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Slaty Cleavage: Incipient Occurrences in the Deep Sea 

Abstract. Highly deformed Pleistocene mudstones from the inner wall of the 
Aleutian Trench and from the continental rise of the Gulf of Mexico show 
incipient slaty cleavage defined by the orientation of platy and elongate detrital 
minerals parallel to the axial surfaces of folds. 

For more than 150 years geologists larly re 
have debated the origin of cleavage in betwee: 
deformed rocks (1). Early controversy along t 
centered around whether the preferred bee W 
mineral orientation (which defines some Drillinj 
varieties of cleavage) was produced by various 
mechanical rotation or by metamorphic muds 

recrystallization. Within the last 15 folds 

years some students of ancient rocks hinges 
(2) have suggested that the preferred 
mineral orientation of slaty cleavage is 
achieved by rotation of particles during 
deformation related to dewatering in a 

nonmetamorphic environment. To test 
this concept of early cleavage formation 
we have studied cores of deformed 
Pleistocene deposits recovered by the 
Deep Sea Drilling Project from the 
continental rise of the Gulf of Mexico b 
and the inner wall of the Aleutian 
Trench. At each locality an incipient 
slaty cleavage, produced by preferred 
orientation of detrital minerals, occurs 
parallel to axial surfaces of folds ap- , 
parently formed by large scale slumping 
(Gulf of Mexico) and by subduction 
(Aleutian Trench). 

The Sigsbee Wedge comprises an ex- 
tensive probable slump deposit (3) lo- ( 
cated at the base of the northern con- 
tinental slope of the Gulf of Mexico. 
Numerous seismic reflection profiles Fig. 1. 
(3, 4) demonstrate that this deposit is respecti 
composed of seaward-thinning irregu- tations 

Scoreboard for Reports: In the past few weeks 
the editors have received an average of 68 Reports 
per week and have accepted 12 (17 percent). We 
plan to accept about 12 reports per week for the 
next several weeks. In the selection of papers to 
be published we must deal with several factors: 
the number of good papers submitted, the number 
of accepted papers that have not yet been pub- 
lished, the balance of subjects, and length of in- 
dividual papers. 

Authors of Reports published in Science find 
that their results receive good attention from an 
interdisciplinary audience. Most contributors send 
us excellent papers that meet high scientific stan- 
dards. We seek to publish papers on a wide range 
of subjects, but financial limitations restrict the 
number of Reports published to about 15 per 
week. Certain fields are overrepresented. In order 
to achieve better balance of content, the accept- 
ance rate of items dealing with physical science 
will be greater than average. 
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eflective units locally interbedded 
n undeformed beds. Drilling 
the northern margin of the Sigs- 
edge (Site 1, Leg 1, Deep Sea 
g Project) penetrated 770 m of 
ly deformed late Pleistocene 
and mudstones (4). Most cored 
have planar limbs and sharp 
with wavelengths ranging from 
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10 to 60 cm. Axial surfaces are sub- 
horizontal; interlimb angles range from 
more than 150? to less than 15?. In 
the initial description of these cores, 
Beall and Fischer (5) noted a horizontal 

hackly fracture pattern apparently par- 
allel to the axial surfaces of folds. 

We have studied numerous thin sec- 
tions cut normal to the axes of folds 
from the Sigsbee Wedge cores. Fifty 
percent of the folds with well-defined 
bedding show some reorientation of 
platy and elongate minerals from a posi- 
tion parallel to bedding to a position 
parallel to the axial surface of the fold. 
Seventy-one percent of the well-defined 
folds with interlimb angles less than 
45? include areas with detrital minerals 
reoriented parallel to the axial surface 
of the fold. Thus, the probability of 
mineral reorientation parallel to the 
axial surfaces increases with increasing 
tightness of folding (a crude measure 
of strain). Similar trends are observed 
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Sketches and circular histograms of cored folds. Silt- and mud-rich layers, 
vely, are indicated by coarse and fine patterns. The histograms sum the orien- 
of elongate projections of detrital mica and quartz grains; diagonal lines on 
tches cover the area of grain orientation represented in the histograms; grain 
tion is summed over 10? intervals. (a) Fold closure from Sigsbee Wedge, Gulf 
;ico. Apparent competent behavior is shown by conjugate fractures on limbs, 
-gular bedding indicates flow in the axial zone. (b) Orientation of 200 detrital 
and elongate quartz) grains from the axial zone of (a). The maximum (14.2 
) is parallel to the axial surface (Si). Secondary modes apparently parallel the 
n the area of grain count. (c) Fold closure from the inner wall of the Aleutian 

(d) Orientation of 251 detrital (mica and elongate quartz) grains of (c). 
ie strong maximum (12.3 percent) parallel to the axial surface (S1). (e) Fold 
from the inner wall of the Aleutian Trench. (f) Orientation of 404 detrital 

)f (e); the maximum is 10.4 percent. Note that two modes lie slightly within 
:le defined by average limb orientations (So lines), also that a secondary mode 
s the axial surface S1. Both observations suggest an incipient transition from 
rientations parallel to bedding (So) to positions parallel to the axial surface 
g) Unfolded bed, inner wall of the Aleutian Trench. (h) Orientation of 179 
mica and quartz grains from the entire area of (g). (i) Simulated grain 

ion of (e). The model produces the grain distribution for a simple intersec- 
planar limbs with no reorientation of particles. Compare with (f) (see text 

nore complete explanation). 
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in subaerial exposures of deformed 
rocks. A sketch and a circular histo- 
gram (Fig. 1, a and b, respectively) il- 
lustrate the style of one of the folds 
and quantitatively demonstrate mineral 
reorientation. 

