was employed using the PA2 procedure with

varimax rotation. All these analyses were done on an

IBM 360 computer.
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EVALUATION AND DISCUSSION OF RESULTS
2.4.1 Whole Rudist Fossiis

" and Their Enclosing Rocks

Varimax rotated facéor analysis of all studied
samples, including all layers of rudist shells, cemeats,
and internal sediments, shows that three élmost equab;e
factors controlled the overall chemical variation (Table
II-15. About U40% of the total variation in chemistry is
due to late, or second stage, meteoric precipita:;on of

ferroan calcite into residual pore spaces. This

controls the distribution of Mn, Fe and Mg(?)

.(additional discussion concerning cemeﬁtation is

4
presented in the subsequent sections). The second

factor is interpreted as an eafiy diagenetic phenomenon,
Wwith the loss of Na and Sr reflecting mostly
calecitization of the originally metastable arégonite.
The overall depletion in Sr and Na, and enrichment in
Mn, Fe and Mg, during A4 —= dLMC transition is primarily
dependent on their D values and the OMe/mCa ratios of
meteoric waters. The former group of elements has D < 1
and low (@Me/mCa) of meteoric waters, whereas the latter
group 1s characterized by opposite:attributes {ef.
Veizer 1983 a, b for details). Laboratory leaéhing of
Al from the insoluble aluminosilicate fraction of
studied samples acggunts for the last factor.

The “above described pattern is in full agreement
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with theofetical models of diagenefic repartitioning of
trace elements ‘in metegrié-watérs-(Fig. II-1). However,
in contrast to models énd previous studies (e.g. Brand
and Veizer, 1980; ?eizer, f974)-the data do not show any
clear negatfve correlation between Sr and Mn. This is
likely a consequence of the fact that the late ferrocan ’
calcite was by far the dominant contributor to Mn
concentrations, compietely oﬁerwhelming the early
diagenetic signal of Mn gain. At this late stage, most
Sr has already been lost from dLMC and they and ferroan
calcites did not differ much in their Sr contentsz-
Lhus, addition of late ferroan -calcites causes aﬁ
increase in Mn but not in Sr contents.

Factor analysis of the enclosing rocks, composed
originally of a mixture of LMC, A and HMC (fossils and
matrix, see Chapter I), shows that only two factors
account for the total variatiqﬁ§“ef-their chemistry’
fTable II-2). Factor 1, explaining 82% of the £otal
variafion, is ‘probably a2 combined factor of labon&t%?y
leaching from the insoluble residues (ppsitive loadings
by I.R., Fe, Mn, Mg, AL and possibly Zn) and of early
diagenetic calcitization (loadings by Sr and Na).
Facﬁor 2 appears to be solely a consequence of
diageﬁetic mineralogical stabilization in meteorie
waters, aé exemplified by the negdtive correlation of Sr

.with Mn and Zn.
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2.4.2 Cements

The types; morphology, and inferred original
mineralogy of cements have been discussed earlier (ef.
Section 1.4.4). |

Factor analysié of a2ll cement samples (Table II-3)
shows that their precipitation and diagenetic
stabilization ﬁay be responsible'for the substantial
portion of the observed chemical variations. Earlf
marine cementation by aragonite and poséibly high-Mg
calcite and their transformation into JdLMC explains the
pdéitive'associatipn of Mg, Sr, and Na (Factor 2; Figs.
II-3, 4, 5). The concentrations of Mg, Sr, and Na are
low, 1f compared to aragonite ahg/or high Mg-calcites
precipitated as cements in present day seas (cf.
Millimén, 1974), and these elemerits have been lost
during neomorphisﬁ of the precursor cement to fibrous
énd'micritic calcites.

Cements have been subdivided petrégraphically
(Section 1.4.4, Oﬁgnbér I) into four categories:
fibrous or micritie Inclusion-rich nonferroan calcite;.
equanﬁ inélusion-rich ferroan and nonferroan calcite;
equant-bladed ferroan calcite; and clear large equant
ferroan spar (Table II-4). The average elemental and

isotopic values of these types of cements reflect to a
-con51derable degree the values in their orlglnal and

Ay

later diagenetic mineralogical precursors. Early
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<3



~114-

sb Eo:u:oixm .no_n_:.uu juswgd

c00'0l

000't

v

"-11 "By

ug

i Joj uw ‘SA ey jo wbuBoip aeyvdg ‘P-11 ' Big

wdd uw

c0}

4]

o1

00l

0001

-000'01

wdd 24

R



000'0H

r

Ve

. '€-T7'FTd Uy se suotjrueTdXl
‘gardues juawad TTE J40J J5 °‘SA FY JO wesIeip 1833808 “G-11°371d

|wdd) 15>
0001 0o} . ot -

~115~

' 001

0001

?E& G

oco_o_/L _.




- 116 -,

(originally HMC) cements have relatively high Sr and Na
and low Mn and Fe (Figs. II-3, 4) as well as heavier
& 180 and & 13C (see Chapter III). In contrast, the
late equant ﬁndjbladed ferroan cements (originally LMC
' deposited exclusively in meteoric realm) have low Sr and
Na, high Mn and Fe and lighter & 180 and d413C. The
smodes of early and late cements are ~1500 and ~350 ppm
Sr, respectively. For Mn, they are ~140 and ~1200_ppm.
With these data, rough estimates-of composition of
diagenetic waters can be provided. Table (II-4) shows
the calculated ratiosgs:-of (DMe/MCa)w for the possible
diagenetic¢c waters, as well as the same ratios for
seawater and for shallow subsurface water, the latter
thought to represent the most frequent diagenetic
sclution (Majid, 1983; Veizer, 1983a). Figures (II-6,
7) gi;e the possible‘compositions of theoretical waters
responsiple for cegent formation and compare them to
seawater ana shaliéw subsurface water, }espectiveiy.
The composition'of the theorétiqal diagenetic solutions
seems to reflect a2 mixture of these two types of
comparative wateréx Compared to seawater, the
theoretical waters were enriched in Fe and Mn and
depleted in Na and Mg. The opposite relationships are
observed, if compared to shallow subsurface waters (Fig.
II-7), except that Mg/Ca ratigs appear'to'be comparable.

Sr/Ca ratios for late cement (ferroan equant spar)

L4
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waters appear to have been comparable\to shallow
subsurface waters. In contrast, the early (fibrous and-
inclusion-rich mierite) cement waters have had Sr/Ca
ratios in excess of that for seawater. This may
indicate that dissolution-reprecipitation of A —e dLMC
type in a relatively closed sysfem resulted in high
level Sr/Ca ratios, in the thin film (e¢f. Veizer,
1983a). In short, both marine (through dissolution of
the precursor marine minerals) and meteoric waters
contributed to solutions which precipitated the cements
within the rudist framework in their final form.
However, the rate of contfibution from meteoric waters

is more pronounced in the late cement types.

2.4.3 1Internal Sediments

Micritic internal sediments wetre composed
originally of a mi;ture of aragonite, high-Mg calcite
(?) and low-Mg calcite (see Section 1.4.4.2.2 for
details). -

Factor analysis of all these sedlments (Table II- 5)'
‘ shows that the major controlllng factor of their
chemistry (Factor 1) may be interpreted as a composite
of two processes; diagenetic stabilization of metastable
components (Mg, Sr, and Na) and an unknown variable
controlling Ca, Al %PS possibl} Mg distributions.

- W
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Factor 2 is laboratory leaching from insoluble residues,
and the last factor can be attributed to late
cementation of the available interparticle and moldie

pore spaces by equant ferroan meteoric cement.

2.4.4% Aragonite Skeletal Components

Skeletal compoﬁents utilized for statistical
analysfs in this section include all éhose which have
been composed origiﬁally of aragonite and which may or
may not have preserved some aragonitic ultrastructural

identity. These are. the pallial canal layers of th

- 4

outer shells of caprinids and all middle and inner
layers of caprinids, radioliﬁids, hippurf%ids and
monopleurids (see Appendices 2, 3 for details). Factoé
analysis of these components (Table II-6) reveals the
existence of three factors controlligg their overall
chemical variations. These factors are identical to
those in Tables (II-1 and II-2). Factor 1 represents
acid leaching of the insoluble resldues, composed mainly
of clay minerals, quartz and rare iron Eompounds, with
leaching of I.R., Al, and possibly Fe. The distribution
of other elements seems to have been controlled by two-
- stage diagenetic stabilization. Stage I (Factor 3), the
A —» dLMC inversion, controls Sr -and Na repartitioning,

while the Factor 2 represents the final stage of

meteoric phreatic diagenesis, probably precipitation of
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ferroanu;ément in moldic pores (see Seétion.?.4.2). The
first stage 6fldiagenesis is characteriigd by some
breservation of ultréstructural identities of shell
components. The second, ferroan calcite, stage
- postdated a whoiesale leaching of aragonit;c components.
This is reflected in chemical parameters, with those
formerly aragoniﬁic components which show a relic
lamellar ultrastructure (sée Section 1.4.3) having
lesser trace element repartitioning than those preserved
only as spar fillings of moldfec pores (Table II-7). Sr,
Na, :6180-§nd possibly Mn and Fe show the best examples
of partial preservation of chemieal signals inherited
from their original aragonitic precursors. Histégrams
of Na, Sr (Figs. II-8, 9) distributions show the
existence of two populations for skeletal components.
Wwith partially preserved relic arageoenitic
ultrastrucéures, and unimodal ones for those without any
relic ultrastructures. The more pronounced modes ‘'of the
"preserved" group approximate those of the completely
recrystallized group. This again suggests a two stage
ﬁiagenetic process. )
The utilization of.Sr as'a diagenetic tracer has

been well documented previously (e.g. Kinsman, 1969;
Veizer, 1983a). For Na, it is not clear whether Na is

present as true solid solution in “he carbonate lattjce

(Land and Hoops, 1973; White, 1977), in entrapped
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aluminosilidéte.p&?tiples, or - more likely - located in
inte?étitial positions and in fluid inclusions (Veizer
et al., 1978; Ishikawa and Ichikuni, 1984). For these
reasons, itd utilization as a paleosalinity indiecator or
as a diagenetic tracer is not as well undefstood,
although the general repartitioning theory is étill

applicable (Land and %géps, 1973; Brand and Veizer,

.1980;'Rand§zzo et al., 1983). Diagenetic loss of Sr and

Na is well illdstrated in Fig. II-10. Sr ‘and Na
concentrations in saﬁEles with éragoﬁité still preserved
approach those typical 5f prgéént day marine pelecypods.
This, 6 agreement indicates_ that neither_the Na, Sr

composition of Cretaceous seawater nor the biogenic
- -

‘partitioning by molluscs were markéaly'diffﬁrent from

today. This is also true for other éiements, such_as Mn

-

-and Mg (Figs. II-11, 12). Furthermore, this figure also

illustrates that the loss of Sr during early stages of‘
diagenetic A-—» dLMC stabilization is much slower @han'
that of Na. Thié is likely a consequence of thfee
phenomena. . In the first instance,'it'may reflect the
fact that “Na is'more loogely-bound in aragonite than the

lattice bound Sr (see above). Secondly, the strong.

early repartitioning reflects the fact that DCNa < DCgpe

Thirdly, compared to—bﬂiginal aragonite, the Na/Ca
depletion in meteoric waters is considerably larger than

Sr/Ca depletion. The scatter diagram quite evidently
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Fig.Il -10, Scatter diagram of Na vs. Sr Yor all” originally aragonitic components
of rudist shell, The -box and “croas (+) represent the range and mean
for present day marine bivalves [Chave, 1954 Lowenstam, 1963; Dodod,
1967 ; Polifka et 21.,1972; Land and Hoops, 1973 Milliman ,1974: Zolotarev
1976; Walltet al..1977: Ragland et al., 1579). € and L are the mean
volues of early and late’ cement, respeclively,
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represents more and more an open diagenetic. system as

the concentrations of Na and Sr decrease. A —» dLMC'

recrystallization stage represented by the central part
of the -diagram, not.only led to stronger retention of
‘trace elements, but also to partial preservation of
ultrastructures. This can be achieved only in partially
closed diagenetic éysteﬁSKpASed on "thin film" or
boundarytlayer principle {cgyﬁxeizer; 1983a). In
contrast,_the samples with lafgé loss. of Na and Sr, and
no relic ultrastructures, underwent A —> dﬁMC

tfansition through bulk removal of original &

constituents and precipitation of dLMC from diagenetic-

meteoric waters. Hence, an open system of diagenesis.
This dLMC (see late cement zone) is in equilibrium with
the bulk pore-water and not, as in the previous case,
with th_boundar& layer water oély. v

In agreement with theorepical predictions (Fig. II-
1), the studied samples show a‘negative relétionship
between Na and Mn' (Fig. II-11).- Again, samples with
preserved aragonite approximate cﬁemiﬁally'present day

pelecypods. The subsequent diagenetic repartitioning

=

is, as previously advocated, a. two-step process. During
the actual A —» dLMC transition (diagenetic
repa?titioning I; Table II-6), mostly Na is lost, while
.the'enrichment in Mn—is reiati}ely slight. Once
cogélete transformation is achieved, the residual pore

.o

¥

N



N

|

- 133 -

spaces are occluded by late ferroan calcite with large
increage in. Mn concentrations., At this stage, however,
the bulk of Na was already lost from the system and the
dLMC sensu stricto has comparable Na cencentrétions to
the late ferrocan spar. : -

The sympathetic relationship between Mn and Mg
(Pig. II-12, and Factor 2, Table II-6) is also a
consequence of A —» dLMC t;ansformation, since calgite
structure is more(suitable for Mg substitution than is
the aragonitic one (ef. Graf, 1960). .The conclusions
advocated previously for Sr, Na and Mn are fully

applicable to these trace elements as well, but the two

stage process is not as clearly visible, because the Mg

and Mn concentrations between dLMC and ferroan spar are

V]

not widely different.

