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ABSTRACT - Unusual deposits including faults of smal/ dísplacements, 
fi'actures, soft sediment deformation and channel-like (i. e, concave-shaped) 
structures wilhin undísturbed estuarine s/rata q! lhe uppermost 

Formation are attribuled lo peneconlemporaneous sediment 
disturbances water escape and slumping mechanisms. Such 

are considered to be lhe result of externally-triggered processes 
associated with seismic shock episodes that ajjécted unconsolidated and!or 

11 is /JOssible that seismicallv-induced 

KEY WORDS: Penecontemporaneous disturbances, Late 
Cretaceous, ltapecurú Formation, Brazil. 

RESUMO - Falhas de pequeno rejeito, fraturas, estruturas de deformação e em 
forma de canal (côncava) ocorrendo em estratos não perturbados de origem 
estuarina da parte superior da Formação ltapecurú são atribuídos a 
perturbações penecontemporâneas à sedimentação, produzidas por 
mecanismos envolvendo escape de água e escorregamentos. são 
consideradas como resultantes de processos externos, associados com 

de abalos sísmicos, afetando depósitos não consolidados e/ou 
que movimentos sismicamente induzidos tenham 

áreas do estuário já caracterizadas por 
.\'()hrp{·nrGI1 devido ao constante aporte de areia, naturalmente mais favoráveis 
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INTRODUCTION 

The sedimentary record of deposits fonned under influence of 
penecontemporaneous seismic activity has only partly been investigated 
throughout the Brazilian basins (Raja Gabaglia 1991; Riccomini et aI. 1991; 
Coimbra et aI. 1992; Fernandes & Coimbra 1993). The subject ofthis paper 
1S the description of probably seismic-induced, disturbed deposits exposed 
along the Cujupe Pier Road and vicinities ofthe town of Alcântara, 15 Km 
north of São Luís, Maranhão State, northern Brazil (Figure I). Disturbance 
in these deposits is recorded by various types ofbrittle and ductile sediment 
deformation. Particularly well developed are channel-like structures, 
defined as disturbed strata bounded by basal, gently curved-up discordances. 

o 5Km 

+, Basement rocks Wells 
Study Area Structural Lineaments 

I - Map showing locatíon of the area. (1-11 locatíon of the ~t;UtUIlICal 

sections). 
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Selsmic-induced disturbances in late cretaceOliS rocks ofthe São Luis Basin 

The deposits investigated here are located in the eastem portion of the 
São Luís Basil1. This is a NW/SE-oriented structural feature formed by 
simple shear and strike-slip stress (pull-apart phase) along the Brazilian 

as a result of the split up of South America and 
ontinents in the late Jurassic to early Cretaceous. The sedimentary 

record of the São Luís Basin is rcpresented by the Codó-Grajaú (Aptian), 
Lowcr Itapecurú (Albian), and Upper ltapecurú (Cenomanian to early 
Tcrtiary?) formations (Aranha et alo 1990; Lima 1994). Thc Upper 
Formation is represented in thc study arca by two cstuarine succeSSlOns 
bclonging to distinct inciscd valley scquences (Figure Thc Lower 
Succession consists of strata circa 30-35 m thick, which are subdivided into 
4 fades assoeiations representing tide and/or stonri-influenced depositional 
settings, inc1uding: upper shoréfaee, foreshore, tidal ehannel, and 
lagoon/washovcr complex (Figure 3). High resolution sequence 
stratigraphie analysis revealed that these settings are confined to the same 
stratigraphic leveI, which records a prograding, barred-eoastline, 
associated with a wave-dominated estuarine system. The Upper Suecession 
encompasses up to 25 m of deposits comprised entirely of tidal-influenced 

including: channel, point bar, shoal/sand flat, ebb delta, and 
fill complexo The arehitectural arrangement of this 

succession indieates a eomplex estuarine fill, which refleets environmental 
(i.e., supply) changes and/or high frequency fluctuations in relative sea levei 
within a main transgressive/regressive cyc1e. As a result of such 
fluctuations, the estuary underwent to morphological changes 
shifting from a wave-dominated to a tide-dominated type. 
deposits documented here occur at distinct stratigraphic le,:,els within both 
lithological successions described above. For more information about the 
paleoenvironmental and stratigraphic interpretation of these exposures refer 
to Rossetti (1996). 

