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Abstract—Quartz arenite of the Tuscarora Sandstone has been deformed by dislocation flow, pressure solution
and microfracturing of which the last two are most important. Pressure solution involved shortening with no
extension. Most samples have approximately 20% shortening normal to bedding interpreted to be compaction,
and a few have up to 20% layer-parallel shortening of tectonic origin. Because there is no extension, these
shortenings resulted in an equivalent amount of bulk volume loss. Multiple sets of microfractures in the form of
fluid inclusion planes and microveins account for up to 10% extension and bulk volume increases up to 17%.
When both microfracture volume gains and pressure solution volume losses are considered together, all samples
show a net bulk volume loss ranging from 14 to 35%. Changes in material volume are different than bulk volume
because of the presence of porosity at the time of pressure solution. Whereas all samples show bulk volume
losses, most samples show net material volume gains of up to 16% with only those having experienced both
compactional and tectonic pressure solution showing material volume losses.

Pressure solution during compaction can account for most but not all cement. Compactional pressure solution
surfaces do not extend into pore-filling cement suggesting that much of the cement was externally derived after
compaction. Therefore, the flux of material may have been considerably greater than the material volume

changes would indicate.

INTRODUCTION

Despite a rapid growth of methods for determining
finite and incremental strains, the measurement of vol-
ume changes remains elusive. This difficulty arises be-
cause, unlike many finite strain methods which measure
ratios of the principal extensions, volume strains require
measurement of the extensions themselves. The paucity
of volume change data is unfortunate because there is a
growing controversy over whether deformation can be
accompanied by significant volume changes (e.g. Ague
1991, Wintsch er al. 1991, Wright & Henderson 1992).

To date, most studies of volume changes have dealt
with the effects of pressure solution which is a major
deformation mechanism in sedimentary and low-grade
metamorphic rocks (Kerrich 1977). In argillaceous
rocks, up to 50% of the volume may have been removed
by pressure solution (Wright & Platt 1982, Beutner &
Charles 1985, Henderson ef al. 1986, Wright & Hender-
son 1992). In graywacke sandstones (Brandon er al.
1991), conglomerates (Mosher 1987) and limestones
(Alvarez et al. 1978), proposed volume losses are nearly
as large.

Considerably less attention has been focused on
volume-gain deformation even though it is generally
acknowledged that many brittle processes will produce a
volume increase (e.g. Sibson 1987). Any type of fracture
that has a component of opening will result in a volume
increase. Although brittle strains have been quantified
(Wojtal 1986, 1989, Jamison 1989, Marrett & Allmend-
inger 1990), only recently have associated volume in-
creases been considered (Onasch 1990).

When considering volume changes, a distinction must
be made between bulk volume changes and material
volume changes. The former describes geometric
changes in the rock mass whereas the latter deals with
changes in the volume of material. The two will be
different if porosity exists at the time of deformation.
For exampie, the destruction of porosity by pressure
solution during compaction can result in a significant
bulk volume loss. Material volume changes will be
smaller and can vary depending on whether the material
released by pressure solution remains as cement (Hou-
seknecht 1988) or is removed from the rock (Sibley &
Blatt 1976, Wilson & Sibley 1978).

The purpose of this paper is to assess the magnitude
and timing of volume changes experienced by a quartz
arenite with a relatively simple deformational history.
The strains associated with the dominant deformation
mechanisms, pressure solution and microfracturing,
have been quantified and volume changes determined
along with their timing. Quartz arenite is ideal for this
type of study because its simple mineralogy eliminates
grain-scale variations in strain and deformation mechan-
isms caused by compositional differences.

Geologic setting

Samples for this study are from the Lower Silurian
Tuscarora Sandstone and its correlative the Massanut-
ten Sandstone exposed in the Appalachian foreland fold
and thrust belt. The thrust belt is divided into central and
southern segments by a reentrant in Virginia (Fig. 1).
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Fig. 1. Generalized tectonic map of portion of the Appalachian fold and thrust belt showing major structural elements and
location of samples used in study. Transition zonc between central and southern Appalachians centered about bold dotted
line. Map modified from Hatcher et al. (1989).

