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ABSTRACT

The feasibility of making meaningful measurements of
the deuterium content of ﬁater extracted from hydrous silica
has been evaluated by a series of dehydration and isotope
exchange experiments, A new experimertal technique, called
Differential Isotopic Analysis (D.I.A.), has been developed
which allows the isotopic exchange characteristics of water
in different sites in hydrocus silica to be determined. This
method involves the sampling of successive increments of
water driven off during heating of the silica and the
measurement of §D for these waler samples., The isotopic
pattern established for the §D-values of successively driven=
off samples varies markedly, depending on the degree £0 wﬁich
the water in silica has been exchanged with deuterium=rich
water in controlled experiments., The fraction of the water
or hydrcxzyl groups that is most resistant to exchange and
most difficult to drive off is that water or hydroxyl group
nost likely to contain the hydrogen which was in eQuilibrium
with the waters from which the silica formed. |

Granular microcrystalline guartz, the most common
constituent of chert, has been found to contain hydroxyl
groups particularly suitable for hydrogen isotope analyses.
Cherts of a given age consisting of granular microcrystalline

quartzvfree of organic matter yield an approximate linear



v

18 0¢ the total oxygen. The

relatidnship between 8§D and 60
line thus defined is parallel to the 5D-50'8 relationship
for meteoricnwaters, but has an intercept which is age~-
dependent. The isotope data indicate that, for many cherts,
the diégenetic“transformation of opal to granular unicro=-
crystalline quartz occurred in the presence of meteoric
waters. The displacement‘with time of the 3D-8018 relatione
ship is interpreted as being due to the effect of past

climatic temperature changes on the temperature-~dependent

isotopic fractionation factors for D/H and 018/016. The
16

variations in 0'9/0'® and D/H ratios of cherts and other
forms of hydrous silica have been investigated and have been
used to deduce climatic temperature‘variation57for the cen=
tral and western United States over geologic time.

The chért—Water~oxygen isotope‘fractioﬁation with
temperature was estimated from published experimental data

and from the isotopic compositions of cherts which formed

at approximately known temperatures. The fractionation is
10004na 0'8/0'® (chert-water) = 3.09 (10 °k™2) - 3.29

This equation was used to calibrate the temperature
dependence of the variation with time of the 5D-80'0 linear
relationships for cherts, assuming that the variations are
due entirely to climatic temperature fluctuations and that

the oceans have not changed isotopically with time.
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Temperatures &educed for chertAformatibn indicate that the
average past climatic temperatures for the central and
western Unitéd States decreased from 3400 to 20°¢C through
the Paleozoic, increased to 350 - 4000 in the Triassic, and
then decreased to the present day value of 13° = 15%, Tem~
peratures in‘the Precambrian for this region may have reached
over 50°C at 1.3 billion years, although temperatures similar
to those of the Phanerozoic Era are inferred at 2 billion
yéars and 1.2 billion years. Extremely cold temperatures
deduced for deep ocean water from the oxygen isctopic com=
position of several samples of opal=CT (1.2 wt.% HZO) in
déep sea sediments indicates the possibility of ice caps at
the close of the Cretaceous and ét the beginning of the
Oligocene, Granular microcrystalline quartz in deep sea
sediments often forms during deep burial at elevéted tem-
peratures and cannot be used to deduce deep ocean temperatures.
Cherts are usually not in isotopic equilibrium with
their coeﬁisting carbonates,.and the somewhat insensitive
chert-calcite okygen isotope fractionation thus cannot be
used to obtain meaningful temperatures. Calcitic Crinoid
fragments in a chert nodule from the Mississippian Burlington
limestone yielded an oxygen isotopic temperature of 2500,
indicating that fossil fragments encased within chert
nodules may be protected from post-depositicnal exchange

with ground waters and thus suitable for isctopic paleo=



temperature analysis.
Most forms of opal are so hydrcous that meaniungiul
s~values cahnot be ascertained with existing anzlytical
techniques. Hyalite opal presents the fewest difficulties
since it contains less than 3% H,0. In spite‘of the
analytical difficulties, dé=-values for amorphous siliza
of

th

&

qualitatively reflect the isotopic composition

waters and temperatures of formation,
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Chapter I

INTRODUCTION

1.1 1 Stable Isotopes and the Chert Problem

In 1935 Urey and Greiff showed that theoretical
,differences‘in the chemical properties of the isotopes for
an élément were probably large enough to cause isotope
;fractionatién during natural processes. However, extensive
studies of variations:%g the ratios of stable isotopes did
not begin until A. O. ﬁier developed the double-collecting
nass spectrometer which allowed rapid and precise méasure-
ment of relative isotope abundances (Nier, 1947). Using a
mass spectrometer which had Been modified by McKinney et al,
(1950) to givé increased precision, Epstein et al. (1951,
1953) established a relafionship between temperature and
relative 018 abundance in calcium carbonate in marine shells.
This relationship was used by Urey et al. (195i) to deduce
the temperatures of the Upper Cfetaceous oceans., At the
same time, Silverman (1951) showed that the 0'9/0%6 ratio in
silicate minerals varied significantly and could be useful
in elucidating geologic processes.

Since these developments, the field of isotope geo=
chemistry has expanded rapidly. Variations in the isotopic
composition of hydrogen, oxygen, and carbon have been used
extensively to obtain significant information useful in

- 8o0lving a host of geclogic problems. The breadth of recent



research in stable isotope geochemistry is illustrated by
thé numerous references given by Clayten (1971).

Among sedimentary materials, those which have been
studied the most by stable isotope methods are the carbon~
ates and, to a lesser extent, the clay minerais. The
present work on authigenic silica was initiated to further
extend the understanding'of oxygen and hydrcgen isotope
variations in sedimentary rocks. It will be shown that the
is§topic variations of hydrogen and oxygen in authigenic
silica are'probably‘related to past climatic temperatures
and the 1sotoplc hlstory of the hydrosphere.

Sedlmentary silica is commonly referred to as fchert"
although a varlety of other terms have been used. These
rocks are chemically Simple, consisting only of hydrous
8102. They are dlstlngulshed from the mechanically deposited
sandstonesof 81m11ar comp081t10n by the fact that they have
been chemlcally preclpltated from an aqueous solution. They
are found’as lmpcrtant constituents of the geologic column
over all of geolbgic time. Once crystallized, these mate-
?iaié becomezhighly insoluble, highly impérmeable, and very
éégistant to’alteration. Thislsuggests that their iscotopic
.§§mposition nay bé well preserved, and therefore of use in
dedu01ng the orlglnal conditions associated with their
deposition.

