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Abstract--Pressure solution has caused substantial volume redistribution within the Purgatory Conglomerate 
from Rhode Island. Material has been removed from quartzite cobble surfaces parallel to the fold axes and mostly 
redeposited as fibrous pressure shadows at the long axis terminations of the cobbles. In the hinges of folds, 23% 
of the mean cobble volume has been removed, and in highly deformed and overturned fold limbs up to 55% 
volume reduction has occurred. The initial cobble shape and orientation can be measured at an undeformed 
locality and the deformation path can be easily deduced; thus these are real cobble volume reductions. Apparent 
volume losses (initial shapes not removed) range from 70% to 89%. Real strains for cobbles (axial ratios ranging 
from 1 : 0.65 : 0.38 to 1 : 0.47 : 0,15) have values of ex. ev, ez which range from 0%, -20%,  - 11% to 0%, -37%,  
-42%,  respectively, depending on structural position. The conglomerate itself has been extended parallel to the 
fold axes (e~), but the extension is not recorded by the cobble shapes. 

INTRODUCTION 

THE IMPORTANCE of pressure solution as a deformation 
mechanism has been debated for over a hundred years 
(Sorby 1863, Heim 1919, Kuenen 1942, Ramsay 1967, 
pp. 226-228, Durney 1972, Deelman 1975, McClay 
1977, De Boer 1975, 1977). Although pressure-solution 
deformation is now widely recognized in carbonates 
(Nickelsen 1972, Geiser 1974, Alvarez et al. 1978), 
quartzites (Elliott 1973, Mitra 1977), conglomerates 
(Mosher 1976, 1978, 1980, 1981, McEwan 1978), slates 
(Von Plessmann 1964, Wood 1974, Geiser 1979, Wright 
& Platt 1982) and crenulated schists (Gray 1978, Gray & 
Durney 1979), the volume of material which can be 
redistributed by this mechanism is still unknown, 
primarily because of the lack of natural strain indicators 
with known original volumes. Fossils can be used (e.g. 
Nickelsen 1966, Engelder & Engelder 1977, Geiser 
1979). However, their usual scarcity allows only local 
estimates which do not necessarily reflect the bulk vol- 
umetric strain. One study using abundant graptolites in 
slates yields estimates of bulk volume losses (50%) 
during cleavage formation (Wright & Platt 1982); how- 
ever, the amount of volume reduction due to pressure 
solution cannot be separated from that caused by post- 
lithification, tectonically-induced dewatering of the clay 
minerals or other volume-changing processes affecting 
shales discussed by Ramsay & Wood (1973, p. 271). 

Use of other natural strain indicators such as reduction 
spots (Ramsay & Wood 1973, Wood 1974) and conglom- 
erate clasts (Mosher & Wood 1976, 1978, Mosher 1977, 
1978) for calculation of volume change involves assump- 
tion of initial sphericity and/or plane strain. In both cases 
such assumptions lead to unreasonably high estimates of 
volume change or redistribution (Ramsay & Wood 1973, 
Mosher & Wood 1976). Recently, discrete zones of 
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deformation within rocks (e.g. shear zones, limbs of 
crenulation cleavages, deformed matrix around rigid 
objects) have been used to calculate apparent volume 
change. These estimates rely on models for ideal band 
development (see Schwerdtner 1982) or on determina- 
tion of the amount of insoluble material concentrated 
within these zones (e.g. Gratier 1983). Application of 
the former has generally led to geologically unrealistic 
values for volume change (Grunsky et al. 1980, 
Schwerdtner 1982, Mawer 1983), and the many prob- 
lems inherent in the latter method (Mosher 1978, 1981) 
suggest such results should only be used for qualitative 
comparisons. 

The effects of ductile deformation can be quantified 
by calculating the magnitude of finite strain from the 
shapes of natural strain indicators, originally semi- 
spheroidal objects such as ooliths, spherulites, vesicles, 
amygdales, reduction spots, accretionary lapilli and con- 
glomerate clasts (e.g. Sorby 1853, Cloos 1947, Flinn 
1956, 1962, Ramsay 1967, Gay 1968, Hossack 1968, 
Helm & Siddans 1971, Wood 1973, Milton & Chapman 
1979, Ribeiro et al. 1983, Siddans 1983). The use of 
natural strain indicators requires comparison of the 
measured deformation ellipsoid axes with some original 
shape parameter. One approach assumes that one axis 
of the ellipsoid remains constant (Cloos 1947, Mosher & 
Wood 1976); another assumes the diameter of an equal 
volume sphere is equivalent to the original diameter 
(Flinn 1956, Hsu 1966, Ramsay 1967, pp. 136-137, 
Wood 1973, 1974). Both approaches rely on either 
assumption or determination of original sphericity 
(Wood 1974, Wood & Oertel 1980). The latter also 
requires no volume change during deformation. In most 
cases both assumptions are invalid (Wood 1974), and 
methods have been postulated for determining either 
the original shapes (Ramsay 1967, Dunnet 1969, Elliott 
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Fig. 1. Profile across southeastern Narragansett Basin through the Purgatory Conglomerate outcrops (solid black). [First 
cleavage dotted (shallow), second dashed (steep).] The ellipses show lengths [relative to a constant long (X) axis dimension] 
and orientations of intermediate (Y) and short (Z) axes of the cobbles which are found in the plane of the profile. The circles 
represent the dimension of the long axis relative to the other two axes; long axes are oriented perpendicular to the plane of 
the profile. Structure in the fine-grained rocks (dashed layers) exposed from Gould Island to the western edge of profile has 

