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Abstract—The present contribution examines the relationship between pressure solution and the crystallo-
graphic orientation of detrital quartz in cleaved sandstones which exhibit a high degree of pressure solution. The
majority of the detrital grains examined have undergone pressure solution and as a result they have acquired
smooth truncated margins along certain cleavage planes. The amount of pressure solution varies significantly
among the detrital grains. This analysis indicates that quartz offers variable resistance to pressure solution along
different crystallographic directions. Quartz grains with a small angle between c-axis and the Z-axis of shortening
exhibit the least amount of pressure solution, whereas grains with c-axes oriented about 50° to Z manifest the

highest degree of the pressure solution.

INTRODUCTION

During past decades, the nature of cleavage formation
has been under intensive study. Pressure solution as a
dominant deformational mechanism in cleavage devel-
opment has been suggested by Durney (1972), Gros-
hong (1975, 1976), Gray (1982), Onasch (1983), Soper
(1986), Waldron & Sandiford (1988), Price & Cooper
(1990) and Twiss & Moores (1992) amongst others. In
sandstones, quartz is the main soluble phase during
cleavage development (Groshong 1975, 1976, Onasch
1983). The extent to which quartz is affected by pressure
solution depends upon a number of factors, including
grain size, roundness, matrix composition, strain rate
and temperature (Hobbs 1968, 1985, Renton et al. 1969,
DeBoer 1977, Houseknecht 1984, 1988, Kazakov 1987,
Dewers & Ortoleva 1991). The present contribution
deals with the dependence of pressure solution on the
crystallographic orientation of detrital quartz grains.

The middle Riphean cleaved sandstones from the
Talas Ridge (Kyrgyzstan) were examined and the fol-
lowing remarkable features of their fabrics were noted:
(1) the majority of the detrital grains are flattened
parallel to the cleavage planes; (2) the grain boundaries
are truncated against the cleavage lamellae, but the
amount of truncation was found to vary significantly in
different grains; and (3) against the background of
truncated flattened grains, some equant grains preserve
their original detrital shape. The latter grains do not
show evidence of pressure solution along sides facing the
cleavage, but instead they contain mica beards and
fibrous quartz overgrowths in pressure shadows extend-
ing parallel to the cleavage. The sizes of these grains vary
in shape, ranging from angular to rounded, and are
distributed throughout the rock matrix. It seems that the
only feature that distinguishes these grains from other
detrital grains is their specific orientation in relation to
the stress field.

Kamb (1959) found that anisotropic minerals are
S6 17:10-0

thermodynamically more stable in some orientations
than in other orientations. Thus in an aggregate of grains
of different orientations, some grains will tend to dis-
solve whereas others will tend to grow. In addition, the
mechanical properties of quartz vary along different
crystallographic directions (Sobolev 1957, Brace 1960,
Kazakov 1987). Previous attempts to find a correlation
between the degree of pressure solution and quartz grain
orientation have been mostly based on the study of the
geometry of pressolved contacts in weakly deformed
sandstones (e.g. Taylor 1950, Hicks et al. 1986). Ken-
nedy (1950) and Hicks et al. (1986) suggested that
dissolution of quartz is faster along the c-axis relative to
other crystallographic directions.

In the present contribution the results from the study
of quartz pressure solution in four specimens of cleaved
sandstone are discussed. It will be shown that the degree
of the pressure solution depends on the orientation of
quartz grains in relation to the principal axis of shorten-
ing.

GEOLOGICAL SETTING

The rocks studied were collected along a section of the
Talas Ridge (Tien Shan mountain system, Kyrgyzstan—
Fig. 1a). The Talas Ridge is comprised of two main
tectonic sheets (Fig. 1b): the Uzunakhmat Sheet
(southern) and the Karagoin Sheet (northern). The
Uzunakhmat Sheet is composed of middle Riphean
rocks (Korolev & Maksumova 1964, Kiselev & Korolev
1981) which have been metamorphosed to greenschist
facies (Bakirov & Dobrezov 1972). The metamorphic
grade increases southward (Frolova 1982). The Kara-
goin Block is composed of unmetamorphosed late
Riphean, Vendian and early Paleozoic rocks (Korolev &
Maksumova 1964, Kiselev & Korolev 1972, 1981, Mak-
sumova 1980). The Uzunakhmat Sheet was overthrust
onto the Karagoin Sheet along a system of imbricate
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Fig. 1. Geological sketches and location maps of the study area. (a) Regional geographic setting. (b) Simplified geological

map showing locations of the main regional tectonic elements. (¢) Geological map of the study area showing location of the

section. (d) Geological cross-section and location of specimens examined (shown by arrows). Legend for the geological map

