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Abstract

The dark flint from the Senonian chalk at Stevns, Denmark, has been investi-
gated by a number of methods including optical microscopy, differential thermal
analysis, thermogravimetric analysis, infrared absorption spectroscopy, chemical
trace element analysis, surface determination, electron microscopy, and lattice
fault determination from X-ray powder diffraction peaks.

As a result it is possible to propose the following structural model for the flint.
The dark flint from Stevns consists of anhedral flint grains, 2-30 p in size with a
mean of 7.5 p. Optically, the flint grains seem to consist of quartz, and they have
a random orientation. The flint grains are built up of piles of plates of quartz.
The plates are parallel to (0001) and have a mean thickness of 59 nm. The {0001}
faces are covered by monolayers of Si-OH groups, and adjacent quartz plates are
joined by one single monolayer of water molecules. The quartz plates are likely
to consist of alternately right-handed and left-handed quartz and to form twins
according to the Brazil law.

The quartz plates of the flint grains often consist of subgrains separated by low
angle boundaries. The subgrains have a size of 0.2-3 p and are finely divided by

twin faults. The twin faults are parallel to (1210) and occur in threes with a mean
distance of 2.2 nm. These triplets are separated by perfect quartz over a mean
distance of ca. 16 nm. The twinning corresponds to i the Dauphmé law In right-

handed quartz, two (1210) faces are displaced by 0. 02a I 0.415b6 +0. 37¢. from each

other, and two (1210) faces are displaced by O. 24a + 0. 415b +. 0. 37c from
each other. In the twin fault zones, 4 of the oxygen atoms form Si-OH groups and
4 of the oxygen atoms form Si-O-Si bonds from one side of the fault zone to the
other. The bulk structure of each quartz plate has hexagonal pseudosymmetry
corresponding to the class 622. The Brazil law twinning of the quartz plates gives
the flint grains a bulk pseudosymmetry corresponding to the class 6/mmm.

A hypothetical explanation of the genesis of the flint grains is put forward. It
seems plausible that the flint grains have been formed by epitaxial replacement of
the fine-grained “‘subsidiary cryptocrystalline silica” found in many Danish flint
nodules.
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1. Introduction

A very large number of publications have dealt with flint and chert. Most of
those who have studied flint and chert have tried to explain the genesis of these
rocks from their field relations and petrography, and only a few investigators
have tried to describe their detailed structures. However, before ca. 1940 it was
difficult to realize that the structures of these important rocks were unknown;
only the development of instruments of the last decades has made it possible to
detect and to solve the problems involved. Modern instruments, on the other
hand, have not prevented some of the modern works being confusing due to
use of material from different sources. Today, the two most important facts
about the structures of flint, chert, chalcedony etc. are 1) the structures vary
considerably even when the fine structure of the cell is that of quartz, and 2) so
little is really known about the different varieties that no useful classification
can be put forward. The substance described in this paper forms a practically
monomineralic rock, and in order to avoid the proposal of a premature classi-
fication, the term ““flint” is used for the rock as well as for the mineral grains.

At the beginning of this work a few pieces of information about the structures
of flint and chert were available in literature. Although much of this informa-
tion has proved to be more or less irrelevant to the present study, the most
important papers will be briefly summarized, as they form the basis of thought
for this work. ) ;

H. G. MIpGLEY (1951) concluded that chalcedony and flint consist of very
fine-grained quartz and that the sub-microscopic cavities found by R. L. FoLk
and C. E. WEAVER (1950, 1952) are filled with water. In their study of the
Arkansas novaculite by means of electron microscope, R. L. FoLk and C. E.
WEAVER (1952) furthermore found two different types of fracture surfaces to-
gether with an intermediate type. C. R. PELTO (1956) studied chalcedony and
located the water in the angular misfits between radiating quartz fibers. A.
TovBORG JENSEN, C. J. WoHLK, K. DRENCK, and E. KROGH ANDERSEN (1957)
investigated a number of Danish flint types by X-ray diffractometry. One of

- their important results is that the average particle size of the a-quartz in most
of the Danish Cretaceous flints ranges from 30 to 80 nm*. The method of
particle size determination on the basis of broadened X-ray powder diffraction
lines was further elaborated and applied to flint by K, Drenck (1959). Using
DRreNcK’s method the particle length distributions in the directions of different
reflections are measured. In this way it is possible to study the shape of the
quartz particles. ,

H. Gry and B. SoNDERGAARD (1958) gave a petrographic description of the
Danish flint types. They state that the optically determined particle size of the
Senonian flint is 2-15 p. This particle size corresponds to that given by R. L.
ForLk and C. E. WEAVER (1952), determined by electron microscopy on the
Arkansas novaculite, but it differs by a factor of 100 from the particle size
determined by X-ray diffraction. This discrepancy betweenresults obtained by two
independent, reliable methods, was in fact the starting point for the present work.

*) For the sake of convenience 1 ¢ = 10®*mand 1 nm = 10~* m have been used
as units of length for distances larger than the unit cell edge, whereas 1 A has been
used as the unit of length on atomic scale.

19+
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For the above reasons the author has chosen to work out the structure of
only one kind of flint from one age and locality: the dark, dense, homogeneous -
flint from the upper Senonian (Maastrichtian) chalk of the Stevns cliff, eastern
Zealand, Denmark. In‘a few cases other flint types have been investigated for
comparison, but results obtained on other flint types have not been used in the
investigations of the dark Stevns flint. 20-30 kg. of flint nodules have been
used up in this work. They have been collected as loose nodules in the chalk
pit east of Sigerslev and are likely to represent various flint layers. The different
parts of each nodule are quite different mineralogically, but the samples of
dark flint selected from the nodules have been checked by X-ray diffraction and
are identical.

The author has tried to use as many independent methods as possible, al-
though results obtained by different methods surprisingly often seemed to
contradict each other. This, however, only means that results obtained by one
method disproved wrong conclusions based on results obtained by another
method, and the author is therefore convinced that for the study of flint it is
essential to use many independent methods of observation. This implies that
none of the methods used has been fully utilized and there is no doubt that
experts can refine the results obtained. The author will therefore not claim to
have solved the structure of dark flint definitely, but the structure described
here seems to be consistent with all known observations.

Some of the most important of the methods used in this work could not have
been applied if a number of laboratories had not placed their instruments at the
disposal of the author, the Mineralogical and Geological Institute possessing
only some of the equipment used.

The ultimate purpose of this structural study is to give the geological history
of flint, it being one of the most common rocks. To make this possible, the
structures of a number of more or less mature flints and opals must be known;
lacking this, a genetical interpretation of the flint type described in this paper is
bound to create a demand for further work instead of being a final solution of
a problem.

I1. Physical properties
Geology and petrology

The geology of the dark flint from Stevns has not been investigated as part
of this work, and the present notes are based mainly on the treatise on Danish
flint by H. GrY and B. SONDERGAARD (1958). )

The dark flint occurs in nodules 2 to 100 cm in size in the upper Senonian
(Maastrichtian) chalk at Stevns. The nodules occur as discontinuous layers.
According to A. ROSENKRANTZ (1938) the flint layers probably represent sur-
faces of the Senonian sea bottom. .

The nodules of flint in the Senonian chalk of Stevns usually consist of three
parts. The surface of the nodules is a 0.5 to ca. 5 mm thick, white, porous
crust, which has a rather sharp boundary to the interior of the nodule. The
dark flint which is the subject of this work is situated inside the white crust.
The dark flint occasionally makes up the whole interior part of a nodule, but
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in most cases one finds a more or less gradual transition from the dark flint to
light grey flint, which usually makes up the central part of the nodule. The light
grey flint has not been investigated in detail, but probably it is a mixture of
varying proportions of coarse-grained ( >50 nm) quartz and the material found
in the dark flint. .

The dark flint used for the analyses in this work was separated from the grey
flint by hand separation of nodules which had been crushed down to a size of
of 3-30 mm. This separation was difficult as the dark flint and the light grey
flint usually grade into each other. Therefore, one cannot exclude the possibility
that a small and varying amount of the coarse-grained grey flint was present in
the samples used.

In hand specimen the dark flint from Stevns is bluish black and seems nearly
opaque. Thin chips of dark flint — less than ca. 5 mm in thickness — are brownish
and translucent, but even a thin section — ca. 30 p in thickness — will diffuse a
light beam strongly. Dark flint has a conchoidal fracture and a subvitreous
lustre on fresh surfaces.

In a thin section — ca. 3 p in thickness — the main component of dark flint
appears as small grains, a few microns in size, with optical properties very close
to those of quartz (see pl. 1, 1 and p. 290). These grains will be termed *“flint
grains” in the following to avoid confusion.

Besides the flint grains there are a varying number of spherulites with the same
optical properties as chalcedony (pl. 1, 2). Chalcedony is not very different from
the flint grains with regard to chemical composition, and as it makes up less
than 29 of the samples used it has been neglected in this work.

-The dark flint from Stevns contains a little calcite, which is usually found
within relatively large (~50 n) quartz grains. These large quartz grains form a
very small part of the flint, and the calcite content is estimated to comprise only
a small fraction of one percent. The chemical analysis gives 0.16 %, of carbonate.
In pl. 1, 1 a number (~10° per cm?) of very small (ca. 3 p) bright grains are
seen. Their birefringence has been estimated by means of an elliptic compen-
sator to be 0.16 4 0,05, i.e. within the limits of accuracy the same as for
calcite. As far as it can be seen, these grains are situated outside the flint section
and are impurities in the embedding plastic. ’

A few micaceous grains have been found in the dark flint. They may, how-
ever, be due to impurities introduced during the preparation of the sections.
In any case they cannot have.any detectable influence on bulk measurements.

Stevns flint contains black, rounded bodies 1 to 50 mm in size. Most of these
black bodies have no or nearly no detailed structures, but occasionally more or
less distinct fibrous structures are visible under the microscope. The flint grains -
have the same optical properties inside a black body as they have outside. The
pigment is thought to be amorphous carbon, (see p. 309). In thin section, only a
faint darkening can be seen and no pigment grains are visible. The carbon must
therefore be extremely finely dispersed (see also p. 298). The black bodies cross
the boundaries between dark and light grey flint without distortions, but they
are sharply cut by the crust of the nodules. The black bodies are therefore older
than the crust, i.e. older than the shaping of the nodules.

Outside as well as inside the black bodies the dark flint contains a large
number of small (2-50 ), brownish bodies. Most of them are irregularly shaped,
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have diffuse boundaries, and look turbid at 1000 times magnification. A few
. of these brownish bodies are more regularly built and have a definite organic
appearance. Neither the black bodies nor the small brown ones have been
investigated in detail as they are not parts of the flint grains.

Optical properties

The refractive index of the flint grains in dark flint from Stevns has been
measured by the immersion method using wavelength variation and rock
crystal as internal standard (H. MIcHEELSEN, 1957). The refractive index is
1.5405 4- 0.001. The poor accuracy is due to the fact that the measurements
cannot be carried out on a single flint grain but only on small polycrystalline
chips. For comparison, the refractive index of flint can be approximately
calculated by assuming a linear relation to the volume fractions of water and
quartz. The average refractive index of quartz is approximately- ¢/ng, - ng =
1.547. The volume fractions are calculated from the densities of water and
quartz and from the thermogravimetric data, which give 1.27%; of water. The
refractive index becomes

1.27-1.33  98.73 - 1.547

0.998 2.648
e = 127 98.73 = 1.340.
0998 ' 2.648

The refractive index of the flint is thus compatible with the idea that flint con-
sists of quartz with a small amount of water.

In ordinary thin sections (30 p in thickness) flint seems to be made up of
small particles (1-10 n) with undulatory extinction and very diffuse grain
boundaries. The birefringence seems to be very low, 0.001-0.003. The average
grain size, however, is smaller than the thickness of the thin section, and the
light passes several grains of different orientation. The birefringence measured
must therefore be lower than that of the mineral, and even if the extinction of
the mineral is perfect, the extinction will be undulatory in such a thin section.
Furthermore the grains will appear much too small. In order to avoid these
difficulties Mr. P. E. ANDERSEN, of the Danish National Institute of Building
Research, skilfully prepared a thin section of the dark flint with a thickness of
3.1 -~ 0.2 u. This is approximately half the size of flint grains, as determined by
surface area measurements (see p. 310). A crystal of rutile was placed on (100)
beside the flint, and the section was ground until the rutile had a suitable, low
interference colour. By use of a Berek compensator the thickness of the section
was determined from the path difference in the rutile. The maximum birefrin-
gence of the flint grains was then measured to be 0.009 4= 0.001, i.e. identical
to that of quartz. In this thin section the grain size seems to be 2-30 p1. The grains
still show undulatory extinction although to a much lesser degree than in an
ordinary 30 p thick section of flint, and subjectively, the flint grains have much
the same appearance as ordinary quartz grains. The grain boundaries, however,
are only visible with crossed nicols as 0.3 to 3 p wide zones where the direction
of extinction changes from one grain to another. It is therefore not possible to
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measure the variation in the direction of extinction within a single flint grain.

The boundaries of the flint grains are visible neither by phase contrast nor
by dark field microscopy of either a 3 p or of a 9 p thick section of dark flint.
By phase contrast the section only looks mottled due to the variation of the
refractive index with the orientation of the grains. This is surprising as light is
supposed to be scattered by grain boundaries. In a freshly made preparation of
flint powder in a liquid with np = 1.54, however, the grain boundaries are
really visible as brilliantly white, irregular lines in dark field illumination. The
lack of scattering of light in thin section is therefore likely to be due to the
mounting plastic which fills the intergranular fissures.

X-ray diffraction shows that the average particle size of the quartz in dark
flint from Stevns lies within the range 30-60 nm. The flint grains observed
optically must therefore have a very fine structure. From the birefringence of
the flint grains it is inferred that the optical axes of the quartz particles are
parallel or sub-parallel within each flint grain. The undulatory extinction seems
to indicate that the direction of the optical axis varies a little within the single
ﬂint grain. These results have been verified by electron microscopy (see p. 319).

Density

The density of the dark flint from Stevns has been determined on a Mettler
analytical balance equipped for hydrostatic weighings. Distilled water was
cleaned of dissolved air by evacnation, and the vacuum was maintained until
the start of the measurements. Four determinations on flint chips of 1.1 to 4.6
grams gave a mean value of 2.594 with a standard deviation of less than 0.001.

For comparison, the density of flint can be approximately calculated by
assuming the volumes of water and quartz to be additive. The amount of
water is assumed to be 1.27 %, (see table 1, p. 298).

1.27 + 98.73
T 127 9873 2.594.
0.998 ' 2.648

The density of quartz may vary, and a relative humidity of, for example, 359,
will reduce the calculated density to 2.592. The value calculated is therefore so
close to the value measured that the difference between the densities of quartz
and flint can be explained as being due to the water content of the latter.

Dtﬁ’erential thermal analysis

The differential thermal analyses, shown in fig. 1, were kindly carried out
by H. L. ANDSAGER, cand. polyt., Den kongelige Porcelainsfabrik, Copenhagen.
A Linseis type instrument made by Gebriidern Netzsch, Germany, was used.
The curves have been redrawn with an equidistant temperature scale as
abscissa. The oblique background was corrected for by comparing with an
inert material.

A comparison between curves (1), dark flint, Stevns, and (2), rock crystal,
shows that the endothermic reaction peak of the a—B inversion is very broad in
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Fig. 1. Differential thermal analyses. 1: Dark flint, Stevns. 2: Rock crystal. 3: Dark
flint, Stevns, 800°C for 8 days. 4: Dark flint, Stevns, 540°C, 2200 bars H20 for
8 days. 5: Light grey flint, Stevns.

the flint. Furthermore, the area of the peak is rather small for a quartz content
of ca. 909 which is found by X-ray diffraction (see p. 342).

H. G. MiDGLEY (1951) explains the weak a — B reaction as being due to the
very small grain size of flint, by analogy with the theories of K. L. MAMPEL
(1940). For serpentine, E. MARTINEZ (1961) has shown that the dehydroxyli-
zation starts at lower temperatures and becomes less sharp the more finely
divided the mineral. P. BayLiss (1964), however, shows that the particle size
has no such effects on calcite and concludes that the decrease in the temperature
of reaction found in clays is caused by a lower degree of crystallinity in the smaller
particles.

In order to elucidate the @ — B inversion in flint, a series of high temperature
X-ray diffractometer recordings were kindly performed by Dr. ToRE DAGER-
HAMN, Stockholm. The lattice constants of rock crystal and of quartz in the
dark flint show the same variation with temperature as found for quartz by
F. M. WaHL, R. E. GriM and R. B. Grar (1961). The coefficient of thermal
expansion decreases discontinuously at the a — B inversion. This shows that
the a — B inversion does occur and that the lattice of the quartz in the dark
flint from Stevns is that of trigonal a-quartz, at least in the main part.

Autoclaving and heating produce an increase in the heat of inversion, as
seen in curves 3 and 4 of fig. 1. During these processes numerous lattice faults
are annealed, and the flint is altered to an aggregate of quartz grains, ca. 60 nm
in size (see p. 355). The fact that grains which are only 60 nm in size, show a
conspicuous a — B reaction, makes it probable that the grain size cannot
account for the low heat of inversion in dark flint. The heat liberated by an-
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nealing of the lattice faults probably cannot compensate for the heat of in-
version, as the annealing takes a very long time compared with the rate of
heating in the thérmogravimetric analysis. The lattice faults, however, seem
to involve a rotation twinning (see p. 359) which produces an aggregate with
hexagonal symmetry, in the same way as the hexagonal symmetry of B-quartz
is due to polysynthetic twinning of a-quartz (H. ARNOLD, 1962). Therefore
there should be no reason to suppose that the dark flint should give any heat
of inversion, and the observed weak a — B reaction probably indicates that
the twinning of dark flint is not perfect.

III. Chemical properties
Introduction

K. RorpaM (1897) and H. Gry and B. SoNDERGAARD (1958) have published
chemical analyses of the dark flint. These analyses largely agree but the
structural role of the water and the other minor elements was not discussed.
The water, however, seems to be closely connected with the surface of SiO2
minerals, and since the average particle size of flint is very small, the surface
area must be very large. A detailed knowledge of the structure of the water in
flint is therefore a priori considered to be absolutely necessary when trying to
understand the structure of the flint itself. To solve this problem the dark flint
from Stevns has been investigated by a number of different chemical methods.

Isothermal dehydration

Fig. 2 gives the isothermal dehydration curve of flint determined at room
temperature by the technique — a poor one — described below. The water con-
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Fig. 2. Isothermal dehydration of dark flint from Stevns at 20°C.
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tent of the dark Stevns flint is a continuous function of the relative humidity,
and the dehydration is reversible below ca. 100°C (see also p. 296). We can
therefore conclude that the water is adsorbed on the internal surfaces of the
flint. According to S. BRUNAUER (1943), the s-shape of the isothermal dehy-
dration curve indicates that a unimolecular layer of water is completed at about
35% humidity (point B). At a relative humidity of 100%, 0.07%, of water is
adsorbed in addition to the monolayer. This additional amount of water is the
same at 20°C and at 60°C, and therefore it probably fills the intergranular pores
completely forming a phase of “pore condensation”.

Experimental details

The isothermal dehydration curve was determined on four plates of flint (about
2 grams each). They were placed for 2-5 days in a container where the humidity of
the atmosphere was controlled by mixtures of water and different salts. In one
determination the temperature was 60°C; otherwise the runs were made at a room
temperature of ca. 20°C. Humidity data were taken from: Handbook of Chemistry
and Physics (1949) p. 1951. The plates were then weighed on a semi-micro balance.
The relative humidity of air of the laboratory was 25-40 9. Therefore the weight of
the plates varied in time, and it was necessary to extrapolate the measurements to
the moment of opening the container. All experiments were repeated to ensure
equilibrium. The reproducibility of the experiments is 0.1 mg or 0.005 %.

Thermogravimetric analyses
Experimental details

The thermo-balance used for the analyses given here was constructed by IB
SoRENSEN, cand. polyt., lic. techn. The balance is a Mettler analytical balance
equipped for hydrostatic weighings (Gehingedurchfithrung). The sample is placed
in a platinum crucible carried by platinum wire about 60 cm below the balance and
heated in a Kantal 10/30 laboratory furnace. By good ventilation and shielding it
was ensured that the rise in temperature of the support of the balance did not
exceed 20°C even after several days of heating at 1300°C. Shifts of the zero point
of the balance are easily corrected for since the balance can be unloaded by a special
device placed below it. During the experiment the room temperature will rise by
ca. 5°C, whereby the buoyancy of the weights corresponding to sample and container
will decrease by 0.2 mg. This correction, and the correction due to change in the
buoyancy of the sample, as well as the correction due to convection currents in the
furnace, are all given by one curve. The curve depends on the rate of heating and the
size of the load (here 10 g). The reproducibility of the correction curve is 0.2 mg.
The crucible always sways a little, and the balance can therefore only be read with
an accuracy of +0.2 mg. This gives an uncertainty of 40.003 7/ for a 10 g load at
temperatures below 1200°C. Above this temperature vaporization of platinum will
cause small errors. The constant rate of heating of the furnace is obtained by making
the Watt-input a special, nearly linear function of time. The power consumption is
regulated by manual adjustment of a variable transformer and is controlled by a
Watt-meter. The rate of heating used here is 4°C/min. The maximum deviation
from linear heating is 10°C within the range 40°-1300°C. The temperature is
measured by a Pt/Pt-10% Rh thermocouple with a reproducibility of 2°C. The
temperature of the furnace can be kept constant within 5°C by electronic control.
The atmosphere of the furnace can be renewed by means of a gas inlet at the bottom.

The samples were first crushed to a grain size of ca. 2 mm in a steel mortar and
the steel dust was removed by a strong electromagnet and in most cases also by 5%
HCL Unless otherwise stated, the samples were then finely crushed in an agate
mortar and the fraction between 140 and 270 mesh (ca. 0.1-0.05 mm) was used for
the analysis. In all cases 10.0 g were analysed in order to ensure the validity of the
corrections. .
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Fig. 3. Thermogravimetric analyses, rate of heating 4°C per minute. Curve 1:
Dark flint, Stevns. Curve 2: Dark flint, Mgens Klint. Curve 3: Light grey flint,
Kagstrup.
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Results
The thermogravimetric analyses shown in figs. 3, 5, and 6 were carried out at
a rate of heating of 4°C per min.

