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A B S T R A C T

Ancient submarine slide and slump deposits in the Devonian flysch of central and northern Maine show considerable
variation in fold style, from symmetric to asymmetric to sheath geometries. Building on earlier work by Farrell and
Eaton, we suggest that the spectrum of fold styles reflects the degree of simple shear within each slump deposit. We
present a stereographic approach to paleoslope analysis that exploits fold hinge attitudes, axial surface attitudes, sheath
axes, vergence, S- and Z-asymmetry—depending on the style of slump folding. Our paleoslope determinations from
widely scattered locations across the Devonian foreland basin in Maine show a regionally consistent pattern of west-
erly to northwesterly slopes.

Introduction

In the interval between the Taconic and Aca- directions we deem reliable enough to report.
Among the others, the most common problem wasdian orogenies, turbidites were deposited across

much of Maine (figure 1). Many previous workers that the lower and upper contacts of a supposed
slump horizon were not exposed, making it diffi-(Moench and Boudette 1970, p. A-1-17; Griffin and

Lindsley-Griffin 1974; Hall et al. 1976, p. 61; Lud- cult to rule out a tectonic origin for the deforma-
tion and impossible to restore the slump folds toman 1977, p. 12; Pankiwskyj 1979, p. 40; Hanson

and Bradley 1989; Roy et al. 1991) have inter- paleohorizontal. Slump deformation in some of the
giant outcrops was so chaotic that kinematic analy-preted chaotic rock bodies within these Silurian-

Devonian turbidites as slump deposits formed as a sis was not even attempted. At small outcrops,
slump horizons were found that contained only oneresult of downslope mass wasting. The slump de-

posits have proven useful for paleogeographic stud- or two folds, which, we will argue below, is not
enough to be very meaningful. All of these prob-ies, because they suggest the presence of submarine

slopes steep enough to fail. Although slump folds lems eroded what might have been a much larger
data set.can also reveal paleoslope directions, little effort

has been made in Maine to glean this sort of quanti- The final difficulty, which we address here, is
that even among the most tractable slump deposits,tative information. Among the papers cited above,

the only one to report an actual paleoslope direc- there is considerable variation in structural style
and a corresponding variation in stereonet patternstion is that by Hall et al. (1976), for a slump at

Grand Lake Matagamon (figure 1). of fold hinges and axial surfaces. At one extreme,
fold hinges are clustered and poles to axial surfacesIn this paper, we present paleoslope determina-

tions for six inferred slump deposits in the De- lie on a great circle; at the opposite extreme, hinges
lie along a great circle while poles to axial surfacesvonian flysch of Maine. We came across these

slumps during the course of a regional paleocurrent are clustered. The problem is how systematically
to treat these data, without resorting to ad hoc ap-study, which focused on large, riverbank exposures

in structurally simple, homoclinal sections. Out of proaches that work on some slump deposits but not
others.dozens of inferred slump deposits we encountered,

only the six described here have yielded paleoslope
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Figure 1. Map of Maine showing major Silurian-Devonian paleogeographic belts, and locations of the main slumps
discussed in the text. Additional locations are as follows: 1—Gauntlet Falls; 2—Tobey Falls, 3—Barrows Falls;
4—Coles Corners; 5—Arnolds Landing; and 6—Greenville Junction. Large arrows show inferred paleoslope directions
based on the present study, except at Grand Lake Matagamon, which is a generalized direction from Hall et al. (1976).
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(figure 1): the Carrabassett Formation of the Cen- tact is depositional, showing that the chaotic struc-
ture originated on the seafloor rather than at depthtral Maine basin, an undifferentiated part of the

Seboomook Group along the Moose River–Traveler due to tectonism. Elsewhere in the region, many
outcrops of Carrabassett Formation consist entirelySynclinorium, and the St. John River Formation (of

Roy et al. 1991) in the Connecticut Valley–Gaspe of disrupted, fragmented thin-bedded turbidites;
these rocks typically display a fragment foliation,basin. These units contain variable proportions of

slate and graywacke, and stratigraphic thicknesses and the relative importance of soft-sediment versus
tectonic deformation is unknown. Coherent strataare typically .1 km. The Devonian flysch of Maine

has been interpreted as a foredeep succession, the of the Carrabassett Formation include thin- and
thick-bedded turbidites and massive sandstones,deformed precursor to the classic Catskill delta of

the Appalachian Basin (e.g., Bradley 1987; Hanson which we believe represent slope-basin and chan-
nel subenvironments, respectively (Hanson andet al. 1993; Bradley 1997). In the areas of interest,

the main affects of the Acadian orogeny were re- Bradley 1989). Paleocurrent analysis at 16 sites in
the Carrabassett Formation reveals that the domi-gional open- to tight-folding, development of a NE-

striking cleavage, chlorite- and sub-chlorite-grade nant flow direction was toward the north, with a
secondary component toward the east (Hanson etregional metamorphism, gabbroic and granitic plu-

tonism, and cordierite- and andalusite-grade con- al. 1993, p. CC-14). The paleocurrents record a new
paleogeographic regime; pre-Carrabassett strata intact metamorphism in surrounding aureoles (e.g.,

Osberg et al. 1989). the Central Maine basin were deposited by paleo-
currents flowing either toward the southeast orCarrabassett Formation. The Carrabassett For-

mation, of probable Early Devonian age (e.g., southwest (Hanson and Bradley 1994).
Seboomook Group. Devonian turbidites alongMoench and Pankiwskyj 1988; Osberg et al. 1985),

is the youngest regionally extensive rock unit in the Moose River-Traveler Synclinorium (figure 1)
are assigned to the Seboomook Group. Detailedthe Central Maine basin (Hanson and Bradley