Most prev1ous information regardlng the nature of
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cherts has typically been based on careful field and
petrographic observations. The interpretation of these
observations are often ambiguous, and considerable contro=
versy has arisen concerning the origin of most forms of
chert, Chemical analyses of this material have revealed
1ittle or no major variation. This chemical monotony has
greatly inhibited geochemical investigations of cherts,
An'understanding of the isctopic variations thus takes on
added importance as an additional approach to the solution

of problems associated with chert genesis.

1.2 Research Qbiectives

I. The first objective ¢f this research was to
evaluate the possibility of making meaningful measurements
of the D/H ratio of water extracted from cherts and opals.
These measurements should aid the interpretation of any
observed isotope variations,

11, The second objective consisted of determining
the isotopic variation in a suite of silica samples spe=
cially collected for the following purposes: (1) to
ascertain the range of natural variations in the isotopic
composition of well=-preserved cherts collected from a
variety of sediments of all ages, (2) to determine the
effects of lowmgrade metamorphism and hydrothermal activity
on the isotope ratios of cherts, (3) tc determine whether

- the waters involved in chert or opal formation weremarine
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or non-marine, (4) to indicate whether the original isotoye
ratios in marine cherts have been preserved with time and
can be used to place constraints on the isotopic history of
the oceans, and (5) to deduce possible temperatures of for-
mation of individual cherts and opals.

IIT. The final objective was to examine the 018,016
and 01‘3/012 ratios in calcites and dolomites coexisting
wifh cherts to determine if the quartzecalcite oxygen iso=
toﬁe geothermometer could be used for obtaining reliable
temperatures of chert fbr&ation. This additional data
should also provide pertinent information concerning chert

genesis,

1.3 DNotation

N The most desirable method of reporting the isotopic
composition of a substance is to express it as a ratio,
such as 018/016, D/H, etc. Unfortunately, such a ratio is
expérimentally difficult to measure, However, yariations
in these ratios among different substances can be measured
precisely by use of the double=collecting mass spectiro-

- meter originally designed by Nier (1947) and modified by
igqginney‘et al. (1950). These variations are normally
‘;?gported as the per mil (,1%) difference between the
 §bsolute ratio cf the unknown sample and the absolute

fﬁfatioyof an arbitrary standard. This difference 1s known

as a § -value, and is expressed as
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5 v - [Ratio X - Ratio std] 3
%ogtq X |Betig Lo tat 110

X = sample .stdy= standard

Positive §~values usually indicate an enrichment of
the heavier isotope in the sample relative toithe standard;\
while negative &=values indicate relative depletion., If
the absolute ratio of the standard is known it is possible
to use the above equétion to determine the absolute ratios
offsamples‘for which the é=-value has been determined. At
present, values for the absolute ratios of the standards
~commonly used are known with insufficient precision. It is
therefore ﬁecessary to report & ~values rather than abgoe=
lute ratios. Fortunately, as long as all the isotope ratios
measured on the mass spectrometer are related to the true
ratio by a constant (but ﬁnknown) multiplicative factor, the
precision of the $ =values is the same as for those cases
where the absolute ratios are known,

In this work

; 018016 - 0'8/016,

(1=1) 80 8»_ sample

; MOU | 43

SMOW
where SMOW is Standard Mean Ocean Water, as defined by -
‘raig (1961b). |
o 1
(1=2) 5D = Y Bsemrie = ¥ avon| .3
Dy D/ Hgyow




(1-3) 513 = |—sample o PDB| 103

13 ,,12

The Qlé/ﬂlg standard (PDB) is carbon dioxide prepared by
reactigg 100% HBPogywith PDB calcium carbonate at 25,200.
PDB consists of Cretaceous belemnites, Belemnitella
americana, from the,Peedee‘formation of South Carolina.
The per mil difference betweeh $=values for two
sﬁbstances,’A and B is sOmetimes referred to as the "fraC-
tionation" between A and B. This quantity ( by = ) is
frequently replaced by the symbol AArB‘ The term "frac-
tionation" is distinct from the term "fractionation factor"
(a), ﬁhich represents the partition of the isotope ratios

between two phases and will be discussed later.

1.4 Previous Work Involving Stable Isotope Studies

of Silica ’

Although thére‘has been no systematic surveyfof the
isotopic composition of cherts and‘opals, some data for
various types of sedimentary silica do exist. The results
~of this previous work are summarized below.

| 1. 0'8/016 in eilica. Silverman (1951), in an
early survey of the distribution of oxygen isotopes in
natural silicates, observed that samples of Dover flint.and

18 016

Miocene diatomite yielded the largest O ratios of any

materials sampled. Thie result suggested that the 0'°/0'®



ratio in terrestrial rocks is greatest for silica precipie=
tated in the ocean. Recently, however, O'Neil and Hay
(1971) have measured even greater 018/0 ratios in cherts
which are associated with the alkaline lakes of East Africa.

18

These authors suggested that O “-rich brines were involved

in the chert formation, accounting for the "heavy" values.
2. The use of cherts in isotope thermometry.

Shortly after analytical metheds for precise 5018 measure=

meﬁts were developed, a number of cherts were analyzed in
attempts to use quartz-calcite fractionations for tempera=
ture determinations. Clayton and Epstein (1958) observed
that at low temperatures, the A =quartz-calcite is aboﬁt 7
for "unaltered" cherty limestones and that this fractiona-
tion decreases for samples known geologically te have

formed at higher temperatures. This result was in godd
agreement with the behavior suggasted by theoreulcal isotope
considerations, and led to a study of the hydrothermal |
alteration of the Leadville Limestone (Engel et al. 1958).
This work yielded the following results relevant to the .
present investigation. First, it was observed that cherts
‘in~una1tered beds of this Mississippian limestone were vefy

18

along and across bedding over large areas;

18

 This suggests that in a survey of cherts a $0 ~ measure-.

 l~uniform in §0

@ment»of a given chert sample might be representative of
cherts over areas the size of an outcrop or largern thereby

eliminatlng the need for massive sampling,
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Secondiy, d=-values of ﬁhe‘unaltered cherts were
about 6%0 more negative than values expected for "normal"
marine carboﬁate and silica. This difference was attrib-
uted to probable isotope exchange of the original
sedimentary constituents with ground waters after lithie
fication of the rock. The result, however, pointed out the
need for an extended survey of cherts and limestones to
find out if this discrepancy was trué'for all ancient
limestones and cherts, or if it was an anomaly peculiar to
tﬁe Leadville Limestone.

| Thirdly, it was observed that hydrothermal activity
and metamorphism could obliterate the original é-values
of chert and carbonate; the more water involved in the
hydrothermal activity, the greater the amount of alteration.
Taylor and Coleman (1968) élso observed that this was true
in the cﬁse of bedded cherts metamorphosed in the blue=
schist facies, Engel et al, found that the 6018 alteration
was useful in that they could use the new quartz=calcite
oxygen isotope fractionations tc estimate approximate tem=-
peratures and degree of isotopic equilibrium obtained

during the metamorphism.