been greatly simplified, and the profile only shows the structural position of the JQ locality relative to other localities. 

1970, Dunnet  & Siddans 1971, and others) or the amount 
of volume reduction (Ramsay & Wood 1973, Mosher & 
Wood 1976). Corrections for original shape factor, how- 
ever, assume a constant volume for the strain marker, 
and methods correcting for strain determinations involv- 
ing volume loss assume initial sphericity so that for the 
general case of strained, non-spherical objects with vol- 
ume loss, neither method can be strictly applied. The 
actual effects of either or both assumptions on strain 
calculations using natural strain indicators have not been 
documented, because real strain can rarely be deter- 
mined. To calculate real strain from natural indicators, 
the deformation mechanism, the initial clast shape and 
axial orientation, and the deformation path must be 
known. 

This paper presents the results from a study of the 
Purgatory Conglomerate from the Narragansett Basin 
of Rhode Island, U.S.A. The conglomerate provides an 
unusual opportunity to measure volumetric strain. The 
only deformation mechanism that affected cobble 
shapes is pressure solution (Mosher 1976, 1978, 1981), 
and original cobble shapes and axial orientations are 
known. In addition, the deformation path can be easily 
deduced because of the presence of an undeformed 
locality. Thus, the amount of volume redistribution and 
real finite strain can be determined. 

Conglomerate composition, structural setting and 
deformation mechanism 

The Purgatory Conglomerate is part of a large alluvial 
fan complex which formed off the eastern margin of the 
Pennsylvanian-age Narragansett Basin of Rhode Island 
(Mosher 1978, 1983). The main conglomerate unit is 
approximately 135 m thick, and lenses of the conglomer- 
ate extend across two-thirds of the basin. The unit is a 
massive, poorly-sorted conglomerate composed predo- 
minantly of quartzite clasts. Little matrix is present, and 
the conglomerate is entirely clast-supported. Clasts are 
approximately triaxial ellipsoids with arithmetic mean 
axial ratios ranging from 6.7:3.1:1 to 2.6: 1.7: 1. Clast 

size varies greatly with lengths ranging from 1 cm to 1.8 
m: average clast length is approximately 30 cm. Most 
clasts fall in the cobble size range, so will hereafter be 
referred to as cobbles. Conglomerates deposited in allu- 
vial fan environments usually have a sedimentary fabric. 
The long/intermediate axis planes lie subparallel to bed- 
ding and the long axes are oriented transverse to flow 
(Rust 1972, Walker 1975). For the Purgatory Conglom- 
erate, flow was westward off N-trending basin margins, 
hence long clast axes should trend northward if the 
conglomerate is undeformed. 

The main conglomerate unit occurs in N-trending 
overturned W-vergent folds with wavelengths of 0.7 km 
(Mosher 1978, 1981) (Fig. 1). Associated W-directed 
thrusts deform the conglomerates near the eastern basin 
margin (Mosher 1978, 1980). The thrusts and the axial 
surfaces of the folds are broadly warped by a later 
coaxial folding which deformed the thin distal ends of 
the conglomerate and the finer-grained basin sediments 
into tight, E-vergent folds (Farrens 1982) (Fig. 1). Nor- 
mal and strike-slip faulting and boudinage followed 
folding (Mosher 1983). 

The conglomerate was deformed by pressure solution 
and inter-cobble rotation during the first two folding 
events (Mosher 1976, 1981). Intracrystalline plastic 
deformation did not affect the cobbles (Mosher 1976, 
1981). Long cobble axes are aligned parallel to the fold 
axes, and fibrous quartz pressure shadows are present at 
the long axis terminations (Fig. 2), indicating bulk exten- 
sion parallel to fold axes. Original cobble margins may 
still be distinguished. All other cobble surfaces are 
indented (Fig. 3), indicating removal of material. 
Hence, cobble axes perpendicular to fold axes have been 
shortened, and the original cobble axes parallel to fold 
axes have remained unchanged. Planes containing the 
long and intermediate cobble axes define a rough axial 
planar foliation. It should be noted that the fold axes are 
parallel to the N-trending basin margins, hence the long 
cobble axes are parallel to the original long axis orienta- 
tion predicted from the depositional setting. 