(c) and cross-section (d): 1, Karabura Formation—intercalations of marble and carbonaceous sandstone; 2-4, Uzunakhmat

Formation, 2, Member 1—phyllites with interbeds of sandstone; 3, Member 2—intercalation (2-10 m) of sandstone and

phyllitic beds; 4, Member 3—sandstone and microconglomerate; 5, faults: a—reverse faults, b—thrusts; 6, strike and dip of
bedding; 7, orientation of cleavage: a—in the map, b—in the section; 8, location of the section.

thrusts between the Late Ordovician and Early Devo-
nian (Becker 1988), whereas the main phase of folding
occurred during the end of Riphean times (Kiselev et al.
1988). The less deformed and tilted Vendian and Lower
Paleozoic beds overlie the late Riphean strata on an
angular unconformity (Kiselev & Korolev 1972, Becker
1987, 1988).

Predominantly north vergent folds in the middle and
late Riphean rocks have consistent orientations; their
axes are subhorizontal trending 100-110°. The axial
planar cleavage distribution across the Precambrian
rock sequences demonstrates distinct zoning (Becker et
al. 1991). Spaced smooth and rough cleavages in the
middle Riphean strata cut all the rock units. The lower
part of the late Riphean sequence is characterized by a
disjunctive rough cleavage which appears mainly in the
clastic rocks. In shales and siltstones of the uppermost
Riphean strata the disjunction cleavage is generally
anastomosing.

Oriented specimens were taken along a section
located in the central part of the Uzunakhmat Sheet
(Figs 1c & d). The section crosses the southern flank of a
synclinal fold, from the trough and to the steeply in-

clined limb. The crest of the adjacent anticline is cut by a
reverse fault (Fig. 1¢). An increase in mesoscopic-scale
deformation toward the steep limb of the syncline was
observed in the decreasing width of microlithons and
increasing flatness of detrital grains along the cleavage
plane. The cleavage orientation which remains constant
across the section (dip angle 70-75°, towards 195-200°
Fig. 1d) forms a significant angle with bedding in the
trough segment of the syncline, whereas it is almost
parallel to bedding in the southern flank of the syncline.

METHODS

The sandstones of the Uzunakhmat Formation have a
pronounced lineation, defined by flattened detrital
grains aligned parallel to fold axes (Khudoley 1993), and
lying within the cleavage plane. If, as is commonly
accepted, cleavage develops parallel to the XY plane of
the finite strain ellipsoid (Cloos 1947, Hobbs 1971,
Siddans 1972, Wood 1974, Groshong 1975, Murphy
1990), then the orientation of the principal axes of finite
strain is as following: X is the extension axis (lineation),
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Fig. 2. Photomicrographs of cleaved sandstones. (a) Alignment of fine-grained phyllosilicates (chlorite, muscovite)

defining a pervasive schistosity. The majority of detrital grains are flattened and truncated against the cleavage. (b) Very

thin, flattened pressolved detrital quartz (X-grains) with smooth sides aligned parallel to the cleavage. (¢) Grains showing

only slightly modified detrital shapes (Z-grains). Such grains have rounded or irregular boundaries against the cleavage and
exhibit long tails of pressure shadows.
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Z (the axis of shortening) is perpendicular to the cleav-
age plane, and Y (the intermediate axis) lies in the
cleavage plane normal to the lineation. An orthogonal
pair of oriented thin sections was prepared for each
specimen, in planes perpendicular to the cleavage, and
oriented parallel and perpendicular to the mineral linea-
tion. The sections oriented parallel to the mineral linea-
tion (XZ sections) display a strong elongation of detrital
grains parallel to the cleavage, whereas in the sections
perpendicular to the mineral lineation the samples
either do not show preferred grain orientation, or show a
very small elongation in the cleavage plane. The orien-
tation of c-axes and the aspect ratios of the detrital
quartz grains were measured in the XZ sections.