Curve 4 of fig. 4 is an equilibrium curve determined by keeping the sample at
fixed temperatures until further losses were negligible (for 2-5 days). The curve
was drawn by analogy with curve 1, fig. 3, through the points measured. When .
the sample had been weighed at a chosen temperature, the furnace was allowed
to cool, and, after a few days, the amount of matter readsorbed at room

temperature was weighed (curve 5, fig. 4). It should be noted that the reactions
in fig. 3 occur at somewhat higher temperatures (50-150°C) than those in curve
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4. The reason is probably the sluggishness of the diffusion which delays the
escape of vapour from the sample. The temperature of reaction obtained by
rapid heating will therefore approximately be equal to the temperature at which
the internal vapour pressure exceeds one atmosphere.

Four different reactions can be distinguished on the thermogravimetric
curves for the dark flint from Stevns (fig. 4, curves 1, 4, and 5):

Reaction I

A low-temperature reaction — I — occurs in the interval 20-250°C (20-200°C
at equilibrium conditions). The readsorption curve (curve 5 of fig. 4) shows
that reaction I is reversible. The weight loss of this reaction is determined as
the maximum on curve 5, being 0.23 9. The humidity of the laboratory air was
ca. 60%. According to the isothermal dehydration curve of fig. 4, the full
weight loss of reaction I should then be 0.23 + 0.04 = 0.27%. The dependence
on the humidity (see p. 293) shows reaction I to be due to water molecules.
Curve 1 on fig. 3 gives a somewhat higher weight loss due to reaction I; the
reason is that reaction II has started before reaction I has come to an end.

Reaction IT

Reaction II occurs from 200 to ca. 700°C (150-600°C at equilibrium condi-
tions). The range of temperature of reaction II indicates that it may be due to
decomposition of Si-OH groups. This theory is verified by the infrared spectro-
grams, p. 304, but also the oxidation of carbon, which gives an increase in weight
of 0.10%, occurs in the same temperature interval (see p. 307). Reaction II ends
rather gradually in contrast with the chemical reaction involving liberation of
carbon dioxide from calcite, (see curve 3, fig. 3). This fading out of reaction I1
suggests that in the main it is a degassing of a surface monolayer (S. BRUNAUER,
1943). The weight loss due to decomposition of Si-OH groups can only be
determined after having discussed reactions III and IV. The result comes out
to 1.00%;.

Reaction IIT

Reaction III occurs at 650-800°C when heating at a rate of 4°C per minute.
The reaction is strong in the light grey flint from Kagstrup (curve 3, fig. 3) and
it is absent in dark flint from Mgens Klint (curve 2, fig. 3) and on the curve 6,
fig. 5. If the atmosphere of the furnace is carbon dioxide, reaction III does not
start until ca. 720°C and it is then more sharp. Reaction III disappears after
washing with HCI (curve 4, fig. 4). It is concluded that reaction III is due to the
decomposition of a carbonate. A comparison between curves 1 and 6 shows
that the weight loss due to reaction 111 is close to 0.07 %. This result corresponds
to 0.17 % calcite in agreement with the calcium content given by the chemical
analysis, (table No. 3, p. 308). The calcite content of the hght grey flint from
Kagstrup is 1.6 %.
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Fig. 4. Thermogravimetric analyses. Curve 1: Dark flint, Stevns, rate of heating
4°C per minute. Curve 4: Dark flint, Stevns, washed with 59, HCI, equilibrium
determinations. Curve 5: Dark flint, Stevns, washed with 59 HCI, readsorption at
room temperature after heating to the temperature indicated by the abcissa values.

Reaction IV )

Reaction IV is shown by the slope of the thermogravimetric curve at high
temperatures. The plot here becomes a straight line, and the weight loss due to
reaction IV is thus a linear function of temperature. Reaction IV gives a weight
loss of 0.14% in the interval 650°-1300°C at equilibrium conditions, but the
reaction has perhaps not come to an end at 1300°C, All flint types investigated
show this reaction, and even silica gel (for gas chromatography, Merck,
Germany) shows a high temperature reaction like reaction IV. According to
R. S. McDonNALD (1958), silica gel contains a certain amount of strongly
bonded Si-OH groups even after degassing at 940°C in vacuum for 8.5 hours.
The reason is supposed to be that Si-OH groups, which are not in contact be-
cause of low concentrations, are unable to react with each other and to move
along the surface. The author has therefore tried to explain reaction IV as due to
decomposition of Si-OH groups. The assumption, however, was made im-
probable by the infrared spectrograms (table No. 2), and by the fact that the
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Table No. 1
Results of thermogravimetric analyses of dark flint from Stevns
Reaction Temperature Weight .
number range lose Reason for the reaction
I*) 20-200°C 0.27%  Reversible loss of water molecules**)
II*) 150-650°C 0.909%  Decomposition of Si-OH groups and
oxidation of carbon. The weight loss
due to the Si-OH groups is 1.00%,
III**¥*) 650-800°C 0.07%  Decomposition of 0.17 %, calcite
IV*) 650-1300°C 0.149%  Release of COz produced by oxidation

of carbon

*) Temperatures and weight losses have been obtained by the equilibrium curves
4 and 5, fig. 4.

**) The weight loss of reaction I includes all water present at 20°C and 1009,
humidity. The monolayer of water molecules makes up 0.20 9;.

***) Temperature and weight loss of reaction III have been obtained from curve
1, fig. 3.

shape of the thermogravimetric curve shows that reaction II is a complete
degassing of a monolayer of Si-OH groups, and that no Si-OH groups there-
fore are available for reaction IV. To check this point it was decided to under-
take a vacuum distillation at high temperatures.

A sample of 10 grams of dark flint from Stevns, 140 to 270 mesh in size, was
pre-heated at 650°C for 5 days, and mixed with 10 grams of CaWOs flux. The
mixture was heated at 200°C and 0.2 mm Hg pressure for two hours, and the
system was closed. Heating to 500°C caused a slight rise in pressure. Heating to
1100°C produced a strong increase in pressure — in total ca. 20 mm Hg. A small
part of the gas in the system, 0.3 4 0.1 mg, condensed at —80°C. The con-
densate has a freezing point of 0° 4+ 2°C and is therefore assumed to be water.
The gas which did not condense at —80°C was not analysed, but it is probably
carbon dioxide as this gas has been found by infrared spectroscopy, (see p. 307).
From the pressure observed and from a relative density of 44/29, the content
of carbon dioxide in the heated flint is calculated to be ca. 0.14 %, in agreement
with the weight loss due to reaction IV,

The carbon dioxide liberated in reaction IV must be trapped much more
efficiently than the carbon dioxide liberated from calcite in reaction III. The
calcite occurs as small separate grains and the carbon dioxide derived from the
calcite can probably escape through the fissures between the flint grains. The
better trapping of the carbon dioxide of reaction IV can probably only occur
inside the flint grains. Possibly the linear relation between weight loss and
temperature reflects the mechanical work of liberation and may correspond to
the linear relation between temperature and gas pressure.

The carbon dioxide of reaction IV is assumed to have been created by
oxidation of the 0.033 % carbon found in the unheated flint. This would yield

"0.12% of carbon dioxide, an amount which agrees sufficiently well with the
0.14%, weight loss of reaction IV, An attempt was made to remove the carbon
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Fig. 5. Thermogravimetric analyses, rate of heating 4°C per minute. Curve 1:
Dark flint, Stevns. Curve 6: Dark flint, Stevns, washed in 59 HCI and heated to
100°C for 12 hours in a 5% solution of sodium carbonate. Curve 7: Dark flint,
Stevns, washed in 59; HCI and autoclaved at 540°C and 2500 bars H2O pressure
for 20 days. Curve 8: White, leached crust of flint flake.

from flint chips by means of 409, Hz20: at ca. 80°C and by K2Crz204 in con-
centrated H2SO4. The dark colour of the flint chips, however, did not change.
This also makes it probable that the carbon is situated inside the flint grains.

Discussion of reaction II
The weight loss due to reaction II is to be determined from the equilibrium .

curve (No. 4, fig. 4) where reaction III is absent as the sample has been treated
with HCl. This curve gives a weight loss of 1.04%/ due to reactions II and IV
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Fig. 6. Thermogravimetric analyses, rate of heating 4° C per minute. Curve 1:

Dark flint, Stevns, grain size 0.05-0.1 mm. Curve 9: Dark flint, Stevns, grain size

1-2 mm. Curve 10: Light grey flint from cores of nodules of dark flint, Stevns, grain
size 0.05-0.1 mm.

together. Reaction 1V is the loss of 0.14%; carbon dioxide, produced by an
oxidation of carbon, which gives an increase in weight of 0.14 - 32.00/44.01 =
0.10% in the interval 200-600°C. The weight loss due to the decomposition of
Si-OH groups is thus 1.04 — 0.14 + 0.10 = 1.00 £ 0.029%.

Other thermogravimetric analyses

Curve 10, fig. 6 shows a thermogravimetric analysis of the light grey flint
from Stevns. This type of flint is found in the central parts of the nodules of
dark flint from Stevns. It has a larger average grain size than the dark flint, and
has possibly been formed by recrystallization of the dark flint. Without entering
further into a discussion on this flint type, the author wishes to stress that
reaction IV gives the same loss in the light grey flint as in the dark flint, whereas
reactions I and II are strongly reduced. This observation also shows the lack
of consistency between reaction IV and the OH content. The ratio between the
losses in reaction I and reaction II is similar to the ratio found in the dark flint
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from Stevns, i.e. ca. 1:3. The sample may therefore be a simple mixture of cry-
stalline quartz and dark flint.

Curve 7, fig. 5, gives the thermogravimetric analysis of flint which has been
autoclaved at 540°C and 2500 bars H20 pressure for 20 days. The curve stops
at 960°C due to an instrumental defect. Reaction I has been reduced to 0.07%
at ca. 309 humidity. Reaction II has been reduced to 0.639%; it starts more
gently and occurs at higher temperatures than usual. The structures which
contain the OH groups change during the autoclaving from twin faults into
grain boundaries. The average grain size is increased, and the OH groups
probably cover the surface of quartz grains as a monolayer (see p. 355). Such
a surface monolayer would probably decompose at lower temperatures than
the Si-OH groups of the twin boundary zones found in natural flint. The higher
temperature of reaction II may be due to a destruction of the {0001} interface
structures, a process which is made likely by the small loss in reaction 1.

Curve No. 6, fig. 5 shows the thermogravimetric analysis of dark flint from
Stevns which has been treated with a 5% solution of sodium carbonate in
water at 100°C for 12 hours. The purpose of the treatment was to determine
amount and composition of “soluble silica’ in flint (W. F. HILLEBRAND and
G. E. F. LUNDELL, 1944). 1.6%; SiO= was dissolved. Curve 6 was determined at
ca. 30% humidity and the H2O content is therefore lowered by ca. 0.089,
compared with curve 1, Apart from this parallel displacement and from the
absence of reaction III — the carbonate has been removed by HCI - curve 6
follows curve 1 rather closely. The same result was also obtained after 3 hours
treatment with 5% Na:COQs at 100°C and after 24 hours treatment with 409
NaOH at 56°C. Within the limits of accuracy, these analyses show that the
alkaline solutions have not selectively attacked those parts of the flint structure
which contain H20 or OH. The material dissolved is thus likely to be a re-
presentative part of the flint grains. (It should be noted that the H2O determi-
nation is not very accurate as the atmosphere of the furnace cannot be con-
trolled effectively).

Infrared absorption spectra

The structural role of water in flint has also been investigated by infrared
absorption spectra. DANIEL HoJGAARD CHRISTENSEN, cand. polyt. et lic.
techn., Chemical Laboratory V of the University of Copenhagen, kindly
recorded the spectra and offered valuable advice on the interpretation.

In the first part of this investigation a thin section of flint, 56 + 5 p in thickness,
was used. The mount was removed and the Lakeside cement dissolved. The flint
slice was placed in a metal holder to fit the spectrometer (Perkin-Elmer, model 21

Infrared Spectrophotometer). A thin section of quartz parallel to (1011), 93 £ 5 p
in thickness, and cleavage flakes of muscovite and gypsum were analysed for
comparison. The positions of the absorption bands were compared with the data
for silica gel (H. A. BENEst and A. C. JonEs, 1959), and for quartz crystals (G. O.
BRUNNER, H. WoONDRATSCHEK, and F, LAves, 1961).

The thin sections used were rather too thick, and, in order to get suitable
resolution of the spectrograms, the 100 % adjustment of the spectrophotometer was
left out. The values for the absorbance should therefore be considered as semi-
quantitative only, although they are quite reliable as relative measurements. The
peak absorbances have been determined by the base line method according to

20
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W. J. PotTs, Jr. (1963). For the 900 cm~! and the 1635 cm~! absorption bands, the
base lines are highly dependent on the wavelength. The base line used is therefore
the absorption spectrum of quartz, recalculated in such a manner that the intensity
of the SiO bands corresponds to the spectra of the flint specimen. The absorption
curve of quartz is nearly a straight line in the 2400 to 4000 cm-! region. For the
absorption band at ca. 3450 cm™1, a tangent is therefore used as base line — accord-
ing to W. J. Potts, Jr. (1963). The 3600 cm™! line is situated on the slope of the
broad 3450 cm—! band. The base line of the 3600 cm! line, i.e. the shape of the
3450 cm~1 band, was therefore chosen so as to make the 3600 cm~! peak roughly
symmetrical. In a few instances the integrated absorbance has been determined by
numerical integration of the difference in absorbance between the curve and the
base line.

The flint plate was heated for a few days to the temperatures shown in table 2.
The infrared spectra were then recorded at room temperature, the specimen having
the opportunity to readsorb water from the air. The amount of volatile materials
present in the flint under these conditions can be calculated from the thermo-
gravimetric curves Nos. 4 and 5 of fig. 4. The results are given in table 2.

A few years after the first measurements, new infrared absorption curves were
measured on a thin section of flint, 38 4 5 p in thickness. The new measurements
were taken with a Perkin-Elmer Infrared Spectrophotometer model 125, at room
temperature and at 158°C in dry air. The curves have been redrawn with an equi-
distant absorbance axis as ordinate — fig. 8. An attempt was made to replace the
hydrogen of the water and of the Si-OH groups by deuterium, but after boiling in
D20 at ca. 101°C for 3 weeks the ca. 2600 cm~?! band showed that only some of the
water molecules had been replaced by D2O.

Table No. 2
Infrared spectroscopy and thermogravimetry of dark flint from Stevns

Struc- | Position of Peak intensity*) of the absorption bands

tural | absorption after heating to temperatures given

unit band

cm~1 20°C 400°C 450°C 490°C 600°C

Si-OH ca. 900 ca. 0.7 0.3 0.2 0.1 ca. 0.04
H20 1635 ca. 0.17 0.10 0.08 0.04 ca. 0.01
OH-H ca. 3450 ca. 0.68 0.28 0.20 0.16 ca. 0.04
OH 3600 ca. 0.3 ca. 0.15 ca. 0.10 ca. 0.05 ca. 0.02

Remainder of reac-

tion I plus readsorb-

ed water in weight

%, i.e. the content : i

of water molecules**) 0.27 0.08 0.05 0.03 0.02

Remainder of reac-
tion IT in weight %,
i.e. 18/34 of the
weight content of
OH groups after
correction for the
oxidation of car-
bon**) 1.00 0.26 0.20 0.14 0.01

*) The peak intensity is the difference in absorbance between the peak and the
background, which has been established by means of an infrared spectrogram of
quartz (see text).

**) These figures have been calculated from curves 4 and 5 of fig. 4. It is as-
sumed here that the carbon of flint is oxidized between 490°C and 600°C.

20*
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Results

The infrared SiO absorption bands have the same positions in flint and quartz.
Besides the SiO bands, however, flint gives four absorption bands or lines at
ca. 900, 1635, 3450, and 3600 cm~—1. According to the literature, and in agree-
ment with the absorption spectra of muscovite and gypsum, these bands are
due to the following groups: The band at 900 cm-! is due to Si-OH groups.
The band at 1635 cm~1 is due to water molecules. The very broad band at ca.
3450 cm~1! is due to OH groups which are more or less bonded to hydrogen,
i.e. water molecules as well as OH groups which are close neighbours. The
3600 cm~! absorption is due to OH groups which are not hydrogen bonded.

The absorption bands at 1635 cm—1 and at 900 cm~! show water molecules
as well as Si-OH groups to be present in flint. According to curves 4 and 5 of
fig. 4, however, the readsorption at room temperature implies that the amount
of Hz0 is roughly proportional to that of Si-OH in the heated flint plates. In
the spectrograms of the heated plates, therefore, the peak intensities of these
two absorption bands have been changed by roughly the same factor.
This means that the infrared spectrograms prove the existence of water mole-
cules as well as of Si-OH groups, but the spectrograms cannot tell which of
reactions I and II is due to water molecules and which is due to Si-OH groups.
However, the low temperature and the reversibility indicate that reaction I is
the desorption of water molecules. Likewise, reaction II is assumed to be the
decomposition of the Si-OH groups present, since the chemical analysis (p. 308)
does not show any other compounds that can give this reaction.

The absorption bands at 3600 cm—! and at ca. 3450 cm—! show two kinds of
OH groups to be present, i.e. OH groups without hydrogen bonding and OH
groups with hydrogen bonding. Water molecules will absorb in the broad
3450 cm~1 band, but an infrared absorption spectrogram carried out at 158°C
in dry air (fig. 8) shows that the major part of this band is due not to water
molecules but to Si-OH groups. _

It will be shown later (p. 357) that the surface area of {1210} of the grains in

absorbance

0.3 —— —r T T T T T T T T T
2600 2800 3000 3200 3400 3600 . 3800 cm™
Fig. 8. Infrared absorption spectra of flint at room temperature and at 158°C. The
thin lines are used as base lines for the 3600 cm~! absorption peak.
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flint - as determined by X-ray diffraction —is so large compared with the amount
of Si-OH groups — as determined by thermogravimetry — that the Si-OH
groups cannot form a full monolayer, but two neighbouring surfaces must have
one monolayer in common. One monolayer of Si-OH groups, however, can
balance only one half of the electric charges on two neighbouring quartz sur-
faces. Impurities are nearly absent in flint, and the remaining half of the charges
must be balanced by Si¢+. Four (OH)~ groups will probably occur together to
balance the electrical charges. Also the contribution of the OH groups to the
ca. 3450 cm~! band makes it likely that they are very close to the neighbouring
groups. A more detailed picture of the boundary relations is shown in fig. 31.

The OH groups which are not hydrogen bonded, i.e. the OH groups that
absorb at 3600 cm~1, cannot be explained by the structure shown in fig. 31,
and must have another structural role. This absorption line has been described
by G. O. BRUNNER, H. WONDRATSCHEK, and F. LAves (1961) from twinned
amethyst (Brazil law), which gives an infrared absorption spectrum similar to
that of flint. These workers conclude that the 3600 cm—! line cannot be due to
the AIH and LiOH defects, usually found in untwinned quartz, and that this
line is only found in crystals where water molecules are also present, namely
in crystals consisting of polysynthetic twin lamellae according to the Brazil
law.

In the fiint, the water molecules probably form a monolayer on the {0001}
faces of the plates of quartz (see p. 311), When the results of G. O. BRUNNER,
H. WonDrATscHEK, and F. LAVEs are applied to flint, it must therefore be
assumed that the OH groups which are not hydrogen bonded are found on these
basal faces. Two different structural models may be suggested for the arrange-
ment of Si-OH groups and water molecules on {0001} of quartz, viz. figs. 9, a
and 9, b. According to S. GREENBERG (1956) the surfaces of quartz are covered
by monolayers of Si-OH groups. In fig. 9, a, drawn according to this theory,
it is supposed that the water molecules form complete monolayers on both
neighbouring surfaces. Such a structure corresponds to the commonly accepted
idea of a monolayer of water molecules on quartz (see also p. 310). However,
all the OH groups in the surface are hydrogen bonded to water molecules, and
as the water molecules are close enough to interact, such a structure cannot
explain the existence of the 3600 cm~! band. On the other hand the nitrogen
adsorption measurement makes it probable that the water cannot build up two
monolayers, but only one (see p. 311). Fig. 9, b schematically shows a structure
where only one monolayer of water molecules occurs between two surfaces
covered by Si-OH groups. One half of the OH groups is not likely to hydrogen
bond to the oxygen of water molecules. According to this structure, the OH
groups, which possess no hydrogen bonds, will decompose as 3 -0.19% =
0.0959, water in the thermogravimetric analysis, i.e. ca. 73%, of the 1.27%
water released from flint. The integrated absorbance of the 3600 cm~! band
is only ca. 5% of the integrated absorbance of the 3450 cm~! band plus the
3600 cm—1 band, but the integrated absorbances per molecule are not necessarily
identical in the two bands. Another consequence of this hypothesis is that the
integrated absorbance of the 3600 cm~* band should increase when the water
molecules are removed. If the absorbance is proportional to the concentration,
the increase should be by a factor of two. Fig. 8 shows infrared spectrograms
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Fig. 9. Hypothetical structural schemes for the arrangement of OH groups and
water molecules on {0001} of quartz in flint. The dots indicate hydrogen bonding
between the OH groups and the H2O molecules.

of flint at room temperature (ca. 309, humidity) and under conditions where
practically no water molecules are left, i.e. at 158°C in dry air. The peak
absorbance of the 3600 cm~! band has decreased a little corresponding to the
decrease of the background, but the absorbance has risen at ca. 3700 cm1.
If it is assumed that the 3600 cm—! band is symmetrical and that its background
has not been increased by removal of the water molecules, then the back-
ground of this peak can be approximated by the straight, thin lines in fig. 8.
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The integrated absorbances at room temperature and at 158°C can then be
determined as 11 ecm~1 and 20 cm-! respectively, i.e. in agreement with the
hypothesis illustrated in fig. 9, b.

G. O. BrunNer, H. WonNDRrATSCHEK, and F. LAves (1961) found water
molecules and free OH groups only in quartz crystals which consist of poly-
synthetic twin lamellae according to the Brazil law. The water molecules and
the OH groups on the {0001} faces of the quartz plates in flint therefore seem
to indicate that pairs of quartz plates form twins according to the Brazil law,
i.e. the plates are likely to consist of right-handed and of left-handed quartz
alternately. No direct proof has been found for this hypothesis, but it is com-
patible with the genetical hypothesis discussed on p. 361.

The spectrum of flint that has been heated to 600°C shows an absorption
peak at 2325 cm~1. This position corresponds to carbon dioxide retained in the
flint at high pressure. This carbon dioxide has probably been produced by
oxidation of the 0.033 9% carbon present in the dark fiint before heating (see
p. 309).