2.2.5  Low-Mg Caicitic‘Skeletal Components

These components include outer shel} layers, beads
and pillars of hippurifids, ané outer éhell layers of
radiolitids, requieniids and monopleurids. 'They é;e

»

generally well preserved texturally with their

N
ultrastructures sti¥l typical of LMC (see Section
1.4.2).

Factor analysis of all LMC components (Table II-8)

shows that four facters are'contfolling their chemical

variations. “Factors 1 and 2 may be attributed to

3 .
c
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diagenetic stahilization of the LMC —» dLMC type.
Factor 2 may répresent an early diagenetic stage, during
which the internal sediments and submarine cements in
intraskeletal pore spacés of rudist shells havé been
stabilized. Stage 2 (Factor 1) again signifies a late
cementation of the remainder of the- intraskeletal pore
spaces by ferroan calcite, particu;arly in badioliﬁids
with the cellular ulﬁrastrﬁcture. Theqin#erse loadings
of Mg and Na cén perhaps be‘explainéé‘as biological

-

.fractionation. Shekf'formation in molluscs is governed
by the chemis;;§ of the extriacellular fluids (Crick and
Ottensman, 1983; Chave, 1984) 'and the concentratiog of a
trace elément in a lusc shell is a direct responsé to
the degree of disequilibrium‘b%twéen these fluids and
ambient seawatep; Biological fractionation.of trace
eiements by recent molluscs, particularly for‘ér and Mg,
has been well documented previohsly (Lowenstam, 5963;
Milliman, 197&, Chapter 4; Dodd and Stanton, 1981,
Chapter 3). Other authors'(e.g. Lowenstam, 1964; Lorens-
and Bender, 1977; Brand and Veizer, 1980; Ai—Aasm and
Veizer, 1982; Crick and Ottensman, j983) documented the
existence of biogenic fractionation of Sr, Mg and Na in
other recent and ancient LMC'shells as well. Rudists,
in analogy to other LMC fossils, li%eiy discriminated
against Mg and incorporated, preferentially, Na into

their shells.’ However, Ishikawa and Ichikuni (1984)
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R
< Show high D .value on their study of natural organic and
inorganic éalcites, but I believe that such D value
obtained by these authors'was a result of both
‘biological and environmental factors.

Despite the usual notion of the stability of LMC in
marine and meteoric environments, this phase suffers
partial diagenetic modificatioﬁs as well. _Previous
studies on*Mezonic belemnites (Veizér, 1974) ana
Paleoéoic brachipods-{Al-Aasm and Veizer, 1982) showed
that their LMC skeletons were altered by <10 and <20%,
'respectively. " The scatter diagram of Sr v§. Na for
origina}ly LMC components §f rudists (Fig. II-13)
reveals the existence of a diagenetic trend more
pronounced than those described_for LMC phase
previousiy. Sr'and‘Na valdes for samples to the far

h right are‘within the rangé og present day bivalves. In
analogy to A -—» dLMC transition described previously,
the loss of Na is more pronounced in early stages than
is the loss of Sr. As discussed in factor analysis, I
interpret thiggas predominantlf the consequence of
diagenetic stabglization of metastable marine cements. in
intraskeletal pore spaces. If so, cements must have
formed a considerable peortion of the separated skeletons
and the trend is due chiefly to the difficulty of
méchanical separation of pure skeletons. Although Mn
dqes not show a negative correlation with Sr, suchaa

relationship with Na is distinet (Fig. (II-14). This
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Fig. 113 Scatter diagram of Na vs. Sr for ail originally LMC skeletal
components of rudist shells. The box and the cross(+ represent
present day marine calcitic bivalves {Pilkey and Harris, 1966;
Dodd, 1967 ; Milliman, 1974; Ragland et al 1979). -
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-

'ﬁay be a consequence of the fact that the overall Sr
decrease is considerably less distinet.

_ The>role of ultrastructure of LMC phases on
elemental concentrations is shown in Table 51-9. Mn,
Fe, ana Mg are éignificantly higher, and Na lower, in

layers hith.eell%lar-prismatic ultrastructure than Qith
- * . . . ﬂ\

the prismatic ome. This cleaﬁiy supports the role of

cements in development of thesobserved chemical signals.

P
/ >
-

2.4.6 Trace Elemept Distribution

Within Rudist Families

-

In order to establish details of variations in the

above dlagenetlc trends, the data for varlous famllles

.:

wlll be discussed separately in this section.
‘Individual statistical aQalyslg-for Requieniidae and ~

Monopleuridae have not bégn performed due to small

ra -

number of samples. These two families, however, have
been included in the pooled agragonitiec and low-Mg -

caleitice populaﬁgon;. c

2.4.6.1 Family Caprinidae '
2.4.6.1.1 oOuter Pallial Canal Layer —~

o

Factor analysis (Table II-10) of caprinid canal
layegs, which were presumably of original aragonltlc

.fmlneralogy, shows that laboratory leachlng of the

insoluble re31dues_is the dominant edntrolling factor
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of variatlon in I.R., Zn, and nl. Dlagenetlc
stabillzatlon \ls represented again (see Seotlon 2.4.1)
by a two-stage p ocess (Factors 2 and 4, respectlvely),
with late ferroan calcite controlling the Mn and Fe
varlatlons, whereas the early oa101tlzatlon phase
explains the positive relationshib between Sr and Na
, (Fig. II-15). ' As shown earlier (Section 2.4.4), the
deg;ee of oiagenetic repartitioning of Sr is much slower
than that of Na. Theoretically, fresh water calcites
should contain about 3200 ppm Ma*+ and 1.7 = 3 5% Fe2+
(Brand and Velzer, 1983), The measured values are
usually les§$than these values, but the trend-towards
higher Mn and Fe with inoreasing diagenetic
stabilization is clear (Fig’IIeIBJ. In agreement with
theory (ef. Brand and Veizer, 1980;.Veizer,-1983a), Sr
in outer and 1nner layers of capridids correlates weakly
and negatlvely with Mn. (Fig. II-17), despite the
obser¥ation that this diagenetic trend has nbt been
detected clearly by factor analyais. - .

Biological fraotionation and/or diagenetic
& stablllzatlon may explaln the negative relatlonshlp

-between Mg and Na (Factor 3, Table . II-10).

2.4.6.1.2  Inner Layers

. The inner layers of caprinids, wath lamellar and -

crossed-lamellar ultrastructures (cf. Section 1.4.2. 3),

“?
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Fig.II—iéﬂ Scatter diagram of Na vs. Sr for all originally

aragonitic skeletal components of caprinids.
(#) and (+) as in Fig.II-10.The closed circles

(o) represent inner layvers and open circles (o)
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outer layers.
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-are more compact than the more porous ultrastructure of
the aragonitic outer layers. A4s a result, the dominant
feature of th;ir chemistry is the earlé diagenetic
repartitioning df Na and Sr (Table II-11, and Fig. II-
15). The covariance of Mg2+ is due to its earlier
incorporation into dLMC pather than into a precursor

o
aragonite. Late diagenetic ferrocan calcite (Factor 2)

:\\f“*

is less important in this compact ultrastructure.

2.4.6.2 Familjﬁﬂippurifidae

2.4.6.2.1 Oﬁter Shell Layers,'Pillérs and Beads
' 'Outer éhell layers, pillars and beads of
hippufitids were composed Triginally of the stable

LMC bf compact, prismatic'ultrastruCQure (seewSection~\ﬁ\,ﬂa

1-”’.2)- ™

-

— - Factor analysis of the outer lavers (Table Ir-12)

shows that Factor 1 is probably a composite of several
.effects. Firstly, the I.R. and Fe variations can be-
\\ —related to lgboratory leaching from minerals presgnt in
the insoluble‘residues. Secondly, Mg variations ~can
perhaps be éxﬁlained by assoc{ation of incipient,
%ﬁdolémiﬁes with the I.R. Alternatively, biological
fractionation may play a role iﬁ itg distributidn (see
alsoVSeétion 2:#.4). Diagenetic stabilization of the

hippuritid LMC depicts again ﬁwo—stage diagenetic trends

(Factors 2 and 3, respectively), controlling SriNa (Fig.
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II—18);§nd Fe-Mn (Fig. 1I-19), respectively. The 6rigin
of these trends is the same as discussed previously:

If factor analysis for Pillars and beads is

performed (Table II-13), the late ferroan calcite
precipit%tion appears as the dqminant factor,_Ryﬁ
otherﬁise the factors are the same aé for the oﬁter
layers. The only additiﬁnal'process may be an incipient
dolomitizatioﬁ (Factor 3).

'2.4.6.2.2 1Inner Shell Layers
‘ " Factor analysis (Table II-14) of the presumably
originally aragonitic inner layers, with variable
degrees of textural p;eservation, shows that the two-
'stage ﬁiagenetic stabilization is also exemplified here
(Factors 1 and 2, and Figs. II-18, HQ, respectively).
The negative loading of Zn on Faétor 2 contradicts
theoretical assumptlons, since (due to its D » 1) Zn
shouldwhe enriched in dLMC (Pingitore, 1978). I have no
eXplanation for this observation. Similarly, the
meaning of the last factor, which controls Ca, Mé and

-

Fe, is not clear.

2.4.6.3 Family Radiolitidae
P .

2.4.6.3.1 Outer Layer

' The relatively thick outer cellular-prismatic low-

Mg calecitic ultrastructure of radiolitids (see Section
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* 10,000
i [
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- ¥
»
[
OLMC
-+
1.000
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100
'\"Q -
0 y
100 . 1000 10.000
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Flg.II-18. Scatter diagram of Na vs. Sr of hippuritid
: ~outer layers, pillars and beads (originally
LMC) and inner layers (originaliy A).
The (o) represents outer layer. The (+)
Tepresents pillar and bead, and the (o)
represents inner layer. Other explanations
as In Figs.II-10,13. ’
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,1_/’ 1. 4 2.2), wlth its moderate porosity, penﬂits the

iﬁcur31on of 1nternal sediments and of early and late '
ements during different periods of its diagenetic
history. Factor analysis (TabIe II-15) of the outer

layer showsqthat'two diagenetic factors, already

- deseribed in previous séctions, control the chemical

M.

variation in Mg, Sr,,ya, Fe, Mn and possibly Zn. .

Projettion of Sr vs. Na valuesq#Fig. I1-20) shows that

Sr of some samples is higher than in calecite in

ey

inorganic equilibrium with seawater (~1000 ppm Sr,

F

Veizer, 1983a), and higher than its content in the
préSent da& LMC pelecypods. This may be a consequeﬁé?
oﬁ-cantaminatibn by the early cement Qf'a minéraldéy

5
with its. original Sr content of about 9000 ppm.

t
S

-~ st —_

I

2.4.6.3.2 Inner Layer . N v_-”

The observed chemical variaﬁibn; within radiolitid.
: . N IS
inner layers, originally of ardgonitlic composition,

f

"follow the same general diagenetic trends as the

-

aragonitic componenﬂs frbm‘qtpér families. Factor 1

(Tabl§.II—16) shows that ‘both laboratory-leachingl;

(positive correlation between I. R. and A1) and

dlagenetlc stablllzatlon (Sr negatlvely ccrrelatedﬁwlth .
Fe) are the controlllng parameters of thelr chemical
varlatloqg;rfFactor 2, anotaer diageretic szgnal, shows

‘a negatlve correlatlon between Mn and Na.s

’_‘ . N } - . : S
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1000

Na (pom)

. 4100

10 N
109 1000
-

Sr-(Ppm]
Fig.II-20. Scatter diagram of Na vs. Sr'of radiol
outer layers (originally LMC) and inne

layers (originally A). Explanations as
Figs.I1I-10,13,18.
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2.5 SUMMARY AND IMPLICATIONS OF DIAGENETIC TRENDS o o -

~—

The discussed diageﬁetic trends in all components
Yof r di%shells and in their assoclated rock matrlx
have shown that some elements are sen31t1ve indicators
of diagenetic processes. In particular,. Sr and Na, in
congunctlon with petrographic evidence, are good
indicators of early diagenetic stabilization of
aragonlte (£) -— dLMC type. The frequent'pan&ial'
preservatlon of ultrastructures and of ace eyéEEEE
signal of the orlglnal aragonltlc precursor, espft
.fexposure to meteoric water, arguenfor A ——+JALMC
tran31t10n belng accompllshed in small-scale, semi-

1
v
closed m1croenv1ronments.‘ Such micrpenvironments, or

_reaction zones, maintain a diffusion controlled gradient P
. ) .

from_given surface.towards the hulkraqulfer water (cf.v
’JBefner, 1980, p. RO, Plngltore,.ﬂ982; Veizer, 1983a).

However, their diffusion gradients differ for each
element. As a consequence, the diagenetic loss of Sr in

partlally stablllzed aragonlte is much slower than that

of Na. However, the matter is complicated by the ~
. pbservatlon that ‘Na may be. present “not only within the |
- ._ CaCO3 lattlces but also tn fIUld 1nc1D31ons,\whereas Sr-
ilS present mostly 1n'iatt1ce p051t10ns. It is therefore

p0331ble “that Na from-fluid inclu51ons could have been‘
‘ expeiled preferentlally durlng the eariy—{ sion by

o~
meteorlc waters. At. present, I, canndt dgfferentlate-
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between these two alternatives and they are not
necessarily muﬁuall§ exclusive.

In éontrgét, those ara onipic‘Samples which
underwent severe diagen@f{f.arteratiop show.oply
preservation of outlines but not ﬁltrastructures. These
outlines are fglled mostly by coarse spar, mostly of
ferroan célcitef with higher concéntrations sf Mn, Fe
and Mg, and severe -loss of Sf and Na. Sdzh an intensive
repgftitioning.is characteristic of high water/rock, or
open, diagenetic systems. - _ TN

Eiagenetic trends in originally LMC cﬁhponegps aré
almost the same as in the originally afagonitic
components. However, the mégnitude§ of diagenetic
shifts during LMC -— dLMC trahsitions_§r§ smaller and

Ay

the bulk of these trends may Be:due;to the ‘presence of

-

cements in primary and secondary pore spaces..