Three parameters were measured for each detrital
grain of quartz in XZ sections: (1) Lx—the length along
a cleavage plane (in most cases coinciding with the grain
elongation); (2) Lz—the width of the grain perpendicu-
lar to the cleavage; and (3) Cv—orientation of c-axes.
Linear measurements were taken along lines across the
middle of the grains. Thin-sections were traversed with a
grid with the distance between scan-lines 1.0-1.2 mm.
All detrital grains with a diameter exceeding 0.2 mm
were measured, whereas smaller grains were skipped in
order to avoid confusion with recrystallized quartz
grains. The aspect ratio (Lx/Lz) and the angle between
the c-axis and Z axis of shortening (Cv " Z) were
calculated for each grain. Orientations of c-axes were
measured on a universal stage. These orientations were
taking directly c-axes that form an angle of 0—40° with
the axis of symmetry of a microscope. In cases in which
the c-axes formed a large angle with the axis of symmetry
of a microscope (50-90°), the measured element was the
circular section perpendicular to c-axis. Both the circu-
lar sections and the c-axes were measured several times
for grains forming an angle of 40-50° with the axis of
symmetry of a microscope, and the mean positions of the
c-axis were determined. The last procedure allowed the
errors in this interval to decrease.

MICROSTRUCTURES

The rocks examined consist of detrital grains, recrys-
tallized quartz, albite, and phyllosilicates. A pervasive
schistosity is defined by the alignment of fine-grained
phyllosilicates of chlorite and muscovite (Fig. 2a). Detri-
tal components are quartz (60-70%), feldspars (10—
20%), chert, quartzite (10-15%) and felsic volcanics (5-
10%). Grain size ranges from 0.1 to 1.2 mm along the
maximum dimension. The majority of detrital grains
show an abrupt truncation along cleavage planes,
whereas many grains exhibit fibrous tails (pressure sha-
dows) extending parallel to the cleavage. The planar
grain boundaries which terminate at cleavage planes and
the redeposition of removed quartz into pressure sha-
dows indicate that pressure solution was the major
mechanism for modifying detrital grain shapes (Gros-
hong 1976, Onasch 1983). Recrystallized quartz in the
rock matrix forms thin platelike grains (10-70 um along
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the maximum dimension) which are aligned parallel to
the cleavage. The amount and size of recrystallized
quartz grains increases from specimen K1-87 to speci-
men K4-87, i.e. in the direction to the steep limb of the
syncline (Fig. 1d). The mean aspect ratio of the pres-
solved quartz increases in the same direction.

The cleavage in specimens K1-87 and K2-87 is rough
(classification of Powell 1979) with strong preferred
orientation of phyllosilicates and a pronounced shape
elongation of detrital grains. The cleavage in specimen
K3-87 and K4-87 is transitional from rough to spaced
disjunctive with a well developed domainal structure.
Cleavage domains consist of oriented fine flakes of
chlorite and muscovite, their widths ranging from 0.03 to
0.1 mm in specimen K3-87, and increasing up to 0.5 mm
in specimen K4-87.

The orientation of c-axes of detrital quartz is shown in
Fig. 3. Quartz grains in weakly-deformed sandstones
(specimens K1-87 and K2-87) display a slight preferred
orientation of the c-axes. Maxima, situated at 40-50° to
the Z axis, are symmetrical with respect to the (XY)
cleavage. More deformed sandstones (K3-87 and K4-87)
do not exhibit any distinct orientation of c-axes. The
absence of any obvious c-axis preferred orientation with
increasing strain is particularly noticeable.

