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ANALYSIS OF BUCKLE FOLDS FROM
THE EARLY PROTEROZOIC OF MINNESOTA

TIMOTHY B. HOLST
University of Minnesota, Duluth, Duluth, Minnesota 55812

ABSTRACT. A series of minor folds exists in the early Proterozoic
Little Falls Formation in Central Minnesota. The folds are developed
in thin (up to 2 em) quartz layers embedded in slate. The slate has
a single, well-developed cleavage, and the rocks have bheen meta-
morphosed to lower amphibolite facies. Axial surfaces of the folds
are vertical, and fold axes are subhorizontal. The folds exhibit geom-
etries ranging from class 1B (parallel) to elass 1C and are inter-
preted as buckle folds which have undergone a small amount of
late-stage flattening. Arclength/thickness data (measured perpen-
dicular to the fold hinge) were collected from 343 quarter-arc fold
segments from 31 “fold trains.” The mean arclength/thickness
ratio is 6.2, with a dispersion of 0.36. The presence of deformed
concretions allows the determination of finite strain in the slate
matrix, with X:Y:Z = 6.3:3.5:1. Reasonable estimates of volume
loss during deformation then suggest that the layer-parallel shorten-
ing in the buckled layer during the buckling (wavelength selection)
process was in the range of 40 to 50 percent. Although these data
do not constrain exactly the interpretation, buckling theory suggests
the quartz layers followed a flow law with a value of n between 1
and 2, with layer/matrix effective viscosity ratio in the range 20 to
40, and amplification in the range 20 to a few hundred.

INTRODUCTION

During the past several decades our understanding of the buckling
process in both Newtonian (linear viscous) and non-linear materials has
greatly increased. This has been accomplished through theoretical studies
(for example, Biot, 1961; Ramberg, 1961; Sherwin and Chapple, 1968;
Fletcher, 1974; Smith, 1975, 1977, 1979) as well as experimental studies
(for example, Biot, Ode, and Rover, 1961; Agostino, 1971; Hudleston,
1973a; Cobbold, 1975; Manz and Wickham, 1978; Neurath and Smith,
1982) and numerical modelling (for example, Chapple, 1968; Dieterich,
1969; Parrish, 1973; Hudleston and Stephansson, 1973; Fletcher and
Sherwin, 1978). These studies have resulted in a set of parameters that
can be used to interpret the nature of the folding and the rheological
properties of the materials during the buckling process for naturally-
occurring folds. The most useful parameters are the fold shape on a hinge-
perpendicular section, the frequency distribution of arclength/thickness
ratios (L) for a fold population, and the strain distribution. Especially
important is the amount of layer-parallel shortening (T) that took place
within the folded layer during the buckling process. Unfortunately not
all the pertinent parameters may be measured in most natural geologic
situations, and interpretations of data on geometry and strain distribution
in natural folds by application of buckling theory are relatively few (for
example, Sherwin and Chapple, 1968; Hudleston, 1973b; Fletcher, 1974;
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Smith, 1979; Hudleston and Holst, 1984). In the present study, although
not all the parameters may be specified exactly, the quantities may be
sufficiently constrained for a buckling analysis to be carried out.

GEOLOGIC SETTING

Stratigraphy.—The early Proterozoic Little Falls Formation is a
series of graywackes and slates which are fairly poorly exposed in central
Minnesota (fig. 1). It is part of a thick sequence of early Proterozoic supra-
crustal rocks which are fairly widespread in the Great Lakes region of
North America, and which also contain the Lake Superior-type banded
iron formations. The Little Ialls Formation has been assigned to the
Mille Lacs Group, the lower of two formal stratigraphic groups of early
Proterozoic supracrustal rocks in the region (Morey, 1978), although
stratigraphic relationships in the area have recently been re-evaluated
(Morey and Southwick, 1984). To the north on the Mesabi Iron Range,
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Fig. 1. Generalized map of the Precambrian gcology of Minnesota (after Morey and
others, 1982) showing the location of the folds analyzed in this study.
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these early Proterozoic suprcrustal rocks may be observed to overlie un-
conformably rocks of an Archean granite-greenstone belt terrane (2750-
2600 my, Morey and others, 1982). In central Minnesota the supracrustal
rocks are cut by Penokean granites (1850-1800 my, Morey and others,
1982), and to the east they are cut and overlain by igneous and sedi-
mentary rocks of middle Proterozoic (Keweenawan) age (1140 my, Morey
and others, 1982).