ﬁ%oﬁogigﬁ} fractionation appears éo have.affected, at
ié§3ﬁ*partly, the distribution of Na and Mg into rudist
LMCfféﬂhe former minor element was-eﬁriched, whereas "the
latte? was depleted in comparison to other zfiuscs.

In suﬁmary, the‘magnitudelof,any gf;%% element

diagenetic shift could have been controlled by a variety

~of factoré, sugh as priggﬁﬁgémineralogy and chemistry,

ultrastructural buildup (= surface kinegﬁcs),
physiochemistry, water/rock ratios, and molar

differences between marine vs. diagenetic waters

4
€

f
e @
-, -t

e

-

w
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(ef. Veizer, 1983a). Varlable permutations of .the above

—

may: result in variable degrees of diagenetlc shifts, as
illustrated by plots of~averages for Sr vs. Mn and Sr
vs. Na in each separate layer, of caprinids, hippuritids,
radiolitids f%on Americ localitieek(Figs. 11-21,

, 23, 24, 25, 26). Théy all show the postulated
sy pathetic-relationship betwaeh Na and Sr and their
inverse behaviour- to Mn, but the observed shifts differ
amqgg varlous shell cemponents. For example, the inner
layers of caprinjds (Flgs. II-21, 22), originally of
aragonitic mineralogy, always have higher Sr-and Na and

lesser Mn than the regaining shell cénponents. The more

porous outer layers underwent more severe diagenetic

"

) alteratlon, but the most altered patterns are dlsplayed

by internal sediments- and cements..
Analogous diagenetic shifte‘can be demonstrated for -
the other families (Figs. II;23, 24, 25, 26).
The chemistry of skeletal componenﬁs still
presgsied in Eheir original A and LMC mineralogy is

comparable to that of Recent marine bivalves. This

argues for similar chemistry‘for the Cretaceous and

Recent marine waters and for analogous mechanlsms of.
-

/
trace element 1ncorporatlon 1nto 8S@ells of all these
molluscs. The adyocated chemical signatures, associated

with various dep031t10nal and diagenetlc sequenceS\\are

summarized in Table (I 2).
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™Y Fig.II-21. Plot of Sr vs. Mn for all samples of family
Caprinidae (based on mean (e)+l standard dev-
_ﬂat*oq’ {(s§)). Box (1) represents outer pallial

canal \layers. Box (2) represents inner layers.
Box - (53 represents enclosing cements. Box (&)
reoreseﬁus enclosing internal sediments. 0p is
the- average value for presentday narine bﬂJaTves
(see rig.__ 8. :
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Fig.II-22. Plot of MNa vs. Sr for all samples of family .
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Fig.II-24. Plot of Na vs. Sr for all samples of family Hippuritidae. -
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CONCLUSTIONS

The evaluation of chemical data for textural

compoﬁents of rudigt shells and for their associatéd

rocks leads to the following conclusions:

(1) Diagenetic stabilization of aragonitic and

<

low-Mg calci%ic'components of Cretaceous rudist shells

~1s a systematic process, which usually leaves behind

distinetive signals in terms of Eheir textural
morpholqu and chemistry. _ -

(2) Diagenetic stabifization of A —a dLMC 1s®a
two-stage process. Initially, Sr and Na are partly
depleted during an early meteoric diagenetic phase. Thg

expulsion of Sr occurred in a much slower fashion than

Afthat of Na. This is followed by incorporation of Mn, Fe
T . .

1

and Mé.

GB) ‘Diagenetic repartitioning of trace eleménts

durin‘ LMC — dLMC transformation follows the same
_ §

pattern as in (2), but is of a 1ésser‘maénitude. fhis
afgues agéinsb\diégenetic stabﬁlity of LMC phases. The
obseryed diageﬁétic tiznds may, however, é}so reflect
stgbilization of cements, which were precipitated into
primary and secondaky pore voids during early marine as
well as subsgquent mefecoric diégénesis. At this stage,
ip is difficult to separate or quantify the role of
these two factors. NeVertheiess, and despite.the

observed chgmigal signals, textural identity of LMC

e
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components is invarlahly preserved. .

(HS The magnitude d}-the observed diagenetlc trend
in thH&SucceSSOr dLMC depends not only “on the orlglnal
mlneralogy, but alsc on the structural bu;TduQ\\f a

given shell layer Ile suggeits that factors such as.

_water/rock ratio (surface Klnetlcs) are of con31derable

51gn1f1cance in the procese of dlagenetlc mlneraloglcal
< -4

R
stablllzatlon.

Y

(5)\\Rudlsts appear to have exerted biological

fractlonatzon during secrgtlon'of thelr shells They
~N_ =
incorporated preferentially Na and dlscrlmlnated against

Mg. ' o L

kS ' -

(6) Partial preservation.in fddist shells of (a)
aragonipic ultrastructures :s ghostd}elics,ﬁ(b) trace
element .{Sr, Mn, Na and Fe) signatdfes inherited from
precursors, and-{(c¢) textural features suggest that

dlagenetlc transformatlon of aragonlte 1nto dLMC has

been accompllshed in a micron-scale env1ronment.

(7) Each cementatlon phase, occluding the .primary

O ;
and secondary pore spaces; has‘its sp&cific trace

element chemistry. " The theoretlcal comp051tlon of

parent water for these eements was llkély 1ntermed1ate

-
-

between that of sea and meteoric water.: The ma?ine

component probebly originated fronm dissoluﬁion marine
: * > .

'precursors (A, HMC), which were therefore partially

bufferlng the comp031tlon of the dlageneplc solutlons.

-

>

at
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i

(8) The chemistry of the still preserved original |
& and LMC components in rudist shells is in general
accord with that of Recent marine bivalves. This may
argue for similar chemistries of Cretaceous and Recent .
seawater as well as for identical mechanism of trace

element incorporation into mollu§c shells.

-

a"

]
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INTRODUCTION AND THEORETICAL CONCEPTS

Carbonate minerals, in addition to minor %and trace
élements, also incorporate oxygen and carbon igétopes
into their s@ructuregfﬁ\¥hé/}atios-of their isotopes in
carbonate sediments may reflect isotopic éomposition and
temperature of their ambient watenrs (Hudson, 1977;
Anderson and Arthur, 1983).

Iéotopic variations in carbonate rocks may be dealﬁ
with in terms.of carbon and Exygen reéq;voirs. For
carbon, thé'major reservoirs are the organic matter and
the sedimentary carbonate which are isotopically quite
different from each other (Hoefs, 1980, 1982). On the
other hand, oxygen is contained within carbonate
sediments (C03%) ahd water (H20, HCO3~) (Lokmann, 1983).

Diagenetic stabilization of marine carbonate sediments
!

" is a wet dissolution—reprecipitation|brocess (Bathurst,

1975, Chapter 8). It involves equilibration of these
!/\ .
components (including their original 1isotopic

" composition) with the intervening pore waters of

different isotopic composition. Qiégenétic
repartitibning of stable isotopes will be accompanied
also by trace element redistribution (Veizer and Fritz,
19?6;;Brand and V;izér, 198-1; Lohmann, 1983; Veizer,
1983a, b). Such diagenetic repartitioﬁing_usually.ieads
towards 12C and 160 enriched isotopic composition of tﬁe

dLMC. -This isotopic exchange can be expressed by the
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following equation:
13¢1802-3 + Hp'60 + 12c05 === 12¢1602-3 . §,780 + 13c0,
- -2 -

The variation of 6180 and 613Q in the dlagenetwc
carbonate phase is a consequence of interaction between
isotopic reservoirs of the original carbonate mineral
and the intervening diagenefic waters (Meyers ano
Lohmann, 1984). However, ihe isotopice distr;butions of
- 0 and C depend on the'following factors (ef. Brand’aho
“Veizer,_1981; Brand, 1981b; and Anderson and:Arthur,
1983 for more details):

(1) Isotopic composition of the seawater and the
intervening meteoric aater. This factor is-of sﬁall
relative importance for Reoent seawater, due to the fact
that its mass is much larger than that of the other
reservoirs. Thus, the lSOtOplC variations in seawater
Aare small. In contrast, variations in the "isotopiec
.composition of meteoric waters are due Eainly to
evaporation and condensatlon processes These waters
are generally enrlched in 160 and their dissolved COp,
if sqil derivéd, is enrlched in 12C (Hudson, 1977).

(2) Temperature and salinity of seawater and
meteoric waters. Isotopic Qractionation of oxygen is
higﬁly dependent on the température of the ambient and

prec1p1tat1ng fluids. The temperature dependence of

.isotopic fractlonatlon results from the vibrational

o
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frequencies of isotopic masses involved. With the

increase in temperature,, dlfferences in their frequen01es

- become -less and thereby PGdUC&;lSOtOplO fractlonatlon

CFrledman and 0O'Neil, 1977) . The temperature dependence

. of 1satop1c fractionation is the ba31s for'

palaeotemperature determlnatlons (Epsteln et al., 1953)
and the modified equation for calcite-water system
(Craig, 1965) is: .

t‘(g)-= 16.9 - 4.2 (e - &w) +’0.13 (e - dw)2 ...(2)
where-&b = §18¢ ef CO2 generated from carbonate at

25°c (PDB) .

H
I

= §180 of CO; generated in equilibrium
with water at 25°C (SMOW).

For aragonite- water system, Grossman and Ku (1981) gave .

this :quatlon. .
£9(c) = 19.0 - 3.52 (S0 = &) + 0.03 (§o = §w)2 ...(3)
Salinity, due largely to the evaporation process
which preferentially extraects 180, influences the
isotopic comp031tlon of seawater and metecoric waters.
Similarly, contlnental g1aC1atlon affects isotopic
composition of seawater, due to preferential extraction
of 160 during formation of ice caps and related increase

in seawater salinity (Anderson and Arthur, 1983);

- (3) Altitude, latitude and seascnal variations in

§180 composition of the intervening pore waters.

(4) Secular variations in &80 and &73C. The
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advocated secular variations in &180 {inrreasing in “160

Wwith increasing geologic time) and §13C were explajagé

in terms of three possible causes: (a) post-

depositional diagenesis (Degens and Epstein, -1862); (b)
decrease in seawater temperature (Knauth and Epstéin,-
1976); and (c¢) variations in 6180 ane &13¢ of seawater

(Perry, 1967; Veizer et al., 1980). These alternatives

. were discuggza\in detail in Veizer (1983a, b) and

}

Andérson ahﬁﬁanﬁhur“(1983) and the author refers to

these references for more information. In all cases,

the matter is still controversial and probably more than

Tone mechanlsm may affect isotopie variations Wlth time.

(5) Blochemlcal fractlonatlon (vital effect) of
isotopes in biogenic carbonates. Some brganisms, such
as molluscs (Lowenstém and Epstein, 195&{}Lowenstam,
1963; Keith et al., 1964; Brand, 1982), foraminifera

(Emiliani, :1955), and brachiopods {(Lowenstam, 1961) seem

1

.to secrete thelr shell materlal at or near oxygen

we

isotopie equlllbrlum w1th seawater. Others, such zs
corals #(Weber and qudhead, 19?0 Brand and Vejizer,
1981), algae (Keith -and Weber, 1965),,§nd'crinoids'
(Weber and Raup, 1966a, 1968) clearly.do not. The
photosynthetic pathway is the dominant factor
controlliing the isoﬁopic distributiﬁn.of carbon in
biogenic carbonates (Hudson, 1977).

(6) Diagenetic processes. The preservation of
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"

of the original isotopic signal in fossil shells is ¢

environmental c<hanges. Isotopic fractionations, due.to
diagenetic réequilibrgtioniof carbonate sedimeﬁtsriﬁébe
been abundantly ‘documented (Lowenstam, 1961; Grosé,
1964 ; Veizer and Fritz, 1976; Campos aﬁd Haliam, {979;
Dickson and Coiéman, 1980; Brand and Veizer, 1981; Allan
and Matthews, 1982; Meyers and Lohman, 1984). To
minimize the effect of postdepositional diégenetic
processes on origlinal isotopic Qignatures,,wgli
ﬁreserved fossii shells are the preferred materials
(e.g. Weiner and‘Lowenstém, 1980; Buchardt gﬁ& Weinerd
1981; Brand, 19882).

-

(7) - Other factors, such as original mineralogy of

a carbonate phase or the effect of sedimentation rate.
Tafutani et al. (1969), Rubinson and Clayton (1969), and
Grossman and Ku (1981) indicated that, at 20-25°C,
aragonite should be enriched with respect to calecite, by
-0.5-0.6% in 180 and by ~1.8% in 13Cc. Furthermore,
Turner (1982) has sﬁown that the isotopic fractionation
of oxygen and carbon is in%efsely proportional to

precipitation rate.

._u;
a

essential for studies_éf past evelutionary énd'G;w
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OBJECTIVES OF THE STUDY
The main objectives of this chapter can be

summarized as follows: (1) to quantify, in conjunction

gitﬂ gracé element and petrographic eriteria, isotopic -

, _
shifts during diagenetic stabilization of ‘A —s dLMC and

LMC —= dLMC layers; (2) to trace,_ff'pcssible,

variations in isotopic composition of cements (and hence

of diagenetic fluids) detected within rudist framework;

\
(3) 'to estimate, utilizThg well preserved shell

components, the oxygen and carbon isotopic composition

of Cretaceous seawater, and (4) to investigate  the

factors affecting the isotopic composition of each

discrete structural component of rudist shells.
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SAMPLING AND ANALITICAL‘TECHNIQUES
The separation and prepara}Lon technlques for

wfudlst samples as well as their enc1031ng rocks have

o
k4

been discussed in Chapter II of this thesis. .
All powdered samples (N = 213) were initially
heated to 50°C for more than two hours under vacuum and
subsequently reacted with 100% phqosphoric acid for‘ho
less than 30 minutes. The reaction vessels were
connected to an on-line gas extraction system coupled
directly to the inlet of a VG Micromass 903 mass
spectrometer. All data were corrected for-}o following
the procedures of Craig (1957). Oxygen and carbon
stoplc ratios are expressed in the usual {-notatlon and
given in per mil relaolve to PDB standard.