Cobble deformation associated with thrusting was 
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Fig. 2. Long fibrous quartz pressure shadows are found connecting long (X) axis terminations of adjacent cobbles. 

Fig. 3. Many indentations cover cobble surfaces that are subparallel to the fold axes. Cobble long axes show a strong 
preferred orientation. 

Fig. 4. Undeformed conglomerate at CHI; note irregular shapes and lack of cobble axis alignment. Bars are 2.5 cm in length. 
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also by pressure solution, although cobbles in one 
intensely deformed shear zone have also been affected 
by extensional fracturing and possible intracrystalline 
plastic deformation (Mosher 1980). Late-stage normal 
and strike-slip faulting and boudinage produced only 
local brittle deformation of the conglomerate and had no 
effect on the cobble shapes or orientations. 

Most of the conglomerate, which is located in the SE 
portion of the basin, was metamorphosed to lower 
greenschist facies after the pressure-solution deforma- 
tion (Mosher 1978, 1981). The conglomerate located in 
the SW portion of the basin was affected by upper 
amphibolite facies metamorphism which culminated 
earlier, apparently allowing less time for pressure- 
solution deformation. I Z  

Location of strain analyses 

Eight localities, in different structural situations and 
metamorphic grades, were selected for strain analyses 
(see Table 1 and Fig. 1). At each locality over 100 
adjacent cobbles were individually removed, and lengths 
and orientations of cobble axes were measured. Cobbles 
of uniform long axis lengths were selected for all 
localities except WEPL where all clasts fall in the pebble 
size range. The arithmetic mean axial ratios (indicative 
of final cobble shapes) of each locality are given in Table 
1 and are represented on the profile in Fig. 1. Through- 
out this paper, the convention X I> Y/> Z will be used 
for cobble axes. 

Undeformed locality 

The locality, CHI, is comprised of gently tilted beds 
capping the top of a rigid basement horst. Virtually no 

Fig. 5. Stereonet showing orientation of cobble axes at CHI.  Bedding 
(indicated by solid line) has a dip of 22°NW. Most  long and inter- 
mediate axes lie in the plane of the bedding. Long  (X) axes are 

concentrated in the north.  

evidence of cobble deformation, including pressure solu- 
tion, is observed (Fig. 4). Long and intermediate cobble 
axes lie subparallel to bedding, and the majority of long 
cobble axes are oriented within 30 ° of the N-trending 
basin margins (Fig. 5). Nevertheless, this alignment of 
long cobble axes, relative to one another and to the 
N-trending fold axes, is poor, when compared to those at 
the deformed localities. The orientations of CHI cobble 
axes are, however, consistent with the expected original 
sedimentary fabric for this conglomerate which suggests 
that in addition to being undeformed, conglomerate 
clasts have not been appreciably reoriented by the later 
deformation. Comparison of CHI with an undeformed 

Table 1. Real strains and volume changes for cobbles 

Locality (from 
east to west) JQ CHI W E P  WEPL PQ W S R U  WSRT HHP 

Structural Over turned Gently tilted Upright limb, Same location Hinge, upright Over turned Core of 2 m 1 m wide thrust  
situation limb, first fold beds second fold as WEP,  first fold limb, first fold, wide thrust  zone, right side 

matrix within 25 m zone, over- up limb of 
supported wide shear  turned limb* over turned 
pebble (thrust) zone first fold 
conglomerate 

Metamorphic  
grade Garnet  Chlorite Chlorite Chlorite Biotite 

Mean axial ratios 
Ari thmetic  1/. 53/. 29 1/.65/. 38 1/. 47/. 28 1/. 43/. 25 1/. 52/. 34 

Tectonic strain 
ra t ios(shape 1/.81/.74 l/l/1 I/.72/.74t 1/.66/.66 1/.8/.89t 
factor 
removed)  

Real strain X Y Z X Y Z X Y Z X Y Z X Y Z 
(shape factor 0 - 1 9  - 2 6  0 I) 0 0 - 2 8  - 2 6  0 - 3 4  - 3 4  0 - 2 0  -11  
removed)  
(% elongation) 

Volume change 
(%) 
Real (shape - 3 5  0 -41  - 4 5  - 2 3  

factor 
removed)  