Structural geology and tectonic setting.—At the type locality of the
Little Falls Formation, there is a single fold generation present, with
wavelengths of folds from centimeters to at least several tens of meters.
The folds are open, upright, and sub-horizontal. Axial-surface strikes and
fold-axis trends are within a few degrees of 030. There is a single, sub-
vertical, well-developed slaty cleavage which is axial-planar to the folds.
The rocks have been metamorphosed to lower amphibolite facies (Morey,
1980). In one area at the type locality, there is a series of small quartz
veins embedded in the slate. Where bedding in the matrix can be ob-
served, the quartz layers and bedding are parallel. Small folds possessing
characteristics of buckle folds exist in the quartz layers, particularly in
one area of outcrop. Vertical joint surfaces perpendicular to the cleavage
provide good hinge-perpendicular surfaces for fold observation. Cleavage
surfaces allow inspection in the third dimension. These small folds, the
object of this study, will be described in detail in a later section.

The early Proterozoic supracrustal rocks of central Minnesota (fig. 1)
were deformed, along with rocks farther to the east in Minnesota, Wis-
consin, and Upper Mlchlgan during the Penokean orogeny (1875-1825
my, Van Schmus, 1976, 1980). In east-central Minnesota, where exposure
of deformed early Proterozoic supracrustal rocks is better than in the
Little Falls area, two structural terranes have been defined (Holst, 1982a,
1984, 1985a,b). The southern terrane suffered two main phases of Peno-
kean deformation, the earlier involved large-scale recumbent structures
and the later upright, sub-horizontal, open folds. There is a well-de-
veloped, early, bedding-parallel foliation, and a later, sub-vertical spaced
crenulation cleavage. The northern terrane was involved in only the sec-
ond deformation and has a single, sub-vertical, well-developed slaty
cleavage in addition to the upright folds. The structural features present
at the type locality of the Little Falls Formation are very similar to the
northern terrane in east-central Minnesota and are most simply inter-
preted as having sullered a single deformational event. However, geo-
physical trends (Chandler, Nordstrand, and Anderson, 1984) indicate the
southern, multiply-deformed terrane of east-central Minnesota <loes ex-
tend into central Minnesota (Morey and Southwick, 1984), and examina-
tion of drill core in central Minnesota has revealed a number of areas of
early Proterozoic rocks with two well-developed cleavages (Southwick,
personal commun.).

FOLD DESCRIPTION AND GEOMETRY

The small-scale folds developed in the thin (up to 2 cm) quartz layers

show many of the features typical of buckle folds. The orthogonal thick-
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ness of the layers is fairly constant around the folds, and there is a pre-
ferred arclength which is dependent on layer thickness. Where bedding
in the slate matrix is visible, the folds die out rapidly above and below
the quartz layers into the slate matrix. Some of the folds in the quartz
layers are symmetric, but others, on the limbs of larger-scale folds in the
slate (wavelengths of several meters), are asymmetric and show normal
vergence relationships to the larger folds. Axial surfaces of the folds in
the quartz layers are sub-vertical and parallel to the slaty cleavage in the
matrix. Fold axes are within a few degrees of horizontal. Most of the
folded quartz layers are sufficiently far apart so that it is clear they were
behaving as isolated single layers during buckling. Those that are close
to one another, or that have layer-parallel slaty inclusions, may have acted
as multi-layers during deformation and were not used in this study. Draw-
ings of five of the fold trains from which data were collected for this study
are shown in figure 2.

Fold geometries are parallel or sub-parallel. that is of class 1B or
class 1C (Ramsay, 1967). Figure 3 shows a t'a diagram with exact plots for
14 representative fold limbs. Five of the fold limbs are of precisely con-
stant orthogonal thickness (perfect parallel, class 1B folds), while nine fall
just into the 1C fold class.