Precision of the data was determined by daily
analysis of NBS-19 and NS-3 (internal standard of the 
University of Waterloo*1sotope laboratory) and through
the dupliecation of aboqﬁ 5% of all samples (1 - =VQ‘03F
for 5180,‘0.02%-for 813¢). o

Average aocuracies for‘ﬁBS-19'standard'rock, as
compared to the values giveérby Coplen et al. (1983),
were 0.10%»for 6180 and 0.18% for &13c. For NS-3, they

were 0.06% and 0.05%, respectively.
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-RESULTS AND DISCUSSION - ~d

The statistical treatment employed in this chapter
will be discussed only if the data ﬁave'é direct 5earing
on distributior of 0 and C isotopes and their
relationships to f}ace elements. = All isotopic data are
summarized in Appendix.B.

In order to discuss the role of diagenesis on” the
distribution of §180 and &73C in rudist shells, it is
essential first to establish the range of starting.'
conditions. -Tﬁis can be ascertained through studies of

shell material with no,- or only minor, diagenetic

-”}teratlon effects. The well pres%rved canal layers of

Antillocaprina (sample no. 96a) and Plagloptychus

(sample no. 167a) satisfy_such conditions, since they

are composed of pure aragonlte and their chemistry,

petrography and SEM charactevlstlcs do not .indicate any
influence -of recrystallization or cementation. These
two samples were recovered from the Upper Cretacecus

Coon (Creek Tongue-Ripley Formation, which is well known

"for its exceptionally well preserved shells {lowenstam

and Epstein, 1954; Sohl, 1960a). The &180 values were -
2 1% and -2. 3p, and the 813C values were +3.2% and +3.9%
PDB, respeptlvely. This is within the range of values
considered typicazl for s%ell carbonates formed in

equilibrium with present day (e¢f. Milliman, 1674} as

well as Cretaceous seawater (Moldbvanyi and Lohmann,

g
).



- 179 -

- 198%). COnsequegtly, the present .day isotopic
' composition of shallow low—latitude, open ocean water is
a good first order approximation‘for its Cretaceous

. counterpar

However, because of the absence of

1975; Barfon, 1983
Tempera e variations of sea, as well as metebrac
-waters, are believed to have been of secondary
imPaytance, Since the Cretaceous is considered to have
been f-warm and equable period with surfaciéi seawater
températures of éS-BO'C (Lowenstam and Epstein, 1959;
Saltzman and Baﬁ}on, 1982; Barron, 1983). It-should.bé
pointed out that Lowenstam and é;stein (1959) and Philip
(1972) advocated that the robust and crowded nature of
'.Fudist colonies within the Tethyaﬁ belt may have been a
consequence of higher temperatures.

Applying the palaeotemperature équatidn for
aragonite-water system {equation 3, Section 3.1) to the
best preserved. aragonitice saﬁples, the calcuiated
isotopic temperatures range from 22.9 to 23.6°C. This
is wéll within the range determined previ&usly for the

- Cretaceous seawater for rudists (22.8-26.6°C, Lowenstan
énd Epstein, 1959), ammonites (12-31°C, Buchardt and

Weiner, 1981), and planktonic foraminifera (25-27°C,

Barron, 3983) and does not support the notion of higher
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| R
ambient temperatures. The calcite-water paiaeotem-
peratures (equation 2, Section 3.1) applied to the best
preserved components of rudist shél’s (average 6180, -
3.8% afd &13¢c, +2.0%), gives a somewhat higher

temperature of ZQ.EﬂC? a : .

It 1is likely.that salinity differences were not of
great importance either, since ruoists ard considered to
have flourished.in normal salinity seawater.
Furthermore, the 1anuence of altitude, latitude and:—
seasonal variations on 1sotop1c composition of'the
intervening pore waters pr\bahly dld not dlff&“
substantially from the present day temperate and
tropical situation, since Cretaceous rudists inhabited a
narrow zone of temperate to tropical waters ‘{see™Rigure
I-1). s a -

e %inaliy, molluscs are not known to exert biological
control on isotopic equilibria during secretion of their
shells (Lowenstam and Epstein, 1954; Milliman, 1974, p.
. 116; Brand, 198‘2;'weter, in Veizer, 1983b) and it is
therefore unlikely .that this factor was of significance
for Cretaceous rudists. — -

In. summary, as a first approximation, one may
assume that the two preserved aragonitic samples are
shells precipitated in equilibrium_with contemporaneous

seawater. The trends from their values, usually towards

§180 and §13C depleted members, are ‘therefore a
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consequence of diagenesis (cf. Budson, 1977; Lohmarn, -

o 1983).
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. 3.8.1 Undiffergﬁtiated Resuitg:ForiRﬁdist §hells
 and Their Enclosing Rocks
y;;imax rotated factor analysis of all sﬁ?;l
components and all rudist families shows. that four
factors’control the overall chemical and isotdpic
variations (Table III-1)., The ;soﬁopic composition‘is
evidently controlled by :ﬁe same twd stage diagenetic
sequence as was the case fof traée élements (Chapter
II). Diagenetic stabilization of metidstable components
(chiefly, A —» dLMC) (Factor 2) controls &'80 and the
resulting iiéhter values are a reflection of isotopic
exchaﬁge with an 180 depleted reservoir of'meéeoric
waters. The;613c, on the other hand, appears to have
been controlled mostly by brecipitation of late ferroan
meteoric cements into primary and secondary void spaces
(Factor 1). The trend toward 13C depleted values
reflects an interaction of original C EEom carbonate
rocks with C derfved from meteoric waters, some of it
from soil sources.
In contrast, factor analysis of the enclosiﬁg rocks
= “Tfabld III-2), composed originaliy'of'a‘heterogéheous
mixture of different original_%gmponents and
mineralogies, shows less pronounced d;aéenetic trends
than the rudigts. In this case, both oxygen and carbon
N -

isotopic repartitioning are related to the early phase

of diagenetic stabilization of the metastable components



-
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(Factor 2), as attested by comparable positive loadings

of Na and Sr. The overall 5180 variation is -2.8 to

-6.6% and -for &13C, it is from +3.3 to +0.6% PDB.

P
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3.4.2 Cements

fhe morphplogical, textural and chemical aspects of
different types of cements present within rudist shells
were discussed earlier (Chapters I and II). The
isotopic signals for these cements may corroborate
petrographic and chemiéal evidence, which-Shows a clear
distinction of .cément types. This distinction may be a -
function of the original mineralogy of cement
‘pfecursors, of pore water chemistry, and of the degree
of diagenetic interacﬁion'betwegn the original carbonate
precursor and the inté}vening fiuids.

The distinguishﬁﬁ four types of cemenﬁs, gceluding
primary and secondar p‘re spaces of rudist shell§ (ef.
Section 1.4.4), are: (1) the early fibrous or micritic,
inclusion-rich, nonferrocan calcite; (2) early or late
equant,_inclusion-rich,'nqnferroan or slightly ferroan
calcite;l(3) late fe;roan bladed caleite; and (4) late
laﬁge-eqﬁant clear ferroan calcite. They all have
specific &180 and &13c isotspic values (Appendix 3, and
Table II-8). The fibrous and d&critic, inclusion-rich
calecites (No. 1) have the heaviest isotopic values, with
‘average 5180 of -4% and 13C of +3% PDB. The inclusion-
rich equant calcites (No. 2) have the average 6180 of
-5.1% and &§13C of +0.4%, whereas the bladed (No. 3) and

large clear equant calcites (No. 4} have average 5180 of

-9.2% and -6.3% and &13C of -4.5% and +1.1% PDB,
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Previous studies on carbonate cements (Wagner and

respectively.-

Matthews, 1982; Lohmann, 1983; Czerniakowski et al.,
1984; Meyers an& Lohmann, 1984; Holdovanyi and Lohmann,
1984) show that, utilizing petrographic and isotopic
signature, it is possible té éisﬂihguish types of
cements as well as the timing of their formation and the
nature of their parent solutions. The precipitation of
submarine cements of A and HMC mineralogy in present day

shallow warm seawater is marked by relatively Jheavy.

-86180, up to +3%, and heavy &13C (+2 to +5% PDB} (Gross,

1964; Milliman, 1974; Hudson, 1977; James and Choquette,
1984). Partial preservation of these isotépic
signatures in ancient cements has also been documented
(Davies, 1977; Prezbindowski, 1977; Eudson and Coleman,
1978;‘Walls et al., 1979; yégj;all and Ashton, 1980;

. /
Moldovanyi and Lohmann, 1984).

Histogram plots for all cements separated from
rudist shells show a bimodal behaviour for both §180 and
S13c (Fig. III-1, A and B). For &80, the modes are -3%°
and -T% whereas for 613C, the population with ﬁhe mode
of ~+3% ié dominant and the light (mode -6%) population
ié subérdinaﬁe. Thege histograms suggest in terms of

isotopes the existence of two dominant, early and late,

cementation stages. The heavier oxygen and carbon modes

are present mainly in samples with petrographic and
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trace element evidence for submarine origin (see
Chapters I and II). The precursors were A and HMC and
their isotopic signatures are only slightly less
negative than expected for CaCO3 in equilibrium with
present. day or Cretaceous séawater; the latter is based
on the best ﬁreserved aragonitic rudist shells dispusséd
in Seétion 3.4 |

Partial factor analysis of aii-cement samples
(Table III-3) shows clearly the advocated two-stage
‘cementation. Factor 2, which controls the distribution
of Mg, Sr, N; and 5180 can be interpreted as_diagen;tic
stabil;zation of early submarine cements of A (and some
HMC) mineralogy. The subsequent occlusion of the
residual primary and secondary porosity by ferroaﬁ
bladed and eqﬁant spar of shéllow meteoric phreatic
origin caused the introduction of the light carbon
(Factor 1). Scatter diagrams of Sr and Na vs. 180
(Figs. III-2, 3) shHow a’clear negative trend of
decreasing Sr aﬁd 3180 ﬁith increasing degree of
diagenetic reequilibration with meteoric waters, whether
for tqtal population or séﬁarate cement types. Thus it
is not-sp much the sense as the deéfeé of iscotopic
shifts which separate the two diagenﬁ%ig Stages!
Consequently, the separation in'féétor analysis is that

of a degree. 1In a slightly modified form this is also

the base }or Mn, Fe and &§13C and (Fig. III-4). Overall,



- 190 -
the early fibrous an& ﬁicritic cements still preserve
the veséiges of their originally high contents of Sr and
Na, low content§ of Mn ;nd Fe, and heavy &180 and &13c.
.The'equant, inclusion-rich, nonferroan and slightly
ferroan calcites show more alteration, and the late
. ferroan bladed and iarge equant spars showed the largest
spread of chemical and isotopic valués and the highest
‘degree of equilibration with.ﬁete&?ic waters (Figs. III-

2, 3, 4).

o
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3.4.3 fn;g?ngl Sediments

| Diagenetic staﬁiliza@ion'pf marine internal
sédiments, which-ﬁere.;riéinally,a mixture of 4, LMC and
possibly HMC of organic and iﬁorganic origin (see
Chapter 1), -was accomplished thréugh'a complex interplay
of early and late diaéenet?c processes. Their'textural
and elemental evalua%iops (Chapters I and‘&I;
respectively) showed that their diagenétic
reequilibraﬁion has been achieved through; (1)
formation of marine cements in the primary void spaceé_
‘'of rudists and other fossil components; (2) diagenegic
mineraloéf&al stabilization of these cements and ‘fossils
in meteoric phreatic environment; and (3) late ocdlusion
of the remaining primary ‘and secondary molaic-porosity_
by meteoric phreatic ferroan spar. The overall,isotépic
va;iations in oxygen and carbon are from +O;7 to -8.5%
a;d from +3.8 to -9.1% PDB, respectively (Appendix 3).
As in the previous cases of sizéable metastable original
mineralogy, oxygen isotopic composition is coﬁtrolled by
steps (1) -and (2{ above, while carbon mostly reflects

"step (3) (Table III-4). -

—

-\\;
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n
3;uru Aragonitic Skeletal Components
The &80 and &13c of all originally aragénitic‘
skeletal components (see Chapter II) span the fange of
- +0.7 to -13.4% values for the formernand +4.0 to -7.0%
PDB for the latter (Appendix 3); I shall exclude a
single value of ;Q.T% 6130‘(sample no. ?Qb); chause of
the signs of alﬁération, and accept -2.1%.gﬂ8Q/;pd +3.9%
S513C as the starting isotopic composition for the rudist
aragonite (see Section 3.4). ,
Partial factor? analysis of éll presumably'
aragonltic components (Table II- 5) shows that tHe
prev1ously advocated two-stage dlagenetlc model is
.. _— exemplified here. It:is evident that the‘previously
- | -deciphered -control of &180 by early diagenetic
‘¢alcitization is primarily a consequéqce of A — dLMC
transition; a feature clearly evident from positive Na/'
(Fig. III-5) and Sr (Fig. III-6) loadings. It should\wq
noted that several skeletal components w1th partlally
preserved ultrastructure still have some aragonite
presérved (see Figs. III-5, 6, 7). This ma& indicate
that the diagenetic éignal observed in 8180 is partly
controlled by a mixture of original oxygen isotopic_
values for aragonite and of oxygen derived from the
neomorphosed calg¢ite. "However, e;clusion of these mixed
C{ ~ samples from factﬁr analysis‘lgads to results analogous
(O o—— -

to those in Table (III-5). This observation does not,



I

. uotqezitTrqeis
0739uadeiq

»

G62° 1,
oo 0°€2

T Gg0* 0=
" 1g2* 0~

2 J03084

(LL =

II

uorjeziirqeis
o0198uadelq

bLh e
6°ch

96L°'0-

_ GOl ‘0~
280°0
L10°0
8000~
L1950
YA

GLE O~
gee* o
_2h2'0
6ET"0

| J030ed

11e JOo sisdfeur Joqoe

G~III J'IdVY

- 861 -

uojqeqeaddaqur
oniea usidtd

peuterTdxyd

. uotjetaej.