The sandstone occurs in the macrofolded roof sequence
of the central Appalachians and in the thrust system of
the southern Appalachians. Separating the two regions
is a transition zone where it occurs in both roof and
thrust system. Deformation occurred in a diachronous
fashion during the Alleghanian orogeny with thrusting
in the southern Appalachians having initiated prior to
that in the central Appalachians (Geiser & Engelder
1983, Dean et al. 1988, Hatcher et al. 1989).

The Tuscarora Sandstone is a medium-grained,
framework-supported quartz arenite 30-150 m thick.
Quartz comprises over 95% of the framework com-
ponents with overgrowth quartz cement and a trace of
clay completely filling the intergranular volume leaving
virtually no porosity. Temperatures during deformation
were everywhere less than 200°C with a general east to
west decrease (Epstein er al. 1977, Harris 1979, Epstein
1988). Finite strains are low with X/Z ratios ranging
from 1.10 to 2.00 (Onasch 1991, Couzens et al. 1993).

Samples of Massanutten Sandstone (MS sample num-
bers) are from vertical to overturned limbs of the Massa-
nutten synclinorium, a tight macrofold in the roof
sequence of the central Appalachians (Fig. 1). The
Tuscarora samples (B sample numbers) are from moder-
ate to gently-dipping limbs of macrofolds in the central
Appalachians along a cross-strike traverse approxi-
mately halfway between the southern end of the Mas-
sanutten synclinorium and the central-southern
Appalachian transition zone (Fig. 1). Sample C-3is from
a moderately-dipping fold limb in the transition zone
(Fig. 1).

Deformation mechanisms

Microstructures indicate that grain-scale deformation
in the Tuscarora Sandstone occurred by three mechan-
isms: dislocation flow, pressure solution and microfrac-
turing (Onasch & Dunne 1993). Dislocation flow
microstructures include undulatory extinction, defor-
mation lamellae and deformation bands. In the Massa-
nutten synclinorium, grain boundary recrystallization is
present locally in high strain zones (Onasch 1991).
Pressure solution is manifested primarily by sutured and
interpenetrated detrital grains (Figs. 2a & b), and less
commonly, by transgranular stylolites. Microfractures
include fluid inclusion planes (FIPs), microveins and
cataclastic bands. FIPs are healed Mode I fractures
(Lawn & Wilshaw 1975) decorated with fluid-filled in-
clusions 0.4-5.0 ym in diameter (Fig. 2¢c). Microveins,
which occur in sets parallel to the FIPs, are also Mode I
fractures, but have widths between 10 and 200 um (Figs.
2d & e). The quartz filling microveins is in optical
continuity with wallrock grains making it difficult or
impossible to see in transmitted light, but it is clearly
visible in cathodoluminescence (compare Figs. 2d & e).
Microveins cross both detrital grains and overgrowth
cement indicating that they post-date cementation. In
some samples, microveins are slightly offset along
sutured grain boundaries which extend through the
microvein indicating that pressure solution was coeval
with or younger than microfracturing (Fig. 2d). Of the
three deformation mechanisms, pressure solution and
microfracturing are believed to be the most important in



Photomicrographs of pressure solution and brittle microstructures in the Tuscarora Sandstone. (a) Interpenctrated
detrital grains in cathodoluminescence. (b) Detrital grains with dark luminescing quartz cement filling intergranular
volume. Note that sutured pressure solution surfaces (s) between detrital grains do not extend into cement or along cement—
detrital grain boundary. (¢} Orthogonal fluid inclusion plancs (FIPs) in plane light. (d) Microveins in cathodoluminescence,
Sutured grain boundarics indicate horizontal shortening which is consistent with vertical opening direction of microveins
suggesting that pressure solution and microfracturing are coeval. (¢) Same view as (d). but in polarized light. Note difficulty
in recognizing microveins in polarized light. Cathodoluminescence photomicrographs taken on Technosyn cathodolumi-

nescence microscope operating at 20 kV and 500 mA le bar in cach photomicrograph is 0.2 mm.