Conclusions

The conclusions of the investigation by infrared spectroscopy are: 1) The
0.27 % released below ca. 200°C in the thermogravimetric analysis, i.e. reaction
1, is due to water molecules. 2) Reaction II of the thermogravimetric analysis is
due to decomposition of Si-OH groups, but the weight loss is diminished by
the oxidation of carbon. 3) Some of the Si-OH groups — corresponding to a
weight loss of 0.095% — have no hydrogen bonding and are found together
with water molecules, probably on twin boundaries between right- and left-
handed quartz. 4) Reaction IV of the thermogravimetric analysis is probably
due to carbon dioxide produced by oxidation of carbon.

Chemical composition

In order to determine the impurities in flint, a spectrographic analysis was
first undertaken by HALDIS BOLLINGBERG, cand. real. The result indicated that
the dark flint from Stevns is a rather pure variety of SiOz, containing roughly
the same amounts of trace elements as the “spectrally pure quartz”, used for
comparison. With this in mind, MARIE LoUisE MOURITZEN, cand polyt., carried
out a wet trace element analysis. The material for analysis was selected by hand,
crushed and sieved to 1-2 mm size. It was cleaned with a magnet and washed
at room temperature with 59 HCl to remove dust and iron. It was then dried
at 105°C and saturated with water vapour at room temperature, The sample
then weighed 127.1421 g. After a few weeks of boiling with HF, a greyish black,
hygroscopic residue of 0.539 g — at 1009 humidity —~ was obtained. This
residue was investigated by spectral analysis, by analysis by combustion, by
X-ray powder diffractometry, as well as by wet chemical analysis; the results
appear in table No. 3.

The spectral analysis of the residue was very difficult to carry out as the
sample exploded in the arc. This is probably due to the high content of volatiles,
which gives a loss of ignition of 50.9 %. One out of the several spectral analyses
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Table No. 3
Results of the chemical investigations of dark flint from Stevns
P Analyses of the com-
Analyses of the residue after vola- y
tilization of Si by HF. Percentages p},?tfh?fg;]f :;ii;’;?ggs Data
of the residue saturated with water with water from
co-
1 2 3 4 5* lumn
Wet Semiquan- | Microana- |Thermogra-| Dark No.
analysis titative lysis by vimetric flint,
spectral com- analysis Stevns
analysis bustion
7 % % % %
P203 6.6 0.028 1
V205 0.05 0.0002 2
C**) 7.9 0.04 0.033 3
COz**) 0.07 0.07 4
TiO2 0.4 0.2 ~0.002 1
ZrOg 0.04 0.0002 2
SiO2 0.2
Al203 7.6 15 0.032 1
Sc203 0.002 0.00001 2
Cr203 0.02 0.0001 2
Y203 0.03 0.0001 2
La20s 0.04 0.0001 2
MgO 0.6 0.8 0.002 1
CaO 21 5 0.088 1
MnO B ¢ <0.0006 <0.000003 2
FeOt 1.7 1 0.007 1
NiO 0.01 - 0.00006 2
SrO 0.5 0.002 2
BaO 0.03 0.0001 2
H20- 52 0.27 0.27 4
H:0+ 14.6 1.00 1.00 4
Na:0 0.0007 0.000003 2
loss of
ignition 51
Total 94 0.7 1.38 1.53
Not deter-
mined 6 0.022 1
SiOqtt 98.44 tt

1) Analyst: MARIE LouisE MOURITZEN, cand. polyt., Mineralogical and Geologi-
cal Institute, Copenhagen.

2) Analyst: HALDIS BOLLINGBERG, cand. real., Mineralogical and Geological In-
stitute, Copenhagen.

3) Analyst: PREBEN HANSEN, mag. scient., Chemical Laboratory II, University of
Copenhbagen. .

4) Analyst: the author.

*) The results in column No. 5 are derived from columns Nos. 1-4, as described in
text. The sources of the results are indicated in column No. 6.
*¥) C as free carbon, CO: from carbonate.

. 1) FeO has been determined as total iron.
t1) SiO2 has been calculated by subtraction of the determined wt. % of the minor
elements (1.53% -+ 0.022%) from 100 %;.
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seems to agree sufficiently well with the wet chemical analysis and is listed in
table 3, column No. 2. The results are semi-quantitative and are subject to a
factor of uncertainty of 2.

The analysis by combustion was made by PREBEN HANSEN, mag. scient., at
Chemical Laboratory II of the University of Copenhagen. Two determinations
gave C=28.03% and H =1.48%, and C =8.03% and H = 1.45%,. The
analyses were carried out at a relative humidity of 55%;. When the results are
converted to 100%; humidity and H calculated as H=0, we get C = 7.90% and
H:0 = 14.69; in the water saturated residue. These values are listed in table
No. 3, column No, 3.

An X-ray powder diffractogram showed that the carbon was neither graphite

"nor diamond. The chemical compounds in the residue are very fine-grained and
have not been identified. :

The wet chemical analysis was carried out on only 0.3 g of the residue.
Furthermore, the loss of ignition was 50.9 % and the results are therefore not
very accurate, Accordingly, the analysis of the residue is given to a maximum
of two significant figures (column No. 1 of table No. 3). The iron was determined
as total iron.

The results obtained by the analyses of the residue after volatilization with
HF (after evaporation of SiFy) are muliplied by 0.539/127.1421 in order to give
the weight percentages of these elements found in the dark flint from Stevns
{column No. 5 of table No. 3). For each element the most accurate of the various
sources of information has been used to obtain this analysis, the source being
indicated in column No. 6. SiO: has been calculated as the difference between
1009 and the total amount of other constituents found by the various analyses.

Within the limits of accuracy, the contents of Ca, Mg, Sr, and Ba are equi-
valent to the amount of COs, giving 0.16%; of carbonate in the flint, which is
in good agreement with the optical observation, see p. 289.

Pyrite is common in flint, and it is therefore assumed that the iron is found
in FeSg, which makes up 0.0129%;. '

The phosphorus might be supposed to occur in apatite, but the calcium
content would then be too low. The author supposes that P replaces Si in the
quartz structure, possibly as a coupled substitution of P-O-Al for Si-O-Si.

~ This implies that ca. one Si out of 2000 should be substituted by P or AL

The remaining part of the aluminium - and the other trivalent metals — may
be present in some clay mineral poor in alkalies, e.g. kaolinite. Such small
amounts of a clay mineral would hardly be detectable under the microscope.
Another possibility is that these metals are found in AIH defects, which are
common in quartz according to G. O. BRUNNER, H. WONDRATSCHEK, and
F. LAves (1961). In that case one Si out of ca. 7000 should have been replaced
by AIH.

The 0.033 % of free carbon probably contributes to the dark colour of the
Stevns flint analysed. Most of the carbon, however, is likely to be found inside
the black, oblong bodies which are common in flint. O. WEerzeL (1960) has
described some of these black parts as being organic remains. Some of the dark
colour is probably due to a weak scattering of light, which will occur at each
of the numerous grain boundaries in flint. Unfortunately it has not been
possible to evaluate the effects of scattering and of optical absorption separately.
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Conclusions

The conclusions from the chemical analyses are: 1) The major part of the
impurities found in the bulk analysis of the dark flint from Stevns probably
consists of carbonates. 2) The flint grains are rather pure silica, apart from their
water content. 3) The amount of water present as OH groups is more than
100 times too large to be accounted for by AIH and FeH defects in the quartz
structure. :

Internal surface areas

The specific internal surface area of the dark flint from Stevns was measured
by the nitrogen adsorption method of S. BRUNAUER, P. H. EMMETT and E.
TEeLLER (1938) — the BET surface.

The measurement was kindly performed by HANs BoHLBRO, cand. polyt.,
at Haldor Topsee, Consulting Engineers, Hellerup, Denmark. The specimen,
weighing 26.03 grams, was crushed to a grain size of 1-2 mm. It was evacuated
at 200°C for 5 hours and then exposed to nitrogen. The specimen had a total
surface area of 8.0 m?, corresponding to a specific surface area of 0.31 m2/g
or 0.80 m2/cm3.

H. G. MIDGLEY (1951) gives a BET surface of 0.57 m2/cm3 for a variety of
flint from England. MIDGLEY assumes that the BET surface is the surface of
rounded micropores and that the water of the flint fills these pores. A little
earlier, in 1950, rounded micropores had been found in the Arkansas nova-
culite by R, L. FoLk and C. E. WEAVER (published in 1952). Electron micro-
scopy of the Stevns flint, however, does not point to the existence of any such
round micropores. The nitrogen is therefore most likely to be adsorbed on the
surface of the flint grains. A free surface of 0.80 m2/cm3 would correspond to a
grain size of 6/8000 cm = 7.5 p if the grains were cubes of equal size. The
grain size of the Stevns flint, determined optically and by electron microscope,
is 2-30 p, and the grains are anhedral. It is therefore fair to conclude that the
BET surface is identical with the surface of the flint particles.

N. HAckerMAN and A. C. HALL (1958) record that the area per water mole-
cule on quartz is approximately 11.73 A2, One percent of water will therefore
be able to form a monolayer with an area of 39.2 m?/g or 101.7 m?/cm3 of flint,
At high vapour pressures they found fine-grained quartz to adsorb nearly five
times as much water as the equivalent of one'monolayer. According to S.
GREENBERG (1956) the surface of quartz particles is covered by a monolayer of
Si-OH groups. This agrees with the shape of the thermogravimetric curve
(fig. 4) and with the infrared spectrum (p. 304). S. GREENBERG also indicates that
the surface B-cristobalite adsorbs two hydroxyl groups per silicon atom on a
free surface (see R. S. McDoNALD (1958), p. 1178). Applied to quartz, this
corresponds to an area per Si-OH group of 10.44, 13.26, and 11.49 Az on
(0001), (1010), and (1210) respectively. The figure 11.73 A2, used for H:0,
thus seems to be an appropriate average value for calculating the area occupied
by Si-OH groups, and in the following a one to one correspondence between
H:20 and Si-OH is assumed. The figures used for the areas occupied by 19, of
water derived from H20 and from Si-OH are listed in table No. 4,



Medd. fra Dansk Geol. Forening. Kobenhavn. Bd. 16 [1966] 311

Table No. 4
Face Area per group Area of monolayer formed by 19
of water derived from
: H20 Si-OH
A2 m2/cm3 m?2/cm3
Average 11.73 102 203
(0091) 10.44 90 181
(_]_0_1_0) 13.26 115 229
(1210) 11.49 ' 100 199

The BET surface of flint should be able to adsorb a monolayer of only
0.31/39.2 = 0.008 %, Hz0.

The thermogravimetric analysis and the isothermal dehydration curve gave
a water content of 0.27%, at 100% relative humidity. 0.07%; forms a pore
condensate and 0.20%; forms a monolayer (see p. 294). Of this monolayer only
0.0089%; can be accommodated on the BET surface, and the remaining 0.19 %
must be adsorbed on a surface within the flint grains.

It is shown by electron microscopy that the flint grains consist of plates of
quartz crystals (see p. 318). The plates, which are parallel to (0001), can be
separated by hydrofluoric acid, and must be tied together by some structure
which is sensitive to HF. The plates have a thickness of 30-100 nm.

During the BET surface determination the water molecules are removed
before the exposure to nitrogen, but the nitrogen molecules do not condense on
the large surface left by the water molecules. The reason for this is probably
that the entrance to this surface is narrow compared with the large nitrogen mole-~
cules. R. A. SvenLa (1962) gives the following values for o (L. J. 6-12 potential):
H:0 2.641 A, and N2 3.798 A. The o values will be used as approximate,
effective diameters for the molecules. The width of the fissure between the
adsorbing {0001} faces is therefore larger than ca. 2.6 A and less than ca. 3.8 A.
Complete monolayers on both neighbouring surfaces would require a minimum
space width of 4.7 A in all. Actually H. OTsu and T. Yasupa (1964) have shown
that adsorption of one monolayer of hexagonally arranged water molecules
expands the c-axis of stevensite by 3.0 A, and that one pair of monolayers
expands the c-axis by 5.9 A. Therefore it seems most likely that water cannot
form a monolayer on both neighbouring surfaces, but the two surfaces have
one monolayer in common. Each water molecule is probably hydrogen
bonded to one of the two neighbouring Si-OH groups alternately (see fig. 9, b)
leaving the other Si-OH group without hydrogen bonding. In this way, 0.19%;
H:0 will occupy an {0001} interface area of 0.19 - 90 = 17 m?/cm3. The cor-
responding thickness of the quartz plates is 59 + 5 nm, This is in agreement
with the thickness determined by electron microscopy. It has not been possible
to prove this hypothesis, but it is compatible with the infrared spectroscopy:
(see p. 305 and fig. 9, b) and with the directional sensitivity to HF (see p. 318).
This hypothesis will therefore be accepted in the following.

0.07% HO fills the intergranular pores at a relative humidity of 1009%.
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According to the electron microscopy these pores are intergranular fissures.
Their surface is 0.31 m?/g as mentioned above. The mean width of the inter-
granular fissures is therefore

0.07-10~2cm3/g
—_— =45 nm,
1-0.31 -104cm?/g
There is very little uncertainty concerning the location of the 1.009; water
- produced from Si-OH groups. As mentioned above, the area of the surface
covered by water molecules is 0.8 + 2 - 17 m?/cm3, and most of the surface
is assumed to be {0001}. Below the water molecules a layer of Si-OH groups
will be present, according to S. GREENBERG (1956). The structure of the Si-OH
layer on {0001} has been discussed on p. 305, and a hypothetical scheme is given
in fig. 9, b. The Si-OH groups in this monolayer and in the monolayer situated
under the BET surface correspond to 0.209; water.
Fig. 22,a shows the shape of the single quartz domains which constitute the
quartz plates. The picture is a rather approximate one obtained by means of

electron microscopy (see p. 322). Perpendicular to (IOTO) the length of the quartz
domains ranges from 60 to 170 nm. The termination is unknown, but if we

suppose a (10-1'0) face to be present, the area will be 12-32 m2/cm3 and it will
adsorb Si-OH groups corresponding to a weight loss of 0.03 to 0.07 %, i.e. ca.
0.05%; in the thermogravimetric analysis.

The Si-OH groups which have still not been accounted for correspond to a
weight loss of 1.00 — 0.20 — 0.05 = 0.75% in the thermogravimetric analysis.

These must be located on {I_ZTO}, being the only surface left. A monolayer on
this face will have an area of 149 m2/cm3. To account for this area the average

thickness of quartz domains must be 13.4 nm perpendicular to (TZTO). Electron
microscopy gives a mean thickness of ca. 20 nm (see p. 319), but X-ray determi-
nations show that a length of ca. 20 nm should be subdivided into three parts,
being ca. 2.2, 2.2, and 15.8 nm in thickness, giving an average thickness of
6.7 nm. This means that the surface density of the Si-OH groups is very close

to one half of a full monolayer on {TZTO}.

One half of a monolayer on the surfaces — i.e. one monolayer in common
between two adjacent surfaces — can only neutralize one half of the electro-
static charges. Impurity atoms will probably to a large extent be located on
such an interface, but the impurities in the dark flint from Stevns can satisfy
only 3% of the remaining charges (see p. 309). Therefore, approximately one
half of the interface charges must be neutralized by Si¢+. A discussion on the
detailed structure of the crystalline interface is given on p. 359 (see fig. 31).

Thermal behaviour of flint

When chips of the dark flint from Stevns are heated to temperatures between
300°C and 400°C, the flint turns faintly greyish. When the dark flint is heated
to temperatures above 400°C, the dark colour will gradually disappear,
until finally the flint turns brilliantly white above 1000°C, A thin dark crust

~~0.1 to 1 mm in thickness — is formed on the flint chips during the first part of
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this change. Later the chips crack or explode, and the thm dark crust will often
form on the fresh surfaces.

Plate 2,1 illustrates how the interior of a heated flint chip has expanded
during formation of cracks. The walls of the cracks have to some extent the
dark surface crusts which Iook clear in thin section. The white part of the heated
flint looks dark brown and turbid in thin section due to scattering of light.
This change can be explained by the disappearance of water, which was shown
to take place by the thermogravimetric analysis. The crusts look like the un-
heated flint, but they seem to lack the faint but characteristic brownish tinge
due to scattering of light. This difference can be explained by assuming that
the interstitial water has been replaced by silica.

A thermogravimetric analysis of coarse flint pieces (1-2 mm) is shown on
curve 9, fig. 6. The water released above 400°C by destruction of Si-OH groups
is trapped inside the coarse flint grains until higher temperatures are reached.
This prevention of the release of water vapour shows that the interstitial pores
of the flint have been closed by deposition of silica, as is also indicated by the
optical clearness of the dark crust. The decomposition of the Si-OH groups is
therefore not a mere release of H:0, but some of the silicon atoms are mobi-
lized and transported by the steam to the external parts of the flint pieces.
When the pieces are large enough, the pores will be closed by deposited silica,
and the interstitial vapour pressure will rise on further heating. This explains
the internal expansion, the cracking, and the exploding of the flint. The fact
that a certain volume of drainage is necessary to close the pores near the surface
is also shown by a thin section which did not explode and only turned light grey
when gently heated to 600°C.

Most Danish flint types behave in the same manner. An exception is the light
grey flint from Stevns, which is found as cores within the nodules of dark flint.
The reason is probably that the Si-OH content of the light grey flint is much
smaller than that of the dark flint (see curve 10, fig. 6).

F. M. WauL, R. E. Grim, and R, B. GRAF (1961) state that cristobalite is
formed from silica gel at 900°C. Rock crystal gives cristobalite at 1200°C.
The dark flint from Stevns partly changed to cristobalite after two days at
1030°C, but at 908°C there was no phase transformation.

Patination of flint artifacts

The nature of the patination of flint artifacts in sea water has been discussed
by a number of authors, the main point of controversy being whether or not
the patination is a removal of a marginal layer of opal on quartz grains (J. W.
Jupp, 1887, H. VINCIENNE, 1938, and K. P. OAKLEY, 1939). The most important
argument for the presence of an opal surface layer comes from thin section
microscopy, where it is seen that sea water readily dissolves the marginal part
of the single flint grains. On the other hand, R. F. ScHMALZ (1960) gives strong
evidence against the presence of any opal in flint; neither staining tests, density,
refractive indices, nor density separation combined with X-ray diffractometry
reveal any opal. Flint, however, may vary considerably in mineral compo-.
sition. A. TovBoRG JENSEN, C. J. WgHLK, K. DRENCK, and E. KROGH ANDERSEN
(1957), who made an investigation of Danish flint types by X-ray powder
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diffractometry, did actually find opal in several samples, but not in the dark
flint type used for Stone Age tools. The same authors state that weathered and

~ bleached dark Senonian flint has the same mineral composition as the fresh,
unweathered flint (sample 4-13-Bognzs). This disproves the hypothesis of an
opaline surface layer on the flint grains. On the other hand, “petrographic
opal” has been found by thin section studies of the same sample by G. M. Iporn
(see A. TovBORG JENSEN et al. (1957), appendix by G. M. IporN) and by H. GrRy
and B. SoNDERGAARD (1958). However, a correlation between the amount of
“petrographic opal” and the amount of opal determined by X-ray diffraction
can hardly be expected, as the term ““petrographic opal” only means a substance
which scatters light strongly. “Petrographic opal” may therefore very well
be quartz rich in pores, cracks, or inclusions.

The problem of an opaline surface layer on the flint grains is of primary
importance to an understanding of the structure of dark flint from Stevns.
The author has therefore investigated some flint flakes from the Danish Meso-
lithic which have been found below shallow sea water at Gyllingnas in Jut-
land. The original flint was rather dark as can be seen in small unaltered cores.
Most of the flint has been altered and forms a hard, 2-5 mm thick, white,
porous crust. In the microscope it is seen that the sea water has dissolved the
the marginal parts of the flint grains in the white crust; total reflection from
numerous surfaces is the reason for the white colour. However, the original
shape and the smooth surface of the Stone Age flakes were preserved. This
shows that the chemical attack has progressed much more rapidly (roughly
1000 times) along the grain boundaries than into flint grains. X-ray powder
diffractograms showed that the leached crust and the unleached core are
identical with regard to mineral composition, and apart from a somewhat
smaller average grain size, both are identical to the dark flint from Stevns.
A thermogravimetric analysis of the leached crust is shown by curve 8, fig. 5.
Reaction II is here the strongest hitherto observed in flint, as one would
suspect from the small average particle size. Unfortunately it was not possible
to get sufficient material from the dark core for a thermogravimetric analysis.

In order to determine the amount of “soluble” silica in the dark flint from
Stevns, a sample (140-270 mesh) was treated by a 59 solution of Na:COs at
100°C for 1} hours. The sample was then washed, and the process was repeated.
MARIE LoUISE MOURITZEN, cand. polyt., kindly analysed the dissolved material
from each treatment and found the solutions nearly identical. This means that
the silica present after the first treatment with Na2COs, was no less soluble
than the silica present in the outer part of the flint grains (see also p. 301 and
p. 321).

Conclusion

The hypothesis that flint grains should have an opaline surface layer has
been disproved by X-ray diffractometry, thermogravimetry, and by wet chemical
analysis. The fact that the chemical attack of sea water progresses much more
rapidly along the grain boundaries than into the grains is therefore not due to
a soluble surface layer, but to a high velocity of diffusion in the intergranular
fissures, which are 4.5 nm wide on average (see p. 312).
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IV, Electron microscopy
Introduction

The purpose of the electron microscopic investigation was to obtain a
picture of the external shape and the internal geometry of the flint grains.

Observations made with electron microscope are strongly dependent on the
preparation technique used. It was therefore considered necessary to search for
techniques which would give information that could prove, disprove, or im-
prove the conclusions below, which have been drawn from other methods of
observation:

1) The dark flint consists of grains (“flint grains™) 2-30 n in size. This result is
based on the optical properties.

2) The flint grains are built up of a-quartz in such a way that the mean size of
the coherent lattice is 840 nm. This result is based on the broadening of
X-ray diffraction peaks.

3) The different parts of one flint particle have nearly the same orientation of
the [001] axis of the quartz. This result is based on the birefringence and the
undulating extinction of the flint grains.

Furthermore the electron microscope is the only one of the instruments used
that can give direct information on the following problems:

1) Shape and surface of the flint particles.
2) Orientation of the quartz within the flint grains.
3) Shape and size of the single quartz crystals and the pattern of lattice faults.

The third problem has not been solved definitely here, as the results
obtained with the electron microscope have yielded only an approximate
picture of the detailed structures. This picture, however, made it possible to
interpret the X-ray diffraction data and was thereby verified indirectly.

A note on electron microscopy and diffraction

A general note on electron diffraction and electron microscopy will serve to
explain the following pages to the crystallographer and mineralogist familiar with
X-ray diffraction but not acquainted with the electron microscope.