3. Chert in iron formations. Previous work on the

isotopic composition of cherts in iron formations was

018

largely concerned with the readjustment of § values

during metamorphism and the possibility of using the quartz-
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magnetite oxygen isotope fractionation to determine meta-
morphic temperatures. James and Clayton (1962) observed
~ that the oxygen isotope ratios of bedded cherts in Pre=-
‘cambrian iron formations could be altered at temperatures
below 250°C., However, Sharma et al. (1965) claimed that
the,018/016 ratio of nmeta=cherts in the Quebec iron forma-
tion largely reflected the original values in spite of a
regional metamorphism to amphibolite facies.

| Becker (1971) performed oxygen and carbon isotope
analyses on an extended suite of samples from the two
billion year old Hemersley Iron Proﬁince in western
Australia., The bedded cherts, carbonates, and iron oxides
in this formation are considered one of the least altered
and best preserved of the Precambrian iron fprmations.
Becker, however, concluded that massive isotope exchange
had occurred during a low-grade metamorphism lowering the
;8018 of the cherts and carbonates uniformly by eleven to
fourteen per mil. Using newly calculated gquartz-water and
mégnetite—water fractionations, he concluded that much of
the iron-forﬁation had equilibrated at 280°C. The original
sedimentary oxygen isotope record was thus considered
destroyed. The carbon isotope record, however, was shown
‘t0~be5preserved and indicative}of a closed=basin origin
for these sediments, |

The results of isotope work on "cheri'=bearing iron=-
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formations are thus somewhat different with regard to the
redistribution of oxygen isotopes during metamorphism,

- Either certain conditions were drastically different for
the different formations (e.g. amount of water involved),
or else there are alternative explanations for the isotope
data. This question will be examined later.

Le Cherts in limestones. Most of the chert in the

‘sedimentary cqlumnoccur31n.i;mestones. It is usually
foﬁnd‘there'in,the form of nodules, thin beds, silicified
fossils, and finely disseminated gfains. Very little
stable isotope work has been done on these kinds of chert,
(a) Savin and Epstein (1970b), in their

general survey of oxygen and hydrogen isotopes in sedi=-
mentarj‘materials, analyzed a suite of silicified Devonian
brachiopods. They observed a wide range of oxygen isctopic
compositions, and were able to conclude that these replace-
ments had occurred at temperatures below 100°C, The
variations of the measured values were attributed to com=
plicated processes involving dehydration of amorphous
silica 6r;silicifation of the fossils in the presence of
fresh water after lithification and uplift.

| (b) Degens and Epstein (1962) analyved a
series of thirty-five coexisting Phanerozoic limestones
~and cherts for;018/016 ratios.‘ The data suggested a time

 trend in which the 0-18/0,16 ratio of both cherts and
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limestcnes deéreased with increasing age of the samples,
The authors interpreted this trend as post=depositional
exchange with ground waters depletéd in 0180 In their
interpretation older samples had longer times to suffer
~ such exchange and thus had been altered the most. This
work suggested that cherts had as poor an isotopic memory

as the easily exchangeable limestones,

Se Bedded cherts. 8018 measurements for six

Precambrian and two Devonian samples of bedded chert were
made by Perry (1967). He also observed esuggestion of a
time trend in which the more ancient}cherts were depleted
in 0’8. A number of arguments were advanced by him against
the explanation that the trend was due simply to cherts
~exchanging with ground waters over long periods of time.
ASsuming that these cherts were of marine origin and had
formed in approximate isotopic equilibrium at low tempera=
tures, he interpreted the variation as representing a |
progressive change in the oxygen isotopic composition of
the ocean with time. This change was attributed to pro=-
’gressive outgaséing of the mantle, adding water richer in
0'8 to a primordial ocean depleted in this isotope.
Continuing £his study of ancient cherts, Perry and
Tan (1972) made a nore detaiied analysis of carbon and
oxXygen isotopes in the early Precambrian bedded-metachert

 séqnences in South Africa. These asuthors argued that the
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O18 values of the cherﬁs had been largely

pre=metamorphic
preserved and were approximately 17%o0 lower than values for
modern oceanic silica. Again, assuming that these cherts
were precipitated from ocean water at temperatures come
parable to present day tempefatures, they canéluded that
the 8018 of the early Precambrian oceans was fifteen to
seventéen per mil lighter than present ocean Water_and that
the model of Perry (1967) was é valid explanation for these
dgfa. Thus, these two studies of ancient cherts were pre=
sented as arguments that éxygen isotope analyses of cherts

could be used to establish the rate of mantle outgassing

and the growth of the;eérth's oceans,

6.  Biogenic silica. More recert sediments fre-
quently contain iargé amounts of biogenic opal., After
similar measurements by Silverman (1951) and Degens and
i Epstein (1962), Savin (196?) measured an ocean-core sample
composed almost entirely of the siliceous debris of
organisms. He obtained a considerably lower 018/016 ratio
than similar materials analyzed by Degens and Epstein who
‘ha,d‘dehydratéd the samples, The difficulties in analyzing
extremely hydrous silica were thus illustrated.

Mopper and'Garlick (1971) found that the water com=
18

iﬁgnenﬁ,of oceanic radiolaria caused 80 - analyses of these
~¢éterials to be irreproducible., This poor reproducibility

liﬁ;;

bits the use of radiolaria for isotopic palectemperature
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investigations. Nevertheless, they.observed that Pleis=
~ tocene radiolarians were enriched in 0!8 relative to
recent radiolarians in the same oceanic core sample by
aboutwa%b. This enrichment was attributed to poste
depositional exchange at bottom temperatures or early
diagenstic redistribution of the silica. Their measurement
of the fractionaticn!bétween present day ocean water and
biogenic silica of 36 to 38%0 corresponds closely to a
value 6f’+36%o for authigénic oceanic quartz crystals
measured by‘Garlick (1959).

P, Hydrogen isotopes in cherts. A search of the

iiterature revealed that almost no previous work had been
| done on hydrogen isofopes in éhefts of opals. This is per-
haps not burprlsing since so little ie known about the
-isotoplc variations during the process of extracting water
;:qm hydrous silica as well as the lack of substantive
%ihformation regarding the hydration states of this watér
in cherts and opals. |
,'5’ ‘ For purposes of structural determlnatlons, Micheelsen
‘;(1966) attempted to replace with deuterium the hydrogen of
11320 and OH in flints from the Cretaceous chalks of Denmark,

'After b0111ng in D20 for three Weeks, infrared measure=
ments on the flints showed that some of the HZO molecules
« nona of the hjdroxyls had been replaced by Dzo. This

result hampered Mlchcelsen's extensive study of the varlous
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OH sites, but provided evidence that hydroxyls in cherts
were not labile and thus could be useful for hydrogen is0=
tope studies of natural samples, a very important result

for the present investigation,

1.5 Summary of Previous Vork

Work done pribr to this investigation had firmly
established the following points.