521







Assessing volume changes in quartz arenite

523

T

% shorter/ming

Fig. 3. Dectermination of pressure solution strain (PSS) from gcometry of interpenetrated grains. (a) Two grains showing

effects of pressure solution shortening. {(b) Quantities used in constructing PSS plot. Dotted lines are reconstructed grain

boundaries. XY is compromise boundary; AB is normal to XY at its midpoint; A and B are midpoints of cach grain along

line AB: and C and D are intersections of AB with reconstructed grain boundaries. (c) PSS plot for two grains in (a).

Distance between points and perimeter of circle is proportional to percent shortening along line AB. Radius of circle
corresponds to state of no strain.

their contribution to the finite strain (Onasch 1990,
Onasch & Dunne 1993).

METHODS
Pressure solution

Pressure solution strains (PSS) were determined from
the geometry of interpenetrated and truncated grains.
During pressure solution, grains are displaced as rigid
bodies parallel to the shortening direction (Durney
1976). As a grain comes in contact with its neighbor,
material is removed from one or both grains. The
geometry of the contact is a function of the original
position of the grains relative to the shortening direction
and the amount of shortening. Using these relations, the
magnitude and direction of pressure solution shortening
can be determined as follows. Where two grains have
interpenctrated (Fig. 3a), a compromise boundary is
drawn (XY in Fig. 3b) by reconstructing the original
grain boundaries (dotted lines). A line (AB) is drawn
normal to this boundary at its midpoint and a point
halfway across the original width of each grain is located
on this line (A and B), along with the intersections of the
overlap scgments and the line (C and D). From the
original distance between grains (AB + CD) and the
present distance (AB), the shortening along line AB can
be calculated. For grains truncated against a dissolution
surface (e.g. cleavage selvage), the shortening can be
calculated by reconstructing the original grain shape and
measuring the original grain dimension and the present
dimension along a line normal to the surface.

The shortening is shown graphically on a circle whose
radius corresponds to a state of no strain by plotting a
point a distance in from the perimeter of a circle pro-
portional to the shortening along a line parallel to AB
(Fig. 3b). A second point can be plotted 180° away
because the shortening does not have a unique direction.
By making these measurements on a number of grains, a
PSS plot can be constructed from which the magnitude
and direction of the bulk pressure solution shortening
can be determined by fitting an ellipse to the central
vacancy in the same manner as a Fry diagram. The PSS

method can also be used where pressure solution-related
extension in the form of beards or overgrowths has
occurred in which case points would plot outside the
circle in the PSS plot.

The ability of the PSS method to accurately determine
the pressure solution strain depends on: (1) reconstruct-
ing the original grain shapes; (2) fitting an ellipse to the
central vacancy; (3) the packing of the grains; and (4)
knowing that grain interpenetrations are due to pressure
solution, not plastic deformation. Original grain shapes
were reconstructed so that the shapes are consistent with
other grains in the population. With the well-rounded
grains in the Tuscarora Sandstone this is generally not a
problem. Visually fitting an ellipse to the central vacancy
is subjective, but can be made more reproducible by
using at least 50-75 grain pairs. Packing determines
whether the actual shortening or minimum shortening is
determined. For framework supported rocks, such as
the Tuscarora Sandstone, the PSS method yields the
true shortening, whereas for matrix-supported rocks,
like graywackes, it would be a minimum shortening. The
PSS method will yield only the pressure solution strains,
even where other mechanisms such as grain-boundary
sliding, microfracturing or plastic deformation are oper-
ating coevally. The exception to this is where plastic
deformation results in grain interpenetrations similar to
those produced by pressure solution (Atkinson & Rutter
1975, Deelman 1975) in which case some of the strain
recorded by the method will be plastic deformation.
However, plastic grain interpenetrations would form in
ductile grains and not the quartz grains of the Tuscarora
Sandstone. Using simulated coaxial and non-coaxial
pressure solution deformation of a variety of marker
shapes and packing arrangements, the PSS method has
proven reliable for between 5 and 50% (Onasch in
press). Accuracy was generally within £5% for coaxial
shortenings up to 30% and £10% for non-coaxial short-
enings.