The electron diffraction photographs given here are all selected area Laue photo-
graphs taken, however, with a monochromatic electron beam. The high voltage —
75 kV - makes the wavelength very short, 0.0432 A (e.g., Z. G. PINSKER, 1953).
The sphere of reflection of P. P. EwALD (1921) can therefore — with sufficient
accuracy — be replaced by a ‘“‘plane of reflection”, which is perpendicular to the
primary electron beam. When a zone axis is parallel to the primary beam, the
reciprocal lattice plane of the zone coincides with the “plane of reflection” and a
Laue photograph, which looks like an X-ray precession photograph, is obtained.
Due to the magnetic lenses of the microscope the optical length used in the diffrac-
tion work varies by a few percent. The accelerating voltage and hence the wave-
length of the electron beam also vary to some extent. The d-value corresponding to
a measured reciprocal vector is therefore not accurate, and the selected area elec-
tron diffraction patterns are not suited for mineral identification. The observed
axial ratios and reciprocal lattice angles, however, are reliable and the diffraction
patterns are excellent for orientation purposes. All the crystalline material within
the field of view contributes to the diffraction pattern if the orientation satisfies
Bragg’s law. With the high resolution microscope a small area (2 p) can be selected
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for the diffraction work. But even then, more than one crystal may often be present
inside the field of view and some of the reflections will therefore often be foreign to
the main diffraction pattern. Electron diffraction furthermore differs from X-ray
diffraction by the very high intensity of the diffracted beams and by the presence
of diffraction spots not allowed by the space group theory.

The common “light field” electron micrograph is made by enlargement of the
primary electron beam. The intensity seen in the light field picture is influenced by
diffuse scattering in the specimen and by diffraction in the crystals. Due to the high
intensity of the diffracted beams, diffraction often blackens the crystals severely,
and a diffracted beam can be used to produce a *““dark field picture”. In such a dark
field picture, the only bright grains are those which contribute to the diffracted
beam used for the dark field picture. The dark field picture can therefore be used to
find those particles which have reciprocal lattices of the same orientation.

Experimental details

The electron microscopic work on flint was carried out on two different micro-
scopes. Most of the pictures were taken on a Phillips EM 75 electron microscope by
E. LANGER, cand. polyt., Laboratory of Metallurgy, the Technical University of
Denmark. A number of the pictures were taken by Dr. G. W, HornE, The Cavendish
Laboratory, Cambridge, England, on a high resolution Siemens Elmiskop I.

The plastic replica technique of D. E. BRADLEY (1954) was used for the investi-
gation of the fracture surface of flint. A solution of collodion is allowed to dry on
the fracture surface and is then stripped off. A carbon film is deposited on the
collodion replica by sublimation of carbon in vacuum from an arc. In order to
make the relief visible, carbon or palladium is deposited in the same way but at an
oblique angle producing a shadow effect. The collodion is dissolved, and the
shadowed carbon film is placed on a copper grid. Replicas produced in this way
give a negative relief, where grooves stand out as ridges. These replicas have a
rather low resolution owing to the structure of the collodion.

For the the investigation of polished and etched flint specimens the direct carbon
replica technique of E. SmitH and J. NUTTING (1956) was used. The shadow and
the carbon film are deposited directly on the specimen under vacuum. The carbon
film is loosened by gentle lowering of the specimen into 4 9 hydrofluoric acid. It is
necessary to immerse the carbon coated surface several times in the acid since a
period of etching precedes the loosening. The carbon film is washed in water and
placed on a copper grid. Unfortunately, polishing of flint is very difficult, and no
satisfactory method has been found so far. Small areas, however, are sometimes
neatly polished and may therefore be used in spite of numerous large scratches.

Polished flint etched by supercritical water

C. R. PeLTo (1956) states that supercritical water is suitable for structural
etching of chalcedony.

In the first experiment, polished specimens of dark Stevns flint were sub-
jected to water vapour at 500°C, 300 bars vapour pressure for 48 hours in a
small autoclave. Under these conditions the average particle size of the quartz
will be increased by a factor of about 2, see p. 355. In this experiment, the
boundaries of the flint grains were poorly visible, and silica condensed as small
crystals on the polished surface of the specimen. The crystals have a rectangular
outline and are therefore assumed to be keatite.

In order to improve the etching and to remove the condensed silica, a quartz
crystal was placed in the autoclave during the next treatment, the other
conditions being unchanged. Pl 2,2 illustrates that after this treatment the
grain boundaries have become 0.1-0.3 p wide fissures. The size of the grains,
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10-20 p, is in accordance with the grain size of the flint particles determined by
adsorption (p. 310). The boundaries of the flint particles are irregular in detail,
and the texture is allotriomorphic.

The volume of the intergranular fissures can be estimated from pl. 2, 2 by
measuring their length and width. The width seen in the micrograph, however,

-is strongly dependent on the orientation of the fissure, but if the width is
measured where the fissure seems to be perpendicular to the polished surface,
a volume of ca. 3% is obtained. This corresponds well to the content of water
present in the dark flint — 3.3 % by volume — and it probably reflects an increase
in density due to release of water, see p. 291.

The polished cross sections of the flint grains are only weakly attacked by
the vapour, but locally a regular block structure is revealed (see pl. 3,1 and
3, 2). The size of the blocks is 200400 nm; but they seem to consist of minor
blocks of the size 50-100 nm. The average particle size of the quartz in a flint
sample treated in the same way has been determined by the approximation
method of K. DRENCK (1959), see fig. 30. The result is 67 nm when measured

by the {1010} reflection and 82 nm when using {1011}. The minor blocks are
therefore considered to be single crystals of quartz.

Pl. 3, 2, upper right part, shows a plate structure where the dip of the plates
can be seen in the NNE trending scratch in the surface. If it is assumed that
the depth of the scratch is —% of its width, it will be possible to calculate the
inclination of the plates, and the thickness of the plates can then be estimated
to 40-80 nm. Electron microscopy (p. 319), infrared spectroscopy, and thermo-
gravimetric analyses of flint, which has not been autoclaved, have revealed a
plate structure with a mean thickness of 59 nm. The plates are parallel to {0001}
of the quartz particles. The fact that the plates in the autoclaved specimen
seem to have the same thickness renders it probable that the crystal growth
which accompanies the autoclaving is not an amalgamation of the plates but
occurs within the single plate. This is in agreement with the assumption that
the plates alternately consist of right-handed and left-handed quartz (see p.307).
The structural difference between these two kinds of quartz is so large that the
transition from the one to the other cannot occur unless the lattice is completely
destroyed.

Polished flint etched by hydrofluoric acid

Polished specimens of dark flint from Stevns were etched by 4%, HF at room .
temperature for 5 to 20 seconds. For these preparations the carbon replica
technique was used. The carbon film is scratched in order to form small
squares and then released from the flint surface by 4 9 HF. The time of release
varies from 10 seconds to one hour, but only those parts of the film which are
released within 30 seconds derive from areas of the specimen where the polish-
ing is good and the etching adequate.

The replicas contain a large number of pieces of flint which are suited for
electron diffraction. Many pieces are quite irregular in shape and of random
orientation, but the conditions of diffraction can be fulfilled as the grid can be
tilted a few degrees. Pl. 4 shows such an irregularly shaped particle where a.

reciprocal h07zl-plane is parallel to the plane of the picture. Another diffraction
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pattern from an irregularly shaped grain has been indexed having the zone axis

[232] parallel to the electron beam.

Many of the flint pieces in the replicas are thin plates which according to the
diffraction patterns are parallel to (0001) (see pl. 5 to 10). The plates are often
polygonal. In most cases the outlines are <100>, but also (210> is common.

These edges correspond to some forms {IOTI} and {1151} respectively. The size
of [ is unknown and in order to simplify, the forms will be called {101_0} and

{1120} in the following. This means that they are assumed to be perpendicular
to the base of the plates. The borders of the plates are not straight lines;
especially {1010} is rather hackly in detail, whereas {1120} is smooth (pl. 5).
The structural defects in the plates are therefore likely to be parallel to a {1 150}
face. The degree of blackening of the plates varies strongly in detail, but on the
whole the average degree of blackening is rather constant over large areas
(1-3 ). The flint pieces seen on pl. 5 to 8 have therefore a rather constant
average thickness in different parts — justifying the term “plates” - although the
thickness seems to vary strongly in detail. In some cases plates overlap and the
darkness of the grain is thereby suddenly increased at a sharp boundary (pl. 8).
The overlying plates have the same orientation of the reciprocal lattices, and
the real lattices of the plates have therefore either the same orientation or the
plates are twinned. Plates up to 4 n wide have been observed, and the plates
probably continue across a whole flint particle (2-30 p). The strong tendency
for the HF molecules to separate the quartz plates directly shows that the
plates are joined by a special {0001} structure — very different from that of
quartz. The small size of the HF molecule makes it likely to replace adsorbed
H:0 rapidly, and therefore, the chemical attack on a silicate is likely to start
from the site of the H2O molecules. The special {0001} structure is thus likely
to contain the water molecules of the flint as suggested on the basis of thermo-
gravimetric analyses and infrared spectroscopy (see p. 305 and fig. 9).

The diffraction patterns consistently show that the c-axis of the quartz is
perpendicular to the plates, but additional details of the internal structure of
the plates can only be determined with some uncertainty. The a*-axis of the
quartz within each plate shows a few different orientations, which in most
cases are turned a few degrees about the c-axis with respect to each other.
In a single case (pl. 9) the a*-direction varies by 25°. The edges of the quartz
plate shown on pl. 5 have the same variation in direction as the diffraction
pattern, and the quartz plates therefore seem to consist of subgrains 0.2-3 p
in size separated by low angle boundaries.

After the carbon film has come loose from the flint surface, it takes a few
minutes to transfer the film to water. In this interval the quartz plates in the
replica are exposed to the hydrofluoric acid, and hereby numerous small
rounded excavations and holes are produced in the plates (pl. 5 to 7). The mid-
points of the holes have an average separation of ca. 20 nm, and these points of
chemical attack probably reflect the distance between lattice faults in some
way. As mentioned above, these lattice faults seem to be parallel to {1120},
but otherwise most of the strongly etched plates do not reveal any internal
structure. Only one quartz plate gave a dark field micrograph (pl. 7) which
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seems to indicate the presence of. partlcles which are a httle oblong, roughly

parallel to a {1 120} face. '

Some weakly etched grains (pl. 8, 9 and 10), which in most cases are some-
what irregularly shaped, have the c-axes parallel to the electron beam, and they
are thus parallel to the above mentioned plates. These grains show diffuse bands
that appear as light bands in dark field micrographs. Their spacings range from
16 to 25 nm and their lengths from 60 to 160 nm with average values of ca.
20 nm and ca. 100 nm. The bands are roughly parallel to a <210)-direction.
The dark field pictures show that the blackening of these bands in the light
field micrographs is due to a strong diffraction of the primary electron beam.
In the light field micrographs the dark bands are broader than the light bands
which separate them, and they are too irregular to be a periodic diffraction
phenomena like moiré patterns. It might be supposed that the black bands are
separated by parts which have been etched thin by the hydrofluoric acid. The
light, thin parts would then probably indicate the site of lattice faults. On the
other hand pl. 5 shows that hydrofluoric acid produces rather sharp and ir-
regular holes in the quartz plates and not bands. Structural defects — stacking
faults as well as dislocations ~ produce strong variations in the intensity of the
diffracted beams (M. J. WHELAN and P. B. HirscH, 1957) and may account
for the dark bands. Unfortunately, the preparations used are not true thin foils,
and they are too poor for a detailed description of the lattice faults. It can there-
fore only be concluded that the banding is due to lattice faults, which are roughly

parallel to a <210)-direction, i.e. parallel to a crystal face that is called (1210),
and that they have an average spacing of ca. 20 nm. In other words, lattice
faults separate quartz domains which have the same orientation of the reci-
procal lattices. The domains are irregularly oblong and measure roughly 100

nm in the long direction, which is parallel to ( 12-iO). The X-ray diffraction data
(p. 357) show that the lattice faults are likely to be twin faults and that they
occur at distances which are compatible with the electron microscopical ob-
servations. )

The regular quartz plates (shown on pl. 5 to pl. 9) indicate that the flint
grains are built up of a pile of thin plates which are parallel to (0001). In pl. 4
the orientation of the grain should make it possible to see the plates edgewise,
and actually - in spite of the considerable thickness of the grain — plates with
a thickness of 30-100 nm can be discerned.

Because of poor polishing, the surface seen in the replica does not usually
give information on parallel structures. In a few areas of a single specimen,
however, the polishing was good enough for the etching to reveal parallel,
gently bent structures (pl. 11 and pl. 12). The structures seen on pl. 11 have
spacings of 50-100 nm, and they probably correspond to {0001} of the quartz
plates, the true thickness of plates being close to the smallest of the observed
spacings in a polished specimen. The {0001} faces are etched more rapidly by
HF than any of the other faces of quartz (A. C. GI1LL, 1894, see also E. S. DANA/
W. E. Forp, 1932, fig. 529). Furthermore the {0001} faces are covered by
water molecules (see p. 306), and they are thus likely to become the most im-
portant site of attack of the HF. Surface determination by water desorption
gives an average thickness of the plates of 59 nm (see p. 311). PL. 11 also shows

21+
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that the plates are not plane but gently curved. On pl. 12,1 two sets of parallel
structures are seen. The one set consists of rows of etched holes. The rows are
separated by ca. 85 nm and are likely to correspond to {0001} of the quartz
plates, as mentioned above. The other set consists of subparallel furrows which
have a spacing of only 26 + 5 nm (see also pl. 12, 2). The spacing of these
furrows indicates that they have been formed on the lattice faults which occur
inside the quartz plates. The lattice fault pattern is evidently more regular
than indicated by the dark bands seen in the above-cited pictures of irregularly
shaped grains, but the spacings of the faults do vary and one lattice fault ends
at a dislocation within the micrograph. Pl. 12, 2 shows that some of the etched
furrows are doublets and that some are accompanied by faint satellite furrows.
The lattice faults are thus not simple stacking faults but they are composite.
The X-ray investigation indicates that the faults are triplets of twin faults.

In the twin fault zones alternately two (TZTO) faces and two (1510) faces will be
in contact. A. C. GiLL (1894) showed that in HF the etching velocities of (1210)

and (1210) are very different. The alternating twin faults will thus be excavated
by HF as alternating heavy and faint furrows. Under optimum conditions it
should be possible to discern two alternating kinds of triplet in the etched
pattern: at one triplet a heavy central furrow will be accompanied by two faint
satellite furrows, which will be difficult to detect. At the neighbouring triplets
the two marginal furrows will be heavy, but the central furrow will be faint and
is likely to disappear. The interpretative drawing of the furrows (pl. 12, 2)
shows that the composite nature of the etched furrows can be explained on the
basis of the theory of triplets of twin faults.

The fracture surface of flint

Dark Stevns flint shows three kinds of fracture surface in the electron
microscope. Most frequent is the occurrence of a rough, spongy-looking sur-
face (pl. 13, 1 and 13, 2). It corresponds to the spongy surface of R. L. FoLk
and C. E. WEAVER (1952). Less frequent is a more smooth, curved fracture
surface (pl. 13, 1 and 13, 2) which looks much like the novaculite type of surface
described by the same authors. The rough and the smooth surfaces cover areas
with an average diameter of 5-15 p. The rough surface is interpreted as a
fracture through the flint grains. The rough surface contains faint, parallel
structures which are probably due to the quartz plates building up the flint
grains (pl. 13, 1).

In areas with a smooth, curved fracture several outstanding ridges were
seen. The plastic replica technique was used, and the ridges therefore show the
presence of fissures in the fracture surface. The occurrence of fissures in areas
with a smooth, curved surface makes it likely that these areas derive from the
unbroken surface of the flint grains with their intergranular fissures. At their
crests the ridges often have a width of only 10-30 nm.

The collodion replica has limited resolving power, and very thin fissures can
hardly be accessible to the plastic. Therefore, a width of 10-30 nm does not
contradict an average width of 4.5 nm, which was determined by water adsorp-
tion (see p. 312).
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A third, less common type of fracture surface is smooth, nearly plane, and
has small, subparallel steps (pl. 14, 1). The angle of shadow-casting is not well
known, and from the width of the shadow zone the height of the steps can only
be estimated roughly as 40-120 nm. In a single case faint, parallel structures
with spacings of ca. 18-22 nm can be discerned (pl. 14, 1). These structures are
parallel to the above-mentioned steps and probably reflect the lattice faults
between domains of perfect quartz. This type of surface is best explained as a
fracture through a flint grain and parallel to the quartz plates, the height of the
steps corresponding to the thickness of a quartz plate.

R. L. Foix and C. E. WEAVER (1952), J. S. PITT™MAN, Jr. (1959), and E. A.
Monrog (1964) studied the fracture surface of chert by electron microscope.
The rocks examined by these authors are unfortunately quite different from the
Stevns flint. FoLk and WEAVER studied the Arkansas novaculite and other
cherts with density close to that of quartz, i.e. cherts which contain very little
water. For the Arkansas novaculite an average particle size of 75-200 nm has
been determined by means of X-ray diffraction by professor, dr. phil. A. Tov-
BORG JENSEN, Copenhagen (personal communication). The chert investigated
by J. S. PrrtMaN, Jr. (1959), contains a large amount of spherulitic, fibrous
chalcedony, which is subordinate in the Stevns flint. The flint samples investi-
gated by E. A. MoNROE (1964) show no broadening of the X-ray diffraction
lines. These authors describe the presence of round micropores from obser-
vations made on replicas of fracture surfaces of silica rocks. The fracture sur-
face of the dark flint from Stevns shows numerous small irregularities similar to
those described as pores, but the polished specimens show that no such pores
are present, only fissures in the grain boundaries. Furthermore, the amount
of water in the Stevns flint is far below the volume of such pores. In the case of
the Stevns flint the “pores” must be due to the preparation technique used.

Flint etched by alkalies

When a piece of dark flint is treated with a boiling solution of NaOH in
water, the surface turns milk-white. Under the optical microscope it can be
seen that in a zone next to the surface the flint has become an aggregate of small
(5-10 ), brilliantly white, rounded grains.

A fracture surface of flint was treated for one minute with a boiling solution
of 209, NaOH in water and then washed. The surface of the flint had turned
faintly greyish but it was possible to strip off the collodion replica. Compared
with the fresh fracture surface, the etched one shows a general smoothing of
the details and some widening of the intergranular fissures,

In another experiment, two polished specimens of flint were treated for 5 and
15 minutes respectively by a hot solution (ca. 90°C) of 5% sodium carbonate
in water. The direct carbon replica technique was used. The electron micro-
graphs are rather astonishing since the grain boundaries have not been hollowed
out but, on the contrary, protrude as ridges (pl. 14, 2). Furthermore, the grain
boundaries are accompanied by “blisters”, which have evidently been deposited
on the surface after the polishing. On the specimen which was treated for 15
minutes, the blisters are larger and rounded polygonal or even definitely crystal-
line in outline. The blisters probably consist of a hydrous sodium silicate.
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The course of the ridges and the size of the areas enclosed by them show that
the ridges have arisen on the grain boundaries. Sodium carbonate has probably
formed water-glass by reaction with the flint. During the evacuation that pre-
cedes the deposition of the carbon film, the water-glass has boiled over from
the fissures and has formed the blisters by splashing. The micrograph (pl. 14, 2)
gives the impression that the margins of the flint grains are much more affected
than are the interior parts. The thermogravimetric analysis (curve 6, fig. 5),
however, shows that the sodium carbonate does not change the composition
of the flint, i.e. it attacks the single flint grain as a whole. The seemingly strong
attack on the intergranular fissures may therefore be attributed to the fissures
" being the way of diffusion in flint as well as the way of escape for reaction pro-
- ducts during evacuation.

Conclusions on the observations made with the electron microscope

The dark flint from Stevns consists of flint grains 2-30 p in size. The flint
grains are anhedral and have smooth, curved surfaces. Their internal fracture
is very rough although no round pores are present.

The flint grains are built up of regular, plane or gently bent plates of quartz,
roughly 60 nm in thickness. This means that ca. 200 plates make up one flint
grain. The plates are parallel to (0001), and quartz crystals of adjacent plates
have the same orientation of their reciprocal lattices. Hydrofluoric acid readily
splits the plates from each other.

The quartz plates consist of subgrains, which are 0.2-3 p in size and sepa-
rated by low angle boundaries. Inside the subgrains, the quartz contains lattice
faults which are parallel to (1210) and occur with a spacing of ca. 20 nm. The
lattice faults are composite, in agreement with the theory of triplets of twin
faults. The quartz between the lattice faults has been found to be coherent for
distances of ca. 100 nm, after which the coherence is likely to be destroyed by
dislocations at the ends of twin faults. The quartz plates break parallel to
{1010} and {1210}. {1010} is rough but an {1210} face called (1210) is smooth,
corresponding to the orientation of the lattice faults.

V. X-ray diffraction

Introduction

The electron microscope has supplied important information on the shape
and the orientation of the quartz crystals which build up the flint grains. This
information, however, is not very detailed and it does not agree with the sur-
face determination based on the content of Si-OH groups.

The purpose of the X-ray investigation was to explain the contradiction
between the two surface determinations as well as to supply detailed, quanti-
tative data on crystal sizes, The X-ray data themselves give mean values and
can be understood only when applied to the picture of the particles obtained by
electron microscopy.

For this purpose the shapes of a number of X-ray powder diffraction peaks
wereinvestigated in detail by Fourier transformation. Thisinvestigation concerned
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the fresh, dark flint from Stevns, .as.well as a number.of_samples which had
been heated or autoclaved under various conditions to promote crystal growth.

In the dark flint from Stevns only a-quartz has been found by this method,
the calcite content being below the limit of detection.

Orientation photographs have been taken on three mutually perpendicular
thin sections —~ one cut parallel to the surface of the nodule — but no preferred
orientation was detected. Cu-Ka radiation and a stationary Buerger precession
camera was used. The precession camera has been placed at the disposal of the
Mineralogical and Geological Institute by the Carlsberg foundation.

Theory

The theory for the broadening of X-ray powder diffraction lines has been
fully worked out by several authors (B. E. WARREN, 1955; B. E. WARREN and
E. P. WaRekois, 1955; K. DRENCK, 1959, and others). The theory will be
reviewed very shortly here in order to indicate the methods used. Only the use
of the sine terms of the Fourier transform will be given in full as the author
has not found this described in the literature.