DESCRIPTION OF THE STRUCTURES 

Unusual deposits in the Lower Estuarine Succession are represented by 
faulted-blocks of small displacements (averaging 0.20-0.30 cm) and 
numerous, locally sand-filled, fractures (Figure 4). These features occur in 

5 

http:0.20-0.30


l-
P

E
-l

-M
A

 
2-

A
L

-I
-M

A
 

2-
F

l-
!-

M
A

 

D
A

T
IJ

M
 

IN
C

lS
ED

 V
A

LL
EY

 S
EQ

U
EN

C
E 

2 
SB

2 

lN
C

IS
ED

 '&
L

L
E

Y
 S

EQ
U

EN
C

E 
I 

S
B

l 

PA
L

Y
N

O
ST

R
A

T
IG

R
A

PH
Y

 

C
N

o
d

at
a 

!lII
l Z

on
e 

37
0 

L']
 Z

on
e3

55
 

[/1
 Z

on
e3

30
 

Z
o

n
e

3
2

0
 

~
U

nd
et

en
ni

ne
d 

Z
on

e 



SB
 =

Se
qu

en
ce

 b
ou

nd
a!

:y
 


G
R

=
 G

am
m

a-
ra

y 



R=
= 

R
es

ís
tiv

ity
 

d
ep

th
=

m
 

di
st

an
ce

 =
km

 

F
ig

ur
e 

2 
-

S
ub

su
rf

ac
e 

di
st

ri
bu

ti
on

 o
ft

h
e 

tw
o 

in
ci

se
d 

va
ll

ey
 s

eq
ue

nc
es

 c
on

ta
in

in
g 

th
e 

L
ow

er
 (

se
qu

en
ce

 I
) 

an
d 

U
pp

er
 (s

eq
ue

nc
e 

2)
 e

st
ua

ri
ne

 
su

cc
es

si
on

s.
 



Se
is

m
íc

-i
nd

uc
ed

 d
ís

tu
rb

an
ce

s 
in

 l
at

e 
cr

et
ac

eo
us

 r
od

es
 o

ft
h

e 
Sã

o 
LU

Is
 B

as
ín

 

(A
) 

(B
) 

W
EL

L 
2·

A
L

-l-
M

A
 

Im
l

(G
A

M
M

A
R

A
Y

) 
_ o

 

(C
) 

Im
) 

C
ha

nn
el

 

l,l
lg

4 

.' La
go

on
l 

W
as

bo
ve

r 
j.a

g
3

 
B

ay
Fi

ll 

~l
·~
'.
.;
 

B
uy

F
i!I

 

LE
G

EN
D

 

Ti

da
l D

el
ta

 

lim

es
to

ne
 

~I 
Ti

da
l C

hl
Ul

Dc
l

ta
bu

la
r c

ro
ss

-s
tr

at
if

ie
d 

sa
nd

st
on

e 



tr
ou

gh
 c

ro
ss

-s
lr

at
if

ie
d 

sa
nd

st
on

e 



sw
al

ey
 c

ro
ss

-s
lr

at
if

ie
d 

sa
nd

st
on

e 



la
rg

e-
sc

al
e,

 l
ow

-a
ng

le
 c

ro
ss

-b
ed

de
d 

sa
nd

st
on

e 



pa
ra

lle
lla

m
in

at
ed

 m
ud

st
on

e 



di
st

or
te

d-
be

dd
ed

 m
ud

st
on

e 



. 
m

as
si

ve
-b

ed
de

d 
m

ud
st

on
e 

~
~
f
;
 

~
le

nt
íc

ul
ar

/w
a"

)' 
he

te
ro

lit
hi

c 
be

dd
in

g 
sa

nd
st

on
e 

~
p
'

sa
nd

y 
m

ud
st

on
e 


m

ud
st

on
e 



Ti

da
! C

ba
nn

el
 


th
ie

kl
y 

la
ye

re
d 

he
te

ro
lít

hi
e 

be
dd

in
g 



-

bi
ot

ur
ba

te
d 

be
dd

in
g 

ai 

M

id
dl

e 
to

lo
w

-a
ng

le
, 

tr
un

ea
tin

g 
be

dd
in

g 
	

'" 
Sh

or
ef

a.c
e

no
te

xp
os

ed
 

H
'

re
ae

tiv
at

io
n 

su
rf

ac
e 

ll1 
'8

m
ud

st
on

e 
dr

ap
e 



p 

pa
ly

go
rs

ki
te

 

ka

rs
t s

ur
fa

ce
 


... 
	m

ud
 e

la
st

 

cO

.ot
 


bo
ne

 fr
ag

m
en

t 

fis

h 
se

al
e 



te

et
h 



ga

st
ro

po
d 

m
ol

d 



F
ig

ur
e 

3 
-

A
) 