T1e The fractionation for silica=water in the
temperatﬁre range O-ZOOC is approximately 36=40%0, making
most forms of precipitated silica richer in 018 than other
terreétrial materials. 7

2¢ This initially large. 6018 value for cherts can
be significantly lowered by metamorphic and'hydrothermal
processes., This alteration leaves little trace of the

18

primary 80~ values, but can frequently be useful in
determining metamorphic temperatures.
o e The hydrous component of opaline silica makes

18

accurate §0'° amalysis of this material exceedingly diffi-
cult, | ‘

. Less firmly established is the observation that
natural sampies of silica display a systematic variation
in 0'8/0'® ratio, with the oldest samples containing the
least 018, Explanations of this apparent trend were in-

-complete, especially in discriminating between the isotope
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effects of metamorphism, post-depositional exchange,
primary environment, an@ evolutiocnary trends in the thermal
and isotopic history ofithe hydrosphere.h The fundamental
questions left unanswered by these efforts concerned (1)
an understanding of the basic controls oﬁ‘the original
isotopic composition of cherts, and (2) the extent to which
these valués have been altered by subsequent events. It is
to these questions that much of the following research has

been directed.
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Chapter 2

REVIEW OF SILICA IN SEDIMENTS

2.1 Introduction

In order to better understand the meaning of isotope
analyses of cherts and 0paiS'it is worthwhile to consider
sdme mineralogic andgpetrologic‘aspects of these sub=
stances. Hydrocus S:i.O2 (silica) occurs in several mineralo-
gical varieties, many of which are amorphous. The
paragenesis of silica varieties in a particular deposit
reflects the conditions of its formation as well as the
shbsequent diagenetic and metamorphic history. It is
-~ therefore necessary to clarify tﬁe mineralogical character
of silica bsfore attempting to understand its isotepic
composition, Also, because of its variable water content,
the:e are analytical problems associated with the measure-
ment of dé-~values for Several of these varieties of silica.
Measurements of the isotOpic‘composition of silica for which
the mineralogical character has not been considered may
thus be erroﬁeoﬁs. |

| ~ Cherts and opals aré found in a great variety of
,marine and fresh water sediments., Many of thé gcecurrences
~ai¢ the result of diagenesis and may have had different
diagenetic histories. Conclusions deduced for one geologic

ésstting may not apply to another setting, It is thus
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desirable to distinguish between'the different modes of
occurrence of silica in sediments to provide a framework
for a meaningful interpretation of the isotope data.

The terminology used to describe samples in this
thesis is in accord as much as possible with usage in the
mere recent literature. The term VYsilica! simply refers
to hydrous Sio2 without specific reference to the mineralo-
‘gical form, '"Chert" refefs to c¢rystalline forms, and

"opal" is used as an inclusive term for amorphous silica.

2e2 Mineralogy of the Chemical Siliceous Sediments

Silica occurs naturally in crystalline and amorphous
forms. The crystalline forms can be represented by three
petrographic end members: granular microcrystalline quartz
(Keller, 1941), chalcedony or chalcedonic quartz (Folk and
Weaver, 1952), and megaquartz (Folk, 1950).

A, Granular microcrystalline quartz. The most

common constituent of nodular and bedded cherts is granular
microcrystalline quartz. ‘This material consists of inter=
locking, anhedral grains of g =~quartz, 2=-30M ir size.
Petrographically, these individual grains are characterized
by the presence of undulatory extinction and have very dif-
fuse grain boundaries.

Micheelsen (1966), utilizing a variety of analytical
techniques, has made an exhaustive study of the structure

‘of granular microcrystalline quartz as it occurs in the
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dark flints from Stevns, Denmark. In his structural model,
the granular microcrystalline quartz grains are each built
up of piles 6f plates of a=quartz parallel to (0001).

The plates have a mean thickness of about G00A, and their
faces are covered with Si-OH groups; Adjacent plates are
joined by a monolayer of water., The presence of water
results in alternating plates of right and left-handed
quartz forming twins according to the Brazil law. Indi=
vidual plates contain sub-grains and are finely divided by
twin faults. Additional Si-0OH groups are present along
these fault-planes, His proposed sites for these parti=-
cular hydroxyls are shown in figure 2-1,

Using a combination of infrared and thermogravimetric
techniques, Micheelson concluded that these cherts con=-
tained .27% H,0 and 1.0% water by weight in the form of
hydroxyls bonded to silicon. As noted earlier, he could
not exchange the OH with D,0 at 101°C.

Micheelson finally proposéd that these granular
microcrystalline quartz grains might have formed by the
epitaxial replaéement of consolidated silica gel (called
"gsubsidiary qryptocrystalline silica", a disordered inter=-
grdwth’of cristobalite and tridymite (A. Tovborg Jensen
et al., 1957; and Micheelson, 1966)),

The extent tovwhich Micheelsont's structural model

applies to granular microcrystalline guartz in other cherts



19

(9961 ‘NISTETEOTH) NAVANAQ ‘SNATIS HOMd INITA
NT Zadvob-D 40 EIVId 904 TEQOM TYHOIDNNIS
| |~2 °andtd




20
is unknown. As will be shown later, most cherts contain
considerably less total water than the 1.3% by weight des=
cribed above;, In all liklihood, this is due to loss of
water during partial recrystallization of the granular
microcrystalline quartz,

In this thesis, Micheelson's model is considered to'
define the end-member designated as granular microcrystal=-
line quartz. Granular microcrystalline quartz is the most
iﬁportant form of7hydrous silica for the purposes of the
research reported here.