Complete interpretation of pressure solution strains
requires the use of non-parallel sections due to the
effects of shortening on three-dimensional objects. For
example, vertical shortening of a grain aggregate with no
horizontal extension produces interpenetrations in a
vertical plane, but in a horizontal plane as well (Fig. 4).
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Fig. 4. Block diagrams illustrating true and apparent shortening on

rhombohedrally-packed spheres. (a) Block diagram of rhombo-

hedrally-packed spheres. (b) Same block after 20% vertical shortening

with no horizontal extension. Overlaps on horizontal plane are appar-

ent shortening whereas overlaps on vertical sides are due to true
shortening.

In planes parallel to the shortening direction, the short-
ening is the true shortening. The shortening in any other
plane is an apparent shortening because there has been
no bulk shortening in that direction, only crowding of
the grains caused by the displacements parallel to the
shortening direction. The magnitude of apparent short-
ening relative to true shortening depends on the packing
arrangement, sorting, and amount of true shortening
(Onasch in press). For the Tuscarora Sandstone, the
apparent shortening will be equal to or less than the true
shortening. Apparent shortening can be differentiated
from true shortening on a PSS plot because the former
shows equal shortening in all directions whereas the
latter has indicates only one shortening direction. If
pressure solution included a component of extension,
apparent shortening would be asymmetrical, but would
still show some shortening in all directions compared to
a single direction for true shortening.

For the Tuscarora Sandstone samples, PSS plots were
constructed from grain interpenetration geometries
measured on three mutually-perpendicular thin sec-
tions. At least 75 grains were measured in each section.
Cathodoluminescence was used to identify detrital grain
outlines and grain interpenetrations because the grains
cannot be differentiated from their optically continuous
cement in plane or polarized light. Interpretation of the
PSS plots required distinguishing true vs apparent short-
ening using the criteria above and constructing a strain
geometry that was consistent for each of the three
perpendicular sections. In the samples used in this study,
interpretation was simplified by the fact that the shorten-
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Fig. 5. Assumption used in calculating extensional strains for FIPs.
Atrea of inclusions is same as area of original microfracture.

ing directions coincided with the three perpendicular
sections.

Microfracturing

Extensional strains were determined from the geom-
etry of FIPs and microveins using the method described
by Onasch (1990). For FIPs, the inclusion diameter and
inclusion spacing along an inclusion plane was used to
calculate the total area of inclusions for that plane.
Assuming that the area of inclusions in the plane is equal
to the area of the original microfracture (Fig. 5), the
width of the original microfracture can be determined.
From the width of the microfracture, along with the
microfracture spacing, the extensional strain normal to a
number of microfractures can be calculated. The
method is a conservative estimate of the strain because
the area of inclusions (trapped fluid) may be less than
the original microfracture (e.g. Lloyd & Knipe 1992, fig.
2e). Also, underestimation of the strain will result if
microfractures heal without trapping any inclusions.

For microveins, extensional strains were measured
along thin section traverses normal to the microveins.
The total width of microveins and the length of the
traverse were used to calculate the extensional strain.
For samples with multiple sets of microveins, this pro-
cedure was repeated for each set. All measurements of
microveins must be done in cathodoluminescence, be-
cause quartz in the microveins is in optical continuity
with the wallrock grains (compare Figs. 2d & ¢).