For buckling analysis the distribution of arclength/thickness ratios
is of particular interest. Photographs of the folds were taken in the field,
with care taken that the camera film plane was perpendicular to the fold
hinge. Enlargements of these photos were taken back into the field where
exact boundaries of layer/matrix contacts were drawn on the photo-
graphic enlargements. The distance along the middle of a layer, from a
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Fig. 2. Drawings of five of the 31 fold trains from which data were collected for
this study.
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Fig. 3. '« plot for 14 selected fold limbs. Of the fourteen limbs, five are class 1B
(parallel) folds and plot along the line at the top of the diagram.

fold hinge to the inflection point is the arclength of a quarter-arc segment
of a fold. This distance was determined for 343 quarter-arc fold segments,
from 31 fold trains. Along each quarter-arc segment, the orthogonal thick-
ness of the layer was measured from at least three places. These measure-
ments were made directly from the annotated photographic enlargements
with the aid of a digitizing pad and a microcomputer. The arclength/
thickness ratio for a full wavelength, 1. (4 times the arclength/thickness
ratio for each quarter-arc segment), was then calculated. The frequency
distribution of L is shown in figure 4. The mean arclength/thickness ratio
(L) for the fold population is 6.2, with a standard deviation of 3.2.

FINITE STRAIN MEASUREMENTS IN THE MATRIX

Strain markers—Deformed carbonate concretions are present in the
Little Falls Formation at the type locality and in exposures in the sur-
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Fig. 4. Histogram of L, the ratio of one full arclength to average layer thickness,
for the 343 quarter-arc segments analyzed. The mean value (L) is 6.2, with a standard
deviation of 3.2.

rounding area. They are similar to deformed concretions found in other
early Proterozoic graywacke-slate units in Minnesota (Schwartz, 1942;
Morey and Ojakangas, 1970), which have also been used for finite strain
analysis (Holst, 1985a). In that study (Holst, 1985a) it was found that
similar strain results were obtained using deformed concretions, mud
chips, and conglomerate clasts as strain markers.

Strain measurement techniques—The shape and orientation of de-
formed concretions on two-dimensional outcrop surfaces were recorded
in the field. These data were plotted on standard In R¢¢ plots (Ramsay,
1967; Dunnet and Siddans, 1971) and on the polar plot (Elliott, 1970;
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Holst, 1982Dh), for two-dimensional strain determination. Three-dimen-
sional strain was calculated using two-dimensional data from three dif-
ferent surfaces. To gather sufficient concretion shape data, outcrops
within several hundred meters of the fold outcrop were used. Details of
the strain measurement techniques may be found in Holst (1985a).

Results—The analysis of deformed concretions reveals that the strain
ellipsoid in the slate matrix has a ratio of principal strains of 6.3:3.5:1
(X:Y:Z = 6.8:3.5:1, X>Y>Z). This value is plotted as an x on figures 5A
and 5B. This ellipsoid lies well within the flattening field (X>Y>>Z) for
no volume change. As shown on figure 5, this result is in general agree-
ment with adjacent areas with apparently similar structural histories. The
box on figure 5 is the strain ellipsoid obtained from a deformed con-
glomerate 17 km northwest of the fold locality. The circles are results
from deformed concretions, mud chips, and conglomerates 170 km to the
northeast (Holst, 1985a). In each of these areas there are open, upright,
sub-horizontal folds and a single, well-developed sub-vertical axial-planar
cleavage. The Little Falls Formation strain result is also well within the
field defined by 5200 strain determinations in slates (Wood, 1974). The
maximum extension (X) in the Little Falls Formation is vertical (sub-
orthogonal to fold axes), and the maximum shortening (Z) is horizontal,
perpendicular to the axial-planar slaty cleavage (fig. 6). This is also the
geometry commonly found in slates by Wood (1974).

Volume loss considerations.—The result produced by a strain analy-
sis using deformed markers such as in this study is a ratio of principal
strain values and the orientation in space of the three principal axes.
Actual values of extension in any direction may be calculated only when
a particular volume change during deformation is assumed. Volume
change and deformation has been considered in some detail by Ramsay
and Wood (1973), and Wood (1974) suggested that most slates have un-
dergone some volume loss during the deformation process and develop-
ment of slaty cleavage. Figure 5B shows lines of plane strain (Y=1) for
various values of volume loss.