The Laue conditions are derived on the assumptions that the crystals are
infinitely large (1 u or larger) and that all unit cells have the same lattice con-
stants. If these are fulfilled the diffracted X-ray beams are very narrow, and the
profile of a peak in the powder diffractogram - i.e. the observed intensity as a
function of the angle of diffraction 26 — is only due to instrumental broadening
and to the fact that the X-rays used are not strictly monochromatic. This peak
profile can be measured on a coarse-grained standard and will be called the
“standard profile” or g(0) in the following. When the particles are small or
deformed, the observed diffraction peak h(9) is broader than the standard peak
due to the “broadening function of the particles™ £(6). £(0) is to be calculated
from the observed line profile and the standard profile.

When 2 is the wavelength of the radiation used and d is the spacing of the
reflecting lattice planes, the angle 0o is given by Bragg’s law:

A = 2d sin 0o,

The three peak profiles can be expressed as functions of a distance in the
reciprocal lattice. The standard profile is written g(w), where

sin® — sinBo N 0 — 0o
sinf ~ tan@o "

0

2d_ . .
W= T[sme — sinfg] =

The shape of the observed peak for flint is h(x), and the particle broadening
function of the particles is f(y). When w, x, and y are measured in the same
units and from the same 0o, the three functions g(w), h(x), and f(y) are related
by the convolution integral (A. R. STOKEs, 1948).

1 + o0 1 +o0
h(x) = TS f(ex — y)dy = XS e — y)dy,
Sg(w)dw e -

where A is the area below the standard profile,
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The convolution integral can be solved for f(y) by using the Fourier trans-
forms of the two observed peaks.
In order to do this, the three functions are written as Fourier series, e.g.

n=+40o0
h(x) =z H(n)exp(—2nixn).
n==—00
The Fourier transforms — e.g: H(n) — of the two observed peaks can be cal-
culated approximately by numerical integration, i.e. the continuous functions

g(w) and h(x) are replaced by discontinuous functions, e.g. h(t), where t are
integers, h(t) being zero for |t| > T/4.

1=+T2
H®n) = —%—Z h(t)exp (iz%tnt) = He(n) 4 iHs(n) (3]
t=—T/2
= [H(n)| exp(ie=r(n)),
where
Hs (n)
Hc(n) :

H)| =VHen)* + H@)?, tanon(n) =

The coefficients of the Fourier transform of the particle broadening function
can be calculated from the Fourier transforms of h(x) and g(w) according to
A. R. StokEs (1948).

_A _H(n) _ A [Hm)

F(n) = T Gm T 6@ exp(ior(n) — ipc(n))

= |F(n)} exp(ior(n)) = Fe(n) 4 iFs(n). 3

Le.
_ A [H@)| _ _
[F(n)] = T I_G(T)l , and ¢r(n) = orn(n) oc(n). @
Fe(n) = [F(n)| cosor(n), and Fs(n) = |F(n)|sinor(n). )
The broadening function of the particles is thus

n= +0o0

i) =Z |F(n)| exp (iox(n)) exp(—2niyn). )

It has been shown by B. E. WARREN (1955), and B. E. WARREN and E. P.
WAREKOIS (1955) that the particle broadening function can be approximated by

n=-+oc
iy) = kz N(n)<exp(—2niZ(n))>exp(—2niyn). Q)

N(n) is the number of unit cells which have an n’th neighbour in the direc-
tion perpendicular to the reflecting lattice plane. k is a constant for each peak.
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Z{(n) is a measure of the degree of deformation and will be fully explained
below. <& denotes the mean value.
From equations (6) and (7),

kN(n){exp(—2miZ(n))> = F(n) = |F(n)| exp(ior(n)), @®
kN(m)<cos(2nZ(n))> = Fc(n) = |F(n)|cos ¢r(n), ()]
—KkN(n)<sin(2rZ(n))> = Es(n) = |F(n)|sin or(n). 1o

As a first approximation, we will assume that the deformations are suf-
ficiently small to allow the approximation

_ |F()| cosor(n)

1 v
N® = cosznzayy = kTl oa*

This, however, is to be modified later.

Interpretation of N(n)

Ni(n) is the number of unit cells which have an n’th neighbour. For instance,
for a single column p cells in length, N(n) becomes [p — n] when measured in
the direction of the column. The number of columns of unit cells which have a
Iength of p cells in the direction perpendicular to the reflecting lattice plane is
P(p). In these terms, for example, N(3) becomes

NQ@3) = 1P(@) + 2P(5) + 3P(6) + ... + [p — 3IP(®) + ....

In general

p=o

N(n) =Z [ — nIP(). 1)

p=n+l1

p=o .
N(©) =Z PP(o).
p=1

N(0) is thus the number of unit cells in the powder specimen investigated.
When N(n) is plotted against n and a smooth curve drawn through the points
(fig. 10), the slope of the curve becomes

p=co
—N@-~1
N@ = N@-p =0 NO=D —z PE). (12

An important value is

p=n
The slope of the curve thus gives the number of columns which are longer
than or equal to n cells. The change of N'(n) from ni to n: gives the number of
columns longer than or equal to ni but shorter than ns cells:
p=n,—1
N’(nz) — N'(n1) * N(n: — ) — N — P =Z P(p). a3
p=n

*) “A” indicates that the equation is valid only when the deformations are small.
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N(n)-kaxis

N(0)

No(n)

neln) n-axis

Fig. 10.

Let the tangent to the curve at n,N(n) cut the abscissa axis at no(n) and the
ordinate axis at No(n). From the triangle no(n),0 — n,0 — n,N(n),

N() = [n — n@)IN’(n),

—:=ZOOP(p) _"=z°° [p — njP()

nN'(n) —N@m) = ;-a p=n
N'(n) -

- —PSP(D) ,
- ZDP(P) ot

p=n

e — a4

Z P(p)

p=n
no(n) is thus the ratio between the number of unit cells found in columns of
minimum length n and the number of these columns. no(n) is therefore the
mean length of the columns with a minimum length of n cells. no(0) is the
mean length of all the columns in the powder.
In fig. 10 the triangle no(n),0 = 0,0 — 0,No(n) gives

p=o

No() = —no(@N'(a) =~ zpp(p), (15)

no(n) =

p=n .

according to (14) and (12). No(n) is thus the number of unit cells found in
columns of minimum length n. The change of Ne(n) from ni to nz thus gives
the number of unit cells found in columns with lengths between ni and n2 unit
cells,
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Unit cell .
number 1 2 3 4 5 6 7 8

—_
dlivz)] dfiez,]) dt+z)) dftvz)] d[iez] di+z] dfiez;)

“ v

d[2+z(2),] d[3+;3h]
Fig. 11.

Interpretation of Fs(n)

The X-ray diffraction peaks of flint have asymmetric f(y) functions, and
the sine terms of the Fourier transforms are therefore important. In order to
get an interpretation of Fs(n) we will study F(n) in detail.

kN(n)<exp(—2niZ(n))> = F(n) = |[F(n)} exp(i¢x(n)). ®

When d is the ideal lattice spacing, d[n -+ Z(n)] is the distance between two
identical lattice points which are separated by n unit cells in a column of cells
perpendicular to the reflecting lattice plane. We will now consider one column
of p cells. Let the degree of deformation “z* vary with the position in the
column (see fig. 11). The distance from the first cell to the second one is
d[1 + z1]. The distance from the second cell to the third one is d[1 - z:], etc.
The mean value of exp(—2niZ(1)) can then be calculated for the column as the
mean of the N(1) = p — 1 different z; values:

N(1)<exp(—2riZ(1))> = [p — 1Kexp(—2xiZ(1))> = exp(—2niz1)
+ exp(—2nizz) + exp(—2miza) + ... + exp(—2rizp-1)

j=p—1
= Z exp(—2mnizy).
=1
Forn = 2:
NQ)exp(—2niZ(2))) = exp(—2rifz: + z2]) + exp(—~2rifzz +-z3]) + ...
j=p—2
+ exp(—2rilzo-s + 2D = > exp(—2rizs + 2D
. £ »

Z(n) will depend on the position in thé column. When the position is given
by cell number m, we will define

j=m+n~1
Z(n)m=ZZj, 1<m<p-—n. (16)

j=m

Still for one column,
m=p—n

N(n)<exp(—2niZ(n))> = [p — nKexp(—2niZ(n))> = Z exp(—2riZ(n)m)

m=1
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m=p-n j=m+n—1 .
- Z exp(——Zni Z zj). an
m=1 j=m

For P(p) columns, which have the same length, but which may differ in
respect of deformations, (17) becomes

N(n)<exp(—2miZ(1n))>» = [p — n]P(p)<exp(—2niZ(n))>p

m=p—n j=m+n-—1

= P(p) 2 <exp( —2mi Z 21) >p, @as)

i—m
for P(p) columns of length p > n.

For each value of m, <>y is the mean value for all columns of the length p
cells. (18) can be made valid for a powder with varying columnar lengths by
summation over all possible values of p, p > n, using <> without subscript for
the mean of all possible values as hitherto.

p=o ms=p—n j=m+n-1
N(n)exp(—2niZ(n))y = Z P(p) Z <exp( —2mi Z 21)>p, 19
p=n+t+l j=m

for all columns.
When the z; values are zero or very small, the following approximations are
allowed in (9) and (10), when combined with (19):
. p=oo

Fe(n)  kN(n)<cos2znZ(n)>
cosor(n) cos or(n)

[F(n)| =

~ kN() = k Z o — nlP(p). (OA)
p=n

Fs(n) = |F(n)| sin(pF(n) = —kN(n)(sinZnZ(n)> = —27kNO)<Z(®))

—-n j=m+n-1

= *ZT*Z P(p) Z ¢ Z 2130

p=n+1
=p— m+n—1
_ ——2nk2 P(p) Z Z @b (104)
p=n+1

In the investigation of flint, we will at first make the assumption that the
deformations are small enough to allow these approximations. The results
obtained by different reflections will, however, to some extent be contradictory,
and it will therefore be necessary to assume the existence of stacking faults at
certain places in the crystals. (19) will then be used without approximations.
The reason for using (9A) and (10A) at first is that these equations make it
possible to get an approximate picture of the distribution of the stacking faults,
a picture which seems to be indispensable for the practical use of (19).

We will now introduce the approximation (10A) in (18). That is, we will
consider P(p) columns of p cells, the deformations of which are small enough
to allow the use of (10A). (18) becomes
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Fig. 12.

m=p—n j=m+n—1

Fs(n) ~ —2rkP(p) Z Z {zi>p , for P(p) columns, p cellslong.  (20A)
. =1 j=m .

Fs(n) is symmetrical about p/2. This is illustrated in fig. 12 which gives
N@XZ@4)> and N(11 — 4)<Z(11 — 4)> for one column of 11 cells. z; and
zp-; will always occur in pairs, and the two ends of the column cannot be -
distinguished by this method.

Fi(n) is plotted against n and a smooth curve is drawn through the points.
When p > n 4+ 1, the slope of the curve can be calculated from (20A), for
P(p) columns, p cells long:

_ j=p—n-—1
Fin + ) = Fu(n + 1) — Fe(n) = —21kP(p) Z @,
j=n+1
forp>n-+1. :
By analogy
j=p—n
Fin — §) ~ —2nkP(p) Z {zpd>p, forp >n.
j=n

The second derivative to the Fy(n) curve is
Fi(n) ~ Fi(n + §) — Fi@ — $) = 2xkP(D)[<Zadp + {Zp-nds]
= 47kP(p)<{zadp, forp >n +1, (21A)

since z, and z,-n are measured at the same distances from the ends of the
columns. Their mean values therefore cannot be distinguished.
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This way of calculating the average degree of deformation at various places
in the columns can only be applied to a polydisperse specimen inside an interval
of n where P(n) is zero. Inside such an interval we have p > n + 1, and (21A)
is therefore valid for those kinds of columns which have a minimum length of
n + 1. By summation of Fi'(n) over all possible kinds of columns we get for
a powder specimen:

p= p=o
{(n) ~ 4rk Z P(p)<zudp = 4nk{zn> z Pp).
p=n-+1 p=n+l1

By use of (12) and (9A), p. 325,
Fd(n) = 4nk<zn)N'(n) = 4r{zad|[F(@m)|’, for N”(n) = 0. (22A)

As mentioned above, Fs(n) is symmetrical about p/2 for the columns which
are p cells long. Therefore, if only a few types of columns are present, it may
be possible to separate the contributions of each kind of column to the Fs(n)
curve of the powder, and it should then be possible to calculate <z.)p for each
type of column. In most cases, however, it will only be possible to calculate
the average degree of deformation for all unit cells irrespective of their position
in the columns.

For this purpose (10A) is rearranged by use of (9A):

—Fs(1) _ —sinex(1) N (pp('l).

2rkN(1) © 2r N 2 (234)

(zgd> = <KZ(A) =

Experimental details

The quartz standard that gives the instrumental broadening is rock crystal
from Nigssuaq, Greenland. The crystals were ground and a fraction 1-5 p in
size was separated by an elutriator (E. JENSEN and H. M@LLER HANSEN, 1961).

The dark flint was selected manually from nodules containing light grey,
rather coarse-grained flint in the central parts. The contamination of grey flint
is difficult to estimate, but it probably does not exceed 10 percent.

The recordings of the line profiles used in this investigation were made with
a Philips X-ray diffractometer. Filtered copper radiation was used. The re-
cordings were made by means of a Geiger counter with a dead time of ca. 210
psec. Low voltage (17-20 kV, 36 mA) and helium-filling of the diffraction
camera ensured a low background and rather strong peaks. The recordings
have been repeated with a scintillation counter, with a dead time of 2.5 psec.,
combined with a pulse height discriminator, The rapid counter gave better
accuracy but also a higher background and extra peaks due to the discriminator.
The extra peaks do not seem to influence the F(n) values noticeably, but the
high background is a serious drawback and the Geiger counter was preferred.

The peak shapes were determined by counting point for point as well as by
recording at the lowest scanning speed (3° per minute, time constant 8 seconds).
To ensure instrumental stability the continuous recording was preferred, and
the curves for flint and for quartz were recorded alternately. '
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In the beginning the calculations were made with 3° Beevers and Lipson
strips. Later the calculations were repeated on the GIER electronic computer
of the Mathematical Institute of the University of Copenhagen. Mr. B. SveJ-
GAARD, mag. scient., kindly made the program, which corresponds to the use of
1° strips, i.e. T = 360 in (2) p. 324, see appendix 1. The points determined by
electronic computation fit the curves much more accurately than do the points
determined by Fourier strips, but the resulting curves are virtually identical.
The time of calculation is ca. three minutes.

According to equation (2) the summation should be made from x = —% to
X = -+3%. In most cases, however, the h(x) and the g(w) function would then
become zero in the large majority of the points to be read, and significant values
are only read in rather few points, H(n) and G(n) would then be rather in-
accurate. In most cases we will therefore use a smaller interval of summation,
say from ©; to ©3, which are placed symmetrically around 8o. The independent
variable x is given by

6 — 080  tanfo '9-—-90~

x=@z—91_@z—91_ tan@o
where '
= tan 0o -1
T 0:— 01 )

In this way we determine Fourier coefficients H(n), which are related to
H() by
H®m) = rH(n), forn =r1m. 24)

According to K. DrRENCK (1959) the interval of summation must be chosen
so large that the values of g(w) and h(x) are negligible for |w| and |x| > 1/6. -
In the program used this corresponds to a t interval of £60. A smaller interval
of summation can be chosen for the quartz peak than for the flint peak. The
intervals, however, are not very different in size, and as the G(n) values always
are more accurate than the H(n) values, the same interval was actually chosen
for both h(x) and g(w) in the GIER program.

Presentation of results
For practical reasons we will now define a new set of Fourier coefficients for
i(y):
F(n)

M(t) = SO for t = nd = rnd. ©5)

G(0) can be determined from (3), p. 324, as well as from (9), p. 325, when these
equations are applied to the quartz standard:

G(0) = % = kN(0) = kNg,

where N(0) is the number of unit cells in the quartz standard and will be termed
Nq in the following. (25) can now be modified by use of (3), p. 324, and (24):
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for t = nd = rnd. (26)
The physical meaning of M(t) becomes clear when (9A) is written

[F(n)| _ N(n)
M = ~ .
M N, ~ N,

9B)*

M(t) are thus the Fourier coefficients of the flint which have been normalized,
M(0) being the volume fraction of quartz in the flint sample. |M(t)| varies from
nearly one for t = 0 to nearly zero for t — oo, The fact that M(0) is less than
one for flint is partly due to the water which occupies about 5 % of the volume
(see p. 343). Another reason is that part of the peak area will be counted as
background, an error which is largely eliminated by linear extrapolation of
the M(t)-curve to t = 0. This is justified because N”’(n) > 0, according to
(13), p. 325. The M(0) value determined in this way is therefore likely to be a
minimum value. '

The equations on the preceding pages are changed as follows (for t = nd =
md):

Ms(t) = |M(t)] sin r(n). ) (5B), see p. 324,

When |[M(t)] is plotted against t and a smooth curve drawn through the points,
the slope of the curve — [M()|” - is derived from (9B)

|M(t)l' ~ i . N’(n).

27B
i N, (27B)

When V is the volume of the unit cell, ¢ = V/d is the cross-section area of a
column of unit cells, and VN(0) is the volume of quartz in the flint sample.
In these terms (27B) becomes

V N N©) _oN(@)

d VN@©O Nq VN(©O) M(Q©). (288)

M) =~

—N’(n) is the number of columns of minimum length n. —oN’(n) is there-
fore the cross-section area of all such columns. The ratio —oN’(n)/VN(0) is

Fig. 13. (0001)-section of {1010}. Dotted lines indicate El_w cross-sections cor-
responding to a {hORO} reflection (left) and to a {h, h, 2k, 0} reflection (right).

*) “B” indicates that the equation is valid for t = nd.
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thus the cross-section area of the columns of minimum length t = nd per unit
volume of quartz in the flint sample. When this ratio is multiplied by the
relative volume of quartz in the flint sample — i.e. by M(0) — we obtain the
cross-section area per unit volume of flint. For t = 0, ~ |[M(t)|’ is the total cross-
section area of the columns in a volume unit of flint. When t is given in nm,
the cross-section area is given in nm?2/nm3, For the sake of convenience this is
changed into m2/cm? by a factor of 1000. The cross-section area of columns
with lengths between t: and t2 is thus

[IM(t2)|” — |M(t1)}] - 1000 m2/cm3.

The ratio between cross-section area and particle surface area will depend
on the shape of the particles and the orientation of the normals to the re-
flecting lattice planes. Fig. 13 shows that the minimum and the maximum
values of this ratio are 3.00 and 3.46 respectively for {ki0} reflections from a
hexagonal prism. Crystals which are infinitely long in one direction || (0001)
give the same extremes for {hki0} reflections due to the hexagonal symmetry.
In the following a value of =, corresponding to a cylinder, will be used for the
ratio between the area of surfaces parallel to [001] and the cross-section area
determined by {hki0} reflections. For reflections from faces oblique to the
[001]-axis we will use the ratio between the surface and the cross-section of a
sphere, i.c. 4.

The tangent to the |M(t)] curve will cut the coordinate axes at to(t) and Mo(t)
(see fig. 14). From (14), p. 326,

to(®) = dno(n) = rdnon), © (14B)

is the mean length of the columns with a minimum length of t ='nd.
From (15), p. 326,
N’(n) _ No(n)

Mo(t) = —to(t)|M(t)|" =~ —no(n)d N, Ne

22
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Mo(t) is thus the number of unit cells found in columns of minimum length
t = nd, divided by the number of unit cells found in the rock crystal specimen.
In other words, Mo(t) is the relative volume of the columns of minimum
length t. '
From (26), p. 332,
[F(n)|" = kdNq|M(D)}".
F¢(n) = kd2NM:'(1).

When these expressions are used in (22A), p. 330, the average degree of de-
formation <z:> at a distance of t from the ends of the columns becomes

1 F'@ _d M@

%5 @l 4 MO

for [M(t)|” = 0. (22B)
The average degree of deformation now becomes

-1
Z(d)> = o or(d). (23B)

Results of X-ray diffraction peak analyses

The shapes of the following reflections were analysed to obtain the particle
size distributions: {1010}, {1011}, {1120}, {2020}, {2021}, {1122}, and {1231}.
The shapes of these reflections — h(x) and g(w) ~ are given in figs. 15, a to 21, a.
The Fourier transforms |M(t)] and Ms(t) are given in figs. 15, b to 21, b.
Of these reflections only {1010} and {1011} are really suited for particle size
determination, the results obtained by the other five reflections being of rather
limited use. Notably the information on the very short columns is unreliable.
On the other hand, each reflection has its own way of being influenced by particle
shape, deformations, stacking faults, and twinning. Poor reflections may
therefore give some important information.

At first, an attempt was made to interpret the results on the assumption that
the approximations (9A) and (10A) were valid, i.e. on the assumption that
the deformations were small and that the grains were separated by low angle
boundaries. As shown by K. DReNckK (1959) it is not possible to obtain a
picture of the quartz crystals solely on the basis of X-ray data. It was therefore

-attempted to interpret the X-ray data in the light of the semi-quantitative
picture of the particle shape which was obtained by electron microscopy (see
figs. 22, a and 23, a).

The results obtained by the different reflections, however, did not agree

with each other or with fig. 22, a, and the integral deformations determined in

this way reached 1/4_5. Therefore, it was finally attempted to interpret the M(t)
curves in terms of a quartz lattice with numerous lattice faults, a possibility
which was already suggested by K. DRENCK (1959). The electron microscope
study of flint showed that the quartz plates contain lattice faults, which imply
a parallel displacement of the Bravais lattice, a displacement which may or may
not be accompanied by a twinning operation, i.e. the lattice faults are either
stacking faults or twin faults.
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Fig. 15. X-ray diffraction results obtained with {1010}. a) The experimental curves

for flint — h(x) — and quartz — g(w). b) The circles give the Fourier transformed to

1(y) for the dark flint. The full lines are calculated on the assumption of triplets of
twin faults (see p. 351).
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Fig. 17. X-ray diffraction results obtained with {1120}. a) The experimental curves

for flint — h(x) — and quartz — g(w). b) The circles give the Fourier transformed to
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Fig. 18. X-ray diffraction results obtained with {2020}. a) The experimental curves

for flint — h(x) — and quartz — g(w). b) The circles give the Fourier transformed to

f(y) for the dark flint. The full lines are calculated on the assumption of triplets of
twin faults (see p. 351).
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Fig. 20. X-ray diffraction results obtained with {1122}. a) The experimental curves
for flint — h(x) — and quartz — g(w). b) The circles give the Fourier transformed to
f(y) for the dark flint. The full lines-are calculated on the assumption of triplets of

twin faults (see p. 351).
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Table
Particle size and average degree of deformation of dark flint from Stevns. The de-
Re- Treatment Rela- | Mean | Total Different types
flection tive | length | surface
volume -] area A B
of
quartz Length | Rela- [ Length! Rela-
tive tive
volume volume
% nm |m?/cm®] nm % nm %,
{1010} natural 89 8. | 338 34 | 30 0
{10T1}** - 88 36 96 0 0
{1 IEO} - 67 18 121 ? 8
{2020} . - 100 15 206 ? 5-7 22
{2021} - 95 12 319 ? 4-8 29
{1122} - 97 18 222 ? 4-9 16
{1231} - 84 13 253 3-5 5 8-11| 29
- 2200 bars H20
{1010} [{pressure at 510° 88 42 67 3-5 2 0
C for 20 days
T 650°C in air for 82 20 131 3-5 11 0
{1010} 48 hours
= Heated 80 times 88 45 61 3-5 3 0
{1010} 145 650°C in air
{1011} ** - 86 52 66 0 0
{1120} s - 81 26 98 ? T—

*) The different types of columns have been discerned according to the following
rules, taking into regard the dependence of the columnar length on the orientation
of the reflecting lattice planes: Length of B ~ 2 X length of A. Length of D ~ length
of C + length of A or B. Length of E ~ 2 X length of C -+ 0 to 6 X length of A.
Type F includes the columns which can only be classified as long columns, the lower
limit being poorly defined.