1989). Although it has not yielded diagnostic fos- studies at Grand Lake Matagamon (Hall et al. 1976;
Pollock et al. 1988) have established that the Seboo-sils, its age can be inferred from: (1) its stratigraphic

position about 1.5 km above an early Ludlovian mook is a deep-water, base-of-slope turbidite suc-
cession associated with a west-prograding deltaicgraptolite in the Smalls Falls Formation; (2) litho-

logic similarity with the Lockhovian and Pragian complex. Paleocurrent analysis of the Seboomook
Group at 10 sites indicates flow toward the westSeboomook Group of the Moose River Synclino-

rium; and (3) the fact that it was deformed, region- (Hanson and Bradley 1994). Inferred slump deposits
are present but are a relatively minor part of theally metamorphosed, and intruded by a number of

plutons with early Emsian concordant U/Pb zircon Seboomook Group in this belt (Hall 1973; Hall et
al. 1976).ages of 404–408 Ma (Bradley et al. 1996). We have

suggested that the Carrabassett Formation was de- St. John River Formation. In the Connecticut
Valley–Gaspe deep-water basin of northernmostposited on the N-facing frontal slope of an advanc-

ing Acadian orogenic wedge (Hanson and Bradley Maine, most of the Seboomook Group has been as-
signed to the informally named St. John River For-1989). This interpretation is based on its immedi-

ately pre-Acadian age, our recognition of slope fa- mation (of Roy et al. 1991). About two-thirds of the
strata belong to turbidite facies B, C, D, or mud tur-cies, including slump deposits, and on the regional

paleocurrent pattern. bidites, preserved in coherent, homoclinal stratal
successions. Most of the remainder of the forma-Chaotic deposits comprise about 75% of the for-

mation (Hanson and Bradley 1989). Coherent tur- tion consists of siltstone-rich chaotically deformed
strata inferred to represent slump deposits. Sheathbidites are interlayered with the chaotic deposits,

and in several key places it is clear that the two are folds are common (figure 2b). Paleocurrent data
from three sites in the Connecticut Valley–Gaspeinterbedded rather than tectonically juxtaposed.

The most revealing location is in the contact aure- basin in Maine indicate flow toward the west (Han-
son and Bradley 1994).ole of the Moxie pluton at Gauntlet Falls (figure 1;

Hanson 1994), where gently dipping turbidites
were laid down over the irregular surface of a .10- Analytical Techniquesm-thick zone of disharmonically folded and dis-
membered thin-bedded turbidites (figure 2A). Cha- Identification of Slump Deposits. The regional

structure of our study area is simple and straight-otic and coherent strata alike were contact-meta-
morphosed before acquiring the prevasive regional forward; in typical exposures one finds homoclin-

ally dipping beds cut by a regional cleavage. Thecleavage ubiquitous outside the aureole. The con-
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A

Figure 2. A. Slump deposit at Gauntlet Falls. Outcrop
is within the contact aureole of the Moxie Pluton, in an-
dalusite-grade rocks. The strata were contact-metamor-
phosed prior to Acadian regional deformation, which left
no imprint aside from the gentle bedding dip. Olistos-
trome below the bedded turbidites consists of steeply
dippling, dismembered siltstone bed segments and a few
rootless folds. Interbedded chaotic and coherent strata
are also present in the Carrabassett Formation at Little
Wilson Stream, Tobey Falls, Barrows Falls, and Coles
Corners (figure 1). B. Sheath fold from a well-exposed
slump horizon in the Temiscouata Formation (Seboo-
mook equivalent), northwestern New Brunswick, a few
tens of kilometers along strike from Big Rapids (figure
1). The movement was roughly toward or away from the
observer. The three slump deposits from Big Rapids, ana-
lyzed here, display comparable folds, but are not as pho-
togenic.

B

folded zones we identify as slump deposits are visu- ria. In four instances, the folds demonstrably pre-
date regional cleavage, and in no case is the reverseally striking: anomalous, disharmonically folded

layers enclosed in strata affected only by the re- true (Hanson 1994; Kusky et al. 1994). In all six
cases, the weight of evidence supports a slump ori-gional folding (figure 3). The strata below and above

face in the same direction. The six folded zones for gin. Alternatively, a tectonic explanation for any
of the disharmonically folded zones would requirewhich we quote paleoslope directions all include

dismembered bed segments. Despite the intensity special pleading.
Reference Frames and Retrodeformation. Two ref-of deformation, there is no evidence of syn-defor-

mational veining, for example, at fold hinges on the erence frames are normally used in analyzing
slump folds in tectonically deformed rocks: (1) theconvex sides of competent beds. A slump should

have a detachment at its base and a depositional present-day reference frame, in which folds are ac-
tually measured, and (2) the stratigraphic referencecontact at its top (Elliott and Williams 1988). Of

the six folded zones for which we quote paleoslope frame, in which the original attitudes of slump
structures are interpreted. The stratigraphic refer-directions, the upper contact is exposed at four and

the lower contact is exposed at four. In all cases, ence frame is found by restoring to horizontal the
host bedding that stratigraphically overlies or un-the outcrop evidence is consistent with these crite-
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Figure 3. A. Tape-and-compass map of the stratabound slump horizon at Harrington Lake, showing upright, symmet-
ric folds. B. Stratabound slump horizon showing asymmetric folds, from the Seboomook Group (St. John River Forma-
tion of Roy et al. 1991) near Three Mile Island, Allagash River. Sketch from a photograph. C. Tape-and-compass map
of a stratabound slump horizon showing synthetic faults and folds, and antithetic folds, from Little Wilson Stream.
Tb and Tc are the B and C divisions of the Bouma turbidite sequence.