Wright and Platc (1982) were able to measure actual extensions in
particular directions within the deformed Martinsburg shale of the
Appalachian Mountains by the use of deformed graptolites whose unde-
formed dimensions are known. They were able to show that their measure-
ments were consistent with a 50 percent volume loss and not compatible
with a constant-volume deformation. In that particular case, no extension
was found within the cleavage plane, and shortening of 50 to 70 percent
was found at high angles to cleavage, so that the shape of the finite strain
ellipsoid was also consistent with the findings of Wood (1974) for slates
in general.

For the slates of the Little Falls Formation, as in most rocks, no
specific information on volume change is available. That is, it is not
possible to measure exact finite extensions in any direction. Evidence of
pressure solution perpendicular to the cleavage is commonly seen in thin
section, and some volume loss could easily have occurred during the
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Fig. 5. Results of three-dimensional strain determinations in Liude Falls Formation (x), Randall Formation (box), and 13 lo-
calitics in the northern terrane of the Thomson Formation (dots). (A) plot of the strain parameter g, versus Lode’s parameter, p
(sce Hossack, 1968). Also shown are values of §g.¢, the natural octahedral unit shear (Nadai, 1963). (B) Logarithmic dcformation
plot (Ramsay, 1967) of same data as A. The lines are loci of plane strain (Y=I) for the labelled amounts of volume loss.
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geneous [lattening, but a comparison of figure 3 with the calculations of
Ramsay (1967, fig. 7-79, p. 413) for flattened parallel folds shows that an
average value of late-stage flattening for the folds in this study is at most
a few (<5) percent. The buckle shortening was calculated for the 31 fold
trains studied, with results shown in figure 7. If we take (1+e), in eq 1 as
the mean value measured in this way (0.63), for a given estimate of vol-
ume loss it will be possible to calculate (14€)¢y; and then (I14e€) 5,
critical to the buckling analysis, may be calculated. This was done for
volume loss estimates from 0 to greater than 90 percent, and the results
are shown graphically in figure 8. The estimate of layer-parallel shorten-
ing during the buckling process for the folds in this study is seen to be
relatively insensitive to volume loss for reasonable values of volume loss.
For example at no volume loss, layer-parallel shortening is estimated to
be 42 percent, and at 40 percent volume loss, layer-parallel shortening is
estimated to be 52 percent. Thus it seems reasonable to suggest that layer-
parallel shortening during the buckling process for these folds was in the
range of 40 to 50 percent (2.8<T<4). This is similar to the amounts of
the layer-parallel shortening seen in buckling experiments using linear-
viscous materials at low (<'100) viscosity contrasts (Hudleston, 1973a).

10—
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i MEAN (1+e),=0.63+.09
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Fig. 7. Histogram of buckle shortening, the ratio of total arclength of a fold train
to the straight-line distance between end points, for the 31 fold trains. This shortening
is expressed (along the abscissa) both as a percentage and as values of buckling exten-
sion, (14e),. See text for details.
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Fig. 8. Graph of the calculated layer-parallel shortening (expressed as a percentage)
which took place in the quartz layers during the wavelength-selection (buckling) process
as a function of volume loss assumed to have occurred during the deformation process.
See text for details.

BUCKLING ANALYSIS

Buckling theory—Larly theoretical studies (Biot, 1961; Ramberg,
1961) showed that if an isolated linear viscous (Newtonian) layer em-
bedded in a less viscous matrix is subject to compression parallel to the
layer, the layer will buckle, and a particular wavelength (for a given
thickness) will undergo the greatest amplification, leading to a “dominant
wavelength/thickness ratio,” L4. For large viscosity contrasts (roughly u,/
Mo > 100, where u, is the viscosity of the layer and u, the viscosity of the
matrix), the dominant wavelength/thickness ratio is given by:

'LL 1/3
AN 7S @)

This relationship was verified experimentally, for large viscosity ratios
(Biot, Ode, and Rover, 1961). For lower viscosity ratios, layer-parallel
shortening during the buckling process becomes important. Sherwin and
Chapple (1968) modified the buckling equation to account for layer-
parallel shortening, T