Particle size determinations based on the assumption
that the deformations are small

It is now assumed that the lattice deformations are small and that the cry-
stals are separated by tilt or twist boundaries. The approximations (9A) and
(10A) are then valid, and applied to the [M(t)] and Ms(t) curves of figs. 15, b —
21, b they yield the results given in table No. 5. It is possible to distinguish
between various types of columns according to their lengths and this distinction
has been used in the table. _ _

The best of the reflections —- {1010} and {1011} — show a content of 89 vol.%,
and 88 vol. % of quartz respectively. This may seem to be too low, but besides
Si0: the dark flint from Stevns contains 1.00 wt. % water present as Si-OH
groups and 0.27 wt. %, water present as water molecules. These two components
comprise 3.26 atom %, and 0.44 atom % respectively of the oxygen present in
the flint. It will Iater be shown that the Si-OH groups probably enter into
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No. 5§
terminations are based on the approximations specified by equations (9A) and (10A)
of columns* Average
degree of
C D E F defor-
i mation
- Length |Relative | Length | Relative| Length | Relative [ Length | Relative
volume volume volume volume
nm % nm % nm . % ' nm % %
15-16 20 25-28 16 >35 23 +0.7
13 34 53 >35 35 —0.02
16 26 19-22 15 26-30 13 >30 12 —0.06
14 26 36 . >30 42 +0.2
13-20 21 >20 45 +0.1
14-16 24 19-22 19 >25 38 -0.1
14-20 33 >20— 17 —0.02
13-17 4 23-26 | 17 >35 | 65 0.0
14-16 13 28-37 22 >37 36 +0.3
13-17| 5 | 2426 15 , >35 | 65 | —o1
14 26 23 29-35 | 14 >36 49 | —0.03
—13 18 18-26 20 >26 40 —0.08

**) The M(t) curves seem to indicate the presence of a few percent of strongly
deformed columns only 1 nm in length. This information is not regarded as reliable
and is disregarded here.

?) This indicates that the reflection can give no reliable information about very
short columns.

special interface structures comprising another 1.30 atom %, of the oxygen.
Therefore, 5.0% of the oxygen atoms are not found in the quartz structure,
If it is assumed that the volume percentage of quartz has the same value as the
atomic percentage of oxygen then only 95 vol. ¢ of quartz can be expected to
be present in the flint, Furthermore, the structure of the quartz in the unit cells
next to the interfaces is probably slightly deformed (see also p. 359), and these unit
cells make up ca. 11 % of the quartz. In total, the experimental results of ca. 89 9;
seem to be reasonable,

The results obtained should be compared with that shape of the quartz
crystals which was found by electron microscopy, see fig. 22, a. Perpendicular
to (TZIO), i.e. parallel to the [010] axis, the flint shows a period of repeat of ca.
20 nm in the electron microscope. The termination of the crystals in the di-
rection of the a*-axis is unknawn but for the sake of simplicity (1010) has been
drawn on fig. 22, a.
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Fig. 22. a)- Quartz crystal in flint, habit and size determined by electron microscopy.

b) Quartz crystals in flint, habit and size determined from the peak profile of { IOTO}
on the assumption that the deformations are small. ¢) Coordinate axes for the two
models.

At first sight, the results obtained by different reflections seem to contradict
each other and to disagree entirely with the model of the quartz grains in fig.
22, a. However, only a few different types of columns predominate and there-
fore the crystals are bound to be rather regular in size and shape. Also, the
volume of the long columns is roughly 30%, when measured by means of a
{hOhl} reflection, but low when measured by {1210}. This corresponds well to

figs. 22, a and 23, a. One of the three {hOZO} normals, namely that of (h0710),
runs lengthwise in the crystal, and one third of the volume will therefore appear

as long columns. The two other sets of :Iattice planes, (0/1710) and (7:1100), will

give rise to short columns in the analysis. By analogy, none of the {1210}
normals runs lengthwise in the crystal, and the volume of the long columns
therefore ought to be low.

The experimental results are as would be expected from crystals’ which are

long perpendicular to (10.10), but the model cannot account for the short
columns. For instance, a thickness of 20 nm | [010] would imply that two

thirds of the volume found by the {1010} reflection should occur as columns
20/cos30° = 23 nm in length, see fig. 23, a. Columns of this length, however,
are rare, whereas columns with lengths of ca. 33 and ca. 15§ nm are very
common although not predicted by the model. The great abundance of columns
33 nm and 154 nm in length can only be explained if the model is modified by
assuming some kind of alternation of crystals with thicknesses of ca. 3} - cos30°
=3 and ca. 15} cos30° = 131 nm | [010]. After a number of trials with
different models an aggregate like the one shown in figs. 22, b and 23, b was
accepted. The 3 nm crystals were supposed to form a kind of surface layer on
the thick 13 nm crystals, or put in another way, the thick crystals were sup-
posed to be separated by two thin crystals. In the main, the model can account

for the results obtained by {IOTO}, and it is also in accordance with the electron
micrographs. The period of repeat of the triplet of grain boundaries is ca.
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Fig. 23. a) Face normals projected on (0001) of a quartz crystal in flint. Habit and
size determined by electron microscopy. b) Face normals projected on (0001) of a
group of quartz crystals in flint. Habit and size determined from the peak profile of

{1010} on the assumption that the deformations areZsmall.

(3.5 + 3.5 + 15.5) - c0s30° =~ 20 nm. | [010] the mean length becomes ca.
7 nm. The model with the thin surface layer, however, fails to explain the
results obtained by other reflections than {10'1_0}. For reflections with I &= 0
some allowance must be made for the effects of the unknown termination of the
crystals in the direction of the c-axis, but even then the model cannot explain
the experimental results. The disagreement between experimental and theo-
retical results, however, is not complete. All reflections show that columns,
13-20 nm in length, are common — type C. Five reflections show the presence
of columns ca. 6 nm in length, i.e. short columns with a length of roughly

twice the length found by {1010} — type B. Only {1010} and {1011} can give
reliable information on columns shorter than ca. 5 nm, and the lack of such
very short columns in the results obtained by the other reflections has no
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significance. {1120} shows the presence of columns ca. 14 nm and ca. 14/cos60°
= 28 nm in length — types C and E respectively — as predicted from the shape
of the grain in fig. 23, b. In total, there seems to be some kind of qualitative
relationship between the model and the flint, but the model cannot explain
the experimental results quantitatively. The most evident discrepancy between
the theoretical and experimental results is certainly the lack of the very short

columns in the results obtained by {1011}. On the other hand this discrepancy
cannot be explained by any particle shape and it therefore shows that the grain
boundaries have very little influence on some of the reflections. This is not
possible when grain boundaries involve a tilt or a twist, and therefore the
neighbouring crystal lattices seem to be parallel and their separation must then
be a displacement with or without a twinning operation. The displacement is
not necessarily a simple fraction of a unit cell, as in the classical treatment of
stacking faults by H. D. MeGAaw (1961). Nevertheless, the term stacking fault
will be employed here since the phenomena are closely related geometrically.

A stacking fault will introduce a phase difference in the X-ray waves. The
phase difference will depend on the displacement vector as well as on the
reciprocal vector of the reflecting lattice plane, A priori it seems possible that
a stacking fault or a sequence of stacking faults may influence only some of the
reflections.

The influence of stacking faults on the Fourier coefficients of the peak shape
Sunction

The influence of stacking fauits on the diffraction phenomena has been
treated thoroughly by H. D. Mecaw (1961). MEGAW’s treatment is mainly
based on the positions and intensities of extra, non-Bragg reflections which
can be found on single crystal photographs. Actually, MEGAW’s method is not

suited for a detailed investigation of peak shape functions of fine-grained
powders. The use of the Fourier coefficients will therefore be continued here,
equations (18) and (19), p. 328, being suited for the purpose.

In accordance with the semi-quantitative models of the quartz grains (fig. 22)
it will be assumed in the following that stacking faults occur on (1210). Each
stacking fault implies a perfect parallel displacement, which in the terminology
of H. D. MegAaw (1961) is given by a vector called Ez, formally using (1210) as
a b-pinacoid. N

l_l’z = uui’ -+ pesb + uzag. (30)

Such a stacking fault will create a phase difference in the waves of an hk/
reflection given by:

A = 2n(psih + pesk + pesl) =2nz, G3D

where z is used in the same sense as on p. 327.

The effect of stacking faults will furthermore depend upon their distribution
in the columns. Provisionally, it will be assumed that the stacking faults have
the same displacement vector and that they occur in a perfectly regular distri-
bution with a distance of w cells, When P(p) identical columns of length p are
considered, equation (18), p. 328, can be modified, and by use of (8), p. 325:
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j=m+n—1
F(n) = kN(n)<exp(—2niZ(n))} = kP(p)[p — n]<exp(—21ti Z z,) dm.
j=m
{>m denotes the mean value for all possible values of m, viz. fromm =1 .to
m=p —n. _
By means of (26), this becomes for t = nd:

j=m+n-1

M@® = FI(:) P(p)g — n]\exp(-—Zni Z z;) dm. (32B)
q a

j=m

When the stacking faults occur with a distance of w cells, the sum of the
lattice spacing errors will depend on n. Thus forn < w:

. n
j=m+n-1 z, with a frequency of g and

. w—n
i=m l 0, with a frequency of et

(32B) is therefore forn < w:

M) = P(p)l[gq— n]{ (W — ) + % exp(—2niz)].

w

By analogy forw < n < 2w:
_ PMIp —nlf[2w —n] _ . n —
M(t) = Na H - ] exp(—2niz) + [

and for 2w < n < 3w:

M(©) — P(p)[;’I — n][[3wv;- n] exp(—dniz) + [n —

w] exp( —47ziz)} ,

2
w] exp( —6niz)] ,
etc,

Fig. 24 shows Mc(n) and Ms(n) for a powder consisting of infinitely long
columns where 5 unit cells separate stacking faults each of which gives a phase
difference of 4-130°. The curves calculated in this way show no resemblance
to the experimental results. The calculations have been repeated with other
values of z, but the model is wrong. The model, however, shows that the slopes
of the curves change — often by sign — when n passes a multiple of w. Such
strong changes of slopes are seen in some of the experimental M(t) curves, and
thus the theory of stacking faults in the flint seems to be reasonable. However,
the distribution of the stacking faults is not the simple, perfectly regular
distribution used for the calculations above.

The simple, perfectly regular model makes it easy to obtain a general idea
of the effects of variations in w and z on the M(t) curves for a powder consisting
of different columns. If w varies, the positions of the maxima and minima of
M(t) and M;(t) for the single columns will vary, and when these curves are
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Fig. 24. M(n) and Ms(n) fora powder consisting of infinitely long columns where
5 unit cells separate stacking faults each of which gives a phase difference of +130°.

added to give the curves for the powder, peaks and depressions will tend in-
creasingly to cancel each other out, the higher the value of n. If z varies,
I<exp (—2niz)>| will become less than one, and the maxima and minima will be
less pronounced.

In order to explain the experimental data, |M(t)] and Me(t) have been
calculated for a number of models which were different with regard to size and
distribution of stacking faults. All the models, however, have been given up
apart from one in which three stacking faults occur as a triplet. Within the
triplet the stacking faults are separated by w cells, the triplets being separated
by W cells, W > 2w. By counting on the model it can be determined with
which frequency 1, 2 or 3 stacking faults will occur within a length of n cells.
(32B) can then be written:

Forn < w:
P(p)Ip — n]

mﬂw + 2w — 3n] + 3n<exp(—2niz)>].

M) =
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Forw <n <2w:

P()p — n]
No[W + 2w]
+ 2[n — wKexp(—2ni2z)>].

For2w <n <W:

P _
M(D) = %[[W — n] + 2wlexp(—2rniz)>

-+ 2w<lexp(—2mi2z)> + [n — 2wKexp(—2ni3z))].

M() = [[W — n] + [4w — n}Kexp(—2niz)}>

etc.

Fig. 25 corresponds to this model. |M(n)| and Ms(n) have been calculated
for two values of z, namely 0.347 and 0.847. W and w have been chosen in
accordance with the lengths of the normals to {1010} (see fig. 23, b). One third
of the volume is assumed to be made up of infinitely long columns without
stacking faults. Two thirds of the volume is assumed to be made up of infinitely
long columns containing the above-mentioned triplets of stacking faults, with
w = § and W = 25, Below n = 25 the curves for z = 0.347 have much in

common with the experimental curves for the {IOTO} reflection. The curves for

z = 0,847 show some analogy to the experimental curves for the {IOTI} re-
flection. It seems therefore probable that usz and pss are close to 0.35 and 0.5

M(n)
+101 360%z=125°
360°-2= 305°
+08
+06 1
T ==
=TT
e
//’
+0.2 1 s Mg(n)
7/
/
/
0 . ! A 1] Il
T L l‘\\l‘
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~-04 T T T T T
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Fig. 25. |{M(n)] and Ms(n) for two {hOI_II} reflections. 4 of the columns contain
triplets of stacking faults with w =5 and W = 25. 1 of the columns have no
stacking faults. All the columns are treated as infinitely long.
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respectively, and the model seems to be close enough to nature to make
possible detailed calculations of z, w, and W. For this purpose a computer
program in GIER algol III has been worked out for n < 2W -+ 4w with the
kind help of ANDERS BJERRE, cand. polyt. The program gives |M(0)| = 0.94 in an
attempt to account for the volume of quartz being < 959%; (see p. 343). The
calculations were carried out on the GIER computer of the Astronomical
Observatory of the University of Copenhagen.

Determination of the lattice faults in dark flint

In flint the triplet of stacking fault planes must be parallel to (-I-ﬁO) as shbwn
by electron microscopy (see p. 319). Initially it is assumed that the columnar

lengths determined by means of {IOTO} (table 5) are largely correct. A model
is then obtained of the quartz grains in flint, much like the one given by fig.
22, b but with stacking faults instead of grain boundaries. In accordance with
(19), p. 328, M(t) and Ms(t) are calculated for a powder by adding up the
contributions from each kind of column. These contributions are calculated
separately, taking into account the orientation of the face normals as shown in
fig. 23, b.

In the first calculations, it was assumed that z was a constant and had the
same value for reflections from (1100) and (0110), i.e. p21 = 0 and paz = z.
p was assumed to be 250 cells, corresponding to a length of ca. 100 nm. On

these assumptions the M(t) curves were calculated for the {1010} reflection for
different values of w, W, and of pss, the latter varying from 0.3 to 0.5. By
comparison with the experimental data the following values were found to
give the best approximation:

pez = 0.37 £ 0.02, w =6 - 2 cells, and W = 33-56 cells with a mean
value of 43 cells.

The variations in w and W, which are necessary to suppress strong maxima
at n > 35, have been taken into account by use of 18 different combinations of
w and W in each calculation of M(t).

The M(t) curves calculated from the above figures were now improved by

making p21 = 0. The z values for (TIOO) and (0110) were now different. Their
mean value is paa — 321 and turned out to be 0.35. The following values gave
the best fit between the calculated and the experimental M(t) curves:

pe1 = 0.10 £ 0.04 and p2z = 0.40 £ 0.03.

Another set of values gives the same results as the above set, namely p21 =
—0.10 and p22 = 0.30. These two displacement vectors cannot be distinguished

in the calculations due to the orientation of the fault plane being (1210).
The former vector is used in the following as it corresponds to the detailed
structures shown in fig. 31. _
These values were now used in the calculation of the M(t) curves for {1011}
after changing w and W according to the new orientation of the face normals.
23 was allowed to vary from O to 4. The sign of p2s cannot be determined
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since {1011} comprises faces with both positive and negative values of /. The
result became n2s = +0.35 4 0.02, giving a displacement vector of

pz = 0.10a -+ 0.40b - 0.35¢.

The M(t) curves were then calculated for the other reflections, taking into
account as far as possible the influence of the shape of the crystals on w and W.
The results, however, were not convincing, even allowing for deviations due
to the probable occurrence of a stacking fault on (0001) and deviations due to the
unknown termination of the domains in the direction of the a*-axis. To im-
prove the calculated M(t) curves it was now taken into consideration that the
observed lattice faults might not be genuine stacking faults but faults where a
parallel displacement is accompanied by a twinning of the lattice. M. J. BUER-
GER (1960) used the term stacking fault twins with reference to close packed
structures where a stacking fault implies twinning. In quartz, a stacking fault
does not imply formation of a twin, and the author will therefore use the term
“twin fault”. Twinning implies that two (1210) faces are adjacent at every
second twin fault while two (1210) faces are adjacent at the interjacent twin

faults. The low symmetry of quartz makes (TZ_IO) and (1210) different, making
the twinning possible. The structure of quartz thus implies that the structural
details of an (IZTO) interface must be different from those of an (1510) inter-
face, and the displacement vectors connected with the two interfaces are there-
fore likely to be different. The two different, alternating vectors will be called

u+z = u+21a + u+22b + u+zsc and
u 2 = H— 21a+|,1 2zb+u 23C.

The above-determined vector is close to the mean value of E+z and _ﬁ-z. The
calculations have been carried out by using independent variations of (p+2; —
p—25) and of (u+25 + p—23), j = 1 to 3. The calculations soon showed that the
results were not improved by making (u+22 — p-22) + 0, or by making
(u+2s — p-23) &= 0, but the results are not very sensitive to variations in these
differences. p+22 and pi23 are therefore not bound to be identical to p-22 and
p-23 respectively. On the contrary, a value of 4-0.22 for (t+21 — p-21) improves
the fit between the calculated and the experimental Ms(t) curves for {10]0}
(see fig. 28). The calculations were repeated a few times to improve the ac-
curacy by successive approximations. The final results were:

u+z = 0.02a + 0. 415b + 0. 37c for (1210), and
u 2 = 0.24a + 0415b + 0. 37¢ for (1210)
Up to this point, p+21 and p-21 can be interchanged in the calculations, but
the structural interpretation of the two vectors indicates that the above equa-
tions are the probable solution. However, if the lattice faults are twin faults,

' the lack of a centre of symmetry in a-quartz is to be taken into account. The
zero point of a wave from a unit cell is determined by a phase angle ¢ given by

= arct. B
(p_‘ an A H
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where A and B are the cosine and the sine terms of the structure factor

Fha = A? 4 B2, The {h0hl} faces are parallel to the diad axes, and the o
values are . Twinning will therefore produce a phase angle of 2, which do

not influence the above calculations of the M(t) curves. The {112/} faces are
not parallel to diad axes, and the sine terms and hence the ¢ values are not zero.

For the {1 150} reflections ¢ becomes (1 — 0.075)x for (—1_2] 0), (2ﬁ0) and (ﬁ20),

but (1 4 0.075)x for the three opposite faces (1210), (5110) and (1120). A
hypothetical rotation twin boundary, which gives no displacement of the
lattice, will make the normal to (1210) parallel to the normal to (1510) and will
thus give a phase change of 2(+0.075n) = +0.15%. Continuing in the same
direction the next twin boundary will give a phase change of —0.15%. This
means that phase changes of 4-0.15z and —0.15= alternately will be produced

by the twin boundaries when we regard a {1120} reflection. For the {115.2}
reflections the phase changes at the twin boundaries are +-0.11x and —0.11x.
These phase changes are to be added to the phase changes laid down by the
displacement vectors of the twin faults which have been determined by the

{hOhl} reflections, For these calculations, the GIER algol program was modi-
fied (appendix 2). However, the effects of these phase angles on the M(t) curves
are very small and they neither prove nor disprove the hypothesis of twin faults.

The i coefficients have been determined as the values which, within an
interval of 4+0.03, give the best fit of the calculated M(t) curves to the experi-

mental curves for the {1010} and {1011} reflections. The kind of “‘fit” used here
is primarily a question of correspondence between the slope of the curves and
the abscissae of the points of maximum curvature. For the Ms(t) curve, how-
ever, a straight line through (0,0) can be used as a background line instead of
the abscissa axis, because a small shift of the X-ray diffraction peak will
change the Ms(t) in this way. In agreement herewith the M(t) value for t = 2.3

nm has been used as a critical point for the {1010} data during the calculations.
Figs. 15-20 show the M(t) curves calculated from the model for six re-

flections. For {1231} the curves have not been calculated as this reflection will
be highly influenced by the unknown termination in the direction of the a*-
axis of the quartz domains. It should be noticed that the weak reflections

{1120}, {2020}, and {2021} are rather inapt for this detailed analysis. Further-
more, it is necessary to allow some effect of the unknown termination of the
quartz domains in the directions of the c- and of the a*-axes.

The agreement between the calculated and the experimental curves is not
good although the general slopes of the calculated |M(t)| curves are rather
similar. to the slopes of the experimental curves in the range from 5 to 15 nm
which is the most reliable part. Changes of the displacement vectors have not
improved the fit; more often the changes have worsened the fit of the results.
Also an attempt to improve the calculated curves by use of other values of w
and W gave poorer results. The author therefore concludes that the model and
the puj values determined agree so well with the experimental results that they
can be accepted as largely correct, but it should be stressed that the model used
in the calculations does not allow a variation in the values of w and W inside
one column, and the triplets may be a statistical average of clusters of twin
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Fig. 26. Experimental M(t) curves (full, heavy lines) and calculated M(t) curves for

different values of pi2a = p-22 = Hea. P21 = 0.02, p-21 = 0.24, and pig3 = p-23

= 0.37 are constant. Dotted lines: p2z = 0.365. Full, thin lines: p22 = 0.415, the
best approximation. Dashed lines: paz = 0.465.
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Fig. 27. Experimental M(t) curves (full, heavy lines) and calculated M(t) curves

for different values of 3(u+21 - p-21). (H-21 — pis1) = 0.22, (naz — 3G (4o1 +

p-21))) = 0.35, and pzs = 0.37 are constant. Dotted lines: $(u+21 + p-21) = 0.08.