B. " Chalcedony or Fibrous Quartz. The distinguishe

ing characteristic of chalcedony is its fibrous appearance
in thin-éection. These fibers are seen as radiating
bundles, usually in the form of cavity-filling spherulites.
The fibers are a few microns in diameter and several
hundred microns in length,

Chalcedony is normally length~fast with the C
crystallographic axis oriented perpendicular tb the fibers.
In some cases the fibers are length slow, indicating that
the C-axis ihtersects the fibers at angles of 900. Pittman
f‘and Folk (1971) have suggested that length-slow chalcedony
«fbrms in response to "evaporite-prone' environments, while
_iéngth-fast chalcedony is characteristic of non-evaporite
‘lSnVironmentss

Folk and Weaver (1952) havé observed that the fibrous
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nature of chalcedony is not apparent under the electron
microscope. They noted numerous fluid filled bubbles
approximately 1 micron in diameter. The authors suggested
that water was present in these cavities accounting for
the brownish color and the reduced density and refractive
index of chalcedony relative to quartz. Pittman (1959)
failed to see these bubbles in chalcedony from the Edwards
Limestone, Texas, indicating the fluid-filled inclusions
maj not be a general characteristic of fibrous quartz., No
other information is available on the actual water content
of chalcedony. This results from the fact that chalcedony

is much less abundant than granular microcrystalliﬁe quartz

:‘in nearly all cherts, and thus hard to separate in large

_ amounts for analysis. As noted in Chapter 9, Tertiary

. chalcedony in deep sea sediments has 1 wt=% water in the

5 §0rm:of hydroxyls bonded to silicon,

| As already mentioned, chalcedony usually occurs as a -

;ggawity—filling, and it is the most common fossil=replace=-

fiﬁént'material. Folk and Weaver (1952) have suggested that

alcedony will usually ferm in preference to the other
fbrms of quartz when free growth space is available.
‘ eed, such growth space may be a prerequisite for
zlcedony formation. Fibers of chalcedony frequently
ade outward into well=defined O=-quartz (here called

aquartz).
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Chalcedony was rarely a major constituent of the
materials studied in this research., However, it was abunw
dant in several samples and required special consideration.

Ce Megaquartz. Authigenic grains of non=fibrous

guartz which do not possess the undulatory extinction and
other characteristics of granular microcrystallihe quartz
are here referred to as megaquartz. Folk (1950) has de=-
fined this material as the Vcoarse-grained, non~cherty |
aﬁﬁhigenic quartz of sedimentary rocks'.

Megaquartz exists in all grain sizes, and is charac=-
terized petrographically by its uniform extinction and
well deflned frequently aubhedral graln boundarles. It
occurs as a recrystalllzatlon product of granular nicro=
‘crystalllne quartz and chalcedony, and also occurs as
drusy quartz; authigenic quarﬁz crystals, quartz over=
growths, and geode quartz. Megaquartz is frequently seen

~f1111ng former cavities in cherts. It is a common replace-.

ment mineral of f0351ls, but 1s less abundant than
‘chalcedony in this respect. Little quantative information

on‘the water content of megaquartz is avallable.

N hMetamopphosed cherts consist almost entirely of mega=-
uartz; However, in well-preserved cherts, this form of
crystalline siiica is usually a minor comstituent., 1In

e cient cherts it is SOmetimes hard to distinguish this

‘higenic material from recrystallized granular nicro=-
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crystalline quartz, Thus, it caﬁ be difficult to accurately
assess the state of chert preservation on petrographic
bases alone. |

In this reséarch the distinction between cherts com=~
posed of megaquartz and cherts composed of other forms of
silica is particularly useful for evaluating the state of
preservation 6f ancient cherts, This evaluation is ex-
tremely important fof the interpretation of the isotopic

composition of silica.

2.3 Opaline Forms

The amorphous variety of silica is usually called
bpal, although a large number of local and non-standardized
terms are frequently used,

| Jones and Segnit (1971) have recently presented a
classification of opal based upon X=-ray diffraction pat-
”terns. They observed that natural opals fall into three
groups: opal=C (well-ordered da=-cristobalite), opal=CT
'(disordered a-cristobvalite, d=tridymite), and Opal=A
;(highly disordered, near amorphous)., Samples which dis=
 play only a few diffuse bands in X-ray patterns appear as
iclose-packedﬂaggregates of silica spheres when viewed with
;;ihe-electron microscope (Jones et al., 1964). Weaver and
ijWise (1972) nave reported that silica with X-ray patterns
yégrresponding to opal=CT (as given by Calvert, 1971) is in

the form of cristobalite in spherules 10 to 12 um in
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diameter.
| Opal is the most hydrous form of silica. Water con=
tents vary from about one weight percent for some forms of
opal=CT (see Chapter 9) to twelve weight percent for
biogenic opal. The structural nature of this water has

not been investigated thoroughly, and is largely unknown,
Infrared spectra, however, reveal the presence of OH groups
bonded to silicon (Keller et al., 19523 Keller and Pickétt,
1949; Sun, 1962), but most of the water is considered to be
chemically unbound (Jones et al., 1963).

In this research, the relative amounts of bonded and
unbonded water have been investigated by stable isotope
experiments and will be discussed in detail later. The
results,suggest that some opaline material contains as much
as two percent bonded water, probably in the form of Si-OH

groups,

2.4 The Chemistry and Marine Chemistry of the Silica

System |
A full understanding of the distribution of silica in

sediments, its paragenesis of mineralogical forms, and its
’isotopic composition is greatly dependent upon aﬁ undere
standing of its chemistry in aqueous solutions.

Attempts to make experimental studies of 'silica
;Vfdrmation are impeded by the fact that laboratofy preci=-

1 pitation of silica at 1ow‘temperatures usually produces a
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colloid rather than an aggregate of granular microcrystalline
Qﬁartz.‘ Electrolytes can be used to flocculate the sol, but
the resulting silica gel bears little resemblance to naturally
~6¢cuiring cherts and opals. However, MacKenzie and Gees
(1971) have recently observed identifiable gquartz crystals
precipitated directly from sea water at room temperatures,

The crystals are euhedral and should thus be considered a
s@b—microscopic variety of megaquartz.

" Krauskopf (1959) has reviewed the aqueous solubility
‘relations of silica. He concluded that at 25°C amorphous
silica has a surprisingly high solubility of 100 = 140 ppm,
‘7ﬁhileVQuartz falls in the range 6 - 14 ppm. Stober (1967),

 however, showed that the true solubility relations of silica

re obscured by the condensation of hydrated amorphous
silica on the surfaces of the solids. This layer ends fur-
r dissolution of the underlying surface and controls the

pephase‘equilibrium. Thus, experiments involving crys=

ine silica at room temperature do not yield the desired
ility relationships for quartz, The result is that
ganic précipitation of silica in natural environments
néffpreSQntly be understocd completely in terms of known
imental relationships. ‘

Silica occurs in soclution as monomeric silicic acid,
3:4 €IIér; 1955). Above pH 9, the~extensive'ionization

silicic acid causes an enormous increase in the
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solubility of all forms of silica. Alkaline waters are

thus frequently invoked to explain silica mobilization in
diagenesis, 'A large reduction in the pH of alkaline silica=
rich waters passing through a carbonate deposit should cause
carbonate to dissolve and silica to precipitate. This
mechanism is frequently invoked as an explanation for the
silification of 1imestbnes.