Apparent  - 80 70 - 82 - 83 - 7 7  
(spherical) 

Biotite Biotite 

1/.43/.24 1/.47/. 15 

1/.66/.63 1/.72/.39 

Biotite 

l/.41/.22 

1/.63/.58 

X Y Z  X Y Z  X Y Z  
(I - 3 4  - 3 7  0 - 2 8  - 6 1 "  0 - 3 7  - 4 2  

--48 --65* --55 

--84 --89 --86 

* WSRT is 1 m from WSRU;  some non-pressure-solution deformation has occurred; see text and Mosher  (1980). 
+Ratios given in final axis order Xv/Yv/Z F. Note here tectonic order is XT/Zr/YT as ZT paralleled YF and Yr paralleled ZF. 
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conglomerate in New Mexico, which was also deposited 
in an alluvial fan complex, further supports the conclu- 
sion that CHI is relatively undeformed (Houle 1980). 
The two conglomerates have similar sedimentary fabrics 
and an identical mean cobble shape (Houle 1980). The 
cobble shapes at CHI are therefore considered to be in 
an original, undeformed state. The clasts at this unde- 
formed and the deformed localities are the same com- 
position, have the same source, and were deposited in an 
alluvial fan complex by the same processes. Thus, the 
original range of shapes, the shape distribution, and the 
sedimentary fabrics should be equivalent, and the CHI 
locality may be considered the original undeformed 
state of the deformed conglomerate. Any difference in 
size distribution is unimportant because axial ratios or 
normalized data are used throughout. 

STRAIN 

Removal of initial shapes 

Tectonic strain can be determined by removing the 
effects of the initial shapes from the final shapes. How- 
ever, both original cobble shapes and axial orientations 
must be known. The importance of the relationship 
between final and original axial orientations is illustrated 
in Fig. 6. In case A, the Yo axis should be removed from 
the Xv axis, and the Xo from the Yr. If Xo is assumed 
parallel to Xv and Yo to Yv, an incorrect strain is 
determined. In case B, the assumption of parallelism is 
valid, and a correct strain is determined. The relation- 
ship between original and final axial orientations can be 
found by comparing the present relationships between 
undeformed and deformed cobble axial orientations and 

O R I G I N A L  F INAL T E C T O N I C  

C A S E  A: Vo 
Xf Xt Known shapes & ~ ~ ~- = =. = 
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Fig. 6. Importance of relationship between original and final axial 
orientations; comparison of correct (real) strains and those calculated 
assuming Xo parallels XF, Yo parallels YF. Case A, parallelism 

assumption invalid; case B, parallelism assumption valid. 
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Fig. 7. Rf/¢~ plots for the XY cobble plane; fold axes trend 008-014°N. 
The fluctuation of the Xaxes from each other and from the fold axes is 
minor for all deformed localities. CHI (undeformed locality) shows a 
large fluctuation but the majority of the long axes are in the same 

orientation as those in the other localities. 

by considering the deformation path to ascertain 
whether the cobbles axes have changed orientation dur- 
ing deformation, and if so, in what manner. In this 
section axial orientations of cobbles from the unde- 
formed locality are compared with final orientations of 
cobbles from the deformed localities. The original and 
final cobble shapes and deformation mechanisms are 
then discussed to determine the deformation path and 
hence the relationship between original and final axes. 
Finally, original shapes are removed from the final 
shapes at deformed localities to produce tectonic strain 
ratios. 

Axial orientations at deformed localities are best com- 
pared with those at the undeformed locality CHI using 
Rf/cb plots (Ramsay 1967, pp. 209-221) (Figs. 7 and 8). 
All deformed localities show good alignment of Xcobble  
axes with fold axes in the X Y  plane; a similar plot for 
locality CHI shows poor alignment (Fig. 7). Statistical 
comparisons of original X axis orientations (CHI) with 
final orientations (deformed localities) show 76% of 
original X axes are aligned within 30 ° of final X axes 
orientations (see also Fig. 5). Rf/cb plots in the YZ plane 
(Fig. 8) show poor alignment of Y axes with bedding at 
the deformed localities and relatively good alignment at 
CHI. Although not shown by the Rf/c~ plots, the XY 
plane of the cobbles forms an axial planar cleavage in the 
field at deformed localities. (Note that methods using 
Rf/4~ plots to remove sedimentary fabric are not applic- 
able in this case because the strain markers change 
volume during deformation.)  
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Fig. 8. Rf/~b plots for the YZ  cobble plane. The trace of bedding is a 
dashed hne. For CHI most Y axes parallel bedding; for overturned 
localities (WSRU, WSRT, JQ) Y axes are shallower than bedding and 
form tight clusters; at right-way-up localities (HHP, WEP, PQ) most 

Y axes are steeper than bedding. 