The majority of detrital grains are flattened and trun-
cated against the enveloping cleavage. The amount of
truncation varies significantly between the grains. Two
end-member groups of pressolved grains can be identi-
fied in each specimen. The grains of the first group (X-
grains) display the highest degree of pressure solution.
The grains are very thin, flattened (aspect ratio of 4.0
and more), and have smooth sides aligned parallel to the
cleavage (Fig. 2b). Grains of the second group (Z-
grains) preserve only slightly modified detrital shapes.
They are almost equant and have long tails of pressure
shadows (Fig. 2¢). The orientation of c-axes of the X-
and Z-grains has been measured in thin section K2-87
(Fig. 3b). The X-grains (crosses in Fig. 3b) are preferen-
tially concentrated around the maxima of the detrital
quartz c-axes, whereas Z-grains (dots in Fig. 3b) tend to
fill spaces beyond the maxima. A histogram showing the
relative frequency of X- and Z-grains via the c-axes
angle to Z-axis is given in Fig. 4. The amounts of X- and
Z-grains, in each interval of Cv " Z, were normalized to
the total amount of c-axes of detrital quartz measured at
this interval. This procedure was used because the
numbers of grains in different intervals of Cv " z varied
significantly (Fig. 5). If the Cv-axes of quartz are distrib-
uted randomly, the number of cases in which the Cv-axis
form a small angle with the Z-axis is significantly smaller
than the number of cases in which the Cv-axis form a
high angle with the Z-axis. This can be demonstrated on
a sphere (Fig. 6): the frequencies of randomly oriented
axes, measured at different angular intervals relative to
an arbitrary line, correlate as squares of surfaces of
spherical segments between small circles (parallels),
which bound these intervals. In turn, the squares of the
spherical segments correlate in the same way as ratio of
the projections of the segments on this line. Any signifi-
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Fig. 3. Fabric diagrams of c-axis of the detrital quartz. Dots are c-axis

of X-grains and crosses are c-axis of Z-grains. X is the axis of

extension, Z is the axis of shortening, XY (solid line) is the cleavage

plane, S, (dashed line) is the bedding plane. (a) Specimen K1-87;

(b) specimen K2-87; (c) specimen K3-87: (d) specimen K4-87. Equal-
angle lower-hemispherc projection: contours 1, 2, 3, 4%.

Fig. 4. Histogram showing the relative frequency of X- and Z-grains

versus the angle Cv " Z for the specimen K2-87. The relative fre-

quency was calculated as the ratio of the X- and Z-number of grains to

the population number of all measured grains within a specified
interval.

cant deviation from the theoretical distribution indicates
a preferred orientation.

The main distinguishing feature of the frequency
distribution (Fig. 4) is that the majority of X-grains have
the angles Cv " Z between 30 and 60° with alignments up
to 80° also manifested. On the other hand, Z-grains tend
to have c-axes either parallel (angles Cv ™ Z 0-20°) or
perpendicular to the Z direction (70-90°). The distri-
bution of these two end-member groups shows the
dependence of the amount of pressure solution to the
angular relationship between c-axes of the grains and Z-
axis of shortening.

RESULTS AND DISCUSSION

A plot of the aspect ratios as a function of Cv " Z for
all specimens is given in Fig. 7. The points show a scatter
in a wide range of aspect ratios, but smaller aspect ratios
are seen for small angles of Cv " Z (0-20°). The means of
aspect ratios, calculated for intervals of 10° of Cv nNZ,
are plotted as triangles in the same graphs. Each speci-
men reflects a similar dependence of the mean aspect
ratio on the angle Cv”* Z. Grains of small Cv " Z angles
show the lowest mean aspect ratio, and grains having
Cv " Z within 40-50° to Z show the highest mean aspect
ratio. A consecutive increase in mean aspect ratios
toward the central portion of the graph (Cv " Z = 40—
50°) is observed. Wide standard deviations increase the
95% confidence intervals for means, and make the
observed trend less obvious.