The marine chemistry of silica is an extremely com=
_plicated.subject which has provoked considerable controversy.
A knowledge of the marine chemistry of silica is fundamental
to the question of whether cherts form by direct precipita=
tion from ccean water cr whether they form diagenetically
duringrbﬁrial. Fresh waters flowing into the ocean contain
fsoluble silica concentrations generally 10 to 15 times that
of surface-water in the open ocean (Bien et al., 1958).
There is no sign of accumulation of soluble silica in
éurface sea=water in spite of the fact that ocean water is
ggmarkably undersaturated with respect to silica. Thus,
:ghere is somewhere an effective sink for soluble silica in

iﬁpe‘océan.

o The exact nature of this sink is presently'being
‘ﬁébated between two schools of thought., One school holds
Qha;fbiogsnic consumption conmpletely accounts for the low
fegpic silica concentrations (Calvert, 1963; Harriss,

:'6;,Fanning and Schink, 1969). In particular, Lisitisyn
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(1967) and Lisitisyn et al. (1967) have shown that biologic
precipitation and redistribution of silica occur on a truly
colossal\scale in the present-day oceans. Data presented

by these authors conVincingly demonstrate that sgilica
Sécreting organiéms aré capable of utilizing éll of the
soluble silica mupplled by rivers and stresms to the ocean.

Burton and Liss (1968) have criticized some of these

results, and MacKenzie and Garrels (1966) have argued that
‘fﬁé’amounf of‘silica supplied tc the sea over geologic time
fgreatly exceeds that which is observed as chemical siliceous
éediments in the geologic column. These authors conclude
‘that only about 10% of the incoming silica is ccnsumed by
organisms with the remalnder enterlng into reactions with
,clays and bicarbonate.

» MacKenzie et al., (1967) have argued that the formation
';sf gilicates (clays, zeolites) are the major controlling
1ifactors of silica concentration in the ocean., In addition,

;jBlen et al. (1958) have given strong evidence suggesting

 uptake of silica through adsorption by oceanic clay

,inerals. Thus, a satisfactory understandlng of the re=
atlve roles of organlc versus inorganic removal of sillca

3rom the oceans is still unavallable. It is, however,

?clear that, due to its undersaturaulon, silica cannot

e01p1tate inorganically from the present—day ocean,

Furthermore, it is clear that organisms are introducing
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tremendous amounts of silica into modern sediments.

2.5 Paragenesis

Abundant field, petrographic, and experimental studies
'have'demonstrated that silica in sediments is initially de-
- posited as amorphous opal which subsequently undergoes a
complicated series of transformations., These transforma=
tions have been mbst'recently documented by Ernst and
Calvert (1969)‘ahd Heath and Moberly (1971) for pOSte=
Jufaésicbdeposits cbntaining abundant biogenic silica. The
sequence is blogenic opal—¥>bpal-CT-q»granular microcrys-
tallinefquartz (the authors uée different terms).
Concerning the second conversion, Heatp and Moberly
observed in thin-section “saw~tooth contacts" between
6pal-CT and granular microcrystalline quartz, which they
‘CQnsidered “classic solid=solid inversion fronts",

Concerning the first step, Weaver and Wise (1972)
observed with the scanning electron microscope that opal=-CT
;n deep sea sedinments consisted of fine crystallites of
 9;istobalite.growing,in spherules of diameter 3 to 10 u.,

éihgy concluded that the cristobalite is a chemically preci=-

f;;tated authigenic mineral., In a strict sense silica
fggver really suffers a major dehydration in going from
3 iogenic opal, with 10 wt=% water, to granular microcrys—

alline quartz, with 1 wt-% or less. Instead, the very
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hydroﬁs material is dissolved and reprecipitated as a
relatively anhydrous phase which subsequently inverts to
granular micfocrystalline quariz.

The above paragenesis for silica is not unique, A&s
already mentioned, MacKenzie and Gees (1971) ha?e shown that
megaduartz can precipitate directly from sea-water at room
temperature. In addition, chalcedony commonly lines the
walls of cavities and is frequently assumed by chert pertog-
raéhers'.tc be‘a primary precipitate. |

A1l forms of silica can be converted to megaquartz by
‘metamofphism or by deep burial over long periods of time,
:SIt is the end=-product of paragenetic silica transformations.
 Some possible pathways in the paragenesis of silica are

 summarized in figure 2-2.

2.6 Modes of Occurrence of the Chemical Silicecus

Sediments

A. Introduction = For purposes of this discussion,

the natural occurrences of the chemical siliceous sediments
have been divided into sixteen groups. These groups are
l1isted in table 2-1, together with an indication of the

‘kind of silica most commonly observed for each occurrence.

In addition, the table indicates ths supposed nature of the
‘water, either marine or non-marine, from which the silica

‘Precipitated.
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SILICA IN SOLUTION

¥

AMORPEOUS OPAL

\L

OPAL~CT

l

GRANULAR MICRO=-

e

CRYSTALLINE  [&— CHALCEDONY
QUARTZ l
| MEGAQUARTZ
Figure 2~2

POSSIBLE PATHWAYS IN THE
PARAGENESIS OF AUTHIGENIC SILICA
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Be Diatomites = The great abundance and accumu=

1ation of diatoms in present day waters and sediments would
appear to suggest that similar occurrences should be common
in the geologic record., Surprisingly, this is true only of
the Tertiary., This fact can be attributed to the evolu~
tionary history of the Diatomaceae, They appear first in
Liassic time, but have become abundant only since late
Cretacecus (Lowenstam, 1963). Since then,diatomaceous
>deﬁosits, both}fresh—water and marine, have been widespread.
Most of these deposits are extremely well preserved, con-
sisting of fragile opaline tests of a variety of species of
diatoms.