Differences between original and final shapes are best 
shown on a Flinn (1956) plot (Fig. 9). The majority of 
cobble shapes and the mean cobble shape are oblate for 
CHI and are prolate for six deformed localities. In 
addition, cobbles become more prolate as volume loss 
increases (CHI to PQ to JQ to WEP to WEPL to WSRU 
to HHP as shown in Table 1; see next section for 
calculation of volume change). Hence, folding deforma- 
tion was constrictional, substantially shortening one axis 
of oblate cobbles. (Note that although the cobble long 
axes do not change in length, extension of the conglom- 
erate as a whole does occur parallel to fold axes as shown 
by the fibrous pressure shadows. Thus, cobbles under- 
went plane strain, whereas the bulk conglomerate strain 
is truly constrictional.) The pronounced oblate shape of 
cobbles at WSRT reflects superimposed fracturing (and 
possible intracrystalline plastic) deformation which 
occurred at that locality during thrusting (Mosher 1980). 
Only this intense shearing (WSRT) caused sufficient 
flattening to overprint the constrictional strain. 

The deformation mechanisms during folding were 
pressure solution, which changed the cobble shapes, and 
inter-cobble rotation which reoriented the cobble axes. 
Field and petrographic relationships (Mosher 1976, 
1981) support continuous removal of material by pres- 
sure solution throughout folding. 

The deformation path can be deduced by considering 
the present relationships between deformed and unde- 
formed cobble axial orientations, the differences 
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Fig. 9. Summary deformation plot of arithmetic mean cobble shape for 
each locality. Axial shortenings are indicated using the plot of Wood 

(1974) and are given relative to diameter of initial sphere. 

between undeformed (original) and deformed (final) 
cobble shapes, and the deformation mechanisms. Dur- 
ing folding, inter-cobble rotation (rigid body rotation) 
caused the plane containing the X and Y cobble axes to 
rotate toward parallelism with fold axial surfaces. This 
plane also rotated with bedding during folding because it 
was originally subparallel to bedding. The effects of both 
rotations on cobble orientations within the YZ  plane 
during folding are shown in Fig. 10 for five representative 
cobbles. One result is that on right-way-up fold limbs, 
the cobble X Y  plane dips in the same direction as the 
beds but steeper, and on the overturned limbs, is shal- 
lower. This relationship exists for all of the seven 
deformed localities (Fig. 8). Additionally, inter-cobble 
rotation caused original X axes which were oriented 
within 30 ° of the fold axes to rotate toward parallelism 
with the fold axes (Fig. 11). Seventy-six per cent of the 
original X axes fall in this category and are now parallel 
to the final X axes. 

As fold limbs and cobbles rotated with respect to the 
stresses during folding, material was removed from sur- 
faces parallel to the fold axial surfaces (Fig. 10). No 
indentations are found on surfaces perpendicular to the 
final long axes, so no shortening occurred in this direc- 
tion (Fig. 11). The continuous shortening of cobble 
dimensions perpendicular to the fold axes caused the 
final prolate cobble shapes. Three categories of cobbles 
were affected as follows: (1) spheroidal cobbles became 
ellipsoidal with long axes parallel to the fold axes; (2) 
ellipsoidal cobbles with long axes that had rotated into 
parallelism with, or that were already aligned parallel to, 
the fold axes ( -76%) became more ellipsoidal, and (3) 
ellipsoidal cobbles with original long axes oriented at 
angles greater than 30 ° to the fold axes (<24%) had the 
original X axes shortened. For these few cobbles, the 
shortened original X axes may be the final Y axes or may 
have rotated toward the fold axes to become final X 
axes. The difference between the lengths of these few 
original and final X axes is slight and can be ignored if the 
arithmetic mean axial ratio for all CHI cobbles is used 
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Fig. 10. Progressive changes in cobble shapes and orientation within the YZ plane during folding. Bedding changes in dip 
from 0 ° to 30 ° to 60 ° to overturned 60 °. The shapes and orientations of cobbles A-E were derived from data for localities 
with the same dips (Fig. 8). (Note dip direction for PQ was changed.) Cobbles A and B represent the mean cobble shape 
and average fluctuation of Y axes from bedding at each location; cobble C, the most elliptical shape with a Y axis 
perpendicular (CHI) or at a high angle (deformed localities) to bedding; cobble D, the most elliptical shape with a Y axis 
parallel (CHI) or nearly parallel (deformed localities) to bedding; cobble E represents the tectonic strain ratio. Dashed 
ellipses show shape and orientation of cobbles if only rotation with bedding, solid ellipses show shape and orientation if 
pressure solution affects surfaces perpendicular to maximum compressive stress (large solid arrows) and if the XY plane of 
cobbles rotates toward the fold axial surfaces (curved arrows show direction of rotation). Trace of axial surface for 
right-way-up beds is steeper than bedding, for overturned, shallower. When beds overturn, cobbles A, B and D change 
direction of rotation. The change in spacing between bedding planes is proportional to the mean shortening measured in the 