derlies a slump. Ideally, this procedure should ex- where deformation was polyphase, and the single-
tilt correction would be wholly inappropriate.) Aactly reverse any changes in attitude due to de-

formation, just as in paleocurrent analysis. The two-step rotation was used for one slump (Little
Wilson Stream; see below), where regional beddingpossibility that strata hosting a slump may have

originated on a slope with some initial dip is nor- strike was deflected during emplacement of a
nearby pluton. For want of mesoscopic strain mark-mally glossed over in studies of ancient rocks (fig-

ure 4). This is not an unreasonable simplification, ers, we did not account for the minor effects of pen-
etrative tectonic strain in the paleoslope analysissince most submarine slopes dip less than 10°, but

it does complicate the understanding S- and Z-fold that follows. Where we were able to measure and
correct for strain in our regional paleocurrent stud-asymmetry.

All but one of the slump deposits were restored ies, it turned out to have a negligible impact. Spe-
cifically, in the Madrid Formation at Arnolds Land-to paleohorizontal by the standard single-tilt cor-

rection: host bedding and slump structures were ing (figure 1), 26 cross laminae in subvertical beds
yielded a mean paleocurrent direction of 254°, sub-rotated about an axis parallel to bedding strike

through an angle equal to the bedding dip. This is ject to single-tilt correction only, compared to 249°,
subject also to orthographic strain correction (Han-appropriate for the Devonian flysch in central and

northern Maine, which is affected by a single gener- son et al. 1993).
Style of Slump Folding and Stereographic Meth-ation of upright, NE-trending, open-to-tight folds

with a single axial-planar cleavage. (There are parts ods. Farrell and Eaton (1987, 1988) presented an el-
egant model that accounts for much of the varia-of the Acadian Orogen—for example, southwestern

Maine, New Hampshire, and Massachusetts— tion in structural style of slump folds (figure 5). In
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Figure 4. Vertically exaggerated block diagram showing idealized slump folds on a slope and at its base. Correspond-
ing stereonets illustrate orientations of poles to axial surfaces (filled circles) and fold axes (open circles). The paleoslope
direction could be determined by the separation arc method from either fold, but note that the right-hand limb of the
slump would be transformed from an S to a Z were the slump to travel from the slope out onto the basin plain. This
property of slump-fold asymmetry has not been mentioned in previous discussions of the separation-arc method, but
fortunately, it does not make much practical difference because ancient slump deposits are restored to an inferred
paleohorizontal.

their model, slump deposits that have undergone deposits, fold axes cluster in the paleoslope direc-
tion, rather than normal to it. Here, the downslopeonly short translations tend to display upright, par-

allel folds, the product of bedding-parallel contrac- mean-axis method is useful. In the model shown
in figure 6, slump folds originate with their axestion. Slumps translated further experience a super-

imposed simple shear, which produces inclined parallel to the slope; with moderate downslope
movement, fold axes begin to spread along a girdle,asymmetric folds, then recumbent similar folds,

and in the extreme, sheath folds. and with continued movement they begin to clus-
ter in the transport direction. In the extreme (figureSince the pioneering work of Jones (e.g., 1940),

many paleoslope determinations from slump folds 6C ), fold axes cluster in the downslope direction,
parallel to sheath axes, and the girdle disappears.have relied heavily, or even exclusively, on the ori-

entation of fold axes. The oldest and most widely Fold axes are reoriented as a result of simple shear
during downslope movement; the only folds to es-applied method is based on the supposition that the

trend of fold axes formed by downslope movement cape reorientation are those with initial orienta-
tions exactly parallel or exactly perpendicular toshould be normal to the paleoslope (e.g., Jones

1940). Woodcock (1979) called this the alongslope the strike of the slope.
The separation-arc method of Hansen (1971)mean-axis method. The idealized slump folds in

figure 6A are amenable to the alongslope mean-axis also accounts for downslope rotation of fold axes,
but it is better suited for slump folds with axes dis-method. Stereoplots of fold axes alone, however,

yield two equally viable choices of paleoslope di- tributed along great circles rather than in clusters.
Natural folds similar to the one in figure 4A haverection, i.e., either east or west in figure 6A. The

correct choice can be made from a combination been described from a tundra slide by Hansen
(1971), and from a snow slide by Lajoie (1972). Han-of other paleogeographic information (e.g., Jones

1940), and (or) the vergence of slump folds. sen (1971) showed that the downslope direction bi-
sects the angle (Hansen’s ‘‘separation angle’’) be-Woodcock (1979) has shown that in many slump
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Figure 5. Block diagram of an idealized slump, with slight vertical exaggeration. Modified, in part, from Farrell (1984)
and Farrell and Eaton (1988).