JO 1quadJddy

L
T0E4S
. O@W..mv
TV 20T
uz doft
BEN JoT
a, 8o7
up 3ot
Jg JoT
3 3ot
e) JoTt
Y1 3ot

N) gqusuoduoo [eJDTNS Of3TuoBede Arqeunsedad

J TeljJded,

Rt}

e

o



~7

-169-
10,000 )
1,000 |
\
Na [ppm)
100 b
10 1 1 1 ol 1 > 1 | M
0 -2 fk. -6 -8 10, -
18 *e
0
5 PDB

Fig.. ITI-5. Scafter diagrar of Na vs.d 280 for ai:
¢riginally eragenitic components. Zxclana-
tlons as in Filg.II-10.



- -2 0‘0.—

5 4
10,000 -
e .
]
A " L W .
.o “a % .
%y ..”@ &
ae . °
° .
@ o o]
. 8, ® ® S
Sr (ppm) 1000 | j o
N\ ™
[»]
Q ®
v L o
PN o o ° .
< o ' o
% o ‘[Q
e ?
o
- 1‘.% o %O (o} o .
(=]
éo 0o O o -
.
%\ ° -
[]
) o o
- %‘ oo
100 ! L A 2 L 4
a2 0 . =2 -4 -6 -8 =10
‘T8 i
0 .
5 PDB

Fig. III-6. Scatter diagram of Sr’ vs. 6180 for all orlginally
avi

tcns as in Fig.II-10.

- <



- 201 -

therefore,’support the ™mixing" hypothesis as the cause
of isotopic variation in dLMC sémples. The figures also
demonstrate that saﬁples with well preserved mineralggy
and ultrastructures fall within, or close to, the range
of CaC03 in isotbpic’equilibrium with present day
Seawater. Samples with moderately preserved
ultréstructufes suffere§ some Na loss and their oxygen
values have been shifted by ~-1%, while those without
any relic textures have a higher 18Q depletion (Fig.
ITI-7). .

As already. establishe¥ in the previous section
(3.4.1), the &§13C is controlled by precipitation of the
late ferrqan calcite cement (Fable III-3, Factor 1), as _
evidenced by the positive loadings of Fe and Mn f?fgi//
III-4). Again, the well preserved aragonite samples
fall within the range of the present day aragonitic
marine pelecypods in equilibrium with seawater. The
moderately preserved components show partial enrichment
of Mn and no, or only a small .negative, shift in 13c.
Only the samples which suffered nore aI?ég;tion and
reequilibration with meteoric waters have gained more Mn
and became lighter in &'3C (Fig. III-8) This clearly
indicates that incorporation of éoil CO02 into the
aquifer system was cdnfined to late stages of its

evolution.

This two-stage development is discernible also in
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‘the 8180 vs. &13¢ scatter diagram (Fig. 111-9).
Initially, the loss of 189 i3 much faster than that of
13C, whereas the subsequent evolution is characterized
by considerable gain in 12¢ and no clear loss of 180.
Considering thét.ﬁ —> dLMC trapsformation is a wet
dissolution—réprecipitafion process, which is.
charaéterized by ~10”:1 excess of water derived oxygen
over that originating from the precursor aragonite (ef.-
Veizer,‘ 1983a), it is clear that 6180 of dLMC reflects,
that of the waters. Consequently, the lack éf
pronounced 8180 difference between -still pbeserved
éragon;tic specimens, dLMC with preserved
ultrastructures, and early cements shows ﬁhat early
diagenetic waters were only «2% depleted if compared to
coeval seawater. This is entirely possible for low
1atitude'tropicai and subtropicél climates.
Altefﬁatively, eariy diagenetic A —» dLMC (HMC —»
dLMC) transformation was achieved in waters similarﬂto
seawater in &180, but at &8°C higher temperature. A
combination of these two factors is the most likelyﬂ
possibiiity. In accord with this reasoning, the
diagenetic¢ waterg-resﬁonsible“for subsequent
precipitatgon of ferroan calcite.spars (cements 3 and 4)
were either depleted by ~4z1% with respect to
contemporaneous seawater, or the ambient temperatﬁbe was

~1624°C higher than that of coeval seawater. At a
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normal geothermal gradient of 35°C/Km, this would
reqiire an overburden of ~600f200 metres. The .negative
shift interpreted as refleéting intefaction with
meteoric waters'of progressively lighter temperatures
and/or with progressively lighter meteoric waters (ef.
Magaritz, 1983; Campose and Hallam, 1979). 1In.the
present contefi, petrographic data did not show many
léood evidence fob deep buriai. Consequently, thése
shifts are probably due mostly to interactions with

isotopically light meteoric waters.
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3.4.5 Low-Mg Calcitic Skeletal Components

These components include‘ﬁippuritid beéds, pillars
and outer prismatie 1£yers, cellular prlsmatlc layers of
radlolltlds, and simple prismatic layers of requieniids
and monopleurids. &780 and §13C values range from -1.7
to -8.5% for the former and from + 3.6 to -3.3% PDB for -
- the latter isotope (Appendix 3).' | . o
In contrast to originally aragonitie components,
" the calc1tlzatlon process (Table III-6, Factor 3) plavs
only a subordinate role in redistribution of O and C
isotopes. This is a consequence of the relatively

subordinate importance of this step, because only the
volumetéically relatively subordinafeieérly.cements {see
Section 3.4.2) are involved. The LMC-Skéletal framework
is éffecﬁed only to a lesser degree. Furthe;more, as
discussed in the aragonite section, the 6180 of early
d;agenetic waters did not differ appreciably from coeval
seawater. As a consegquence, even extensive
recrystallization will show reiétively small shifts for
0, while other tracer shifts may or may not be
considerable. During =a subsequent stage of poré
occlusion by late ferroan calcite spar, the observed
chemical changes include loss of Sr, gain of Mn and Fe,
and iIntroduction of light carbon and oxygen (Factors 2

and 1); As wWas docJﬁented in Section 3.4.2, the sense

of diagenetic shifts is identical for all cements and
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.it is only a degree of the shift, which is variable.
. Thus,. in contrast to éragonite, whefe both aragonite
| framewofé and earlylcéments tended to mutually reinforce
the role of the calcitization diageneti¢ factor, the
absence of A fram;work in LMé skeletal parts tends to
diminish its importance. By default, tpe late ferroan
ocalcite spar precipiﬁation, therefore, gecomes the
econtrolling factor of isotopie compositionz
The above discussed felationships are'aiso
discernible ip_épatter'ﬁiaérams of Sr, Na, Mn, &180 anc
“§13¢c (Figs. III-10, 11, 12). The transformation of
early cemeﬁts_yithin the LMC skeleta; framework led to
relatively smalfﬁﬁhanges in Sr, &80 and 613¢, and to
.moderate increases in Mn (and Fe). - Only the subsequent
addition of late fe}roan Ealcite spars caused the marked
resepting of chemical and isotopiec values. This two-
stagéidevelopment is also discernible in the 6180 vs.
&§13C scatter diagram (Fig. III-9), where the early
diagenetic stage is characterized by some (<2%) nggaéive
shift in &80 and no change in &13C. The 1late
diagenetic int;9duction of fe}roan caleite spars results-
_in further ~3*%% negative shift in &180 and depletion of
-se§eral.per millevin 13C, However, compared to
aragogitic skelgtal components, the isotopic shift; for

LMC are of lesser magnitudes.
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LMC skeletzl ccmponents. Explanaticns as in

- . Fig.III-5.
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3.4.6 Pamily Caprinidae .

Isotopic analysis of pallial canal layers and of
‘inner lay;rs, presumably of‘orfginal aragonikic
mineralogy, in variable states of preservation (Appen@ix
3) gave a range of ﬁglues -1.7 td';13.H% for oxygen-énd
+3.9mto -7.0% for carbon. Well preserved, still
aragéSitick samples fall within the range of present day
mérine"carbonate deposits (Fig. III-13).

Partial factor analysis_of canal'layers and inner
layers (Table III-7) clearly associate §180 variations
with early diagenetic calecitization (Factor 2, Tables
III-7; Figs. III-13, 14), and &§13C with late ferroan
calcite cements (Factor 1, Table III-7; Fig. III-15).

These associations were discussed many times previously

and will not be elaborated on here.
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3.4.7 Family Hippuritidae

The LMC prismatic layers and the pillars and beads

of the hippuritids have 8180 range from -1.7 to -8.0%
and &3¢, +3.1 to -0.8% PDB. The heaviest values for
boﬁplisotopes are similar to those for CaCO3 in
equilibrium witﬁ present day seawater (Figs. III-16,
17).

. }?pe major controlling factors of isotopic
variagions (Tablé III-7) are the same as pfeviousi&
descr&%ed for LMC components; Here again early
diagenetic calcitization of the metastable minerals
coﬁtained within the primary pore spaces explains Sr vs.
Na relationship kFactor 2). Later stages of diagenetic
equilibration with meteoric waters, through the
precipitation of ferrocan cement, accouﬁt for &13C and

&§180 variations (Factors 1 and 3).

Oxygen and carbon isotopic values for the

°presumab1?‘origidal aragonitic innéf dayers of

hipéuritids range from -2.8 to -6.2% for &180 ‘and from
+4.2 to +0.6% PDB for &13C (Appendix- 3). _

Due to the small number of saﬁples (N = 14), the
reSultiné factors do not show any clear diageneiic
trends (Table III-8). It sSeems that the early
diaéenetic stabilization (FactoriB) exerts contro} on C,
while late fér;oan calecite c;gentation (Factor 1; 2)

exert additional:control on C and 0.
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Fig.III-16. Scatter diagram of Sr vs.d 13C for hippuritid
outer layers, pillars-and beads cf origirally
LMC composition. Closed circles (®) recresent
outer layers, and the crosses (+) rerresent
pillars and beads.
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1,000 3 .

Mn (ppm);

100

10 L

Fig.III-17. Scatter dlagram of Mn vs.cflaO for hipourlitid
. outer layers, rlliliars and beads ¢f coriginally

-

LMC ccmposition. Explanations as in Figs.III-3,16.
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3.4.8 Pamily Radiolitidae .
The isotopic composition of the originally LMC

cellular-prismatic outer layers of .radiolitids varies

from -2.4 to -6.5% for &'80 and from +3.5 £o -3.3% PDB
for 813C (Appendix 3). Their chemzcal and isotopiec
varlatlons are’ controlled by four factors, but only two
are shown in Table III-10. Factor 1, which controls Mg,
Sf, Mn and possibly 5180,’is not well understood, but
may have some bearing on 'diagenetic repartitioning
during late meteoric equilibrafion stages. Factor 3
which controls the distribution of Na, Al and &§'3C nmay
{(in analogy td;the general LﬂC discussion; Section

3.4.5) also represent a late diagenetic signal.

L]
However, the matter is complicated by the high

proportion of early and late cements in this relatively
nigh porous layer.

The isotopic composition of the presumably

originally aragonitic inner layers vary from +0.7 to -
7.8% for 8780 and from +3.4 to -2.4% PDB for di3C
(Appendix 3). The controls of isotopic compbsition,,due
to the small number of samples (Table III-11), are not
well understood. It-;eems that oxygen isotopie

variations are due to late ferroan calecite cements,

_while the factor controliing C distribution is difficult

to interpret.