Z direction. Note the constrictional nature of the deformation (cobble E). 

for comparison with the deformed localities because (1) 
the original X / Y  axial ratios never exceed 2.5 : 1 and (2) 
the most ellipsoidal cobbles should show the best 
sedimentary alignment (i.e. N-trending, which also 
parallels the fold axes). 

For this conglomerate, therefore, the original axes 
are, for the most part, parallel to the same axes in the 
final state (Xo II xF, Yo II YF, Zo II ZF; Fig. 6, case B). 
The Y and Z axes were reoriented and shortened, and 
the Xsomewhat reoriented. The parallelism of the same 
final and original axes is consistent with the sedimentary 
environment and fold axis orientation. (Note that the 
method used above of determining the relationship 
between the original and final axes is valid regardless of 
which original and final axes are parallel.) 

The original shape factor can now be correctly 
removed from the final shapes by dividing the final 
(measured) axial ratios by the originals (Ramsay 1967, 
pp. 209-211). Mean axial ratios are used because large 
numbers of strain markers were analysed at each local- 
ity. The arithmetic mean of the measured original and 
final axial ratios gives a true measure of the original and 
final shapes, whereas harmonic means of the axial ratios 
more closely approximate the tectonic strains (Lisle 
1977, Ramsay & Huber 1983, p. 80). Hence, the arith- 
metic mean axial ratios are used in removing the original 
shape factor. Resulting tectonic strain ratios are given in 
Table 1. These ratios show the constrictional nature of 
the deformation and suggest that much pressure solution 
occurred early in the deformation. The three localities 

CHI 

XY PLANE 

PQ WEP WSRU 

Fig. 11. Progressive changes in cobble shapes and orientations within the X Y  plane during folding. Bedding changes in dip 
as shown in Fig. 10; note the XY plane is also rotating in space (not shown). The shapes and orientations of cobbles A-E 
were derived from data for localities with the same dips (Fig. 7). Cobbles A and D represent the mean cobble shape and 
average fluctuation of X axes from the fold axes (here shown as N-trending) at each location; cobble C, the most elliptical 
shape with its X axis parallel to the fold axis; cobble B, the most elliptical shape with its X axis perpendicular to the fold axis 
(CHI, PQ) and the least elliptical shape with X parallel to the fold axes (WEP, WSRU; at these localities, no cobbles have 
X perpendicular to the fold axes; see Fig. 7); cobble E shows the change in shape from a circle. Note the dimension parallel 
to the fold axes (Xdirection except for cobble B) is unchanged in allcobbles. Pressure solution affects surfaces perpendicular 
to maximum compressive stress (large solid arrows); X axes rotate toward the fold axes (curved arrows show direction of 
rotation). The change in spacing between N-trending lines is proportional to the mean shortening measured in the Y 
direction. Note the pronounced decrease in shortening in the Y direction as folding progresses and the X Y  plane rotates 

toward parallelism with the fold axial surfaces (Fig. 10). 

m 
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Fig. 12. Real strains (shape factor removed) for seven localities plotted 
against the distance between localities as shown on the profile (also see 
Fig. 1). Note in the least deformed areas (PQ and WEP) shortening of 
Y is greater than of Z, whereas in the most deformed areas (JQ, 

WSRU, HHP, WSRT) shortening of Z is greater than of Y. 

from an upright fold show ZTECTONIC is parallel to }"FINAL 
and therefore to YOaIG~NAL (WEP, limb; PQ, hinge), or 
YTECTONIC is equal to ZTECTONIC (WEPL, limb). Thus the 
axis originally within bedding (YoRIGINAL) has been 
shortened the most. 

Real strain 

Real strains are calculated for each locality using the 
tectonic strain ratios calculated above. For this conglom- 
erate, the X axis of the ellipsoids remained constant 
during deformation. After removal of the original shape 
factor, the resulting dimension in this axial direction is 
equivalent to the original spherical diameter of the strain 
ellipsoid. Thus, the percentage shortening of each axis 
can be calculated directly from the tectonic (original 
shape factor removed) strain ratios of Y / X  and Z / X  
(Mosher & Wood 1976). Real strains vary from ex = O, 
e r =  -0.20, e z =  -0.11 to e x = O ,  e y =  -0.37 
ez = -0.42. Values for each locality are given in Table 
1 and are plotted versus structural position in Fig. 12. 