tween two fields of slump fold axes of opposite responsible for some of the overlap of S and Z fields
in some of our examples from Maine, as well as thesense of asymmetry, S’s (counterclockwise sense of

rotation) on one side, Z’s on the other (clockwise considerable overlap that Woodcock (1979) found
in published descriptions of slump folds. In gentlysense). The fold axes define a great circle that Han-

sen (1971) called the ‘‘slip plane.’’ Stereoplots from plunging folds (e.g., figure 7), S and Z are not very
robust properties at all. Clearly, the main differencethe tundra and snow slumps are similar to the plot

in figure 4A: the slip plane dips downslope and the between the two folds in figure 7 is that one verges
toward the observer whereas the other verges away,slip direction bisects the separation arc. The slip

plane defined by axes of slump folds from the base yet both folds have S portions and Z portions. An-
other shortcoming of the separation-arc method isof a slope (figure 4B), however, should dip in the

upslope direction. Fold axes from slump deposits an inability to deal with folds that cannot be classi-
fied as either S or Z, such as symmetric folds, somerestored in the stratigraphic reference frame should

plot as in figure 4B, regardless of whether the slump disharmonic folds, most isolated fold hooks, and
sheath folds. This is ironic, because sheath folds areactually came to rest on the slope or the base of the

slope. the ultimate product of the simple shear that
makes the separation arc method succeed in theThe two folds in figure 4 differ in a superficially

troubling way that merits discussion but is less of first place.
In some cases, slump vergence, as determineda problem than might first appear. Folds formed

along the right-hand limb of the slump, while on from the fold axial surface, is a more reliable paleo-
slope indicator than fold axes. The vergence of anthe slope, are Z folds, but they become S folds after

transport all the way to the base. This results from asymmetric slump fold is here defined as the trend,
in the stratigraphic reference frame, of the pole tothe universal convention in structural geology of

classifying an asymmetric fold as an S or Z when the axial surface. (A more cumbersome definition
would need to be contrived to also account for re-the fold is viewed in the downplunge direction

(figure 7). In figure 4A and 4B, the change from Z folded slump folds that face downward in the strati-
graphic frame.)to S is due to a 180° flip in the trend, which itself

is the result of a change of only a few degrees in the The distinction between the present-day and
stratigraphic reference frames is essential, even inamount of fold plunge. This phenomenon may be
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Figure 6. Three structural styles of
slump folds stacked from the top
down in order of increasing simple
shear. Arrows in stereonets show
slope direction. A. Initially, fold axes
show tight clustering normal to
slope. Alongslope mean-axis
method gives the paleoslope direc-
tion. B. With moderate downslope
rotation, fold axes acquire S and Z
asymmetry and define two fields
along a great circle corresponding to
the slope. SA is the separation arc,
which gives the paleoslope direc-
tion. C. With continued downslope
rotation, the separation arc narrows
and then disappears completely, as
fold axes are reoriented toward the
downslope direction. Downslope
mean-axis method (or better yet,
sheath axes) gives the paleoslope di-
rection.

the case of a tectonically undeformed slope like the measurements from several folds to build a com-
posite picture of the fold geometry.one in figure 4. In the present-day reference frame,

asymmetric folds at the base of a slope have axial Slump Deposits with Upright, Symmetric Folds. We
report a single example of a slump dominated bysurfaces that dip upslope (figure 4B). Axial surfaces

of folds on a slope may either dip gently downslope pure-shear deformation, a spectacular horizon that
resembles a rumpled rug (figure 3A). The folded(figure 4A), or gently upslope. In the stratigraphic

reference frame, however, axial surfaces of syn- zone crops out along the shore of Harrington Lake
(figure 1; for details see stop 3 of Hanson et al. 1993,thetic folds dip upslope. Consequently, in analyz-

ing slump folds from dipping strata, which will be or stop 9 Kusky et al. 1994). The folded zone over-
lies a moderately dipping (average dip is 48°), homo-subject to structural tilt-correction, it doesn’t mat-

ter whether the folds came to rest on a slope, or at clinal section of thin-bedded turbidites; a mean pa-
leocurrent direction of 265° was obtained from 55the base of a slope: the relationship between fold

axial surfaces and the paleoslope direction is the cross laminae (Hanson et al. 1993, p. CC-13). The
basal contact of the folded zone is a detachmentsame.
that parallels the underlying bedding; disrupted
beds just above the detachment are discordant toPaleoslope Determinations it. The upper contact is not exposed, but coherent
turbidites occur a few meters farther upsection.In the foregoing discussion, the various idealized

stereographic patterns were based on many mea- The exposed part of the slump is about 8.5 m thick.
One large fold is overprinted by, and hence is oldersurements around a single fold. In all the ste-

reoplots that follow, however, the structural data than, the regional cleavage that makes a ,60° angle
with the axial surface (figure 3A).are from different folds—generally one hinge line

and one axial surface per fold. By necessity, we use The largest folds are upright and symmetric.
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deep-water facies of a deltaic sequence farther east
(Hall et al. 1976), the best choice is 250°. In hind-
sight, then, the alongslope mean-axis method
would have yielded the correct result.

Slump Deposits with Asymmetric Folds. Two
slump deposits in our study display asymmetric
folds with inclined axial surfaces. These are broadly
similar to the slump illustrated by Farrell (1984, his
figure 2B). The first is in the St. John River Forma-
tion (of Roy et al. 1991) near Three Mile Island on
the Allagash River (figure 1). The folded zone is 20–
30 cm thick and sandwiched between thin-bedded,
silt turbidites (figure 3B). Upright bedding dips
71° E. The younging direction in underlying beds
is evident from subtle grading. The base of the
folded zone is marked by a throughgoing bed of silt-
stone deformed by two small folds that are recum-
bent in the stratigraphic reference frame (figure 3B).
The folded zone itself consists mostly of dark, chlo-
ritic slate, but within it are dismembered beds of
siltstone, which outline tight, asymmetric, nearly
recumbent folds with thickened hinges. The imme-
diately overlying siltstone bed, which youngs in the
same direction as beds below the folded zone,
shows no evidence of bedding disruption or out-
crop-scale folding. This bed everywhere overlies
slate, in which bedding cannot be seen, but it trun-
cates the projections of axial surfaces defined by the
folded siltstones a few centimeters stratigraph-
ically below. A well-developed regional slaty cleav-Figure 7. Two folds with opposite vergence (V arrows),
age affects both the folded zone and beds above andeach having portions that have S asymmetry, and por-
below. Dihedral angles between fold axial surfacestions having Z asymmetry. A minor change in the
and cleavage range from nearly parallel to 14°. Theamount of plunge can change the sense of asymmetry of
folded zone is most readily interpreted as a slumpthese folds, but not their vergence. Vergence is therefore