Li=27 [( 15;12 > <IT+‘—’]>:|I/3 @)

The above is eq 6 of Sherwin and Chapple (1968) rewritten in the ter-
minology of this paper. They also derived an expression for the ampli-
fication of the dominant wavelength (A, in terms of layer/matrix
viscosity contrast and layer-parallel shortening. (The amplification is the
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ratio of final fold amplitude to amplitude of the initial perturbation in
the layer.) Their eq 7 (Sherwin and Chapple, 1968) in the terminology of
this paper is:

T
\ 2/3 1/3 dT
lnAmﬂx: ILLI ) <¢ ‘ ’3‘ > f s
e 2T (T+1) T
1 T(T+1) )

These expressions are perhaps best displayed in the graphical form
of figure 9, illustrating the relationship between amplification of the
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Fig. 9. Amplification of the dominant wavelength in terms of the dominant wave-
number (\q = 27/Ly, in terminology of this paper), viscosity ratio of layer to matrix
(u1/pe, solid contours), and layer-parallel shortening (T, dashed contours). Diagram
after Sherwin and Chapple (1968, fig. 8). Vertical line at Ay = 1.01 illustrates possible
range of solutions for the dominant wavelength/thickness ratio result of this study
(Lq = 6.2). A further constraint is placed on the interpretation by the calculated range
of reasonable valucs of T. See text for details.
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dominant wavelength, layer/matrix viscosity contrast, layer-parallel short-
ening, and the dominant wavelength/thickness ratio, here expressed as the
dominant wavenumber (A, = 2 7/L,). Sherwin and Chapple (1968) sug-
gested that, as layer-parallel shortening is impossible to measure in most
cases, the amplification could be estimated, and then with measurements
of fold geometry both layer/matrix viscosity contrast and layer-parallel
shortening could be estimated.

Theoretical treatments of buckling of layers of non-Newtonian rheol-
ogies have been developed by Fletcher (1974) and Smith (1975, 1977, 1979).
The theory of Sherwin and Chapple (1968) is the special case of the gen-
eral buckling thcory of Fletcher (1974), where the power-law exponent
of the layer (n) is 1. For a given dominant wavelength/thickness ratio
(Lg), the laym -parallel shortening (T) predicted by the theory decreases
with increasing non-linearity of the layer (low values of T at high values
of n). Using strain measurements of Groshong (1971, 1975) from within a
folded limestone layer embedded in slates in the Valley and Ridge Prov-
ince of Pennsylvania, Fletcher (1974) was able to show that the layer had
behaved in a strongly non-linear manner during buckling (3<n<I12).
Using strain data from within a folded limestone layer in slate in the
Canadian Rockies, Hudleston and Holst (1984) also concluded that fold-
ing had followed a non-linear flow law. In that case, linear-viscous theory
could not account adequately for the data, as the measured value of layer-
parallel shortening suggested an impossibly low amplification of the folds
for the measured value of dominant wavelength/thickness ratio, according
to linear-viscous theory.

In the general buckling theory additional variables are introduced so
the data place less restrictive constraints on interpretations. Fletcher
(1974) has shown that theoretical results are fairly insensitive to the power-
law exponent of the matrix. If this is taken as unity we have as variables
Lqa, /o (the ratio of “effective” viscosity of layer to matrix), T, Ay
and n. Figure 10 (after Fletcher, 1974, fig. 5) shows the relationships be-
tween Lg, &, /u. (in the parameter Q), T, and n for an amplification of 40.

Quartz rheology from experimental results—Constraints on the in-
terpretation of the fold and strain data from this study are also imposed
by the results of rock deformation experiments on quartz aggregates. A
reasonable body of data now exists as a result of such experiments, per-
formed on different types of quartz aggregates at a variety of strain rates
and environmental conditions. These results show that quartz aggregates
follow a non-linear flow law during deformation. Most experimental
values of the power-law exponent, n, are in the range from 1.8 to 2.8
(Koch, Christie, and George, 1980; Shelton and Tullis, 1981; Jaoul, Shel-
ton, and Tullis, 1981; Hanson and Carter, 1982; Koch and Christie, 1982;
Kronenberg and Tullis, 1984; Jaoul, Tullis, and Kronenberg, 1984; Kirby,
1985). Values as low as n = 1.2 have been observed using “wet” quartzite
(Jaoul, Shelton, and Tullis, 1981).