RESULTS
Pressure solution

Pressure solution shortening measured in seven
samples of the Tuscarora Sandstone is shown in Table 1
and as block diagrams and PSS plots for three represen-
tative samples in Figs. 6-8. Pressure solution did not
involve any extension as no beards or tectonic over-
growths are present. With one exception, the samples
show shortening normal to bedding of approximately
20% (Table 1) as illustrated in Fig. 6(a). PSS plots for
bedding-normal sections show a single shortening direc-
tion (Figs. 6¢ & d). In the bedding plane, equal shorten-
ing in all directions is indicated by the PSS plot (Fig. 6b);
however, this is interpreted to be apparent shortening
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Table 1. Pressure solution shortening and volume changes

% volume change

Sample Shortening direction % shortening for sample
B-1 Bedding-normal 22.0

LPS, strike-parallel 19.0 -36.8
B-3 Bedding-normal 18.5 —18.5
B-6 Bedding-normal 18.0 —18.0
B-10 Bedding-normal 19.0 —19.0
-3 Bedding-normal 19.0 —19.0
MS-28 LPS. strike-normal 18.5

LPS, strike-parallel 14.0 —38.0
MS-188 Bedding-normal 26.0

LPS, strike-normal 20.0 —40.8

resulting from the true shortening normal to bedding.
Shortening normal to bedding is believed to be a result
of sedimentary compaction that dominates the finite
strain in the Tuscarora of the central Appalachians
(Couzens et al. 1993).

In addition to compaction, three samples show layer-
parallel shortening (LPS) by pressure solution (Table 1);
one normal to strike (MS-188, Fig. 7), one parallel to
strike, and one with both directions (MS-28, Fig. 8). In
MS-188, PSS plots from both bedding-normal sections
show 26% shortening normal to bedding interpreted to
be compaction (Figs. 7b & c). In the bedding-parallel
section, 20% LPS normal to strike is indicated (Fig. 7d).
The small shortening parallel to strike shown on the PSS
plots is interpreted to be apparent shortening resulting
from the two true shortening directions. MS-28 is un-
usual in that it shows two directions of LPS and no
compaction (Fig. 8a). Strike-normal LPS and a lack of
compaction are evident on the PSS plot for the vertical,
strike-normal section (Fig. 8c). PSS plots from the other
sections show the effects of LPS parallel to strike as well
as apparent shortening (Figs. 8b & d). Strike-normal
L.PS is common in the central Appalachians (Geiser &
Engelder 1983). but strike-parallel LPS is not. The
location of MS-28 in an area of rapid plunge change may
explain the shortening parallel to strike.

Volume changes due to pressure solution were calcu-
lated from the shortening values (Table 1). Because
there is no evidence for pressure solution-related exten-
sion, the shortening resulted in a bulk volume loss.
Where only compaction occurred, the volume loss is
equal to the shortening. Where two orthogonal shorten-
ing directions were found (e.g. Figs. 7 and 8), they were
treated as principal extensions and used to calculate the
volume loss according to:

(I+A)=(1+e)l+e)(l+e) (1)
(modified from Ramsay & Wood 1976, equation 2).

Volume losses range from 18% in samples with only
compactional pressure solution to 40.8% in samples
with both compactional and tectonic pressure solution
(Table 1).

Microfracturing

Extensional strains determined from FIPs and micro-
veins in 1] samples of the Tuscarora Sandstone are
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shown in Table 2. In most samples, at least two ortho-
gonal sets of FIPs (Fig. 8) and microveins are present.
The orientation of microfracture sets is remarkably
uniform over a wide area in the central and southern
Appalachians with three sets being present: horizontal
(Set I); vertical, strike-normal (Set II); and vertical,
strike-parallel (Set I11).

In most samples, extension due to FIPs is greater than
that due to microveins with FIP strains ranging from 0 to
6.1% compared to those for microveins which range
from 0 to 5.2% (Table 2). Total microfracture exten-
sions reach almost 10% for individual sets. No micro-
fracture set had consistently higher or lower strains than
the others.

Volume gains for each sample were calculated from
the total extensions for each microfracture set. Because
the multiple sets are orthogonal (e.g. Fig. 8), the exten-
sions were treated as principal extensions from which
dilation can be calculated by equation (1). Volume gains
range from 0% in samples with no microfractures to
17.1% in samples with intense microfracturing (Table
2).