Two major factors control the standard deviation of
the aspect ratios. The first is related to the original
elongation of detrital grains. Sandstones of the Uzu-
nakhmat Formation are poorly sorted and laminated,
being a part of turbiditic sequence (Korolev & Maksu-
mova 1964, Maksumova 1967). A wide spectrum of
shape orientations of the grains that preserved their
original shape has been noted in the slightly deformed
sandstones of specimens K1-87 and K2-87. Therefore,
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the aspect ratio of pressolved grains should reveal a
broad range, in response to the original dimension and
orientations with respect to the cleavage plane, as shown
in Figs. 8(a) & (b). Indeed, the standard deviation of
aspect ratios of pressolved grains should remain the
same as the standard deviation of aspect ratios of nonde-
formed grains, measured in the same directions. Thus, if
the pressure solution is equal at different angles of
Cv " Z, the graph of the aspect ratios versus Cv " Z
would represent a wide band parallel to the Cv " Z axis,
and shifted up along the Lx/Lz axis (Fig. 8c). If the
amount of pressure solution differs at different angles of
Cv” Z, this band should be curved, whereas the devi-
ations from means of Lx/Lz should remain the same
with changing angle of Cv " Z (Fig. 8d). The difference
in aspect ratios between two intervals of Cv " Z, may be
significant within a selected level of significance, but
only if the difference in pressure solution exceeds the
sizes of the confidence intervals for means, which in turn
depend upon the standard deviation of the aspect ratios
of the original grains. A slight preferred grain elongation
within the bedding plane (if such existed) may have
played a minor role in the observed distribution, inas-
much as the cleavage forms significant angles with the
bedding plane. This angle varies from sample K1-87 to
sample K4-87, whereas the relationship between Cv " Z
and aspect ratios remains the same throughout the
sample sequence.

The second factor which may increase the standard
deviation of the aspect ratios is the error of measure-
ments. Strong mineral lineation in the plane of cleavage,
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parallel to subhorizontal fold axes makes the measure-
ments of aspect ratios in the section XZ appropriate.
Nevertheless, a slight obliquity of a grain to a thin-
section plane introduces measurement errors of long
and short axes: grain elongation may vary significantly in
the thin section. Such measurement errors lead to a
wider scatter of the aspect ratios, but this scatter should
be the same at different angles of Cv " Z, and therefore
the difference in mean aspect ratios depends upon other
factors.

The graphs of mean aspect ratios (Fig. 7) approxi-
mate lines convex upward and having a single peak at the
interval of Cv " Z of 40-50°. To test whether parabolic
approximations are significant to this distribution, a
quadratic regression was applied to the data. Two statis-
tical hypotheses were tested by the quadratic regression:
(1) is the regression significant? (or in other words, is the
variance constant about the regression line?) and (2) is
the quadratic term making a significant contribution to
the regression? (or in other words, is the observed
maximum at the central portion of the axis Cv ™ Z
statistically significant?) (Zar 1984, Davis 1986).

The quadratic regression (Fig. 9, Table 1) shows that
it is an appropriate model for all four samples (F = 5.33~
11.09, p = 0.0055-0.0001), and that the quadratic re-
gression is a highly significant improvement over the
linear regression (partial F of the quadratic term ranges
from 10.6 to 21.9, t-value ranges from 3.26 to 4.67, p =
0.0013-0.0001). Plots of residuals (Fig. 9b) show that
they form a uniform band around the regression line,
exhibiting homoscedasticity. The Durbin—Watson stat-

& 40+
§ | K2-87
g n=194
= 304
20 -
10
04
5 15 25 35 45 55 65 75 85
CvAZ
2 40 1
g K4-87
g n=203
20 4
10 4
i

5 15 25 35 45 55 65 75 85
CvAZ

Fig. 5. Histograms showing the relative frequency of c-axes at 10° angular intervals of Cv " Z for specimens K1-86 and
K4-87. Solid line shows the expected theoretical distribution for random c-axes orientation. Samples K3-87 and K4-87 show
distributions that are closer to the theoretical one.
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Fig. 6. A scheme (right) demonstrating the difference in frequency of randomly oriented linear elements, measured at
different angles to the arbitrary line (Z). The frequency histogram (left) shows theoretically expected distribution for
randomly oriented c-axes measured through intervals of 10° of Cv " Z.
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Fig. 7. Plot of aspect ratios (Lx/Lz) of detrital quartz grains versus the o

Z angle. The mean aspect ranos through

intervals of 10° of Cv " Z (dashed vertxcal bars) are shown as triangles (the first interval unites data of 0-20° of Cv " Z, as the

amount of grains having small Cv "

Z angles was too small). Vertical bars show 95% confidence intervals for calculated

means.

istics are close to 2 (Table 1), demonstrating that the
residuals are not autocorrelated. Normal probability
plots (Fig. 9¢) indicate that the residuals are normally
distributed.