Interpretation from the general buckling theory.—From the fold pop-
ulation we have a value of L = 6.2. Using numerical simulation, Fletcher
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Fig. 10. Values of the rheological parameter Q( Q= n'/? ) expressed in terms

| 22]
1

of the power law exponent of the layer (n), the dominant wavelength/thickness ratio
(Lg, solid contours), and layer-parallel shortening (T, dashed contours), for the condi-
tion A, = 40 and a Newtonian matrix. Diagram after Fletcher (1974, fig. 5).

and Sherwin (1978) have shown that L is a valid approximation of L (the
dominant wavelength/thickness ratio) for a particular spectrum of initial
irregularities in the layer undergoing buckling. This spectrum, known as
white roughness, is where all initial irregularities have the same limb dip,
regardless of their wavelength. Such an initial amplitude spectrum is a
good approximation of a number of natural surfaces, and Fletcher and
Sherwin suggest it is a reasonable assumption for buckling analysis. We
then have L, = 6.2, and from the finite strain considerations we have a
likely range of T values, 2.8 < T < 4. We also have the experimental data
that suggest n is in the range from just over 1 to 3. If we assume an
amplification of 40 (a reasonable value), we can use figure 10 to interpret
the data. On figure 10 the contour for a dominant wavelength/thickness
ratio of 6.2 is drawn in. Here we see that for a value of T = 2.8, the pre-
dicted value of n is 1 (the intersection of Ly and T = 2.8 is the left edge
of the diagram, the line n = 1).

If the case n = 1 is considered, we can use figure 9 (and eqgs 3 and 4)
to investigate the relationships of L;, T, A, and u,/u.. For Ly = 6.2,
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Aq = 1.01. This line is drawn in figure 9. Exact solutions of egs (3) and (4)
yield, for T = 2.8, u,/pu. = 2L A, just over 100, and for T = 4, u,/p.
= 37, log Ay, = 3.53. For the upper end of the likely shortening range
these amplification values are unreasonably high, but the lower end of the
shortening range yields reasonable values. However, the experimental
results which show that quartz aggregates deform following non-linear
flow laws suggest that n = 1 behavior is not likely.

We can use the general theory to investigate the relationships of the
other variables if we allow n to vary from 1 to 3 at a value of Ly = 6.2.
For an amplification of 40 we can use figure 10, which shows that as n
varies from 1 to 3, T will vary from 2.8 to 1.7, below the range suggested
from the finite strain analysis. Given the uncertainties in the finite strain
arguments this is possible, but values of T below 2 are unlikely.

Other values of amplification also need to be considered. The data
from the folds in the Little Falls Formation can perhaps best be inter-
preted with the aid of figure 11, showing the relationship of T and n for
various values of A, and for the value L; = 6.2. Here we see that for T
to be greater than 2.8 and n near 2, amplifications are 300 or more.

No unique interpretation is possible, but certainly the values of n
from experimental data (especially for “wet” quartz aggregates) and the
low end of the range of T from the finite strain analysis do overlap at
reasonable values of amplification. If we consider T values down to a
value of 2, n in the range of 1 to 3, and amplifications from 20 to 300,
many reasonable interpretations are possible. The most likely, given the
constraints of the data, are for n in the range 1 to 2, T values near 2.8,
and amplifications from 20 to 200.

Arclength [thickness frequency distributions and amplitude spectra.—
An additional constraint may be placed on the interpretation when the
dispersion, 8, of the frequency distribution of arclength/thickness data is
considered. As mentioned previously, Fletcher and Sherwin (1978) showed
that for an initial amplitude spectrum of white roughness, the dominant
wavelength /thickness ratio (the one that has undergone the greatest am-
plification) is approximately equal to, and best estimated by, L, the mean
value of the arclength/thickness frequency distribution. Using numerical
simulation, they also established the relationship between § and the rela-
tive bandwidth of the amplitude spectrum that makes up the wave train,
B. The relationship between the relative bandwidths of the initial ampli-
tude spectrum and the amplification spectrum can be established for a
given initial amplitude spectrum, allowing the relationship between the
relative bandwidth of the amplification spectrum (8*) and & (the disper-
sion of the frequency distribution of arclength/thickness data) to be estab-
lished. 8* is a function of power-law exponent of the layer, amplification,
and layer/matrix viscosity contrast and thus provides an additional con-
straint of the interpretation of the data.