a much more robust and useful property than S or Z accumulation, although a tectonic origin cannot be
asymmetry. ruled out. The upper contact appears to be deposi-

tional; the lower contact sheared. Quartz veins are
notably absent around the fold hinge areas. In con-Near the base, some of the small folds are asym-

metric. Fold axes form a loose cluster on the ste- trast, at a nearby stratabound duplex of undoubted
tectonic origin, such veins are abundant and clearlyreoplot (figure 8A) but are nondiagnostic because

the alongslope mean-axis method yields a paleo- indicate that duplexing post-dated lithification
(Bradley and Bradley 1994). After single-tilt restora-slope of either 070° or 250°, whereas the downslope

mean-axis method yields a paleoslope of either tion of enclosing beds, a well-defined separation arc
of S- and Z-fold axes indicates a paleoslope to the160° or 340°. About half the folds are asymmetric

and can be described as S’s or Z’s. The S and Z fields northwest (figure 8B). Poles to fold axial surfaces
also cluster tightly and indicate the same slope di-overlap, however, so the separation-arc method

doesn’t work. In contrast with the other slump rection (310°, combined visual mean). This is simi-
lar to the westerly paleocurrent directions men-folds in figure 8, poles to axial surfaces are distrib-

uted about a vertical great circle, which strikes tioned above.
A slump in the Carrabassett Formation (figureabout 250°. The folds show no preferential verg-

ence. However, given the style of the large folds 3C ) illustrates some complications. The 30 cm
thick folded zone occurs within a homoclinal, well-(figure 3A) and the tight clustering of axial plane

strikes, the best solution is a slope of either 070° or bedded succession along Little Wilson Stream (fig-
ure 1). Sedimentary structures are remarkably well250°. In light of the paleocurrent data and regional

relations, which indicate that the Seboomook is the preserved; tectonic strain is negligible. The folded
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Figure 8. Lower hemisphere equal-area projections of structural data from slump horizons in Maine. Each plot shows
the pole to bedding, as measured, and the tilt-correction path along which bedding was restored to paleohorizontal.
To facilitate comparisons between different slump deposits and with hypothetical models, all other data have been
plotted only in the stratigraphic reference frame, subject to the same rotation(s) as bedding. Poles to cleavage are
plotted in the stratigraphic reference frame to aid comparison between cleavage and fold axial surfaces. PC is paleocur-
rent direction as determined from nearby strata (see text for references). PS is the inferred paleoslope direction, with
azimuth in degrees.

zone is about 40 cm thick and is sandwiched be- sheared lower limbs recumbent in the stratigraphic
reference frame; these repeat the section within thetween medium-bedded sandstone turbidites dis-

playing the Bouma B and C divisions. Bedding dips folded zone and are labeled as ‘‘main synthetic
folds’’ in figure 3C. The smaller folds are both anti-79° N; graded bedding in both underlying and over-

lying beds shows that the section is upright. The thetic and synthetic. The Little Wilson Stream ex-
posure lies in the contact aureole of the Onawa Plu-base of the folded zone is a detachment surface

(figure 3C ). The folded zone consists of interlayered ton where the strike of bedding is nearly E-W, about
33° clockwise of the regional bedding strike; the de-dark metapelite, cross-laminated siltstone, and

sandstone. The largest folds in the outcrop have flection of bedding strike either came during or
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after the pluton was emplaced. Structural correc- head of Big Rapids. Its lower contact is not exposed;
it is overlain along what appears to be a deposi-tion involved (1) a 33° counterclockwise vertical-

axis rotation to correct for the deflection around tional contact by thin-bedded silt turbidites, which
in turn are overlain by thick-bedded graywacke tur-the pluton, and (2) single-tilt correction of bedding

to horizontal. Fold axes within the slump horizon bidites. Upright bedding dips 75°E. All of the folds
within the slump horizon appear to be rootless. Theare fairly tightly clustered (figure 8C ), but it is not

obvious, from the fold axes alone, whether they axial surfaces of some folds are cut obliquely by
the regional cleavage. Some bed fragments are intrend in the paleoslope direction, or normal to it.