G
am

m
a-

ra
y 

lo
g 

an
d 

in
fe

rr
cd

 l
it

ho
lo

gy
 f

ro
m

 w
el

l 
l-

A
L

-I
-M

A
 s

ho
w

in
g 

th
e 

pr
op

os
ed

 e
or

re
la

tí
on

 w
ít

h 
th

e 
st

ud
ie

d 
su

rf
ac

e 
se

ct
io

ns
; 

B
) 

m
ea

su
rc

d 
co

m
po

si
te

 v
er

ti
ca

l 
pr

of
ile

 o
f t

he
 L

ow
er

 E
Sl

ua
ri

ne
 S

uc
ce

ss
io

 
w

it
h 

th
e 

m
ai

n 
se

di
m

en
ta

ry
 f

ea
tu

re
s 

an
d 

in
te

rp
rc

te
d 

de
po

si
ti

on
al

 s
et

ti
ng

s;
 C

) 
ve

rt
ic

al
 p

ro
fi

le
 o

ft
h

e 
U

pp
cr

 E
st

ua
ri

ne
 S

ll
ec

es
sí

on
 m

ca
su

re
d 

at
 s

ec
tio

n.
 T

he
 s

tr
at

íg
ra

ph
ic

 i
nt

er
va

ls
 (

U
S 

l-
U

S
5)

 b
ou

nd
ed

 b
y 

ke
v 

er
os

iv
e 

su
rf

ac
t 

dr
ap

cd
 b

y 
dc

po
si

ts
 s

ug
gc

st
 th

at
 t

he
 U

pp
er

 S
ue

ce
ss

io
n 

re
pr

es
en

l 
a 

co
m

pl
ex

 e
st

ua
ri

ne
 f

ill
 (

R
os

sc
tl

i, 
19

96
). 

(S
cc

 f
ig

ur
e 

1 
fo

r 
lo

ca
ti

on
 o

f 
lh

e 

7 

http:Shorefa.ce


Fi
gu

re
 4

 -
D

is
tu

rb
ed

 f
ea

tu
re

s 
fr

om
 t

he
 L

ow
er

 E
st

ua
ri

ne
 S

ue
ee

ss
io

n,
 d

ep
ie

tin
g:

 A
,B

) 
fa

ul
te

d-
bl

oe
ks

, 
fr

ac
tu

re
s,

 a
nd

 l
iq

ue
fi

ed
 s

tr
at

a 
(l

ig
ht

, 
st

ip
pl

ed
 a

re
as

).
 N

ot
ic

e 
th

e 
sh

ar
p 

co
nt

ac
t 

w
it

h 
ov

er
ly

in
g,

 u
nd

is
tu

rb
ed

 d
ep

os
its

; 
an

d 
C

) 
sa

nd
st

on
e-

fi
lle

d,
 l

oc
al

ly
 b

ra
nc

he
d-

fr
ac

tu
re

s 
(s

i)
 

eu
tti

ng
 i

nt
o 

cr
os

s-
st

ra
ti

fi
ed

 s
ho

re
fa

ee
 s

an
ds

to
ne

s.
 (

da
rk

, 
st

ip
pl

ed
 a

re
a 

m
ud

st
on

e 
la

ye
rs

/c
la

st
s;

 t
hi

ck
 c

on
tin

uo
us

, 
st

ra
ig

ht
 l

in
es

 =
' 
w

el
l

de
ve

lo
pe

d 
fr

ac
tu

re
s;

 t
hi

ck
 h

at
ch

ed
 s

tr
ai

gh
t 

lin
es

 =
 in

ci
pi

en
t f

ra
ct

ur
es

).
 



F
ig

ur
e 

5 
-

D
ef

or
m

ed
 s

an
ds

to
ne

s.
 A

,B
) 

so
ft

-s
ed

im
en

t f
ol

d;
 C

,D
) 

dy
ke

 (
d)

, 
ov

er
st

ee
pe

ne
d 

cr
os

s 
be

dd
in

g 
(o

v)
, 

li
qu

ef
ie

d 
la

ye
r 

(1
1)

, l
iq

ue
fi

ed
 

ch
an

ne
l 

(l
c)

, 
an

d 
pi

ll
ar

 (
p)

; 
E

)s
an

d 
vo

lc
an

o 
(s

v)
. 