The quadratic regression (Fig. 9, Table 1) demon-
strates that quartz grains, oriented at small angles be-
tween c-axis and the Z-axis of shortening, are most
resistant to pressure solution. Grains aligned at 45-55°
to Z show the highest amounts of pressure solution. A
maximum value of the aspect ratio, based on the coef-
ficients of fitted quadratic equations, ranges from 50.9 to
54.5° (Table 1). This conclusion is supported by the

difference of distribution of Z- and X-grains which
represent the lowest and highest members of the pres-
sure solution series (Fig. 4).

The typical crystal shape of a-quartz and the angular
relationships of the mean faces to the c-axis are shown in
Fig. 10. By comparing the crystallography of quartz with
the patterns in analyzed graphs we observe that the c-
axis (0001) direction is the one most stable to pressure
solution in quartz crystal, whereas rhombohedrons
r(1011), z(0111) and trigonal dipyramids £(2112) are the
most unstable, comprising the faces most easily soluble
during deformation.
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Fig. 8. Scheme showing pressure solution of detrital grains that originally had various shapes and were arranged at random

directions. (a) Sand grains before pressure solution; (b) the same grains after pressure solution. (c) Schematic graph of

Lx/Lz versus Cv " Z, showing the case when the pressure solution is equal at different angles of Cv " Z. The graph

represents a wide band parallel to the Cv " Z axis and is shifted up along the Lx/Lz axis. (d) Schematic graph showing a case

in which the amount of pressure solution differs at different angles of Cv ™ Z. The band of points is curved, whereas the
deviations from means of Lx/Lz remain the same with changing angle of Cv " Z.

CONCLUSIONS the Z-axis of shortening exhibit the least amount of
pressure solution, whereas grains with c-axis aligned
about 50° to Z manifest the highest degree of pressure

solution.

This study of the relationship between crystallo-
graphic orientation and pressure solution in quartz

shows the following:

(1) Quartz offers variable resistance to pressure solu-
tion along different crystallographic directions.

(2) Quartz grains with a small angle between c-axis and

(3) The c-axis (0001) direction is the one most resistant
to pressure solution in a quartz crystal, whereas rhombo-
hedrons and trigonal dipyramids are the most easily
soluble faces during deformation.

Table 1. Completed ANOVA for significance of the quadratic regression of aspect ratios on the Cv ”* Z angle for samples K1-87-K4-87

Analysis of variance

Regression Residual
Degrees of Sum of Degrees of Sum of Durbin-Watson
Specimen freedom squares Meansquare freedom squares  Mean square statistic F-test Probability
K1-87 2 3.146 1.573 199 58.823 0.296 2.098 5.332 0.0055
K2-87 2 8.338 4.169 191 71.81 0.376 1.971 11.088 0.0001
K3-87 2 7.759 3.88 127 47.934 0.377 1.735 10.279 0.0001
K4-87 2 14.469 7.234 200 222.327 1.112 1.678 6.508 0.0018
Beta Coefficients
B B
Intercept Standard Standard
Specimen (a) Value error Value Partial F Probability Value error  t-Value Partial F Probability Maximum
K1-87 1.211 0.0267 0.00847 3.151 9.914 0.0019  —-2.615E-4 8.022E-5 3.26 10.626 0.0013 50.94
K2-87 0.76 0.053 0.011 4.692 22.011 0.0001 —4.889E-4 1.044E-4 4.681 21.916 0.0001 54.30
K3-87 0.71 0.0623 0.014 4.517  20.436 0.0001 —5.714E-4 1.266E-4 4.509  20.335 0.0001 54.56
K4-87 1.452 0.0552 0.01532 3.601 12.966 0.0004 —5.24E-4 1.517E-4 3.453 11.921 0.0007 52.63
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a. Quadratic Regression Curve Fits

b. Residual Plots
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Fig. 9. Quadratic regression analysis of aspect ratios on the Cv " Z angle for samples K1-87-K4-87.

Fig. 10. A typical crystal of a-quartz (right) and the angular relation-
ship of main faces with the c-axis (left). The area between 45 and 55° to
the c-axis is shaded. Faces: r(1011), 2(0111), d(1012) and #(0112)—
rhombohedrons; m(1010)—prisms; s(1121) and &(2112)—trigonal
dipyramids; x(5161)—trigonal trapezohedron.
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