The separation-arc method is useless because S and the shape of asymmetric S- or Z-folds; others have
eye-like patterns in plan view. Fold axes clusterZ folds do not form distinct groupings. (Two of the

fold axes were classified in the field as Z folds, but fairly tightly (figure 8E ) and, given the sheath-style
of folding, the downslope mean-axis method isduring tilt-correction, they crossed the primitive

circle and thus had to be reclassified to S folds.) deemed appropriate, yielding a paleoslope of either
314° or 134°. In light of the paleocurrent data, 314°Axial surfaces of the synthetic folds dip south, the

antithetic ones dip north. The axial surfaces sug- is the best choice. Poles to axial surfaces cluster in
the northwestern quadrant, supporting the north-gest a paleoslope of about 336°, corrected for

Onawa pluton deflection. The fold axes, therefore, westerly paleoslope. Because S and Z fold axes over-
lap, a separation arc cannot be defined.trend roughly parallel to the inferred slope direc-

tion. For comparison, a mean paleocurrent direc- A third slump, several tens of meters thick, was
measured in the middle of Big Rapids (figures 1 andtion of 037°, corrected for Onawa pluton deflection,

was determined from 56 directional indicators 9C ). Its lower contact is not exposed; it is deposi-
tionally overlain by thick-bedded graywacke tur-along Little Wilson Stream (Hanson and Bradley

1994). bidites, which in turn are overlain by a fragmented
olistostromal horizon. Upright bedding dips 65°E.Slump Deposits with Sheath Folds. We analyzed

three slump deposits characterized by sheath folds The slump folds are defined by rootless sandstone
bed segments set in a slate matrix; the axial sur-along a 2-km section of the St. John River known

as Big Rapids, near the town of Allagash (figure 1). faces of some of the folds are cut obliquely by the
regional cleavage. None of the measured fold axesAll three slump deposits are in the St. John River

Formation (of Roy et al. 1991). The best-developed have a clear sense of asymmetry; hence the separa-
tion-arc method is not applicable. Furthermore, insheath folds are in an outcrop at the foot of Big Rap-

ids. The folded zone is several tens of meters thick contrast with the other sheath-folded slump depos-
its, fold axes here display a 180° spread along a greatand consists of folded bed segments of sandstone

(figure 9A and B), enclosed in a black slate matrix. circle (figure 8F ). Neither the normal mean-axis,
downslope mean-axis, nor separation-arc methodsAn intact, throughgoing upright bed which dips

89° E underlies the folded zone; the upper contact is are applicable. Poles to axial surfaces tightly cluster
about a westerly trend. A single sheath axis trendsnot exposed. Folding clearly predated cleavage, as

indicated (1) by the trace of folded bedding shown NW-SE. Together, these data suggest a paleoslope
toward about 286°.in figure 9A, exposed on a planar cleavage surface,

(2) by a 180° distribution of bedding-cleavage inter- Many other large outcrops in the St. John River
Formation (of Roy et al. 1991), and in the correla-section lineations along a girdle (figure 9A), and

(3) by several folds whose axial surfaces are strongly tive Temiscouata Formation in nearby New Bruns-
wick (figure 2B), consist entirely of chaotically de-oblique to the regional cleavage. Fold axes show a

fairly tight clustering along a NW-SE trend (figure formed, silt-rich turbidites that resemble the three
slump deposits at Big Rapids. Ductile-looking8D), and given the sheath style of folding, the

downslope mean-axis method is applicable. Two sheath folds are abundant, despite the very low
grade of regional metamorphism (prehnite-pumpel-sheath axes also trend NW-SE. Together, these data

suggest a slope toward either 318° or 138°; in light lyite; Osberg et al. 1985). Unfortunately, because
overlying or underlying beds are not exposed, theof the regional paleocurrent direction, 318° is the

clear choice. The poles to fold axial surfaces cluster stratigraphic reference frame is unknown for these
probable slump deposits.in the northwestern quadrant, which would tend

to confirm the 318° paleoslope. The separation-arc
method does not work for this slump deposit be- Recommended Procedurescause none of the folds have a clear sense of asym-
metry. Slump folds are so variable in geometry that a flex-

ible approach is required in paleoslope analysis: noA second zone with sheath folds is located at the
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Figure 9. A. Sketch of a pre-cleav-
age slump fold at the foot of Big
Rapids, exposed on a cleavage face.
Stereonet shows a great-circle dis-
tribution of bedding-cleavage inter-
sections from this outcrop, which
confirms that folding predated the
regional cleavage. B. Fold fragment
whose axial surface is transected by
the regional cleavage, from the foot
of Big Rapids. C. Dismembered beds
and rootless folds from the slump
horizon in the middle of Big Rapids.

single method will work for every slump deposit. could be made around a fold like that in figure 6C,
but the results would only lead in a roundaboutThe first order of business is to assess the evidence

that a particular folded zone is, indeed, a slump. El- way to the same conclusion as could be drawn from
a single measurement of the sheath axis. Slumpliott and Williams (1988) reviewed the diagnostic

value of various criteria for slump versus tectonic faults and any associated slip lineations, if present,
should also be measured.folding; their paper, however, stresses exceptions

and caveats to the admittedly imperfect, but still The attitudes of any tectonic folds (axis and axial
surface axis), cleavage, and mesoscopic strainhandy, guidelines for recognizing slumps (e.g., Hel-

wig 1970). Careful, detailed observations within a markers are needed to retrace the deformation path
and thus restore the slump to paleohorizontal. Ste-suspected slump are a must—especially evidence

for a depositional upper contact. reographic techniques for retrodeformation are the
same as for paleocurrent analysis; the pitfalls areThe second order of business is to measure the

attitude and observe the way-up direction of coher- likewise the same. During retrodeformation, if a
slump-fold axis crosses the primitive circle, itsent strata that overlie or underlie the slump. With-

out this information, there isn’t much point in con- sense of asymmetry will flip from S to Z, and vice-
versa.tinuing because it will be impossible to correct for

tectonic deformation. The interpretation of paleoslope from the struc-
tural data begins with classification of the slumpFor folds within the slump, the axis and axial