It could be argued that the folds we 
have studied are an artifact of the 
drilling processes. However, the preser- 
vation of undeformed horizontal layers 
between folded sequences from the 
Sigsbee Wedge suggests that the defor- 
mation is a natural feature. Moreover, 
the extreme induration and low water 
content of the folds from the Aleutian 
locality argue against their rapid arti- 
ficial development in the presence of 
high-pressure drilling fluids (6). 

The continental margin adjacent to 
the eastern Aleutian Trench has appar- 
ently accreted more than 200 km 
seaward in the last 70 million years. 
Drilling along the inner wall of the 
eastern Aleutian Trench (Site 181, Leg 
18, Deep Sea Drilling Project) has re- 
covered highly deformed, Pleistocene 
mudstones which apparently represent 
one of the latest phases of subduction 
and accretion (0.92 to 1.3 million years 
before present) (7). The Pleistocene 
mudstones comprise the core of an ir- 

regular ridge which rises 2000 m above 
the adjacent trench and is covered by 
a blanket of younger sediments (6). 
These mudstones have unusually low 

porosity (28 to 33 percent), high den- 
sities (2.1 to 2.2 g/cm3), high seismic 

velocity (2.02 km/sec), and high shear 

strengths relative to normally consoli- 
dated sediments of equivalent burial 

(169 to 369 m) (6, 8). These factors 

suggest deformation and dewatering at 

depths greater than their present over- 
burden. 

The folded mudstones from the inner 
wall of the Aleutian Trench show highly 
irregular geometry. Orientations of the 
axial surfaces are variable with respect 
to the horizontal; wavelengths of indi- 
vidual folds range from more than 
40 cm to less than 1 cm; the interlimb 

angles of folds studied in thin section 

vary from 150? to 33?. 
Thirty percent of all Aleutian folds 

studied in thin section show some de- 

gree of detrital mineral reorientation 

parallel to the axial surface. Sixty-seven 
percent of the folds with interlimb 

angles less than 45? show preferred 
orientation of mineral particles parallel 
to their axial surfaces. The fabric may 
be strongly reoriented (Fig. 1, c and d) 
or show various transitions from an 
orientation parallel to bedding to an 
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orientation parallel to the axial surface 
(Fig. 1, e and f). 

In unfolded beds from the inner wall 
of the Aleutian Trench, 95 percent of 
the platy and elongate minerals are 
oriented subparallel to bedding (Fig. 1, 
g and h). Unfolded deposits from the 
Sigsbee Wedge display similar trends. 
The rose diagrams from the noses of 
tight folds (Fig. 1, b and d) show the 
maximum orientation of platy and 
elongate minerals at high angles to the 
local bedding surface. 'This observed 
axial plane-parallel orientation is sub- 
stantially greater than that expected 
from primary depositional variation 
about bedding, which indicates that re- 
orientation must have occurred during 
folding. 

The secondary orientation mode par- 
allel to the axial surface of the mod- 
erately open Aleutian fold (Fig. 1, e and 
f) might be produced by the overlapping 
pattern of the primary depositional 
orientation of the fold limbs. In order 
to test this possibility we have simulated 
the grain orientation expected from the 
geometry of this fold. We have summed 
the intersection of two primary depo- 
sitional grain orientations inclined at 
an interlimb angle of 70?. Our model 
eliminates the zone of dip reversal at 
the nose of the fold which maximizes 
the possibility of an overlapping grain 
orientation parallel to the axial surface. 
The simulated grain distribution (Fig. 
li) shows modes of 12 percent centered 
on each limb (S,) with only 2 percent 
of the grains oriented parallel to the 
axial surface (SI). In the natural fold 
the modes subparallel to each limb are 
smaller than expected (10 percent com- 
pared to 12 percent) and rotated to- 
ward the axial surface. Moreover, the 
axial plane orientation of the natural 
fold is four times greater (8 percent 
compared to 2 percent) than that of 
the simulated fold. Thus, the platy and 

elongate grains in the natural fold must 
have been reoriented during folding 
and comprise a grain distribution truly 
transitional to the more strongly ori- 
ented fabrics (Fig. 1, b and d). 

Consolidation tests suggest that the 
Aleutian folds have been subjected to 
a maximum total pressure of at least 
120 bars but probably not more than 
850 bars (8). The overall strain rate 
during deformation is estimated to have 
been 10--13'1 sec-1, based on a con- 

vergence rate of 6 cm/year and a zone 
of stress release 10 km thick. The de- 

gree of carbonization of organic matter 

suggests that the Aleutian rocks have 

been heated to approximately 68?C 
(9). No diagenetic changes were ob- 
served in clay mineralogy (7). 

Deposits of modern oceanic trenches, 
and continental slopes and rises, have 
been broadly equated to ancient geo- 
synclines on the basis of lithologic and 
geometric criteria (10). The occurrence 
of incipient slaty cleavage in deposits 
of the Sigsbee Wedge and the inner 
wall of the Aleutian Trench provides 
a specific structural feature observable 
both in core section and outcrop, re- 
lating modern continental margins and 
ancient geosynclines. Moreover, the 
prevalence of slumping at continental 
margins (11) and probable early folding 
occurring in su'bduction zones suggest 
that processes of deformation of semi- 
lithified sediments may account for the 
initial folds and cleavages in many 
complexly deformed tectonites. 
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