Full, thin lines: }(u+21 + p-21) = 0.13, the best approximation. Dashed lines:
3(ps21 + p-21) = 0.18.
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Fig. 28. Experimental M(t) curves (full, heavy lines) and calculated M(t) curves for

varying values of (n-21 — p+21). 3(t421 + po21) = 0.13, poz = 0.415, and poz =

0.37 are constant. Dotted lines: (u—g1 — p+21) = 0.000. Dashed lines: (u-21 — p+21)

= 0.12. Full, thin lines: (u-21 — p421) = 0.22, the best approximation. Dot and
dashed lines: (=21 — p+21) = 0.32.
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Fig. 29. Experimental M(t) curves (full, heavy lines) and calculated M(t) curves for
varying values of pi2s = ll-23 = os. p+21 = 0.02, p21 = 0.24, and pz2 = 0.415
are constant. Dotted lines: pes = 0.32. Full thin lines: paz = 0.37, the best ap-
proximation. Dashed lines: p2s = 0.42.
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faults. It does secem probable that clusters of two or four twin faults exist,
as the twin fault pattern of plate 12, 2 implies that the lattice fault, which is
seen to end, should consist of an even number of twin faults. The Ms(t) curves
for groups of 2 or 4 twin faults, however, are very different from the experi-

mental Ms(t) curve for {1010}. The number of such groups must therefore be
low compared with the number of triplets.

The limits of best fit given above are not true limits of error, but the ex-
perimental results are not considered to be sufficiently accurate to allow more
detailed calculations. It is not possible to give definite limits of error, but in
any case changes of the juj values of more than 4-0.05 are not likely, as can be
seen from the effects of such changes in figs. 26-29. »

The significance of (p-21 — n+21) is conclusive in the problem of whether the
lattice faults are stacking faults or twin faults. Although the calculations seem
to indicate that the difference is significant, the author has attempted to under-
take a structural interpretation on the assumption that p+21 = p—21, the lattice
faults being a kind of stacking faults which contain Si-OH groups (see p. 359).

The influence of thermal treatment on the lattice faults of flint

A number of samples of dark flint from Stevns have been heated or auto-
claved in order to see the effects of such treatment on the shape of the X-ray
diffraction peaks. For most of this work the author used the approximation
formula for average particle size determination of K. DRENcK (1959, p. 81);
these results are shown in fig. 30. A few samples were selected for detailed
Fourier transformations, the results of which are given in table 5.

Heating to temperatures below ca. 300°C has nearly no effect on the peak
shape of the reflections. Prolonged heating to temperatures above ca. 450°C
makes the diffraction peaks sharper corresponding to an increase of the average

particle size. At the same time the asymmetry of the {1010} peak disappears.
This means that the lattice faults in the natural flint are annealed at high
- temperatures. , : ,

Autoclaving at low vapour pressures produces the same results as heating in
dry air. Autoclaving at high vapour pressures produces much greater effects
than heating in air at the same temperature and for the same period. However,
a sample of flint was heated to 650°C during the day and allowed to cool during
the night, and this was repeated 80 times; this sample gives results which are
very similar to those obtained on a sample which had been autoclaved at 510°C
and 2200 bars water pressure for 20 days (see table 5). One effect of the high
vapour pressure thus seems to be that it increases the mobility of the lattice
defects, as also shown by G. DoNNAY, J. WYART, and G. SABATIER (1959).
Another effect of the high vapour pressure is that the OH groups of the flint
do not disappear. The OH content of a flint sample, autoclaved at 2500 bars
H20 at 540°C for 20 days, corresponds to a monolayer with an area of 126 m?/
cm? (see p. 301). The area of {0001} is assumed to be 34 m2/cm3, and the re-
maining 92 m2/cm3 is probably the area of the prism faces. The area of the

prism faces can also be determined by the {1010} reflection, giving 67 m2/cm3
corresponding to a volume of 88 % quartz. The volume of the quartz is 98¢, —

23+
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Fig. 30. Average particle sizes of dark flint from Stevns after treatment at various
temperatures under the following conditions. Open squares and circles: heating in
air. One half black: autoclaving at low vapour pressures (<300 bars H20). Black:
autoclaving at high vapour pressures (2000-3000 bars H:20). Circles indicate

average particle sizes measured with {IOTO}. Squares indicate average particle sizes
measured with {1011}.

as can be derived from the chemical analysis. The corresponding surface area

is 67 -98/88 = 75 m2/cm3. The geometrical approximation used for the

determination of the surface area, p. 333, is rather inaccurate, and, within the

limits of error, the 75 m2/cm? and the 92 m2/cm?® may be identical. This means

that the monolayer of OH groups is likely to be found on the surface of the
quartz grains formed by the autoclaving. )

The conclusion from these experiments is that the lattice faults of flint can
be annealed at temperatures below 650°C, and that the annealing process unifies
neighbouring quartz domains in the directions parallel to {0001}. This change
shows that the neighbouring quartz domains cannot form reflection twins, as
reflection twinning would imply that right-handed quartz should change into
left-handed quartz during the treatment. The structural transition from right-
to left-handed quartz involves a rather complete destruction and reconstruction
of the lattice and is not likely to occur in the dry, solid state below 900°C
(G. DONNAY, J. WYART and G. SABATIER, 1959). Consequently, if -the lattice
faults inside the quartz plates are twin faults, the twinning law must be the
Dauphiné law according to which individuals of one kind of quartz are turned
180° about the c-axis.

At temperatures above ca. 500°C the o-quartz of flint will change into B-
quartz, and the twin faults will thereby change into a kind of stacking faults.
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Even then, the annealing cannot be imagined as a result of conservative motion
of dislocations (A. H. CortrELL, 1964), because the original twin fault zones
contain a surplus number of silicon atoms. The catalytic effect of high vapour
pressures on the annealing thus seems to be connected with the capability of
supercritical water to transport silicon, as shown on p. 313.

Conclusions on the results obtained by X-ray diffraction

The results of the X-ray diffraction work are:

1) The dark flint from Stevns consists of a-quartz.

2) The flint grains are oriented at random.

3) The X-ray diffraction peaks show broadenings, which cannot be explained
as being due to small grains, but in the main they can be explained as effects

of lattice faults parallel to (1210). . N

4) The mean size of the displacement vectors at the lattice faults is {0.13a,
0.415b, 0.37_5], but two different lattice faults are likely to alterr_1>ate. The dis-
placement vectors o_f; these two faults are: H+z = [0.02—5, 0.4150, 0.37—6] and
Ti-2 = [0.24a, 0.415b, 0.37c].

5) The lattice faults occur as triplets in which the single faults are separated by
a mean distance of 2.2 nm, the triplets being separated by a mean distance
of ca. 15.7 nm. The period of repeat of the triplets is 2.2 + 2.2 + 15.7 ~
20 nm, in agreement with the value determined by electron microscopy.

6) The mean distance between the lattice faults is 6.7 ~ 7 nm. The correspond-
ing mean distance determined from the area occupied by Si-OH groups is
13.4 nm. Within the limits of accuracy, this implies that the number of Si-OH
groups present is only one half of the number of groups needed to form a
full monolayer on each surface of the faults. It might be supposed that every
second lattice fault contained all the Si-OH groups. This supposition, how-
ever, does not agree with the fact that the lengths of the two displacement
vectors are so close to each other — namely 2.8 and 2.7 A respectively. The
two different lattice faults are therefore likely to contain the same amount of
Si-OH groups, each lattice fault containing a number of Si-OH groups
corresponding to one full monolayer. The remaining half of the electro-
static charges in the surfaces must be balanced by Si4+.

7) When the difference bétween the displacement vectors of two lattice faults
is significant, then the lattice faults are likely to be twin faults. The thermal
treatments show that the twin law is the Dauphiné law and that the an-
nealing of the lattice faults is not a mere removal of OH-groups.

The structures of the Dauphiné twin boundaries

In order to elucidate the problem of stacking faults contra twin faults, the
author has tried to draw the detailed structures of such boundaries. The quartz
structure has been drawn according to the coordinates given by P.-H. WEI
(1935), and one side of the structure has been displaced according to the dis-
placement vectors determined.
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Fig. 31. Hypothetical structures of the two different twin boundaries which occur within the plates of right-handed quartz found in dark
flint from Stevns.
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The effect of a hypothetical stacking fault with a displacement vector of

;Tz = 0.13;1> + 0.4153 + 0.37c is that no set of 4 oxygen atoms can form a
tetrahedron in which a silicon atom can be placed. The smallest of the co-
ordination polyhedra formed by 4 oxygen atoms is roughly a distorted tetra-
hedron but only three of the Si-O distances can be close to 1.6 A, the fourth
distance being 2.8 A. Another coordination polyhedron is even more distorted
and gives Si-O distances of 1.7, 2.3, 2.3 and 2.9 A. Actually, as far as can be
seen from a drawing of surface structures, both surfaces would probably be
covered by complete monolayers of Si-OH groups if the lattice faults were
true stacking faults. The hypothesis that the lattice faults in flint should be
stacking faults is therefore abandoned.

At first sight, the structures of two different twin faults seem to be difficult to
determine as the calculations do not show whether the displacement between
two (121_0) faces is described by E+z or by E~2. A few trials, however, showed
that the ILLz vector gives a reasonable structure for the twin boundary between
two (1210) faces (fig. 31, left half). Si-O-Si bridges readily explain the occurrence
of only half a monolayer of OH groups on each surface. It is necessary to shift
the atoms of the boundary zone a little in order to make room for them. A
positive value of p-23 gives smaller atomic shifts than a negative value and is
accepted in the following.

The detailed structure of the twm boundary between two (1210) faces can
now be imagined on the basis of the n—-2 vector (fig. 31, right half). As expected,
this twin boundary is different from the above-mentioned boundary, but it
contains the same Si-O-Si bonds, and the atomlc shifts are of the same magni-
tude (< 0.8 A).

It should be noted that the structures of the two interfaces change into their
mirror images when the left-handed P3121 quartz is considered instead of the
right-handed P3221 quartz. The four displacement vectors thus become:

u+2 rignt = 0. 02a + 0. 415b +0. 37c,
p—z rigne = +0. 24a + 0. 415b + 0. 37c

Tis, e = —0.243 + 0.175b — 0.37c,
P2 e = —0.022 -+ 0.395b — 0.37¢.

Twin faults have thus turned out to be more likely than stacking faults both
in the calculations of the M(t)-curves and in the attempt to give a structural
interpretation of the lattice faults. The theory of multiple twinning according
to the Dauphiné law will therefore be accepted here. This polysynthetic
twinning gives the quartz plates a bulk pseudosymmetry corresponding to the
crystal class 622. It has been proposed earlier, p. 307, that neighbouring quartz
plates are probably twinned according to the Brazil law. This means that
inside the pile of quartz plates which make up the flint grains, alternate plates
should consist of left-handed or right-handed quartz. In this way the flint
grains obtain a bulk pseudosymmetry corresponding to the class 6/mmm.
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VI. Conclusions

Conclusions. about the structure of the dark flint from Stevns can be drawn
directly from only rather few of the observations given in this paper. Most of
the structural details have been deduced by coordination of results obtained
from independent methods of investigation; a complete picture of the structure
of the dark flint can hardly be obtained directly from the experimental results.
For this reason, the most important approach used in this work was a system-
atic trial of structural models which could be experimentally controlled. The
conclusion of this work is therefore the proposal of the structural model which
best accounts for the observations; this is not to say that it is definitely the
correct model.

The dark flint from Stevns consists of anhedral flint grains, 2-30 u in size
with a mean of 7.5 u. Optically, the grains seem to consist of quartz, and they
have a random orientation. The intergranular fissures between the flint grains
have a mean width of 4} nm, determined on the assumption that the fissures
are completely filled with water at a relative humidity of 1009%;.

The flint grain is built up of a pile of plates of quartz. The plates are
parallel to (0001) and have a mean thickness of 59 nm. The {0001} faces are
covered by monolayers of Si-OH groups, and adjacent quartz plates are
joined by one single monolayer of water molecules. Every second of the Si-OH
groups in the structure between the {0001} faces has no hydrogen bond,
whereas the remaining Si-OH groups have hydrogen bonds to the water
molecules. The presence of water molecules makes it likely that neighbouring
quartz plates form twins according to the Brazil law. This means that alternate
quartz plates are likely to consist of right-handed or left-handed quartz.

The quartz plates of the flint grains consist of subgrains separated by low
angle boundaries. The subgrains have a size of 0.2-3 p and are finely divided
by twin faults. The twin faults are parallel to (1210) and occur in threes with a
mean spacing of 2.2 nm. These triplets are separated by perfect quartz over a
mean distance of ca. 16 nm. The twinning corresponds to the Dauphiné_law.
In right-handed quartz two (1210) faces are displaced +0.02a + 0.415b +
0.37¢ from each other, and two (1210) faces are displaced +0.24a + 0.415b
+ 37¢ from each other. In left-handed quartz, the > two displacement vectors are
—0.24a + 0.175b — 0.37¢, and —0.02a + 0.395b — 0.37¢. In the twin fault
zones % of the oxygen atoms form Si-OH groups and % of the oxygen atoms
form Si-O-Si bonds from one side of the fault zone to the other. The bulk
structure of each quartz plate has hexagonal pseudosymmetry corresponding
to the class 622. This symmetry is identical to that of B-quartz — where this
symmetry is also due to twinning — and it explains why the flint gives nearly
no a — P inversion heat in the differential thermal analysis. The Brazil law
twinning of the quartz plates gives the flint grains a bulk pseudosymmetry
corresponding to the class 6/mmm.
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VIL. A note on the genesis of dark flint

In the introduction to this paper it was stated that lack of knowledge hinders
fruitful discussion of the genesis of dark flint. The structure proposed here,
however, contains so many curious details that a tentative suggestion about
the genesis is felt to be necessary in order to see if the results are plausible from
a geological point of view.

The dark flint from Stevns has probably been formed by some kind of
recrystallization of the ‘‘subsidiary cryptocrystalline silica” found in many
Danish flint types (A. TovBorG JENsEN, C. J. WoHLK, K. Drenck and E.
KroGH ANDERSEN, 1957). This substance is probably a disordered intergrowth
of cristobalite and tridymite (M. DANg, personal communication) and gives
a {111} reflection with a d-value varying from 4.07 to 4.13 A. The lowest d-
value is found in pure “subsidiary cryptocrystalline silica”. The highest d-value
is found in samples where the content of ‘“‘subsidiary cryptocrystalline silica’
is low, a large amount of fine-grained quartz being present. The diffraction
peak of the ‘‘subsidiary cryptocrystalline silica’” becomes more broad the
higher the d-value, i.e. the higher the quartz content. This fine-grained quartz
is likely to be similar to the dark flint from Stevns. The bulk symmetry of a
disordered intergrowth of cristobalite and tridymite probably corresponds to
the class 6/mmm ~ the same class as found for the pseudosymmetry of the flint
grains.

The author puts forward the hypothesis that the quartz of the flint grains
has epitaxially replaced the original ‘“‘subsidiary cryptocrystalline silica” of
the nodules.

If we use a cubic indexing of the “subsidiary cryptocrystalline silica’, then
a {111} face — referred to hereafter as (111) — is likely to be parallel to the (0001)
of quartz, and the low symmetry then implied that the a-quartz crystallized
with four different orientations as growth twins corresponding to the observed
Brazil and Dauphiné laws.

An important point is the lattice spacing of “subsidiary cryptocrystalline
silica” just before the formation of quartz. On (111) the other {111} planes
will form a hexagonal line pattern with a spacing of 4.07/sin((111) A (111)) =
4.31 A. This means that the line spacing on (111) is only ca. 1.4%, larger than
that of quartz. This difference in spacing is so small that epitaxial overgrowth
is possible according to J. H. vAN DER MERWE (1964). However, instead of
interfacial dislocations the twin faults of flint may accommodate a large interface
misfit — 0.35 d — and the period of fit and misfit between the two crystal lattices
may therefore be given by 0.35/0.014 ~ 25 spacings of {1010} of quartz. This
means that 25 lattice planes {1010} of quartz plus one twin fault will correspond
to 25 lattice planes of “subsidiary cryptocrystalline silica” on (111) at the be-
ginning of the crystallization of quartz. During the crystallization of quartz the
spacing of the {111} of the ‘“subsidiary cryptocrystalline silica” increases to
4,13 A corresponding to a line spacing of 4.38 A in the (111) plane. This
spacing differs from that of {1010} of quartz by 39 and corresponds to an
average distance of only 11 unit cells between the twin faults in flint. In the

three {1010} directions the twin faults of the dark flint occur with mean dis-
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tances of 18, 18 and ca. 200 unit cells. This gives an average distance of ca. 26
cells between two twin faults, i.e. virtually the same distance as predicted from
the lattice spacing of the “subsidiary cryptocrystalline silica” at the beginning
of the crystallization of quartz. An average distance as low as 11 unit cells
between the twin faults in flint is only found in the narrow twin lamellae where
the average distance is about 9 unit cells. These tentative correlations between
lattice misfit and twin fault density therefore suggest that the clustering of the
twin faults into triplets is produced during the development of the matrix upon
which the quartz has grown. On the other hand, the development of the matrix
may have been deeply influenced by the growing quartz.

The quartz plates in the flint grains have some resemblance to the piles of
thin plates or rods known from the tactoids often developed in aged gels (J. F.
KERRIDGE, 1964). The “‘subsidiary cryptocrystalline silica” has probably been
a silica gel before its consolidation, and the quartz plates may be a palimpsest
structure from a very early stage of the flint formation.

As very little is known about “subsidiary cryptocrystalline silica”, the
hypothesis outlined above, however promising it may seem, clearly must re-
main a hypothesis, for a number of important details cannot at present be
usefully discussed, even qualitatively. A proper discussion of the genesis of the
dark flint from Stevns on this basis must wait until the detailed structures of
“subsidiary cryptocrystalline silica’ have been elucidated.
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DANSK RESUME

Den merke flint fra skrivekridtet i Stevns klint er blevet undersegt ved en rekke
forskellige metoder, hvis resultater gennemgldende har maéttet kombineres for at
kunne tolkes. Blandt de vigtigste undersogelser og deres resultater skal nzvnes
folgende: Sterrelsen af de optisk koharente omrader sivel som deres lysbrydning,
dobbeltbrydning og orientering er bestemt ved lysoptisk mikroskopi. Ved isoterm
dehydrering, termogravimetrisk analyse og infrargd-absorptionsspektroskopi har
det vaeret muligt at bestemme mangden af vandmoleculer og Si-OH-grupper, hvor-
efter storrelsen af de indre overflader er beregnet. En kemisk analyse viser, at
flinten nzsten udelukkende bestdr af SiOz og H:0. Flintens gitterfejl ma derfor
vare knyttet til OH-grupperne, siledes at gitterfejlenes antal og tzthed kan be-
stemmes og korreleres med flintens indre overflader. Elektronmikroskopi har vist,

at gitterfejlene er parallelle med (1210) og (0001). Pa grundlag af resultaterne fra de
nzvnte undersegelser har det vaeret muligt at tolke rentgen-diffraktionsliniernes
forbredninger, hvad der forte frem til en mere detaljeret beskrivelse af gitterfejlene
og deres fordeling i krystallerne.

Det har ikke varet muligt at udlede flintens struktur direkte fra méaleresultaterne,
men efter en del forseg er det lykkedes at finde frem til en strukturmodel, som ser
ud til at stemme overens med samtlige observationer:

Den morke flint fra Stevns bestdr af anhedrale »flintkorn, der i stgrrelse varierer
fra 2 til 30 u og er tilfeldigt orienteret. Flintkornene har samme lysoptiske egen-
skaber som kvarts, De bestar af plader af kvarts, der er parallelle med (0001) og i
middel 59 nm tykke. {0001} fladerne er daxkket af monolag af Si-OH-grupper, og
mellem to af disse monolag findes et enkelt monolag af vandmoleculer.” Tilstede-
varelsen af vandmoleculer sandsynligger, at kvartspladerne danner polysyntetiske
tvillinger efter Brazil-loven; det vil sige, at pladerne skiftevis skulle bestd af hgjre-
og af venstre-kvarts. Kvartspladerne kan indeholde lav-vinkel korngranser, der
deler flintkornene op i underkorn af storrelsen 0.2-3 pu, men fremfor alt er kvarts-

pladerne gennemsat af et stort antal gitterfejl, der er parallelle med (1210). Hver
gitterfejl bestar af 3 tvillinggrenser, der kun er adskilt af nogle f enhedsceller af
kvarts (2.2 nm i middel). Mellem disse grupper af tvillinggrenser findes bredere
lameller af kvarts (i middel ca. 16 nm brede). Tvillingdannelsen folger Dauphiné-
loven. Tvillinggraanserne er ikke blot steder, hvor en symmetrioperation finder sted,
men de er ogsé ledsaget af parallelforskydninger af gitteret. For hojre-kvarts gzlder

sdledes, at forskydningsvektoren mellem to (1210) ﬂader, der pé grund af tvilling-
operationen vender mod hinanden, er 0. 03a + 0. 415b + 0. 37c, medens forskyd-

ningsvektoren mellem de tilsvarende to (1210) flader er 0.24a + 0. 4156 + 0.37¢.
Pa grund af tv1111nggranserne vil en del oxygen-atomer ikke vare knyttet til silicium-
atomer pd samme méide som i kvartsen. To trediedele af disse oxygen-atomer indgér
i Si-OH-grupper, medens den sidste trediedel indgar i Si-O-Si bmdmger tvers over
tvillinggranserne.