The original Purgatory Conglomerate clasts were 
sufficiently ellipsoidal that the large strains observable in 
the field are for the most part, apparent strains. Real 
strains are moderate as might be expected by a pressure- 
solution deformation mechanism. Small axial strains, 
however, can produce significant volume changes as is 
shown below. Again it must be noted that these strains 
are for the cobbles themselves and that the conglomerate 
as a whole underwent extension parallel to the fold axes. 
Thus the real strain of e x = 0 for the cobbles does not 
represent the bulk strain (ex) for the conglomerate. 

VOLUME CHANGE 

Volume changes can be determined for the Purgatory 
Conglomerate because no material has been removed 
from the long (X) axis and any addition of material (i.e. 
pressure shadows) is detectable and removable. Volume 
change [(VF- Vo)/Vo] is determined by comparing 
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Fig. 13. Real and apparent (shape factor not removed) volume change 
for seven localities. Volume changes are plotted against the distance 

between localities as shown on the profile (also see Fig. 1). 

final and original ellipsoidal volumes. The mean cobble 
volume of a large number of cobbles is used for each 
locality. Mean cobble volumes are calculated using nor- 
malized values of the cobble dimensions to allow com- 
parison with the volume of an original ellipsoidal mean 
cobble volume. At each locality, dimensions of indi- 
vidual cobbles are normalized to the unchanged axis 
(i.e. X = 1), and the volume of each cobble is calculated 
from the normalized dimensions. The arithmetic mean 
of these normalized volumes is the mean cobble volume 
for each locality. 

In this paper, the mean cobble volume at CHI is used 
as the original ellipsoidal volume. Three assumptions 
are made when using CHI. (1) During deformation the 
Xaxis remains constant. (2) The original and final Xaxes 
remain parallel. This assumption is required because the 
deformed and undeformed X axes are equated when 
calculating the volumes from the axial ratios. (3) The 
range of shapes and the shape distribution were the same 
at all localities prior to deformation. Any difference in 
size distribution is accounted for by the normalization 
process. 

Real cobble volume losses, calculated by comparing 
the mean volume of CHI cobbles with the mean cobble 
volumes for the seven deformed localities, vary from 
23% to 55% (Table 1). Real changes in mean cobble 
volume are plotted against structural situation in Fig. 13. 
The amount of cobble volume removed reflects differ- 
ences in structural situation. The fold hinge locality 
(PO) shows the least volume loss, whereas fold limb 
localities (JO, WEP, WEPL) show nearly twice as much 
cobble reduction. More volume loss occurs in thrust- 
related shear zones (WSRU, HHP, WSRT); the inten- 
sity of shearing is reflected by the amount of volume loss 
(Mosher 1980). [Note that the 65% reduction calculated 
for WSRT is not a real volume change because other 
deformation mechanisms affected the cobbles; see 
Mosher (1980).] Also shown in Fig. 13 for comparison 
are apparent cobble volume reductions (70-89%, Table 
1) calculated using an initial spherical volume. Clearly 
initial shape factor has a significant effect on volume 
change calculations. 

In the above analyses, means of normalized cobble 
volumes (i.e. volumes calculated from normalized 
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dimensions) are used. If all localities had the same 
number of X axes of a given length as the undeformed 
locality CHI, then direct comparisons of the absolute 
cobble volumes at CHI and each deformed locality 
would be possible. Such a situation is unlikely and, 
because normalized axial lengths are used, the results 
given in Table 1 depend only on CHI having the same 
shape distribution as the original conglomerate had at 
each deformed locality. Three localities, however, have 
distributions of X-axis-length frequencies that are simi- 
lar to CHI. Thus a comparison of absolute cobble 
volumes at these three localities with those at CHI 
provide a test of the above analyses. Volume losses using 
normalized and absolute volumes, respectively, are: 
WEP, 41.2% and 40.7%; JO, 35% and 38%; WSRU, 
48% and 46%, strongly supporting the validity of the 
normalization process and assumptions used to calculate 
volume changes. 

Real cobble volume losses calculated for the Pur- 
gatory Conglomerate demonstrate the importance of 
the pressure-solution deformation mechanism; large 
volumes (23-55%) of material can be redistributed in 
response to nonhydrostatic stresses. Rough mass-bal- 
ance estimates at WEP show at least 83% of the removed 
cobble material was locally redeposited as a quartz-rich 
matrix or fibrous pressure shadows at the long (X) axis 
terminations of the cobbles. Much of the remaining 
material can be found in fibrous quartz veins which are 
ubiquitous throughout the basin sediments and adjacent 
basement rocks. Because much of the material is redepo- 
sited, the bulk strain for the conglomerate will differ 
from that measured using the cobbles. Cobble strain of 
ex = 0 measured parallel to the fold axes (Xdirection of 
cobbles) will represent a minimum value for the con- 
glomerate. Bulk strain for the conglomerate has a com- 
ponent of extension parallel to the fold axes as indicated 
by the pressure shadows. 