Beds of diatomite range in'thickhess from a few inches
to many tens of feet thick. They are frequently interbedded
with carbonates, shales, and volcanic matefial. With time
it is thought that the opaline silica will be diagenetically
mobilized and reprecipitated as massive beds of chert com=
pcsed of granular microcrystailine quartz (Ernst and
Calvert, 1969). Bramlette (1946) has observed and des-
cribed certain details of this process ae it occurs in the
Monterey formation, California. Alteration of the silica
‘appears to have occurred only aloug bedding planes and
Tractures through which warm or alkaline waters have per-

colated (Ernst and Calvert, 1969).
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In short, it appears that diatomaceous accumulations
of biogenic silica could have been the dominant silica occur-
rence duringvthe Tertiary, but before then they were
unimportant to non-existent. It could be argued that dia=-
genesis and recrystallization have completely obliterated
any trace of these fragile structures, thereby accounting

kfor the apparent absence of these materials. However, this
‘has not been the case for radiolarians, sponge spicules, and
efén mnore deliéate life=forms. Conclusions concerning chert
genesis based on these extremely recent and temporally re-
stricted occurrences of diatomites should be applied with
great caution to the more common occﬁrrences of silica in
the geologic record,

Ce Modern organisms. The present day oceans

;cbntain a truly immense number of silica—éécreting organisms,
Litisitsyn et al. (1967) and Litisitsyn (1967) have made an
exhausitive study of the distribution and form of silica
‘§nspended in the ocean and céntained in modern oceanic sedi=-
:ments., They observe that the most commoﬁ silica producers
3§;e the diatom algae, and that these‘organisms account for

‘more than 70% of the modern accumulation of oceanic silica,

'§gcond in importance are the radiolaria, followed by the
fgiliceous sponges. Siliéoflagellates alsc precipitate

éilica, but on a much reduced scale, Recently, Lowenstanm

71) has obServed silica being produced by gastropods,
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and there is evidence of silica production on a minor
~scale in higher organisms (Iler, 1955).

ilica precipitation by organisms is always opaline.
The tests, skeletons, and shell fragments of these organisms
freQuently accunulate in substantial thicknesses of biogenic
opal spread‘éontinuously over enormous areas of the ocean
floors, The principal aréaé of accumulation are in the form
uéf beltsfextending along certain latitude parallels, and in
some places completely encircle the earth. Two of the main
‘belts are subpolar, and one is equatorial.

The distribution of silica=secreting organisms is
primarily dependent upon the supply of organic nutrients,
 The supply of nutrients is relatéd to the large scale cir=
fﬁﬁlation of the oceans. The areas of upwelling are the
féreas richest in nutrients and thus richest in silica=-
producing organisms. Litisitsyn (1967) has discussed at
fiéngth the additional complex factors controlling the ulti-
fﬁéte‘distribution of the biogenic siliceous sediments. -

Diatoms aré also the primary users of silica in fresh

‘:ers; They have been shown to be surprisingly abundant
nd are the dominant control on the soluble silica cotcen=

~ rainn of rivers and lakes (Wang and Evans, 1969; Holland,

D. Cherts in limestones., Perhaps the most

emarkable accurulation of silica in sediments is the
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occﬁrrence in limestones of nodules, sheets, lenses, and

extensive beds of granular microcrystalline quartz. The

silica in this association usually goes under the name of
fchert,

The most distinctive of the chert forms are the nodular
| cheris. These consist of oblate spheroids with the major
‘axis lying in the bedding plane, They exist in a variety
of sizes, usually from several centimeters to a meter in
;Wiéth. Thé coior and luster of the cherts are also variable
, ranging from translucent or white to a dull jet-black. The
klimestone-may contain only a fTew scattered nodules or, in
gome cases, may contain more than 50% chert by volume,

The well-known black;chert'nodules in the Cretaceous
;chalks of northwestern Europe are referred to as "flint",
2These nodules conﬁain.abundant remains of silica sponges
;and are usually distributed along bedding planes. They are

;herefconsidered simply as another form of chert in carbonate

;rocks. | ,
h Biggs. (1957), Pittman (1959), Carrozi (1960), and

others have deséribed the petrography of some typiéal

odular cherts. The relaticnships observed are extremely
riable andvhard to interpret. Petrographic work usually
veals the presence of #ariable amounts of ca;bonate in

e form of féssils, relict bedding planes, dolomite rhombs,

vity fillings, veins, and numerous patches of uncertain
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origin. Frequently, carbonate fossils are beautifully
preserved in the chert while the surrounding carbonate has
been totallyvrecrystallized or dolomitized. Fossils found
in chert nodules are always of the same kind as found in
preserved portions of the host limestone. Mineralogically,
'the‘chert consists predominantly of granular microcrystal-
line quartz with subprdinate amounts of chalcedony and
nmegaquartz. The chalcedony and megaquartz nearly always
OQCur in cavities or in fossil casts. Opal and Opal-CT
are very rare. Granular microcrystalline quartz in the
extremely ancient and thermally disturbed nodular cherts
tends to be partially recrystallized to form megaquartiz.
Nodules completely.recrystalled in this manner tend to be
extremely rare.

; The statements made thus far concerning the nodular
cherts apply equally as well to the thin beds, lenses, armd
veins of chert also found in the limestones., Apparently
these materials are simply irregular chert accumulations
which formed in the same manner as the nodules,

Early workers were divided in opinion as to the
‘genesis of cperts in limestones, Tarr (1926) headed a
’échool éf thought which argued that these giliceous materi-
‘als had precipitated inorganically from the ancient cceans
ﬁés?globules df silica}gel and had subsequently crystallized

ito form chert. Van Tuyl (1918) represented those who
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considered cherts to be secondary features of replacement
origin. More recent workers seem to agree that most nodular
| cherts are ciearly secondary, having replaced the portions
of the limestone in which they are found. ‘The time of this
replacement is thought to have been extremely'early, while
'the'limestone was still largely unlithified. The beds,
lenses, and nodules are thus considered to be diagenetic but
penecontenporaneous with carbonate sedimentation (see White,
19@7; Biggs, 1957; Harris, 1958; Bissell, 1959; or Dapples,
1567). O0f course, this conclusion need not apply to all
cherts in limestones.,

The source of the silica for cherts in limestones is
not generally agreed upon, Lowenstam (1942) has argued con-
vincingly that biogenic silica in the form of opaline sponge
spicules is the silica source of some silurian cherts.
Dapples (1959), Bissell (1959), Biggs, (1957), Walker (1960),
and others have argued that silica is frequently non-
biologic, and can be attributed to inorganic colloidal
precipitation, Volcanicalldeerived gilica, and diagenetic
reactions with‘silicate;minerals. These authors, however,
1h§ve probably underrated the tremendous ability of organiéms
to add silica to sediments. This is especially probable in
view of the recént findings of Litisityn (1967) concerning
;@ge‘enormous,input of biogenic silica to recent sediments.

Dapples (1959, 1967) has discussed silicification of



38

carbonates in terms of the various sedimentary environments
énd geosynclinal zones. He believes that there is strong
suggestion that such silicification becomes more extensive
progressing from cratonic sediments to miogeosynclinal
sediments to eugeosynclinal sediments. Such é sequence nay
be due to an additional source of silica for the eugeo=-
synclinal accumulations or may reflect depositions from
\deeper water from which carbonate has dissolvéd due to
‘p;éssure'effects.

" In conclusion, it seems likely that most cherts in
limeStones form diagenetically soon after deposition in the
sediments., The opaline remains of silica secreting
organisms are mobilized,and this silica, together with
‘silica derived from other sources, is redeposited in the form
of nodules, lenses, and along bedding planes. Probably the
newly formed silica is also opaline and crystallizes with
time to form granular microcrystalline quartz.