Fletcher and Sherwin (1978) evaluated dispersion of frequency dis-
tributions using half arclengths. The use of quarter arc segments in this
study requires a correction in the calculation of the dispersion (Fletcher,
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Fig. 11. The relationship of layer-parallel shortening during buckling (T) and
power-law exponent of the layer (n), shown for various amplifications (Amax), and for
the condition L, = 6.2. Derived from the theoretical results of Fletcher (1974) and of
the form of figure 9 of Hudleston and Holst (1984).

personal commun.). The dispersion of the frequency distribution of arc-
length/thickness data from this study which should be applied to the
correlation of 8 and B* in Fletcher and Sherwin (1978) is given by:

8 =a/(\/2) (L) ©)
The dispersion for this data is caused by natural variation and measure-
ment error (Hudleston and Holst, 1984). Twenty-five measurements from
a single quarter-arc fold segment gave the result L = 5.1, o = 0.51. Cal-
culating the “true” variance (o) as the dilference between the variance
for the fold population and the variance for the repeated measurements
of the same quarter-arc fold segment, we f{ind the “true” value of o for
the fold population to be 3.16, and the “true” dispersion to be 0.36. This
gives a value of B* of 1.18 (fig. 12).
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As B* is a function of amplification, layer /matrix viscosity ratio, and
power law exponent, a unique interpretation of this value is not possible.
However, it can be shown that considerations of arclength/thickness fre-
quency distributions and amplitude spectra provide results consistent
with the interpretation suggested earlier. For example, figure 13A shows
the relationship of amplification and B8* for several values of layer/matrix
viscosity ratio for the condition n = 1 (Newtonian behavior). Reasonable
values of amplification (for example in the range 40-100) yield reasonable
values of viscosity contrast for 8% = 1.18, the value for this study. At
lower amplifications, higher viscosity contrasts are obtained. Figure 13B
shows the same relationship for the case n = 3. Here, for the same range
of amplification, the layer /matrix viscosity ratios are lower.

Alternative initial amplitude spectrum.—It is possible that the am-
plitude spectrum of initial irregularities in the layer was not that of
white roughness. Fletcher and Sherwin (1978) consider a possible alterna-
tive where all initial surface irregularities have the same amplitude, thus
longer wavelengths have lower initial limb dips. Such an initial spectrum
was also considered by Hudleston and Holst (1984). In this case L does
not provide an adequate approximation of L, Again using empirical
results from numerical simulation, Fletcher and Sherwin (1978) establish
the relationship between L4 (for this initial amplitude spectrum Ly = L,
the wavelength/thickness ratio with the maximum amplitude in the wave
train) and §, the dispersion of the frequency distribution of arclength/
thickness data. Using their result (Fletcher and Sherwin, 1978, fig. 5) and

2
p*=1.18
B*
by 8= 0.36
0 T T 1 T
0.0 0.1 0.2 5 0.3 0.4

Fig. 12. The rclationship of the relative bandwidth of the amplification spectrum
(8*) and dispersion (§), with values pertinent to this study for an initial spectrum of
white roughness. Diagram after Fletcher and Sherwin (1978, fig. 8).
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layer (n = 1); (B) for a layer with power-law exponent n = 3. Diagrams after Fletcher

and Sherwin (1978, fig. 9).
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6 = 0.36 from the data in this study, we find L/L,, = 0.79. Since L,, = L4
for this initial amplitude spectrum, and L = 6.2 for this data set, we get
an estimate of L, = 7.8.

Again no unique interpretation is possible, but if the spectrum of
initial irregularities was one of constant amplitude, higher amplifications
or lower shortening values must be considered than in the case of an
initial spectrum of white roughness.