NET VOLUME CHANGES

The Tuscarora Sandstone has been deformed by both
volume-gain and volume-loss processes. Determination
of the net bulk volume change requires integration of the
microfracture strains with the pressure solution strains.
Dislocation flow, which is relatively unimportant as a
deformation mechanism (Onasch & Dunne 1993), is a
constant-volume process and therefore need not be
considered in assessing the net volume change. The net
bulk volume change was calculated by first finding the
extensions in the three principal directions. Once the
principal extensions were determined, the bulk volume
change can be calculated according to equation (1).

Each of the six samples where both microfracture and
pressure solution strains were measured shows a net
bulk volume loss of between 14.1 and 35.2% (Table 3).
The largest losses are in samples MS-188 and B-1 which
underwent both compactional and tectonic pressure
solution. Even the sample with the highest microfrac-
ture volume gains (MS-28) shows significant net bulk
volume loss because it also has a large pressure solution
volume loss.

Bulk volume change vs material volume change

All of the samples in which pressure solution and
microfracture strains were measured show significant
net bulk volume losses. However, in porous rocks such
as sandstones, a net loss in bulk volume may notleadtoa
net loss of material volume. Differences arise because
material dissolved by pressure solution can fill pores and
remain in the system. The controlling factors are the
amount of porosity present at each stage in the defor-
mation and whether material dissolved by pressure solu-
tion remains in the rock as pore or vein fillings (closed
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Fig. 6. Block diagram and PSS plots summarizing pressure solution and microfracture strains in sample B-3. (a) Block

diagram showing relations between bedding (stippled layer), microfractures (black bands), and shortening and extension

directions (arrows). (b) PSS plot for horizontal plane. (c) PSS plot for vertical. strike-normal section. (d) PSS plot for

vertical, strike-parallel section. Dotted ellipse in each PSS plot describes pressure solution shortening. Only true shortening
shown on block diagram.

system) or leaves the system (open system). Where When discussing sandstones, it is important to dis-
porosity is present at the time of pressure solution, the tinguish between intergranular volume, which is the
material volume loss will be less than the bulk volume space between the framework grains, and porosity,
loss. Where there is no porosity, the material volume which is open intergranular volume. The former is a
loss will be equal to the bulk volume loss. geometric descriptor whereas the latter is a function of
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Fig. 7. Block diagram and PSS plots summarizing pressurc solution and microfracture strains in sample MS-188.
Description same as for Fig. 6.
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Fig. 8. Block diagram and PSS plots summarizing pressure solution and microfracture strains in sample MS-28.
Description same as for Fig. 6.

whether cement is present or absent in the intergranular
volume. Well sorted sands at the sediment-water inter-
face have an average porosity of 40% (Graton & Frasier
1935, Gaither 1953, Beard & Weyl 1973). With burial,
they are mechanically compacted to about 30% porosity
(Heald 1956, Manus & Coogan 1974). Any additional
compaction must occur by pressure solution or plastic
deformation of framework grains with the latter being
unimportant in a quartz arenite (Houseknecht 1988).

The amount of material released by pressure solution
and change in intergranular volume are controlled by
the shortening and initial intergranular volume. To
investigate the relationship, computer simulations of
pressure solution deformation were done on grain out-
lines traced from a photomicrograph of well-sorted,
medium-grained sand mechanically compacted to 30%
porosity. This aggregate was subjected to increasing
amounts of pressure solution deformation simulated by