. 11 LI
UOT3BZTTIqRIS uotqezi{rqels R

ot3eusdeiq oy3eousf8eyq ¢. uoygeqeadasqur’

_ 9EL* 1 GLO'E enteA uaByy-
0°91 G 2h poutetdxy

: UoyTgefdBp

o JOo- juapuaad

188" 0~ - 540°0 JIEL 8

£80€°0~ £04°0 oww%

805°0 : 6GE£°0 1V 301

hel *0- _ Ggo'0- | ug 8ot

L1G*0 gge'o o ‘eN ZoT

14270 6EL ‘0~ " 83 Bot

6920 199°0 Ul dot
GEL"0 GlLL°0Q . J§ o -

501°0 998'0 - : 81 3ot

1600~ 2000~ v e} 8ot

LGt'0 9ig* 0. ’ 4I 8ot

2 J0170e | J0oj30®y
o (02 = N) SJoAeT J494N0 EPTITIOJpPEJ

Cseer IT® JOo ST1sATEUER J4030B] TBIj4B{d’

OIL-IIT d°I9VL

- hee -



IT I
¢{ ®jruOqQJUE]) UotriezZiTiIqels uoijeziiiqels . _
. Tel0] " 0T9euadetq o198uaderd uoygyejsadasjul
£20°1 .:mw._ gLL'e anfea usidijy
£ €L . .06l 2'g2 pauteTdxy
. : - UOTLRTJEN
. JO qusoJaag
£09°0 ' ALE D~ , L9l °0- o © 219
160°0- ¢49°'0 - 2EL 0~ . -, 0g) 9
LLG"0 €10 , hgL* o . Tv #071
L0000~ L1100 - 0640 uz 307
- 090°0 Skl o- Eq6°0 . BN on
9L0°0- gL9°0 L0l ‘0 84 doT
" h9e-"0- : L1€2°0 Eng-o- up Jor
60" 0~ © ble-o- 1.0 0~ dg 80T,
6810 ‘ L99'0 hich 0= 3N BoT1
90L°0- G90°'0- ] £e€ero- e) 30T
610°0~ . GG ‘0~ L9L°0 HI BoT,
£ Jojoeyg 2 Jd030ey | J0308]
(gl = N) suJedel Jauur pI3FTOIpPERIL ITE
2 Jo sysdieue uJoqoej [eIIJEd

FI-II1 479Vl

)

- 42¢ -



3.5

- 226 -

. ‘/
’
. .
v

SUMMARY AND IMPLICATIONS OF DIAGENETIC TRENDS

% . . -
"0Oxygen and carbon isotopes, in conjunction with

trace elements (ef. Chappeb II), proved to be sensitive
tracers of-botﬁ orlglnal dep051t10nal and. later‘

dlagenetlc processes. The postulated multlstage
o T )

diagenetic transformatign of "A (HMC) —=- dLMC and, to a

lesser degree, LMC —_—— dLMq, refleeq d in,frace elemepts

(Sr," Na, Mn,‘Fe and Mg), was corroborated by pronpunced

‘trends in &80 and .6'3c. Diagenetic shifts of 8180 and

&13¢ towards lighter values, observed in skeletal

components -of rudist shells, were acﬁieved'by soldtion-

Jeprecipitation processes in the presence of meteoric

water. -

- A 7\
. ~ 4!
The well preserved aragonitie and low-Mg calecitic

skeletal components have oxXygen and,carbpn isotopic

e b -
compositions similar to Recent marine carbonate

‘sediments. "This may argue for comparable 0 and C

1sotoplc comp031tlon of the Cretaceous and Recent
seawater, as well as comparable processes of

incorporation of these isotopes into skeletal components

‘of rudists and Recent bivalves. The:originally

r

,aragonitic‘skeletal components, which haye been

[ ¢

transformed 1nto dLMC during an early diagenetic stage
and show some preservation of their original
ultrastructures, have only sllghtly altered oxygen

isotopic composztlon and unaltered carbon values. This
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is due to-the présgnce of meteoric diagenetic waters
with 6180 ¢ 2% lighter than seawater. The carbon values
in these ‘waters were buffered by the dissolving

aragénites.‘-Originallf aragonitic skeletal componeﬂt§,
N . - .

which were completely dissolved and the voids filled by
late meteoric caleitic sbér, have considerably altered
isofopic composition. This is due either to.
Qonsiderable depletioﬁ in 180 and 13¢ for these

diagénetic waters or, for oxygen, to Higher

temperatures.

(=3

Comparison of present results With those obtained
by other authors is given in Figures III-18, 19. As a
Cre£aceous base line, I accept the vaiues_oﬁtained for
the shells which presefved their_origipéfg%ineralogicai
méde (&780, -2.1% and §'3C, +3.9% Section 3.4). This
summary shows that the field of well presefved aragonité'
(G)_paftially-overlaps, or falls close, to the fields,
_fbr present day molluses, préserved aragonite from °
Scotland, and whole rudist shelis-ffom Texas.
Calcitized aragonitic layers with relics (H) show only
partiéi shifts in 5180 but a,considérable one in &13¢.
Hoﬁever, the bulk of this negétite shift in &13C is
" caused by only three separate iayers ofwthe same fossil
(samples 97a, 97b, and 97d). Calcitized aragonitic.
~ components without preserved ultrastructural relies (I)

shéw a clear depletion in both oxygen and carbon. The
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Isotopic composition of rudist skeletal components’
and cther carbonate sediments and rocks. L= Recent
sedltents :y, Zermuda, partlally cemented (metecric
(Gross,1664); B= shallow water molluscs and fcra-
minifera (Milliman,1974); C= aragonitic skeleton,
Neomicdon, Jurassic, Scotland (Tan and Hudscn,
1974); D= calcite-replaced aragonitic shells
(Neomiodon), Jurassic, Scotlanéd (Tan ané Hudson,
1974); E= whole-fossil rudists, Lewer Cretaceous
Texas (Mcldovanyl and Lohman, 198u;; F= Glen Rcse
Formatiqn, Lower Cretacecus, Texas‘(&llan and

- Matthews, 1982); G= preserved arzgenite in rudists

(present study); == 4LMC replacing originally
aragonitlc Zayers with relic ultrazstructures (present
study); I= dLMC replacing originally arageonisi

layers without relic ultrastructures (gresent study.);
and J= LMC rudist ccmpenents (present study).



. - 229 -

calditiéed aragonitic shells from the Jurassic of
'Scotland”(D)*ﬁisp;ay 2 similar trend. Similarly, the
LMC skeletéiicompoqeﬁﬁslkJ)are characterizgq by s}milar h
isotopic displacement:“hrhe resultiﬁg diagenetitc
repartitioning trends fofhonand C indicate three
hypothetical trends (Figs. III-18;32Q).

The distinguished four cemgnt ty¥pes, which oceluded
primary and secondary pore spaces within rudist shell
(cf; Séction 3.4.2), show similar ranges in oxygen ané
carbon'isotopic'values (Fig. II¥-19). The postulated
early, ;adiaxial fibrous and inclusion-rich miecritic
cements (E) resemble, isotopically, gdst Holocene
aragonitic and Mg-éalcit;c cemenés (fields_A‘and B, -
respectively), although they are ~2% lighter in oxygen.
The inclusion-rich equant cement (F),hwhich always

pﬁgﬁates the bladed and large equant cements (ef.

Chapter I), shows a progressive increase in 160 and 12¢,

and the ﬁwo types of late ferroan caicites show the
maximal depletion.

Theqretically, two factors conEFSEiing'oxygen and
carbon isotopic composition of the fina}) product. are of
importance in diagenesis. For oxygen, it .is increasing
temperature‘qnd/oi the depletion of meteofic waters in
180. rFor carbbp;‘ihe diagenetic‘ﬁater in the aquifer is
usually buffefed isotopically by the dissolv;ng

cgafonate precursor a?d §13¢ does not change. 1In many.

!
R
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instances, howevér, the contribution frpm decomposition
of organic matter (§13C ~ -25%), whether during early or
later, deep burial diagenetic stages, causes depletion
in 13C. The consequence may'be a diagénetic trend of
tyﬁe 1 (Fig. III—SO), or'typé 2, if the C isoﬁopic'
composition is ,buffered by.  dissolving carbonates.

These, and:- combinationsg, are the most frequent
situations in carbonate rocks. Trend 2 can be either
Aarfested at this stage, ér - during deeper burial -
incorporate progressively lighter "organicn carbon, thus

forming EB; "inverted J" trends of_Lohqannw(1983) and
Meyers aﬁd-Lohmann (1984). In some instaﬂces, only the
£ shift is evident, wpile,that for 0 1is OnLykminor
(trend 3). Such a trend can evolve only during. early
shallow burial:if the oxygen isotopic composition of
diagenetic water and its temperaturé are not

significantly different from that of seawater which
deposited the original carbonatgsﬁ,‘FurthemeEe, this

shallow diagenetic aquifer must be ijfluenced by a
carbon source‘of "organic" derivatiocn. This

interﬁ:etafion differs from that of Lohmann (1983), in
that it questions the possibility of buffering of 5180
of aqﬁifer water by digsolving carbonate as a viable
cause of near-coanstant &§180 value. - Considering the

overwhelming dominance ;} water derived 6Ngr that of
carbonate originating oxygen (~TO”:1) in any diagenetic
situation (ef. Veizer, 1983a), the explagation of

Lohmann is not plausible.



+8
) +4
[+

13

3°Cpopng

-4

._/
-8

-12

' ~231- ’
18
i &% -
PDB . -
-12 -8 -4 0 +4 ' -
T T T T T T L T L)
i
- ,[—FIE
: -
]
' B
C . - -
. Q ’ ’ . [}

» -

- Isotepic composition of ‘carbernate cements and associated

sediments. L= Submarine aragenite cement, British Eond-
uras (Holocere) (Ginsburg and James, 1976); 3= Holocene
submarine Mg-calclte cements and sediments, Jamaica
(Land and Goreau,1970);3&= Recent sediments, Bermuda,
partialily cemented (meteoric) (Gross,i1G64); D= Pleistocene
limestone from phreatic and vadose realms, Barbcdos
(Allan and Matthews, 1977); E= radfaxial fibrecus, inclusion-
rich cement {this study); F= inclusion=rich eqguant calcite
(this study); E= large ferroar equant caleite (this stuliy);
and G= ferroan bladed spar (this study).
Z = 5
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3.6 CONCLUSIONS - ;
"Okygeﬁ and carbon isotopes in skeletal components
of rudisfs and associated rocks, and«their comparison
- wWith published data, leaa.to the following conclusions: -

(1) Skeletal components with preserved mineralogy
of aragonite gﬂd low-Mg calcite and wiéh.preserved
textural and chemical signals, have oxXygen and carboh
isotopie values similar to those of their Recent marine
cqunterﬁar;s.. This similarity in iso ic composition
between Céetacéous rudists and'Recen; molluscs and
carponate'sedimentS“argues for compara\iifisotopic
coméosition of the Cretaceous and Recent seawaters, asﬁ

~well as:for a similar mode of incorporation of oxXygen
and carbon isotopeS';ntd'their shells.

(2) ‘Taking the isotopic composition of skélétai
componeﬁts of rudists with preéérved mineralogy as a
base line, the calculated'pélaedtempefatures for

- Cretaceous Tethyan seawater varied in the range of 22.9
to 29.6°C. ’

(3). The A —> dLMC transformation proceeded in
twoéstages; During the early wet'neomofphic‘replacement
of aragonitiec components, the &180 and temperature of
diagenetic water did not vary much from that of coeval

. 'geawatér. This resulted ip'only a slight shift in
oXygen isotopic signal;' Furthermore, the &V3C .of this

diagenetic water has been buffered by the dissblving
’ A

- - . ' )
e
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éragonite, because the A —» dLMC transf&rmation was
achieved in semiclosed micron-sizéd environments, as-
attested by partial preservation of “the original
aragonitic-ulfrastructures and of Sr zand Na
concentrations. in contpgst, lgter stages of diagenetic
stabilization in meteoric waters led to wholesale
leaching of thé femaihing aragénite and precipitation of
dLMC as spar calecites. This stage is characterized by a
negative §bift in &13C and by positive shifts in Mn and
Fe as a result of equilibration with ;hallow meteoric

phreatic waters.

(4) The magnitude of diagenetic shifté for stable
isotépes during diagenetic sta?ilization of LMC _is
smallér than that of aragonites. These diagenetic
shifts in §180, 613c, as well as in Sr, Na, Ma, and Fe,
have been accompiished through late diagénetic
precipitatioﬁ of ferréan'spar cements into primary and
seconda;y porg'spaces within little algered LMC. rudist
compoﬁénts.

'(5) Each of tﬁe four cement types, occluding
primary and secondary pore’spaces withiﬁ budisf shells,
has a specific isotopic signature. Early radiaxial
fibrous and wmicritic inclusion-rich cements are
characterized by heavy &80 and &13C indieative of
marine A {(and HMC) precursors. Inclusion-rich equant

spar 1is characterized. by somewhat larger shifts towards

Ci
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lighter oxygen and.carbpn isotopic values, and the late
:;fer?oaq equant and bladed spars conEain the most 18b and
* 13¢ deficient isotopic composition, with some carbon
derived from CQO2 of 6rganic origin within the vadose

N ) . .
zone of the meteoric phreatic aquifer.

e

-
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APPENDIX II

SUMMARY OF PETROGRAPHY OF THE STUDIED SAMPLES

Summary of sample descrlptlon and brief petrography
of the separated skelefal and_nonskeletal components

Sample:

Family Hippuritidae - French Localitites

10a:

10b:
10¢c:

13a:
13b:
13ec:
143
T8b:

of rudist shells.

'

r

/= R .
outer shell layer, thipf‘fine compact, prismatic
ultrastructure; rarely bored by sponges and algae.
internal body cavity 1nf111ed by micritic internal
sediments.
outer shell layers: relatively thick, fine compact,
prismatic ultrastructure, partly bored by algae.
pillar, composed of fine compact prismatic ultra-
structure. _ ‘
inner shell layer, thin cemented by equant spar.
mantle cavity infilled by large equant ferroan spar.
outer shell laygr, compact fine prismatie, bored
and the bores infilled by micritic-silty internal
sediments.

" pillar, fine prismatiec ultrastructure.

space fill cement, late ferroan large equant spar.
pelletal micritic internal sediments infilling body"
cavity, with some carbonate clasts and shell
fragments.

outer fine compact prismatic layer, abundantly

bored (removed during separation for chemical -
analysis) by clionid sponges infillefl by miecritic
material. .

pillar, similar ultrastructure as outer layer.

inner shell cavity, infilled by micritic pelletal
sediments, rudist shell fragments, partly cemented.
outer thin layer of simple prismatic ultrastructure
partly recrystallized.

silty-micritic internal sediments infilling the body
cavity, with some ,shell fragments.

part of the outer layer, recrystallized apd/or
cemented. : _
outer layer, compact fine prismatic ultrastructure,
bored.

inner layer, occupled by nonferroan fine equant
spar



.
Samgle:
14¢cs
T44:

14e:
15a:

15b:

2¢a:
2gb:

23a:
23b:
23c:
27azx
27¢:
27d:

43a3: -
43b:
43¢:
48a:
56a:

56b:
S56c:

56d:
58a:
58b:.
S58c:

58d:
59a:
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l.’ =
£

body cavity infilled by late ferroan, cledar .large
equant spar. .

part of the outer layer almost completely replaced
by micritic sediments. e

well preseryed- pillar. ;

puter shell layer,. fine compact prismatic, well
preserved, partly bored.

thin inner layers, preserved by micrite envelopes,
cemented by equant spar. .
outer preserved prismatic layer.
inner cavity infilled by miecritic material with
rudist fragments. _ '

outer layer, fine prismatic ultrastructure, bored
heavily by sponges. .
pillar, has the same uldr=structure as the outer
layer.

thin inner layer replaced by small éguant spar, no
relic ultrastructure. ’

outer thick prismatic layer, bored and cccupied by
micritic sediments.

inner layer replaced by fine equant spar.

mantle cavity, infilled by micritic, pelletal
internal sediments with some fragments of broken
rudist shell fragments.

well preserved prismatiec layer. - ,

inner layer with e¢lear relics of crossed-lamellar
ultrastructure, XRD analysis showed .traces of .
aragonite still exist. :

cloudy crystallites, could represent an early
generation of cement. '

outer shell layer, simple fine prismatic compact
ultrastructure, rarely.bored.

outer shell layer, simple fine prismatic compact
ultrastructure, rarely bored. )

pillar, prismatic ultrastructure, partly bored. .
inner shell layer leached and infille by equant-.
bladed crystals with no visible relic ultrastructure.
body cavity infilled by late equant ferroan spar.
thick outer layer, fine prismatic compact
ultrastructure, invariably bored and the bores
infilled by micritie internal sediments. i
middle thin shell layer (750 m ) retains faint relies .
of original crossed-lamellar ultrastructure. :
pillar, composed of simple fine prisms.

mantle body cavity occupted by ferroan equant spar.
outer layer, fine compacted prismatic ultrastructure,
heavily bored by various borers and they are infilled
by micritic pelletal sediments.