QUALITATIVE STRAIN PATH 

Some indication of the successive incremental strains 
or the strain path is given by the finite strains measured 
for different structural situations. If the conglomerate in 
one structural position progressed through other struc- 
tural positions to reach its present state, then the strains 
measured for the conglomerate in these other positions 
may roughly correspond to earlier strain increments in a 
progressive deformation. For example, overturned fold 
limbs (WSRU) were once upright (WEP) and some time 
prior to that were nearly horizontal but compressed, 
similar to conglomerate layers in present fold hinges 
(PQ) (Figs. 10 and 11). Thus a possible strain path for 
the Purgatory Conglomerate can be drawn by connect- 
ing the strains measured at these localities going from 
the undeformed locality, CHI, through PQ, WEP, and 
finally WSRU (Fig. 14). Of course this path is not 
quantitative (or strictly correct) because deformation of 
clasts in hinges and upright limbs continued while limbs 
were overturning. Hinge regions, however, generally 
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Fig. 14. Possible strain path plotted on summary deformation plot of 
Mosher & Wood (1976). Points represent the tectonic strain ellipsoids 
for each locality. The amount of shortening is calculated by subtracting 

the values from 1.0 because the X dimension is unchanged. 

show less strain than limbs, and the overall path gives at 
least an approximation of the incremental strain path. 

The general deformation path discussed previously 
showed that most cobbles were originally oblate and 
became prolate during folding as material was removed 
from all sides of the cobbles except those perpendicular 
to the fold axes. If a strain path is drawn connecting the 
mean values for real strains on Fig. 14, the path suggests 
that at first the Y axes underwent more shortening than 
the Z axes. As folding progressed, both the Y and Z axes 
were shortened, but Z more than Y. This strain path is 
reasonable because: (1) Y axes originally were parallel 
to bedding and would be affected by layer-parallel com- 
pressive stress first; (2) cobbles rotated with bedding 
during folding causing removal of material off all sur- 
faces except those perpendicular to X; and (3) the X Y  
plane of the cobbles rotated rigidly into axial surfaces of 
the folds causing more shortening of the Z axes during 
late stages of folding. The strain path also suggests that 
most of the pressure solution occurred prior to and 
during the beginning stages of folding. This conclusion is 
supported by the parallelism of ZTECTONIC and YFINAC for 
upright fold localities, as previously mentioned, and by 
petrographic evidence that suggests some pressure solu- 
tion occurred prior to folding (Mosher 1976). 

Three localities do not fall on the strain path discussed 
above. The locality (HHP), on the upright limb of an 
overturned fold, has undergone slightly more strain than 
its overturned counterpart (WRSU). This difference 
reflects the nearly horizontal attitude of the beds (ev 
larger) and an increase in intensity of shearing (ez 
larger). The intense thrust zone locality (WSRT) was 
affected by other deformation mechanisms (Mosher 
1980), and thus should not fall on the strain path. If 
thrusting is assumed to postdate overturning of the beds, 
comparison of that locality (WSRT) with WSRU 
suggests that all three axes were changed by the later 
deformation. One locality, JQ, should fall on the strain 
path near WSRU because it is also from an overturned 
fold limb. Strains at JO, however, are significantly less 
(Fig. 14). The JO locality is west of the others in garnet 
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grade rocks, and metamorphism culminated earlier 
westward. One possible explanation for the lower strains 
is that metamorphism may have caused pressure solution 
deformation to cease sooner, before appreciable defor- 
mation occurred. 

CONCLUSIONS 

Pressure-solution deformation has caused substantial 
volume redistribution within the Purgatory Conglomer- 
ate from Rhode Island. Cobble volume losses of 23% in 
fold hinges to 55% in overturned limbs have been 
documented. Real cobble strains are moderate 
(ex  = 0%, ey = - 20 to - 37%, and e z = - 11 to - 42%) 
as might be expected for a pressure-solution deforma- 
tion mechanism. Nevertheless, small axial strains pro- 
duce significant volume losses. Originally oblate cobbles 
became prolate during this finite constrictional deforma- 
tion, and most of the apparent strain is caused by the 
initial ellipsoidal shapes of cobbles. Much of the vol- 
umetric strain apparently occurred early in the deforma- 
tion history. 
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