Table 2. Microfracturc extensional strains and volume changes

% extension

% volume change

Sample Microfracturc sct*  FIP Microvein Total for sample
B-1 I 0.6 0 0.0

1 0.8 0.1 0.9

Il 1.8 0.7 2.5 4.0
B-3 nonc — less than 0.5 — 0
B-6 1 1.4 0 1.4

111 1.1 1.3 2.4 3.8
C-3 I 0.5 1.2 1.7

11 1.4 1.4 2.8

11 0.9 0.6 1.5 6.1
MS-28 11 4.7 5.2 9.9

HI 4.7 1.8 6.5 17.1
MS-68 11 38 1.4 5.2

1 5.5 0.7 6.2 11.7
MS-78 11 29 2.6 5.5

It 3.9 3.1 7.0 12.8
MS-79 I 4.3 0.3 4.6

1 0.4 0.2 0.6 5.2
MS-165 1 5.5 0.4 5.9

111 4.2 0.9 5.1 11.2
MS-188 11 5.9 35 9.4 9.4
MS-196 1 6.1 2.9 9

11 2.6 1.1 3.7 13.0

*Set I—horizontal; Set 1I—vertical. strike-normal; Sct 111

vertical, strike-paralicl.
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Table 3. Percent net volume changes for

samples where both pressure solution and

microfracture strains were measured.

Conditions for material volume cases A and
B described in text

Material volume

Sample Bulk volume Case A Casc B
MS-28 -17.9 15.1 -17.9
MS-18% —35.2 -7 —125
B- -34.7 =55 —16.2
B-3 ~18.5 10.5 n/a
B-6 —~14.9 14. n/a
C-3 ~14.1 16.1 n/a

n/a—not applicable.

displacing the grains as rigid bodies parallel to the
shortening direction. After each shortening increment,
the overlap and intergranular volumes were determined
from 1000 point-counts of grain overlaps and intergranu-
lar areas, respectively, and plotted against the shorten-
ing (Fig. 9).

The curves show that the amount of grain overlap and
intergranular volumes vary non-linearly with shorten-
ing. A similar relationship was found in a theoretical
study of the effects of pressure solution on porosity in
three-dimensional aggregates of packed spheres (Mitra
& Beard 1980). For shortening values of less than
approximately 28%. the intergranular volume can
accommodate all material released by pressure solution
(overlap volume). Above 28% shortening, there is not
enough intergranular volume and material must be
removed from the system. Assuming that all the inter-
granular volume was open at the time of pressure solu-
tion, the 20% compaction experienced by the Tuscarora
Sandstone would result in a 10% overlap volume (Fig.
9). Because all of this material could be accommodated
in the intergranular volume, the amount of material
volume loss may be significantly less than the bulk
volume losses in Table 3.

The curves in Fig. 9 also provide an independent
check on the shortening values determined by the PSS

% of Total Volume

% Shortening

Fig. Y. Variation in overlap and intergranular volumes with shorten-
ing for simulated pressure solution deformation of sand grains with
30% initial porosity.

C. M. ONASCH

method. From point-counting, the average intergranu-
lar volume for the Tuscarora samples which have experi-
enced only compactional pressure solution is 16%.
According to Fig. 9, this corresponds to a shortening of
approximately 23% compared to the 20% determined
from the PSS method. This small difference may be due
to initial intergranular volumes of the model being
different from that of the Tuscarora.

Material volume changes were caiculated for two
cases using the curves in Fig. 9 to determine the amount
of material released by pressure solution and intergranu-
lar volume remaining after shortening. These, along
with the volume of material filling microfractures, give
the net material volume change. For the calculations, it
was assumed that the maximum open intergranular
volume at the time of compaction was 30% and was
completely filled prior to tectonic deformation.

The first case (A in Table 3) assumes that all material
released by compactional and tectonic pressure solution
remains in the system to fill porosity and/or microfrac-
tures. Whereas all samples showed large bulk volume
losses, only two show a net material volume loss and four
show net gains (Table 3). Samples with high microfrac-
ture density (MS-28) and/or small amounts of pressure
solution (B-6) require material to be imported to fill the
porosity and microfractures. Samples with both compac-
tional and tectonic pressure solution (MS-188 and B-1),
have an excess of material even after filling all porosity
and microfractures.