>



Sample:

59b:
59c¢c:

594d:
5%e:

61a:
61b:

61le:
61d:

ble:
62a:

£2b:
62c:

624d:
62e:

62f:
Q0a:
Q0b:
90c:
~Q1a:
91b:
91c:
91d:
Qle:

g2a:

95a:

95b:

95¢:
223a:

-279"'\
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plllar, prismatic ultrastructure«

inner shell layer protected by—mlcrltlc envelopes,
but infilled by ferroan equant ealcite.

accessory body cavity infilled by mieritic internal
sediments.

ferroan equant calcite enclosed inside micrite
envelopes.

outer prismatic layer.

inner shell layer presently cemented with no relic
ultrastructure.

body cavity infilled by large ferroan equant
calcite.

pillar of prlsmatlc ultrastructure.
another pillar. @’

outer layer, well preserwved” nompact fine prismatic
ultrastructure, partly Boreg* by sponges and algae
and the bores infilled by micritic sediments.
inner part of the outer shell laver. '
pillar with similar ultrastructure as the outer .
layer. LT
another pillar. ’ B
inner shell layer composed of nonferroan
pseudospars.

major body cavity infilled by two generations of
ferroan spar.

outer prismatic shell layer, partly bored.

pillar.

inner shell layer with neomorphosed calcite.
cellular-prismatic outer layer.

inner part of the outer layer.

pillar.

traces of inner shell layer replaced by equant
calcite.

mantle bedy cavity occupied by large equant ferroan
cement.

fossil conmpletely replaced by enclosing rocks
(wackestone) with rudist fragments (this sample was
not included in the statistical evaluations).

. outer shell layer, fine compact prismatic

ultrastructure, partly bored by sponges and the
bores infilled by mieritic pelletal internal
sediments.

midg%g¢ shell layer, retains no visible relic ultra-
stracture, bounded by micritic envelopes, now
composed of ferroan equant calcite.

inner body cavity infilled by mieritic pelletal
sediments with some fossil debris.

outer shell layer, well preserved prismatic ultra-
structure.

i
i

R

-
o
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pillar of same ultrastructure as the outer layer.
middle and inner shell layers with no relic ultra-
structure.

central body cavity occupied by fibrous inclusion-
rich nonferrcan cement.

outer shell prismatic layer.

pillar.

middle and inner shell layer replaced by equant
calcite.

early fibrous, inclusion-rich, nonferroan cement.

Family Radiolitidae - French Localities .

18a:

18b:
30a:
30b:
30c:
. 33e:
35a:
35b:

35¢:
35d:

37a:

37b:
38a:

38b:

outer shell layer,. well developed cellular-prismatic
ultrastructure. The cells infilled by large equant
cement. Well developed growth lines.

inner body cavity infilled by micritic sediments with
rudist shell fragments.

outer thick cellular- prlsmatlc layer, cells .oval or
polygonal in cross section, partly bored by algae.
part of the inner most outer layer, bored.

innercbig body cavity infilled by silty micritic
pelletal sediments, rudist fragments and miliolid
foraminifera.

outer thick cellular-prismatic layer.

middle layer, cement replacing original aragonlte, noe
visible relic ultrastructure.

body cavity; micritic with many small fossil
fragments.

outer thick cellular 1ayer, well developed growth
lines, rarely bored.

small lenticular body, could be a tooth, contains
nonferrcan pseudospar with brown rellcs. '
mantle cavity infilled by late ferroan equant spar.

- secondary cavity infilled by micritic internal

sediments.

outer thick cellular layer, cell walls are preserved,
cell interiors are infilled partly b%¥ internal
sediments and cenents.

inner body cavity, pelletal, micritiec, rich in fossil
debris such as rudist fragments, miliolids... )
outer thick cellular layer, polygonal cells infilled
by nonferrcan fine eguant cement and internal
micritic sediments.

internal cavity infilled by 51lty micritic sediments
with rudist and foraminifera fragments.



Sample:
' 39a:
41a:
315:
41ec:
4¥d.
42a:
42b:
42e:
B7a-:
47b:
47c:
60a:
éOb:
63a:
63b:
6ha:
flib:

65a:

65b:

-6ba:
66c:
T0a:

TOb:

Tla:
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part of-the outer thick cellular-prismatic layer.

outer layer with cellular-prismatic ultrastructure,

cells rectangular in cross-~section, partly .

compressed. -
middle layer, very thin, retains some vestlge of its |

original crossed-lamellar ultrastructure.

large equant spar infilling part of the 'body cavity.

another part of the outer layer.

outer shell layer., :

inner layer, infilled by equant ferroan spar cement.

body cavity infilled by marine interpal sediments.

well developed cellular-prismatic outer layer with

well-defined growth lines.

thin middle layer, micritic enveloped, falnt relics

of pseudospar.

inner cavity infilled by micritic pelletal 'sediments

~with some broken rudist fragments.

outer cellular-prismatic layer with well preserved
growth lines, cells infilled by fine equant calcite.
large ferroan equant spar occupying body cavity.
outer cellular layer, thick cell walls, two
generations of cement occupylng cell chambers
(isopachous and equant).

internal cavity, micritic with large rudist
fragments, few quartz grains and some spar.

thick cellular-prismatic layer.

inner cavity infilled by marine mieritie, pelletal
internal sediments, with some sparry calcite
pockets.

outer thick cellular layer, cells polygonal with
well preserved cell wall. Cell interior occupied by
two-stage of cementation (early rim (<5 u), and late
ferrcan equant).

internal cavity infilled by micritic internal
sediments, rich in rudist fragments and other
fossils.

outer thick cellular-prismatic layer, partly -
compacted, cells occupied by fine equant calcitev
body cavity infilled by micritic sediments with
small fragments of rudists.

outer thick cellular-prismatic layer, cell walls well
developed, cell chambers infilXed by ferroan-equant,
spar.

-internal body cavity infilled by micritic internal
sediments with some large rudist fragments.

outer thick cellular-prismatic layer. Some cells
are infilled by internal sediments, where the others
are by equant cement. :

;o



Sample:
_715:

T6a:
T6b:

T7a:

T7b:
78a:
78b:
218a:
218b:

- 282 -

~

internal cavity occupied by two or more generations
of cement, some patches of micrite also exist.

outer thick layer, partly bored.

internal body cavity infilled by pelletal, micritic:
sediments with miliolid foraminifera and some
cement.

oufter thick cellular-prismatic layer. 1In some cells
Silty-micritic sediments present, partly cemented.
large ferroan equant spar infilling internal parts.
outer cellular layer. .

inner cavity, mieritic with some cement.

outer cellular-prismatic layer.

inner part mostly occupied by silty-micritic
sediment3 with rudist fragments.

Family Requieniidae - French Localities

82a:
82b

8la:
84b:
85a:
85b:
8ba:

86b:
87a:
87b:

89a:
89b:

outer thin layer (~ 1mm.) made up of nonferroan
simple prisms, partially recrystallized.

internal cavity infilled by pelletal, micritie,
Rartly cemented sediments, with fossil fragments;
some of them have moldic porosity.

outer thin prismatic layer.

internal cavity, micritic chalky sediments.

outer thin prismatic layer, partly reerystallized.
internal cavity infilled by micritic sediments. ’
outer thin layer, composed of simple recrystallized
prisms. .

internal body cavity infilled by mieritic, pelletal
sediments with some fossil fragments, such as
bryozoans and coral. .

outer thin layer, recrystallized or cemented.

irner micritic chalky material, similar in
composition to its enclosing rock.

outer thin prismatic layer, recrystallized..
internal cavity occupied by micritie sediments with
some foraminiferal and rudist shell fragments.

o

Family Caprinidae - American Localities:

96a:
97a:

87hb:

aragonitic canals, soft composed of 100% aragonite.
outer thick canal layer, partly preserved (19% A,
81% LMC). Canal walls have lamellar ultrastructure.
Canals infilled partly by ferroan spar and/or
micritic sediments. .

middle layer, with relic lamellar ultrastructure
(99% LMC). -

P
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Sample:

97c¢: ferroan bladed cement infilling a cavity.

97d: inner layer, similar in texture to 97b, with 99p LMC.

101a:- canal layer; canals polygonal in shape. They are
infilled by fine equant spar increasing in size
‘towards the center of the c¢anal. Some canals are
infilled by internal sediments.

101b: Enner layer, with micritic envelope, no relic
ultrastructure.

104a: aragonitic canals (90% A, ~95% LMC).

105a: outer layer of blfurcatlng canals; canal walls have
pelletal internal sediments with some fossil
fragments.

105b: inner layer, thin and has relic ultrastructure.

109a: outer plated c¢anals infilled by marine internal
sediments, canal walls are recrystallized to
microspar.

109b: inclusion-rich equant ferrdan spar.

109c: large equant highly ferroan spar cement. -

110a: outer canal layer; canals infilled partly by
miceritic, pelletal internal sediment; no relic
ultrastructure in canal walls. L

110b: inner layer with no relic ultrastructure. A

110¢: internal cavity infilled by micritiec, pelletal
sediments.

115a: =~ outer canal layer, canal wall preserved some relics
of their original ultrastructure.

115b: inner layer with relic lamellar ultrastructure.

116a: part of the canal layer, canals polygonal in cross-

section with some preserved ultrastructure. Two
stages of cementat¥on are noticed inside the canals,
early isopachous and late equant.

116b: cavity fill, sand size sediments with some fossil

' fragments and calcareous cement. '

122a: outer canal layer, some canals are infilled by
micritic internal sediments. Canal walls have relic
ultrastructure.

122b:  lath-shaped component in the inner part of the shell
made up of lamellar ultrastructure.

i23a: outer canal layer, canals elliptical in shape and

infilled by micritic sediments; canal walls are
poorly preserved.

123b: pseudospar patches with some mierite.

123c: ferroan equant spar.

123d: ' inner cavity with micritic sediments; rudist fossil
fragments also exist. .

128a: outer thin compacted layer, homogeneous or fine

prismatic ultrastructure, partly preserved.
128b: inner layer with brown relics.



Sample:
128¢:

130Qa:

130b:
130c¢:

132a:

132b:
133a:

133b:
133c:
1334d:
137a:
137b:
140a:

140b:
141a:

S 1481h:
T 141¢:
143a: -

143b:
143c:
145a:
145b:.

> 145¢:
145d:
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inner cavity, pelletal micrite rich in fossil
fragments, such as Nummulites sp., rudist
fragments, green algae, miliolids, crino;dal stems.
outer layer, canals infilled by internal "peloidal-
sediment. Canal walls are partly preserved.

equant calcites between the canals.

internal body cavity, infilled by mieritie pelletal
sediments.

poorly preserved canal layer. Some canals infilled
by pelletal material partly recrystallized and/or
cemented.

large equant ferroan calcite in the body cavity.
outer canal layer, polygonal or oval canals. Some
canals are infilled by miceritic 1nternal sediments
and cement.

inner bigger canals.

ferroan equant spar.

inner body cavity infilled by mieritic sedlments,
pelleted.

outer layer, polygonal cells occupied by equant
calecite.

middle and inner layers, have preserved brown relic

-ultrastructures.

outer canal layer; canals poorly developed, but some
of them have’preserved canal walls; partly bored by
algae.

inner body cavity, micritic and cemented.

large and small canals in the outer layer infilled
by micritic sediments. Canal walls have inclusions
and are partly preserved. '

- ferrcan equant spar calcite.

internal cavity, micritic w1th foraminifera and
rudist fragments.

poorly preserved canal layer. Canals infilled by
internal sediments similar in comp051t10n to that in
the body cavity.

inner layver cemented with no visible relic ultra-
structure.

internal body cavity, micritic with some micro-
fossils.

outer canal layer with small rounded or oval canals;
poorly preserved canal walls, partly cemented.
inclusion-rich equant calcite.

inclusion-rich fibrous spar.

inner component with preserved relics of crossed-
lamellar ultrastructure.



- 285 -

Samplé:

146a: outer canal layer, cgnal walls neomorphosed to
pseudospar. Canals infilled by micritic internal
sediments; partly recrystallized.

“146b: neomorphic spar beneath the canals. -

146c:  inner body cavity, pelletal, micritic rich in
rudist fragments and possibly corals. :

1U47a: outer canal layer with preserved relies of canal"
walls. -Canals infilled by internal sediments and/or
cements. )

147b: body cavity infilled by large ferroan equant spar
calcite. _

150a: outer canal layer, canals are small and in most of

the times infilled by peloidal internal sediments.
Canal walls are preserved as relieces.