Rol. Mus. Para. Emílio Goeldi, sér. Ciênc. da Terra 9, 1997 

association with sandstones displaying variable types of soft sediment 
deformed structures similar to those described by Lowe (1975), which 
inc1ude: fluidized and/or liquefied layers and channels, soft sediment foIds, 
dikes, sand volcanoes, flames, loading and individual pillar/dish structures 
(Figure 5). Soft sediment folds include well developed synclines and 
anticlines, as well as oversteepened cross beddings (Figure 5D). Noticeably, 
alI the structures mentioned above are enc10sed within invariably 
undisturbed strata. The thickness of the deformed strata in this lower 
estuarine succession ranges from few centimeters up to 1 m. 

Disturbed strata are even better preserved in the Upper Estuarine 
Succession, particularly along the Cujupe Pier Road, where they present 
following characteristics: 

(a) A channel-like geometry, defined by a concave-up-shaped, basal 
discordant surface (Figure 6-8). This discordancc has a relief averaging 20°_ 
30° with respect to the regional bedding, and it is represented by either a 
single or a composite surface. This latter is formed by the superposition of 
surfaces successively cutting into one another. These gently curved features 
reach 150 m wide and nearly 6 m thick; 

(b) Composite surfaces at the base of the channel-like deposits separate 
packets of deformed strata with well-developed softsediment folds. These 
are sharplytruncated by the immediately overlying surfaces (Figure 6); 

(c) The lithological composition of the strata contained by the discordance 
is either identical or only slightly muddier than the deposits above ànd 
below the structure; 

(d) The channel-like strata oceur in several distinctive stratigraphic leveis 
surrounded by invariabIy undisturbed deposits; 

(e) Within the channel-like feature, deposits immediately overlying the basal 
discordance are 10caI1y deformed into contorted and/or folded beds. 
However, deformation is confined to the lowest part of the channel-like 
strata; upward, beds are either undisturbed or dispIay onIy minor 
deformation, which invariably disappear in the upward direction; 

(f) The channel-like strata form beds that are commonly parallel to sub
parallel to the basal discordancc, with the beds onlaping against the walls of 
the "channels". Bedding is progressively less curved upward, with the 
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Seismic-induced disturbances in late cretaceous rocks oflhe São Luis Basin 

uppennost layers becoming of the structure. In places, 
strata cont::lined bv the are steeolv dipping at an angle 

g) Strata from the disturbed interval may contain intraformational, collapsed 
boulders measuring up to 3 m in diameter (Figure 6-7). 

In addition to the channel-like strata described above, another type of 
unusual deposit occurs in the Upper Sequence. It consists of strongly 
deformed, heterolithic-bedded strata that form breccias. At one 

Pier Road, heterolithic-bedded layers were 
a package of angular clasts averaging 5 m thick. These 

deposits are surrounded verticaIly by undisturbed strata. 

GENESIS UF THE STRUCTURES 

Since the deposits described above are limited to 
undisturbed strata, a tectonic origin resulting from oost-deoosítion 

to be plausible. This 
place simultaneously or immediately folIowing 

sediment deposition. Hence, the interpretation of the struetures described 
above is more compatible with penecontemporaneous disturbances affecting 
sediments in an unconsolidated and/or semiconsolidaded state. 

The soft sediment deformation of the lower estllarine succession 
records water escape from highly saturated-sediments. This process 
from intemranlllar movements (Williams 1 

Johnson 1 Van Loon & 

The concave-up-shaped structures, though resembling channcl 
geometry, had a more complex genesis than simply by channel scouring. 
Comparisons with many modem and ancient examples (e. g. Seilacher & 
Meischner 1968; Collinson & Thompson 1982), indicate tbat these gently 
curved features can be attribllted to disturbances caused by slllmp processes. 
The basal discordance that defines the structllre reflects slump shear . 

mass failed (slllmp scars). The deformed deposits 
immediately overlying the basal plane resulted from mass movement during 
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the slumping. The deformed strata immediately underlying the discordance 
at some places were formed by overpressure caused by slumping of the 
sediment mass (Laird' 1"968). ' 

CAUSES OF THE DISTURBANCES 

Slumpings and soft sediment defonnation take place if: a) deposits are 
susceptible to deformation; and b) there is a trigger of sufficient strength to 
cause the deposit to faiI downward and/or change its physical state from 
solid-like to liquid-like (Allen 1986). Events meeting such requirements 
chiefly include: sudden-sediment loading, gravity-induced mass movement, 
storm impact, and earthquake. 