The second case (B in Table 3) considers whether
tectonic pressure solution alone is sufficient to fill the
microfractures. It assumes that all intergranular volume
is cemented prior to tectonic deformation and that there
is coupling between tectonic pressure solution and
microfracture filling (Cox & Ethridge 1989). Microveins
propagate across both framework grains and cement
(Fig. 2d); therefore, the intergranular volume must have
been completely cemented prior to microfracturing. The
orthogonal relationship between microfracture sets and
pressure solution shortening directions (Figs. 6b & ¢) is
suggestive of coupling. Because there is no porosity at
the time of deformation, the material volume change
will be the same as the bulk volume change. The three
samples with both tectonic pressure solution and micro-
fractures show a net material volume loss (Table 3).
Tectonic pressure solution is more than sufficient to fill
the microfractures.

DISCUSSION

Compaction is not always included when investigating
the deformational history of a rock because it is not
considered tectonic in origin; yet, it has several import-
ant consequences. In low strain rocks like the Tuscarora
Sandstone, it can be the dominant process in determin-
ing the finite strain (Couzens er al. 1993). Even in rocks
with strong tectonic fabrics, it must be considered to
completely understand the finite strain (Oertel 1970,
Sanderson 1976, Chandra et al. 1977, Boulter 1983,
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1986). Compaction and associated porosity reduction
are also responsible for the differences between bulk
volume and material volume losses.

Like many sandstones, cement in the Tuscarora Sand-
stone is believed to have been derived by pressure
solution, either in situ or in adjacent units (Sibley & Blatt
1976, Houseknecht 1988). While Houseknecht (1988)
found a general balance between the cement and grain
overlap volumes, Sibley & Blatt (1976) found that there
was not enough overlap volume and hence, a need for an
external source for part of the cement. Using the PSS
shortening values and the curves in Fig. 9, the amount of
cement produced by compactional pressure solution
talls short by 10-20% in filling the present intergranular
volume. Therefore, this study also indicates a need for
an external source of cement. Only in the two samples
with large amounts of tectonic pressure solution (MS-
188 and B-1) is there an adequate amount of pressure
solution to fill the intergranular volume.

The material volume changes determined from geo-
metric arguments done in this study are minimum esti-
mates of the flux of material through the system. A
sample with a small change in material volume could
have experienced a large material flux if internally-
derived material was replaced by an equivalent amount
from an external source. This may be the case in the
Tuscarora Sandstone. Textural evidence in samples
which have undergone only compactional pressure solu-
tion argues that the silica released during compaction
did not remain locally in the pores. In these samples,
pressure solution surfaces between detrital grains gener-

ally do not propagate into the pore-filling cement or
along the cement—grain contact (Fig. 2b) as would be
expected if cement was being precipitated coevally with
pressure solution. Sibley & Blatt (1976) and Wilson &
Sibley (1978) also argue that much of the pressure
solution that occurs during compaction predates any
cementation because if cement were present, it would
inhibit pressure solution by lowering the grain-to-grain
stress concentrations. Therefore, it seems likely that
material dissolved during compaction in the Tuscarora
Sandstone was removed from the system and that the
pores were filled from an external source subsequent to
compaction. Although this would have no effect on the
net change in material volume, it greatly increases the
flux of material.

SUMMARY

This study supports the idea that deformation can
result in a significant change in volume. All samples
show a net bulk volume loss; however, when initial
porosity is taken into account, all except those with
tectonic pressure solution show a net material volume
gain. Figure 10 summarizes the volume change history of
the Tuscarora Sandstone for samples with and without
tectonic pressure solution. Starting as sand mechanically
compacted to 30% porosity, all samples underwent
compactional pressure solution with material loss fol-
lowed by cementation with the cement derived from an
external reservoir (left and right columns, Fig. 10). For
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samples with no tectonic pressure solution, any micro-
fractures that formed were filled from an external source
(left column fig. 10). The net effect of these processes is
an average of 14% bulk volume loss and 13% material
volume gain. Following compaction and cementation,
samples with tectonic pressure solution underwent
coupled microfracturing and tectonic pressure solution
(right column, Fig. 10) resulting in an average of 30%
bulk volume loss and 3% material volume loss. For all
samples, the evidence for an external source for much or
all of the cement indicates that the flux of material was
considerably greater than the material volume change.
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