surface should be measured, and the sense of asym- according to the overall geometric style of folds
within it. For slump deposits containing at leastmetry—S, Z, or neither—observed in the present

reference frame. For asymmetric folds, the verg- some upright, symmetric folds, we offer the follow-
ing guidelines. (1) Axial surfaces are likely to haveence in the stratigraphic reference frame should

also be assessed, and each fold classified accord- fairly constant strikes but may show scatter in
their dip and dip direction, with no preferentialingly as either synthetic or antithetic. For sheath

folds, the direction of most interest is the sheath’s vergence among the whole population. If poles to
axial surfaces show enough variation in attitude tolong axis, and not the various local orientations of

the curved fold axis. Many fold axis measurements define a great circle, it will strike in the paleoslope
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direction. (2) In our single example at Harrington pattern across a wide region (figure 1). This pattern
would seem to assuage various concerns about po-Lake, fold axes are fairly tightly clustered normal

to flow direction. Hence, the alongslope mean-axis tential pitfalls, and thus about the significance of
the results. The first of these, already discussed atmethod provides essentially the same paleoslope

direction as the axial surfaces. (3) Both axial sur- length, is whether the disharmonically folded
zones are of slump or tectonic origin. Inappropriatefaces and fold axes are bidirectional paleoslope indi-

cators in this case. Regional facies relations and (or) structural corrections may have been applied, per-
haps leading to errors of up to a few tens of degreespaleocurrent data must be relied on to choose be-

tween the two possibilities. in the quoted paleoslope directions. It is also plausi-
ble that some or all of the slumps formed due toFor paleoslope analysis of asymmetric folds:

(1) Axial surfaces of the main, synthetic folds dip local slope failure in a submarine fan setting—for
example, the collapse of a levee into a channel—upslope, as do any associated contractional faults.

(2) Axial surfaces of antithetic folds, as well as any rather than on a slope of regional scale. Finally, be-
cause each slump must be interpreted from a singleassociated contractional faults, dip in the opposite

direction. (Obviously, it is essential to decide in the exposure, it is possible that the results are not rep-
resentative of the whole slump sheet.field whether a fold is synthetic, antithetic, or per-

haps, neither.) (3) Fold axes are more problematic. We conclude from the results summarized in
figure 1 that the regional topographic grain wasIn one of our examples, S and Z fold axes have a

great-circle distribution and define a beautiful sepa- roughly parallel to present structural grain, and the
slopes were down toward the craton. Paleocurrentration arc. In the other example, however, S and Z

fold axes are fairly tightly clustered in the inferred from the same rock units show a similar regional
pattern (Hanson and Bradley 1994). The paleoslopepaleoslope direction, and the fields of S and Z folds

completely overlap. In this second case, the down- and paleocurrent data together reinforce the inter-
pretation of the Devonian flysch as a foredeep suc-slope mean-axis method yields the same result as

the fold axial surfaces and slip lineations, and cession that was deposited in front of a cratonward-
advancing orogenic wedge (Bradley 1987, 1997).therefore seems applicable.

For paleoslope analysis of sheath folds, we sug-
gest the following guidelines: (1) The most useful
measurements are sheath axes, which, unfortu-

A C K N O W L E D G M E N T Snately, are bidirectional indicators. (2) The down-
slope mean-axis method is applicable but the result The manuscript benefited from careful reviews by
is only bidirectional. (3) The fields of any S and Z Dykstra Eusden, Peter Haeussler, Julie Dumoulin,
folds are likely to overlap; S and Z folds may be rare and an anonymous reviewer. Field work was sup-
if, as in our examples, the slump folds are root- ported by NSF Grant EAR-8803233, by a series of
less. grants and contracts from the Maine Geological

Survey, and by Dee Caldwell, head of Boston Uni-Discussion and Regional Significance versity’s Geology Field Camp. Bradley’s salary dur-
ing manuscript preparation was provided by aPaleoslope directions deduced from slumps in the

Devonian flysch of Maine show a consistent map USGS Gilbert Fellowship.

R E F E R E N C E S C I T E D

Bradley, D. C., 1987, Tectonic controls of stratigraphy in Elliott, C. G., and Williams, P. F., 1988, Sediment slump
structures: A review of diagnostic criteria and applica-the Acadian foreland basin, Northern Appalachians:

Geol. Soc. America, Abs. with Prog., v. 19, p. 6. tion to an example from Newfoundland: Jour. Struct.
Geol., v. 10, p. 171–182.———, 1997, The Northern Appalachians, in van der

Pluijm, B; and Marshak, S., eds., Earth Structure—An Farrell, S. G., 1984, A dislocation model applied to slump
structures, Ainsa Basin, South Central Pyrenees: Jour.Introduction to Structure and Tectonics: New York,

WCB/McGraw-Hill, p. 445–450. Struct. Geol., v. 6, p. 727–736.
———, and Eaton, S., 1987, Slump strain in the Tertiary———, and Bradley, L. M., 1994, Geometry of an outcrop-

scale duplex in the Devonian flysch of Maine: Jour. of Cyprus and the Spanish Pyrenees. Definition of pa-
leoslopes and models of soft-sediment deformation, inStruct. Geol., v. 16, p. 371–380.

———; Tucker, R.; and Lux, D., 1996, Emsian position Jones, M. E., and Preston, R. M. F., eds., Deformation
of sediments and sedimentary rocks: Geol. Soc. Spec.of the Acadian deformation front in Maine: Geol. Soc.