Dispersion, 8, may again be used as a further constraint on interpre-
tation. For an initial constant amplitude spectrum, the relative band-
widths of amplitude and amplification spectra are equal (8 = B*). Then
for a dispersion & = 0.36 we find 8 = B* = 1.08 (Fletcher and Sherwin,
1978, fig. 6). Again there is no unique interpretation of this result, but
inspection of figure 13 shows that reasonable values of amplification and
layer/matrix viscosity contrast are obtained.

Alternative growth mechanism.—Smith (1979) has discussed an alter-
native growth mechanism for folding of an extremely non-Newtonian
layer which is quite different dynamically from classical buckling. Under
these conditions, during layer-parallel compression any initial irregulari-
ties in an interface between two materials of contrasting rheology are not
very effectively amplified. However, these initial irregularities produce
a secondary {low within the layer which will deform the interface on the
other side of the layer. For a material line sub-parallel to the interface,
the most rapid deformation produced by the velocity distribution for this
secondary flow within the layer occurs when the material line is located
a distance from the interface equal to one-quarter of the wavelength of
the irregularity in the interface producing the secondary flow. For this
growth mechanism to be effective the deformation of the interfaces on
each side of the layers (produced by motions caused by irregularities in
the opposite interface) must reinforce each other. Hence this mechanism
is most effective where the distance between interfaces is one-quarter of
the wavelength of the initial irregularity producing the secondary flow.
If there are initial irregularities of wavelength 4 times layer thickness,
these will be most effectively amplified and will lead to fold growth.
Smith (1979) thus suggests that this mechanism will always lead to a
dominant arclength/thickness ratio equal to or slightly greater than 4.
Using the arclength/thickness measurements from natural folds of Sher-
win and Chapple (1968) and Johnson (1970), he suggests that L, values
of natural folds in the range 4 to 6 are common, and that the reason for
this is that the layers behaved as extremely non-Newtonian materials, and
this alternative growth mechanism was responsible for the development
of the folds.

Smith does concede, however, that a large layer-parallel shortening
accompanying the folding (by the classical buckling mechanism) of a
Newtonian or nearly Newtonian layer will also lead to values of L; in
this range. He does suggest that if folds with low L, values are as com-
mon as the (relatively few) existent data suggest, the alternative growth
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mechanism provides a more reasonable explanation for this than does
the widespread occurrence of large values of layer-parallel shortening.

Considerations of non-plane strain.—Theoretical treatments of buck-
ling assume plane strain. Clearly, the strain in the matrix is not plane
strain, but if the volume loss was in the range of 10 to 30 percent, the
strain is not far from plane (fig. 5). Within the layers there is no evidence
(in the form of boudinage or pinch and swell) for large extension parallel
with the fold axis (the direction of the Y axis), so strain within the layer
is perhaps not far from plane strain. Hudleston and Holst (1984) pointed
out that deviatoric stresses in the third dimension affect the buckling in-
stability in power-law [luids. The net result is that stresses in the third
dimension (parallel to the fold hinge) will tend to reduce the degree of
non-linearity (reduce n) associated with the folding.

CONCLUSIONS

The folds that have developed in quartz layers embedded in the
graywacke-slate sequence of the Little Falls Formation show character-
istics typical of folds developed by buckling. A preference for a dominant
arclength/thickness ratio exists, and the folds are of parallel or sub-paral-
lel geometry. It seems fairly certain that these quartz layers have suffered
the same deformation history as the matrix, and thus the strain deter-
minations from the matrix do indicate that layer-parallel shortening within
the layer played an important role during the buckling process. This,
along with experimental values of n in the range 1.8 to 2.8 for quartz
aggregates, indicates that the secondary-flow growth mechanism for highly
non-linear materials (Smith, 1979) was not the growth mechanism re-
sponsible for the folds. Instead, classical buckling and wavelength selec-
tion were responsible for the folding and present fold geometry. The fold
geometry and strain data may be interpreted with the aid of buckling
theory, although no unique interpretation is possible. The most likely
values of T are near 2.8, with amplifications from 20 to 200, u,/u. in the
range 20 to 40, and n between I and 2.
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