150Db: inner body cavity mieritic with fragments of rudists, .
echinoderms and foraminifera.

150¢: neomorphic spar between the canals.

153a: outer thin, brown, well preserved calcitic (100% LMC)
simple prismatic layer, partly recrystallized.

153b: middle and inner layers, well preserved relic
lamellar ultrastructure.

153¢: internal cavity infilled by brown peloidal 1nternal
sediments partly recrystallized.

157a: outer canal layer, canal walls are invariably
preserved. -

157b: inner layer, with relic ultrastructure.

157¢: internal cavity infilled by inclusion-rich equant
nonferroan spar cement.

158a: outer canal layer; canals infilled by internal
sediment and/or equant calcite.

158b: internal body cavity infilled by silty-micritic

sediments with fossil fragments (e.g. rudists,
Nummulites, Discoeyelina sp).

163a: outer canal layer; canals are partly occupied by
mieritic material and microspar.

163¢: internal cavity fill; made up of ferroan bladed spar
calcite.

167a: aragonitic soft canal layer (A~ 98%).

172a: outer canal layer, poorly preserved. Some canals
infilled by micritic sediments. ‘

172b: inner layer, shows no relic ultrastructure.

172¢: cavity fill of silty-miecritic sediments with
intraclasts and rudist shell fragments

175a: outer canal layer, poorly preserved and bcred.

175b: inner layer, cemented and shows no relic ultra-
structure. -

175¢: large equant ferroan spar cement.

176a: ferroan bladed spar cement.



Sample:

176b:

177a:
177b:

179a:
179b:
179¢:
180a:
180b:
180c:
181a:
_181b:
181¢:
184a-
193a:
193b:
193¢:
194a:

194b;
194¢c:

195a:
195b:
197a:

197b:
199a:

199b:

286 -

inner lath-shaped crystalline body, may represent,
remnant of crossed-lamellar ultrastructure.

poorly preserved outer canal layer, cemented.
inner body cavity occupied by ineclusion-rich equant
calecite. ' =

outer canal layer. Canals partially infilled by
internal sediment and/or cement.

middle layer cemented by fine ferroan equant
calecite.

inner body cavity infilled by large ferroan equant
spar cement.

outer part, poorly preserved and cemented.

middle layer has some relic ultrastructures.
internal cavity infilled by late ferroan equant
spar cement. - ~
highly altered canals. They are infilled by equant
calecite. This part is partly bored.

middle layer, now cemented by nonferroan fibrous
calecite. =

internal cavity, micritic sediments with fragments
of crinoids, rudists and some selective dolomite and
silica. )

poorly preserved canal layer.

outer canal layer. The canals are partly infilled
by mieritic internal sediments.

inner layer, cemented and no relic ultrastructure
preserved.

inner cavity infilled by silty-micritic sediments
with some fossil fragments. '

outer canal layers, canal walls remain as dusty
micritic outlines. Some canals occupied by
peloidal sediments (geopetal fabrics) and some by
cement.

large equant cement filling a cavity.
gilty-micritic sediments with some pellets and
rudist fragments, filling another cavity.

part of the outer canal layer.

coarse ferroan equant spar calcite.

outer canal layer; large and small size canals.
Canal walls neomorphosed. Canals infilled partly
by peloidal sediments and partly by ferroan equant
cement. )

coarse equant ferroan calcites occupying a cavity.
outer canal layers. Canals of bifurcating
arrangement. Canal walls remain as micritic
envelopes. Scme of the canals are occupied partly
by pelletal sediments, others by cement.

, inner cggented layer.



Sample:
199c:
201a:
201b:
202a:
202b:
202¢c:
203a:
203b:
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coarse equant spar cement “increasing in size towards
the center of the cavity.

outer canal layer. Canals infillediby internal
sediments and their intraclasts.

internal cavity infilled by mlCPlth—SlltY sedlments
with fossil fragments.

outer canal layers; canal infilled by ferruginous
sediments. Some of the canals are leached away and
remain as empty pores.

middle layer, cemented; no relic ultrastructures.
internal cavity infilled by coarse ferroan equant
spar.

.outer canal layer, preserved canal walls; partly

bored.

inner cavity infilled by micritiec sedlments w1th
rudist and other fossil fragments.

Family Hippuritidae -~ American Localities

98a:
106a:
106b:
106¢c:
118a:

118b: )
1205
120b:
i56a:
156b:

156¢:
159a:

15G8b:
159¢:
161a:

part of the outer prismatic layer; recrystallization
has affected these prisms. ‘

thick outer layer of prismatic ultrastructure.
Partial cementation existsbetween planes of prisms.
internal cavity occupied by ferroan equant spar
cement.

inner layer with preserved rellcs of c¢crossed- lamellar
ultrastructure.

thick cellular-prismatic outer layer Cells are
occupied by ferrcan equant calcite. /
internal body cavity infilled by marine intepﬁél
sediments with rudist fragments, crincids and
bryozoans.

poorly preserved outer layer, highly cemented and
recrystallized.

inner cavity fill of pelletal, micritic sedinents.
thick cellular-prismatic layer. Cells infilled by
migcrite and some cement.

inner cavity infilled by coarse ferroan equant
calcite.

pillar.

thick beaded prismatic, partly bored, outer layer.
Equant cement may exist between the beads.

ferroan equant sgar calcite. :

the beads.

well preserved aragonitic (~83% A4, ~17% LMC)
conposite prismatic outer layer.



Sample:
.'161b;
165a:

165b:
166a:
166b:

166c:
168a: -

168b:
168¢c:
2OQa:

200b:
200¢:
2004d:

208a:
208b:
208c:

. Family Monopleuridae - American Localities

127a:

127b:
127c:
127d:
186a:

186b:
186¢c:

- 288 -

p—

inner layer with preserved lamellar ultrastructure
(A < 3%, LMC ~97%). o

thick beaded prismatic outer layer. Long prisms
forming a non-denticular composite prismatic ultra-
structure. :

the bead, made up of fine prisms of LMC.
thick-compact fine prismatic{layer, well preserved.
pillar,-well preserved as fite prismatic ultra-
structure.

middle and inner layers, now cemented and withs no
clear relic ultrastructures. )
outer layer with large prism. Cells infilled by
equant calecite, partly bored.

pillar of prismatic habit. '
ferroan equant calecite spar filling a large void.
part of the highly recrystallized and cemented
outer prismatic layer.

pillar; cemented. =

inner thin layer replaced by cement.

internal cavityinfilled by coarse ferroan equant
spar calcecite. )

thick beaded prismatic layer.

" beads, composed of very fine prisms..

internal body cavity infilled by micritic, pelletal
sediment with rudist’ and coral fragments.

W
outer prismatic, partly preserved layer, bored by -
sponge borings. The bores are infilled by micritic.a*
sediments.

middle layer present as brown, nonferroan pseudospar.
pillar-like body.

inclusion-rich nonferroan equant calcite.

outer thin layer with prismatic ultrastructure;
partly recrystallized. .
radiaxial fibrous nonferroan cement; inclusion-rich.
internal cavity infilled by micritic. sediments with
some fossil fragments. '

Family Radiolitidae - American Localities

99a:

99b:
99c:

outer cellular-prismatic layer; cell walls are partly
recrystallized; some borings exist.

middle and inner layers with relice ultrastructures.
internal cavity infilled by micritic, pelletal
sediments with rare fossil fragments.



Samglé:
100a:

100b:
100¢:

107a:
107bs
107¢:
108a:
108b:
111a:
111b:
113a:
_113b:
118a:
T14b:
121a:

121b:
121¢:
125a:
125b:
126a:
126b:
126¢c:
131a:
131b:

131c:
135a:

- 289 -

thick, compacted cellular-prismatic layer. Prisms
are partly recrystallized and bored.

middle and inner layers, having neomorphic calcite.
internal cavity infilled by micritic, pelletal
internal sediments with some rudist fragments.

outer thick cellular-prismatic layer, well preserved
and rarely bored.

inner layer preserved nonferroan equant calcite
bounded by micritic envelopes.

coarse ferroan equant calcite spar filling internal -
body cavity.

outer thick cellular layer. Cells are infilled by
micritic ;é microsparitic and equant calcite.
middle th layer present as brown nonferroan pseudo-
spar with ghosts of lamellar ultrastructure. _ )
outer cellular layer, poorly preserved. The cells
chambers' are infilled by two generations of cement.
internal cavity infilled by miceritic sediments with
some rudist fragments.

thick cellular layer; cells are occupied by fine
equant calcite cement and/or micritic sediments.
internal body cavity infilled by cocarse equant
inclusion-rich ferroan calcite.

otter cellular-prismatic layer, cell walls are well

developed and composed of fine prisms.

ferroan bladed cement in the body cavity.

outer thick cellular-prismatic layer. Cells infilled
by Iinternal micritic sediments; partly recrystallized
to micerospar. -

coarse ferroan equant spar calcite.

silty material in ony cavity.

outer thick cellular-prismatic layer; cell walls are
fairly well preserved. Cell chambers are partly
occupied by internal sediments and equant spar.
internal body cavity; micritic, cemented with fossil
fragments (e.g. rudists).

heavily bored and mieritized cellular layer.

coarse ferrocan equant spar calcite.

central body cavity infilled by micritic, pelletal
sediments with a lot of rudist shell fragments.

outer cellular-prismatic layer; cell walls are well
developed. This layer is partly bored by algae.

well preserved aragonitic middle layer with crossed-
lamellar ultrastructure (& ~ 94%).

well preserved aragonitic inmer layer (A ~f9u%)

.outer thick cellular-prismatic layer, partly compac-

ted. Prisms are well developed. Part of the cells

are infilled by mlcrltlc sediments and/or fine equant
calcite.



Sample:

135b:
139a:
139b:
139¢:

1&2&?

142b:
1443

144 .
1&8&:

148b:
148¢:

151azs
151b:

157c¢:
1543,

15Ub:
154¢;
155a:

155b:
155¢:

160a:

- 290 -

" internal cavity infilled by micritic sediments with
'some rudist fragments. 7
‘cellulaﬁjlayer; cells are poorly developed.

neomorphiec spar of the middle layer.

internal cavity infilled by. micritic sediments with
some rudist fragments. :

thick cellular-prismatiec layer; cells are polygonal
with preserved cell walls. Growth lines are well
represented as micritiec diffused (organic?) lines.
The cells are partly infilled by fine ferroan equant
calecite. ’

coarse ferrocan equant spar calcite occupying inner
cavity. .

out cellular-prismatic layer; cell walls are well
de;%ioped. Cells are partly infilled by equant
calcite and micritic internal sediments.

internal cavity infilled by micritic sediments and
ferroan equant spar. . , i
outen cellular-prismatic layer. Cells are partly ,
comp;E§§§d*&§ored by algae and sponges and encrusted
by mieritic sediments. -

middle and ipner layers With preserved relics of
crossed-laa€llar ultrastructure. S

internal cavity occupied by micritic sediments and

‘two generations of cements, ‘bladed and equant.

outer cellular-prismatichéyer, rarely bored.

inner layer, cemented-and has no relic ultra-
structure. S

internal body cavity ‘infilled by mieritic internal
sediments with some fossil fragments. ’

outer cellular-prismatic layer, algal boring and
encrustation of internal sediments Wwith some fossil
fragments is present.

middle and inner layers: calecitic with well preserved
original relics of aragonitic structures.
inclusion~rich radiaxial fibrous cement occupies a -
primary body cavity.

well preserved outer cellular-prismatic layer. Cells
are occupied by fine equant caleite.

middle layer with neomorphosed calcite.

internal cavity infilled by pelletal, micritie
sediments.

outer cellular-prismatic layer;-folded and
compressed. This part is bored and the bores are
infilled by micritic fossiliferous {foraminifera)
sediments. :



Sample:
160b:

. 160c:
162a:
162b:
16ba:
164b:

164¢c:
169a:
170a:
171a:

173a:
1T4a:

190a:

191a:
192a: -

192b:
192¢:
205a:

205b:
205¢: -~
205d:

206a:
206b:
206¢c:
207a:
207b:
207¢:

- 291 -

middle part of the shell. The original material has
been leached away and then infilled by mieritic marine
internal sediments.

“internal cavity infilled by micritic fossil-rich
" sediments (e.g. foraminifera, rudists).

outer cellular-prismatic layer. Cells are infilled
with two generations of cement. )

the body cavity is occupied by marine internal
sediments micritic with rudist shell fragments.
outer cellular layer. Cells are polygonal and their
inner chambers are occupied by fine equant calcite.
thin middle layer with preserved relies of original
aragonitie ultrastructure. - -

coarse ferroan equant spar calcite.

part of outer thick cellular layer; partly bored.
outer cellular-prismatic layer.

outer cellular-prismatic layer. Cells are well
developed; partly bored. .

part of the outer cellular-prismatic layer.
cellularjprlsmatlc layer. Cells and growth lines are

-well devéloped.

cellular-prismatic layer. Cells are well developed.
Cells infilled by equant calcite.

cellular-prismatic layer: /77

outer cellular layer, poo?ly preserved. Cell
chambers are occupied by ferroan equant calcite.
thin middle layer. : .
coarse ferroan equant spar calcite. ' . \
outer thick cellular-prismatic layer. ' Cells are )
partly compacted and infilled by .equant calcite.

.middle layer with relic original ultrastructure.

inner layer with no reliec ultrastructure.

internal cavity, silty-micritic, pelletal with some
rudist fragments.

outer thick cellular layer; partly bored.

inner layer with neomorphic spar.

“inner cav1ty infilled by late equant cement.

outer layér with cellular-prismatic ultrastructure.
inner layer with relic ultrastructure.

- two original bodies inside the shell; could be teeth

or mycphores with reliec ultrastructure.
. o
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