E. Bedded cherts. Beds of chert are very common

4in sedimentary rocks of all litholigies and of all ages.
These beds vary from the thin, discontinuous sheets,
already mentioned in connection with the carbonate rocks,

to the massive layers of novaculite which are spread aereally

: #er‘thoﬁsands of square kilometers. In addition to these
re the bedded cherts interlayered with shales, siltstones,

iron formation, and volcanic matergals. Pétrographically,



39

the bedded cherts consist of granular microcrystalline
quartz with impurities of carbonate, ironoxides, organic

matter, and various amounts of clastic materials.

=1, -Navaculites.f Novaculites are usually
considered to be the pure, thick and geographically
exténsive variety of bedded cherts. They ccnsist of
continuous beds of gfanular microcrystalline quartz with
frequent radiolarian'and sponge remains. The Caballos-
fAfkansas,Ndvacﬁlite is ﬁhe best studied example of this
: méterial, though opinion is still widely divided regarding
its origin. Goldstein (1959) suggested that the gramular
microcrystalline quartz resulted from alteration of exten=-
sive volcanic ash falls in a submarine environment.
McBride and Thompson (1970) argued that the novaculite was
Qrigihally a deep-sea accumulation of biogenic silica. Folk
 (1970), however, has concluded that at least part of the
“Qaballos novaculite accumulated as a tidal flat deposit.

E=2, Radiolarian cherts, Radiolarian cherts

 gre beds of granular microcrystalline quartz containing
:,abundant fossil radiolarians., The chert is frequehtly
Pipterbedded,with pillow lavas and volcanic materials. Such
fgééurrences ﬁave'been described by Davis (1918), Sampson

1 (1923), and Fagin (1962). The beds of chert are thought to
have 6riginatéd from abyssal accumulations of éiliceous

oozes, although the association with basalt has suggested



40

that some silica may have been deriVed'frém volcanic

materials,

E-3, Siliceous shales, Porcellanites., Beds of

chert occurring within shale sequences are common., These
frequently grade into silicecus shales and loéeytheir,
ideﬁtity as authigenic silica accunmulations, Impure cherts
Qf this sort are frequently termed Porcellanites. Daprles
(1967) has pointed out that the associstion of chert with
s%ale is more éommon among eugeosynclinal sediments, althoﬁgh
the association is very widespread. He cites evidence ‘
supporting the idea that much of the silica in such cherts
has been introduced diagenetically, and that it may have re-
placed»initial carbonate beds, Keller (1941) studied a
‘widespread Permian occurrence of this‘type7and concluded that
the silica was probably a primary inorganic precipitate.

E~l Volcanic cherts. Frequently, impure beds

of essentially non=-fossiliferous chert are found in extensive
successions of lavas and tuffs. These are sometimes stained
red by iron-oxides and are then referred to as jasper. More
often they ére blue~green, or even black, They contain
abundant material thought to be altered volcanic ash and |
;glass. Muller and Ferguson (1939) have observed strata with
every gradation from pure chert to andesite tuffs and tuffa=
ceous slates., Bedded chertis suqh as these have almost surely

resulted from alteratioan of volcanic ash,
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E~5, -Bedded cherts in iroﬁ formations. DBedded

cherts of the Precambrian are frequently found intimately
interlayered with sedimentary iron deposits. These are the
well known iron formations and are of great economic and
scientific importance, They have been extensively studied.
Most of the chert in these units consists of megaquartz.
Granular microcrystalline quartz can still be observed in
thin sections of these cherts and it is likely that these
anéient chert units have been extenzively recrystallized,
The temporal restriction of the iron formations to the
Precambrian, combined with their worldwide occurrence, seems
to indicate that special worldwide conditions or processes
were operative during the time of their deposition. James
(1966) and Govett (1966) have reviewed the problems associ=-
ated With the development of iron formations. Considerable
controversy surrounds explanations of the origin of these
rocks, especially concerning the role of biologic activity,
the oxygen content of the Precambrian atmosphere, the source
of the iron and silica, the site of deposition, and sube
- sequent metamorphic alteration of the mineralogy. It is
_not certain whether these rocks were deposited in a marine
environment (Jamés, 1954), an alkaline lake (Eugster, 1969),
a fresh-water lake (Hough, 1958), or as an evaporite deposit
(Trendall and Blockley, 1970).

The preservation of microfossils in the granular
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microcrystalline quartz of iron formations (Barghoorn and
Tyler, 1965) raises certain questions concerning the para-
genesis of the silica phases. Oehler and Schopf (1971)

have shown experimentally that it is possible that the blue-
green algae seen in these rocks were preserved by the
follbwing steps: (1) permeation of living algae by a
solution of cclloidal silica; (2) conversion to a solid gel;
‘and (3) transformation to granular microcrystalline quartz.
This,is essentially the same mechanism proposed for the
development of granular microcrystalline quartz in cherts of
all ages., |

Fo Silicified fossils., Silicified fossils are

exceedingly common in the sedimentary column, especially in

carbonate rocks, In thin section it is seen that most

silicified fossil material is composed of chalcedony and
;megaquartz. Frequently the megaquartz is aligned in radial
;aggregates in a manner suggesting that it is recrystallized
;cﬁalcedony. Often, however, the megaquartz is subhedral,
;saggesting that it developed without a chalcedonic precursor.

71n~these circumstances, it appears likely that the original

“fessil material was}dissolved by percolating soiutions

ving a cavity in which silica was subsequently deposited.
nular micreccrystalline quartz is frequently.seen engulfing
~d‘replacingfcarbonate fosgils, but it usﬁally serves to

éstroy the form of the shell material rather than preserve
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it, To a first approximation, granulaf microcrystalline
- quartz can be considered to be absent from the common
silicified féssils,

The replacement of fossils by silica frequently occurs
with only minor siliecification of the matrix‘éarbonate@
However, chert nodules containing preserved calcitic shell
;fragments are a common occurrence, indicating that the
matrix was}replaced before the shells.

Daﬁples (1967) has indicated that there is no consistent
sequence of silicification of fossil shells with respect to
species and concluded that the crystal habit or composition
of the carbonate is}not the controlling facter, The pref-
erential replacement of certain types of shells may be
related to the amount of organic matter present at the time
of silicification, the state of preservation of the original
microstructure and mineralogy, or the quantity and source
of silica being precipitated.

The time of silicification in the diagenetic history
of the sediment is uncertain and is undoubtedly variable,
Cloud and Barnes {1946) have pointed out that silicified
fossils are not known in subsurfagéfrOCks from the Ellen=
bﬁrger group of central Texas, though they are common in
~outcrop. 