Processes involving sedíment loading and gravity- induced 
movements are responsible for several types of deformed structures in 
deltaic settings. In particular, the collapse depressions spontaneously fonned 
in interdistributary bay areas (Colleman & Prior 1982) are features 
comparable to the channel-like structures described here. Despite the 
resemblance, these processes are not typical ofestuarine lithossomes. On the 
other hand, sediment loading and/or gravity movements may potentially 
develop in wave dominated-estuarine areas experiencing high sedimentation 
rates, such as bayhead deltas (upper estuary) and tidaI deltas (estuary 
mouth). Similarly to deltaic settings, these portions of the estuaries might 
experience sediment instability due to overloading resulting from .constant 
sand influx into muddier, central bay areas. However, even considering such 
environmental condition, this mechanism can not respond for all the unusual 
features observed in the study area, as deposits overlying the disturbed strata 
do not necessarily show contrasting lithologies. In particular, faulted and 
fractured strata overlain by undisturbed, but lithological1y comparable 
deposits are inconsistent with overloading processes. Therefore, an 
alternative mechanism is required to explain the sediment disturbances. 

An origin linked to storm impact also seems to be unsuitable to explain 
alI the unusual deposits from the study area, which leave us wíth the third 
possibility, i.e., earthquakes as the most probable trigger mechanism 
responsible for the disturbances. The stonn hypothesis is promptly ruled out 
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Seismic-induced disturbances in late cretaceous rocks oflhe São Luis Basín 

at least in the case of the Upper Succession because of its overall lack of 
storm-generated featurcs. In contrast, storm impact could account for 
sediment disturbances in the Lowcr Succession, where there is a number of 
sedimentary features (hummocky/swaley cross stratification; undulating 
parallel lamination; coarse-grained, combined f1ow-generatcd 
crosive sllrfaces presenting large scale, reglllarly distriblltcd, symmetrical 
and asymmetrical scollrs) indicativc of large scale wave activity attributed 

to vigorous storms (Rossetti 1996). However, these catastrophic events also 
seem to have had a primary tectoníc trigger. Storm events result from both 
tcctonic and non-tectonic seismic shocks (Johnson 1977). The first is 
produccd by earthquakcs (i.e., tsunamist whereas the second reslIlts 

oceanic pressure gradient.The of oceanic storms during the 

of the Lower Succession conflicts with the current Mesozoic 

paleogeographic maps (Barron et ai. 1981; Ziegler et al.1983). DlIring the 
Late Cretaeeous, the Brazilian north equatorial margin was loeated in a 
position out of the zone of commonly expected hurricanes caused 
cyclonic wind circulation (i.e., the 1 latitudinal belt). Based on these 

considerations, it is intriguing to invoke seismic shocks as the most 
likely mechanism inducing the storms (i.e., although the data 
presented here do not allow any definitive conelllsions. 

Considering the foregoing the peneco~te\nporaneolls 
disturbances reported are more ,.,."",,,,.1,, related to earthauakes. Thc 

occurrence of disturbed deposits at different stratigraphic leveis implies 

repeti tive periods of seismic activity affecting sedimcntation pattern in 

area. Perhaps, contemporaneous seismological events enhanced the 

pVLClIlld1 to sediment failllre and soft deformation in those areas of the 

estuary naturally favored to gravity-induced sediment instability. Examples 

of similar seismic-triggered structures occur in Sílurian rocks of \Vestem 

Ireland (Laird, 1968), in sediments Van Norman Lake, Califomia (Sims 

1973), in lacustrine sediments ofthe East Anatolian Falllt, TlIrkey (Hempton 

& Dewey 1982), and in several Late Cretaceous deposits Rrazil (Raja 

Gabaglia 1991; Riccomini et ai. 1991; Coimbra et aI. 1992; Fernandes & 

Coimbra 1993). 
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CONCLUSION 

The ullusual strata from the lower and upper estuaríne successions of 
the ltapecuru Formation exposed in the São Luís Basin are attributed to 
penecontemporaneous disturbances. Because either internai or externai 
factors may sufficiently disturb the primary features resulting similar 
products, unreaveling the direct connection between penecontemporaneous 
disturbances and a particular causual mechanism is commonly problematic. 
However, considering the paleoenvironmental reconstruction ofthese rocks, 
the association of several brittle and ductile structures within a single 
stratigraphic interval appears to be more readily explained as resulting from 
the infiuence of forces related with seismic shocks. Seismically-induced 
tectonic movements probably caused Iiquefàction and/or fiuidization of the 
water-Iaden sediments, as welI as create shear planes along which the 
sediment failed. 

In the pattÍcular case of the Lower Succession, additional evidence 
seismicity is provided by strata that record periods of severe storm episodes. 
Given the paleogeographic location of the Brazilian north coast sillce the 
late Cretaceous, it appears to be more likely that such vigorous storms 
represent tsullamis as opposed to naturally-illduced, oceanic pressure 
gradient. 
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