Den merke flint fra Stevns er opbygget af den trigonale a-kvarts, men den poly-
syntetiske tvillingdannelse efter Dauphiné-loven bevirker, at hver enkelt plade fir
en pseudosymmetri svarende til krystalklassen 622. Hvis kvartspladerne, som oven-
for.navnt, danner tvillinger efter Brazil-loven, far flintkornene en pseudosymmetri
svarende til klassen 6/mmm. P4 grundlag af disse betragtninger over pseudosymmetri
fremsattes den hypotese, at flinten er dannet ved epitaksisk replacering af en zldre,
»opalagtig« substans, den sikaldte »subsidizre kryptokrystallinske kiselsyre«, som
forekommer almindeligt i en del danske flinttyper.
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)
integer p;
bezln
lnteger f1, tp.tqum¢SCAFA;
real cBAG(dshinl¢n2;

procedure TRYK(P);

array P;

bezln

Intezer mik;

for m:= 0 step 1 Unxll 8 dg bezln

for k:= 0 step ntl
output((ndddd).P[anO»k]), outer;
for k:= 0 sgep 11 9

output(tndddd).P[ (mXIOOk)?), outcr; outcrengd;
outputi{ndddd}P{90] ,outer,Pl-901,0uter)
end TRYK; -

procedure PUSPC(f M N,P,a;b);

yalue MNP; array f.aib; lpteger M,N,P;
begln Integer minip;

real c,kyul,u2,vl,;v2,w,theta;

real procedure ARC(x.y);
yalie x¢y; real x:v;
begln
ARC:= If x=0~y20 thep 0 else

1f abs(x)2abs(y)

then arctanly/x)+ (1f x<0 then 3.14159265 glse

1f v20 then 0 else 6,28318531)
d glse arctanl-x/y}+(1f y>0 thep 1.57079633 glse 4.71235898)

end;

= 2/M; theta:= 3,14159265xk;
for p:= 0 sgep 1 uptll P do
bezln
V2= vlz= u2-- uli= 0; c:= cos(pxtheta)x2;
for n:= N step -1 unt]l 1 do bezin
win (f[-n]~f[n])x0 Secxul-u2;
u2:= ul; ul:s= w;
wi= (fln)=f[=n])x0,5+cxvl-v2;
vZ:= vl1; vl:= w gpd;
wi= (f[0]00 Sxcxuleu2)xk;
vl:= sin(pxtheta)xvlxk;
alplt= sqrtiwh2eviAz);
blpl:= ARC{w,vl
snd
end PWSPC;
outcopy(£<[1$);
Tnput{p,cid,SCAFA}; h:= cxd;

begln array Q[-90:90], ra,phlql-2:p+2];
outtext({<SCAFA=});output{{-ndddd}SCAFA)jouter;outtext(t<

Kvarts
$);s input(qQl;
f‘ m:==90 step 1 upti] 90 do
ml:=Qlml+ Q m]AZXSCAFAXIO 5.0=63
BAG:‘Q[-SO]
?L m:==90 step 1 upt]l 90 d
Q[ m}:=0{m]-BAG+(BAG=-Q 90])*(m090)/180 TRYK(Q)jouters

PUSPC{Q,360,90,pirq,phla);

tg:s drum place; to drum{rq); to drum{phiq)
end;

tp:~ drum place;

flint:

bezln ariax P[=90:907,rpiphipl ~2:p+2];
outtext({<

Flint

}); fli=in one; Lf f1=0 then gotg ud;

outtext{t<fl:=});output{{nddd},f1);outcr;y

Input(P};

for m:==90 step 1 upt]] 90 d

Pimli= P[m]+P m]+2xscAFAx10 sm-s,

BAG:=P[~30];

for m:==-90 step.1 uptll 90 do

P{m):=P[m]~BAG+(BAG=P[30]1x(ms+90)/180;TRYK{P) ;outer;

drum place:= tp;

PLUSPCIP,360,90,p,rp,phip);

to drum(rp); to drum(phip!

end;

bezin

array FiSera,phial=2:p+2}; real diff;

drum place:= ta;

from drum{rql; from drum{phiq); from drum(F); from drum(S);outcr;

outtext({<c = »); output{{-n.dddd},c,outtext({< d =~ }}, d};

outcr;

outtext({<

i?tLLmLLJLFMLJLJsmLiLLPHlLLLL"A;;LLLt
H

or m:= 0 step 1 uptl] p do bezln

;:E F[m]/ri m?XIOOO; difs= (Sfm}-phlq[m])*57.29578;
dif:= dif-entler{dif/360}x360;

1f d1£f>180 the dlf" dif =360;
output({=-ndddd¥m,f,fxsinl{dif/57,29578));
output({-nddd.d},d1f,mxc,mxh}; outcrand

end;
gotg flint
sud:end end ends
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APPENDIX 2

program In GIER algol IIl- for calculating (M{t){and Ms(t] for
a triplet of twln or stacklng faults

2 dlfferent stacking faults alternate

bezln

Integer ain QiN;

real X,¥,Zyx,yyz,d,%,Ai8,D,E,U;

1nteser array h(1:Q), k{l:Ql¢1(1:Q)wll:Q] W(1:0] p(1:0];
real array al1:6,1:Q), bl21:692:Q],c[0:N],5{0:N] F[0:N];

Trput{Q N, X Y4 Z Xy yyz4U);
for q:-1 sxgp 1 uptil Q do bezln

tnput (hiql, klgl,1laly wigl, Wlal, p[q]);
A1=6,28319% (h[qlx{Xex) +k[alx(Y+y) + [q]x(th)),
B:=6,28319x{hl[q]x(X=x) + k[q]x{Y=y) + 1[q]x(Z=2));
D:=6.28319x(h[q]x(Xsx) + k[a]x(Y+y) - 1[q]x(Z+2));
Es=6,28139x(h{g]x(X-x) + k{qlx(Y=y) - 1{qlx(z-2});
A:=A+Ux(2xk[q]=3); B:=B-Ux(2Zxk{ql=3). ; D:=D+Ux(k(

1iql:={cos{A)+cos(D) +cos(B) +cos(E))/b;
2,g]:2(cos(A+B) +cos(D+E))/2; )
31q):={cos{2xA+8) + cos{A+2xB} + cos{2xD+E} + cos(2xE+D))/b;
1=(cos{2x{A+B)) + cos(2x(D+E}}1/2;

q (cos{3xA+2xB) + cos{2xA+3%xB) + cos(3xD+2xE)+ cos{2xD+3xE))/b;
[6,ql:=(cos{3x(AeB)) + cos(3x(D+E)))/2;

qlx2-3); Er=E-Ux(2xk[q)-3);

Oowo DL
=
o

ligl:=(sin(A)esin(Bl+sin(DI+sIn(E} I /4;

24q):= (sin(A+B) + sin(D+E)})/2; .
3:q)ls=(sIn{2xA+B) + sIn(A+2xB} + sin(2xD+E} + sIn(D+2xE))/4;
s=(stn(2x{A+B)) + sin(2x(D+E)}}/2;

5¢q):=(sin(3xA+2xB) + sIn{2xA+3%xB} + sIn(3xP+2XE} + sin(2xD+3xE))/b;
6,g):={stn({3x(A+B)) + sIn{3x(D+E)))/2;

ToooToTUT
=
o

de=(bx(h{1142 +h{1]1xk{2] + k(21421/7(3x0,481242} + 1{1142/0,540042}4(=-2/2};.

outtext({< model af triplet af stablingsfejl 1 flint}); outcrsouter;
outtext(¥< 2 different stacklng faults alternate });outcr;

outtext (£<X,¥¢Z =}); output{{~n,ddd$,X,Y,Z};outcr;
outtext({(x.y.z.u =}}; output({-n.ddd}.x.y.z.ul;outcr;
outtext({<;9¢44;;h;;;;;k4;;L11;;;;1";;;;;”;;;119}),outcr:

for a:=1 step 1 uptl) Q dobezln

thtu-mdM}m.Mq]HqL th wlql, Wlal, plql);outer,

end;

ffr n:=0 S:en 1 unsll N do
nl:=S[nj:=0;
outtext({(¢¢1;nll¢;*Lt;1;4C[n];;;S[n]+L;F[n]});outcr;

for a:=1 sgep 1 uptll Q do besin

for n:=0 step 1 _n:11 wlq]l do bezln

lf n>N‘fh£D E0L

clnl:=c n]vQRX(n[q]-n)/(p[q]*(w[q] +2xw[ q))xQIx (W[ q)+#2xw[ q)} =3xn +3xn%all,q)}};
sin):=5[nl+94x(plql-n)/taxplalx(ilgl+2xwlql ) )x(3xnxb{1,ql};

£end;

for n:=wlql+l step 1 uptll 2xwlaql do bezlp

1f n>N thep 2o
cfn]x-Cfn]#ﬁbx(p[q]-n)/(QXD[q]x(H[q]+ZXW[q]))X(W[q]-nO(th[q]-n)xa[l.q]

+2x{n=wl q))xal
S[n]'=5[n]*9ux(9[q]-n)/(pr[in(Wfqlozxw[q]))K((h*w[q]-n)!b[1.q]¢2‘(n-w[q])xb[2|q]).
end;
fn: ;a'lgw[ql+§ step 1 uptil Wlal do begln
n. 0
fn]--cf §g9§X(p[q]-n)/lQXp[q]X(U[q]+ZXu[q]))le[qJ-noZXW[q]x(a[l.q]oa[2,q))
+(n-2xwl(ql)xal 3,q
s[n]--s[n]»ﬂhXIp[q]-n)/(QXD[q]x(u[q1~2xu[q]!)x(zxw[q]x(b[1.q]ob[z.q])o(n-z
xw{ql)xb[3,ad);

end;
for n:=Wlq]+1 step 1 until WlaJ+wlal do bezln

>N ds .
lfn?--thiegﬁgfﬁf:]-n)/(pr[q]X(N[q]*ZXW[q]))X(ZX(WEq]ow[q] nixal1,q]+(2xwl ql+n-U[q])x
al2yq)+(n-2%wlq))xal3,ql);
S[n]--S[n]bgh*(D[q]-n)/(Q*Pfﬂ]X(N[q]bZXW[q]))X(leN[qlou[q]-n)xb[l,q]#(qu[qlqn-N[q])’

bl2,ql+tn=2xwlq))xb[3,ql};
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‘APPENDIX 2, continued

g ny=Wlqlewlqlel step 1.until Wlqle2xwlql do bezlin

{1]
'cIU']:-c[nl]'%f(pfq]-n)/(uxp[u]x(wlq]ozxqu] 11%{3x (W[ qle2xwl q)-n)xal 2,q]

{3xn-txwi q)=2xUi q) )xal 3,q])
S[n]:éan]*Oh*(p[q]-n)/(QXD[q]*(W[q]*ZxWIq]))x(BX(WIq]*2xwtq]-n)Xb[2.q]
+(3xn=xwl q)=2xW[ q) }xb[ 3,41} ;end;
for newlalv2xwlalel sgep 1 uotll wlaleSxul al do begin
n
clnls=cln ssux(p[q]-n)/(QXp[qJX(U[qlczxw[q]))*((bxw[q]¢3xw[q] 3xn)xal3,q]
+3x(n-W{ql=2xwlq) )xalb,ql);

-S[n]x-Stn]~9hx(p[q]-n)/(qxp[qlx(w[q]ozxw[q]))*((uxw[q]osxw[q]-3xn)*b[3.q]

+3x(n-W{q)-2xwlql)xbll,q));

end;-
for ni=W[ql+3xwlql+1 step 1 uptil Wiqlsbxw{a) do begln

lfn] 'thfDSMX(DIQ]-n)/(QXp[q]X(N[q]oZXW[q]))x((ZXW[Q]02xw[q]-n)*a[3|q]
+(W[qle6xw[q)-nixalksq) + 2x(n=t[al~3xwlq))xal5q

sinl: 'S[n]‘9“‘(PTQI-n)/(Q‘p[q]*(W[q]onw[q]))X((ZXH[q]OZXw[q]-n)‘b[3|q]
+{W[ g)+Bxwl @l =n)xblt,q] + 2x{n-W[ql=3xwl[ql)xb[5,q)};

end;

for n:i=W[ql+txw[ql+1l step 1 uptll 2xW[ql+2xwlal do bezln

C[lf:-C[n{hgbx(pfq]-n)/(QXD[q]x(W[q]ozxw[q]))X((ZXH[QIOZXWIQ]-n)xa[S.q]
+ 2xwlalxtalhqlea(5ia] V+ln-tlql-bxwlqlixa[64a]}
slnl: 'S[n]»?b*(p[Q]-n)/(Q*D[q]*(W[q];zxw[q])J*((2KH[q]02xw[q]-n)xb[3.q]
+ 2xwlql=x{blt,q)+bl[5,a))+ tn- W{g)-xwlq))xbl6,q));
end;

for nt-Z*w[q]+2xw[q]»1 step 1 until 2xu{q)+3xwiq) do bezln

n>N
lfn] t=C Ttgkx(p[q]-n)/(pr[qlxtufq]ozxw[Q]))*((bxW[QItﬁxw[q] ~2xn)xal4,q)
+(n=2xW{ql)xal5,q)+ (n=U[q)-bxwlqlixal6,q));
s[n]x-s{n].qnx(plq}-n)/(qxp[q)x(w[q]¢2xw[q]))x((uxw[q]osxw[q] =2xn)xbl 4,q)
+(n=2xW[qlIxb[5,q) + (n-Wlql-bxwlql)xb[6,ql};
end;

for n: -2xw{q]~3xw[q]+1 step 1 uptll 2l ql+txwlql "do h:zln
1f n>N gthen goto ud;

C(n]=-C(n]¢9kx(p[q]-n)/(qxp[q]x(U(Q}+2Xw[q]))*((wa[q]012xw[q] ~3xn)xal5,q]
+{=5xU[q]-10xw[ q] +3xn)xa(6
S[n]:-S[n]~9h*(p[a]-n)/(Q*p[qJX(W q]oZXWfq]))*((6:w[q]¢12XWIq] =3xn}xb[5,q]
(~5xW[q)=10xwlq)+3xn)xb(6
ends uds
end;
for n:=0 step 1 uptil N do begin
Flnls=(cinl42 +» sS{nlh2)A(1/2);
output({-nddd.d¥, nynxd, C[n),-S[nl F(n]);outcr;
3
outcrjoutcer;

end;
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PLATES



Plate 1, 1. Photomicrograph of flint grains in dark flint from Stevns. The thickness
of the section is 3.1 p. Crossed nicols.

Plate 1, 2. Photomicrograph of chalcedony in dark flint from Stevns. The thick-
ness of the section is ca. 20 p. Crossed nicols.
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Plate 2, 1. Photomicrograph of a thin section of a chip of flint which has been
heated to 540°C. Plane polarized light.

The embedding plastic, which is seen in the upper part of the picture, fills the
fractures which pass through the clear crust into the altered, turbid flint.

Plate 2, 2. Electron micrograph of a polished surface of dark flint from Stevns,
autoclaved at 500°C and 300 bars H2O for 48 hours. Carbon replica. E. LANGER
photo.

Boundaries of flint particles are visible as ca. 0.2 p wide fissures.



-
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Plate 3, 1. Electron micrograph of a polished surface of dark flint from Stevns,
autoclaved at 500°C and 300 bars H20 for 48 hours. Carbon replica. E. LANGER
photo.

The etching has revealed a block structure with spacings of 50 to 400 nm in the
interior of a flint grain. i

Plate 3, 2. Electron micrograph of a polished surface of dark flint from Stevns,
autoclaved at 500°C and 300 bars H2O for 48 hours. Carbon replica. E. LANGER
photo.

The etching has revealed a laminar structure which is dipping toward N.E.
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Plate 4. a) Electron micrograph, b) diffraction pattern, and ¢) dark field electron
micrograph of an irregularly shaped piece of flint. Dark flint from Stevns, polished
and etched with HF. R. W. HORNE photo.

The diffraction pattern is the kOhl-plane of the reciprocal lattice. (Note the
presence of (000/)-reflections with / 4 3n). The bright spots in the dark field micro-

graph are the quartz particles which contribute to the 1011-reflection, i.e. all the
quartz particles which have the same orientation of the reciprocal lattice. The c-axis is
vertical in all three pictures, and (0001) is parallel to the sharp lower edge of the
grain. In the central parts of the two micrographs 30-100 nm thick plates which are
parallel to (0001) can be discerned. -
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Plate 5. a) Electron micrograph and b) diffraction pattern of a thin plate of quartz.
Dark flint, Stevns, polished and etched with HF. R. W. HorNE photo. ’

The plate is parallel to (0001). The edges belong to <100> and <210>. The edges
are thought to be due to prism faces, namely {1010}, with the exception of the right
one which is (1210). The direction of the lower edge changes by a few degrees, and
the lower right corner of the plate is turned a little clockwise compared with most
of the plate. This is also shown by the weak additional spots in the diffraction
pattern. The {1010} faces are generally rough, whereas (1210) is smooth. The holes
in the plate are due to prolonged etching in HF.
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Plate 6. a) Electron micrograph and b) diffraction pattern of a thin plate of quartz.
Dark flint, Stevns, polished and etched by HF. R. W. HorNE photo.

The holes in the plate have been etched by HF. According to the diffraction
pattern the plate is parallel to (0001) and has two orientations of the reciprocal
a*-axes, being ca. 5° apart. The smooth edge in the right side of the plate is assumed
to be a prism face and is indexed (1210). It corresponds to the clockwise turned
position of the reciprocal lattice. The other edges cannot be indexed safely, but the
upper right edge seems to be (2110), corresponding to the counter-clockwise turned
position of the reciprocal lattice.
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Plate 7. a) Electron micrograph, b) diffraction pattern (unsharp), and ¢) dark field
electron micrograph of a thin plate of quartz. Dark flint, Stevns, polished and
etched with HF. R. W. HorNE photo.

The plate is parallel to (0001) of the quartz, which has only one orientation of the
reciprocal lattice. A few extra reflections are probably due to the small grains in the
field outside the plate. The lower right edge of the plate is called (1120), the other
edges correspond to {1010}. The dark field picture shows that quartz in all parts of
the plate contributes to the 2020 reflection which is used to produce the dark field pic-
ture. The plate has been strongly etched by HF during preparation of the replica, and
it is therefore impossible to draw safe conclusions on the spacings of the lattice faults.

The quartz domains seem to, be a little oblbng parallel to (1210).
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Plate 8. a) Electron micrograph and b) dark field electron micrograph of over-
lapping plates of quartz. Dark flint, Stevns, polished and etched by HF. E. LANGER
hoto.

P The plates are parallel to (0001) and give a single crystal diffraction pattern. The
dark field micrograph shows that quartz from all parts of the adjacent plates has
the same orientation of the reciprocal lattice.-The light field micrograph shows that
the intensity of the transmitted beam varies strongly. The average blackening of the
picture, however, is rather uniform in the various parts of each crystal - compare with
the irregularly shaped flint piece pl. 4.
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Plate 9. a) Dark field electron micrograph taken by the strong 1120 reflection and
b) electron diffraction pattern. Dark flint, Stevns, polished and etched by HF. R. W.
HorNE photo. :

The grain is rather irregular in shape and not uniform in thickness, but it has
[001] parallel to the electron beam. The dark field photograph shows bright, ir-
regular bands which are subparallel to (1210). The direction of the bright bands
varies in the same way as the direction of a* varies in the diffraction pattern. Per-

pendicular to (1210) the spacing of the bands varies from 17 to 26 nm. The average
length of the bands is estimated to be of the order 100 nm.
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Plate 10. a) Electron micrograph, b) diffraction pattern and c) dark field electron
micrograph of a particle of flint. Dark flint, Stevns, polished and etched by HF.
R. W. HorNE photo.

The grain has [001] parallel to the electron beam and, apart from a few randomly
orientated grains, only one orientation is present. In the light field micrograph in-
distinct dark bands are seen in the upper part of the grain. These bands are bright
in the dark field picture, which has been taken with the 1120-reflection. The bands
have spacings of 20-30 nm and are of the order 100 nm in length. The long direction

is subparallel to (1210), i.e. subparallel to a*.
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Plate 11. Electron micrograph of surface relief of dark flint from Stevns, polished
and etched by HF. Carbon replica. R. W. HorNE photo.

" Holes etched into the surface reveal several sets of parallel, gently bending
structures with spacings between 60 and 200 nm. These structures are likely to be
due to quartz plates, which are parallel to (0001). The minimum spacing of the
etched lines, i.e. ca. 60 nm, should therefore be close to the thickness of the (0001)
plates.
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Plate 12, 1. Electron micrograph of surface relief of dark flint from Stevns, polished
and etched by HF. Carbon replica. R. W. HorNE photo.

The etched surface reveals two kinds of parallel structure. The N.E. trending
rows of holes have a spacing of ca. 85 nm and are likely to occur on the trace of the
{0001} faces of the quartz plates. The E.-W. running etch furrows are spaced at ca.
26 nm and are due to the lattice faults within the quartz plates (see also pl. 12, 2).

Plate 12, 2. Electron micrograph of surface relief of dark flint from Stevns, polished
and etched by HF. Carbon replica. R. W. HorNE photo. Detail of pl. 12, 1 and ex-
. planatory drawing.

The bottoms of the etched furrows are indicated on the drawing; heavy lines
indicate the broad furrows and thin lines indicate the faint furrows. The left part of
the drawing shows the sequence of broad and faint furrows which is expected from
the theory of triplets of twin faults.
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Plate 13, 1. Electron micrograph of a fracture surface of dark flint from Stevns.
Collodion replica. E. LANGER photo. .

In the rough areas faint, parallel, N.E. running structures are seen. The smooth
area in the centre of the picture is ca. 15 p in diameter and probably shows the
surface of a flint grain. The ridges show the fissures between the flint grains.

Plate 13, 2. Electron micrograph of a fracture surface of dark flint from Stevns.
Collodion replica. E. LANGER photo.

Smooth and rough areas are seen. The ridges seen to stand out in the smooth
areas show the fissures between the flint grains. At the top of the ridges their width
is 10-60 nm.
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Plate 14, 1. Electron micrograph of fracture surface of dark flint from Stevns.
Collodion replica. E. LANGER photo.

A smooth area with small steps. The replica is shadowed by palladium which has
come from N.W. of the picture. Steps directed away from the palladium source will
produce a sharply defined white ““shadow’ in the picture. The angle of shadow-
casting is between ca. 30° and ca. 60°. The height of the steps is therefore roughly
equal to the widths of the white zones, when these are measured in the direction in
which the shadow is cast. The height of the steps thus measured is about 40-120 nm,
and the steps are therefore likely to correspond to the quartz plates, which constitute
the flint grains and have an average thickness of ca. 59 nm. The smooth area is
interpreted as a fracture in a flint grain, subparallel to these plates. In the lower right
half of the picture faint, N.-S. running structures can be discerned in the smooth
area. They have a spacing of ca. 20 nm and are probably due to the lattice faults
within the plates.

Plate 14, 2. Electron micrograph of dark flint from Stevns, polished and treated
with NasCOs. Carbon replica. E. LANGER photo.

The polished surface has not been etched, but rounded patches have been de-
posited on the surface — compare with the scratch in the surface. A ridge of silica
has been deposited on an intergranular fissure and it thus marks the position of the -
flint grain boundary.
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