America, Abs. with Prog., v. 28, p. 500. Pub. 29, p. 181–196.



318 D . B R A D L E Y A N D L . H A N S O N

———, and ———, 1988, Foliations developed during North-Central Maine: Salem, Mass, 85th Ann. New
England Intercollegiate Geol. Conf., Salem State Col-slump deformation of Miocene marine sediments, Cy-

prus: Jour. Struct. Geol., v. 10, p. 567–576. lege, p. 183–192.
Lajoie, J., 1972, Slump fold axis orientations: An indica-Griffin, J. R., and Lindsley-Griffin, N., 1974, Sedimentary

and slump structures of central Maine; in Osberg, P., tion of paleoslope?: Jour. Sed. Petrol., v. 42, p. 584–
586.ed., Guidebook for field trips in east-central and north-

central Maine: Orono, Maine, 60th Ann. New England Ludman, A., 1977, Geologic map and cross section of the
Skowhegan 15′ quadrangle, Maine: Maine Geol. Sur-Intercollegiate Geol. Conf., p. 32–47.

Hall, B. A., 1973, Slump folds and the determination of vey, Maine Geologic Map Series GM-5, 25 p., 1 plate,
scale, 1:62,500.paleoslope: Geol. Soc. America Abs. with Prog., v. 5,

p. 648. Moench, R. H., and Boudette, E. L., 1970, Stratigraphy of
the northwest limb of the Merrimack Synclinorium———; Pollock, S.; and Dolan, K., 1976, Lower Devonian

Seboomook Formation and Matagamon Sandstone, in the Kennebago Lake, Rangeley, and Phillips quad-
rangles, western Maine, in Boone, G. M., ed., Guide-northern Maine: A flysch basin-margin delta complex:

Geol. Soc. America Mem. 148, p. 57–63. book to field trips in the Rangeley Lakes–Dead River
Basin region, western Maine: Syracuse, NY, 62ndHansen, E., 1971, Strain Facies: Berlin, Springer-Verlag,

207 p. Ann. New England Intercollegiate Geol. Conf., Syra-
cuse University, p. A1, 1–25.Hanson, L. S., 1994,Turbidites, debris flows, and type-1

melange of the Carrabassett Formation, East Branch ———, and Pankiwskyj, K. A., et al., 1988, Geologic map
of western Interior Maine: U.S. Geol. Survey, I-1692,Pleasant River, in Hanson, L., ed., NEIGC94, Guide-

book to field trips in North-Central Maine,: Salem, 21p., scale, 1:250,000.
Osberg, P. H.; Hussey, A. M., II; and Boone, G. M., 1985,Mass. 85th Ann. New England Intercollegiate Geol.

Conf., Salem State College, p. 25–42. Bedrock geologic map of Maine: Maine Geol. Survey,
scale, 1:500,000.———, and Bradley, D. C., 1989, Sedimentary facies and

tectonic interpretation of the Carrabassett Formation, ———; Tull, J. F.; Robinson, P.; Hon, R.; and Butler, J. R.,
1989, The Acadian orogen, in Hatcher, R. D., Jr.;north-central Maine, in Marvinney, R., and Tucker,

R., eds., Studies in Maine Geology, Vol. 2: Augusta, Thomas, W. A.; and Viele, G. W., eds., The Appala-
chian-Ouachita Orogen in the United States (The Ge-Maine Geol. Survey, p. 101–125.

———, and ———, 1994, Westerly transport of Acadian ology of North America, Vol. F-2): Boulder, Colorado,
Geol. Soc. America, p. 179–232.flysch confirmed by paleocurrents: Geol. Soc.

America Abs. with Prog., v. 26, p. 22. Pankiwskyj, K. A., 1979, Geologic maps of the Anson and
Kingfield quadrangles: Maine Geol. Survey, Maine———; ———; and Caldwell, D. W., 1993, Geology and

geomorphology of the Acadian Orogen, central Maine: Geologic Map Series GM-7, 51 p., 2 plates, scale, 1:
62,500.Geol. Soc. America, Field Trip Guidebook for the

northeastern United States: Amherst, Univ. Massa- Pollock, S. G.; Boucot, A. J.; and Hall, B. A., 1988, Lower
Devonian deltaic sedimentary environments and ecol-chusetts Dept. Geology and Geography Contrib. 67,

p. CC1–27. ogy: Examples from the Matagamon Sandstone, north-
ern Maine, in Marvinney, R., and Tucker, R., eds.,Helwig, J., 1970, Slump folds and early structures, north-

eastern Newfoundland Appalachians: Jour. Geology, Studies in Maine Geology, Vol. 1: Augusta, Maine
Geol. Survey, p. 81–99.v. 78, p. 172–187.

Jones, O. T., 1940, On the sliding or slumping of subma- Roy, D. C.; Pollock, S. G.; and Hanson, L. S., 1991, Bed-
rock geology of the upper St. John River area, north-rine sediments in Denbighshire, North Wales, during

the Ludlow Period: Geol. Soc. London Quart. Jour., v. western Maine: Maine Geol. Survey, Open-File No.
91-8.93, p. 241–283.

Kusky, T.; Bradley, D. C.; Winsky, P.; Caldwell, D.; and Woodcock, N. H., 1979, The use of slump structures as
paleoslope orientation estimators: Sedimentology, v.Hanson, L., 1994, Paleozoic stratigraphy and tectonics

of Ripogenus Gorge and nearby areas, Maine, in Han- 26, p. 83–99.
son, L., ed., NEIGC94, Guidebook to field trips in


